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Abstract Panax species have been used as medic-

inal plants in China and adjacent areas, but the

difficulty in wild species identification based on

morphological characters prevents the exploration

and utilization of these resources. To assist in iden-

tifying the species, three plastid intergenic spacers and

four nuclear genes of 129 samples from 20 different

localities were sequenced to conduct the clustering

analyses. P. stipuleanatus and P. notoginseng were

relatively easy to be distinguished from other species

based on morphological characters and clustering

results. Three samples collected from Laos grouped

together with those collected from Jinping (China),

and they were all identified as P. vietnamensis.

However, the fourth one LW4 had closer genetic

relationship to P. notoginseng than to P. vietnamensis.

Although they were morphologically different in

petiolule length, the samples preliminarily identified

as P. zingiberensis grouped together in the clustering

analyses, and the results of STRUCTURE analysis

suggested that samples collected from Zhenyuan

shared some genetic component with P. vietnamensis.

As for the samples identified as P. japonicus and P.

wangianus, there were so many variations in leaves,

rhizomes and rootstocks that it was difficult to

differentiate them from each other. Molecular data

also showed that these taxa were genetically admixed

and the samples identified as P. wangianus could be

classified into P. japonicus. The nucleotide diversity

results indicated that the wild relatives had more

substantial genetic diversity compared to P.

notoginseng.

Keywords Panax �Morphological characters �DNA
sequencing � Species identification � Genetic diversity

Introduction

Species identification based on morphological traits in

plants is direct and practical, but it needs strong

professional background and is difficult in dealing

with the closely related taxa which are morphologi-

cally similar (Fang and Liu 2012). Furthermore,

morphological characteristics are often influenced by

the period of plant growth and environmental condi-

tions (Yang et al. 2004). DNA is a stable macro-

molecule that is not easily affected by external factors
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and the species identification based on DNA data is

regarded as a complementary tool to conventional

taxonomic methods (Liu et al. 2012; Techen et al.

2014). Recently, molecular systematics in medicinal

plants as well as other organisms has been widely used

for species identification and in the determination of

phylogenetic relationships (Asahina et al. 2010).

Integrating morphological, molecular and other kinds

of data is now considered to be more accurate and easy

to operate for species identification (Blaxter 2003).

Panax Linnaeus, commonly known as the ginseng

genus, is a small genus of family Araliaceae and

demonstrates an eastern Asia and eastern North

America disjunct distributional pattern (Wen and

Nowicke 1999). The current center of diversity of

this genus is regarded to be in the Himalayas and

central and western China (Wen and Zimmer 1996;

Yoo et al. 2001). Three species of this genus [P.

ginseng C. A. Meyer (ginseng), P. quinquefolius L.

(American ginseng), and P. notoginseng (Burkill) F.

H. Chen] are regarded as important medicinal herb and

therefore widely cultivated in north America and east

Asia (Wen 2001). P. ginseng is rich in ginsenosides

which are beneficial for the central nervous system,

cardiovascular, and immune systems (Choi et al.

2011), and Chinese have used it for over 2000 years.

Till now, some commercial cultivars have been

cultivated in China and Korea (Kim et al. 2012; Ren

2012). Successful cultivation of P. quinquefolius

began in the late 19th century in New York, but there

were no identified cultivars (Grubbs and Case 2004).

The wild species of this genus, however, are lack of

substantial research although they have been used by

local people in Asia.

Although almost every taxon of Panax genus has

been used as important medicinal plants, however, the

taxonomy of some Asian Panax species remains

controversial. Different scholars have been studying

the classification and phylogeny of Panax in past two

centuries by using various evolutionary characters,

such as morphology, phytochemistry, cytology, paly-

nology and DNA sequences and the controversies

have largely centered on the circumscription of P.

pseudoginseng Wallich and P. japonicus (T. Nees)

Meyer (Hoo and Tseng 1973; Zhou et al. 1975; Hoo

and Tseng 1978; Yang 1981; Wen and Zimmer 1996;

Wen and Nowicke 1999; Choi andWen 2000; Lee and

Wen 2004; Zuo et al. 2015). For example, all of the

species from southwestern China used to be treated as

the varieties of P. pseudoginseng (Hoo and Tseng

1973). Zhou et al. (1975) then moved some varieties of

P. pseudoginseng into the species P. japonicus [e.g. P.

japonicus var. angustifolius (Burkill) C. C. Cheng et

Chu, P. japonicus var. bipinnatifidus (Seemann) C.

