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Abstract

Inter-simple sequence repeat (ISSR) markers were used to assess the genetic diversity and population structure of seven ginseng populations in China. Ten of the 50 primers screened produced highly reproducible ISSR bands. Using these primers, 67 discernible DNA fragments were generated, 46 of which (68.65%) were polymorphic, indicating considerable genetic variation at the species level. In contrast, there were relatively low levels of polymorphism at the population level, with the percentage of polymorphic bands ranging from 47.12 to 53.12%. The mean gene diversity (He) estimated was 0.1112 within populations (ranging from 0.063 to 0.158) and 0.2196 at the species level. The values obtained for Shannon’s index (53.30%) indicated a high level of genetic differentiation among examined populations of ginseng in Northeast China.
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1. Introduction

Ginseng (Panax ginseng C. A. Mey.) is a perennial plant belonging to Araliaceae, and it is a very rare herbal medicine used in China for a long time (Hu 1976). It is one of the most utilized and highly considered Chinese medicinal herbs and its usage can be traced back to almost 2000 years ago (Song 1986).

Despite its importance, few studies have examined ginseng’s genetic diversity and relationships among varieties. Random amplified polymorphic DNA (RAPD) studies have been conducted on cultivated (Kim and Choi 2003; Shao et al. 2004) and wild ginseng (Zhuravlev et al. 1998; Ma et al. 2000). However, these reports mainly focused on a limited quantity of cultivated and wild ginseng, and no effort has been made to characterize its genetic diversity.

Inter-simple sequence repeat (ISSR) markers reveal higher level of polymorphism and have higher reproducibility than RAPD and restriction fragment length polymorphism (RFLP) approaches, so it has been widely and successfully applied in population genetic studies of cultivated plants (Wolfe and Liston 1998). For example, ISSR markers have been successfully used to determine the genetic diversity of endemic species of Astragalus (Alexander et al. 2004).

In the present study, using ISSR markers, we assessed the level of genetic diversity of P. ginseng, including the genetic variation within and between natural populations from Northeast China, and provide elementary information for future conservation strategies.
2. Materials and Methods

2.1. Plant materials and DNA extraction
Plant materials consisted of seven populations within the Heilongjiang, Jilin, and Liaoning provinces in China (Table 1). Genomic DNA was extracted from fresh leaves based on the modified cetyl trimethylammonium bromide (CTAB) procedure (Doyle 1991).

2.2.  ISSR amplification
In a preliminary study, 50 ISSR primers (obtained from the University of British Columbia, Vancouver, Canada) were screened for PCR amplification. Ten primers that generated clear, reproducible banding patterns were selected for further analysis (Table 2).

An ISSR PCR was performed in a 20 µL reaction volume containing 10 ng DNA template, 30 pmol each primer pair, 2.5 mM MgCl2, 0.25 mM dNTPs, and 1 U Taq polymerase (Tiangen Biotech Co., Ltd., Beijing, China). The PCR reaction conditions included an initial denaturation at 95°C for 3 min, followed by 35 cycles of ampliﬁcation at 95°C for 30 s, annealing at 55°C, extension at 72°C for 1 min, and a final extension at 72°C for 5 min. The PCR was conducted in a PTC-200 thermocycler (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.3. Data analysis

Unequivocal and consistently reproducible amplified ISSR bands were scored as present (1) or absent (0) characters, to construct the binary data matrix. POPGENE v1.32 (Yeh et al. 1997) was used to calculate various genetic diversity parameters, including the percentage of polymorphic bands (PPB), Shannon’s information index (I) and Nei’s gene diversity (h), gene differentiation coefficient (GST) and gene flow (Nm). This software was also used to calculate Shannon’s diversity index (I) for the ISSR phenotypic data according to the equation I = -ΣPilog2Pi (Lewontin 1972), where Pi is the frequency of a given ISSR fragment. This index was calculated at two levels: average diversity within populations (Ipop) and total diversity (Isp).

