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Abstract: Ginseng (Panax ginseng C.A. Meyer), commonly known as Korean or Asian ginseng, is a
perennial herb native to Korea and China. There has been limited research effort to analyze the
genetic diversity and population structure of ginseng germplasm because of its growth habits. In the
present study, genetic diversity and population structure of ginseng germplasm conserved in the
National Agrobiodiversity Center (NAC) of South Korea were analyzed to provide basic data for
future preservation and breeding of ginseng genetic resources. Seventeen simple sequence repeat
(SSR) markers were used to assess the genetic diversity and population structure of 1109 ginseng
accessions. Among 1109 ginseng accessions, 1042 (94.0%) accessions were landraces and 66 (6.0%)
accessions were breeding lines (61 accessions, 5.5%) or cultivars (5 accessions, 0.5%). SSR markers
revealed 56 different alleles with an average of 3.29 alleles per locus. The average gene diversity was
0.49. Analysis of molecular variance showed that 91% of allelic diversity was attributed to individual
accessions within clusters while only 9% was distributed among clusters. Using discriminant analysis
of principal components, 12 clusters were detected in 1109 ginseng accessions. The results of this
study provide molecular evidence for the narrow genetic base of ginseng germplasm in NAC. For the
broad understanding and efficient use of ginseng germplasm, it is necessary to analyze functional
factors and to evaluate morphological traits.
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1. Introduction

Ginseng (Panax ginseng Meyer, 2n = 4x = 48), a medicinal herb, has long been used in the Far East,
particularly in Korea and China as a respected herbal medicine for maintaining physical vitality [1].
The main physiologically active components of ginseng are saponins, phenols, polyacetylenes, alkaloids,
and polysaccharides [2]. These major components are known to have beneficial properties for the
central nervous system, cardiovascular system, endocrine system, and immune systems [3,4].

Ginseng has been one of the most important trade goods for health care and treatment of diseases
in Asia including Korea and China and is currently distributed to 35 countries around the world [5].
Among ginseng production countries, China has the most production, 44,749 tons in 2008, followed
by South Korea with 27,480 tons [5]. As of 2017, the annual production of ginseng is 23,310 tons and
domestic distribution size is approximately $1584 million in terms of the amount based on ginseng root
and processed products in South Korea [6]. With regard to ginseng production, cultivation is focused
on harvesting four to six-year-old roots in South Korea and China [7].

The hybridization breeding of ginseng is difficult because of slow growth (~four years/generation)
and few seeds (~40 seeds/plant) [8]. Ginseng is originally a self-pollination plant and starts to bloom at
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its third-year growth stage. In general, its seeds are obtained from a fourth-year growth plant, and
flower buds are removed for seeds and root growth. Seeds are harvested from the red fruit having
2 pale yellow seeds in it. At harvesting time the seeds are in immature condition, which does not
form a clear embryo. Ginseng seeds need a dormant period for maturity that enables germination [9].
In addition, ginseng is sensitive to environmental factors such as light and soil moisture, so maintaining
individual plants requires considerable effort [8].

Analysis of genetic diversity and population structure of the existing population is required for
the purpose of conservation and reintroduction of rare and endangered species [10]. A species with
little genetic variability may suffer from reduced fitness in its current environment. It may not have the
evolutionary potential necessary for a changing environment. Genetic variability is critical for a species
to adapt to environmental changes and survive in the long term [11]. Knowledge of genetic diversity
within a population and among populations is important for conservation management, especially for
identifying genetically unique structural units within a species and determining populations that need
protection [12].

Genetic diversity of germplasm can be investigated using various techniques, including analysis
of morphological and agricultural traits [13], isozymes [14], biochemical characteristics [15], and
molecular markers [14–16]. In recent years, the development of various chemical and molecular
techniques for differentiation among P. ginseng samples has received attention [10,17–20]. Gepts has
reported that DNA markers are the most reliable ones for distinguishing variations of alleles because
these markers are not influenced by environmental or physiological factors [21].

