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Abstract

:

Camellia gigantocarpa is one of the oil-tea trees whose seeds can be used to extract high-quality vegetable oil. To date, there are no data on the mitochondrial genome of the oil-tea tree, in contrast to the tea-tree C. sinensis, which belongs to the same genus. In this paper, we present the first complete mitochondrial genomes of C. gigantocarpa obtained using PacBio Hi-Fi (high-fidelity) and Hi-C sequencing technologies to anchor the 970,410 bp genome assembly into a single sequence. A set of 44 protein-coding genes, 22 non-coding genes, 746 simple sequence repeats (SSRs), and more than 201 kb of repetitive sequences were annotated in the genome assembly. The high percentage of repetitive sequences in the mitochondrial genome of C. gigantocarpa (20.81%) and C. sinensis (22.15%, tea tree) compared to Arabidopsis thaliana (4.96%) significantly increased the mitogenome size in the genus Camellia. The comparison of the mitochondrial genomes between C. gigantocarpa and C. sinensis revealed genes exhibit high variance in gene order and low substitution rate within the genus Camellia. Information on the mitochondrial genome provides a better understanding of the structure and evolution of the genome in Camellia and may contribute to further study of the after-ripening process of oil-tea trees.
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1. Introduction


Camellia is the largest genus in Theaceae having more than 200 species, which include many economically important and worldwide cultivated species, such as tea tree, oil-tea tree, and camellia flower. Oil-tea trees are a group of traditional woody edible-oil crop species in China from whose seeds high-quality camellia oil can be extracted. Camellia oil is famous for its nutritional and health benefits because it is rich in unsaturated fatty acids (more than 70% oleic acid and 5–10% linoleic acid) and because of its antioxidant activity [1,2]. The main cultivated oil-tea tree species include C. oleifera, C. gigantocarpa, C. chekiangoleosa, C. yuhsienensis, and so on [3,4,5,6]. The seeds of C. gigantocarpa have an oil content of more than 40% and an oleic acid content of more than 60%, making them an excellent oil-yielding woody plant [4]. As an oil crop, C. gigantocarpa has enormous economic and development potential.



Plant mitochondria provide energy and metabolites to the cell. As a source of ATP energy and the intracellular calcium pool, mitochondria carry out a number of cellular functions in plant growth and development [7,8]. Mitochondria also play important functions in seed development [9]. Mutations in some mitochondrial ribosomal proteins have caused gametophytic or seed development defects, such as RPL21M [10] and RPS9M [9]. The seed development of C. gigantocarpa affects not only seed fate, but also final seed yield and quality.



Land plant chloroplast genomes have revealed conserved genome structure, gene order, essential gene content, and corresponding gene functions. However, due to extensive rearrangement and repeat sequences, the mitochondrial genome of land plants has very low collinearity, whereas its protein-coding genes are relatively conserved [11]; thus, research on the evolution and function of the mitochondrial genome can be challenging [12]. The mitochondrial genomes in Camellia spp. have a high rearrangement and a large size. To date, the chloroplast genomes of more than 30 species of Camellia spp. [13,14] and only one mitochondrial genome of C. sinensis have been identified and published [15].



In this work, we sequenced and annotated the complete mitochondrial genome of C. gigantocarpa, which is the first mitochondrial genome sequence published for oil-tea tree. The mitogenome characteristics, repetitive sequences, SSR identification, and RNA editing prediction were investigated. Further analyses regarding species synteny and phylogeny were carried out for the determination of phylogenic positions and molecular diversity of the genus Camellia. This comparative analysis provided a more comprehensive perspective on the complexity of the mitochondrial genome of the genus Camellia.




2. Materials and Methods


2.1. Plant Materials and Genome Sequencing


Fresh and healthy young leaves of C. gigantocarpa were collected on 4 April 2022, at the Jinhua International Camellia Species Garden of Zhejiang province (geographic coordinates: 29°9′8″ N, 61 1119°35′51.86″ E). The samples were immediately frozen in liquid nitrogen and stored at −80 °C before DNA extraction.



High-molecular-weight genomic DNA was prepared by the CTAB method and followed by purification with QIAGEN® genomic kit (cat#13343, QIAGEN) for regular sequencing, according to the standard operating procedure provided by the manufacturer.



SMRTbell target-size libraries were constructed for Hi-Fi sequencing according to PacBio’s standard protocol (Pacific Biosciences, Menlo Park, CA, USA) using 15 kb preparation solutions.



