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Abstract 14 

Background Neopicrorhiza scrophulariiflora (Pennell) D. Y. Hong, a traditional 15 

medicinal plant adapted to extreme alpine environments, has a long history of use in 16 

Tibetan and Chinese medicine. The species was recognized as an endangered (EN) 17 

species in the IUCN Red List of Threatened Species in 1987. Despite its ecological and 18 

medicinal importance, its mitochondrial genome remains uncharacterized, limiting 19 

insights into its evolutionary adaptations and genomic architecture.  20 

Results In this study, we assembled and comprehensively analyzed the complete 21 

mitochondrial genome of N. scrophulariiflora. The genome spans 606,216 bp with a 22 



GC content of 44.31% and exhibits a multi-chromosomal architecture comprising four 23 

circular chromosomes, encompassing 56 genes, including 34 protein-coding genes 24 

(PCGs), 3 rRNA genes, and 17 tRNA genes. Analysis of codon usage bias revealed a 25 

preference for A/U-ending synonymous codons, with 23 of the 30 preferentially used 26 

codons terminating in A or U, aligning with trends observed in other angiosperms. 27 

Repetitive sequence analysis identified 66 SSRs, 11 tandem repeats, and 557 dispersed 28 

repeat pairs (284 forward and 273 palindromic repeats), suggesting their involvement 29 

in genomic rearrangement and structural diversification. A total of 492 high-confidence 30 

RNA editing sites (score ≥ 0.9) were predicted across all PCGs, all of which were 31 

C-to-U transitions, with nad5 harboring the highest number of editing sites (102) and 32 

rps14 the fewest (2). Comparative genomic analysis uncovered 49 chloroplast-derived 33 

homologous fragments (MTPTs) totaling 37,452 bp, accounting for approximately 6.18% 34 

of the mitogenome, providing evidence of frequent inter-organellar DNA transfer. 35 

Phylogenetic reconstruction based on 32 conserved mitochondrial PCGs across 28 taxa 36 

placed N. scrophulariiflora within Plantaginaceae, clustering with Digitalis ferruginea 37 

with moderate bootstrap support (65%). Synteny analysis with 8 closely related species 38 

revealed extensive structural rearrangements, with homologous regions covering 34.57% 39 

of the mitogenome with PX523758.1. Additionally, Ka/Ks analysis of 33 shared PCGs 40 

indicated that most mitochondrial genes (24 genes) are under strong purifying selection, 41 

with 1 gene (sdh3) exhibiting a median Ka/Ks value ≥ 1, suggesting possible positive 42 

selection linked to high-altitude adaptation, while rps14 showed particularly strong 43 

purifying selection reflecting its essential role in mitochondrial translation. 44 



Conclusions This study presents the first complete mitochondrial genome of N. 45 

scrophulariiflora, an endangered medicinal plant endemic to the Himalayan region, and 46 

offers a thorough characterization of its genomic architecture. Our findings expand the 47 

mitochondrial genomic resources for Plantaginaceae and elucidate the structural 48 

features, codon usage patterns, repetitive elements, RNA editing landscape, and inter-49 

organellar gene transfer events of N. scrophulariiflora. Additionally, we establish its 50 

phylogenetic position within the family. The results confirm the placement of N. 51 

scrophulariiflora in Plantaginaceae, consistent with the APG IV system, and identify 52 

candidate genes under positive selection that may be linked to high-altitude adaptation. 53 

This work provides a valuable genomic foundation for future conservation genetics, 54 

evolutionary studies, and the sustainable utilization of this endangered medicinal 55 

species. 56 

Keywords: Neopicrorhiza scrophulariiflora, Mitochondrial genome, RNA editing, 57 

Homologous fragments, Phylogeny 58 

Background 59 

Neopicrorhiza scrophulariiflora (Pennell) D.Y.Hong (N. scrophulariiflora) is a 60 

perennial medicinal plant within the genus Neopicrorhiza of the family Plantaginaceae. 61 

Its distribution encompasses southern Tibet, northwestern Yunnan, western Sichuan in 62 

China, and Nepal. This species is congeneric with Neopicrorhiza kurroa Royle ex. 63 

Benth. (N. kurroa), representing the only two species within this genus. Due to 64 

overharvesting and the absence of organized cultivation in recent years, the habitat 65 

range of N. scrophulariiflora has become increasingly restricted, leading to a significant 66 



decline in its population. Consequently, this species has been classified as endangered 67 

by the IUCN[1].  N. scrophulariiflora has a medicinal history that spans thousands of 68 

years, with its therapeutic components increasing as the plant matures[2]. The rhizome 69 

of N. scrophulariiflora is utilized in medicine, demonstrating hepatoprotective, 70 

antioxidant, anti-allergic, and anti-asthmatic effects. Traditionally, the rhizome is boiled 71 

in water to alleviate colds and fevers. Recognized as a legitimate Chinese herbal 72 

medicine, it is included in the Pharmacopoeia of China (2020). The pharmaceutical 73 

industry incorporates this plant into 22 types of Chinese patent medicines[3]. 74 