Crawford has reported that efficient population genetics studies could be performed using a high
level of polymorphic markers [22]. Previous studies have performed genetic analysis of wild ginseng
using random amplified polymorphic DNA and allozyme, respectively, and detected a low level of
genetic polymorphisms in their samples, meaning that effective conservation strategies would be
difficult to design using these markers [23,24]. Using amplified fragment length polymorphism markers,
genetic diversity and genetic structure of P. ginseng have been analyzed [25–27]. Among various
molecular markers, simple sequence repeat (SSR) markers have been successfully used to described
population genetic diversity because they showed codominance and high polymorphism [7,10,20,28,29].

Since the 21st century, the number of publications on P.ginseng has exponentially increased; more
than 3400 articles, including 242 reviews, have focused on P. ginseng. However, the main leading
research subjects and keywords were pharmacology (39%) and functional materials such as ginsenoside
and saponin, with little research on the genetic diversity of P. ginseng [30]. Understanding the genetic
diversity on plant germplasm is important as plant germplasm provides an opportunity for plant
breeders to develop new and improved cultivars with desirable characteristics, which include both
the farmer and breeder’s preferred traits [31]. The objective of the present study was to analyze
genetic diversity and population structure of 1109 ginseng accessions conserved in the National
Agrobiodiversity Center (NAC) in South Korea to provide basic data for future preservation and
breeding of ginseng genetic resources.

2. Materials and Methods

2.1. Plant Materials

A total of 1109 ginseng accessions were obtained from the National Agrobiodiversity Center
(NAC) at the Rural Development Administration in South Korea (Table S1). All ginseng accessions have
been separately conserved at three institutes (109 accessions Chungcheongbuk-do national University
(CB); 160 accessions, Chungcheongnam-do Agricultural Research & Extension Service (CN); and 840
accessions, National Institute of Horticultural and Herbal Science (NIHHS)) designed by NAC.
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2.2. DNA Extraction

Genomic DNA was extracted from 100 mg of freeze-dried ginseng leaves in each ginseng accession
(4~5 plants per accession) using a DNeasy plant mini kit (Qiagen, Hilden, Germany). DNA quality and
quantity were measured using 1% (w/v) agarose gel and a spectrophotometer (Epoch, BioTek, Winooski,
VT, USA). Extracted DNA was diluted to 30ng/ul and stored at −20 ◦C until further PCR amplification.

2.3. SSR Genotyping

For SSR analysis, a total of 17 SSRs were selected from the previously reported study [28] and
labeled fluorescently (6-FAM, HEX, and NED) (Table S2). PCR reactions were carried out using 25 ul
reaction mixture, containing 30 ng template DNA, 10x PCR buffer, 1.5 mM MgCl2, 0.2 mM of each
dNTPs, 0.5 uM of each primer, and 1 U Taq polymerase (Inclone, Korea). The amplification was
performed with the following cycling conditions: initial denaturation at 94 ◦C for 5 min, followed
by 35 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, extension at 72 ◦C for
1 min, and a final extension step at 72 ◦C for 10 min. Each amplicon was resolved on the ABI prism
3500 DNA sequence (ABI3500, Thermo Fisher Scientific Inc., Wilmington, DE, USA). Individual
tetraploid genotypes were scored from the electropherograms following the microsatellite DNA allele
counting-peak ratios (MAC-PR) method of Esselink et al. [32] using Gene Mapper Software (Version
4.0, Thermo Fisher Scientific Inc., Wilmington, DE, USA).

2.4. Population Structure and Genetic Diversity

The number of alleles (Na), Shannon index (I), Nei’s unbiased gene diversity (GD), and Evenness
were calculated using poppr package for R software [33]. The analysis of molecular variance (AMOVA)
and calculation of the coefficient of genetic differentiation among populations (PhiPT) were done using
GenAlEx software (v. 6.5) with 999 permutations [34].

