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ABSTRACT 
Polygonatum hunanense H.H. Liu & B.Z. Wang (2021) and P. verticillatum (L.) All. (1875) have been 
widely used as foods and as folk medicines in China and India, and P. caulialatum S. R. Yi (2021) has 
recently been described as a new medical plant in China. There is at present a lack of genome informa-
tion regarding the species. Hence, this study reports the complete chloroplast genomes of the three 
species. The genomes of P. hunanense, P. verticillatum, and P. caulialatum were 155,583 bp, 155,650 bp, 
and 155,352 bp in length, respectively. They contained large single-copy (LSC) regions of 84,412 bp, 
84,404 bp, and 84,285 bp, small single-copy (SSC) regions of 18,427 bp, 18,416 bp, and 18,463 bp, and a 
pair of inverted repeats of 26,372 bp, 26,415 bp, and 26,302 bp, respectively. The chloroplast genomes 
of P. hunanense, P. verticillatum, and P. caulialatum had 133 (103 unique) genes, consisting of 87 pro-
tein-coding genes, 38 ribosomal ribonucleic acid (RNA) genes, and eight transfer RNA genes, respect-
ively. A maximum-likelihood phylogenetic tree showed that P. kingianum Coll. et Hemsl. var. 
grandifolium D.M. Liu & W.Z. Zeng (1991) was closer to P. cyrtonema Hua (1892) rather than to P. king-
ianum Coll. et Hemsl. (1890), further supporting its status as a unique species of the genus. Moreover, 
P. verticillatum was separated from the easily confused herb P. cirrhifolium (Wall.) Royle (1839), while P. 
caulialatum was closest to P. humile Fisch. ex Maxim. (1859). This research provides a foundation for 
further study of these herbs.
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Introduction

Polygonati rhizoma has been employed as a tonic and a trad-
itional Chinese medicine for over 2000 years, being registered 
in the Chinese Pharmacopoeia as ‘Huang Jing’ and comprising 
Polygonatum kingianum Coll.et Hemsl. (1890), P. sibiricum 
Red. (1812), and P. cyrtonema Hua (1892) (Jiang et al. 2022). 
In addition, there are more than 10 species of Polygonatum 
that are cultivated, produced, and sold as medical plants in 
Chinese markets (Yang et al. 2020).

Among the above species, P. kingianum Collett et Hemsl. 
var. grandifolium D.M. Liu & W.Z. Zeng (1991) is the major 
medicinal variety cultivated in Sichuan and Chongqing as 
polygonati rhizoma due to its large size, sweet taste, and 
strong adaptability (Lu et al. 2019). However, the classifica-
tion of P. kingianum var. grandifolium remains controversial; it 
was initially recorded as a variety of P. kingianum named 
‘Daye Huangjing’ in the Flora of Sichuan in 1991 and as a 
synonym for P. kingianum in the Flora of China in 2000 (Shi 
et al. 2022). Based on morphological and molecular evidence, 
P. kingianum var. grandifolium had been proposed as a newly 

recognized synonym of P. hunanense H.H. Liu & B.Z. Wang 
(2021) (Figure 1(a)) as ‘Xiang Huangjing’ in Chinese (Liu et al. 
2021; Xia et al. 2021), and it was more recently regarded as a 
species of P. cyrtonema (Ma et al. 2022). In the meantime, 
P. verticillatum (L.) All. (1875) (Figure 1(b)) has been widely 
used as a food and a folk medicine in China and India, 
including as a substitute for P. kingianum in Yunnan province 
of China, but it is among the least investigated species in the 
genus Polygonatum Mill. (Zhou et al. 2017; Sharma et al. 
2021). Recently, another new medicinal plant in this genus, P. 
caulialatum S. R. Yi (2021) (Figure 1(c)), was discovered in 
Sichuan province by Si-Rong Yi from our team (Chen et al. 
2021). Coincidentally, all three herbs are distributed in the 
mountains of northeastern Chongqing municipality in China, 
but little is known concerning their genomic information. 
Furthermore, DNA barcoding based on ITS/ITS2 sequences 
has had low identification efficiency toward interspecies rela-
tionships within the genus Polygonatum Mill. (Long et al. 
2022; Zhang MY et al. 2023). To provide additional data for 
research and development of the herbs, in this study, 
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we obtained the complete chloroplast genomes and analyzed 
the relationships between the three species.