Y. Wu et K. M. Feng] and treated some varieties as

distinct species, such as P. notoginseng and P.

stipuleanatus H. T. Tsai et K. M. Feng based on their

morphological characteristics and chemical compo-

nents. Xiang and Lowry (2007) accepted this treat-

ment in Flora of China. Thereafter, Wen et al.

reconstructed the phylogenetic trees of Panax species

based on nrITS and chloroplast fragments and dis-

cussed their evolutionary relationships (Wen and

Zimmer 1996; Lee and Wen 2004). To date, seven

well-recognized species and one P. bipinnatifidus

species complex are defined, but the relationships of

the main lineages of the species complex are still not

resolved (Zuo et al. 2015).

For Panax, southeastern Yunnan (China) is the

corridor for genetic exchanges and is a major refugium

(Zuo et al. 2017). And most of the taxa (except for P.

gineng, P. quinquefolius and P. trifolius L.) could be

found in Yunnan and its surrounding areas (Xiang and

Lowry 2007). P. notoginseng is cultivated in south-

eastern Yunnan and no wild resources were found till

now (Pan et al. 2016). Other species, such as P.

stipuleanatus, P. zingiberensis C. Y. Wu et K.

M. Feng, P. vietnamensis Ha et Grushv., P. vietna-

mensis Ha et Grushv. var. fuscidiscus K. Komatsu, S.

Zhu et S. Q. Cai, P. wangianus S. C. Sun, and P.

japonicus could be found in the wild in Yunnan (Zhou

et al. 1975; Feng and Li 1979; Ha and Grushvitski

1985; Wen 2001; Zhu et al. 2003a; Xiang and Lowry

2007). These wild medicinal resources are very rare

and seriously endangered owing to overharvesting and

habitat loss. So it is an urgent work for us to

investigate, preserve, and research these wild germ-

plasm resources. During this process, however, we

found that it is difficult to distinguish the samples

collected from the wild due to the high similarity in

flowers and fruits, and the wide variation in rhizomes,

roots, and leaves (Zhu et al. 2003b). At the same time,

the identification of these taxa is in a mess in local

markets. For example, P. vietnamensis has no sub-

stantial morphological difference with P. japonicus

var. japonicus (C. A. Meyer) Hoo et Tseng, which

causes that the identification of these two taxa is

always problematical. In addition, P. zingiberensis is
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characterized by fleshy ginger-like root and sessile or

subsessile leaflets (Zhou et al. 1975). All taxa whose

roots are swelling are called P. zingiberensis by the

locals no matter they are P. zingiberensis or not, which

will influence the exploration and utilization of Panax

resources.

P. notoginseng has been cultivated for approxi-

mately 400 years in Yunnan, China (Guo et al. 2010).

Cultivated P. notoginseng displays low genetic diver-

sity at the species level compared to a wild relative, P.

stipuleanatus, as reveal by ITS sequencing and AFLP

polymorphism analysis (Zhou et al. 2005). The

nucleotide diversity and heterozygosity results based

on RADseq also indicate that P. notoginseng has low

genetic diversity at both the species and population

levels (Pan et al. 2016). Both studies only evaluate the

level of genetic diversity about P. notoginseng and P.

stipuleanatus, not involving more about its wild

relatives. The wild Panax species, especially the ones

distributed in the areas surrounding Yunnan, could

potentially provide genetic resources for the breeding

improvement and the cultivated origin research (Pan

et al. 2016). So, it is essential to further study their

genetic diversity and inter-specific genetic

relationships.

In this study, we attempted to employ morpholog-

ical characters and DNA sequence data to identify

Panax species distributed in Southern Yunnan and its

surrounding areas and to further discuss their taxo-

nomic status, as well as to evaluate the genetic

diversity at the species level. The information

obtained in this study will be valuable for the genetic

resource conservation and exploration of genus

Panax.

Materials and methods

Plant materials

According to specimen records and published litera-

tures, we conducted extensive field investigation and

sampling on Panax species in Southern Yunnan and its

surrounding areas (Fig. 1). A total of 129 individuals

about 20 taxa of this genus were collected (Table 1).

Young and healthy leaves were dried in silica gel

immediately after collection. We identified specimens

according to Flora of China (Xiang and Lowry 2007),

Wen’s classification treatment on Panax (Wen 2001)

and Flora Yunnanica (Feng and Li 1979). Because the

closest relative of Panax is shown to be Aralia L., we

selected A. elata (Miquel) Seemann as an outgroup

(Lee and Wen 2004).

DNA extraction, PCR amplification, sequencing

and cloning

Genomic DNA is extracted from dried leaves using the

modified CTAB method (Doyle 1991). DNA was

dissolved in TE buffer and stored at - 20 �C. After
preliminary screening from universal plastid and

nuclear primers, three cpDNA intergenic spacers,

psbA-trnH, psbK-psbI, and rps16 and ITS region (Zuo

et al. 2011), and three single or low copy nuclear gene,

PZ15 (26S proteasome non-ATPase regulatory sub-

unit 14-like), PW28 (photosystem I reaction center

subunit H-2) and PZ8 (hypothetical protein gene) (Shi

et al. 2015) were chosen (Table 2).