For Hi-C sequencing, the chromosomal structure was fixed by formaldehyde crosslinking, and then the MboI enzyme was used to shear DNA. The Hi-C library with insert size 200–600 bp was constructed and then sequenced on the Illumina HiSeq platform. The Hi-C sequence data were qualified with HIC-pro [16].




2.2. Genome Assembly


The mitochondrial genome assembly was started according to the pipeline of Kovar et al. [17]. The Hi-Fi reads were aligned using BLASR ver. 5.3.5 [18] to the mitochondrial genome of 14 plant (Vaccinium macrocarpon [19], Ricinus communis [20], Carica papaya [21], Citrullus lanatus [22], Vitis vinifera [23], Glycine max [24], Zostera marina [25], Sorghum bicolor, Zea mays [26], Triticum aestivum [27], Nicotiana tabacum [28], C. sinensis, A. thaliana, and Salvia miltiorrhiza) (Table S1). Seqtk (https://github.com/lh3/seqtk (accessed on 5 June 2022)) was used to extract filtered hits into a new fastq file from hits with lengths longer than 500 bp. Canu ver. 2.2 [29] was used to assemble selected Hi-Fi reads to contigs, then the assembled contigs used as the reference genome in the next round (Figure 1). The seventh round assigned the longest contig, N50 with 323,549 bp.



To anchor contigs to mitochondrial genome, Hi-C reads were mapped to the Hi-Fi contigs by Bowtie2 ver. 2.4.2 [30]. Imported reads were sorted and indexed by SAMtools ver. 1.11 [31] and BEDTools ver. 2.30.0 [32]. The mapped reads were analyzed using the Juicer ver. 1.6 [33]. With the Juicer output files, Hi-C scaffolding was performed using 3D-DNA ver. 180,922 (https://github.com/theaidenlab/3d-dna (accessed on5 June 2022)). Inversions and misjoins in the assemblies that occurred during the Hi-C scaffolding process were corrected by using Juicebox ver. 1.11.08 [34] based on the frequency of Hi-C contacts. Finally, the complete mitochondrial genome of C. gigantocarpa used 71,338 Hi-Fi reads with approximately 1070X coverage.




2.3. Genome Annotation and Visualization


MITOFY [22] was used to characterize the complement of protein-coding and rRNA genes in the mitochondrial genome and a tRNA gene search was carried out using the tRNAscan-SE ver. 1.3.1 [35]. The complete mitochondrial genome circular map was created on the web server CGView (http://wishart.biology.ualberta.ca/cgview/ (accessed on 1 July 2022)) [36].



Repetitive elements were identified based on homologous detection and de novo searches. RepeatModeler ver. 2.0.1 [37] was used to identify and model repeat families. Then, RepeatMasker ver. 4.1.0 (http://www.repeatmasker.org/ (accessed on 1 July 2022)) was used to annotate and mask repetitive elements using the library generated by RepeatModeler. Repeat sequences, including forward and palindromic repeats, were also searched by REPuter (https://bibiserv.cebitec.uni-bielefeld.de/reputer (accessed on 1 July 2022)) [38] with the following parameters: minimal length 50 nt and Hamming distance 3 nt. Simple sequence repeats (SSRs) were identified and located using MISA (http://pgrc.ipk-gatersleben.de/misa/ (accessed on 1 July 2022)). All the annotated SSRs were classified by the size and copy number of their tandemly repeated monomer (one nucleotide, n ≥ 8), dimer (two nucleotides, n ≥ 4), trimer (three nucleotides, n ≥ 4), tetramer (four nucleotides, n ≥ 3), pentamer (five nucleotides, n ≥ 3), and hexamer (six nucleotides, n ≥ 3).




2.4. Prediction of RNA-Editing Sites


The predictive RNA Editor for Plants (PREP) (http://prep.unl.edu/ (accessed on 1 July 2022)) was used to predict potential RNA editing sites in protein-coding genes with a cutoff value of 0.2 [39].




2.5. Synteny Analysis


Homologous genes from different plant species were combined using all vs. all BLASTP (BLAST + ver. 2.90) [40], and then synteny blocks were identified and drawn as a graph with MCscanX (Python version) [41]. We adopted the mitochondrial genomes of C. gigantocarpa, C. sinensis, and A. thaliana (Supplementary Material Table S1) for synteny analysis. Synteny analysis of genomes was carried out at the nucleic acid level using Mauve ver. 2.4.0 [42].