Mitochondria are pivotal for oxidative metabolism and ATP production, while also 75 

mediating signaling, cell division, and apoptosis. Derived from endosymbiotic 76 

prokaryotes, plant mitochondrial genomes are maternally inherited, a feature that 77 

simplifies genetic analyses and makes them valuable for phylogenetics[4]. Since the 78 

first land plant mtDNA was sequenced, mitogenomes from numerous angiosperms have 79 

been characterized[5]. Unlike chloroplast genomes, plant mtDNAs exhibit intricate 80 

structures (linear, cyclic, or branched) and extensive size variation (200 kb to >3 Mb) 81 

even within genera, driven by foreign DNA insertions and repetitive sequences. Despite 82 

this variability, gene content is relatively conserved, encompassing core respiratory 83 

genes. However, plant mtDNAs are marked by sparse gene distribution, abundant 84 

noncoding DNA, pervasive repeats, and extensive RNA editing, which collectively 85 

cause structural instability and pose substantial assembly challenges[6]. Consequently, 86 

mtDNA sequencing has lagged behind that of chloroplasts, but recent advances in long-87 

read technologies and assembly tools are rapidly expanding the repertoire of plant 88 



mitogenomes, promising deeper insights into their evolution and functional biology[5]. 89 

Understanding the genetic architecture of N. scrophulariiflora is crucial for its 90 

conservation. Previous studies utilizing ISSR markers have demonstrated that this 91 

species exhibits significant genetic diversity at the species level, with 100% 92 

polymorphic bands[7]. However, genetic diversity within populations is notably low, 93 

with a mean percentage of polymorphic bands (PPB) of 30.56%. This is coupled with 94 

high genetic differentiation among populations (Gst = 0.6955) and extremely limited 95 

gene flow (Nm = 0.2198). These genetic patterns, influenced by clonal propagation, 96 

genetic drift, and geographical isolation in alpine habitats, suggest that N. 97 

scrophulariiflora populations are highly fragmented and susceptible to local 98 

extinction[8]. Furthermore, overharvesting, driven by high trade demand and 99 

insufficient cultivation efforts, has positioned this species in the highest threat category 100 

among Himalayan medicinal plants[9]. Populations in unprotected areas are 101 

experiencing significant declines in both density and reproductive individuals. 102 

Mitochondrial genomes, characterized by maternal inheritance and relatively slow 103 

evolutionary rates, have been extensively used to trace population history, assess 104 

effective population sizes, and infer phylogeographic patterns in endangered species, 105 

thereby providing a valuable tool for informing conservation strategies[6, 10]. 106 

To date, no mitochondrial genome has been reported for the genus Neopicrorhiza 107 

or any species within the tribe Veroniceae, highlighting a significant gap in the genomic 108 

resources available for conservation-oriented research on this endangered lineage. 109 

Although the complete chloroplast genome of N. scrophulariiflora has been sequenced 110 



and characterized, its mitochondrial genome remains unexplored[11]. Within 111 

Plantaginaceae, only the mitogenomes of two Aragoa species have been characterized; 112 

both possess a typical suite of genes comprising 34 proteins, 17 tRNAs, and three 113 

rRNAs, while no complete mitogenome sequence has been published for the tribe 114 

Veroniceae[12]. In this study, we assembled and annotated the first complete 115 

mitochondrial genome of N. scrophulariiflora by employing a combination of Illumina 116 

short-read and Nanopore long-read sequencing technologies. Our analyses included 117 

genome structure, gene content, codon usage bias, identification of repetitive elements, 118 

prediction of RNA editing sites, and comparative genomics with other Lamiales species. 119 

The results provide essential genomic data to support the conservation and sustainable 120 

management of this endangered medicinal plant and contribute to a broader 121 

understanding of mitogenome evolution within Plantaginaceae. 122 

Materials and methods 123 

Plant material sampling, DNA extraction, and sequencing 124 

Fresh leaf material of N. scrophulariiflora was collected from Haihongyuan 125 

Traditional Chinese Medicine Co., Ltd., Ludian Township, Yulong County, Lijiang City, 126 

Yunnan Province, China (27° 11′ N, 99° 27′ E; altitude 2,392 m) (Fig.1). The plant 127 

sample was identified by Professor Tao Aien, and a voucher specimen has been 128 

deposited in the Herbarium of Medical College, Lijiang Culture and Tourism College 129 

under the accession number: 2401-LJCTC-HHL-0001. The samples were promptly 130 

frozen in liquid nitrogen for genomic DNA extraction using the CTAB method. Long-131 

read sequencing libraries were prepared with the SQK-LSK109 kit and sequenced on 132 



the Nanopore PromethION platform (Nanopore Technologies, Wilmington, DE, USA). 133 

Data processing employed NanoFilt and NanoPlot from NanoPack. Simultaneously, 134 

high-quality DNA libraries were prepared using the Nextera XT DNA Library Prep Kit 135 

