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Abstract 

Background  Spodiopogon sagittifolius, a C4 plant closely related to cultivated crops, is an edible resource and a Class 
II nationally protected species in China. Endemic to Yunnan, its populations are declining due to habitat destruction, 
highlighting its resource and conservation importance. Despite its significance, the molecular phylogenetic relation-
ships and genetic mechanisms of adaptive evolution in the genus Spodiopogon remain poorly understood.

Results  We successfully assembled and annotated the first mitochondrial genome of S. sagittifolius using HiFi 
sequencing and the PMAT tool. The genome is 500,699 bp in length with a GC content of 43.15%. Synteny and dN/
dS analyses revealed structural and functional conservation of mitochondrial genomes in closely related species, 
with most protein-coding genes under purifying selection (dN/dS < 1). Notably, nad2 exhibited signs of posi-
tive selection (dN/dS = 1.49), indicating potential adaptive evolution. Extensive RNA editing events were detected 
across 27 protein-coding genes, predominantly involving C-to-U conversions, with synonymous mutations account-
ing for 49.65% of the edits. Strong codon usage bias favoring A/U-ending codons and the identification of repeat 
sequences suggest enhanced mitochondrial efficiency and stress adaptation. Phylogenetic analyses confirmed 
the taxonomic placement of S. sagittifolius within the Andropogoneae tribe.

Conclusions  This study provides the first insights into the mitochondrial genome evolution of S. sagittifolius, high-
lighting key features linked to stress tolerance and adaptive evolution. These findings establish a foundation for its 
conservation and potential domestication, with implications for crop improvement and ecological resilience.
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Background
During the long evolutionary process, the Poaceae fam-
ily has become one of the most important plant families 
on Earth, comprising 11,783 species in 12 subfamilies 
and 789 accepted genera. The subfamily, Panicoideae, 
includes 3,325 species in 242 genera [1]. Spodiopogon sag-
ittifolius Rendle, a C4 plant endemic to Yunnan, China, 
is listed as a Category II nationally protected plant in 
China’s Directory of National Key Protected Wild Plants 
(https://​www.​gov.​cn/, accessed July 6, 2024). Despite its 
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ecological importance, this species remains understud-
ied, with only a single chloroplast genome (NC_064989) 
and molecular fragments available in public databases. To 
address this gap, we have undertaken the domestication 
and breeding of wild populations of this species and suc-
cessfully completed its genome assembly and annotation. 
The results reveal a genome size of 849.02 Mb, based on 
a chromosome-level assembly derived from PacBio HiFi 
reads and Hi-C data (PRJNA1075325, unpublished), con-
firming it as a diploid species (2n = 2x = 20). 

Some wild Poaceae resources could serve as new 
sources of crops are one of the most compelling and sig-
nificant in contemporary plant science [2]. Wild germ-
plasm within the Poaceae family represents a valuable 
genetic reservoir that complements cultivated crop vari-
eties, offering relatively enriched expressions of agro-
nomically significant traits. These include enhanced 
stress tolerance, robust resistance to pathogenic and 
herbivorous challenges, superior yield potential, elevated 
nutritional quality, and optimized photosynthetic effi-
ciency—characteristics that are less prevalent, though 
not entirely absent, in domesticated germplasm. For 
instance, S. formosanus, a congeneric species of the S. 
sagittifolius, has been domesticated by indigenous Tai-
wanese people and regarded as a "globally unique" "super 
future food" due to its higher nutritional and vitamin 
contents compared to crops like rice, millet, corn, and 
Job’s tears. Moreover, it exhibits drought tolerance, salt 
tolerance, and resilience to adverse environments. Tai-
wanese folk traditions have various methods of con-
suming S. formosanus. This wild relative of major crops 
demonstrates significant value in food, fodder, ecology, 
and culture. Conserving and exploiting wild Poaceae 
resources with superior traits is crucial for crop improve-
ment and resource utilization.

Endemic to subtropical mountainous regions, S. sagitti-
folius is critical to Yunnan’s ecosystems, where it has been 
incorporated into ecological restoration initiatives in the 
dry-hot Jinsha River valley [3]. However, field surveys 
reveal alarmingly low population sizes and slow regener-
ation rates. Of the 11 known populations, nine exist out-
side protected areas, where habitat destruction—caused 
by human activities, including road construction and 
quarrying—threatens its survival. Immediate conserva-
tion measures are urgently needed. Molecular biology 
research is essential to provide a scientific foundation 
for its conservation. Yet, studies on S. sagittifolius are 
still in their infancy. Preliminary surveys and observa-
tional studies indicate that this species thrives in a vari-
ety of habitats, including subtropical dry-hot valley shrub 
grasslands, limestone mountain evergreen broadleaf for-
ests, and semi-moist evergreen broadleaf forests, show-
casing broad ecological adaptability. In Yunnan Province, 

S. sagittifolius is found in 11 populations, primarily dis-
tributed between 101°57′3.20″E and 104°7′33.00″E, and 
23°26′56.92″N to 26°45′5.28″N, at altitudes ranging 
from 1261 to 2286  m, predominantly on sunny slopes. 
Significant morphological variation exists among popula-
tions, with plant heights ranging from 30 to 150 cm.