2.6. Phylogenetic Analysis


A total of 12 conserved mitochondrial protein-coding genes [15] among C. gigantocarpa and 15 other plant species (V. macrocarpon [19], R. communis [20], C. papaya [21], C. lanatus [22], V. vinifera [23], G. max [24], Z. marina [25], S. bicolor, Z. mays [26], T. aestivum [27], N. tabacum [28], C. sinensis, A. thaliana, S. miltiorrhiza, and Ginkgo biloba) (Table S1) were individually aligned with MAFFT ver. 7.475 (L-INS-I algorithm) [43], and then concatenated to construct a contiguous sequence in the order of cob, cox1, cox2, cox3, nad2, nad3 nad5, nad6, nad7, nad9, atp1, and atp9. The HIVw + I + G + F model of amino acid substitution was found to be the best fit by Protest ver. 3.4.2 (coverage threshold=0.5), [44]. A maximum likelihood (ML) phylogenetic tree was produced using RAxML ver. 8.2.12 [45] with G. biloba as the outgroup.





3. Results


3.1. Genome Assembly and Genome Annotation


The circular mitochondrial genome of C. gigantocarpa was 970,410 bp in length (GenBank: OP270590) and a GC content of 45%, and it contained 44 protein-coding genes and 22 non-coding genes (Figure 2). The protein-coding genes of mitochondrial genome of C. gigantocarpa included 15 NADH dehydrogenase genes (nad1–nad7, nad4L, nad9; there are three copies of nad1, nad2, and nad5), two succinate dehydrogenase genes (sdh3 and sdh4), one cytochrome c reductase gene (cob), three cytochrome c oxidase genes (cox1–cox3), five ATP synthase synthesis genes (atp1, atp4, atp6, atp8, and atp9), four cytochrome c biogenesis genes (ccmB, ccmC, ccmFC, and ccmFn), one maturase gene (matR), one transporter gene (mttB), and 12 ribosomal protein genes (rpl10, rpl16, rpl2, rpl5, rps1, rps3,rps4, rps7, rps12–rps14, and rps19). The non-coding genes of mitochondrial genome of C. gigantocarpa include three rRNA genes (rrn5, rrn18, and rrn26) and 19 tRNA genes that transferred 16 amino acids. In comparison to the mitochondrial genome of C. sinensis (GenBank: OM809792.1), the mitochondrial genome of C. sinensis contained 47 protein-coding genes and 33 non-coding genes, which was more than C. gigantocarpa, but two protein-coding genes (rpl2, and rps3) were exclusively found in the mitochondrial genome of C. gigantocarpa (Table S2).




3.2. Identified Repetitive Sequences


The total length of C. gigantocarpa mitochondrial genomes was 201 kb (20.81%), of which long terminal repeats retrotransposons (LTR-RTs) accounted for 20.39% (197 kb) (Table 1). While for C. sinensis, the repetitive sequence was 22.15% (202 kb), of which LTR retrotransposons accounted for 21.68% (198 kb) in its mitochondrial genome. Compared to A. thaliana 3.51% (12 kb), the mitochondrial genome in Camellia spp. showed a large expansion which may have been caused by LTR retrotransposons insertion.



Long repeat sequences (repeat unit > 50 bp) of forward and palindromic repeats were further annotated: 50 paired repeats were distributed throughout the genome, including 27 paired forward repeats and 23 paired palindromic repeats (Table S2). These repeats ranged from 434 to 2631 bp in length.



Short repeats are abundant in plant mitochondrial genomes, particularly in higher plants [46]. In the mitochondrial genome of C. gigantocarpa, 746 SSRs were found, with 32.44% being monomers, 44.5% dimers, 4.96% trimers, 14.21% tetramers, 3.08% pentamers, and 0.8% hexamers (Table 2). In addition, the two most abundant SSR motif was A/T (28.28%) and AG/CT (31.64%) (Table S4).




3.3. The Prediction of RNA Editing


In mitochondria, RNA editing is common. A single base can modify a codon, which, in turn, alters an amino acid, and changes the content, structure, or function of the protein. RNA editing frequently results in the unintentional addition of a stop codon, which prevents the protein from being fully translated, making the protein non-functional [47]. Our results show that all 44 protein-coding genes had RNA edits, all of which were C-U transitions. All 483 C-U RNA editing sites were unevenly distributed among different genes, ranging from 1 (nad5) to 37 (ccmFn) (Figure 3). There were four cases of RNA editing, of atp6, atp9, cox2, and rpl16, in which the results were stop codons. The amino acid characteristics were modified by 55% RNA editing, such as switching from hydrophilic to hydrophobic amino acids (Table S5).