Amplification protocols were as follows: for

cpDNA, each 20 lL reaction contained 2.0 lL diluted

(20 ng) DNA, 2.0 lL 10 9 PCR buffer, 1.0 lLMgCl2
(25 mM), 1.0 lL dNTPs (10 mM), 1.0 lL DMSO, 0.5

lL of each primer, 0.3 lL Taq DNA polymerase (5 U/

lL) (Takara, Shiga, Japan) and 11.7 lL double-

distilled water; for nuclear genes, the PCR reactions

contained 3.0 lL diluted (30 ng) DNA, 2.0 lL
10 9 PCR buffer, 1.0 lL MgCl2 (25 mM), 1.0 lL
dNTPs (10 mM), 1.0 lL DMSO, 0.8 lL of each

primer, 0.4 lL Taq DNA polymerase (5 U/lL)
(Takara, Shiga, Japan) and 10.0 lL double-distilled

water. PCR amplifications were performed in a

thermocycler under the following conditions: an initial

5 min denaturation at 80 Æ C, followed by 30 cycles of

45 s at 94 �C, 45 s annealing at 52 �C, and a 50 s

extension at 65 �C, and a final extension for 10 min at

65 �C for cpDNA intergenic spacers. For nuclear

genes, we used an initial 5 min denaturation at 95 �C,
which was followed by 33 cycles of 30 s at 94 �C, 30 s

annealing at 53, 46, 52 and 48 �C for ITS, PZ15, PZ8

and PW28, and a 1 min extension at 72 �C, and a final
extension for 10 min at 72 �C. All PCR products were

sequenced directly in both directions with the same

primers for the amplification reactions, using an ABI

3770 automated sequencer at TsingKe Kunming

Biological Engineering Technology and Services

Company Ltd. Some individuals had superimposed

chromatograms at multiple sites of the nuclear genes,

and cloning sequencing of these individuals was
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conducted. Ligations were conducted using the

pMD19-T&A cloning kit (Takara, Dalian, China).

Four to ten positive colonies for each individual were

selected for sequencing. All the sequences were

deposited in GenBank with the accession numbers

MH345084-MH345669.

Data analysis of DNA sequences

Sequences were edited and assembled using SeqMan

II (Swindell and Plasterer 1997). Multiple alignments

of DNA sequences were performed manually and

subsequently adjusted in Bioedit, version 7.0.4.1 (Hall

1999). The combination of different data was con-

ducted in PAUP* 4.0 b10 (Swofford 2003). The

partition homogeneity test (Farris et al. 1995) gener-

ated by PAUP suggested that the cpDNA and nDNA

datasets were not congruent (P = 0.01). So we only

conducted the analyses based on the combined three

cpDNA fragments and combined four nDNA frag-

ments separately. The best nucleotide substitution

models were estimated by jmodeltest v3.2 (Posada

2008) under the Akaike information criterion (AIC)

for both joint cpDNA data (TVM ? I) and joint

Fig. 1 Geographical

distribution of samples used

in this study
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Table 1 Sample information used in this study and its typical morphological characters

Sample

ID

Locality Rhizomes and roots Leaves Putative species

S1, S4-

8

Maguan County,

Wenshan

Rhizomes are creeping and elongated

with short and thick internodes

Leaves are stipulate and leaflets are

divided or not

P. stipuleanatus

S2, S3 Pingbian County,

Honghe

S9, S10 Lüchun County,

Honghe

N1-3 Yanshan County,

Wenshan

Rhizomes are short and upright, and

rootstocks are carrot-like or fusiform

Peduncle base are with fascicular

lanceolate bracts

P. notoginseng

N4-6 Wenshan County,

Wenshan

N7-10 Maguan County,

Wenshan

ZY1-6 Zhenyuan County,

Pu’er

Rootstocks are fleshy and ginger-like The petiolules of leaflets are 1-3 cm in

length

P. zingiberensis

JG1-7 Jinggu County,

Pu’er

Rhizomes are short and upright, and

roots are carrot-like

Leaflets are nearly sessile P. zingiberensis

JC1-5 Jiangcheng

County, Pu’er

Rhizomes are elongated with thick and

short internodes

Leaflets are sessile P. zingiberensis

MG1-2 Maguan County,

Wenshan

JPZ Jinping County,

Honghe

YSZ Yanshan County,

Wenshan

JP1-10 Jinping County,

Honghe

Rhizomes are elongated bamboo-like No stipule-like appendages are present

at the base of petiole

P. vietnamensis

var. fuscidicus

LC1-10 Lüchun County,

Honghe

LW1-3 Xieng Khuang

Province, Laos

P. vietnamensis

LW4 Petiole base are with sparsely bristle-

like appendages

P. notoginseng

LD1-10 Ludian, Yulong

County, Lijiang

Leaflets are 2-pinnatifid P. japonicus

var.

bipinnatifidus

KW1-3 Emei Mountain,

Sichuan

Rhizomes are elongated and creeping Leaflets are narrowly lanceolate to

broadly linear

P. wangianus

TC1-10 Tengchong

County, Baoshan

Rootstocks are fleshy and rhizomes are

creeping

Leaflets are narrowly lanceolate with

sparse bristles on both surfaces

P. japonicus

var.

angustifolius

ZT1-10 Yongshan County,

Zhaotong

Rhizomes are creeping and bamboo-like.

