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Abstract
Pepper (Capsicum pubescens), one of the five domesticated pepper species, boasts unique
characteristics such as numerous hairs on the epidermis of its leaves and stems, black seeds, and vibrant
purple flowers. Previously, no studies have reported on the complete assembly of the mitochondrial
genome (mitogenome) of C. pubescens. Understanding the mitogenome is crucial for further research on
C. pubescens. In our study, we successfully assembled the first mitogenome of C. pubescens, which has
been assigned the GenBank accession number OP957066. This mitogenome has a length of 454,165 bp
and exhibits the typical circular structure observed in most mitogenomes. We have annotated a total of
70 genes, including 35 protein-coding genes (PCGs), 30 tRNA genes, 3 rRNA genes, and 2 pseudogenes.
Compared to the other three pepper mitogenomes (KJ865409, KJ865410, and MN196478), C. pubescens
OP957066 exhibits 4 unique PCGs (atp4, atp8, mttB, and rps1), while 2 PCGs (rpl10 and rps3) are absent.
It's worth mentioning that each of the three pepper mitogenomes (KJ865409, KJ865410, and MN196478)
experienced the loss of 4 PCGs (atp4, atp8, mttB, and rps1). To further explore the evolutionary
relationships, we reconstructed a phylogenetic tree using the mitogenomes of C. pubescens and fourteen
other species. The structural comparison and synteny analysis of the above four pepper mitogenomes
showed that C. pubescens has a higher sequence similarity with KJ865409, and C. pubescens
experienced rearrangements with the other three pepper mitogenomes. Interestingly, we observed 72
homologous sequences between the mitochondrial and chloroplast genomes, which accounted for
12.60% of the mitogenome, with a total length of 57,207 bp. These sequences encompassed 12 tRNA
genes and the rRNA gene (rrn18). Remarkably, selective pressure analysis suggests that the nad5 gene
underwent obvious positive selection. Furthermore, the single base mutation in three genes (nad1, nad2,
and nad4) resulted in amino acid change. This study has provided a high-quality mitogenome of pepper,
offering valuable molecular data for future investigations into the genetic information exchange between
organelle genomes in pepper.

Introduction
The Capsicum genus includes five domesticated cultivars, which are C. pubescens, Capsicum annuum,
Capsicum baccatum, Capsicum chinense, and Capsicum frutescens (Ďúranová et al. 2021). Among them,
C. annuum, C. chinense, and C. frutescens have been cultivated in many countries and regions worldwide
(Jarret et al. 2019, (Palombo et al. 2022). C. pubescens has an abundance of hairs on the leaves and
stems' epidermis and produces purple flowers. Additionally, it is distinctive from other pepper cultivars in
the presence of black seeds (Ibiza et al. 2012). C. pubescens holds considerable economic value. It is
widely planted in the Andes (Palombo et al. 2022) and is often used as a condiment and as a fruit for
consumption (Rodríguez-Burruezo et al. 2009). Moreover, it provides support and shade in orchards and
possesses medicinal properties, including anti-inflammatory, antibacterial, and digestive benefits
(Barboza et al. 2022). Interestingly, Of the five domesticated pepper cultivars, C. pubescens is the hardy
cultivar (Gao et al. 2022).
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Mitochondria play a crucial role in converting the proton concentration gradient in living cells into ATP,
serving as the "energy factories" of cells. However, it's essential to note that mitochondria have diverse
functions beyond their primary role as the powerhouse of the cell. They are involved in maintaining
calcium homeostasis, facilitating biosynthesis of heme and ubiquinone, assembling ironsulfur clusters,
regulating fatty acid metabolism, and performing various other vital functions. In terms of inheritance,
while most plants inherit nuclear genetic information from both parents, chloroplast and mitochondrial
DNA are typically inherited maternally (Ye et al. 2017). Mitochondrial DNA differs from chloroplast DNA
and nuclear DNA, with a generally lower substitution rate in plant mitochondria compared to chloroplast
and nuclear DNA (Fan et al. 2022). Mitochondrial DNA is commonly used to study evolutionary
relationships, hybridization events, and nuclear interactions among species (Zhang et al. 2019, (Wang et
al. 2021, (Wang et al. 2023).

With the rapid development of second-generation sequencing and genome assembly technology,
completing genome sequencing has become efficient and affordable. As a result, there has been a
substantial increase in the publication of information regarding organelle genomes (Mahapatra et al.
2021, (Odahara et al. 2021). As of July 2022, the GenBank database contains 7,408 published complete
organelle genomes of land plants, including 326 mitogenomes and 7,182 chloroplast (cp) genomes. The
number of published cp genomes surpasses that of mitogenomes because assembling mitogenomes is
more complex compared to cp genomes (Ye et al. 2017, (Bi et al. 2020). Obtaining and assembling
complete mitogenome sequences from plants pose challenges due to the presence of large repetitive
sequences (Xiong et al. 2021). Additionally, mitogenomes often exhibit extensive recombinations and
rearrangements, predominantly caused by the abundance of repetitive sequences (Woloszynska et al.
2009). Some repeats maintained a certain degree of specificity between species, so these specific repeats
played an essential role as detailed genetic markers in studying the evolutionary connection between
species (Wu et al. 2014).

Typically, mitogenomes of plants are circular, except for Oryza sativa, which has linear mitogenomes
(Notsu et al. 2002). The size of plant mitogenomes ranges from 66 kb in Viscum scurruloideum
(Skippington et al. 2015) to 11.3 Mb in Silene conica (Sloan et al. 2012), with most ranging from 200 to
800 kb. The size variation is primarily due to the absorption of foreign DNA from other organisms by the
mitogenome and the complex nature of repetitive sequences, leading to extensive changes in size
(Bergthorsson et al. 2003, (Wynn et al. 2019). In other words, besides variations in the size of repeat
regions, it's essential to consider another significant contributor to mitogenome diversity—plastid DNA
(cpDNA)—which enters mitochondria through the process of endosymbiotic gene transfer (EGT). In
addition to size, plant mitogenomes also exhibit significant variation in gene length and content
(Richardson et al. 2013, (Ye et al. 2017).