Plant mitochondrial genomes exhibit remarkable struc-
tural and size diversity, spanning an extraordinary range 
from 16 kb to 11.3 Mb [4], with variations exceeding 100-
fold. Within individual organisms, mitochondrial struc-
tures manifest diverse morphological configurations, 
predominantly in linear, circular, and branched forms [5]. 
Central to cellular function, mitochondria house criti-
cal machinery for oxidative phosphorylation essential 
to ATP synthesis. Their dynamic structural processes, 
including fission and fusion mechanisms, are pivotal 
in maintaining cellular homeostasis, managing stress 
responses, and regulating apoptotic pathways [6, 7]. 
Intriguingly, while experiencing rapid structural trans-
formations, these genomes simultaneously demonstrate 
a remarkably slow sequence evolutionary rate, render-
ing them invaluable phylogenetic markers for assessing 
evolutionary relationships [8, 9]. Comparative analyses 
of plant mitochondrial genomes provide critical insights 
into the balance between structural variability and func-
tional conservation [10], shedding light on genome 
evolution, adaptive strategies, and energy metabolism. 
Mitochondrial research has emerged as a cornerstone 
in comprehending complex biological phenomena, pro-
viding critical scientific insights into diverse domains 
including plant evolutionary history, energy metabolism, 
adaptive strategies [11], gene flow and hybrid breeding 
mechanisms [12], cytoplasmic male sterility (CMS) [13], 
population genetic structures, community adaptations, 
and responses to environmental changes, particularly cli-
mate variations [13].

Currently, mitochondrial genomes for over 30 Poaceae 
species are available in public databases, yet no mitog-
enome has been reported for Spodiopogon. Here, we 
assembled and annotated the complete mitochondrial 
genome of S. sagittifolius using third-generation HiFi 
sequencing. We provide a comprehensive analysis of its 
genome structure, gene content, codon usage, repeat 
sequences, RNA editing, phylogenetics, and dN/dS 
ratios. Our findings offer critical insights into the evolu-
tionary biology and conservation genomics of this spe-
cies and lay the foundation for its potential horticultural 
domestication.

Materials and methods
Plant material and genome sequencing
Fresh young leaves of S. sagittifolius were obtained from 
the greenhouse of the Yunnan Academy of Forestry and 
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Grassland Sciences (Kunming, Yunnan Province, China). 
The original seeds used in this study were collected by 
Zhen-wen Liu and Chao Xu from Yimen County, Yunnan 
Province, China (101°57′ E, 24°41′ N). The formal iden-
tification of the plant was also conducted by Zhen-wen 
Liu from the Yunnan Academy of Forestry and Grass-
land Sciences. A voucher specimen has been deposited 
in the herbarium of the Yunnan Academy of Forestry 
and Grassland Sciences under the deposition number 
DZ1005. The collection of S. sagittifolius was authorized 
by the Yuxi Forestry and Grassland Bureau. The use of 
this plant in the study complied with all local, national, 
and international guidelines and legislation regarding 
research involving plants. High-quality genomic DNA 
was extracted using the CTAB method [14]. DNA sam-
ple quality was checked by agarose gel electrophoresis, 
and the concentration was measured using Qubit® DNA 
Assay Kit in Qubit® 3.0 Flurometer (Invitrogen, USA). 
The qualified samples were sent to Beijing Novogene Co., 
Ltd. (https://​cn.​novog​ene.​com/) for the PacBio®  HiFi 
sequencing.

Mitochondrial genome assembly and annotation
The whole-genome sequencing PacBio long reads were 
deposited in the National Center for Biotechnology 
Information (NCBI) Sequenced Read Archive (SRA) 
database (https:// www. ncbi. nlm. nih. gov/ sra/; acces-
sion numbers SRR27937524). The sample subcommand 
of the seqkit toolkit was utilized to perform random sam-
pling on a third-generation sequencing FASTQ file, ena-
bling efficient data handling and analysis by extracting a 
representative subset of the original sequences. The sam-
ple subcommand of the seqkit v2.2.0 was utilized to per-
form random sampling on a third-generation sequencing 
FASTQ file with the parameters of ‘-p 0.1 -s 1234’. We 
successfully assembled the mitochondrial and chloroplast 
genomes of S. sagittifolius using random third-generation 
reads (~ 2.11 G) with PMAT v1.5.3 [15, 16] with default 
settings. PMAT utilized HiFi reads to create the initial 
assembly graph. Then, long reads (> 30  kb) were frag-
mented into shorter reads (default: 20  kb) using break_
long_reads.py and assembled with Newbler software, 
packaged in runAssembly.sif. Thirdly, seed contigs were 
selected by aligning all contigs against a local database of 
24 conserved mitochondrial genes using BLASTN(v2.6.0) 
[17]. Candidate seeds were chosen based on length, 
identity, and coverage. Fourthly, we used a Breadth First 
Search (BFS) algorithm in seeds_extension.py, seed con-
tigs are extended to include all target mitochondrial con-
tigs, generating an initial assembly graph in GFA format. 
Next, the assembly graph was cleaned by removing full-
path chloroplast and nuclear contigs, tip contigs, and 
false paths with assembly_graph.py. GFA format files 

from assembly results of PMAT were visualized using 
Bandage v0.8.1 [18] to obtain the circular genome manu-
ally. Finally, we used whole-genome sequencing short 
reads from the SRA database (https://​www.​ncbi.​nlm.​
nih.​gov/​sra/; accession numbers SRR27937523) to cor-
rect the contigs using BWA-MEM [19] and Pilon (v1.23) 
[20] with default parameters. The coverage depth of the 
S. sagittifolius mitogenome sequences was obtained using 
BWA-MEM [9] and Samtools (v1.3.1) [21].