3.4. Comparison of the Genome Structure


The sizes of the mitochondrial genomes of Camellia spp. (C. gigantocarpa and C. sinensis) were significantly larger than those of A. thaliana (367,808 bp), but the differences in the types and numbers of protein-coding genes were not significant (Table S2).



The collinearity analysis revealed that the protein-coding genes of the mitochondrial genomes of C. gigantocarpa, C. sinensis, and A. thaliana were highly conserved, but with high variance in the order of mitochondrial genes among these three species. The number of co-linear gene pairs between C. gigantocarpa and C. sinensis was 36, and the similarity of their corresponding coding regions was 99.8%. The number of co-linear gene pairs between C. gigantocarpa and A. thaliana was 34, and the similarity of their coding regions was 95.2%. In the mitochondrial genome of C. gigantocarpa, 34% protein-coding genes had the same gene order (three, and more genes arranged in that order) as C. sinensis (atp8-cox3-sdh4-rps4-nad6, rpl10-ccmB-mttB-atp6, rpl5-rps14-cob, and nad4L-atp4-ccmC), however, no protein-coding genes shared the same gene order as A. thaliana (Figure 4). A MAUVE graphic of the structural alignments of complete mitochondrial genomes of three species also revealed divergences. We found complex genome rearrangements in two Camellia spp., despite high sequence similarity (Figure 5a). In contrast, in the mitochondrial genome of A. thaliana and C. gigantocarpa, only protein-coding gene regions could be aligned (Figure 5b). In contrast to the dramatic expansion of intergenic regions and rapid evolution of gene order in the Camellia spp., most functional genes were highly conserved in plant mitochondrial genomes.




3.5. Phylogenetic Analysis


ML trees were built for 12 protein sequences shared by 16 plant mitochondrial genomes (Table S1) [15]. The ML phylogeny tree with G. biloba as the outgroup formed two clades: monocotyledons and dicotyledons. We discovered that C. gigantocarpa and C. sinensis were clustered together with V. macrocarpon [20], and that these three species were members of the order Ericales (Figure 6). The pairwise distance (Poisson model) of these 12 protein sequences of C. gigantocarpa and C. sinensis is 0.00611, showing that, despite the mitochondrial genome structures being relatively different, mitochondrial protein-coding genes among C. gigantocarpa and C. sinensis are conserved.





4. Discussion


Camellia spp. mitochondrial genomes are harder to assemble than chloroplast genomes due to their large size and high repetitive rate [48]. Compared to dozens of published chloroplast genomes [49], only the mitochondrial genome of C. sinensis was assembled [15]. Utilizing long-read genome sequencing allows mitochondrial genome assembly to achieve high-sequence contiguity as well as high-scaffold contiguity [50]. Here, we used a combination of sequencing technologies, including PacBio Hi-Fi and Hi-C, to assemble the mitochondrial genome for C. gigantocarpa, and present workflows for the accurate and complete assembly of the large and complex plant mitochondrial genome with highly repetitive sequences (Figure 1).



Mitochondria play key roles in energy supply during seed development for encoded components of the TCA cycle and ETC complexes [51,52]. Especially for Camellia spp., the physiological maturity of C. gigantocarpa seeds is impactful to germination efficiency. Our work assembled the mitochondrial genome of C. gigantocarpa into a complete mitochondrial genome of 970,410 bp and annotated a total of 44 protein-coding genes, 22 non-coding genes, compared with C. sinensis, whose two protein-coding genes (rpl2, and rps3) are exclusively found in the mitochondrial genome of C. gigantocarpa (Figure 2). Mitochondrial genome organization, core protein-coding genes, and RNA editing provided rich genetic information for understanding the genetics and evolution of C. gigantocarpa. In all, 483 RNA-editing sites were identified in this mitochondrial genome; the editing sites were distributed among all 44 protein-coding genes (Figure 3).



In plant mitochondria, repetitive sequences are typical and frequently quite long [53]. The occurrence of such repeats can partially account for variations in the size of the mitochondrial genome [25]. We annotated high-confidence prediction of 746 simple sequence repeats (SSRs) and more than 201 kb (31.16%) of repetitive sequences in genome assembly. Compared with A. thalian (367 kb), C. gigantocarpa and C. sinensis (>900 kb) have bigger mitochondrial genomes and contain more repetitive sequences. The mitochondrial genome of Camellia spp. is abundant with repetitive elements, accounting for more than 20% of the genome, whereas A. thalian has only 4.96% (Table 1). The variation in mitochondrial genome size of this tree species can be partially explained by its repetitive content. Plant mitochondria are made up of a heterogeneous population of highly branching, circularly permuted linear molecules [54]. Large-size repeats (>1 kb) conduct a multipartite structure of plant mitochondrial genomes [55]. There are six and eight paired large-size repeats in the mitochondrial genomes of C. gigantocarpa and C. sinensis [15], which may result in the diversification of mitochondrial structure in Camellia spp. and make assembling the mitochondrial genome difficult.



