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ABSTRACT  27 

Origanum vulgare is a perennial herb known for its antimicrobial, antioxidant, and anti-28 

inflammatory properties, valued in both traditional medicine and modern 29 

phytopharmacology. Despite substantial research on its chemical and pharmacological 30 

properties, genomic studies have been limited. In this study, we present the first 31 

comprehensive assembly and annotation of the mitochondrial genome (mitogenome) 32 

of O. vulgare using HiFi long-read sequencing technology. The assembled genome 33 

spans 497,243 base pairs and includes 57 protein-coding genes (PCGs), 14 transfer 34 

RNA genes, and 4 ribosomal RNA genes. Additionally, we identified 9 simple sequence 35 

repeats, 26 tandem repeats, and 607 dispersed repeats, alongside 395 RNA editing sites, 36 

predominantly located at the first and second codon positions, suggesting a significant 37 

role in gene expression regulation. Phylogenetic analysis of mitochondrial PCGs from 38 

25 representative species confirmed O. vulgare 's close evolutionary relationship with 39 

other species within the Lamiales order, highlighting significant genomic 40 

rearrangements and adaptive evolution. We also completed the assembly, annotation, 41 

and comprehensive analysis of the chloroplast genome of O. vulgare, providing further 42 

insights into its organellar genomes. Our findings further indicate that the mitogenome 43 

exhibits high levels of structural variability, which may contribute to the plant’s ability 44 

to adapt to diverse environmental conditions. The identification of RNA editing events 45 

suggests a key role in post-transcriptional regulation, influencing protein diversity and 46 

potentially enhancing stress tolerance. This research establishes a genomic foundation 47 

for O. vulgare, advancing our understanding of its mitogenome structure, molecular 48 

evolution, and adaptive mechanisms, with important implications for 49 

phytopharmacological research and biotechnological applications in plant breeding. 50 

Key words：Origanum vulgare; mitogenome; repeat-mediated recombination; RNA 51 

editing; phylogeny 52 

 53 
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INTRODUCTION 54 

Origanum vulgare (common oregano) belongs to the Lamiaceae family, order Lamiales, 55 

and is a perennial herb native to the mediterranean region, Europe, and parts of Asia. It 56 

is characterized by high concentrations of phenolic compounds, primarily carvacrol 57 

(60–80%) and thymol (5–10%), alongside rosmarinic acid, flavonoids, and terpenoids 58 

[1, 2]. Recent pharmacological investigations have revealed that oregano extracts 59 

exhibit remarkable antimicrobial activity against a broad spectrum of pathogens, 60 

including methicillin-susceptible and methicillin-resistant Staphylococci (MSS, MRS) 61 

with minimum inhibitory concentrations as low as 0.06–0.125% (v/v), Candida albicans 62 

(MIC: 0.4 mg/mL) and food-spoilage fungi [1, 3]. The mechanism of action involves 63 

disruption of microbial cell membranes and inhibition of biofilm formation, making it 64 

particularly effective against drug-resistant strains [4]. Beyond its antimicrobial 65 

properties, oregano demonstrates significant antioxidant capacity, showing an Oxygen 66 

Radical Absorbance Capacity (ORAC) value of 183,141 μmol TE/100g, significantly 67 

higher than many spices (e.g., apple: 520 umol TE/100g; agave: 1247 umol TE/100g; 68 

tarragon: 15542 umol TE/100g) [5], meanwhile its anti-inflammatory properties are 69 

evidenced by significant antinociception and activated opioid receptor-NO-cGMP-70 

K+channel pathway [6]. What’s more, current research has expanded into potential 71 

anticancer applications, with carvacrol showing dose-dependent apoptosis induction in 72 

human colon and breast cancer cell lines [7]. Agricultural applications include its use 73 

as a natural preservative, where 0.1% oregano essential oil extends the shelf-life of 74 

various food products by inhibiting spoilage microorganisms. Recent advances in 75 

formulation technology, particularly nanoencapsulation in lipid carriers, have 76 

significantly improved the bioavailability and stability of its active components. 77 

Though further studies are needed to fully elucidate its mechanisms of action and 78 

optimize its clinical applications, the growing body of research underscores oregano's 79 

potential as a source of novel therapeutics. 80 

Extensive research has been conducted on the chemical constituents and 81 

pharmacological properties of O. vulgare, while genomic investigations, particularly 82 
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phylogenetic and mitogenomic analyses, remain limited. This underscores the critical 83 

need for mitogenome studies, which serve as powerful molecular markers for 84 

elucidating evolutionary relationships and phylogenetic history. As essential organelles 85 

in plant cells, mitochondria play a pivotal role in cellular energy metabolism, primarily 86 

through oxidative phosphorylation to generate ATP. Distinct from their animal 87 

counterparts, plant mitochondria exhibit several unique genomic features, including 88 

substantially larger genome sizes, more intricate structural organization, and elevated 89 

recombination frequencies [8]. Beyond its central role in cellular bioenergetics, the 90 

mitochondrion serves as a crucial regulatory hub for multiple metabolic processes, 91 

including lipid biosynthesis, amino acid homeostasis, and nucleotide metabolism. 92 

Furthermore, these organelles are integral to programmed cell death pathways and 93 

function as key modulators of intracellular calcium dynamics [9-12]. Therefore, it is 94 

crucial to carry out the study for plant mitogenomes, which help reveal how plants 95 

adapted to different environmental conditions and what genetic changes they have made 96 

during evolution. Then, these genetic changes can be beneficial to develop new variety 97 

breeding with specific traits [13-15]. 98 

In this study, we used DNA barcoding as a novel approach for precise species 99 

identification in O. vulgare. Then, we present the first complete assembly and 100 

annotation of both organellar genomes (mitochondrial and chloroplast), including 101 

detailed characterization of repetitive elements and codon usage patterns, significantly 102 

advancing genomic research in the Lamiales order. Furthermore, we performed 103 

systematic prediction of RNA-editing events in mitochondrial protein-coding genes 104 

(PCGs), revealing their widespread impact on protein-coding transcripts, non-coding 105 

regions, structural RNAs, and intronic sequences through post-transcriptional 106 

modification [16]. Additionally, the mitochondrial plastid sequences (MTPTs) as well 107 

as the regional boundaries of chloroplasts were identified. Furthermore, phylogenetic 108 

reconstruction utilizing mitochondrial PCGs from 25 representative species elucidated 109 

evolutionary relationships among O. vulgare and related taxa across five key 110 

angiosperm orders (Gentianales, Solanales, Lamiales, Asterales, and Apiales). 111 