For mitogenome annotation, we used the online GeSeq 
tool [22] and a new custom grogram: IPMGA (http://​
www.​1kmpg.​cn/​ipmga/; accessed on 27 June 2024). Five 
reference mitogenome sequences from GenBank: Sac-
charum officinarum (NC_031164.1), Sorghum bicolor 
(NC_008360), Zea perennis (NC_008331.1), Oryza sativa 
Indica Group (NC_007886.1) and Liriodendron tulip-
ifera (NC_021152.1) were selected for GeSeq annota-
tion, which were used to cross-validate the results from 
IPMGA. Then, the annotation errors such as start and 
stop codon or trans-spliced genes of the mitochondrial 
genome were manually modified using Apollo v1.11.8 
[23]. Map of circular S. sagittifolius mitogenome was 
drawn using PMGmap (http://​47.​96.​249.​172:​16086/​drawi​
ng/; accessed on 27 June 2024). The chloroplast genome 
was annotated online using the CPGAVAS2 platform 
[24]. Finally, the mitogenome and chloroplast genome 
sequences of S. sagittifolius have been deposited in 
NCBI with accession numbers PP957933 and PP668227, 
respectively.

Analyses of Homologous sequences and RNA editing
To identify the regions shared between mitochondrial 
and chloroplast genome, mitochondrial and nuclear 
genome, we compared the three genomes using BLASTN 
(v0.0.5) [17], and the results were visualized using the 
Advanced Circos of TBtools [25]. The nuclear genome of 
S. sagittifolius downloaded from NCBI with the accession 
number of GCA_040448445.1.

To identify RNA editing sites, we performed lncRNA 
sequencing on S. sagittifolius. Total RNA was extracted 
from leaf tissues and sent to Novogene Co., Ltd. (Bei-
jing, China) for rRNA depletion and strand-specific 
library preparation, followed by paired-end sequenc-
ing (2 × 150  bp) on the NovaSeq X Plus platform. The 
mitochondrial genome of S. sagittifolius was indexed 
and used for read mapping with STAR v2.7.1a [26] using 
default parameters. STAR alignment was performed 
using standard parameters including BAM output format 
and sorted by coordinate. RNA editing sites were subse-
quently identified using REDItools2 [27], and sites with 
editing coverage ≥ 5 and frequency ≥ 0.1 were retained 
for further analysis. Through IGV (v2.19.1) visualization 
[28], we randomly selected 6 genes that contained 98 
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RNA editing sites. To ensure the accuracy of these sites, 
PCR primers (Table S11) were designed to flank the edit-
ing regions. Genomic DNA (gDNA) and complementary 
DNA (cDNA), synthesized from leaf RNA using ran-
dom primers, served as templates for PCR amplification. 
The resulting PCR products were sequenced via Sanger 
sequencing. RNA editing events were confirmed by com-
paring sequence variations between gDNA and cDNA 
using SnapGene (v6.0.2) [29].

Analysis of codon usage and repeat sequences
The protein-coding sequences of the mitogenome were 
extracted using PhyloSuite v.1.2.3 [30, 31]. MEGAX 
v10.2.4 [32] was used to perform codon usage bias pref-
erence analysis on the PCGs of the mitogenome. Simple 
sequence repeats (SSRs) in the mitochondrial were iden-
tified using the online tool MISA v2.1 [33] (https://​webbl​
ast.​ipk-​gater​sleben.​de/​misa/) with parameters setting 
the SSR motif length from monomeric to hexameric the 
minimum numbers of repeats as ’10, 5, 4, 3, 3, 3’ respec-
tively. Additionally, forward (F), reverse (R), palindromic 
(P), and complementary (C) repeat sequences were iden-
tified by REPuter [34] (https://​bibis​erv.​cebit​ec.​uni-​biele​
feld.​de/​reput​er/) with parameters of ‘-c -f -p -r -l 30 -h 
3 -best 5000’. Tandem repeats (TE) of the mitochondrial 
genome were identified by the Tandem Repeats Finder 
[35] (https://​tandem.​bu.​edu/​trf/) with parameters of ‘2, 
7, 7, 80, 10, 50, 500’. The boxplots, bar charts, and line 
graphs in the manuscript were created using ggplot2 [36] 
within RStudio (2024.04.1 + 748) [37].

Phylogenetic trees construction and analyses
In order to identify the phylogenetic position of the 18 
Poaceae species representing different main clades in 
Soreng et al. [1] were selected, and two species from the 
Cyperaceae were used as outgroups (Table S12). A total 
of 15 orthologous mitochondrial genes (atp1, atp9, ccmC, 
cox1, cox2, cox3, matR, nad1, nad2, nad4, nad6, nad7, 
nad9, rps12, rps3) and 26 orthologous chloroplast genes 
(atpA, atpE, petA, petD, psbA, psbD, psbI, psbK, psbM, 
rpl14, rpl16, rpl2, rpl22, rpl33, rpoB, rpoC1, rpoC2, rps11, 
rps14, rps15, rps19, rps2, rps4, rps7, rps8, ycf4) among 
the analyzed species were identified and extracted by 
PhyloSuite v1.2.3 [30, 31]. Common genes from 21 spe-
cies were extracted using PhyloSuite. Multiple sequence 
alignments of these genes were performed with MAFFT 
v7.471 [38], integrated within PhyloSuite. The aligned 
common genes were then concatenated. Gblocks v0.91b 
[39] was employed to optimize the multiple sequence 
alignment results. Subsequently, phylogenetic tree con-
struction was carried out using IQTREE v2.2.0 [40]. And 
the resulting trees were visualized, and all parameters 
were default. We visualized the phylogenetic trees using 

the EvolView web service (https://​www.​evolg​enius.​info/​
evolv​iew/#/​treev​iew).

