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Abstract
Background  Polygonatum kingianum, a key species in traditional Chinese medicine, is increasingly valued for its 
medicinal and nutritional properties. However, wild resources are declining due to over-exploitation, necessitating 
genomic studies for conservation.

Results  Flow cytometry analysis based on genome size revealed the presence of both putative diploid and 
tetraploid P. kingianum. By further integrating sequencing data from both Illumina and Oxford Nanopore Technologies 
(ONT), the organelle genomes were assembled. While the chloroplast genomes of different putative ploidy levels of 
P. kingianum were highly conserved in structure and features, the mitogenome of putative tetraploid P. kingianum 
consisted of two chromosomes, whereas that of putative diploid P. kingianum contained only one. Mitochondrial 
gene annotation showed that putative tetraploid P. kingianum possesses one additional copy each of the nad3 
and nad5 genes compared to the putative diploid P. kingianum. Analyses of repetitive sequences indicated that, 
although no obvious correlation was observed between tandem repeats or dispersed repeats and different 
putative ploidy levels in the chloroplast genomes or between tandem repeats and different putative ploidy levels 
in the mitogenomes, simple sequence repeats in the organelle genomes correlated with ploidy variation of P. 
kingianum. Investigation of RNA editing sites revealed ploidy-dependent variations in the cox2 and nad3 genes of the 
mitogenomes across different ploidy levels of P. kingianum, suggesting that differences in editing sites may be linked 
to the adaptability of the different ploidies. Phylogenetic analyses based on mitochondrial genes and nucleotide 
substitution rate analysis showed no significant differences or distinct variations among different ploidy levels of P. 
kingianum, supporting that the morphologically highly variable P. kingianum comprises only a single species.
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Introduction
The genus Polygonatum Mill. is a medium-sized lineage 
within the Asparagaceae family, comprising approxi-
mately 65 species primarily distributed across the 
Northern Hemisphere [1–4]. In China, Polygonatum 
contains about 39 species, 20 of which are endemic [1]. 
Most Polygonatum species are used in traditional Chi-
nese medicine (TCM) and possess significant medicinal 
and edible value [1, 2]. Polygonatum kingianum Col-
lett & Hemsl., a representative geo-authentic herb, has 
garnered considerable attention in both the TCM and 
functional food industries [5, 6]. The Chinese Pharmaco-
poeia lists P. kingianum as one of the official species for 
the medicinal material “Huangjing” [6]. The rhizomes of 
P. kingianum are rich in bioactive compounds, including 
polysaccharides, saponins, and amino acids, which confer 
pharmacological properties such as hypoglycemic effects, 
yin-nourishing, kidney-tonifying, and lung-moistening 
activities [5, 7, 8]. With growing consumer demand for 
natural therapeutics, the cultivation and commercial 
value of P. kingianum have expanded rapidly. However, 
wild populations face severe depletion due to overhar-
vesting and habitat degradation [1, 5, 6], highlighting the 
need for genomic studies to facilitate conservation and 
sustainable utilization.

In green plants, mitochondria and chloroplast are 
two organelles, in addition to the nucleus, that con-
tain genetic information [9–11]. Unlike the biparentally 
inherited nuclear genome, the organelle genomes of 
most plants are maternally inherited and are not influ-
enced by hybridization, playing a crucial role in studying 
plant origin and evolution [12, 13]. Recently, phyloge-
netic analyses based on the mitogenomes of Ceratophyl-
lum and Chloranthus have enhanced our understanding 
of the angiosperm tree of life [14]. However, significant 
debate remains over whether P. kingianum represents a 
single species or multiple species [1, 15, 16]. Tradition-
ally, P. kingianum is not only a species with extensive 
morphological variation but also is a polyploid complex 
with different chromosome numbers (2n = 26, 30, 32, 64) 
[1]. Wang et al. [16] analyzed the complete chloroplast 
genomes of P. kingianum with different flower colors 
and revealed that the species comprises three distinct 
clades. Although amount of chloroplast genomes of 
TCM have been sequenced, research on mitogenomes 
has significantly lagged [17]. This is primarily due to 

the characteristics of mitogenomes, such as extensive 
repetitive sequences, lower substitution rates, variation 
in sizes, intracellular gene transfer, and abundant RNA 
editing sites [18–21]. In recent years, with the advance-
ment of third-generation sequencing technologies (e.g., 
PacBio HiFi and Oxford Nanopore), research on plant 
mitogenomes has progressed steadily, laying an impor-
tant foundation for understanding plant evolution, spe-
cies identification, and genetic diversity [13, 14, 22].