Complementary analyses of nucleotide diversity and selection pressures revealed 112 
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patterns of molecular variation and evolutionary constraints acting on protein-coding 113 

sequences. Comparative genomics identified conserved homologous collinear blocks, 114 

providing new understanding of syntenic relationships and structural evolution within 115 

Lamiales. These comprehensive findings not only characterize the unique genomic 116 

architecture of O. vulgare's mitochondrion but also establish a crucial foundation for 117 

exploring the species' genetic diversity and functional adaptations. 118 

MATERIALS AND METHODS 119 

Collection of Plant Materials, Library Preparation, and Sequencing 120 

Fresh O. vulgare leaf samples were collected from Jiangsu University in Zhenjiang 121 

Province, China (geographical coordinates: 32.11°N, 119.35°E). To ensure taxonomic 122 

accuracy, the specimens were authenticated by qualified botanists prior to experimental 123 

procedures. Following collection, the leaves were carefully washed with 124 

diethylpyrocarbonate (DEPC)-treated water to eliminate contaminants and then flash-125 

frozen at −80°C for subsequent analysis. Genomic DNA was extracted using a 126 

cetyltrimethylammonium bromide (CTAB)-based method, specifically adapted for 127 

high-molecular-weight DNA recovery. The quality of the isolated DNA was assessed 128 

via 0.75% agarose gel electrophoresis to confirm structural integrity. Additionally, 129 

purity and concentration were evaluated using two complementary approaches: 130 

ultraviolet spectrophotometric analysis (NanoDrop One, Thermo Fisher Scientific) and 131 

fluorometric quantification (Qubit 3.0 Fluorometer, Life Technologies). For long-read 132 

sequencing, DNA samples meeting stringent quality criteria were processed with the 133 

SMRTbell Express Template Preparation Kit 2.0 (Pacific Biosciences). The resulting 134 

libraries were sequenced on a PacBio Sequel II platform to generate high-fidelity reads 135 

(Figure S1). The following analyses were carried out in accordance with Figure S2. 136 

Species Authentication and Molecular Validation 137 

To confirm taxonomic identity, the collected samples were subjected to morphological 138 

analysis by comparison with a voucher specimen (accession no. KUN1566203) 139 
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archived at the National Plant Specimen Resource Center of China Digital Herbarium, 140 

housed at the Kunming Institute of Botany, Chinese Academy of Sciences (Figure 1A). 141 

For further molecular verification, the core plant barcode region rbcL was amplified 142 

from genomic DNA using standardized primers (Table S1). The primer sequences 143 

(rbcL-F and rbcL-R) and PCR amplification parameters followed the protocol 144 

described in [17]. Following amplification, the PCR products were purified and 145 

subjected to bidirectional Sanger sequencing (Sangon Biotech, Shanghai). The obtained 146 

sequences were then compared against the Barcode of Life Data Systems (BOLD) 147 

database (v4, https://v4.boldsystems.org/) to assess taxonomic congruence [18]. Finally, 148 

species identification was determined based on alignment scores, percentage sequence 149 

similarity, and statistical significance (E-values), ensuring high-confidence 150 

classification. 151 

Mitogenome Assembly and Annotation 152 

The mitogenome of O.vulgare was assembled through a two-step process. In the 153 

primary phase, putative mitochondrial sequences were identified by conducting a 154 

BLASTn (v2.13.0+) alignment of PacBio HiFi reads against reference mitogenomes 155 

from three related Lamiaceae species: Lavandula angustifolia (NC_082307.1), 156 

Platostoma chinense (NC_069573.1), and Salvia rosmarinus (PP992923.1) [19]. This 157 

screening employed stringent parameters (-evalue 1e-5 -outfmt 6 -max_hsps 10 -158 

word_size 7 -task BLASTn-short) to ensure specificity. Subsequent genome assembly 159 

was executed using PMAT (v1.5.3) with optimized parameters for mitochondrial 160 

reconstruction (autoMito -st hifi -g 700m -m -tp all -cpu 64), yielding the master 161 

structure [20] and a complete circularized mitogenome was obtained after optimization 162 

in Bandage [21]. For genome annotation, we employed a dual-platform strategy: initial 163 

gene prediction was performed using the PMGA web server 164 

(http://47.96.249.172:16084/index.html), which incorporated comparative analysis 165 

against 29 reference mitogenomes [22] , followed by manual curation of annotation 166 

artifacts through GeSeq web server [23]. The final mitogenome map was generated 167 

using OGDRAW (v1.3.1) to visualize gene organization and structural features [24].  168 
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Repeat Sequence Analysis and Codon Usage Bias 169 

Due to their compact nature compared to nuclear genomes, organelle genomes contain 170 

simpler repeat architectures. We systematically categorized repetitive elements into 171 

three classes: (1) simple sequence repeats (SSRs), (2) tandem duplications, and (3) 172 

interspersed repeats. SSR identification was conducted using MISA-web [25] with the 173 

following minimum repeat unit thresholds: 10 for mononucleotide, 6 for dinucleotide, 174 

and 5 for tri-, tetra-, penta-, and hexanucleotide motifs, with a maximum length cutoff 175 

of 1000 bp. Tandem repeats were detected via Tandem Repeats Finder (TRF v4.09) [26] 176 

using optimized parameters (2 7 7 80 10 50 2000 -f -d -m). Dispersed repeats were 177 

analyzed using REPuter tool (https://bibiserv.cebitec.uni-bielefeld.de/reputer/) [27] 178 

with Minimal Repeat Size set as 30 and Maxumum Computed Repeats set as 1000. All 179 

repeat elements were graphically represented using Circos (v0.69-8) [28]. 180 

Codon usage bias, reflecting the preferential use of specific synonymous codons, 181 

provides insights into both evolutionary selection pressures and gene expression 182 

optimization [29]. In addition, Genes employing tRNA-abundant codons demonstrate 183 

enhanced translational efficiency, suggesting their potential functional importance in 184 

cellular processes [30]. We quantified codon preference using relative synonymous 185 

codon usage (RSCU) values computed by Phylosuit (v1.2.3) [31], with results 186 

visualized using the “ggplot2” package in R. This analysis offers valuable perspectives 187 

on the evolutionary dynamics and expression patterns of organelle genes. 188 

Assembly of cpgenome and Mitochondrial-Plastid DNA Transfer 189 

Analysis 190 

The cpgenome of O.vulgare was assembled with Flye (v2.9.4-b1799) based on reads 191 

screened by BLASTn (v2.13.0+) [32]. The geneome circle was annotated and 192 

visualized with the CPGAVAS2 web server 193 

(http://47.96.249.172:16019/analyzer/annotate) [33]. The Sequence identity plot were 194 

present with mVISTA website (https://genome.lbl.gov/vista/mvista/submit.shtml) [34-195 