(Illumina, San Diego, CA, USA), and sequenced on the Illumina NovaSeq 6000 system, 136 

yielding 19.75 GB of raw data. Subsequent quality control analysis with the NGS 137 

QCToolkit v2.3.3 produced 19.64 GB of clean data with a GC content of 39.65%, 138 

achieving Q20 and Q30 scores of 99.32% and 97.24%, respectively. 139 

Genome assembly and annotation 140 

The Nanopore long reads were assembled de novo using miniasm (v0.3-r179) 141 

following an all-vs-all alignment conducted with minimap2 (v2.15-r905). The resulting 142 

assembly underwent further polishing with nextPolish (v1.3.1) to enhance accuracy. 143 

Subsequently, second-generation sequencing reads were aligned to the polished 144 

assembly using Bowtie2 (v2.3.5.1). The Illumina short reads were integrated into the 145 

draft contigs via Unicycler (v0.4.8), and the assembly graph was visualized using 146 

Bandage. To finalize the assembly, Nanopore long reads were realigned to the contig 147 

sequences with minimap2, which facilitated the incorporation of connectivity 148 

information from Bandage, validation of inter-contig linkages, and manual curation to 149 

resolve ambiguities and complete the mitogenome structure. This iterative process 150 

enabled the successful reconstruction of the complete mitogenome of N. 151 

scrophulariiflora. Annotation of the mitogenome was conducted using MFANNOT and 152 

MITOFY[13]. The circular map of the mitogenome was generated with OGDRAW[14].  153 

Codon usage analysis and RNA editing analysis 154 



Codon usage bias is a prevalent characteristic of genomes, reflecting long-term 155 

evolutionary pressures that balance mutation biases with translational efficiency. To 156 

assess this bias, the protein-coding sequences were extracted using Phylosuite 157 

v1.1.16[15], and relative synonymous codon usage (RSCU) values were calculated 158 

with MEGA (v7.0 https://www.megasoftware.net/) software. Furthermore, Deepred-Mt 159 

software, integrated within the MGA workflow, was utilized to predict C-to-U RNA 160 

editing sites in the protein-coding genes of the mitogenome, retaining predictions with 161 

a score greater than 0.9 for subsequent analysis. 162 

Ka/Ks analysis 163 

The selective pressure on mitochondrial genes was assessed by calculating the 164 

ratio of non‑synonymous (Ka) to synonymous (Ks) substitution rates for 20 165 

protein‑coding genes shared across representative species of Lamiales. Ka/Ks values 166 

were computed using KaKs_Calculator (v2.0) and visualized as box plots with Origin 167 

2021 software[16]. 168 

Repeat sequence analysis 169 

The MISA (https://webblast.ipk-gatersleben.de/misa/) system identified simple 170 

repetitive sequences (SSRs) in the N. scrophulariiflora mitogenome. The minimum 171 

repeat lengths were defined as 10 for mononucleotides, 5 for dinucleotides, 4 for 172 

trinucleotides, 3 for tetranucleotides, and 3 for pentanucleotides. Tandem repeat 173 

analysis was conducted using the Tandem Repeats Finder (TRF) v4.09 174 

(https://tandem.bu.edu/trf/trf.advanced.submit.html)  with the parameters set as 175 

follows: match = 2, mismatch = 7, insertion/deletion (indel) = 7, minimum alignment 176 



score = 50, and maximum cycle length = 500. The REPuter web server was utilized for 177 

the analysis of random element (RE) sequences. 178 

Homologous sequence analysis between chloroplast and mitochondria 179 

The chloroplast genome of N. scrophulariiflora was analyzed using the BLASTN 180 

program[17] with default parameters. Furthermore, the amino acid sequences obtained 181 

from the plant's mitogenome were compared to those of the chloroplast genome to 182 

identify potential sequence similarities. The resulting homologous regions were 183 

visualized using Circos software[18]. To explore evolutionary relationships, Mauve 184 

(version 2.3.1) was utilized to align sequencing reads against reference mitogenomes 185 

from related species. Collinearity block lengths were determined based on BLAST-186 

derived alignments, facilitating a more detailed examination of genomic conservation 187 

and divergence among species. Additionally, the analysis of gene transfer events from 188 

chloroplasts to mitochondria was performed using TBtools (v2.056)[19]. 189 

Phylogenetic and collinearity analysis 190 

Pairwise BLASTN comparisons were performed as a preliminary step to identify 191 

homologous regions among mitochondrial genomes, followed by MCscanX-based 192 

synteny analysis to assess structural conservation across related species[20]. Syntenic 193 

blocks between N. scrophulariiflora and other Plantaginaceae (or related Lamiales) 194 

species were identified using MCscanX software[21], and a comparative syntenic map 195 

was generated. The identified syntenic blocks were visualized using the Circos package 196 

in R v4.2. For phylogenetic reconstruction, amino acid sequences of conserved 197 

mitochondrial PCGs shared by Lamiales species (including Solanaceae, Gesneriaceae, 198 