Materials and methods

The fresh leaves of P. hunanense were collected from 
Wushan, Chongqing, China (N31�000, E109�750), and the fresh 
leaves of P. verticillatum and P. caulialatum were collected 
from Chengkou, Chongqing, China (N31�850, E109�120; 
N32�050, E108�830, respectively). The specimens were depos-
ited in the herbarium of Chongqing Three Gorges Medical 
College (P. hunanense: YSR0891, P. verticillatum: the specimen 
was planted in the herb garden of the same college, P. cau-
lialatum: YSR1458; Chongqing, China; Si-Rong Yi; yisir-
ong123@aliyun.com). After the total genomic DNA was 
extracted, high-throughput sequencing was performed with 
an Illumina HiSeq X Ten platform, and bioinformatic data for 
P. hunanense, P. verticillatum, and P. caulialatum were then 
assembled from the reference sequences of P. hunanense 
(MZ286311, Ji 2022a), P. zanlanscianense Pamp. (1915) 
(ON534059, Zhang DJ et al. 2023), and P. caulialatum 
(NC_068899, Hu et al. 2022), respectively (Hahn et al. 2013; 
Zhou et al. 2022). Genome maps, coverage-depth maps, and 
cis-/trans-splicing gene maps were constructed using the 
CPGview online tools (Liu et al. 2023).

To analyze the phylogenetic relationships among P. huna-
nense, P. verticillatum, and P. caulialatum within the genus 
Polygonatum, the chloroplast genome data of 29 species of 
Polygonatum were downloaded. These genome sequences, 
based on protein-coding genes, were aligned and processed 
by Geneious R11, and then imported to TOPALI v2.5 software 
and RAxML version 8.2.12 to construct a maximum-likelihood 
(ML) phylogenetic tree (Milne et al. 2009; Alexandros 
Stamatakis 2014).

Results and discussion

Analysis of the depth of coverage of the complete chloro-
plast genomes and the annotation accuracy of several 

difficult genes suggested that the results for the complete 
chloroplast genomes of the three medical plants were trust-
worthy (Figures S1 and S2). Each group of raw reads of 
P. hunanense, P. verticillatum, and P. caulialatum indicated 
respective genome lengths of 155,583 bp, 155,650 bp, and 
155,352 bp, comprising a typical tetrad circular molecule with 
a large single-copy (LSC) region, a small single-copy (SSC) 
region, and a pair of inverted repeats (IRs) that separated the 
LSC and SSC (Figure 2). The LSC regions of P. hunanense 
(GenBank accession no. OR386975), P. verticillatum 
(OR255921), and P. caulialatum (OR386974) were 84,412 bp, 
84,404 bp, and 84,285 bp, respectively, in length; while their 
SSC regions were 18,427 bp, 18,416 bp, and 18,463 bp, 
respectively, in length, and the sizes of their IR regions 
ranged from 26,302 bp to 26,415 bp (Table S1). A total of 133 
genes (103 different genes), including 87 protein-coding 
genes, 38 transfer ribonucleic acid (RNA) genes, and eight 
ribosomal RNA genes, were detected in the complete chloro-
plast genomes of the three herbs. The total guanine–cytosine 
(GC) content of the complete chloroplast genomes was 
37.7%. The IR regions contained the highest GC content at 
42.9%–43.0%, followed by the LSC regions at 35.7%; in con-
trast, the SSC regions had the lowest GC content at 31.5%– 
31.6%. This indicated an unbalanced distribution of the GC 
content among the regions.

The annotation results also showed that all functional 
genes comprised three categories: photosynthesis, self-repli-
cation, and other genes (Table S2). Among the genes, nine 
different genes (atpF, ndhA, ndhB, petB, petD, rpl2, rpl16, 
rpoC1, and rpsl6) contained one intron, and the clpP gene 
contained two introns. Meanwhile, seven genes (ndhB, rpl2, 
rpl23, rps7, rps19, ycf1, and ycf2) were duplicated, and the 
rps12 gene was triplicated. Furthermore, 44, 45, and 49 sim-
ple sequence repeats in P. hunanense, P. verticillatum, and 
P. caulialatum were identified, respectively, consisting of 
mononucleotides, dinucleotides, and trinucleotides (Table S3). 
The polymers of A/T dominated in simple sequence repeats, 
ranging from 85.71% to 88.89%, indicating a remarkable base 

Figure 1. Photographs of Polygonatum hunanense (a), P. verticillatum (b), and P. caulialatum (c) taken by Si-Rong Yi at Wushan (N31�000 , E109�750) and Chengkou 
(N31�850 , E109�120; N32�050 , E108�830, respectively), Chongqing, China. Core features: (a) rhizome ginger-like, 2–4 cm in diameter. Stem over 100 cm tall; leaves 
whorled, opposite, or alternate, elliptic to oblong-lanceolate, 8–25 cm long, 1.5–3.5 cm wide, apex cirrose to curved. Inflorescences with 2–10 flowers, pedicels 
4–10 mm long. Perianth white, light yellow-green, or light purple, 6–9 mm long, cylindrical, slightly constricted in the middle. Berries spherical, yellow when ripe, 
6–7 mm in diameter, with 10–20 seeds. (b) Rhizome, internode 2–3 cm long, thick at one end and thin at the other end. Stem 40–80 cm tall, with three leaves in 
whorls, elliptical to rectangular, 6–10 cm long, 2–3 cm wide, apex acute to acuminate. Inflorescence with 1 or 2–4 flowers, pedicels 1–2 cm long. Flowers pendulous, 
bracts small or absent. Perianth pale yellow or light purple, 8–12 mm long, lobes 2–3 mm long. Berries, red, 6–9 mm in diameter, 6–12-seeded. (c) Rhizome monili-
form, 1.5–2.5 cm in diameter. Stem 40–80 cm tall, leaves 7–15, alternate, oblong, 8–15 cm long, 3.5–5 cm wide. Inflorescences axillary, 1–2-flowered, sparsely 3-flow-
ered; pedicels 2.5–3.5 cm long. Corolla campanulate terete, 2.8–3.2 cm long, 8–10 mm in diameter, green-white. Berries subglobose, red, 8–15 mm in diameter, 
3-loculed, 2–4 seeds per locule; seeds subglobose, 3.2–4 mm in diameter.
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preference. Moreover, the number of codons in P. hunanense, 
P. verticillatum, and P. caulialatum was 20,297, 20,301, and 
21,031, respectively (Table S4). Leucine was the most abun-
dant amino acid, accounting for 10.2%–10.3% of the total 
codons; in contrast, cysteine comprised the least number of 
codons. This indicated a preference in the codons.