Comparative analysis of mitogenome in closely related 
species
To elucidate the structural variations within the mito-
chondrial genomes of species closely related to S. sagit-
tifolium, we selected three species that belong to the 
same subfamily (Panicoideae) and tribe (Andropogon-
eae) as S. sagittifolium [1]. The selected species included 
Chrysopogon zizanioides (NC_056367.1), Coix lacryma-
jobi var. maxima (MT471099.1), and Zea luxurians 
(NC_008333.1). Pairwise comparisons between the four 
species were conducted using BLASTN (v0.0.5) [17] 
with an E-value threshold of 1e−10 to identify conserved 
homologous genes. The Multiple Synteny Plot function in 
TBtools software [25] was then utilized to visualize the 
genomic collinearity regions. Additionally, dot plots were 
generated using Gepard-1.40 [41] to compare S. sagitti-
folius with each of the three related species individually.

dN/dS ratio analysis
To investigate the adaptive evolution and selective pres-
sures experienced by mitochondrial genomes across 
different tribes, we selected five species from distinct 
subfamilies: Oryzoideae, Bambusoideae, Panicoideae, 
and Chloridoideae [1]. These species were chosen to 
represent a broad phylogenetic spectrum within the 
Poaceae family, allowing us to assess the evolution-
ary dynamics of mitochondrial genomes at different 
phylogenetic scales. The selected species included O. 
coarctata (MG429050.1) from Oryzoideae, B. oldhamii 
(EU365401.1) from Bambusoideae, S. sagittifolius) and 
C. zizanioides (NC_056367.1) from Panicoideae, and 
E. indica (NC_040989.1) from Chloridoideae. We per-
formed dN/dS ratio analysis on these species to evaluate 
the rates of nonsynonymous (dN) and synonymous (dS) 
substitutions in their mitochondrial genomes. The dN/
dS ratios for protein-coding genes (PCGs) in the mitoge-
nomes were calculated using the Yang & Nielsen method 
[42] through pairwise comparisons. Instances where dN 
or dS values were zero were excluded from the statistical 
analysis.

Results
Assembly and annotation of S. sagittifolius mitochondrial 
genome
The S. sagittifolius is a perennial herb. The whole plant, 
aerial parts, spikelet, arrow leaf, caryopsis, anther, seed 
and young plant are shown in Fig. 1A-H.

We obtained the circular mitogenome of S. sagittifo-
lius, which is 500,699 bp in length with a GC content of 
43.15%. The mitogenome comprises eight unitigs, with 
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their lengths and sequencing depths detailed in Figure S1 
and Table  S1. The functional categorization and physi-
cal locations of the annotated genes are shown in Fig. 2, 
Table 1 and Table S2. A total of 32 protein-coding genes 
(PCGs), along with 3 rRNA genes and 24 tRNA genes, 
were identified. Of these, eight protein-coding genes 
(PCGs) (nad1, nad2, nad4, nad5, nad7, ccmFC, cox2, 
and rps3) contain one or more introns (Table  1). Two 
genes (nad1 and nad5) require trans-splicing to produce 
fully assembled, translatable mRNAs, while seven genes 
(ccmFC, cox2, nad2, nad4, nad7, rps3, and trnF-GAA​
) undergo cis-splicing (Figure S2 A-B). The accuracy of 
the mitochondrial genome sequence was confirmed by 

mapping Illumina paired-end short reads, achieving an 
average coverage of 3,714x, onto the assembled reference 
mitogenome (Figure S3).

To confirm the loss of genes in Poaceae, we selected 14 
species within the Panicoideae subfamily for gene sta-
tistical analysis (Table  S3). As illustrated in Figure S4, 
most protein-coding genes (PCGs) are conserved across 
the mitogenomes of these plants, indicating their crucial 
roles in mitochondrial function. Notably, rps14 is present 
only in the Oryza sativa Japonica Group, while rps19 
is retained solely in the Oryza sativa Japonica Group, 
Alloteropsis semialata, and Zea mays subsp. mays. In 
the Panicoideae clade, several ribosomal protein large 

Fig. 1  Photographs of the aerial parts of S. sagittifolius. The images were photographed by Dr. Z.W.Liu from Forestry research institute, Yunnan 
Academy of Forestry and Grassland Yunnan, China and Dr. L.Q. Jiang from College of Life Science, Henan Normal University, Henan, China, are used 
in this study with permission. (A) The entire plant; (B) the spikelet; (C) the arrow leaf; (D) the spikelet; (E) the caryopsis; (F) the anther; (G) the seed 
and (H) the young plant
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Fig. 2  Schematic representation of the mitochondrial genome of S. sagittifolius. Genes shown outside the circle are on the positive strand, whereas 
genes shown inside the circle are on the negative strand. The colors represent different functional categories that are described in the legend
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subunit genes (rpl2, rpl23 and rpl5) have been widely 
lost, except for rpl16. Additionally, the sdh4 gene was 
annotated only in S. sagittifolius and A. semialata.