Phrymaceae, Lamiaceae, Oleaceae, Orobanchaceae, Lentibulariaceae, Plantaginaceae, 199 

and Linderniaceae) were aligned using MAFFT v7.505[22], and poorly aligned regions 200 

were removed using TrimAl (v1.2rev57)[23]. A maximum likelihood (ML) tree was 201 

constructed using IQ-TREE v2.2.0[24], with ModelFinder selecting the best-fit 202 

substitution model and 1,000 ultrafast bootstrap replicates. The resulting phylogenetic 203 

tree was visualized using iTOL (https://itol.embl.de/). The analysis included the newly 204 

assembled mitogenome of N. scrophulariiflora (designated as HHL) and publicly 205 

available mitogenomes from representative species across the aforementioned families, 206 

with Nicotiana tabacum (NC_006581) as the outgroup to resolve evolutionary 207 

relationships within Lamiales. 208 

Results 209 

Structural features and gene composition of the N. scrophulariiflora mitogenome 210 

We assembled the complete mitochondrial genome of N. scrophulariiflora, which 211 

exhibits a multi-chromosomal architecture comprising four circular chromosomes 212 

(Fig.2). The genome spans 520,966 bp with a GC content of 44.40%. The genome spans 213 

606,216 bp with a GC content of 44.31%. The four chromosomes are shown as gene 214 

maps in Fig.3. Genome annotation revealed 56 genes, including 34 protein-coding 215 

genes (PCGs), three rRNA genes, and 17 tRNA genes (Table 1). 216 

Based on functional classification, the 34 PCGs comprise 5 ATP synthase genes 217 

(atp1, atp4, atp6, atp8, atp9), 9 NADH dehydrogenase genes (nad1, nad2, nad3, nad4, 218 

nad4L, nad5, nad6, nad7, nad9), 8 ribosomal protein genes (rpl10, rpl5, rps10, rps12, 219 

rps13, rps14, rps3, rps4), 2 succinate dehydrogenase genes (sdh3, sdh4), 1 cytochrome 220 



bc1 complex gene (cob), 3 cytochrome c oxidase genes (cox1, cox2, cox3), 4 221 

cytochrome c biogenesis genes (ccmB, ccmC, ccmFc, ccmFn), 1 maturase gene (matR), 222 

and 1 membrane transport protein gene (mttB). No unclassified hypothetical ORFs were 223 

identified in the annotation.  224 

 225 

 226 

Fig.1 Morphology of  N.scrophulariiflora. (Photo by the authors.) 227 



 228 

Fig.2 Assembly of the mitogenome of the N. scrophulariiflora, visualized using 229 

Bandage software. The mt contigs are represented by different color segments. 230 

 231 

Table 1 Gene annotation of the N. scrophulariiflora mitochondrial genome 232 

Group of genes Name of genes 

ATP synthase, Complex V atp1, atp4, atp6, atp8, atp9 

Cytochrome bc1 complex, Complex III cob 

Cytochrome c oxidase cox1, cox2, cox3 

NADH dehydrogenase, Complex I 
nad1, nad2, nad3, nad4, nad4L, nad5, nad6, 
nad7, nad9 

Ribosomal proteins  rpl10, rpl5, rps10, rps12, rps13, rps14, rps3, 

rps4 

Succinate dehydrogenase, Complex II sdh3, sdh4 

RNA maturase matR 

Cytochrome c biogenesis ccmB, ccmC, ccmFc, ccmFn 

Transport membrane protein mttB 

 233 



 234 

Fig.3 Circular gene map of Chromosome 1 (Ch1) of the N. 235 

scrophulariiflora mitogenome. 236 

 237 

Codon usage bias analysis 238 

Codon usage bias was evaluated for all 34 PCGs of the N. scrophulariiflora 239 

mitogenome. A total of 11,917 codons were identified, encoding 20 amino acids and 240 

termination signals. The codon TTT (Phe) was the most frequently used, occurring 509 241 

times, while leucine (Leu) was the most abundant amino acid (1,321 occurrences), and 242 

cysteine (Cys) the least frequent (178 occurrences). RSCU analysis revealed that 30 243 



codons exhibited RSCU values greater than 1, of which 27 terminate with A or U, 244 

indicating a strong preference for A/U-rich codons (Fig.4). Conversely, 32 codons 245 

displayed RSCU values less than 1, reflecting non-preferred usage. The codons ATG 246 

(Met) and TGG (Trp) showed no usage bias (RSCU ≈ 1).  247 

 248 

Fig.4 Relative synonymous codon usage (RSCU) analysis of PCGs in the N. 249 

scrophulariiflora mitogenome. Codon families are shown on the x-axis, and RSCU 250 

values on the y-axis. Codons encoding the same amino acid are distinguished by 251 

different colours. RSCU values > 1 indicate preferential codon usage. 252 

 253 

RNA editing site prediction 254 

RNA editing is a crucial post-transcriptional modification that ensures proper gene 255 

expression in plant mitochondria. We predicted RNA editing sites across all 256 

protein-coding genes of the N. scrophulariiflora mitogenome using Deepred-Mt and 257 



retained high-confidence predictions with a score ≥ 0.9. A total of 492 high-confidence 258 

potential RNA editing sites were identified, with C-to-U as the predominant editing 259 

type, consistent with the pattern observed in most angiosperm mitogenomes (Fig.5). 260 