Although various plant mitogenomes have been published, there has been no relevant report on the
sequencing of the C. pubescens mitogenome. In our study, we have sequenced and assembled the C.
pubescens mitogenome and obtained a circular structure with a size of 454,165 bp. We are
comprehensively describing the C. pubescens mitogenome, including its genomic features, codon usage
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bias, repetitive sequences, and RNA editing sites. Additionally, we are combining other sequenced and
published mitogenomes of higher plants to comprehensively analyze the structure and evolution of the
mitogenome of C. pubescens.

Materials and methods

Plant material, DNA extraction, and sequencing
The pepper (HNUCP0006) seeds used in this study are obtained from the Pepper Germplasm Bank of
Hainan University (E: 110°33'52.29", N: 20°06'22.48"). Wrap the seeds with gauze and place them in water
at 50°C for treatment, allowing the water to cool naturally. After 6 hours, remove the seeds from the water
bath and keep them in a dark environment for 5–7 days while ensuring they remain moist. Sow the
treated seeds in 50-cell plug trays and plant them in the plant growth room at Hainan University, where
the temperature is maintained at 26°C and there is a light-dark cycle of 16/8 hours. After a period of two
months, transfer the healthy pepper seedlings from the plug trays into a dark environment and allow
them to grow for 7 days. During this time, the temperature is maintained at room temperature, and
watering is done once on the 0th day, the third day, and the sixth day. On the eighth day, discontinue the
dark treatment of the pepper seedlings, resulting in pepper seedlings with etiolated leaves. Collect 10 g of
etiolated leaves, reserving 5 g as backup, and conduct the isolation process at Nanjing Jisihuiyuan
Biotechnology Co., Ltd. Extract mitochondrial genomic DNA from the samples and use the Illumina
Novaseq6000 platform for next-generation sequencing. Filter the second-generation raw data to obtain
high-quality reads using fastp software (v0.20.0). Perform third-generation sequencing using an Oxford
Nanopore PromethION sequencer and filter the third-generation sequencing data using filtlong software
(v0.2.1).

Assembly and annotation of the mitogenome
Acquire all three-generation sequencing data for the mitogenome using minimap2 software (v2.1), and
correct the obtained three-generation data using canu software. Align the second-generation data to the
corrected sequences using bowtie2 software (v2.3.5.1). Then use Unicycle (v0.4.8, default parameter) to
splice the second-generation data on the comparison and the third-generation data after correction to
obtain the assembly result.

Annotate the tRNA of the C. pubescens mitogenome using tRNAscanSE software. Use Open Reading
Frame Finder to annotate the ORFs (Open Reading Frame), with the minimum sequence length set to 102
bp. Remove redundant sequences and align those over 300 bp to the NR database for annotation. Finally,
compare the encoded protein and rRNA with published plant mitogenome sequences through a blast
search, and make manual adjustments based on closely related species for further refinement. Use the
OGDRAW online tool for mapping the mitogenome.

Prediction of RNA editing using software and validation
with RNA-seq data



Page 5/34

Utilize the online website (http://prep.unl.edu/) to predict RNA editing sites. Align the RNA-seq data
(project number PRJNA822667) with the mitogenome data to identify potential RNA editing sites. First,
employ bowtie2 software (version 2.3.5.1) to align the RNA sequencing data with the coding sequence
(CDS) of the PCGs in the mitogenome. Next, use Samtools software (version 1.9) to filter out sequences
with alignment quality scores greater than or equal to 40. Identify sites with single nucleotide
polymorphisms (SNPs) between the sequencing data and the reference genome.

For a site to be considered a potential RNA editing site, it must meet the following criteria: SNP depth
exceeding 3x, and the SNP depth being at least 20% of the total depth at that site.

Codon composition and RSCU analysis
Codons exhibit degeneracy, with each amino acid having 1–6 corresponding codons. The uneven usage
of synonymous codons is commonly referred to as codon bias or "Relative Synonymous Codon Usage
(RSCU)". Use the self-written Perl script to filter the unique CDS and calculate RSCU.

Repeat sequences analysis
We utilize the vmatch software (v2.3.0) to identify interspersed repeats. The criteria we set are a
minimum length of 30 base pairs and a Hamming distance of 3. To investigate simple sequence repeats
(SSRs), we use the MISA online software. We set a minimum distance of 100 base pairs between two
SSRs. Through this analysis, we identified 8, 4, 4, 3, 3, and 3 repeats, corresponding to 1, 2, 3, 4, 5, and 6
bases, respectively. For the detection of tandem repeats, we employ the Tandem Repeats Finder v4.09
software, which identifies matches more significant than 95%.

Phylogenetic analysis, comparison of genome size and GC
content
We download 18 green plant mitogenomes from NCBI and perform phylogenetic analysis. This analysis
includes the mitogenomes of C. pubescens and 14 other species, including 9 eudicots, 3 monocots, and 2
gymnosperms. Multiple sequence alignments of 23 common PCGs in 15 species are performed using
MAFFT v7.490 software (using default parameters). For the construction of the phylogenetic tree, we
utilize MEGA 11 and set the Bootstrap value to 1,000, using the Maximum-likelihood method. To enhance
the visual presentation of the evolutionary tree, we utilize Evolview v2 software. Furthermore, we compare
the size and GC content of the C. pubescens mitogenome with 18 other green plants' mitogenomes and
visualize the results using Origin 2023 software.

Analysis of non-synonymous (Ka) and synonymous (Ks)
mutation rates
The CDS sequences of 30 common PCGs in C. pubescens and three pepper species are calculated using
Tbtools (v1.0987663) software. The pepper species include C. annuum cultivar Jeju (KJ865410), C.
annuum cultivar CMS line FS4401 (KJ865409), and C. annuum var. glabriusculum (MN196478).
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Mitogenome structure comparison and collinearity analysis
The online tool proksee (https://proksee.ca/) is used for conducting a comparative analysis of the
mitogenome structure between C. pubescens and other species. The species included in the analysis are
A. thaliana, S. melongena, S. lycopersicum, C. annuum cultivar Jeju, C. annuum var. glabriusculum, and C.
annuum cultivar CMS line FS4401. Mauve (https://darlinglab.org/mauve/mauve.html) software
performed sequence homology and collinearity analysis between the C. pubescens mitogenomes and
three other peppers, including C. annuum cultivar CMS line FS4401, C. annuum var. glabriusculum, and C.
annuum cultivar Jeju.