Rootstocks are fleshy and carrot-like

Leaflets are obovate-elliptic to oblong

or 2-pinnatifid

P. japonicus

var. japonicus

DL1-4 Dulong, Maguan

County

Rootstocks are carrot-like, and rhizomes

are bamboo-like

Leaflets are obovate-elliptic to oblong

with sparse bristles on both surfaces

P. japonicus

var. japonicus

MGK1-

2

Wenshan Maguan

County,

Wenshan
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nDNA data (TIM3 ? I ? G). Maps were drawn using

the software ArcGIS version 10.2 (http://desktop.

arcgis.com).

Two approaches, Maximum Parsimony (MP) and

Bayesian Inference (BI), were applied to the construc-

tion of phylogenetic trees. The MP method was

performed in PAUP*v4.0b10 (Swofford 2003). All

character changes were weighted unordered and

equally, the branch-swapping algorithm was set as

tree bisection-reconnection (TBR). Robustness of the

obtained phylogeny was calculated by bootstrap

analysis with 1000 replicates (Felsenstein 1985).

Bayesian inference was performed by MrBayes v3.2

(Ronquist et al. 2012). Each Markov chain was started

from a random tree and run for 106 cycles with every

100th cycle sampled from the chain.

We also conducted the STRUCTURE analysis with

nDNA data to cluster individuals without regarding to

their population-of-origin based on rough conformity

to Hardy–Weinberg genetic expectations using

STRUCTURE v2.2 (Evanno et al. 2005). The simu-

lation was run with values of K from 1 to 30 and

repeated 20 times for each set. Each run included a

burn-in of 105 iterations and 105 subsequent MCMC

steps. The best-fit number of grouping was evaluated

using DK method by STRUCTURE HARVESTER,

v0.6.8 (Earl and vonHoldt 2012). An principal coor-

dinate analysis (PCoA) was visualized by GenALEx

6.5 (Peakall and Smouse 2012), using genetic dis-

tances among different individuals produced by

MEGA 5.05 (Tamura et al. 2011) based on nDNA

data. Neutrality tests (Tajima’s D) were conducted on

four nDNA respectively, and then the genetic diversity

Table 1 continued

Sample

ID

Locality Rhizomes and roots Leaves Putative species

GS1-4 Gongshan County,

Nujiang

Rhizomes are elongated, with slender

internodes and subglobose nodes

Leaflets are obovate-elliptic to oblong

and glabrous on both surfaces

P. japonicus

var. major

MX1-

10

Mao County,

Sichuan

CY1-10 Chayu County,

Xizang

Rhizomes are elongated with slender

internodes and rootstocks are

moniliform

Leaflets are obovate-elliptic to elliptic P. japonicus

var. major

Table 2 Information of DNA fragments used in this study

Primers Sequence of primers Annealing temperature (�C) Size (bp)

psbA-trnH psbA: GTTATGCATGAACGTAATGCTC

trnH: CGCGCATGGTGGATTCACAAATC

52 510

psbK-psbI psbK: TTAGCCTTTGTTTGGCAAG

psbI: AGAGTTTGAGAGTAAGCAT

52 408

rps16 rps16-F: GTGGTAGAAAGCAACGTGCGACTT

rps16-R: TGCGGATCGAACATCAATTGCAAC

52 875

ITS ITS4: TCCTCCGCTTATTGATATGC

ITS5: GGAAGTAAAAGTCGTAACAAGG

53 686

PZ15 PZ15-F: TGAACAGGCATTATTACTCG

PZ15-R: ACTCATCCTCCTCTTGAACG

46 820

PZ8 PZ8-F: GGGAAGGAAAAGTTGCTCTG

PZ8-R: TATTCGTGTTGGGGCATCTG

52 740

PW28 PW28-F: GGGGTGGGAATTTGGAAGTA

PW28-R: TGAAGGAGCATCGGAACCAT

48 415
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at the species level was estimated by calculating Nei’s

nucleotide diversity indices (Pi) using DnaSP, version

5.0 (Librado and Rozas 2009).

Results

Species identification based on morphological

characters

Sample S was identified as P. stipuleanatus (Table 1).