Compared to the highly conserved quadripartite struc-
ture found in the chloroplast genomes of most plants, 
the structure of the mitogenomes exist in branched lin-
ear or circular forms [23, 24]. This structural diversity in 
mitogenomes offers a distinct perspective for deepen-
ing our understanding of plant evolutionary history and 
phylogenetic relationships [13, 14]. Previous studies have 
shown that chloroplast genomes within a single species, 
or even within a family, typically exhibit only minor size 
variations [9]. However, significant differences in mitoge-
nome sizes, and even the presence of distinct structural 
conformations, can exist among different individuals 
of the same species [25]. Despite a growing number of 
mitogenomes being sequenced and assembled, a sub-
stantial gap remains compared to chloroplast genomes, 
with the mitogenomes of many species still uncharacter-
ized [26]. This gap severely hinders our understanding of 
structural variation in plant mitogenomes.

With these questions in minds, the aims of this study 
were to: (1) assemble the different putative ploidy levels 
complete mitogenome of P. kingianum using an inte-
grated sequencing approach combining Illumina and 
Nanopore technologies; (2) characterize the organelle 
genome architecture, gene content, repetitive elements, 
codon usage patterns, substitution rates, and RNA edit-
ing events; and (3) clarify the relationships of P. kingia-
num across different putative ploidy levels.

Materials and methods
Plant materials and flow cytometry
Fresh and healthy leaves from six individuals of P. kingia-
num were collected from the greenhouse of Yunnan Agri-
cultural University, Yunnan Province, China. The samples 
were immediately frozen in liquid nitrogen and then 
stored at − 80 °C. The voucher specimens were depos-
ited at the Herbarium of Yunnan Agricultural University. 
Ploidy levels and absolute genome sizes of P. kingianum 

Conclusions  In this study, we successfully assembled the organelle genomes of P. kingianum with different putative 
ploidy levels and conducted comparative genomic analyses. We found that the mitogenomes of P. kingianum are 
structurally complex and variable, playing crucial roles in evolution and adaptation. This study not only enhances our 
understanding of the organelle genome characteristics of different putative ploidy levels within the same species, but 
also lays the foundation for the subsequent development and utilization of the medicinal value of Polygonatum.
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were estimated using flow cytometry following the proto-
col of Doležel et al. [27]. Zea mays (genome size = ca. 2.3 
Gb) was used as internal standard. DNA quantities were 
measured using a BD FACScalibur laser flow cytometer 
with Modifit v3.0. DNA ploidy and absolute genome sizes 
were determined based on the basis of the sample/stan-
dard ratio.

DNA extraction and sequencing
Two individuals with clear and stable ploidy signals were 
selected for sequencing (accession numbers Y. Zhao et al. 
PK8 and Y. Zhao et al. PK11). Total genomic DNA was 
extracted using an improved Cetyl Trimethyl Ammo-
nium Bromide (CTAB) method [28]. The DNA samples 
were sent to Beijing Novogene Technology Co., Ltd. 
(Tianjin, China) for library construction and sequencing 
using both Illumina short-read and Oxford Nanopore 
long-read platforms. For Illumina short-read sequenc-
ing, a paired-end library with an insert size of 350 bp was 
constructed, and sequencing was performed on the Illu-
mina NovaSeq X Plus platform. The raw Illumina data 
generated twenty gigabases (20 Gb). The raw reads were 
subsequently quality-trimmed using Fastp v0.23.1 with 
default parameters [29]. For Oxford Nanopore long-read 
sequencing, the library was sequenced on a PromethION 
platform. Raw data were processed using NanoPack (​h​t​t​
p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​w​d​e​c​​o​s​​t​e​r​/​n​a​n​o​p​a​c​k) to generate 25 Gb 
of data (mean read length 22,375 bp; voucher: Y. Zhao et 
al. PK11) and 42 Gb of data (mean read length 20,699 bp; 
voucher: Y. Zhao et al. PK8).