37]. 196 

https://genome.lbl.gov/vista/mvista/submit.shtml
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Interorganellar gene transfer represents a well-documented phenomenon in higher 197 

plants, with approximately 5-10% of mitochondrial genomic content demonstrating 198 

plastid origin across various species [38]. Notably, certain repetitive elements within 199 

mitogenomes may originate from recurrent chloroplast DNA insertions. To investigate 200 

these mitochondrial-plastid transfer sequences (MTPTs), we performed comparative 201 

genomic analysis using BLASTn (v2.13.0), employing the mitogenome as the reference 202 

database and the plastome as query sequences under stringent parameters (e-value 203 

cutoff: 1e-6). This approach provides critical insights into horizontal gene transfer 204 

mechanisms and their evolutionary implications in plant organellar genomes. The 205 

identified MTPTs were subsequently visualized using TBtools (v2.010) [39]. 206 

RNA Editing Site Prediction and tRNA Structural Analysis 207 

RNA editing represents a critical post-transcriptional modification mechanism in plant 208 

mitochondria, involving nucleotide alterations that influence gene expression and 209 

protein functionality [40]. To identify potential RNA editing sites, we employed the 210 

PREPACT3 online platform (http://www.prepact.de/prepact-main.php), accessed on 25 211 

May 2025 [41]. The analysis utilized Nicotiana tabacum mitogenome as the reference 212 

sequence, with sequence alignments performed using a stringent BLASTX E-value 213 

threshold of 0.001 to ensure prediction accuracy. The RNA-editing site prediction 214 

results were summarized and visualized by “ggplot2” package, then the alignment 215 

results were visualized by Jalview 2.11.4.1 [42]. 216 

Transfer RNAs (tRNAs) serve as essential molecular adaptors in protein synthesis 217 

and participate in diverse cellular processes. Comprehensive characterization of tRNA 218 

structures provides critical insights into their role in genetic information flow. To 219 

predict tRNA secondary structures, we employed tRNAscan-SE 2.0, which enables 220 

accurate reconstruction of cloverleaf conformations based on sequence features [43]. 221 

Selective pressure Analysis and Nucleotide diversity Analysis 222 

Natural selection acts as a fundamental evolutionary force that shapes genetic 223 

adaptation by differentially favoring advantageous mutations. To quantify selection 224 
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pressure, we employed the nonsynonymous-to-synonymous substitution rate ratio (ω = 225 

Ka/Ks), where Ka represents nonsynonymous mutations that alter amino acid 226 

sequences and may affect protein function and Ks reflects synonymous mutations that 227 

do not change amino acid sequences and are generally considered evolutionarily neutral. 228 

This ratio serves as a powerful indicator of molecular evolution (ω > 1 suggests positive 229 

selection: adaptive evolution, ω =1 indicates neutral evolution and ω < 1 implies 230 

purifying selection: functional constraint). The analysis was performed using 231 

KaKs_Calculator 2.0 [44]. 232 

Nucleotide diversity (Pi) serves as a fundamental metric for quantifying genetic 233 

variation within populations, providing critical insights into evolutionary dynamics and 234 

adaptive potential. Higher π values indicate greater genetic heterogeneity within the 235 

population. Elevated diversity suggests enhanced adaptive capacity and evolutionary 236 

potential and reduced diversity may reflect recent bottlenecks or strong selective 237 

sweeps. The Pi values were calculated using DnaSP software [45].  238 

Phylogenetic and Collinear Analysis of O.vulgare Mitogenome 239 

24 species from five orders (Apiales, Asterales, Solanales, Lamiales and Gentianales) 240 

closely related to O.vulgare were selected, and Panax quinquefolius from Apiales were 241 

set as the outgroup for phylogenetic analysis (Table S11). All genomic sequences in 242 

GenBank format were processed using Phylosuit v1.2.3 (v1.2.3) [31]. Then MAFFT 243 

(v7.313) was used for sequence alignment [46], followed by maximum likelihood 244 

phylogenetic reconstruction with IQ-TREE2 (v2.1.4) [47]. Final iTOL were used for 245 

tree visualization and optimization [48].  246 

Four representative Lamiales mitogenomes were selected as references for colinear 247 

comparison. Based on BLASTn (v2.13.0; e-value ≤1e-6), we identified homologous 248 

sequences and in which >500bp were considered as conserved syntenic blocks. The 249 

synteny blocks was visualized with NGenomeSyn (v1.41), Manve [49, 50] and 250 

MUMmer 3.0 [51].  251 

RESULTS 252 
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Genetic Identification of Collected Specimens  253 

The PCR amplification of the target rbcL and matK genes using the designed primer 254 

pair yielded specific products matching the expected fragment size (Table S1, Figure 255 

1B). Subsequent sequence analysis revealed exceptionally high homology with O. 256 

vulgare, as demonstrated by a perfect match (100% similarity, score=1300) in the rbcL 257 

database comparison (Figure S3). Similarly, the matK gene product showed near-258 

complete sequence identity (99.92% similarity, score=1298) with O. vulgare reference 259 

sequences (Figure S4), further confirming the taxonomic identity of the collected 260 

specimens. These molecular results, showing consistent high homology across two 261 

distinct genetic markers, provide robust validation of the sample identification and 262 

confirm the specificity of the employed PCR primers. 263 

Genomic Features and Structure of the O.vulgare Mitogenome 264 

The assembled genome data of O.vulgare is now publicly accessible in CNCB (China 265 

National Center for Bioinformation) (https://www.cncb.ac.cn/) [52]. Sequencing effort 266 

included approximately 12.9 Gb of PacBio HiFi long-read data and the sequencing 267 

yielded 432,565 clean reads. The resulting mitogenome assembly is a complex structure 268 

and a complete circular DNA structure spanning 497,243 bp was obtained after 269 

optimization (Figure 1C-D). 270 

The mitogenome of O.vulgare contains a total of 57 annotated genes, including 29 271 

core genes, seven plastid-derived genes, 14 transfer RNAs (tRNAs), and four ribosomal 272 

RNAs (rRNAs) (Figure 2A, Table 1). The PCGs are distributed across various 273 

functional categories: five genes related to ATP synthase (atp1, atp4, atp6, atp8, atp9), 274 

nine genes associated with NADH dehydrogenase (nad1, nad2, nad3, nad4, nad4L, 275 

nad5, nad6, nad7, nad9), and two gene encoding ubiquinol cytochrome c reductase 276 

(cob). Additionally, there are four cytochrome c biogenesis genes (ccmB, ccmC, ccmFC, 277 

ccmFN), three cytochrome c oxidase genes (cox1, cox2, cox3), a single maturase gene 278 

(matR). Other genes include succinate dehydrogenase membrane anchor subunit SDH4 279 