Chloroplast and mitochondrial homologous sequence
analysis
The BLAST (v2.10.1) software is detected homologous sequence fragments (identity% > 70%, E-value = 
10E-5) between the mitogenome and cp genome of C. pubescens. The cp genome of C. pubescens is
assembled using the next-generation sequencing results obtained from this study. The circular map of
the cp genome is created using the web application OGDRAW. The nuclear genomes of C. baccatum and
C. chinense are obtained from the NCBI database, while the nuclear genome of C. annuum is retrieved
from the Ensembl plants database.

Results
Genomic characterization of the mitogenome of C. pubescens

The C. pubescens mitogenome is 454,165 bp in length and has a typical circular structure (Fig. 1). The
genome nucleotide composition is 28.04% A, 27.68% T, 22.29% G, and 22.00% C. Moreover, the GC
content is 44.29% (Table 1). We have annotated a total of 70 genes in the C. pubescens mitogenome,
which includes 35 PCGs, 30 tRNA genes, 3 rRNA genes, and 2 pseudogenes (Table S1). The coding genes
have a combined length of 37,303 bp, accounting for 8.21% of the entire mitogenome. Among them,
PCGs make up 6.50% of the mitogenome, while rRNA and tRNA genes account for 1.22% and 0.50%,
respectively (Table 1). The mitogenome of C. pubescens encodes 35 proteins, which can be categorized
into different groups (Table S2): ribosomal small subunit (SSU), NADH dehydrogenase, ATP synthase,
cytochrome c biogenesis, cytochrome c oxidase, ribosomal large subunit (LSU), transport membrane
protein, maturases, succinate dehydrogenase, ubiquinol cytochrome c reductase, NADH dehydrogenase
subunits, ATP synthase subunits, cytochrome c oxidase subunits, ubiquinol cytochrome c reductase
subunits, and succinate dehydrogenase subunits. There are 10 intronic genes (ccmFC, cox2, nad1, nad2,
nad4, nad5, nad7, rpl2, rps1, and trnY-GTA) in the mitogenome of C. pubescens, with a total of 24 introns.
The nad1, nad2, nad5, and nad7 genes each contain 4 introns, while the nad4 gene contains 3.
Additionally, the ccmFC, cox2, rpl2, rps1, and trnY-GTA genes each have only one intron (Table S2).
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Table 1
Genomic features of the C. pubescens mitogenome.

Feature Size (bp) A

(%)

T

(%)

G

(%)

C

(%)

GC

(%)

Proportion in

Genome (%)

Mitogenome 454,165 28.04 27.68 22.29 22 44.29 100

PCGs 29,514 26.24 31.02 21.63 21.11 42.74 6.5

tRNAs 2,262 22.55 26.22 28.43 22.81 51.24 0.5

rRNAs 5,527 26.13 22.24 28.86 22.78 51.64 1.22

Protein coding genes (PCGs) and codon usage analysis
The length of the 35 PCGs in the C. pubescens mitogenome is 29,514 bp, accounting for 79.12% of the
total length of all coding genes (37,303 bp). All PCGs start with the ATG codon as the start codon. The
stop codons are used with the following frequencies: TAA (51.43%), TGA (34.29%), and TAG (14.29%)
(Table S3). Analyzing the frequency of amino acid usage in the PCGs, it can be observed that Leu is the
most commonly used amino acid, followed by Ser, Ile, Gly, Arg, Phe, Ala, and Val (Table S4). We
investigate the relative synonymous codon usage (RSCU) of the PCGs in the C. pubescens mitogenome
and find 30 optimal codons (RSCU > 1): GCU, UAU, CCU, UAA, CAA, GGA, CAU, ACU, UUA, AGA, GAU, UCU,
AAU, GAA, AUU, CGA, GGU, CUU, GUU, CGU, AAA, UUG, GUA, UGU, UCA, UUU, CCA, AGU, ACA, and UGA. The
most commonly used codons are UUU (Phe), AUU (lle), and UUC (Phe). From Fig. 2, we can observe that
the two amino acids, Met (ATG) and Trp (TGG), present no preference due to having only one codon, while
every other amino acid has its preferred codon (Table S4).

Analysis of repeat sequences in the C. pubescens mitogenome

We have discovered 473 interspersed repeats in the C. pubescens mitogenome (> 30 kb). Among these
repeats, there are 246 forward repeats and 227 palindromic repeats, but no complement or reverse
repeats (Fig.s 3a and 3b). The total length of these interspersed repeats is 38,393 bp, accounting for
8.45% of the mitogenome's length (454,165 bp). Most of the repeats we find range from 30 to 39 bp in
length, with a total of 285 repeats, making up approximately 60.25% of the total repeats. Additionally, we
identify 5 repeats that exceed 1,000 bp in length, ranging from 1,347 bp to 4,425 bp (Table S5). Genes
that appear in large repeats may generate multiple copies (Ye et al. 2017). In the C. pubescens
mitogenome, we find that the gene with the most extensive repeat length of 4,425 bp is trnL-CAA, which
currently has three copies (Table S2).

Microsatellites or simple sequence repeats (SSRs) are DNA fragments containing 1–6 base pairs, and
they are widely used in genotyping (Liu et al. 2014, (Grover et al. 2016). We have discovered 359 SSRs in
the C. pubescens mitogenome (Table S6). When we examine the different proportions of SSR sites, we
find that dinucleotide repeats have the highest number with 154, accounting for 42.90% of the total SSR
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count. Monomer repeats followed closely with 143 repeats, accounting for 39.83%. The number of
hexanucleotide repeats is the least, with only 2, accounting for a mere 0.56% (Fig. 4). Among monomer
SSRs, 86.71% are monomer repeats composed of A/T bases. Among dinucleotide SSRs, 64.29% are
dinucleotide repeats composed of AG/CT bases.

Tandem repeats can be found in eukaryotic and some prokaryotic genomes (Wang 2005). They usually
refer to repetitive sequences formed by taking 1–200 bases as the repeating unit and then connecting
them in series, also known as satellite DNA. By setting the matching degree to be greater than 95%, we
have identified 17 tandem repeats with a length of 7–39 bp in the C. pubescens mitogenome (Table S7).