Chloroplast genomes play an important role in phylogen-
etic analysis and species identification (Wu et al. 2020). The 
ML phylogenetic tree (Figure 3) showed that P. hunanense 
was close to P. cyrtonema rather than to P. kingianum, further 
supporting it as a unique species in the genus. This was 

consistent with the conclusions of a previous study (Guo 
et al. 2022). Moreover, P. verticillatum was separated from the 
easily confused herb P. cirrhifolium, while P. caulialatum was 
closest to P. humile.

Conclusions

In this study, the complete chloroplast genomes of P. huna-
nense, P. verticillatum, and P. caulialatum were sequenced 
and annotated into a typical tetrameric structure that was 
similar to those of other Polygonatum species. The ML 

Figure 2. Chloroplast genome maps of Polygonatum hunanense (a), P. verticillatum (b), and P. caulialatum (c). The chloroplast genome structure consists of a typical 
tetrad circular molecule with a large single-copy (LSC) region, a small single-copy (SSC) region, and a pair of inverted repeats (IRa and IRb) that separate the LSC 
and SSC. The transcription direction of genes inside is clockwise, while the transcription direction of genes outside is counterclockwise. Genes are color-coded by 
their functional classification as shown in the lower-left corner.

Figure 3. Maximum-likelihood (ML) phylogenetic tree of Polygonatum hunanense, P. verticillatum, P. caulialatum, and 29 Polygonatum species. The branches of the 
ML tree were supported using 1000 bootstrap replicates. The following sequences were used: P. stewartianum Diels (1912) NC_065352 (Wang J et al. 2022), P. king-
ianum MW566466 (Guo et al. 2022), P. punctatum Royle ex Kunth (1850) OQ532974 (Ji 2023a), P. cirrhifolium (Wall.) Royle (1839) MN912821 (Wu and Xiao 2022), 
P. prattii Baker (1892) OL405017 (Wang J et al. 2022), P. hookeri Baker (1875) OL405012 (Wang J et al. 2022), P. curvistylum Hua (1892) OQ532970 (Ji 2023b), P. steno-
phyllum Maxim. (1859) OL405025 (Wang J et al 2022), P. tessellatum Wang et Tang (1936) NC_058567 (Xia et al. 2022), P. cathcartii Baker (1875) NC_062699 (Zhao 
2023), P. sibiricum MZ029093 (Wang J and Duan 2021), P. zanlanscianense OL895311 (Liu et al. 2022), P. cyrtonema NC_028429 (Wang S et al. 2023), P. hunanense 
MZ286304 (Ji 2022b), OL405014 (Wang J et al. 2022), P. franchetii Hua (1892) OP615253 (Wang L 2022), P. involucratum (Franch.et Sav.) Maxim. (1883) OL405015 
(Wang J et al. 2022), P. acuminatifolium Kom. (1916) NC_058569 (Xia et al. 2022), P. nodosum Hua (1892) NC_058564 (Xia et al. 2022), P. inflatum Kom. (1901) NC_ 
058559 (Xia et al. 2022), P. macropodum Turcz. (1832) NC_058562 (Xia et al. 2022), P. odoratum (Mill.) Druce (1906) NC_050926 (Du et al. 2020), P. filipes Merr. 
(1959) MZ571521 (Yan and Cheng 2022), P. caulialatum ON943064 (Hu et al. 2022), P. humile MN218691 (Lee et al. 2019), Asparagus cochinchinensis (Lour.) Merr. 
(1919) MW447164 (Sheng W 2021), and Anemarrhena asphodeloides Bunge (1831) MH669277 (Li et al. 2019).
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phylogenetic tree based on protein-coding genes in the 
chloroplast genomes suggested distinguishing between 
P. kingianum var. grandifolium and P. kingianum. The chloro-
plast genomes of the three herbs will provide information for 
identification and classification of the species that can be 
used to explore the evolution of the genus Polygonatum.
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