Its rhizomes are creeping and elongated with short and

thick internodes (Fig. 2a); leaves are stipulate

(Fig. 2d) and leaflets are divided or not (Fig. 2b, c).

Sampe N is the cultivated P. notoginseng which was

collected from the farms (Table 1). Its rhizomes are

short and upright, and rootstocks are carrot-like or

fusiform (Fig. 2e); peduncle base are with fascicular

lanceolate bracts (Fig. 2f, g).

Sample ZY: rootstocks are fleshy and ginger-like,

and rhizomes are creeping with short and thick

internodes (Fig. 2h); leaves are exstipulate, and the

petiolules of leaflets are 1-3 cm in length (Fig. 2i).

Although the leaflets are not sessile, it was putatively

identified as P. zingiberensis based on its ginger-like

root. Sample JG (Fig. 2j, k) and MG/JC/YSZ/JPZ

(Fig. 2l, m) were putatively identified as P. zin-

giberensis based on their subsessile or sessile leaflets

(Table 1).

The Panax taxon distributed in Jinping, Yunnan is

named as P. vietnamensis var. fuscidiscus by Zhu et al.

(2003a). Its Rhizomes are elongated bamboo-like, and

tuber roots are present at the end of rhizomes. No

stipule-like appendages are present at the base of

petiole. Leaflets are oblong or oval, with bristle-like

pubescence on both surfaces. The samples collected

from Jinping (Sample JP) and Lüchun (Sample LC)

(Fig. 3a) share the most similar morphology and were

identified as P. vietnamensis var. fuscidiscus

(Table 1). Four individuals (Sample LW) were col-

lected from Laos. Rhizomes are elongated bamboo-

like with short and thick internodes (Fig. 3d). Leaflets

are oblong or oval. No appendages present at the base

of petiole (Fig. 3c) in three individuals (LW1-3)

(Fig. 3b), while LW4 (Fig. 3f) was slightly different

from the three ones because of the sparsely bristle-like

appendages at petiole base (Fig. 3e). Anyway, they

were all putatively identified as P. vietnamensis.

Sample LD (Fig. 3g) was identified as P. japonicus

var. bipinnatifidus based on its 2-pinnatifid leaflets.

Sample KW (Fig. 3h, i) was identified as P. wan-

gianus according to Wen’s related descriptions (Wen

2001). Sample TC: rootstocks are fleshy and rhizomes

are creeping (Fig. 3j); leaflets are narrowly lanceolate

with sparse bristles on both surfaces (Fig. 3k). It was

identified as P. japonicus var. angustifolius. Sample

ZT: rhizomes are creeping and bamboo-like, and

rootstocks are fleshy and carrot-like (Fig. 3l); leaflets

are obovate-elliptic to oblong or 2-pinnatifid

(Fig. 3m). It was identified as P. japonicus var.

japonicus. Although the typical bamboo-like rhizomes

are short, Sample MGK (Fig. 3n, o) was identified as

P. japonicus var. japonicus primarily based on its

collection site and morphological characteristics.

Sample GS (Fig. 3p, q) and CY (Fig. 3r, s) were

identified as P. japonicus var. major (Burkill) C.

Y. Wu & K. M. Feng (Table 1).

Sample clustering based on DNA sequencing data

Clustering pattern of phylogenetic trees

The phylogenetic trees resulted from Bayesian anal-

yses were quite similar with the MP trees in topology,

and the Bayesian trees with bootstrap values and

Bayesian posterior probabilities were shown, which

were constructed based on the cpDNA data (Fig. 4)

and nDNA data (Fig. 5) separately. For the cladogram

inferred from the combined three cpDNA fragments

(Fig. 4), the firstly divergent taxa (clade A) were

members from P. stipuleanatus. And the subsequent

diverged clade (clade B-1) consisted of all the

individuals of P. notoginseng, N1-10 and LW4. Other

species or varieties formed clade B-2, and their

relationships were not resolved well.

In the BI phylogenetic tree constructed using the

nDNA data (Fig. 5), however, the samples exhibited

relatively well-resolved clustering relationship. All

the individuals identified morphologically as P. stip-

uleanatus grouped together (clade A). All P. notogin-

sengmembers including one individual collected from

Laos, sample LW4, formed a clade (clade B-1), which

was the same as the cladogram inferred from the

cpDNA data. Other individuals identified as P.

vietnamensis (clade B-3), P. wangianus (clade B-7),

and P. zingiberensis (clade B-9) formed a clade

respectively. The samples identified morphologically
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as P. vietnamensis clustered into two subclades, one

with the samples collected from Jinping (JP) and

Lüchun County (LC), the other with the individuals

from Laos (LW1-3). Within the clade of P. zin-

giberensis, the individuals from Zhenyuan County

(ZY) formed a small clade, which had variation in the

length of leaflet petiole. As for the individuals

identified as P. japonicus (black clades), they did not

gather together but formed several subclades respond-

ing to four varieties of P. japonicus respectively: P.

japonicus var. bipinnatifidus (clade B-4), P. japonicus

var. angustifolius (clade B-5), P. japonicus var.

japonicus (clade B-6) and P. japonicus var. major

(clade B-8 and B-2).