Prediction of RNA editing sites
The online website (http://prep.unl.edu/) is used to make predictions of RNA editing sites. Prediction of
RNA editing sites for 35 PCGs in the mitogenome of C. pubescens reveals 448 RNA editing sites (Table
S8). Among these RNA editing sites, 89 (19.87%) appear in the first base position of the codon, 359
(80.13%) in the second base position, and there are no RNA editing occurrences in the third base position.
These PCGs have varying numbers of RNA editing sites, ranging from 2 to 35. The rps10 gene and the
sdh3 gene have the least 2 RNA editing sites, while the ccmB gene has the most 35 RNA editing sites
(Fig. 5). Table S9 shows that 11.83% (53 sites) of amino acids do not change their hydrophilicity after
RNA editing. On the other hand, 47.32% (212 sites) are predicted to change from hydrophilic to
hydrophobic. 32.81% (147 sites) of amino acids remain unchanged in hydrophobicity, while 7.37% (33
sites) are predicted to change from hydrophobic to hydrophilic. Additionally, 0.67% (3 sites) of amino
acids change from hydrophilic to terminated. Furthermore, most amino acids tend to be converted from
Ser to Leu (23.88%, 107 sites), Pro to Leu (21.88%, 98 sites), and Ser to Phe (14.51%, 65 sites). The
remaining 178 RNA editing sites are distributed among other RNA editing types, including His to Tyr, Arg
to Cys, Thr to Ile, Thr to Met, Arg to Trp, Ser to Leu, Ser to Phe, Pro to Ser, Pro to Leu, Pro to Phe, Leu to
Phe, Ala to Val, and Gln to X (X = stop codon).

We align the RNA-seq data (NCBI project number PRJNA822667) with the mitogenome data and search
for potential RNA editing sites (Table S10). The results reveal the prediction of 454 RNA editing sites in 35
PCGs, with a frequency of approximately 15.6% (71 out of 454) at the third codon position. It is evident
that this result is not solely achieved through software prediction, highlighting the necessity of verifying it
using RNA-seq data.

Phylogenetic analysis of mitogenomes in higher plants
A phylogenetic tree is created for the C. pubescens mitogenome and the mitogenomes of 14 other
species, including 9 eudicots, 3 monocots, and 2 gymnosperms, to explain the evolution of the C.
pubescens mitogenome. Twenty-three PCGs from 15 species are used for analysis, including matR, cox2,
cox3, cox1, atp9, nad4L, atp1, rpl16, rps4, rps12, nad4, nad3, nad2, nad1, ccmFN, ccmFC, nad7, nad6,
nad5, cob, ccmC, ccmB, and nad9 genes. The gene sequences of each species are concatenated head-to-
tail, and then multiple sequence alignments are performed using MAFFT v7.490
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(https://mafft.cbrc.jp/alignment/software/) software (default parameters). The aligned sequences are
imported into MEGA 11 to predict the most appropriate amino acid substitution model (GTR + G). A
maximum-likelihood phylogenetic tree is constructed using MEGA 11 (Bootstrap value is set to 1,000). As
shown in Fig. 6, among the 12 nodes of the phylogenetic tree, only one node's bootstrap support value is
less than or equal to 90, while the other 11 nodes' bootstrap support value is above 90. Phylogenetic trees
strongly support the division of eudicots and monocots into two clades and the division of angiosperms
and gymnosperms into two clades. The clustering results of this phylogenetic tree conform to the
hierarchical relationship among species at different family and genus levels. It is displayed that our
clustering results of common PCGs based on the mitogenome are reliable. The scientific names and
GenBank accession numbers are shown in Table S11.

Comparison of mitogenome size, GC content, and PCGs between C. pubescens and other species

Organelle genomes have two main parameters, size and GC content. The mitogenome size and GC
content of C. pubescens are compared with 18 other green plants, including 9 eudicots, 3 monocots, 2
gymnosperms, 2 bryophytes, and 2 phycophyta. The species abbreviations of these plants and their
mitogenome GenBank accession numbers are displayed in Table S11. Fig.s 7a and 7b show that the
mitogenomes range in size from 62,477 bp (Chlorella heliozoae) to 680,603 bp (Zea mays). Compared
with land plants, the mitogenomes of phycophyta and bryophytes are generally smaller, while C.
pubescens (474,330 bp) has an average size. Likewise, the GC content of the mitogenome varies, ranging
from 32.24% in C. heliozoae to 50.36% in Ginkgo biloba. Generally, the GC content of angiosperms,
including eudicots and monocots, is lower than that of gymnosperms but higher than that of phycophyta
and bryophytes. Remarkably, C. heliozoae and Nitella hyalina, with GC contents of 32.24% and 41.00%,
respectively, indicate that the GC contents of phycophyta fluctuate wildly. In contrast, although
mitogenome sizes in angiosperms vary widely, ranging from 281,132 bp (Daucus carota) to 680,603 bp
(Z. mays), their GC content has been remarkably conserved over evolution, usually stable at around 44%.

PCGs in plants are often lost during evolution (Bi et al. 2020). We investigated the loss of PCGs in
eudicots, monocots, gymnosperms, bryophytes, and phycophyta (Fig. 8). Compared to highly variable
ribosomal proteins and genes in succinate dehydrogenase, most PCGs are conserved in different plant
mitogenomes, especially in the following genes: ATP synthase, cytochrome c biogenesis, ubichinol
cytochrome c reductase, cytochrome c oxidase, maturases, transport membrane protein, and NADH
dehydrogenase (Chang et al. 2013). To some extent, the conservation of these genes indicates that they
play a crucial role in plants' mitochondrial function. As indicated by the red dashed box, when compared
with the other three pepper mitogenomes, 4 PCGs (atp4, atp8, mttB, and rps1) are unique to C. pubescens,
while 2 PCGs (rpl10 and rps3) are missing (Fig. 8).

Non-synonymous (Ka) and synonymous (Ks) mutation rate
analysis of PCGs
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In this study, we calculate the Ka/Ks values of 30 PCGs shared by the C. pubescens mitogenome and the
mitogenomes of three peppers (KJ865409, KJ865410, and MN196478) using TBtools software (Table
S12). Following a previous study, we change the part of the gene with Ka/Ks ratio that does not apply
(NA) to zero (Androsiuk et al. 2022). The results indicate that the PCGs shared by C. pubescens and the
other three peppers are close homologs because most PCGs have zero Ka and Ks values. When
comparing C. pubescens and KJ865409, only two genes (sdh3 and rps10) have Ka/Ks values less than 0,
signifying that they have undergone negative selection. In contrast, the Ka/Ks values of the remaining
genes are all equal to 0 or -Infinity (Ks = 0). In the other two comparison combinations, the Ka/Ks values
of the sdh3 and rps10 genes are also less than 0. Furthermore, the only gene that undergoes negative
selection is rpl16 in the combination of C. pubescens vs. MN196478. The genes undergoing positive
selection during the evolution process, with a Ka/Ks value greater than 1 (nad5), exist only in the
combination of C. pubescens vs. KJ865410 and C. pubescens vs. MN196478.