Population structure was analyzed with a DAPC using adegenet package for R software [35,36].
The find.clusters function was used to detect the number of clusters in the population. It used K-means
clustering which decomposed the total variance of a variable into between-group and within-group
components. The best number of subpopulations had the lowest associated Bayesian Information
Criterion (BIC). A cross-validation function (Xval. dapc) was used to confirm the correct number of
principal components (PC) to be retained. In this analysis, data were divided into two sets: a training
set (90% of the data) and a validation set (10% of the data). Members of each group were selected
by stratified random sampling, ensuring that at least one member of each group or population in
the original data was represented in both training and validation sets. DAPC was carried out on
the training set by retaining variable numbers of PCs at a degree to which the analysis was able to
accurately predict the group membership of excluded individuals (those in the validation set) was
used to identify the optimal number of PCs to be retained. At each level of PC retention, the sampling
and DAPC procedures were repeated many times [37]. The best number of PCs that should be retained
is associated with the lowest root mean square error. Resultant clusters were plotted in a scatter plot of
the first and second linear discriminants of DAPC.

Bayesian-based clustering was performed using STRUCTURE v.2.3.4 [38], testing three
independent runs with K from 1 to 15, each run with a burn-in period of 50,000 iterations and
500,000 Monte Carlo Markov iterations, assuming an admixture model. The most likely K value
was processed with STRUCTURE HARVESTER v.0.9.94 [39] and was detected using the Evanno
transformation method [40]. To assign samples to clusters, a membership coefficient q > 0.8 was used,
while coefficients ≤0.8 were considered “genetically admixed.”
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3. Results

Among 1109 ginseng accessions, 1,042 (94.0%) accessions were landraces and 66 (6.0%) accessions
were breeding lines (61 accessions, 5.5%) or cultivars (5 accessions, 0.5%). Of 1109 ginseng accessions,
899 (81.2%) were from Korea and 202 (18.0%) were from China (Figure S1A).

CN collected 73 ginseng accessions from Chungnam province from 1997 to 2000, 56 accessions
from China, and 21 accessions from Korea from 2013 to 2016 (Table S1 and Figure S1B). NIHHS
obtained approximately 300 ginseng accessions from Korea Tobacco and Ginseng Corporation (KT&G),
40 accessions from China, and 435 from Korea from 2003 to 2012. CB collected 90 accessions from
China and 10 from Korea from 2007 to 2010.

SSR locus diversity data are summarized in Table 1. A total of 56 alleles were detected among
1109 ginseng accessions by using 17 polymorphic SSR markers. On average, 3.29 alleles varying from 2
to 6 were amplified by each marker. Shannon index (I) varied from 0.58 to 0.82 among 17 SSR markers.
The average gene diversity (GD) was estimated to be 0.49 (range, 0.39 to 0.50). The average evenness
(E) was 0.96 (range, 0.81 to 1.00). A total of 22 rare alleles (Ra) ranging from 1 to 4 with each allele had
a frequency of less than 5%. Six SSR loci (PES0024, PES0021, PES0018, PES0019, PES0005, and PES0007)
did not contain rare alleles. Common alleles (Ca) ranged from 1 to 2 with a total of 24, showing a
frequency of 5%–50%.

Table 1. Statistics of genetic diversity across 17 simple sequence repeat (SSR) loci in 1109
ginseng accessions.

Locus Ra 1 Ca Aa Na I Ho GD Evenness Range

PES0024 0 1 1 2 0.69 0.99 0.50 1.00 145–171
PES0021 0 1 1 2 0.69 1.00 0.50 0.99 245–263
PES0034 2 1 1 4 0.70 1.00 0.50 0.97 247–275
PES0026 3 1 1 5 0.70 1.00 0.49 0.95 178–213
PES0029 1 2 0 3 0.70 1.00 0.5 0.99 183–200
PES0037 2 1 1 4 0.69 0.99 0.49 0.96 260–307
PES0040 1 1 1 3 0.69 1.00 0.50 1.00 250–272
PES0038 1 2 0 3 0.70 1.00 0.50 0.97 169–190
PES0039 2 1 1 4 0.69 0.99 0.49 0.96 168–250
PES0018 0 2 0 2 0.69 1.00 0.50 1.00 202–216
PES0032 1 2 0 3 0.69 1.00 0.49 0.98 161–172
PES0033 1 1 1 3 0.71 1.00 0.5 0.98 286–302
GES0019 0 1 1 2 0.58 0.22 0.39 0.81 198–208
PES0004 4 1 1 6 0.82 0.99 0.52 0.85 362–402
PES0005 0 2 0 2 0.69 1.00 0.50 1.00 334–358
PES0007 0 2 0 2 0.69 1.00 0.49 0.99 542–563
PES0012 4 2 0 6 0.73 1.00 0.50 0.94 235–279