The proportion of diversity among populations was estimated as (Isp − Ipop)/Isp. An unweighted pair-group method using arithmetic average (UPGMA) dendrogram was constructed based on Nei’s (1978) unbiased genetic distance (D) values, and 1000 bootstrap replicates were calculated to assess branch support using Tools for Population Genetic Analysis (TFPGA) v1.3 (Miller 1997). A principal coordinates analysis (PCoA) based on Nei’s (1978) D was conducted to examine the relationships among populations using NTSYS-pc v2.10 (Exeter Software, Setauket, NY, USA).
3. Results

3.1. ISSR polymorphisms
The 10 ISSR primers used generated 67 bands ranging from 150 to 2000 bp, with an average of 10.7 bands per primer. Forty-six of these bands were polymorphic among the 65 samples (Table 2). The PPB for the species was 68.65%, whereas population PPBs ranged from 47.12 to 53.12%, with an average of 49.18% (Table 3). The average Ae was 1.1890 and average He was estimated as 0.1112 within populations and 0.2196 at the species level. The value of I ranged from 0.0923 to 0.2324, with an average of 0.1670 at the population level and 0.3569 at the species level. Fusong Damaya (FD) was the population with the highest level of variability (PPB = 49.56%, Ae = 1.2818, He = 0.1581, and I = 0.2324), whereas Ji’an Damaya (JD) exhibited the lowest level of variability (PPB = 47.12%, Ae = 1.1056, He = 0.0613, and I = 0.0923).
3.2. Genetic structure of the populations

The Gst value was 0.494, Shannon’s I partitioned 53.2% of the total variation among populations, and Nm was estimated as 0.260 individuals per generation (Table 4). Shannon’s I values supported the results of Nei’s gene diversity statistics, and both indicated a high level of genetic differentiation among the populations.
3.3. Phylogenetic relationships

Population genetic identity ranged from 0.7122 to 0.9712 and Nei’s D varied from 0.0212 to 0.3394 between pairs of populations, according to the 46 polymorphic markers. Changbai Damaya (CD) and Fusong Damaya (FD) were the most similar populations, as the value of genetic identity between these populations was the highest (0.9712), whereas Kuandian Shizhu (KS) and Xinbin Changbo (XC) were the most distinct presenting the largest genetic distance (0.3394) (Table 5).

The UPGMA method used to estimate the phylogenetic relationships among the seven populations based on Nei’s D, clustered FD, Dongling Damaya (DD), CD, JD, and Ji’an Ermaya (JE) into one group, whereas XC and KS populations appeared on separate branches (Fig. 1). The relationships observed in the UPGMA analysis were mirrored in the PCoA results (Fig. 2): populations FD, DD, CD, JD, and JE were closely located in the space defined by the first three principal coordinates (evidenced by the circle in Fig. 2), which described about 87.38% of the total variation. The ﬁrst axis accounted for 43.55% of the variation among populations, and represented the variation in the frequency of bands that distinguished KS from the other populations. The second axis, accounting for 24.18% of the variation, distinguished populations FD, DD, CD, JD, and JE from the remaining. The third axis, which accounted for 19.65% of the variation, clearly separated JE from the other populations.

4. Discussion

4.1. Genetic diversity among Chinese ginseng populations

The ISSR analysis performed here provided high-resolution information on the genetic diversity and structure of seven Chinese ginseng populations. Genetic polymorphisms may indicate evolutionary adaptations to different environments (Stevens et al. 2007). Thus, assuming that each band represents a genetic locus, it was possible to estimate allelic frequencies and classical population parameters using ISSR data. The PPB across the seven populations of ginseng was 49.18%, which was similar to that reported for cultivated ginseng using RAPD (PPB = 46.1%; Ma et al. 2000). Moreover, population DD had a PPB value of 53.12% implying it had a higher degree of polymorphisms than the other populations. However, a generally low level of genetic diversity (mean He = 0.1112, ranging from 0.0978 to 0.1581) was found across the seven ginseng populations, and this could have two explanations: first, ginseng is primarily self-pollinated, a mode of reproduction that prevents genetic recombination; second, long-term artificial selection can reduce genetic diversity. Ginseng landraces are usually selected for certain root shapes and high yields to increase their economic value. As a result, substantial genetic variation from the ancestral gene pool is lost during domestication. In this study, the low level of genetic variation in ginseng populations was assumed to result from its breeding system, geographic isolation, artificial selection, and biological traits.