Repeat sequence analysis
In plant mitochondrial genomes, repetitive sequences, 
including SSRs (simple sequence repeats), tandem 
repeats, and TEs (transposable elements), play crucial 
roles in the analysis of genetic diversity, the characteri-
zation of population structure, and the understanding 
of evolutionary dynamics [43–45]. In the mitogenome 
of S. sagittifolius, 124 simple sequence repeats (SSRs) 
were identified. Monomeric, dimeric, and trimeric SSRs 
accounted for 22%, 15%, and 17% of the total, respec-
tively. Tetrameric SSRs were the most common, con-
stituting 40% of the total, while pentameric SSRs were 
less frequent, comprising only 5% (Fig. 5A-B, Table S4). 
The mitogenome also contained 405 dispersed repeats 
(≥ 30  bp), of which 178 (43.95%) were palindromic and 
227 (56.05%) were forward repeats. Most of these dupli-
cated sequences, accounting for 94.07%, were shorter 
than 100  bp. However, two significant exceptions 
exceed 5,000 bp: R1, which is 49,049 bp, and R2, which 
is 6,035  bp (Fig.  3A, Table  S5). Additionally, 56 tandem 
repeats were identified, with details provided in Table S6. 
These repeats exhibited a wide variability, with counts 
ranging from 5 to 50.

By conducting a detailed analysis and comparison of 
the SSR sequences among S. sagittifolius and its closely 
related species within the Andropogoneae tribe [1], we 
have identified significant variations in the number of 

SSRs, which range from 114 to 249. Notably, no signifi-
cant positive correlation was observed between the total 
SSR count and mitochondrial genome size (Fig. 3B). We 
also identified five distinct SSRs that differ from those in 
closely related species: (CG)5(TA)5, (TCA)4, (CGGT)3, 
(CTAA)3, and (TTCAA)3. The identified SSRs are asso-
ciated with five intergenic regions: rpl16—trnF-GAA, 
sdh4—trnP-UGG, sdh4—atp6, ccmC—mttB, and trnS-
UGA—rrn5. The discovery of these SSR loci within the 
Spodiopogon species indicates that they could serve as 
valuable genetic markers.

Codon usage and dN/dS analysis of PCGs
The codon usage analysis of the 32 protein-coding genes 
(PCGs) in the mitogenome of S. sagittifolius revealed that 
all 21 amino acids are encoded by a total of 64 distinct 
codons. This investigation, illustrated in Fig.  4, under-
scores a pronounced bias towards specific codons in 
mitochondrial PCGs. Relative synonymous codon usage 
(RSCU) values greater than 1 identified 28 preferred 
codons, highlighting their selective usage. Among these, 
the codon encoding alanine (Ala) exhibited the high-
est RSCU value of 1.61, indicating a strong preferential 
bias. Strikingly, among the 28 codons with RSCU values 
exceeding 1, 92.86% (26 codons) were found to terminate 
with either A or U, reflecting a notable bias towards A/U-
ending codons at the third position. To assess the selec-
tion pressure on protein-coding genes (PCGs) in three 
closely related species of S. sagittifolius, we analyzed their 
dN/dS ratios. As shown in Fig. 5, 23 mitochondrial PCGs, 
including atp1 (dN/dS = 0.043) (Table S7), exhibited dN/

Table 1  Genes predicted in the mitogenomes of S. sattifolius 

The numbers after the gene names indicate the duplication number.
a indicates the genes containing introns

Group of Genes Name of Genes

Core genes ATP synthase atp1, atp4, atp6, atp8, and atp9

NADH dehydrogenase nad1a, nad2a, nad3, nad4a nad4L, nad5a nad6, nad7a(× 2) and nad9

Cytochrome c biogenesis Cob

Ubiquinol cytochrome c reductase ccmB, ccmC, ccmFCa, and ccmFN

Cytochrome c oxidase cox1, cox2a, and cox3

Maturases matR

Transport membrane protein mttB

Variable genes Large subunit of ribosome rpl16

Small subunit of ribosome rps2, rps3a, rps12, and rps13(× 2)

Succinate dehydrogenase sdh4

rRNA genes Ribosome RNA rrn5, rrn18 and rrn26

tRNA genes Transfer RNA trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA(× 4), trnH-GUG, trnI-CAU(× 2), 
trnK-UUU, trnM-CAU, trnfM-CAU(× 2), trnN-GUU, trnP-UGG(× 2), trnQ-UUG, 
trnS-GCU, trnS-UGA(× 2), trnW-CCA, and trnY-GUA(× 2)



Page 8 of 17Xu et al. BMC Plant Biology          (2025) 25:373 

dS ratios below 1. In contrast, nad2 displayed a dN/dS 
ratio of 1.49, indicating positive selection. The average 
dN/dS ratios for all PCGs except nad2, were below 1, 

confirming that most genes were under purifying selec-
tion and remained highly functional conserved during 
evolution [6, 46, 47].