The results of STRUCTURE clustering and PCoA

In the STUCTURE analysis based on the joint nDNA

data, the distribution of DK showed that the optimal K

value was K = 12 and the second one was K = 5

(Fig. 6). When K was 12, all samples were clustered

into 12 genetic clusters (Fig. 7). All the 10 individuals

of Sample S (P. stipuleanatus) clustered together. And

all the individuals of Sample N (P. notoginseng)

grouped into one cluster, meanwhile one individual of

Sample LW, LW4, shared the most similar genetic

composition with Sample N. Other three individuals of

Sample LW1-3 were grouped into one cluster. Indi-

viduals from Sample JP and LC shared the same

genetic components, which were all identified as P.

vietnamensis var. fuscidiscus based on the morpho-

logical characters. The individuals identified as P.

zingiberensis (Sample JPZ, ZY, MG, JG, YSZ and JC)

based on the morphological characters were clustered

into two genetic groups. All the individuals of four

varieties of P. japonicus (Sample TC, CY, GS, MX,

LD, ZT, DL and MGK) grouped into five genetic

clusters, of which individuals of Sample CY exhibited

an admixture in genetic components. Samples of P.

wangianus (Sample KW) were grouped into one

cluster.

The clustering result of K = 5 (a secondary peak at

five in theDKgraph) was also presented here to further

detect the clustering and genetic make-up pattern of

the samples. In Fig. 7, individuals identified as P.

stipuleanatus (Sample S), P. notoginseng (Sample N

and LW4), P. vietnamensis (Sample LW1-3, JP and

LC), P. zingiberensis (Sample JPZ, ZY, MG, JG, YSZ

and JC), and P. japonicus (Sample TC, KW, CY, GS,

MX, LD, ZT, DL and MGK) were grouped into five

different genetic clusters respectively, in which P.

vietnamensis (LW1-3), P. zingiberensis (ZY) and P.

japonicus var. major (CY) showed a mosaic pattern.

Sample LW4 exhibited the same genetic components

as Sample N (P. notoginseng). This kind of clustering

pattern was also supported by the PCoA analysis

(Fig. 8). Two-dimensional PC1 and PC2 (principal

component) separated all individuals into five clusters

along the two axes.

Genetic diversity at the species level

The results of Neutrality tests (Tajima’s D) were non-

significant (Table 3). Genetic diversity indices of

nucleotide (Pi) in five species were showed in Table 4,

respectively. A higher level of genetic diversity was

inferred from nDNA than cpDNA (Table 4). P.

japonicus and P. zingiberensis exhibited the highest

genetic diversity, P. vietnamensis and P. stipuleanatus

possessed medium level genetic diversity, and the

lowest genetic diversity was detected in P.

notoginseng.

Discussion

The identification and delimitation of Panax

Panax plants are famous medicinal resources because

of the richness of saponins and their effect on

hemostatic and cardiovascular diseases (Zhou et al.

1975; Zhu et al. 2004; Wang et al. 2013). However,

due to the morphologically conservative reproductive

organs and considerable variation in the rootstock,

rhizome and leaf (Zhu et al. 2003b), the species

delimitation and identification of Panax samples are

very difficult, especially in certain taxa distributed in

Himalayas and Hengduan Mountain areas, which are

referred as P. bipinnatifidus complex (Zuo et al. 2015).

This is probably caused by the rapid evolutionary

radiation and short-term divergence along with the

uplift of the Himalayas and Tibetan Plateau (Zuo et al.

2015). Zuo et al. (2011) try to screen ideal DNA

bFig. 2 Pictures of sample S (a–d) (P. stipuleanatus), sample N

(e–g) (P. notoginseng), sample ZY (h, i) and sample JG (j,
k) and sample MG/JC/JPZ/YSZ (l, m) (P. zingiberensis)
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Fig. 3 Pictures of sample JP/LC (a) (P. vietnamensis var.

fuscidiscus), sample LW (b-f) (P. vietnamensis), sample LD

(g) (P. japonicus var. bipinnatifidus), sample KW (h, i) (P.

wangianus), sample TC (j, k) (P. japonicus var. angustifolius),
sample ZT (l,m) and sample MGK(n, o) (P. japonicus), sample

GS (p, q) and sample CY (r, s) (P. japonicus var. major)
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Fig. 4 Phylogentic tree of

Panax inferred from

combined cpDNA

sequences with A.elata as an

outgroup. Numbers on the

nodes stand for the Bayesian

posterior probability (PP)/

Bootstrap value (BP),

respectively
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Fig. 5 Phylogenetic tree of

Panax inferred from

combined nDNA sequences

with A.elata as an outgroup.