4.2. Population structure and phylogenetic relationships
The Gst value found in the present study (0.493) indicates that the ISSR diversity of the seven ginseng populations studied was mostly partitioned within populations. In addition, analyses of the ISSR markers using a different approach (Shannon’s diversity index = 0.532) led to similar interpretations of the genetic structure of ginseng populations. However, it should be noted that parameters such as mutation, genetic drift, reproduction mode, mating system, gene flow, selection (Slatkin 1985), population geographic range, population number, population sample size, and marker type can influence the patterns of genetic variability between and within populations. In cultivated ginseng, deviation from Hardy-Weinberg equilibrium and low heterozygosity might be due to the specific agricultural and genetic history of ginseng, i.e., the nonrandom crossing of cultivated ginseng by farmers for several hundred years in addition to the species self-pollinating nature. Although ginseng reproduces sexually, the long-term artificial selection of its strains through cultivation might result in repeatedly using the same genetic stock for crosses, eventually leading to homozygosity. Species with a limited potential for gene flow show more differentiation among populations than species with high levels of gene flow (Hamrick et al. 1992). The effective gene flow per generation found in the present study (0.26) was less than one successful migrant per generation, indicating little gene flow among populations, which should effectively homogenize each population to some degree (Slatkin 1987). The relatively high genetic differentiation and low level of gene flow detected for ginseng strongly indicates that genetic drift has greatly affected the genetic composition of each population. Moreover, a low effective gene flow per generation would suggest that populations were homogenized to some degree (Slatkin 1987). This low gene flow among populations might be attributed to geographical barriers and to the use of ginseng seeds purchased in one location for cultivation in another location. The genetic relationships between populations do not often agree with their geographical distance, especially for species with a large distribution area (Qiu et al. 2004). This pattern was observed in the studied ginseng populations, as the cluster and principal coordinate analyses demonstrated that most populations were not grouped according to their geographic location. Thus, knowledge on P. ginseng genetic diversity and population structure is essential for its effective conservation and sustainable utilization.
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Table 1. Ginseng populations used in the inter-simple sequence repeat analysis
	Population name
	Abbreviation
	Sample size
	Locality
	Latitude
	Longitude

	Kuandian Shizhu
	KS
	10
	Kuandian County, Liaoning Province
	40°51'N
	125°12'E

	Ji’an Damaya
	JD
	5
	Ji’an City, Jilin Province
	41°05'N
	125°44'E

	Ji’an Ermaya
	JE
	10
	Ji’an City, Jilin Province
	41°26'N
	125°55'E

	Changbai Damaya
	CD
	10
	Changbai County, Jilin Province
	41°30'N
	128°10'E

	Dongling Damaya
	DD
	10
	Dongling County, Heilongjiang Province
	44°06'N
	131°06'E

	Fusong Damaya
	FD
	10
	Fusong County, Jilin Province
	42°31'N
	127°46'E

	Xinbin Changbo
	XC
	10
	Xinbin County, Liaoning Province
	41°72'N
	125°02'E


Table 2. Attributes of the primers used for generating inter-simple sequence repeat amplifications
	Primer
	Sequence 5′-3′
	Scored bands
	Polymorphic bands

	UBC 807
	(AG)8T
	8
	6

	UBC 815
	(AG)8G
	8
	4

	UBC 818
	(CA)8G
	5
	2

	UBC 823
	(AC)8T
	4
	3

	UBC 826
	(AC)8G
	7
	4

	UBC 842
	(GA)8YG
	8
	6

	UBC 856
	(CA)8RC
	6
	4

	UBC 859
	(AC)8RG
	5
	3

	UBC 861
	(ACC)5
	6
	5

	UBC 873
	(AGC)5
	10
	9

	Total
	67
	46

	Mean
	6.7
	4.6


Table 3. Genetic variability within the populations of ginseng examined in the present study, as detected by inter-simple sequence repeat analysis.
	Population
	PPB (%)
	Ao
	Ae
	He
	I

	Kuandian Shizhu (KS)
	48.24
	1.3214 ± 0.4756
	1.1652 ± 0.3170
	0.0978 ± 0.1696
	0.1503 ± 0.2458