(sdh4), three large subunit ribosomal protein genes (rpl2, rpl5, rpl23), and four small 280 

https://www.cncb.ac.cn/
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subunit ribosomal protein genes (rps4, rps12 (x2), rps13).  281 

Codon Usage Analysis 282 

The analysis of codon usage patterns in O. vulgare mitochondria revealed significant 283 

variation in synonymous codon preference, reflecting evolutionary adaptation for 284 

optimized translation efficiency. The observed bias corresponds with the tRNA pool 285 

availability, where preferred codons matching abundant tRNA species enable more 286 

efficient protein synthesis through facilitated ribosome progression. Examination of the 287 

61 sense codons encoding 20 standard amino acids in mitochondrial PCGs (Figure 2B, 288 

Table S2) identified distinct codon preference patterns: codons AGA (Arg), GCU (Ala), 289 

CUU (Leu), UCU (Ser), ACU (Thr), GGA (Gly) and CCU (Pro) exhibited strong 290 

preferential usage (RSCU > 1.3), whereas CCG (Pro), CGU (Arg), CUG (Leu), GCG 291 

(Ala), and CGC (Arg) showed markedly reduced frequency (RSCU < 0.7). Notably, the 292 

codon repertoire demonstrated a moderate bias toward G/C nucleotides in the third 293 

wobble position, while termination codons displayed no significant usage preference. 294 

These findings suggest that translational selection has shaped the codon usage patterns 295 

in O. vulgare mitochondria to maximize the efficiency of the organellar translation 296 

machinery. 297 

Repeat Elements Analysis 298 

The mitogenome analysis revealed a diverse repertoire of repetitive elements, including 299 

nine simple sequence repeats (SSRs) with lengths ranging from 10 to 143 bp (Figure 300 

3A, Table S3). These SSRs comprised three mononucleotide, three dinucleotide, two 301 

trinucleotide, and one compound repeat motifs. Additionally, we detected 26 tandem 302 

repeats (Table S4) and 607 dispersed repeats, consisting of 356 forward, 250 303 

palindromic, and one reverse repeat units (Figure 3B, Table S5), with sizes varying 304 

from 30 to 48,238 bp. Particularly noteworthy were 14 large repeat sequences (>1 kb) 305 

spanning a total of 91,031 base pairs, which included nine palindromic (32,232 bp total) 306 

and five forward (58,799 bp total) repeats. These extensive repetitive elements are of 307 

special interest due to their potential role in mediating genomic rearrangements through 308 
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recombination events [53]. The spatial organization of these repetitive elements is 309 

illustrated in Figure 3C, with a circular representation showing: (1) SSRs in the 310 

outermost ring, (2) tandem repeats in the intermediate ring, and (3) dispersed repeats in 311 

the innermost connections, color-coded to distinguish forward (blue), palindromic 312 

(orange), and reverse (red) orientations. 313 

Verification of Homologous Recombination 314 

By examining the alignment of HiFi reads to potential recombinant structures, seven 315 

repeat pairs (r287, r227, r652, r510, P652, P1553 and P144) were detected as likely 316 

sites of homologous recombination. To verify the occurrence of these recombination 317 

events, primers were synthesized based on 100 bp regions adjacent to each repeat. PCR 318 

amplification using primer pairs (F1 & R1 and F2 & R2) successfully detected both the 319 

original genomic sequence and recombinant variants, as evidenced by the products 320 

generated from F1 & R2 and F2 & R1 primer combinations. The results demonstrate 321 

distinct electrophoretic bands, confirming structural variations resulting from 322 

recombination (Table 2, Figure 4A–G). Additionally, our previous research 323 

schematically depicts the recombination process mediated by forward repeats, 324 

highlighting how this mechanism contributes to mitochondrial DNA diversity [54]. 325 

Mitochondrial-Plastid DNA Transfer and Genome Characterization 326 

The complete cpgenome of O. vulgare was successfully assembled into a circular DNA 327 

molecule of 151,833 bp (Figure 5A), exhibiting the typical quadripartite structure of 328 

angiosperm plastomes consisting of a large single-copy (LSC) region (83,046 bp), a 329 

small single-copy (SSC) region (17,597 bp), and two inverted repeat (IR) regions 330 

(25,595 bp each) (Figure 6A). Genome annotation identified a conserved set of 331 

photosynthetic genes including photosystem II components (psbA-C), photosystem I 332 

core subunits (psaA-B), the key Calvin cycle enzyme rbcl, and electron transport 333 

proteins (petB, petD) [55-59], along with essential genetic machinery genes such as 334 

RNA polymerase subunits (rpoA, rpoB, rpoC1/C2) that are crucial for chloroplast 335 

function [60, 61]. The structural organization and gene content of the O. vulgare 336 
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cpgenome conform to the conserved patterns observed in Lamiaceae species while 337 

providing species-specific genomic characteristics for comparative analyses (Figure 338 

6B). 339 

Comparative analysis identified nine mitochondrial plastid DNA sequences 340 

(MTPTs) resulting from potential intercompartmental gene transfer events between the 341 

chloroplast and mitogenomes (Table S6, Figure 5B). These transferred sequences, 342 

designated MTPT1 through MTPT109, exhibited considerable size variation ranging 343 

from 35 bp to 5,103 bp. The cumulative length of all MTPTs reached 71,010 bp, 344 

representing significant proportions of both organellar genomes - accounting for 14.28% 345 

of the mitogenome's total length and 46.77% of the cpgenome's sequence content. 346 

These findings demonstrate substantial genetic material exchange between the two 347 

organellar genomes in O. vulgare. Notably, 18 MTPTs contained complete tRNA genes: 348 

MTPT1 (trnF-GAA and trnL-UAA), MTPT4 (trnL-CAA), MTPT6 (trnG-GCC and trnS-349 

UGA), MTPT19 (trnI-CAU), MTPT23 (trnR-UCU), MTPT27 (trnG-GCC in 350 

cpgenome), MTPT28 (trnR-UCU in cpgenome), MTPT31 (trnI-CAU), MTPT35 (trnW-351 

CCA in cpgenome), MTPT38 (trnP-UGG in cpgenome), MTPT54 (trnL-UAA and trnF-352 

GAA in cpgenome), MTPT60 (trnM-CAU in cpgenome), MTPT71 (trnM-CAU in 353 

cpgenome), MTPT78 (trnL-CAA), MTPT87 (trnI-CAU), MTPT100 (trnP-UGG), 354 

MTPT101 (trnW-CCA) and MTPT107 (trnM-CAU). Meanwhile, nine MTPTs harbored 355 

partial plastid-derived PCGs: MTPT3 (psaB), MTPT6 (psbZ), MTPT7 (psbD), 356 

MTPT10 (rpoB), MTPT40 (ndhB), MTPT90 (infA), MTPT100 (psaJ), MTPT102 (petG, 357 

petL, psbE, psbF, psbL) and MTPT109 (ndhK and ndhJ). These findings demonstrate 358 