Organelle genomes assembly and annotation
For chloroplast genome assembly, GetOrganelle v1.7.7.1 
[30] was used to assemble the Illumina paired-end clean 
reads with default parameters. Chloroplast genomes 
were annotated using CPGAVAS2 [31] and manually 
adjusted the start and stop codons and the exon–intron 
boundaries of genes in Geneious Prime 2021.2.2 refer-
ring to published chloroplast genome of P. kingianum 
(PQ611457). For mitogenome assembly, a hybrid strat-
egy was employed initially, GetOrganelle was used to 
assemble mitochondrial reads from the short reads with 
parameters “-R 80 -k 21,45,65,85,105,115 -P 1000000 -F 
embplant_mt” and the complete mitogenome of Chlo-
rophytum comosum (MW411187) as a reference. Sub-
sequently, both the gfa file (generated by GetOrganelle) 
and/or the filtered ONT reads were used as input files for 
de novo assembly of mitogenome long reads using GSAT 
v1.1.2 [32] and PMAT v1.5.3 [33], respectively. Bandage 
v0.8.1 [34] was employed to visualize and disentangle the 
raw assembly graph of mitogenomes. Mitogenomes were 
annotated using the IPMGA webserver (www.1kmpg.cn/
mga), and all annotations were manually checked and 
corrected for start and stop codons of protein-coding 

genes using Geneious Prime. tRNA genes of organelle 
genomes were identified with tRNAscan-SE v2.0 [35]. 
Circular genome maps were drawn with the Organel-
larGenomeDRAW tool [36].

Comparative genomic analyses
Firstly, we analyzed three different types (simple sequence 
repeats: SSRs, dispersed repeats: DRs, tandem repeats: 
TRs) of repeat sequences in both chloroplast genomes 
and mitogenomes. SSRs were identified using the MISA 
online tool [37], with motif sizes ranging from one to six 
nucleotides. The repeat unit thresholds were set to 8, 4, 4, 
3, 3, and 3 for mono-, di-, tri-, tetra-, penta-, and hexanu-
cleotide repeats, respectively. Four types of DRs, namely 
forward (F), palindromic (P), reverse (R), and comple-
ment (C) repeats, were searched by the online version of 
REPuter with the following parameters: minimal repeats 
size = 30, and hamming distance = 3 [38]. TRs were iden-
tified using Tandem Repeats Finder [39], with alignment 
parameters set to 2 (match) and 7 (mismatches/indels).

Secondly, the protein coding genes sequence of the P. 
kingianum mitogenomes were extracted using PhyloSu-
ite v1.2.2 [40]. CodonW v1.4.2 (​h​t​t​p​​:​/​/​​c​o​d​o​​n​w​​.​s​o​​u​r​c​​e​f​o​r​​
g​e​​.​n​e​t​/) was applied to analyze the relative synonymous 
codon usage (RSCU) of the protein coding genes. The 
results were plotted as a heatmap using OriginPro v2022b 
(OriginLab Corporation, Northampton, MA, USA). As 
well, the non-synonymous (Ka) and synonymous (Ks) 
substitution rates (Ka/Ks) of mitogenome were analyzed 
for shared protein coding genes between P. kingianum 
and Chlorophytum comosum through Ka/Ks Calcula-
tor v2.0 [41]. In addition, the extremely high frequency 
of RNA editing is often observed in the mitogenome of 
plant [21]. Predicted the RNA editing sites in the protein 
coding regions of the mitogenomes using the online plant 
RNA editing prediction and analysis tool PREPACT3 
[42]. Predictions were conducted under BLASTX mode 
with default parameters, and the mitochondrial pro-
tein database of Amborella trichopoda (KF754799) was 
selected as reference.