These editing events predominantly occurred at the first or second codon positions and 261 

are primarily involved in restoring protein sequence conservation to ensure proper 262 

protein function. Among all genes analysed, nad5 harboured the highest number of 263 

editing sites (102), while rps14 contained the fewest (2).  264 

 265 

Fig.5 Distribution of RNA editing sites across mitochondrial PCGs in N. 266 

scrophulariiflora in comparison with related species. The x-axis represents different 267 

genes, and the y-axis represents the number of RNA editing sites. Different colours 268 

denote different species. 269 



Ka/Ks analysis 270 

To investigate the evolutionary dynamics of the mitochondrial genome in the N. 271 

scrophulariiflora lineage, we analysed the ratio of non-synonymous (Ka) to 272 

synonymous (Ks) substitution rates (ω = Ka/Ks) for 33 shared protein-coding genes for 273 

which valid estimates could be obtained (Fig.6). Overall, most genes exhibited strong 274 

evolutionary constraints. Based on the distribution of Ka/Ks values, the genes were 275 

classified into three categories. 24 genes (including atp9, nad1, rps13, and rps12) 276 

showed median Ka/Ks values considerably less than 1, indicating strong purifying 277 

selection and high functional conservation. These genes primarily encode core subunits 278 

of the respiratory chain complex and ATP synthase, and their sequence stability is 279 

critical for maintaining fundamental mitochondrial functions. 1 gene (sdh3) exhibited 280 

a median Ka/Ks value greater than or equal to 1, suggesting that this gene may have 281 

experienced positive selection during evolution, potentially associated with adaptive 282 

evolution to specific environmental conditions. The remaining 8 genes (including atp4, 283 

ccmFc, ccmFn and mttB) had Ka/Ks values close to the neutral threshold (0.5 ≤ ω < 1), 284 

indicating that they may be transitioning from purifying selection to adaptive evolution, 285 

or are subject to weaker selective pressures. 286 



 287 

Fig.6 Box plots showing Ka/Ks ratios of 33 shared mitochondrial PCGs across 288 

representative species. The x-axis represents different genes, and the y-axis represents 289 

Ka/Ks values. The box plots display the distribution of Ka/Ks ratios, with median 290 

values indicated by horizontal lines. Genes with median Ka/Ks values considerably less 291 

than 1 indicate strong purifying selection, those with values greater than or equal to 1 292 

suggest positive selection, and those between 0.5 and 1 indicate near-neutral evolution. 293 

 294 

Repetitive sequence analysis 295 

Repetitive sequences are key drivers of structural variation and genome evolution 296 



in plant mitochondria. We therefore performed a comprehensive repeat analysis using 297 

multiple complementary tools. 298 

For SSRs, MISA detected 66 repeats with a total length of 761 bp. Mononucleotide 299 

repeats were the most abundant (56 occurrences, 84.85%), followed by dinucleotides 300 

(nine occurrences, 13.64%). A single trinucleotide repeat was identified, whereas no 301 

tetra-, penta-, or hexanucleotide repeats were found (Fig.7). Among mononucleotide 302 

SSRs, A/T motifs were predominant. Tandem repeats were identified using TRF, 303 

revealing 11 loci with a combined length of 555 bp (Fig.8). For dispersed repeats, 304 

Vmatch-based self-alignment identified 557 repeat pairs with a combined length of 305 

118,111 bp, consisting of 284 forward repeats and 273 palindromic repeats, with lengths 306 

ranging from 30 to 26,399 bp (Fig.9) 307 



 308 

Fig.7 Types and frequencies of SSRs in the N. scrophulariiflora mitogenome in 309 

comparison with related species. The x-axis represents different species, and the y-axis 310 

represents the number of SSRs. Different colours indicate distinct SSR types (mono-, 311 

di-, tri-, tetra-, penta-, and hexanucleotide repeats). 312 



 313 

Fig.8 Tandem repeat counts in the N. scrophulariiflora mitogenome in comparison 314 

with related species. The x-axis represents different species, and the y-axis represents 315 

the number of tandem repeats. 316 



 317 

Fig.9 Length distribution of dispersed repeats in the N. scrophulariiflora mitogenome 318 

in comparison with related species. The x-axis represents repeat length ranges (bp), and 319 

the y-axis represents the number of repeats. Different colours denote different species. 320 