distinct evolutionary fates for transferred genetic material: while tRNA sequences were 359 

maintained as complete, potentially functional units, PCGs exist only as fragmented 360 

remnants, suggesting their loss of biological activity through degenerative evolutionary 361 

processes following ancient DNA transfer events.  362 

Variation and Prediction Analysis of RNA-editing sites 363 

Comparative sequence analysis of eight conserved mitochondrial PCGs (atp1, cox1, 364 

cytb, matR, nad1, nad4, rps12, and rps13) across five angiosperm mitogenomes - 365 
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Lavandula angustifolia (NC_082307.1), Platostoma chinense (NC_069573.1), O. 366 

vulgare (this study), Salvia rosmarinus (PP992923.1), and Salvia miltiorrhiza 367 

(NC_023209.1) - revealed both striking evolutionary conservation and lineage-specific 368 

divergence patterns (Figure 7A-H). While alignment results demonstrated strong 369 

sequence conservation (>90% identity) in core functional regions, the identification of 370 

distinct nucleotide polymorphisms and amino acid substitutions (evident in non-green 371 

alignment regions) highlighted significant species-level variations. Notably, O. vulgare 372 

exhibited unexpected sequence divergence from its congener S. rosmarinus despite 373 

their shared Lamiales classification, with these genomic differences potentially 374 

reflecting either technical artifacts from divergent sequencing methodologies or 375 

authentic biological variation arising from distinct evolutionary trajectories and 376 

ecological adaptations. These findings not only provide quantitative evidence for 377 

mitogenome plasticity within Lamiaceae but also establish a framework for 378 

investigating structure-function relationships of mitochondrial genes, while 379 

highlighting important questions about the functional significance of these variations 380 

that warrant further study in ecological and evolutionary contexts. 381 

The systematic investigation identified 395 RNA-editing sites across mitochondrial 382 

PCGs, all involving C-to-U conversions (Table S7-8; Figure 8A-B). The nad4 gene 383 

displayed the most extensive RNA editing (36 sites), followed by ccmB (34 sites) and 384 

ccmC (30 sites). In contrast, several genes showed minimal editing: nad6 (7 sites), atp8 385 

(6 sites), atp1 (5 sites), rps12 (4 sites), rpl5 (4 sites), rps3 (3 sites), and rps13 (2 sites). 386 

Notably, all editing events occurred specifically at first or second codon positions, 387 

predominantly altering amino acid properties from hydrophilic to hydrophobic. The 388 

most frequent amino acid conversion was Ser to Leu (93 instances), followed by Pro to 389 

Leu (83 instances) and Ser to Phe (54 instances), while Thr to Met modifications were 390 

rare (2 occurrences). These findings demonstrate both the prevalence and functional 391 

implications of RNA editing in shaping mitochondrial protein diversity.  392 

Evolutionary Relationships Among Closely Related Species 393 

The maximum likelihood phylogenetic analysis, incorporating mitochondrial PCGs 394 
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from 25 representative species (using Panax quinquefolius [NC_067574.1] as the 395 

outgroup), robustly resolved the evolutionary relationships within Lamiaceae (Figure 396 

8C). The resulting topology demonstrated strong nodal support (bootstrap >90%) for a 397 

sister-taxon relationship between O. vulgare and Salvia rosmarinus [PP992923.1], 398 

consistent with the established Angiosperm Phylogeny Group (APG) classification 399 

framework [62]. Comparative genomic examination further revealed dynamic patterns 400 

of mitochondrial gene evolution, showing complete retention of core respiratory genes 401 

across all taxa and lineage-specific losses of variable genes (particularly rps and rpl 402 

ribosomal protein genes) in certain clades (Figure 8D).  These findings not only 403 

corroborate current phylogenetic hypotheses but also highlight the complex interplay 404 

between functional constraint and evolutionary plasticity in plant mitogenomes. 405 

Selection variation of mitochondrial PCGs 406 

Analysis for incorporating evolutionary selection pressure assessment through Ka/Ks 407 

ratio calculations for 18 mitochondrial PCGs in O. vulgare vs. 24 relatives, revealed 408 

significant variation in gene content (Figure 9A). Notably, several species exhibited 409 

incomplete PCG sets, with Salvia rosmarinus missing 7 PCGs, followed by Lavandula 410 

angustifolia and Salvia miltiorrhiza (each lacking 6 PCGs), along with Platycodon 411 

grandiflorus and Platostoma chinense showing partial gene loss (Table S9; Figure 5E). 412 

Selection pressure analysis of 18 PCGs in Salvia rosmarinus demonstrated that while 413 

the matR gene showed Ka/Ks > 1 (indicating positive selection), all remaining genes 414 

exhibited Ka/Ks < 1, revealing predominant negative selection that maintains 415 

evolutionary conservation through purifying selection pressures. Additionally, cox3 416 

and nad3 in Salvia miltiorrhiza, cox3 in Platostoma chinense and Lavandula 417 

angustifolia, nad3 in Salvia rosmarinus had Ka/Ks=0. In contrast, atp4 had Ka/Ks>1 418 

in many speices (Daucus carota subsp sativus, Scyphiphora hydrophyllacea, 419 

Helianthus occidentalis, Panax quinquefolius, Dystaenia ibukiensis, Chamaemelum 420 

nobile, Solanum muricatum, Hancornia speciosa, Trachelospermum jasminoides, 421 

Matricaria chamomilla, Solanum lycopersicum, Ipomoea aquatic, Mandragora 422 

caulescens, Eupatorium lindleyanum,  Anethum foeniculum and Lycium ruthenicum). 423 
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These results revealed differential selection pressures acting on mitochondrial PCGs 424 

across the 24 examined plant species. While most genes showed strong evolutionary 425 

constraint (Ka/Ks << 1), indicating purifying selection that preserves essential 426 

functions, notable exceptions were identified with Ka/Ks > 1, suggesting positive 427 

selection driving adaptive evolution in specific lineages. These contrasting patterns 428 

likely reflect that stringent functional requirements for core metabolic processes 429 

maintained by purifying selection, versus and adaptive modifications in particular 430 

genes that may confer lineage-specific physiological advantages. The presence of both 431 

evolutionary patterns within mitogenomes highlights their dual role in maintaining 432 

conserved cellular functions while permitting adaptive innovation in response to 433 

environmental pressures.  434 

Nucleotide diversity (Pi) analysis of 30 mitochondrial PCGs across Lamiales, 435 

Solanales, and Gentianales revealed distinct evolutionary patterns, with Pi values 436 

ranging from 0 to 0.09878 (Figure 9B). The highest diversity was observed in Lamiales 437 