Molecular phylogenetic analyses
Thirty-seven complete mitogenome sequences from 
seven orders (Alismatales, Arecales, Asparagales, Mag-
noliales, Pandanales, Poales, and Ranunculales) were 
downloaded from NCBI, representing 33 genera. Among 
these, two species (Aconitum kusnezoffii and Pulsatilla 
dahurica) of Ranunculales were selected as outgroups 
(Table S1). These sequences, together with the two 
newly sequenced P. kingianum mitogenomes, were used 
to construct a phylogenetic tree. Phylogenetic relation-
ships were reconstructed using 41 protein coding genes 
extracted through PhyloSuite. Each gene was first aligned 
and then trimmed using the plugins Mafft v7.450 (set 

https://github.com/wdecoster/nanopack
https://github.com/wdecoster/nanopack
http://www.1kmpg.cn/mga
http://www.1kmpg.cn/mga
http://codonw.sourceforge.net/
http://codonw.sourceforge.net/
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E-INS-i) [43] and trimAI v1.3 (set -automated1) [44]. 
The aligned sequences were then concatenated using the 
“Concatenate Sequence” plugin in PhyloSuite. The nucle-
otide substitution rate variation models of Maximum 
Likelihood (ML) and Bayesian Inference (BI) were fitted 
using the ModelFinder tool under the corrected Akaike 
Information Criterion (AICc) in IQ-tree v2.1.3 [45]. 
ML analyses were performed with 5,000 ultrafast boot-
straps [46] replicates in IQ-tree. BI was conducted using 
MrBayes v3.2.2 [47]. Four Markov chain Monte Carlo 
chains were run, each beginning with a random tree and 
sampling one tree every 100 generations of 2,000,000 
generations, and the first 25% of samples were discarded 
as burn-in. The standard deviation of splits frequen-
cies below 0.001, and the Markov Chain Monte Carlo 
(MCMC) output was examined to check for convergence 
and to ensure that all of the effective sample size (ESS) 
values were ≥ 200. Maximum Likelihood Bootstrap Sup-
port values (ML-BS) and Bayesian Inference Posterior 
Probabilities (BI-PP) ≥ 80/0.90 were defined as strongly 
supported.

Results
Genome sizes and cytotypes
The results obtained from flow cytometry revealed that 
six individuals of P. kingianum only were two cytotypes 
(Table S2). The DNA amount of P. kingianum was esti-
mated to range from 5.18 Gb (voucher: Y Zhao et al. 
PK11) to 13.28 Gb (voucher: Y Zhao et al. PK10) by using 
Zea mays as an internal standard (Table S2). Although 
the flow cytometry results were not supplemented by 
conventional chromosome counts to verify the ploidy 
levels, we found a nearly twofold change in genome sizes. 
The genome sizes of PK8, PK9, PK10, and PK13 were 
putative recognized as a putative tetraploid, while the 
other of P. kingianum (voucher: Y Zhao et al. PK7 and 
Y Zhao et al. PK11) were putative recognized as diploid 
(Table S2).

Basic characteristics of Polygonatum kingianum organelle 
genomes
We successfully assembled the complete P. kingianum 
mitogenome based on both Illumina and ONT reads 
(Figs. 1a, b, c, f; S1). The mitogenomes of P. kingianum 
showed a complex assembly graph mediated by repeats 
(Fig. S1a, c). Through de-looping (Fig. S1b, d), the puta-
tive tetraploid P. kingianum was split into two chromo-
somes (Figs. 1a, b, f; S1b; Table 1), whereas the putative 
diploid P. kingianum contained only one chromosome 
(Figs. 1c, f; S1d; Table 1). Although both ploidy types of 
P. kingianum encode only 54 identical genes, including 
18 tRNAs, 3 rRNAs, and 32 protein-coding genes, the 
copy numbers of these genes vary between ploidy lev-
els (Table S3). Of the mitogenome of putative tetraploid 

P. kingianum, atp1 has three copies, while nad3, nad5, 
rpl16, sdh4, and trnfM-CAU each have two copies 
(Fig.  1a, b, f; Table S3). In contrast, in the mitogenome 
of putative diploid P. kingianum has three copies of atp1, 
while only rpl16, sdh4, and trnfM-CAU have two copies 
each (Fig. 1c, f; Table S3). Additionally, although the GC 
content of both mitogenomes is 46.30%, their sizes dif-
fer significantly (Fig. 1a, b, c, f; Table 1). The mitogenome 
size of putative tetraploid P. kingianum is only 643,467 
bp, while that of putative diploid P. kingianum is up to 
679,406 bp (Fig. 1a, b, c, f; Table 1).