 321 

MTPT analysis 322 

Inter-organellar DNA transfer is a hallmark of plant genome evolution. To 323 

investigate mitochondrial plastid DNAs (MTPTs) in the N. 324 

scrophulariiflora mitogenome, we performed a detailed analysis of homologous 325 

fragments between the mitochondrial and chloroplast genomes. A total of 49 MTPT 326 



fragments were identified, with a combined length of 37,452 bp, accounting for 327 

approximately 6.18% of the total mitogenome length (606,216 bp) (Fig.10). These 328 

fragments ranged from 42 bp to 3,600 bp in length, with sequence identity ranging from 329 

73.82% to 100.0%. Annotation of these fragments revealed that a substantial number 330 

of chloroplast genes had been transferred—either completely or partially—to the 331 

mitogenome. In total, 29 distinct genes were involved, comprising 18 protein-coding 332 

genes, 9 tRNA genes, and 2 rRNA genes. These results indicate that extensive and 333 

frequent chloroplast-to-mitochondrion DNA transfer events have occurred during the 334 

evolution of this lineage. 335 



 336 

Fig.10 Homology analysis between the mitochondrial and chloroplast genomes of N. 337 

scrophulariiflora. The mitochondrial and chloroplast genomes are represented by blue 338 

and green arcs, respectively. Orange lines connecting the arcs represent homologous 339 

fragments (MTPTs) transferred from the chloroplast to the mitochondrion. 340 

 341 

Synteny analysis 342 

To further explore the structural evolution of the N. scrophulariiflora mitogenome 343 

and evaluate the integrity of our assembly, we performed comparative synteny analysis 344 

with 8 closely related species (OK514181.1, OK514182.1, PX523756.1, PX523757.1, 345 



PX523758.1, PX523759.1, PX523760.1, PX523761.1) (Fig.11). Among the species 346 

compared, the mitogenome of N. scrophulariiflora exhibited the highest homology with 347 

PX523758.1 (Digitalis lanata). The homologous regions covered 34.57% of the N. 348 

scrophulariiflora mitogenome, with a non-overlapping total length of 209,594 bp (out 349 

of a total mitogenome size of 606,216 bp). This high coverage rate supports the 350 

completeness of our assembly and indicates a close phylogenetic relationship with 351 

NC_086689.1. Despite this close relationship, the synteny map revealed differences in 352 

collinear block order, reflecting structural rearrangements and highlighting the highly 353 

non-conservative nature of plant mitogenome structure. 354 



 355 

Fig.11 Mitochondrial genome synteny analysis of N. scrophulariiflora and 8 closely 356 

related species. Each coloured bar represents a mitochondrial genome, with the species 357 

name indicated on the left. Ribbons connecting adjacent bars represent homologous 358 

syntenic blocks. The y-axis represents the percentage of sequence coverage, and 359 

different colours denote different species. 360 

 361 



Phylogenetic analysis 362 

To determine the phylogenetic position of N. scrophulariiflora, we constructed a 363 

maximum likelihood (ML) tree using concatenated sequences of 32 core protein-coding 364 

genes shared by 28 taxa (Fig.12). The resulting topology showed that N. 365 

scrophulariiflora (labelled as HHL) clustered with Digitalis ferruginea (PX523756) 366 

within the family Plantaginaceae, with moderate bootstrap support (65%). The overall 367 

tree topology was highly congruent with taxonomic classifications, with species 368 

clustering into their respective families: Apocynaceae, Ericaceae, Gesneriaceae, 369 

Lamiaceae, Oleaceae, Orobanchaceae, Pedaliaceae, Phyllanthaceae, Plantaginaceae, 370 

Sapindaceae, and Scrophulariaceae. The placement of N. scrophulariiflora within 371 

Plantaginaceae is consistent with its taxonomic classification, and the overall topology 372 

agrees with the APG IV system. 373 

 374 

Fig. 12 Maximum likelihood phylogenetic tree based on mitogenomes of 28 species. 375 

Bootstrap support values are shown at the corresponding nodes. The red font indicates 376 

the species of the N. scrophulariiflora. Different colours represent different families. 377 



Discussion 378 

Plant mitochondrial genomes display substantial variation in size and structural 379 

organization across angiosperms, with sizes ranging from approximately 200 kb to over 380 

3 Mb[25]. The N. scrophulariiflora mitogenome, at 606,216 bp, falls within the typical 381 

range observed in Lamiales, falls within the typical range observed in Lamiales, which 382 

generally spans from approximately 350 kb to over 600 kb[26]. The genome exhibits a 383 

multi-chromosomal architecture comprising four circular chromosomes, adding to the 384 

growing body of evidence that plant mitochondrial genomes exist in diverse 385 

conformational states beyond the canonical single circular molecule. This view has 386 

been increasingly supported by long-read sequencing technologies, which have 387 

revealed complex multi-chromosomal or branched structures in multiple plant 388 

lineages[27]. The multi-chromosomal architecture observed in N. 389 

scrophulariiflora aligns with this emerging paradigm and underscores the structural 390 

plasticity that characterizes plant mitogenomes. Despite this structural complexity, the 391 

number of protein-coding genes (34) is comparable to that reported in other angiosperm 392 

mitogenomes, and the presence of 17 tRNA genes and three rRNA genes reflects the 393 