(nad2, Pi=0.09878) and Gentianales (atp1, Pi=0.07033), while Solanales exhibited 438 

consistently low diversity (0.00101-0.02878). Notably, Gentianales maintained Pi>0.01 439 

for all genes except cox1, nad1 and rps13, compared to 17 genes in Solanales and only 440 

10 genes in Lamiales. These patterns likely reflect varying evolutionary pressures, with 441 

the particularly constrained diversity in Solanales and Lamiales suggesting either strong 442 

purifying selection, historical population bottlenecks, or recent evolutionary origins 443 

that have limited mitochondrial sequence variation in these lineages. The differential 444 

diversity patterns across orders highlight the complex interplay of evolutionary forces 445 

shaping mitogenome evolution in flowering plants. 446 

Secondary Structures of Mitochondrial tRNAs and Synteny analysis 447 

The mitochondrial tRNA repertoire of O.vulgare maintained complete structural 448 

integrity, with all tRNAs folding into characteristic cloverleaf secondary conformations 449 

(Figure 10). Particularly the genomic duplication of specific tRNA genes, where trnQ-450 

UUG occurred as two native copies and trnM-CAU existed in three native copies. This 451 

redundancy pattern suggests either: (1) evolutionary selection for enhanced 452 
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translational capacity of these particular tRNAs, or (2) non-functional maintenance 453 

through inefficient deletion of duplicated sequences. The preservation of perfect 454 

cloverleaf structures across all tRNAs, including the duplicated copies, indicates strict 455 

structural constraints essential for their biological function in mitochondrial protein 456 

synthesis.  457 

Comparative genomic analysis revealed both conserved and rearranged segments 458 

when examining syntenic blocks between O. vulgare and four Lamiales species 459 

(Lavandula angustifolia, Platostoma chinense, Salvia rosmarinus, and Salvia 460 

miltiorrhiza) (Table S10, Figure 11A). The synteny plots, distinguishing co-directional 461 

(grey) from inverted (green) regions, demonstrated limited conservation of extended 462 

collinear blocks, with most homologous regions being remarkably short (Figure 11B, 463 

Figure S5). Several evolutionary mechanisms may account for this fragmented synteny 464 

pattern. It might due to the frequent genomic rearrangements, lineage-specific 465 

evolutionary dynamics, post-polyploidization effects and rearrangement hotspots. 466 

These findings collectively suggest that mitogenome architecture in Lamiales has 467 

undergone extensive reorganization, with limited preservation of ancestral synteny. The 468 

observed patterns reflect both the inherent plasticity of plant mitogenomes and lineage-469 

specific evolutionary trajectories that have reshaped genomic organization. The 470 

prevalence of short, discordantly arranged homologous fragments underscores the 471 

dynamic nature of mitogenome evolution in this plant group. 472 

DISCUSSION 473 

This study successfully addresses the long-standing difficulties in plant mitogenome 474 

assembly through the application of HiFi long-read sequencing, yielding the first fully 475 

characterized mitogenome of O. vulgare. As the foundational reference mitogenome 476 

for the Origanum genus, this work provided a critical genomic resource for evolutionary 477 

studies, enabled accurate comparative analyses across Lamiaceae and established a 478 

benchmark for future investigations of adaptive evolution in medicinal plants. 479 

The study implemented a dual-marker DNA barcoding system utilizing the universal 480 

rbcL gene and the highly variable matK region to ensure precise molecular 481 
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identification of O. vulgare. The amplification strategy employed both standard and 482 

custom-designed primer sets, which demonstrated high specificity and amplification 483 

efficiency as verified by PCR product size analysis. Taxonomic validation was achieved 484 

through comparison with authenticated voucher specimens obtained from the National 485 

Plant Specimen Resource Center. The established protocol represents a reliable and 486 

reproducible framework for plant species authentication, with particular value for 487 

resolving taxonomically challenging species complexes and important applications in 488 

biodiversity conservation and ecological research. [63, 64]. 489 

The mitogenome of O. vulgare adopts a circular conformation, characterized by an 490 

abundance of repetitive elements. Comparative analysis with related Lamiales species 491 

(L. angustifolia, P. chinense, S. rosmarinus, and S. miltiorrhiza) reveals conserved 492 

structural features, while repetitive sequence-mediated recombination generates 493 

conformation variations [65]. Our analysis identified nine polymorphic simple 494 

sequence repeats (SSRs) that represent potential molecular markers for species 495 

authentication, population genetic studies, comparative genomic analyses and genetic 496 

mapping applications [66-68]. Furthermore, we detected 26 tandem repeat loci and 607 497 

dispersed repeat elements, which may contribute to genomic rearrangement processes, 498 

evolutionary adaptation, transcriptional regulation and phenotypic plasticity [69]. These 499 

repetitive elements additionally show tendency to generate mutant lines in functional 500 

genomic studies [70]. 501 

Plant mitogenomes exhibit remarkable genomic plasticity through the frequent 502 

acquisition of exogenous DNA via intracellular gene transfer. This process generates 503 

mosaic genome architectures containing sequences of diverse origin, including plastid-504 

derived DNA, nuclear genome sequences and horizontally transferred genetic material. 505 

Such promiscuous DNA incorporation represents a key driver of structural complexity 506 

and evolutionary innovation in plant mitogenomes. Notably, MTPTs represent a 507 

conserved feature of angiosperm genomes, serving as molecular fossils that record 508 

historical evolutionary events and ongoing genome dynamics [71]. In O. vulgare, there 509 

are 109 MTPTs with a combined length of 71,010 bp. These MTPTs represent 14.28% 510 

of the total mitogenome sequence and exhibit significant homology with 46.77% of the 511 
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cpgenome. The GC composition of these transferred sequences aligns with patterns 512 

characteristic of neutral evolutionary processes in angiosperm mitogenomes, 513 

suggesting their gradual accumulation through non-selective mechanisms. [72-75]. 514 

MTPTs can be categorized into two distinct functional classes: PCGs and tRNAs. 515 