Compared to the mitogenomes, the chloroplast 
genomes of P. kingianum with different putative ploidy 
levels are highly conserved, exhibiting a typical quadri-
partite structure that includes a large single-copy region 
(LSC), a small single-copy region (SSC), and a pair of 
inverted repeat regions (IRs) (Fig. 1d, e, g). Both chloro-
plast genomes of P. kingianum encode 131 genes, includ-
ing 8 tRNAs, 38 rRNAs, and 85 protein coding genes 
(Fig. 1d, e, g; Table 1). Moreover, there are minimal dif-
ferences in both GC content (37.70%) and chloroplast 
genome sizes (155,794–155,832 bp) (Fig. 1d, e, g; Table 1).

Repeat sequences analyses
Analyses of repetitive sequences revealed a strong cor-
relation between the number of SSRs and the puta-
tive ploidy levels in P. kingianum. Specifically, the 
mitochondrial and chloroplast genomes of putative dip-
loid P. kingianum contained 105 and 159 SSRs, respec-
tively (Table S4). In contrast, the number of SSRs in 
putative tetraploid P. kingianum nearly doubled, with 226 
in the mitogenome and 202 in the chloroplast genome 
(Table S4). Furthermore, the distribution of different SSR 
types in the mitogenome of P. kingianum also exhibited a 
clear ploidy-related pattern (Figs. 2a, c, S2a, c; Table S4). 
For example, the counts of monomers, dimers, trimers, 
and tetramers in the putative tetraploid were essentially 
double those in the putative diploid (Fig. 2a, c; Table S4). 
In the chloroplast genomes, the counts of different SSR 
types were significantly higher in the putative tetraploid 
P. kingianum than in putative diploid P. kingianum, but 
no clear ploidy correlation pattern was observed (Fig. 
S2a, c; Table S4). In addition, dimers were the most abun-
dant in the mitogenomes of P. kingianum (Fig.  2a, c; 
Table S4), followed by monomers, tetramers, and trimers 
(Fig. 2a, c; Table S4). However, monomers were the most 
frequent within the chloroplast genomes of P. kingianum, 
followed by dimers, tetramers, and then trimers (Fig. S2a, 
c; Table S4).

TRs of 0–10 bp were found only in the chloroplast 
genomes of P. kingianum and were absent from the 
mitogenomes (Figs.  2b, S2b; Table S5). Conversely, TRs 
longer than 30 bp were exclusively distributed in the 
mitogenomes and not found in the chloroplast genomes 
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(Figs.  2b, S2b; Table S5). As well, TRs in the 51–60 bp 
range are present in putative tetraploid P. kingianum but 
absent in putative diploid P. kingianum, whereas repeats 
in the 61–70 bp range are present in putative diploid P. 

kingianum but absent in putative tetraploid P. kingianum. 
Although organelle genomes of putative diploid P. kingia-
num generally contained a higher number of TRs across 
various length categories compared to putative tetraploid 

Table 1  Organelle genomes features and putative ploidy levels of Polygonatum kingianum
Species Polygonatum kingianum Polygonatum kingianum Polygonatum kingianum Polygonatum kingianum
Voucher Y Zhao et al. PK8 Y Zhao et al. PK8 Y Zhao et al. PK11 Y Zhao et al. PK11