functional conservation of core mitochondrial genes, reflecting the functional 394 

conservation of core mitochondrial genes across flowering plants[28]. The gene 395 

complement includes a complete set of core respiratory genes, consistent with the 396 

essential role of mitochondria in energy metabolism[29]. The GC content (44.31%) is 397 

similar to that of other Plantaginaceae species, reinforcing the notion that this genomic 398 

feature is evolutionarily conserved within the family, even as genome size and structure 399 



exhibit considerable variation[30]. 400 

Analysis of codon usage bias in the 34 PCGs revealed a pronounced preference 401 

for A/U-terminating codons, with 27 of the 30 preferentially used codons ending in A 402 

or U. This bias is consistent with observations across diverse angiosperm lineages, 403 

including other Lamiales species, and is thought to reflect the combined effects of 404 

mutational pressure and translational selection[31]. The predominance of A/U-rich 405 

codons is a recurring theme in plant mitochondrial genomes, where the overall AT-rich 406 

base composition of non-coding regions exerts a strong influence on synonymous 407 

codon usage. Leucine was the most abundant amino acid, while cysteine was the least 408 

frequent, a pattern that has been consistently reported in plant mitogenomes and likely 409 

reflects the combined effects of codon availability and functional constraints on amino 410 

acid composition. The A/U bias observed in the preferentially used codons may have 411 

functional implications for translation efficiency, particularly under the low-412 

temperature and hypoxic conditions characteristic of high-altitude environments, as 413 

A/U-rich codons tend to reduce mRNA secondary structure stability, potentially 414 

facilitating ribosome progression.[31] 415 

Repetitive sequences are key drivers of structural variation and genome evolution 416 

in plant mitochondria[32], and the N. scrophulariiflora mitogenome harbors a 417 

substantial number of repetitive elements, including 66 SSRs, 11 tandem repeats, and 418 

557 dispersed repeat pairs. Mononucleotide SSRs predominated, with A/T motifs being 419 

the most frequent, a pattern consistent with the overall AT-rich nature of plant 420 

mitochondrial genomes[33]. The dispersed repeats, comprising 284 forward repeats and 421 



273 palindromic repeats with lengths up to 26,399 bp, suggest that recombination 422 

mediated by these repeats may have contributed to the structural complexity and multi-423 

chromosomal architecture observed in this species. The absence of reverse and 424 

complementary repeats is notable and has been documented in other Lamiales 425 

mitogenomes, suggesting that forward and palindromic repeats are the primary drivers 426 

of recombination events in this lineage[34]. The abundance and distribution of 427 

repetitive elements in N. scrophulariiflora align with the broader understanding that 428 

repeat-mediated recombination is a major driver of mitogenome structural 429 

diversification, generating the genomic plasticity that characterizes plant mitochondrial 430 

genomes[35]. 431 

RNA editing is a hallmark of plant mitochondrial gene expression, predominantly 432 

involving C-to-U conversions that restore conserved amino acid sequences and ensure 433 

proper protein function[36]. In the N. scrophulariiflora mitogenome, we predicted 492 434 

high-confidence potential RNA editing sites (score ≥ 0.9) across all PCGs. This number 435 

is within the range reported in other Lamiales species, although the editing frequency 436 

may be underestimated due to the stringent filtering threshold. This figure substantially 437 

exceeds the numbers reported in most other Lamiales species, suggesting that RNA 438 

editing may play a particularly prominent role in this species. The high editing 439 

frequency may reflect the extreme environmental pressures of its high-altitude habitat, 440 

where optimization of respiratory chain function is critical for survival[37]. All 441 

identified editing events were C-to-U transitions, consistent with the pattern observed 442 

across angiosperms, and the editing sites were predominantly located at the first or 443 



second codon positions[38]. The gene nad5 harbored the highest number of editing sites, 444 

while rps14 contained the fewest. The substantial editing burden on respiratory genes 445 

such as matR and ccmFn suggests that RNA editing serves to optimize the function of 446 

proteins involved in energy metabolism, potentially as an adaptive mechanism to high-447 

altitude stress[39]. 448 

Inter-organellar DNA transfer is a pervasive feature of plant genomic evolution, 449 

and the N. scrophulariiflora mitogenome contains 49 MTPT fragments with a 450 

combined length of 37,452 bp, accounting for approximately 6.18% of the total 451 

mitogenome length. This proportion falls within the range commonly observed among 452 

angiosperms[26]. The transferred fragments included 18 protein-coding genes, 9 tRNA 453 

genes, and 2 rRNA genes, indicating extensive and recurrent chloroplast-to-454 

mitochondrion gene transfer. The enrichment of tRNA genes among the transferred 455 

sequences is noteworthy, as chloroplast-derived tRNAs may contribute to 456 

mitochondrial translation efficiency by expanding the tRNA repertoire available for 457 

protein synthesis[40]. The presence of these MTPT fragments highlights the dynamic 458 