Comparative analysis reveals that while the most PCGs exist as fragmented and non-516 

functional, the tRNA sequences maintain their structural integrity. Emerging genomic 517 

evidence indicates these MTPTs may play significant evolutionary roles, potentially 518 

contributing to enhancing genomic plasticity, increasing transcriptional efficiency and 519 

post-transcriptional RNA modification processes [76]. 520 

In vascular plants, RNA editing occurs predominantly in organellar transcripts, 521 

exhibiting the highest prevalence in mitochondrial mRNAs and a lower frequency in 522 

cpgenomes. This post-transcriptional modification is facilitated by pentatricopeptide 523 

repeat (PPR) proteins encoded in the nuclear genome, which bind to specific cis-524 

regulatory elements in organellar RNAs [77], and the most prevalent editing event 525 

involves C-to-U conversions in mitochondrial transcripts [78-80], which critically 526 

influence RNA splicing, evolutionary adaptation, and developmental processes. Due to 527 

the central role of mitochondria in plant growth and development [81], mitochondrial 528 

RNA editing has become a major focus of research, with emerging applications in 529 

precision plant breeding and genetic improvement [82]. In O. vulgare, 395 C-to-U RNA 530 

editing sites were revealed within mitochondrial PCGs. Strikingly, nearly half (48.35%) 531 

of these modifications resulted in hydrophilic-to-hydrophobic amino acid substitutions, 532 

whereas only 7.34% showed the opposite conversion pattern (Table S8). This 533 

substantial bias toward increased protein hydrophobicity aligns with conserved 534 

evolutionary trends observed in plant mitogenomes, suggesting functional conservation 535 

of this post-transcriptional modification mechanism [83-85]. 536 

In general, non-synonymous nucleotide substitutions introduce amino acid 537 

alterations that may impact protein structure and functional properties, thereby serving 538 

as potential substrates for adaptive evolution. Such modifications can confer either 539 

selective advantages or deleterious effects, depending on their phenotypic 540 

consequences. In contrast, synonymous substitutions maintain the original amino acid 541 
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sequence and are generally considered evolutionarily neutral, reflecting the underlying 542 

mutation rate. The ratio of non-synonymous to synonymous substitution rates (Ka/Ks) 543 

provides a robust metric for evaluating selection pressures, where values >1, =1, and 544 

<1 indicate positive selection, neutral evolution, and purifying selection, respectively 545 

[86]. Selection pressure analysis (Ka/Ks) across 18 PCGs in 24 relatives revealed 546 

distinct evolutionary patterns. The majority of genes exhibited Ka/Ks ratios <1, 547 

indicating predominant purifying selection and functional conservation. However, nine 548 

genes (atp4, atp8, ccmB, ccmFC, ccmFN, cox3, matR, nad9, and rps13) showed 549 

signatures of positive selection (Ka/Ks>1), potentially reflecting adaptive responses to 550 

environmental challenges. Notably, genes associated with key mitochondrial functions, 551 

including ATP synthase complex assembly, cytochrome c maturation, NADH 552 

dehydrogenase activity, and ribosomal small subunit formation, demonstrating stronger 553 

positive selection signals in O. vulgare relative to related species. These findings 554 

suggest that while synonymous substitutions accumulate neutrally in plant genomes, 555 

essential functional genes remain constrained by purifying selection, maintaining 556 

critical cellular processes despite genomic variation [87]. Comparative evolutionary 557 

analysis using Ka/Ks ratio quantification provides a powerful approach for identifying 558 

functional divergence among orthologous PCGs across taxonomic groups. This method 559 

enables discrimination between distinct selection regimes, revealing strong purifying 560 

selection (Ka/Ks << 1) which maintains essential functions, neutral evolution (Ka/Ks 561 

≈ 1) which reflects unconstrained variation and positive selection (Ka/Ks >> 1) which 562 

indicates adaptive evolution. Such analyses yield critical insights into molecular 563 

evolution patterns while facilitating the construction of more robust phylogenetic 564 

frameworks through detection of lineage-specific selective pressures. 565 

Phylogenetic analysis of the complete mitogenomes of O. vulgare and related 566 

Lamiales species reveals significant evolutionary insights through resolution of 567 

phylogenetic relationships, quantification of genetic divergence and identification of 568 

lineage-specific adaptations. While clustering firmly within the Lamiales order, O. 569 

vulgare exhibits distinctive genomic signatures indicative of evolutionary 570 

specialization. These unique mitogenomic features likely resulted from the combined 571 
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effects of prolonged geographic isolation, ecological niche adaptation and population 572 

genetic processes, collectively driving its phylogenetic differentiation from congeneric 573 

species [88, 89]. These findings, when integrated with the distinctive cpgenome 574 

architecture of O. vulgare, provide novel insights into speciation mechanisms and 575 

organellar genome evolution within Lamiaceae. Our comparative mitogenomic 576 

approach achieves dual objectives. It elucidated the genomic basis of O. vulgare's 577 

phylogenetic uniqueness and uncovered fundamental principles governing evolutionary 578 

radiation in Lamiales. The study demonstrates how complex interactions between 579 

genetic constraints and environmental pressures drive lineage diversification, thereby 580 

advancing our understanding of plant genome dynamics. Moreover, this work 581 

establishes a critical framework for future research directions, including deciphering 582 

molecular adaptation pathways, developing evolutionary-informed conservation 583 

strategies and harnessing genomic insights for crop improvement applications. 584 

This study elucidates the genomic divergence patterns between O. vulgare and 585 

related species, highlighting the synergistic effects of evolutionary dynamics, 586 

ecological adaptation, and habitat-specific selection pressures. Our findings provide 587 

critical insights into the mechanisms governing genetic diversification within the 588 

Lamiales order by precisely delineating interspecific relationships and adaptive 589 

signatures. The established framework not only advances understanding of 590 

evolutionary pathways and ecological specialization, but also enables targeted 591 

investigations into plant-environment interactions and adaptive radiation processes. 592 

These results have important implications for both fundamental evolutionary biology 593 

and applied research in species conservation and utilization. 594 
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Figure 1 | Identification and assembly map of O.vulgare. (A) Morphological 871 

characteristics of O.vulgare. The left panel shows the specimen we collected, while the 872 

right panel is from the National Plant Specimen Resource Center of China Digital 873 

Herbarium, with the specimen number KUN1566203. The physical specimen is stored 874 

at the Herbarium, Kunming Institute of Botany, Chinese Academy of Sciences. (B) The 875 

rbcl and matK gene was amplified and compared by DNA barcoding technique. (C) 876 

Graphical Fragment Assembly (GFA) map of O.vulgare before unlooping. (D) GFA 877 

map of O.vulgare after unlooping. 878 
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Figure 2 | Mitochondrial annotation and Relative synonymous codon usage (RSCU) map of O.vulgare. (A) Genes located on the outer side 912 

of the circle are transcribed in a clockwise direction, whereas those on the inner side are transcribed counterclockwise. The dark grey plot on the 913 

innermost circle represents the GC content. (B) Codon usage preference of O.vulgare mitogenome.  914 
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Figure 3 | Repeat elements of the O.vulgare mitogenome. (A) Simple sequence repeats (SSRs) (B) Dispersed repeats. (C) It shows the distribution 915 

of repeated elements, where the outermost circle represents SSRs, followed by tandem repeats, and the innermost connecting lines indicate 916 

dispersed repeats. The green lines depict forward repeats, the orange lines represent palindromic repeats, and the red lines illustrate reverse repeats. 917 