Organelle chloroplast genome mitogenome chloroplast genome mitogenome

Putative ploidy tetraploid tetraploid diploid diploid

Chromosome 1 2 1 1

Size (bp) 155,794 643,467 155,832 679,406

Total GC content (%) 37.70 46.30 37.70 46.30

Genes 131 61 131 59

tRNA 8 19 8 19

rRNA 38 3 38 3

Protein-coding genes 85 39 85 37
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P. kingianum (Figs. 2b, S2b; Table S5), the total number of 
TRs in the chloroplast genomes was similar between ploi-
dies (Fig. S2b; Table S5). In contrast, the mitogenome of 
putative diploid P. kingianum contained 26 TRs in total, 
while the putative tetraploid P. kingianum mitogenome 
had only 17 (Fig. 2b; Table S5). Regarding DRs, the com-
plement repeats were absent in both organelle genomes 
(Figs.  2d, S2d; Table S6). Reverse repeats were present 
only in the chloroplast genomes and not in the mitoge-
nomes (Figs.  2d, S2d; Table S6). Furthermore, forward 
repeats dominated in the mitogenomes, whereas palin-
dromic repeats were predominanted in the chloroplast 
genomes (Figs. 2d, S2d; Table S6). Notably, the number of 
DRs in both the chloroplast genomes and mitogenomes 
were higher in putative tetraploid P. kingianum than in 
the putative diploid (Figs. 2d, S2d; Table S6).

Codon bias usage and substitution rates
The results of the codon preference analysis are shown 
in Fig.  3a and Table S7. Overall, P. kingianum with dif-
ferent putative ploidy levels exhibits the same codon 

preference. Although the RSCU of AUG and UGG are 
equal to 1, indicating no usage bias, there are 32 codons 
with RSCU less than 1 and another 32 codons with RSCU 
greater than 1 (Fig. 3a; Table S7). Additionally, the RSCU 
of 30 codons in putative diploid P. kingianum are higher 
than that putative tetraploid P. kingianum (Fig. 3a; Table 
S7), while for 31 codons, the RSCU in putative tetraploid 
P. kingianum are higher than those in putative diploid P. 
kingianum (Fig. 3a; Table S7).

Further comparison of nucleotide substitution rates 
between putative diploid P. kingianum and putative tet-
raploid P. kingianum revealed that although the values 
of Ka, Ks, and Ka/Ks showed no significant differences 
(P > 0.05; Fig.  3b, c, d), putative tetraploid P. kingia-
num exhibited higher values than the putative diploid P. 
kingianum (Fig. 3b).

Prediction of RNA editing events
Using PREPACT3 to predict RNA editing events within 
the mitochondrial protein coding genes of P. kingianum, 
it was found that the number of RNA editing sites is very 
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similar between the putative ploidy levels (Fig.  4; Table 
S8). Specifically, putative diploid P. kingianum has 709 
RNA editing sites, while putative tetraploid P. kingianum 
has 710 (Fig. 4; Table S8). Among all RNA editing sites, 
C-to-U editing sites dominate across the different puta-
tive ploidy levels of P. kingianum, ranging from 599 in 
putative tetraploid P. kingianum to 602 in putative dip-
loid P. kingianum, whereas U-to-C editing sites range 
only from 107 in putative diploid P. kingianum to 111 in 
putative tetraploid P. kingianum (Fig. 4; Table S8). Of the 
37 mitochondrial protein coding genes in the different 
putative ploidy levels of P. kingianum, nad4 has the high-
est number of RNA editing sites (56), followed by ccmFN 
(51) and mttB (40) (Fig.  4; Table S8). In both putative 
ploidy types of P. kingianum, rps11 has only one RNA 
editing site (Fig.  4; Table S8). Furthermore, except for 
nad6, nad9, rps1, and rps11, which exhibit only C-to-U 

editing, all other genes contain both C-to-U and U-to-C 
RNA editing sites (Fig. 4; Table S8). Notably, a key differ-
ence in RNA editing sites between the ploidy types lies 
in the number of C-to-U edits in specific genes: putative 
tetraploid P. kingianum has 15 and 24 C-to-U editing 
sites in cox2 and nad3, respectively, whereas putative dip-
loid P. kingianum has 30 and 12 C-to-U editing sites in 
cox2 and nad3, respectively (Fig. 4; Table S8).