To further comprehend the sequence differences among the 30 PCGs in the four pepper mitogenomes, we
use the MAFFT v7.490 software (default parameters) to carry out multiple sequence alignments for the
30 PCGs, respectively (Fig. 9). In general, 13 PCGs have sequence differences caused by at least one base
change, although the remaining 17 PCGs have no sequence differences. PCGs with sequence differences
include matR, rps10, rpl2, nad1, nad2, nad4, nad5, rps4, cox2, ccmFC, ccmFN, rpl16, and sdh3. Among
them, rps10, rpl16, and sdh3 have a wide range of base deletions (more than 10 bases) in the four
peppers, but more deletions occur in KJ865409, KJ865410, and MN196478. There are a few basic
changes for the remaining PCGs. Some PCGs, such as matR, rpl2, rps4, and ccmFC, are not affected in
their amino acids as a result of base substitution. Some PCGs, including nad1, nad2, ccmFN, and nad4,
have amino acid changes as a result of base substitution.

It is worth mentioning that the only gene undergoing positive selection is the nad5 gene. With C.
pubescens as a reference, the nad5 gene of the other two peppers (KJ865410 and MN196478) has a
substitution of the C/T base at the 1,863rd base (Fig. 9a). However, due to the base change, the amino
acid remains unchanged, resulting in a synonymous mutation. Furthermore, between the 1,447th and
1,468th bases, KJ865410 and MN196478 have multiple base substitutions, leading to changes in amino
acids, causing non-synonymous mutations. However, the sequence difference of the nad5 gene between
C. pubescens and KJ865409 is insignificant, with only a substitution of the C/T base at the 1,863rd
position. Additionally, the amino acid remains unchanged due to the base change.

In summary, a significantly greater number of genes undergo negative selection compared to positive
selection. Moreover, base substitutions in some PCGs may result in changes in their corresponding amino
acids.

Structural comparison and synteny analysis of
mitogenomes
The online tool proksee (https://proksee.ca/) is used to perform comparative analyses of mitogenome
structures across species. The first to sixth tracks, moving from the outside to the inside of the circles,
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indicate the results of blast alignment of DNA sequences of C. pubescens with A. thaliana (BK010421), S.
melongena (MT122962), S. lycopersicum (MF034193), C. annuum cultivar Jeju (KJ865410), C. annuum
var. glabriusculum (MN196478), and C. annuum cultivar CMS line FS4401 (KJ865409), respectively
(Fig. 10a). It can be observed that C. pubescens exhibits higher sequence similarity with KJ865409
compared to several other groups. Additionally, KJ865410 shows a high degree of sequence similarity
with MN196478, which is consistent with the results demonstrated by the phylogenetic tree constructed
using the conserved PCGs between them (Fig. 6). The Fig. clearly illustrates that, in comparison to
BK010421 of Brassicaceae, C. pubescens shares higher sequence similarity with other species of
Solanaceae at the family and genus level.

C. pubescens is being compared with three other pepper mitogenomes, namely KJ865409, MN196478,
and KJ865410, using mauve software (default parameters) to analyze the sequence homology and
synteny relationship between them (Fig. 10b). Using C. pubescens as the reference genome, the results
indicate that C. pubescens exhibits extensive recombination with the other three pepper mitogenomes.
The relative positions and order of the homology blocks of KJ865410 and MN196478 are mostly
identical, indicating a high degree of homology between them. Furthermore, KJ865409, MN196478, and
KJ865410 display numerous inverted homologous blocks, suggesting that rearrangements between the
C. pubescens mitogenome may have occurred and these three pepper mitogenome inverted homologous
blocks.

Homologous sequence analysis of cp genome and
mitogenome
The cp genome is highly conserved when compared with the mitogenome. Furthermore, gene transfer
from the mitogenome to the cp genome, known as PTMT, rarely occurs, while gene transfer from the cp
genome to the mitogenome, known as MTPT, is relatively common. Finally, we have detected 72
fragments with a combined length of 57,207 bp that have migrated from the C. pubescens cp genome to
the mitogenome, accounting for 12.60% of the mitogenome's size (454,165 bp) (Fig. 11a, Table S13).
These fragments contain 13 annotated genes, including 12 tRNA genes (trnL-CAA, trnD-GTC, trnE-TTC,
trnT-GGT, trnY-GTA, trnR-ACG, trnP-TGG, trnW-CCA, trnM-CAT, trnS-GGA, trnN-GTT, and trnH-GTG), and
rRNA gene (rrn18). Our analysis also reveals that some genes, such as ycf3, atpF, rpl2, and ndhB, have
migrated from the cp genome to the mitogenome. However, during migration, most of these genes lost
their integrity, and only partial fragments can now be found in the mitogenome (Table S13). Figure 11b
and 11c show the circular map of the cp genome and a schematic diagram of the partial fragments of
the ycf3 gene migrating to the mitogenome, respectively. After the cp genome's ycf3 gene (1,991 bp)
migrates to the mitogenome, only a 282 bp fragment remains, while the remaining 1,709 bp fragment is
lost.