 918 
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Figure 4 | Structural diversity of mitochondrial DNA driven by repeat-mediated recombination events. (A-G) PCR results showcase the 919 

multiple configurations of mitochondrial DNA, with each panel displaying six lanes: (1) molecular marker, (2) and (3) two major conformations, 920 

and (4) and (5) two minor conformations, (6) control, corresponding to recombination within seven repeat sequences (r287, r227, r652, r510, P652, 921 

P1553 and P144). The PCR bands clearly demonstrate the structural differences among these conformations. 922 
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Figure 5 | Cpgenome Map and MTPTs of O.vulgare. (A) Cpgenome map of O.vulgare. (B) MTPTs of O.vulgare, showcasing regions of sequence 945 

transfer between the chloroplast and mitogenomes. (C) The regional boundaries of chloroplasts of O.vulgare and other 3 relative species. (D) The 946 

Sequence identity plot of five Lamiales species.947 
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Figure 6 | Comparative analyses of cpgenome. (A) The regional boundaries of 948 

chloroplasts of O. vulgare and other 4 relative species.（B）The sequence identity plot 949 

of five Lamiales speices. 950 
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Figure 7 | Alignments of the nucleotide and amino acid sequences of PCGs from 952 

five mitogenomes. Multiple sequence alignments were conducted using MAFFT 953 

software with default parameters and visualized with ESPript 3.0. Panels (A-H) 954 

correspond to the alignment results of the atp1, ccmB, cox1, matR, nad4, nad4L, nad7, 955 

rpl5 and rps12 genes, respectively. 956 
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Figure 8 | RNA-editing sites and phylogenetic analysis based on mitochondrial 959 

PCGs from 25 species. (A) Statistics on the number of amino acid changes in the 960 

mitochondrial PCGs of O.vulgare. (B) Statistics on the number of RNA-editing sites in 961 

the mitochondrial PCGs of O.vulgare. (C) The number on the evolutionary tree 962 

indicates the credibility of a branch. (D) Distribution of PCGs in mitochondrial  963 

genomes of O.vulgare and its closely related species. 964 
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 965 

Figure 9 | KaKs and Nucleotide diversity (Pi) analysis of 25 speices. (A) Selective 966 

pressure analysis based on 18 PCGs. (B) Nucleotide diversity analysis of Lamiales, 967 

Solanales and Gentianales, each based on 5 species. 968 
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Figure 10 | The predicted secondary structures of tRNAs found in mitogenome of 970 

O.vulgare. Predicted secondary structures of tRNAs in mitogenome. 971 

  972 
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Figure 11 | Comparative Genomics Analysis of the mitogenome among O.vulgare 973 

and other relative species. (A) Grey areas indicate covariant blocks in the same 974 

direction, while green areas indicate covariant blocks where inversion occurs. (B) 975 

Mitogenome synteny between P. chinense, O.vulgare and S. rosmarinus.  976 

977 
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Table 1 | Encoding genes of O. vulgare mitogenome. 978 

Group of genes Name of genes 

Core genes 

ATP synthase atp1, atp4, atp6(x2), atp8,atp9 

NADH dehydrogenase nad1(x2), nad2, nad3, nad4, nad4L(x2), nad5, nad6, nad7(x2), nad9 

Ubichinol cytochrome c reductase cob(x2) 
Cytochrome c biogenesis ccmB, ccmC, ccmFC, ccmFN 

Cytochrome c oxidase cox1, cox2, cox3,  

Maturases matR 

Succinate dehydrogenase sdh4 

Plastid-derived genes 
Large subunit of ribosome rpl2, rpl5, rpl23 

Small subunit of ribosome rps4, rps12(x2), rps13 

rRNA genes Ribosome RNA rrn5(x2), rrn18, rrn26 

tRNA genes Transfer RNA 
trnA-UGC, trnfM-CAU, trnI-CAU(x3), trnL-CAA, trnL-UAG, trnM-CAU(x2), trnN-

GUU, trnQ-UUG, trnS-UGA, trnW-CCA, trnY-GUA 

Note: Numbers in parentheses indicate gene copy counts. 979 
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Table 2 | Primer sequences and PCR conditions for Verification of Homologous Recombination. 981 

Repeat Primers Product length (bp) Sequence 5’-3’ PCR procedure Refs 

r227 

F1 
1337 

GAACTCTTCCCGCTTCGACA 

95℃ 3 min; 
94℃ 15s, 53℃ 30s, 
72℃ 1 min (35 
cycles);  

72℃ 5 min 

[17] 

R1 AAGATGTTTGGGCAGGGGAG 

F2 
657 

TTCTGGTGTGGATGAGCGAC 

R2 GATCGGGGTCATGCGTTTTG 

r287 

F1 
601 

AGCTATCAAAGAGACGGGCG 

R1 TAGAAGCCGGCGAAAGTGTT 

F2 
630 

TTTATCTGCCCTAGCCCCCT 

R2 GCTCTGCATCCCCTCAGTTT 

r652 

F1 
826 

GAACTCTTCCCGCTTCGACA 

R1 CTCCGATCCTCTCCGAGTCT 

F2 
657 

TTCTGGTGTGGATGAGCGAC 

R2 GATCGGGGTCATGCGTTTTG 

r510 

F1 

961 

CCTACCCATGAAGCGCAGAT 

R1 GACAGGGTGTGAATGCAGGA 

F2 

963 

AAGAAACAGGCGTCCTCTCG 

R2 TCTACGGTTCCATTGCGTGT 
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P652 

F1 

883 

GCTGCCTCCCTTTTCAATCC 

R1 CAGAGGTTGATGTCCCGGTG 

F2 

1123 

CGCCCATAGAGCTTAGCCAA 

R2 GGGCTAAAATCGACCCCTCT 

P1553 

F1 

1957 

ACTGGATTACCTGAAGGCGC 

R1 CCAATTAACCCTCCCCTCCG 

F2 

1717 

GGCTGGCTCCGTACTAATCC 

R2 CGTTCGATAGCTACCTGGGG 

P144 

F1 

1145 

CGGAGGGGCAAAGTCAATCT 

R1 CGACTTACCCGCCTTCTGTT 

F2 

1857 

GAGAGAGCGAGTGTCCGAAG 

R2 AGGAAGGAGGCACGCTACTA 

 982 
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