Fig. 3  Repetitive regions of the mitochondrial genome. (A) The outer circle is the tandem repeats, and the inner concatenation is the dispersed 
repeats among the mitogenome of S. sagittifolius. Arcs connect similar repeats within the mitogenome; pink arcs represent 227 forward repeats 
and the blue represents 178 palindromic repeats (see Figure S4 C, Table S6). Two long repeats are labelled as R1 and R2. (B) Comparison of simple 
sequence repeats (SSRs) and mitochondrial genome sizes in nine closely related species. The x-axis represents different species. Columns in distinct 
colors correspond to repeat sequences with different types of repeat units. The number of a specific type of repeat is indicated above the respective 
columns. The size of the mitochondrial genome is connected by a line
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Analysis of homologous fragments of MTPTs and NUMTs
The analysis revealed a total of 30 homologous regions 
shared between mitochondrial and chloroplast genomes 
(MTPTs) of S. sagittifolius, with a combined length of 
36,440  bp (Fig.  6A, Table  S8). The longest fragment 

among these, MTPT4, spans 5,179  bp. The homolo-
gous fragments were annotated to include tRNA genes 
(trnA-UGC, trnC-GCA, trnF-GAA​, trnH-GUG, trnI-
CAU, trnM-CAU, trnN-GUU, trnP-UGG, trnW-CCA​
) and plastid genes (rpl2, rpl22, rpl23, ycf2, ycf3, ycf15, 

Fig. 4  The codon content for the 20 amino acids and stop codons in all protein-coding genes

Fig. 5  dN/dS analysis of PCGs in the mitogenome of 6 closely related species. The red solid lines on the box plot represents the average value
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rps3, rps11, rps19, rpoA, rpoB, rpoC1, rpoC2, psaA, psaB, 
psbA, psbB, petD, ycf3, atpA, ndhI, rbcL). We identified 
4,018 homologous regions shared between nuclear and 
mitochondrial genomes (NUMTs) of S. sagittifolius, 
totaling 1,815,279  bp, with the longest fragment meas-
uring 36,441  bp (Fig.  6B, Table  S9). Among these frag-
ments, 28 exceed 10  kb in length, while the majority of 
mitochondrial fragments are shorter than 1 kb.

Uncovering RNA editing events
RNA editing is a critical post-transcriptional process in 
plant mitochondria, primarily involving the conversion of 
cytidine (C) to uridine (U) in mRNA sequences [48]. An 
analysis of the lncRNA results from S. sagittifolius iden-
tified 776 RNA editing sites, of which 336 were associ-
ated with 27 protein-coding genes (PCGs). After filtering 
out false positives, 283 RNA editing sites were confirmed 
(Table  S10), all identified sites underwent C-to-U edit-
ing. These edits predominantly occurred at the first and 
second positions of codons, with a higher frequency 
observed at the second position. As illustrated in Fig. 7A, 
among the core genes, nad1 exhibited the highest num-
ber of editing sites (23), followed by nad2 (22) and 
ccmFN (21), which are involved in photoprotection and 
energy metabolism. Mutation-type analysis revealed 
that synonymous mutations accounted for 49.65% (142 
sites), nonsynonymous mutations for 44.06% (126 sites), 
and nonsense mutations for 6.29% (18 sites). Among the 
144 nonsynonymous and nonsense mutations (Fig.  7B), 
27 sites (18.75%) involved transitions from hydrophilic 
to hydrophobic amino acids, while 9 sites (6.25%) repre-
sented the reverse transition. The remaining 75.00% did 
not alter the physicochemical properties of the amino 
acids. Additionally, RNA editing showed a notable pref-
erence for codon transitions encoding lysine (25 sites) 
and leucine (22 sites) (Fig. 7B).

To assess the accuracy of predicted RNA editing sites, 
we randomly selected the rpl16, atp6, atp9, and nad4L 
genes for analysis. PCR amplification was conducted 
using both gDNA and cDNA as templates (Fig. 7C, Fig-
ure S6A, Table S11-S12), followed by Sanger sequencing 
(Fig. 7D, Figure S6B). For rpl16, six of the eight predicted 
RNA editing sites were confirmed, and two additional 

novel editing sites were detected. However, no RNA edit-
ing sites were identified for atp6, atp9, or nad4L.

Phylogenomic and synteny analysis
Both mithchondrial and chloroplast genome analyses 
show a congruent phylogenetic structure that S. sagittifo-
lius falls in the Andropogoneae tribe of Panicoideae sub-
family and occupies a basal phylogenetic position relative 
to C. zizanioides, C. lacryma-jobi var. maxima, and C. 
lacryma-jobi var. ma-yuen (BS = 100; Fig. 8 A-B).

To assess the relationship between the mitochondrial 
genome of S. sagittifolius and its three closest relatives 
in this study, we identified conserved collinearity blocks 
consisting of homologous genes (Fig.  9). The analysis 
revealed significant variation in the arrangement of these 
collinear blocks among the mitochondrial genomes, sug-
gesting extensive gene rearrangements. As illustrated in 
Figure S7, the mitogenomes of S. sagittifolius, Zea luxu-
rians, Chrysopogon zizanioides, and C. lacryma-jobi var. 
maxima exhibit substantial structural divergence, further 
highlighting the rearrangements compared to closely 
related species.

Discussion
Mitochondrial structural stability and plasticity
The mitochondrial genome of S. sagittifolius (500,699 bp) 
is comparable in size to that of Avena longiglumis 
(548,445 bp). However, A. longiglumis possesses a mitog-
enome comprising four circular chromosomes [49], 
highlighting significant structural differences despite 
their similar sizes. Other species exhibit even greater 
structural diversity, such as Punica granatum, with 
seven circular contigs totaling 382,774 bp [50], and Sal-
via officinalis,which has two circular chromosomes of 
268,341 bp and 39,827 bp [51]. The single circular mito-
chondrial genome of S. sagittifolius represents a relatively 
simple and conserved structural form, suggesting stable 
genomic organization that reflects its unique evolution-
ary trajectory and adaptation.

A noteworthy finding in this study is the absence of a 
positive correlation between genome size and repetitive 
sequence content in S. sagittifolius. This contradicts the 
prevailing view that mitogenome expansion is primarily 
driven by the accumulation of repetitive sequences [52]. 