Discussion
Genomic characteristics, PCGs, and intronic genes of C. pubescens mitogenome
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Mitochondria, often referred to as the "powerhouse" of the cell, play a vital role in plant life. In recent
years, advances in sequencing technology have facilitated the gradual assembly of numerous plant
mitogenomes. Compared to animal mitogenomes, plant mitogenomes tend to exhibit more complexity, as
reflected in their variable sizes and multiple repetitive sequences (Ye et al. 2017, (Bi et al. 2020, (Chevigny
et al. 2020). In this study, we have conducted a detailed characterization of the C. pubescens
mitogenome, providing the first comprehensive account of its features. The mitogenome of C. pubescens
possesses a circular structure with a length of 454,165 bp and includes 35 PCGs. The GC content is
significant for evaluating the application of species. The GC content of the C. pubescens mitogenome is
44.29%, which is basically consistent with the GC content of several peppers that have been sequenced
(C. annuum var. glabriusculum, 44.50% (Magdy et al. 2020); C. annuum cultivar Jeju, 44.50% (Jo et al.
2014); C. annuum cultivar CMS line FS4401, 44.50%) (Jo et al. 2014). During the course of evolution,
plant mitogenomes often experience the loss of PCGs (Bi et al. 2020, (Kan et al. 2020, (Sullivan et al.
2020). When we compare the mitogenomes of C. pubescens with those of three other pepper species (C.
annuum var. glabriusculum, C. annuum cultivar Jeju, and C. annuum cultivar CMS line FS4401), we
observe that C. pubescens possesses four unique PCGs (atp4, atp8, mttB, and rps1), while two genes
(rpl10 and rps3) are absent (Fig. 8). Interestingly, our findings align with previous research, which shows
that the rpl10 gene is lost in monocots and gymnosperms but is later regained during the evolutionary
processes in eudicots (Notsu et al. 2002, (Ye et al. 2017). Additionally, we observed that the rps7 gene is
present solely in D. carota (JQ248574) and A. thaliana (BK010421) of the eudicots, suggesting its loss
after the common ancestor of Solanaceae and Convolvulaceae began to diverge. Conversely, the rps10
gene appears in all Solanaceae and Convolvulaceae, but it is lost in D. carota of Apiaceae and A. thaliana
of Brassicaceae. These findings indicate that the rps10 gene might have been lost during the separation
of Umbelliferae and Brassicaceae. However, during subsequent evolutionary processes, the common
ancestor of Solanaceae and Convolvulaceae began to diverge and reacquire the gene.

Introns are indeed prevalent in fully sequenced eukaryotic genomes (Gilson et al. 2006, (Gozashti et al.
2022). Despite the fact that introns need to be removed during RNA splicing in eukaryotic cells, they
possess significant functions. One notable function of introns in eukaryotes is their contribution to
increased protein abundance in intronic genes (Chorev et al. 2012, (Grabski et al. 2021). As the number of
introns increases, so does the number of intronic genes. Moreover, certain introns can greatly enhance
gene expression levels. Typically, substances containing introns tend to exhibit much higher expression
levels compared to those without introns (Buchman et al. 1988, (Clark et al. 1993, (Fu et al. 2022). In our
study, we have identified 10 intronic genes (ccmFC, cox2, nad1, nad2, nad4, nad5, nad7, rpl2, rps1, and
trnY-GTA) in the C. pubescens mitogenome, totaling to 24 intronic genes. Among them, 4 genes (nad1,
nad2, nad5, and nad7) contain 4 introns, while only the nad4 gene contains 3 introns. Additionally, 5
genes (ccmFC, cox2, rpl2, rps1, and trnY-GTA) consist of a single intron. The presence of introns in these
PCGs within the mitogenome of C. pubescens suggests that they warrant attention and exploration in
terms of their functional significance in future studies.

Repeat sequences
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Repeated sequences are indeed a widespread feature in plant mitogenomes and play an important role in
the intermolecular recombination that occurs within mitochondria (Dong et al. 2018). Among these
repeated sequences, one type that is particularly notable is Microsatellites or Simple Sequence Repeats
(SSRs). SSRs consist of short stretches of DNA composed of repetitive units, typically ranging from 1 to 6
nucleotides in length (Li et al. 2021). SSRs have a variety of functions and have been widely used to
identify molecular markers of species, QTL mapping, marker-assisted breeding, analysis of diversity, and
establishment of evolutionary relationships (Cao et al. 2014, (El-Esawi 2017, (Ma et al. 2017, (Li et al.
2020, (Shukla et al. 2021). In our analysis of the C. pubescens mitogenome, we found a diverse array of
SSRs. Dinucleotide repeats are the most abundant, accounting for 42.90% of the total SSRs with 154
occurrences. Monomeric repeats are the second most frequent, making up 39.83% (143 occurrences),
while hexanucleotide repeats are the least common, representing only 0.56% (2 occurrences). Previous
studies have indicated that SSRs containing AT base repeats are more prevalent in organelle genomes
due to the relative ease of breaking AT bonds compared to GC bonds (Qiao et al. 2022). By applying a
matching threshold of 95%, we identified 17 tandem repeat sequences in the C. pubescens mitogenome,
ranging in length from 7 to 39 bp. Tandem repeats, found in many plant mitogenomes, can be utilized as
molecular markers for population identification (Sperisen et al. 2001). Additionally, we identified 473
interspersed repeats longer than 30 bp, with a cumulative length of 38,393 bp. These larger interspersed
repeats are primarily responsible for genome rearrangements (Ogihara et al. 2005, (Alverson et al. 2011).
Notably, we found five repeats exceeding 1 kb in length, ranging from 1,347 bp to 4,425 bp.

RNA editing
RNA editing plays a crucial role in gene expression in plants (Ma et al. 2022). Specifically, the conversion
of cytosine (C) to uracil (U) at specific sites in the cp genomes and mitogenomes alters genetic
information (Cheng et al. 2021). In our analysis of the C. pubescens mitogenome, we identified 448 RNA
editing sites in 35 PCGs. These editing sites encompassed 30 different codon transfer types. Among
them, the TCA to TTA transition had the highest number of RNA editing sites, with 70 occurrences.
Interestingly, this type of editing resulted in amino acid changes from hydrophilic to hydrophobic
properties. Previous studies have shown that RNA editing at the second position within a codon is
widespread, often accounting for more than half of the total editing events (Cheng et al. 2021, (Qiao et al.
2022) Similarly, we found that 359 RNA editing sites (80.13%) occurred at the second base position,
consistent with these previous findings. Furthermore, we aligned RNA sequencing (RNA-seq) data from
project number PRJNA822667 with the C. pubescens mitogenome data. This analysis revealed a high
frequency of RNA editing events at the second codon position. Out of a total of 454 editing sites, 236 are
observed at the second codon position, comprising over half of the total editing sites (Table S10). It is
notable that all observed editing sites are of the CT type, which is the most common form of RNA editing
in plant mitogenomes (Edera et al. 2021).