Numbers on the nodes stand

for the Bayesian posterior

probability (PP)/Bootstrap

value (BP), respectively
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barcoding loci to establish an effective Panax species

identification system, and ITS and psbA-trnH are

considered to be sufficient for identifying the eight

species analyzed in this study. However, two species,

P. vietnamensis and P. zingiberensis are not included

in this barcoding analysis. And the selected DNA

regions don’t work well in P. bipinnatifidus complex.

In our present study, the clustering analysis based on

three cpDNA regions and four nDNA regions were

used to assist in identifying the taxa which were

ambiguous to identify morphologically, and nDNA

were found to be remarkably effective. As follows, we

made some discussions about the identification and

delimitation of Panax based on morphological char-

acters and molecular clustering.

P. stipuleanatus is characterized morphologically

by the presence of stipules, early blooming (May–

June), and large seeds (5–6 mm in diam). And its

leaflets are usually pinnatifid or not (Wen and Zimmer

1996). The BI tree favored the basal position of P.

stipuleanatus clade. And all the individuals of this

species also formed a distinct clade in the analysis of

STUCTURE and PCoA. So P. stipuleanatus satisfies

the morphological, genetic and phylogenetic species

conception very well (Liu 2016). Three cluster

analyses don’t show correlation of genetic differenti-

ation with distinctive leaf morphology of P.

stipuleanatus, which is consistent with the conclusion

that leaflet division is not a good indicator for genetic

diversity or taxonomy (Zhou et al. 2005).

Although P. notoginseng has been cultivated for

just approximately 400 years, it can only be found in

farms, and no wild populations were discovered until

now (Wang et al. 2008). Typical morphological

characters of P. notoginseng include the short and

upright rhizomes, carrot-like or fusiform rootstocks,

the presence of fascicular lanceolate bracts at the base

of petiole (Xiang and Lowry 2007). Our study

indicated that P. notoginseng was easily distinguished

from other relatives based on morphological charac-

ters and DNA sequence data. However,the clustering

of the DNA sequencing data showed that one sample,

LW4, collected from Laos and identified as P.

vietnamensis together with other three samples at the

beginning of this study, had closer genetic relationship

to P. notoginseng than to P. vietnamensis. It also

differed from other P. vietnamensis samples collected

from the same location in the presence of appendages

at petiole base. These results indicated that sample

LW4 could be identified as P. notoginseng. The

location we collected the sample LW4 is far from

WenshanYunnan where P. notoginseng is cultivated

in China, and it is impossible for Panax individuals to

escape from the farms in Wenshan Yunnan, China to

Fig. 6 Delta-K distribution

curved by STRUCTURE

HARVESTER based on the

STRUCTURE analysis of

the nDNA sequence data
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Laos. So sample LW4 could be the wild individual of

P. notoginseng. Unfortunately, no more wild individ-

uals or populations of P. notoginseng have been

discovered by us so far. Anyway, all these findings

provide a clue for us to explore the origin of cultivated

P. notoginseng in the future study.

P. vietnamensis was discovered in the middle area

of Vietnam and published in 1985 (Ha and Grushvitski

1985), and the taxon distributed in Jinping Yunnan,

China is treated as a variety of P. vietnamensis

according to its fuscous or vaccinous disk (Zhu et al.

2003a). The leaflets of P. vietnamensis have more

bristle-like pubescence on both surfaces than those of

P. japonicus. Actually, no more special or ideal

morphological traits could be used to distinguish it

from P. japonicus, which usually causes the confusion

in identifying the specimen (Wen 2001). According to

the herbarium specimen information, the Panax taxa

distributed in Lüchun used to be recorded as P.

japonicus. The DNA data analyses in present study

indicated that the samples from Lüchun should be

identified as P. vietnamensis var. fuscidiscus.

P. zingiberensis is morphologically characterized by

its fleshy and ginger-like rootstocks and sessile leaflets

(Zhou et al. 1975; Wen 2001; Xiang and Lowry 2007).

In the present study, the samples morphologically

Fig. 7 Estimated genetic clustering (K = 12 and K = 5) obtained with the STRUCTURE program. Black lines separate different

populations
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indentified as P. zingiberensis grouped together in the

analysis of phylogenetic and structure analysis. Actu-

ally, the samples collected fromZhenyuan (Sample ZY)

had freshy and ginger-like rootstocks, but their leaflet

petioles were longer than the classical ones (Fig. 2i).