(See figure on next page.)
Fig. 6  Schematic representations of mitochondrial plastid DNAs (MTPTs) and nuclear mitochondrial DNA segments (NUMTs) in S. sagittifolius. 
A Comparative analysis of sequences from the mitochondrial genome and the chloroplast genome. The outer circle displays the mitogenome 
(mtDNA) in purple and the chloroplast (cpDNA) in green. Chloroplast genes are depicted in dark purple, mitochondrial genes in yellow with labeled 
gene names, and unannotated fragments in light purple. B Comparative analysis of sequences from the mitochondrial and nuclear genomes. The 
nuclear chromosomes are highlighted with a yellow square. Green arcs connect homogeneous sequence fragments between the mitochondrial 
and nuclear genomes
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Fig. 6  (See legend on previous page.)
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Fig. 7  Prediction and validation of RNA editing sites in the mitogenomes of S. sagittifolius. (A) The number of RNA editing sites, (B) The number 
of amino acids with missense mutations, (C) PCR amplification product electrophoresis detection of the rpl16 gene, (D) Comparison of gDNA 
and cDNA editing sites of the rpl16 gene coding region
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Fig. 8  The phylogenetic trees between S. sagittifolius and 20 other species. (A) and (B) are phylogenetic trees constructed based on orthologous 
genes of mitochrial and chloroplast genomes respectively. Colors represent plants of the same subfamily. The bootstrap score was obtained using 
1000 replicates. The mitochondrial and chloroplast genomes assembled in this study are labeled with five-pointed star

Fig. 9  The collinear blocks between the mitogenomes of four closely related species in Panicoideae. The bar chart represents the mitogenome, 
and the arc represents the homologous sequence of adjacent four species. The blue highlighted area represents homologous genes with lengths 
greater than 500 bp, while the gray area represents homologous genes with lengths less than 500 bp
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Instead, the expansion of plant mitochondrial genomes, 
as seen in S. sagittifolius, appears to be predominantly 
influenced by the insertion of non-coding regions and 
the integration of exogenous DNA, including fragments 
derived from nuclear or plastid genomes. Repetitive 
sequences in this context likely play a functional role in 
facilitating recombination events rather than directly 
affecting genome size. Furthermore, genome size is 
closely associated with gene loss [52]. This nuanced 
perspective challenges conventional assumptions and 
underscores the complex interplay between genome 
architecture and evolutionary forces.

The loss of multiple ribosomal protein genes (rps1, 
rps14, rps19, rps4, rps7, rpl2, rpl23, rpl5) in S. sagitti-
folius further emphasizes the dynamic evolution of its 
mitochondrial genome. Such gene loss may result from 
functional transfer to the nuclear genome, a well-docu-
mented phenomenon driven by the inherent instability 
and rearrangements of plant mitochondrial genomes. 
However, this study did not confirm whether homolo-
gous sequences corresponding to these genes have been 
transferred to the nuclear genome, leaving this hypoth-
esis unverified. Alternatively, functional redundancy, 
where other subunits or protein complexes compensate 
for the roles of these missing genes, may explain their 
absence [51–53]. These possibilities highlight the evo-
lutionary plasticity of plant mitochondrial genomes and 
underscore the distinct evolutionary trajectory of S. sag-
ittifolius, even in comparison with closely related species.

The incorporation of mitochondrial DNA fragments 
into nuclear genomes (NUMTs) is a common and ongo-
ing phenomenon in plant evolution. Gene transfer events 
often coincide with increased genetic drift, particularly 
during periods of environmental change or species adap-
tation [54]. While NUMTs contribute to genomic inter-
actions and variation, they may also introduce risks, such 
as deleterious mutations in energy-demanding tissues 
[55–57]. In contrast, chloroplast genomes exhibit high 
conservation and minimal homologous recombination, 
providing valuable taxonomic insights [58]. Interestingly, 
our study revealed a greater number of homologous frag-
ments between the mitochondrial and nuclear genomes 
than between the mitochondrial and chloroplast 
genomes. This observation reinforces the dynamic inter-
actions between mitochondrial and nuclear genomes in 
shaping genomic diversity.

The unique genomic features observed in S. sagittifo-
lius likely reflect species-specific evolutionary trajecto-
ries within plant mitochondrial genomes. Future studies 
should explore the functional significance of gene trans-
fer events and investigate the mechanisms driving struc-
tural and functional variations in plant mitochondrial 
genomes. Such research will enhance our understanding 

of plant genome evolution and shed light on the adaptive 
strategies underlying genomic diversity across different 
ecological contexts.

Putative adaptive signatures in the mitochondrial genome 
of S. sagittifolius
In our analysis, we found that the sdh4 gene has been lost 
in 11 closely related species, except for A. semialata and 
S. sagittifolius. The sdh4 gene plays a crucial role in the 
mitochondrial electron transport chain, specifically as a 
part of the succinate dehydrogenase (SDH) complex, also 
known as Complex II [59, 60]. This complex is involved 
in both the tricarboxylic acid (TCA) cycle and the mito-
chondrial respiratory chain, facilitating the conversion 
of succinate to fumarate and the transfer of electrons 
to the quinone pool [59]. The sdh4 gene’s presence pro-
vides a basis for research in mitochondrial function, evo-
lutionary biology, stress tolerance, genomics, and crop 
improvement [60], in future research, this gene warrants 
significant attention.