Mitochondrial-based phylogeny
The alignment of the 41 mitochondrial protein coding 
genes was 34,141 characters long, of which 5,963 char-
acters were parsimony-informative. The GTR + F + I + G4 
was determined as the best-fit model for both ML and BI 
analyses. The phylogenetic tree resulting from the dataset 
is shown in Fig.  5. All seven monophyletic orders were 
recovered with strong support (Fig. 5). The Magnoliales 
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clade was strongly supported as the second branching 
lineage (ML-BS = 100, BI-PP = 1.00; Fig.  5), followed by 
Alismatales, Asparagales, Pandanales, Arecales, and 
Poales. Except for the sister relationship of Arecales and 
Poales (ML-BS = 55, BI-PP = 0.65), the remaining rela-
tionships were received strong support (ML-BS ≥ 80, 
BI-PP ≥ 0.90; Fig. 5).

Within the Asparagales clade, the two individuals of P. 
kingianum formed a monophyletic clade (ML-BS = 100, 
BI-PP = 1.00; Fig. 5) and were sister to the remaining spe-
cies of Asparagales. P. kingianum was recovered closer 
relationship to Chlorophytum comosum (ML-BS = 85, 
BI-PP = 0.95; Fig.  5). It is worth mentioning that the 
branch lengths of P. kingianum individuals with different 
putative ploidy levels are not significant (Fig. 5).

Discussion
This study assembled the organelle genomes of P. kingia-
num with different putative ploidy levels using both 
short-read and long-read sequencing (Figs. 1, S1; Table 
S2). Comparative analyses revealed that the chloroplast 
genomes are highly stable across putative ploidy levels, 
showing no significant variation in structure or repetitive 
sequence characteristics (Figs. 1d, e, S2; Tables S4-S6). 
In contrast, although from the same species, the mitoge-
nomes differ markedly between putative ploidy types. 
Unlike the chloroplast genomes displayed the typical 
quadripartite structure (Fig.  1d, e), the mitogenomes of 
different putative P. kingianum ploidies exhibit a multi-
branched linear structure (Figs. 1a, b, c, f, S1), which is 
associated with a high abundance of repetitive sequences 
(Fig.  2; Tables S4-S6). The mitogenome of putative tet-
raploid P. kingianum consists of two chromosomes, 
whereas that of putative diploid P. kingianum comprises 
only one chromosome (Figs. 1a, b, c, f, S1; Table 1). While 

this finding is largely consistent with organelle genome 
patterns observed in other plants, it presents certain dif-
ferences that enhance our understanding of plant mito-
chondrial genome evolution. For instance, the assembly 
of the mitogenomes of Tinospora sagittata (ca. 513 
kb) revealed repeat-driven recombination events and 
codon usage bias, providing a valuable model for study-
ing the evolution of medicinal plants [17]. However, the 
mitogenome of T. sagittata consists of a single chromo-
some, but structural variations including one transloca-
tion and two inverted segments exist between different 
putative ploidies. In the model plant Arabidopsis thali-
ana, although chloroplast genomes from different indi-
viduals similarly possess a single quadripartite structure, 
pan-mitogenomic studies have identified at least three 
distinct mitochondrial genome structures, primarily 
shaped by repetitive sequences [25]. Tao et al. [26] also 
had been detected that mitogenome recombination of P. 
kingianum were mediated by repeats. Therefore, we also 
propose that in plant, even within the same species, the 
mitogenome may exhibit diverse structural conforma-
tions mediated by the amount of repeat. Besides, with 
decoding the mitogenomes of P. sibiricum [22] and P. 
kingianum not only fill the molecular genetic knowledge 
gap, but also offers comparative genomic insights into 
their evolutionary relationships with close relatives.

The nad gene family plays a crucial role in the respi-
ratory process [48]. Compared to the putative diploid 
P. kingianum, nad3 and nad5 genes have undergone 
duplication in putative tetraploid P. kingianum (Fig.  1, 
a, b, c, f; Table S3). Copy number variation of nad3 is 
observed across species, for instance, maize (Zea mays 
[AY506529]) [49] has a single copy, while carrot (Daucus 
carota subsp. sativus [NC017855]) [50] contains three 
copies. The variation in gene copy number among 
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Fig. 4  Prediction of RNA editing sites in the protein coding genes of different putative ploidy levels of Polygonatum kingianum mitogenomes
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different putative P. kingianum ploidy levels may not only 
relate to respiration but could also confer better adapt-
ability to various stress conditions due to the presence of 
these additional copies.