	Ji’an Damaya (JD)
	47.12
	1.1786 ± 0.3900
	1.1056 ± 0.2719
	0.0613 ± 0.1462
	0.0923 ± 0.2125

	Ji’an Ermaya (JE)
	49.12
	1.4286 ± 0.5040
	1.2068 ± 0.3347
	0.1240 ± 0.1794
	0.1919 ± 0.2589

	Changbai Damaya (CD)
	53.12
	1.2500 ± 0.4410
	1.1824 ± 0.3381
	0.1033 ± 0.1860
	0.1503 ± 0.2683

	Dongling Damaya (DD)
	48.76
	1.3571 ± 0.4880
	1.1857 ± 0.3169
	0.1122 ± 0.1747
	0.1720 ± 0.2554

	Fusong Damaya (FD)
	49.56
	1.4286 ± 0.5040
	1.2818 ± 0.3939
	0.1581 ± 0.2099
	0.2324 ± 0.2980

	Xinbin Changbo (XC)
	48.34
	1.3214 ± 0.4756
	1.2090 ± 0.3391
	0.1218 ± 0.1901
	0.1801 ± 0.2758

	Average
	49.18
	1.3260 ± 0.0908
	1.1890 ± 0.0523
	0.1112 ± 0.0294
	0.1670 ± 0.0432

	Species level
	68.65
	2.0000 ± 0.0000
	1.3304 ± 0.2757
	0.2196 ± 0.1465
	0.3569 ± 0.1974


PPB = Percentage of polymorphic bands; Ao = Number of alleles per locus; Ae = Effective number of alleles per locus; He = Nei’s genetic diversity (assuming Hardy-Weinberg equilibrium); I = Shannon’s information index

Table 4. Summary of within ginseng population genetic diversity
	Nei’s (1978) gene diversity
	Shannon’s information index (I)

	Hs    0.1112
	Ipop                  0.1670

	Ht    0.2196
	Isp                   0.3569

	Gst   0.4936
	(Isp − Ipop)/Isp         0.5320

	Nm   0.2600
	


Hs = Within population gene diversity; Ht = Total gene diversity; Gst = Genetic differentiation coefficient; Nm = Gene flow estimated from Gst; Ipop = Within population genetic diversity; Isp = Total genetic diversity; (Isp − Ipop)/Isp = Ratio of genetic diversity among populations
Table 5. Estimates of Nei’s (1978) unbiased genetic identity (above diagonal) and genetic distance (below diagonal) among the ginseng populations surveyed.

	Population
	KS
	JD
	JE
	CD
	DD
	FD
	XC

	Kuandian Shizhu (KS)
	–
	0.7450
	0.7949
	0.7898
	0.7816
	0.7836
	0.7122

	Ji’an Damaya (JD)
	0.2944
	–
	0.9203
	0.9518
	0.9313
	0.9149
	0.9125

	Ji’an Ermaya (JE)
	0.2295
	0.0831
	–
	0.9008
	0.8542
	0.8800
	0.8300

	Changbai Damaya (CD)
	0.2360
	0.0494
	0.1045
	–
	0.9707
	0.9712
	0.8760

	Dongling Damaya (DD)
	0.2464
	0.0711
	0.1576
	0.0297
	–
	0.9577
	0.8585

	Fusong Damaya (FD)
	0.2438
	0.0890
	0.1278
	0.0212
	0.0432
	–
	0.8548

	Xinbin Changbo (XC)
	0.3394
	0.0915
	0.1863
	0.1324
	0.1526
	0.1569
	–


Figure Captions

Fig. 1. Dendrogram produced for the seven populations of ginseng examined in the present study, using the unweighted pair-group method using arithmetic average method. Numbers at nodes are the percentage of 1000-bootstrap permutations in which the branch was obtained (i.e., branch support). For population designations, refer to Table 1.
Fig. 2. Principal coordinate analysis plot for the seven populations of ginseng studied, based on Nei’s (1978) genetic distances using inter-simple sequence repeat analysis data. The percentage variation explained by each principal coordinate (PC) is given in parenthesis next to each PC name. Populations grouped in the cluster analysis are also evidenced here (circle). For population designations, refer to Table 1.
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