In higher plants, the gene order of chloroplast genomes is often highly conserved, especially among closely related species. Although the genes contained in the mitochondrial genomes of higher plants are largely conserved, the size, structure, and gene order of mitochondrial genomes are highly variable [56]. Gene-order comparisons frequently reflect the high rate of mitochondrial genome rearrangement between plant species. According to this study, C. gigantocarpa has fewer protein-coding genes with the same gene order as A. thalian than C. sinensis (Figure 4) indicating that the discovered gene order is less conserved when compared to more distantly related species. Despite usually slow rates of sequence evolution, plant mitochondrial genomes develop rapidly in terms of genome rearrangement [57]. Our work showed high-sequence homology and abundant genomic rearrangement between the C. gigantocarpa and C. sinensis mitochondrial genomes (Figure 5).



Mitochondrial genomes contain valuable information that can be used for understanding the evolution of these mitochondria. We built ML trees for 12 protein sequences shared by 16 plant mitochondrial genomes (Table S1) and found that C. gigantocarpa was grouped with C. sinensis with 100% bootstrap support, which means the protein-coding genes are conserved despite the high rate of recombination in the mitochondrial gene order in the genus Camellia (Figure 6).



Camellia spp. are highly self-incompatible plants, and many species are polyploid. The identification of species classification and evolutionary relationships of the genus Camellia is still challenging because of the widespread hybridization. Numerous researches have recently used whole-genome resequencing [58] and RNA-seq [59] to investigate the evolutionary relationships of the Camellia genus. Thus far, the high cost of sequencing has limited genome research of the genus Camellia, and few Camellia spp. have had their genomes sequenced, with the majority of the work focused on C. sinensis [58,60,61,62,63] and C. oleifera [64]. Comparing the organelle genomes (chloroplast DNA and mitochondrial DNA) to the nuclear genome, the organelle genomes have several advantages over the nuclear genome, including a smaller size, a lower sequencing cost, a simpler assembly method, and a matrilineal inheritance [65]. Our complete mitochondrial genome of C. gigantocarpa in this study is the second mitochondrial genome sequence to be published in the genus Camellia, and it offers new insight into the evolution of the mitochondrial genome of the genus Camellia.
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Figure 1. Flowchart of C. gigantocarpa mitochondrial genome assembly. 
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Figure 2. Mitochondrial gene map of C. gigantocarpa. 
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Figure 3. The number of RNA-editing sites; nad1, nad2, and nad5 have three copies. 
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Figure 4. Synteny analysis of C. gigantocarpa, C. sinensis, and A. thaliana mitochondrial genomes. 
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Figure 5. Whole mitochondrial alignments of three species. (a) Whole mitochondrial alignments of C. gigantocarpa and C. sinensis; and (b) whole mitochondrial alignments of C. gigantocarpa and A. thaliana. 
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Figure 6. Maximum likelihood tree based on 12 genes common in the 16 plant mitochondrial genomes. 
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Table 1. Comparisons of repetitive sequence categories and contents of C. gigantocarpa, C. sinensis, and A. thaliana mitochondrial genome.
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Type

	
C. gigantocarpa

	
C. sinensis

	
A. thaliana




	
Length (bp)

	
Percentage (%)

	
Length (bp)

	
Percentage (%)

	
Length (bp)

	
Percentage (%)






	
RNA/non-LTR-RTs

	
432

	
0.04

	
992

	
0.11

	
1567

	
0.43




	
RNA/LTR-RTs

	
197,860

	
20.39

	
198,371

	
21.68

	
12,887

	
3.51




	
DNA transposons

	
0

	
0

	
0

	
0

	
104

	
0.03




	
Other repeats

	
3622

	
0.38

	
3315

	
0.36

	
3670

	
0.99




	
Total

	
201,914

	
20.81

	
202,678

	
22.15

	
18,228

	
4.96
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Table 2. Statistics of SSR motifs in the C. gigantocarpa mitochondrial genomes.
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	SSR Motif
	SSR Number
	SSR (%)





	Monomer
	242
	32.44



	Dimer
	332
	44.5



	Trimer
	37
	4.96



	Tetramer
	106
	14.21



	Pentamer
	23
	3.08



	Hexamer
	6
	0.8



	Total
	746
	100
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