Whole-genome duplication is considered a primary 
driver of plant polyploidization [51, 52]. Following poly-
ploidization, gene duplication occurs between species 
of different ploidy levels, accompanied by changes in 
repetitive sequences [53]. Although the mitogenome 
sizes in P. kingianum do not scale proportionally with 
putative ploidy, a correlation exists between repetitive 
sequences and ploidy (Figs. 2, S2; Tables S4-S6). Spe-
cifically, the number of SSRs in putative tetraploid P. 
kingianum (226 SSRs in the mitogenome, 202 SSRs in 

the chloroplast genome) is nearly double that in puta-
tive diploid P. kingianum (105 SSRs in the mitogenome, 
159 SSRs in the chloroplast genome; Fig.  2, Table S4), 
while the number of TRs in the putative diploid mitoge-
nome (26 TRs) is 1.5 times that of the putative tetra-
ploid (17 TRs). No significant differences were observed 
for TRs and DRs in the chloroplast genomes between 
ploidies (Fig. 2; Table S4-S6). This difference is not only 
related to the more complex structural variation of the 
mitogenomes compared to the chloroplast genomes, we 
speculate that it may represent a mechanism by which 
mitogenomes maintain uniparental inheritance through 
a high abundance of repetitive sequences during poly-
ploidization, but need further studies. In most plants, 
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both chloroplast and mitochondrial genomes are mater-
nally inherited and thus less susceptible to factors such 
as hybridization [54]. Additionally, nuclear-encoded 
organelle-targeted genes (such as msh1, OSB, Why, and 
RecA) play significant roles in the replication, recombi-
nation, and repair of organellar genomes [25, 55–57]. 
These nucleus-encoded targeted proteins may exhibit 
varying expression patterns, which could lead to differ-
ences in the relationship between ploidy and repetitive 
sequences in organellar genomes.

RNA editing is a common phenomenon in organelles, 
particularly within mitogenomes, and is crucial for pro-
tein function and gene expression [58–60]. Although 
the total number of RNA editing sites is similar across 
different P. kingianum ploidy levels, distinct edit-
ing patterns exist for cox2 and nad3 (Fig.  4; Table S8). 
Specifically, the putative tetraploid P. kingianum has 
twofold the number of editing sites in nad3 compared 
to the putative diploid. The increase of RNA editing 
sites in nad3 between ploidy levels may be associated 
with differential drought adaptation [61], salt tolerance 
[62], and other stress responses. We advocate integrat-
ing more other evidence in future which will be help-
ful to understand the adaptive mechanisms that may 
exist behind this. In addition, differences in the number 
of RNA editing sites in cox2 might be associated with 
varying cold stress adaptation [63], but further research 
is needed. Furthermore, phylogenetic trees constructed 
using mitochondrial genes often show high support val-
ues, but our mitochondrial-based phylogeny did not 
reveal significant speciation between the putative ploidy 
levels of P. kingianum (Fig. 5). The minimal differences 
in nucleotide substitution rates further support the con-
clusion that the morphologically variable P. kingianum 
likely constitutes only one species [1]. Although Wang 
et al. [16] found that P. kingianum with different flower 
colors can be divided into at least three clades based 
on the chloroplast genomes, the branch lengths in the 
phylogenetic tree are very short, indicating no signifi-
cant differentiation among these clades. We propose 
that morphological variations, such as flower color, may 
be shaped by environmental heterogeneity [16]. Given 
that the evolutionary process of Polygonatum is pre-
dominantly characterized by incomplete lineage sort-
ing, with limited hybridization and introgression [4], we 
advocate for future research to expand sampling efforts 
and integrate more evidences for more robust species 
delimitation. In summary, our work establishes essen-
tial genomic resources for molecular authentication 
and breeding programs while providing novel insights 
into mitogenome evolution in medicinal plants through 
comparative genomic analyses.
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