Curiously, we observe no RNA editing events at the third base position in our study. Some researchers
suggest that this absence may be due to limitations in predicting RNA editing using the PREP-mt program
rather than the actual absence of editing (Mower 2005, (Bi et al. 2020). To address this, we rigorously
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align the RNA-seq data (project number PRJNA822667) with the mitogenome data and identify potential
RNA editing sites (Table S10). Through this analysis, we uncover 71 RNA editing events at the third codon
position out of the 454 identified editing sites. This highlights the fact that these results are not solely
obtained through software prediction but also emphasizes the importance of validating them using RNA-
seq data.

Non-synonymous mutation rate (Ka) and synonymous
mutation rate (Ks)
Calculating the Ka and Ks of PCGs provides valuable insights into phylogenetic reconstruction and
understanding gene evolutionary dynamics (Fay et al. 2003). The Ka/Ks ratio can indicate different
selective pressures acting on genes. If Ka/Ks > 1, it suggests positive selection; if Ka/Ks = 1, it implies
neutral evolution; and if Ka/Ks < 1, it indicates negative selection. During our study, we find that the Ka/Ks
values of the sdh3 and rps10 genes in the three comparison combinations (C. pubescens vs. KJ865409,
KJ865410, and MN196478) are all less than 1. This signifies that these genes experienced negative
selection. Mitochondrial genes undergoing negative selection likely play a crucial role in maintaining the
normal function of mitochondria (Bi et al. 2020). Additionally, we observe that only the Ka/Ks value of the
nad5 gene is greater than 1 when comparing C. pubescens with KJ865410 and MN196478. This
indicates that the nad5 gene may have undergone positive selection since its divergence from the last
common ancestor. These results suggest that different mitochondrial genes may experience various
selection pressures throughout evolution (Bi et al. 2020). To visually observe the changes in Ka and Ks
caused by sequence differences among the four pepper species, we conduct multiple sequence
alignments for the 30 PCGs (Fig. 9). Among them, rps10, rpl16, and sdh3 had a wide range of base
deletions (more than 10 bases) in the four peppers. Though, more deletions occurred in KJ865409,
KJ865410, and MN196478. As for the remaining PCGs, there are a few base substitutions. Some PCGs
did not change their amino acids due to base substitution, such as matR, rpl2, rps4, and ccmFC. Some
PCGs, such as nad1, nad2, ccmFN, and nad4, have amino acid changes due to base substitutions
(Fig. 9). Typically, a change in the third base of a codon results in a synonymous mutation (Ks), while
changes in the first and second bases lead to non-synonymous mutations (Ka) (Hurst 2002). According
to the definition of Ka and Ks, when an amino acid change occurs due to a base change, it generally
causes Ka. Conversely, when a base change does not result in an amino acid change, it generally causes
Ks. Regardless of whether it is Ka or Ks, it often affects the mRNA expression level of the mutated gene
(Shen et al. 2022). In the sequence alignment of the nad5 gene, there is a C/T base substitution at the
1,863rd base between C. pubescens and KJ865409, which is located at the third base of the Val (V)
amino acid. However, this base change does not result in an amino acid change, so the nad5 gene
between C. pubescens and KJ865409 only causes Ks (Ks = 0.0021, Fig. 9 and Table S12). For the nad5
genes of KJ865410 and MN196478, Ks also exists at the 1,863rd base, and there are multiple base
substitutions between the 1,447th and 1,468th bases, resulting in amino acid changes, thus causing Ka.
The sequence alignment also reveals that the number of synonymous mutation sites is less than the
number of non-synonymous mutation sites. Overall, when Ka/Ks > 1, it indicates that the gene is under
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positive selection. Such a gene is a gene that is currently undergoing evolution, just like the nad5 gene in
this study, which has paramount significance for species evolution research in C. pubescens.

Migration of homologous sequence fragments from the cp
genome to the mitogenome
The transfer of DNA fragments from the organelle genome to the nuclear genome often occurs, and it is
also common for DNA fragments to transfer from the cp genome to the mitogenome (Martin et al. 1998,
(Bergthorsson et al. 2003). Nevertheless, the transfer of DNA fragments from the mitogenome to the cp
genome is reported infrequently. Researchers believe this phenomenon may be because the plant cp
genome is highly conserved, so foreign DNA rarely enters the cp genome (Richardson et al. 2007, (Smith
2011). Previous studies have shown that the migration of mitochondrial DNA to chloroplast has been
found in four species (including D. carota, Asclepias syriaca, Anacardium occidentale, and herbaceous
bamboos). In the mitogenome of D. carota, a 74 bp cox1 gene sequence migrates from the mitogenome
to the cp genome, and this sequence is named DcMP (Goremykin et al. 2009, (Iorizzo et al. 2012, (Iorizzo
et al. 2012). A ~ 2.7 kb sequence is inserted into the IR region of the herbaceous bamboos cp genome,
originating from the mitogenome and confirmed (Ma et al. 2015). A. syriaca transfers the rpl2
pseudogene (ψrpl2) from the mitogenome to the cp genome (Straub et al. 2013). In the A. occidentale,
ccmB is transferred (Rabah et al. 2017). Through identification, 72 fragments totaling 57,207 bp migrated
from the cp genome to the mitogenome of C. pubescens, accounting for 12.60% of the mitogenome
(454,165 bp). Transfer of tRNA genes from the cp genome to the mitogenome is more common in
angiosperms than in bryophytes and gymnosperms (Oda et al. 1992, (Notsu et al. 2002, (Ogihara et al.
2005, (Chaw et al. 2008). We find 13 annotated genes on these transferred fragments, including 12 tRNA
genes (trnL-CAA, trnD-GTC, trnE-TTC, trnT-GGT, trnY-GTA, trnR-ACG, trnP-TGG, trnW-CCA, trnM-CAT, trnS-
GGA, trnN-GTT, and trnH-GTG), and rRNA gene (rrn18). Some chloroplast PCGs, such as ycf3, atpF, rpl2,
and ndhB, have also migrated from the cp genome to the mitogenome, although many of them have lost
their integrity over evolution. Researchers suggest that these lost genes are likely to be found in the
nuclear genome, where they are regulated as coding genes through related expression regulation (Bryant
et al. 2011, (Savage et al. 2013). Let's take the ycf3 gene of the cp genome as an example. We can search
for homologous gene sequences in the nuclear genomes of three peppers (C. annuum, C. baccatum, and
C. chinense) using the ycf3 gene as a query sequence (Table S14). The obtained sequences can then be
screened for GO enrichment function analysis. We can find that these genes are mainly involved in the
Generation of precursor metabolites and energy (Biological Process, GO:0006091), NADH dehydrogenase
activity (Molecular Function, GO:0003954), and Membrane protein complex (Cellular Component,
GO:0098796). We show only one GO term for each functional enrichment process, and more results can
be found in Table S15.