interplay between organellar genomes and underscores the role of inter-organellar gene 459 

transfer in shaping mitochondrial genome complexity[41]. This phenomenon, driven 460 

by homologous recombination-mediated integration events, represents a continuous 461 

source of genomic novelty and structural expansion in plant mitochondrial 462 

genomes[42]. 463 

Phylogenetic analysis based on 32 conserved mitochondrial PCGs across 28 taxa 464 

placed N. scrophulariiflora within Plantaginaceae, consistent with its taxonomic 465 



classification and the APG IV system[43]. The species clustered with Digitalis 466 

ferruginea, with moderate bootstrap support (65%), providing greater resolution than 467 

previous analyses based on fewer markers, suggesting that additional mitochondrial 468 

markers or broader taxon sampling may be required to fully resolve the phylogenetic 469 

position of Neopicrorhiza within Plantaginaceae[44]. The overall tree topology was 470 

highly congruent with established family-level classifications, confirming the utility of 471 

mitochondrial PCGs for resolving phylogenetic relationships at the family level within 472 

Lamiales. Synteny analysis with 8 closely related species revealed that while N. 473 

scrophulariiflora shares extensive homologous regions with its relatives (covering 474 

34.57% of the mitogenome with PX523758.1), the arrangement of collinear blocks 475 

differs substantially among species. This observation reflects the frequent genomic 476 

rearrangements—including inversions and recombination events—that characterize 477 

plant mitochondrial genome evolution and highlights the highly dynamic nature of 478 

mitogenome structure even among closely related lineages[45]. The presence of 479 

species-specific regions lacking homology further underscores the structural plasticity 480 

of plant mitochondrial genomes and their capacity for rapid evolutionary change[46]. 481 

Analysis of Ka/Ks ratios for 33 shared PCGs revealed that the majority of genes 482 

(24 genes) are evolving under strong purifying selection, consistent with the functional 483 

conservation of core mitochondrial genes across angiosperms[47]. Genes such as atp9, 484 

nad1, rps13, and rps12 exhibited particularly strong purifying selection, reflecting its 485 

essential role in mitochondrial translation[48]. 1 gene (sdh3) showed a median Ka/Ks 486 

value ≥ 1, suggesting possible positive selection. These genes are primarily involved in 487 



energy metabolism and cytochrome c biogenesis, and their accelerated evolution may 488 

be associated with adaptive responses to the extreme environmental conditions of the 489 

Qinghai-Tibet Plateau[49]. Genes exhibiting elevated Ka/Ks ratios are of particular 490 

interest for understanding species-specific adaptation and molecular evolution. The 491 

remaining 8 genes (including atp4, ccmFc, ccmFn, and mttB) exhibited near-neutral 492 

Ka/Ks values, indicating relaxed selective constraints or a transition towards functional 493 

divergence[50]. This differential pattern of selective pressure provides valuable insights 494 

into the adaptive evolution of mitochondrial genes in alpine plant species. 495 

Conclusions 496 

In this study, we assembled and annotated the first complete mitochondrial 497 

genome of N. scrophulariiflora, a medicinal plant species endemic to the Himalayan 498 

region. The genome spans 606,216 bp with a GC content of 44.31% and exhibits a 499 

multi-chromosomal architecture comprising four circular chromosomes, containing 56 500 

genes including 34 protein-coding genes, 3 rRNA genes, and 17 tRNA genes. 501 

Comprehensive analyses revealed a preference for A/U-ending codons, 492 502 

high-confidence C-to-U RNA editing sites (score ≥ 0.9) predominantly affecting 503 

respiratory genes, extensive repetitive sequences (66 SSRs, 11 tandem repeats, and 557 504 

dispersed repeats) that likely contribute to the structural complexity of this mitogenome,  505 

and 49 MTPT fragments (37,452 bp, 6.18% of the mitogenome) providing evidence of 506 

frequent chloroplast-to-mitochondrion gene transfer. Phylogenetic reconstruction 507 

confirmed the placement of N. scrophulariiflora within Plantaginaceae consistent with 508 

the APG IV classification, while synteny analysis revealed extensive structural 509 



rearrangements compared to closely related species. Selection pressure analysis 510 

indicated that most mitochondrial genes are under purifying selection, Phylogenetic 511 

reconstruction confirmed the placement of N. scrophulariiflora within Plantaginaceae, 512 

clustering with Digitalis ferruginea with moderate bootstrap support (65%). Selection 513 

pressure analysis indicated that most mitochondrial genes are under purifying selection, 514 

with 1 gene (sdh3) showing signals of positive selection The results of this study 515 

provide essential genomic resources for conservation genetics and evolutionary 516 

research on N. scrophulariiflora, while also contributing to a broader understanding of 517 

mitogenome evolution within Plantaginaceae and the adaptive strategies of alpine 518 

medicinal plants. The characterized mitochondrial markers and adaptive genomic 519 

features offer a foundation for future investigations into stress tolerance, population 520 

genetics, and sustainable utilization of this endangered species. 521 
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