The nad2 gene encodes a subunit of NADH dehydroge-
nase (Complex I), a key component of the mitochondrial 
respiratory chain responsible for ATP synthesis through 
energy conversion [61]. Positive selection acting on nad2 
suggests its adaptive evolution to optimize energy pro-
duction under diverse environmental stresses and vary-
ing metabolic demands during growth and development. 
These findings underscore the critical role of nad2 in 
maintaining mitochondrial efficiency under dynamic 
biotic and abiotic conditions. In S. sagittifolius, which 
inhabits the dry-hot limestone regions of river valleys, 
positive selection on nad2 likely enhances mitochon-
drial functionality, enabling efficient energy metabolism 
to sustain cellular energy balance under environmental 
stress. This adaptation is likely a crucial factor in improv-
ing the species’ resilience to arid and high-temperature 
conditions, thereby supporting its growth and survival in 
such challenging habitats. Further investigations into the 
functional consequences of nad2 positive selection in S. 
sagittifolius are essential to clarify its role in the plant’s 
physiological adaptations and ecological strategies.

The mitochondrial genomes of S. sagittifolius and its 
closely related species (C. zizanioides, C. lacryma-jobi 
var. maxima, and Z. luxurians) exhibit limited structural 
rearrangements, suggesting a high degree of genomic 
stability among these taxa. This is supported by phyloge-
netic analyses, which place these species within the same 
clade, indicating a recent common ancestor [1]. This 
stability may reflect their shared evolutionary history, 
which have minimized the need for extensive genomic 
reorganization. The low frequency of rearrangements in 
closely related species is likely influenced by the absence 
of large repeat sequences that typically drive homologous 
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recombination. In S. sagittifolius, the mitochondrial 
genome contains fewer large repeats, which may explain 
its structural stability. This is consistent with findings in 
other plant groups, where repeat-mediated recombina-
tion is a major driver of mitochondrial genome plasticity 
[5].

Exploring the adaptive role of RNA editing and codon bias
RNA editing is a key post-transcriptional modification 
in plant mitochondria, characterized predominantly by 
C-to-U conversions. This process is critical for correct-
ing errors, refining protein-coding sequences, and regu-
lating gene expression [62–64]. The extent and pattern 
of RNA editing vary substantially across species, tissues, 
and environmental conditions [65]. For example, only 
nine editing sites are present in the mtDNA of Cyperus 
stoloniferus [66], compared to 451 in Salvia officinalis 
[51], 546 in Corydalis saxicola [67] and 269 in Avena 
longiglumis [49]. In S. sagittifolius, although not all genes 
were validated, the absence of confirmation for some pre-
dicted RNA editing sites does not imply that the predic-
tions are entirely inaccurate. RNA editing is a dynamic 
process influenced by cellular states and environmental 
factors. The patterns and efficiencies of RNA editing can 
vary across different cell types, developmental stages, or 
physiological conditions [66]. In this study, the absence of 
editing sites in genes such as atp9, atp6, and nad4L may 
be attributed to specific cellular conditions in leaf tissues 
at different developmental stages and environmental con-
ditions, where RNA editing does not occur.

By altering codon composition, RNA editing optimizes 
mitochondrial protein compatibility with the transla-
tional machinery, enhancing their roles in energy metab-
olism and stress adaptation. This interplay between RNA 
editing and codon bias likely underpins the resilience of 
S. sagittifolius to its native environment dry-hot lime-
stone regions of river valleys. The combined effects of 
these processes may support mitochondrial efficiency, 
ensuring survival and growth under environmental 
stress. Future studies should investigate the molecular 
mechanisms linking RNA editing and codon bias, with 
an emphasis on their collective influence on mitochon-
drial function and plant adaptation to diverse habitats 
[68]. These efforts will advance understanding of the evo-
lutionary and ecological significance of post-transcrip-
tional modifications in plant mitochondrial genomes.

Conclusions
In this study, we successfully assembled and annotated 
the first mitochondrial genome of the genus Spodiopo-
gon using the PMAT tool and HiFi sequencing data. The 
mitochondrial genome of S. sagittifolius is 500,699 bp in 
length with a GC content of 43.15%. The identification 

of repeat regions provides potential genetic markers for 
population genetics and evolutionary studies. Synteny 
and dN/dS analyses revealed the structural and func-
tional conservation of mitochondrial genomes among 
closely related species. Most protein-coding genes exhib-
ited low rearrangement frequencies and were under 
purifying selection (dN/dS < 1), indicating that the mito-
chondrial genome of S. sagittifolius is highly optimized 
for energy metabolism and cellular functions. However, 
the positive selection observed in the nad2 gene (dN/
dS = 1.49) suggests adaptive evolution, potentially in 
response to environmental stress. Extensive RNA editing 
events were identified across 27 protein-coding genes, 
primarily involving C-to-U conversions, with synony-
mous mutations accounting for 49.65% of editing sites. 
These editing events, coupled with a strong codon usage 
bias favoring A/U-ending codons, likely reflect the spe-
cies’ adaptation to its native environment, enhancing 
mitochondrial efficiency and stress tolerance. Phyloge-
netic analyses based on mitochondrial and chloroplast 
genomes confirmed the taxonomic placement of S. sag-
ittifolius within the tribe Andropogoneae, providing new 
insights into its evolutionary relationships. In conclusion, 
this study advances our understanding of the evolution-
ary dynamics of the mitochondrial genome in S. sagittifo-
lius and establishes a foundation for its conservation and 
potential crop domestication.
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