Meanwhile, the analysis ofSTRUCTURE indicated that

samples collected from Zhenyuan County shared some

genetic componentswithP. vietnamensis.Wewonder if

this kind of diversity is caused by the environmental

conditions or by the exchange of genetic components

with the relatives.

The category of P. japonicus is the most contro-

versial in Panax. This species has wide distribution

area, including Yunnan, Guangxi, Guizhou, Jiangxi,

Sichuan, Xizang, Gansu, Shanxi, Henan, Hubei,

Hunan and Zhejiang provinces of China, as well as

Japan. P. japonicus includes four varieties according

to the description of Flora Yunnanica (Feng and Li

1979) and Flora of China (Xiang and Lowry 2007),

namely, P. japonicus var. japonicus, P. japonicus var.

angustifolius, P. japonicus var. major, P. japonicus

var. bipinnatifidus. There are so many variations and

intermediates in leaves and rhizomes as well as roots

that it is difficult to differentiate the varieties from

each other. The leaf morphology of P. japonicus varies

from ovate to narrowly lanceolate to pinnatifid, and

the rhizomes vary from flagellate or bamboo-like to

moniliform or moniliform-mounded (Feng and Li

1979). The taxa with moniliform rhizomes was later

named as P. bipinnatifidus, meanwhile, taxa with

bamboo-like rhizomes was divided into two species,

P. japonicus and P. wangianus, according to the

morphology of leaf by Wen (2001). In this study,

molecular data also showed that these taxa genetically

admixed. The phylogenetic trees indicated that all

individuals of P. japonicus did not form a mono-

phyletic clade. The Bayesian clustering analysis

revealed that the assignment of four varieties of P.

japonicus and P. wangianuswas uncertain, as they had

been grouped into different genetic clusters at K = 12

meanwhile formed a distinct cluster at K = 5. P.

wangianus, recorded by Wen (2001) with similar

leaflet to P. japonicus var. angustifolius and similar

rhizome to P. japonicus var. japonicus (Zhou et al.

Fig. 8 Principal component analysis (PCoA) obtained from the

nDNA sequence data

Table 3 Parameters of

neutrality tests (Tajima’s D)

based on nuclear genes

*P\ 0.05; **P\ 0.01;

***P\ 0.001; others are

non-significance

Species ITS PZ15 PZ8 PW28

P. stipuleanatus 0.21148 0.08118 - 0.17441 0.61051

P. notoginseng - 1.14070 - 0.65164 - 0.59155 –

P. vietnamensis - 1.36450 - 1.25349 - 1.54741 - 41.68266

P. zingiberensis - 0.28442 0.51850 - 1.79490 - 1.10903

P. japonicus - 1.31097 - 1.52538 - 0.42855 - 1.51618

Table 4 Nucleotide

diversity estimated from

cpDNA and nuclear genes

Species cpDNA ITS PZ15 PZ8 PW28

P. stipuleanatus 0.00087 0.00308 0.00602 0.00270 0.00176

P. notoginseng 0.00041 0.00042 0.00112 0.00026 0

P. vietnamensis 0.00160 0.00628 0.00506 0.00553 0.00383

P. zingiberensis 0.00135 0.00554 0.01448 0.01923 0.00355

P. japonicus 0.00342 0.01012 0.01262 0.01237 0.00330
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1975), could be classified into P. japonicus as showed

in the clustering analysis of DNA sequencing data. P.

japonicus var. japonicus is named after the bamboo-

like rhizomes and its tap roots are usually decayed or

detached at a later stage (Wen 2001). While the

younger plants could grow with thin fleshy carrot-like

roots (Feng and Li 1979). The clustering analyses of

our study suggested that samples collected from

Maguan County (Sample MGK), which had flourish-

ing carrot-like tap roots but short bamboo-like

rhizomes, should be classified as P. japonicus var.

japonicus.

The assessment of genetic diversity

and conservation advice about wild Panax

Domestication of plant species may cause the loss of

genetic diversity (Zhou et al. 2005). So most crops

contain less genetic variation than their wild ancestors

or relatives (Hamblin et al. 2004; Chen et al. 2014).

CropWild Relatives (CWR) are wild plant species that

are genetically related to crops (Rubio Teso et al.

2018). As potential value for crops, they have recently

received significant attention. CWR conservation

strategies and action plans were proposed in European

countries (Labokas et al. 2018). Genetic diversity

analysis was performed at species level with 129

individuals of Panax in this study. The lowest genetic

diversity was detected in cultivated P. notoginseng. Its

wild relatives are potential resources for the genetic

improvement of P. notoginseng because of their high

genetic diversity. For protecting these wild resources,

in situ conservation was suggested as the priority to

protect the resources from being damaged by human

activity further. Meanwhile, ex situ conservation

strategy was also suggested by building some

germplasm nurseries.
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