Conclusions



Page 16/34

In this study, we assembled the first mitogenome of C. pubescens (GenBank accession number
OP957066), 454,165 bp in length, with a typical circular structure. The mitogenome of C. pubescens has
a GC content of 44.29% and we annotate 70 genes in it. Compared to the other three pepper
mitogenomes (KJ865409, KJ865410, and MN196478), the mitogenome of C. pubescens shows four
unique PCGs (atp4, atp8, mttB, and rps1), while two PCGs (rpl10 and rps3) are absent. Structural
comparison and synteny analysis of these four pepper mitogenomes reveal that C. pubescens is most
similar to KJ865409 but exhibits rearrangements with the other three. We identify 72 homologous
sequences, accounting for 12.60% (57,207 bp) of the mitogenome, between the mitochondrial and
chloroplast genomes. These sequences include 12 tRNA genes and the rRNA gene (rrn18). Of note, the
nad5 gene shows signs of positive selection based on selective pressure analysis. Additionally, three
genes (nad1, nad2, and nad4) exhibit single base mutations that result in amino acid changes. Through
comparative genome analysis, we can gain insight into the genetic information exchange between pepper
organelle genomes. This exploration will be helpful for future studies.
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Figure 1

The circular map of C. pubescens mitogenome. The forward coding genes are placed outside the circle,
while the reverse coding genes are nestled on the inside, and the inner gray circle represents the GC
content. The circular map of the C. pubescensmitogenome is created using the OGDRAW online tool
(https://chlorobox.mpimp-golm.mpg.de/OGDraw.html).
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Figure 2

Relative synonymous codon usage (RSCU) in the C. pubescens mitogenome. The lower squares represent
all codons encoding each amino acid, and the height of the upper columns represents the sum of all
codon RSCU values.
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Figure 3

The distribution of the four types of interspersed repeats on the genome and the statistics of the number
of repeats. (a) Two black lines represent the genome, with identical repeats connected by line segments;
(b) F, P, R, and C represent forward, palindromic, reverse, and complementary repeats. The abscissa
represents the type and length of interspersed repeats, and the ordinate represents the number of
interspersed repeats.
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Figure 4

Statistics on the type and number of simple sequence repeats (SSR).
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Figure 5

Distribution of RNA editing sites in PCGs of the C. pubescens mitogenome. The online website
(http://prep.unl.edu/) is used to make predictions of RNA editing sites.
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Figure 6

Phylogenetic tree of 23 common conserved PCGs of the C. pubescens and 14 other species mitogenomes
(9 eudicots, 3 monocots, and 2 gymnosperms). MAFFT v7.490 software (default parameters) is used to
perform multiple sequences alignment, and MEGA 11 is used to construct a phylogenetic tree (Maximum-
likelihood phylogenetic tree, Bootstrap value set to 1,000).
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Figure 7

Comparison of mitogenomes size and GC content of C. pubescens with other species. (A) The abscissa
represents the GenBank accession number of the mitogenomes, and the ordinate represents the size and
GC content of the mitogenomes; (B) The abscissa represents the abbreviated Latin name of the species,
and the ordinate represents the GenBank accession number of the corresponding mitogenomes.
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Pentagrams, squares, circles, triangles, and hexagons represent eudicots, monocots, gymnosperms,
bryophytes, and phycophyta, respectively.

Figure 8

Distribution of PCGs in plant mitogenomes. The gray circles indicate that the gene does not exist in the
corresponding mitogenomes. The light green, orange, rosered, light blue, and pink circles indicate that
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PCGs exist in the mitogenomes, corresponding to eudicots, monocots, gymnosperms, bryophytes, and
phycophyta, respectively.

Figure 9

Alignments of the nucleotide and amino acid sequences of PCGs from four pepper mitogenomes in C.
pubescens and C. annuum. We perform multiple sequence alignments using MAFFT v7.490 software,
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using the default parameters. (A-M) Represented as nad5, matR, rps10, rpl2, nad1, nad2, rps4, cox2,
ccmFC, ccmFN, rpl16, sdh3, and nad4 genes, respectively. KJ865409, KJ865410, and MN196478 are the
mitogenomes of C. annuum.

Figure 10
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Comparison of mitogenome structure and collinearity analysis. (A) The outermost six tracks represent the
similarity results of the mitogenome alignment of C. pubescens and several other species. Further
inwards, the four tracks represent positive-strand genes, minus-strand genes, GC Skew, and GC content on
the mitogenome of C. pubescens, respectively. The innermost circle represents the C. pubescens genome
size; (B) The rectangles represent the similarity between genomes, and the lines between the rectangles
represent a collinear relationship. The short white squares represent CDS, the short green squares
represent tRNA, and the short red squares represent rRNA. The two graphs are drawn using Proksee
(https://proksee.ca/) online tool and Mauve (https://darlinglab.org/mauve/mauve.html) software,
respectively.

Figure 11

Homologous sequence analysis of cp genome and mitogenome. (A) Homologous fragments of
chloroplast and mitochondrial sequences. "Chloroplast" represents chloroplast sequences, and
"Mitochondrion" represents mitochondrial sequences. Genes from the same complex are marked with the
same color, and the middle green line joined the homologous sequences; (B) The circular map of the cp
genome. The genes coded by the upper strand are located outside the circle, while the genes encoded by
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the lower strand are on the inside. The inner gray circle represents the GC content; (C) The schematic
diagram illustrates the migration of the cp genome's ycf3 gene to the mitogenome. The upper and lower
black lines represent the cp genome and mitogenome, respectively. For visual observation, the two
genomes are depicted as linear. The Circos v0.69-5 software is used to visualize and map the
homologous sequences between chloroplasts and mitochondria. Additionally, the circular map of the
chloroplast genome is drawn using the OGDRAW online site (https://chlorobox.mpimp-
golm.mpg.de/OGDraw.html).
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