Total 22 24 10 56 - - - - -

Mean 3.29 0.70 0.95 0.49 0.96 -
1 Ra, number of rare (<5%) alleles; Ca, number of common (5%–50%) alleles; Aa, number of abundant (>50%) alleles;
Na, Number of alleles; I, Shannon’s index; Ho, Observed heterozygosity; GD, Nei’s gene diversity.

Five from the 56 alleles were identified to private alleles which are detected in only one cluster
(Table S3). Specifically, KT&G and GG showed two private alleles in locus PES0092 and PES0012 and
PES0032 and PES0040, respectively, while GW possesses one private allele in locus PES0039.

A total of 942 multilocus genotypes (MLGs) were detected among 1109 ginseng accessions (Table 2).
CN, CB, and NIHHS clusters had 148, 104, and 707 MLGs, respectively. The numbers of average alleles
(Na) of CN, CB, and NIHHS were 1.77, 2.08, and 2.62, respectively. The Shannon–Wiener index (H) of
NIHHS was the highest (6.45), while that of CN was similar to that of CB (4.97 and 4.63, respectively).
Nei’s genetic diversity (GD) was similar to each other for the three clusters.
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Table 2. Summary of cluster diversity indices averaged over 17 loci according to conservation institutes.

Pop N 1 MLG Na H GD

CN 160 148 1.77 4.97 0.485
CB 109 104 2.08 4.63 0.476

NIHHS 840 707 2.62 6.45 0.494

Total 1109 942 3.29 6.74 0.492
1 N, Number of accessions; MLG, Number of multilocus genotypes; Na, Number of average alleles; H,
Shannon-Wiener index of MLG diversity; GD, Nei’s unbiased gene diversity.

Analysis of molecular variance (AMOVA) on genetic differentiation among and within clusters
of ginseng accessions was conducted. The results are shown in Table 3. Findings from AMOVA
revealed that 91% of total genetic variations were contributed by differences within clusters, which
was notably and significantly higher than that among clusters (only 9% of total genetic variation was
due to differences among clusters). PhiPT and gene flow (Nm) for 1109 ginseng accessions were 0.094
(p < 0.001) and 4.822, respectively. Pairwise cluster PhiPT values for the three institutes ranged from
0.081 (CN–NIHHS) to 0.113 (CB–NIHHS) (Table 4). Pairwise cluster estimates of gene flow (Nm) for
the three institutes ranged from 3.940 to 5.656 migrants per cluster.

Table 3. Analysis of molecular variance (AMOVA) within/among ginseng clusters based on 17 SSR
data according to conservation institutes.

Source df SS MS Est. Var. % PhiPT Nm

Among clusters 2 322.552 161.276 0.704 9% 0.094 ** 4.822
Within clusters 1106 7508.527 6.789 6.789 91%

Total 1108 7831.079 7.493 100%

** p < 0.01

Table 4. Pairwise cluster PhiPT values and Nm values based on 999 permutations from AMOVA
according to conservation institutes (all PhiPT values were significantly greater than 0, p < 0.0001).

Cluster1 Cluster2 PhiPT Nm

CN CB 0.085 5.374
CN NIHHS 0.081 5.656
CB NIHHS 0.113 3.940

To understand the pattern of the genetic structure, a Bayesian clustering analysis in STRUCTURE
and complementary coordination analysis by Discriminant Analysis of Principal Components (DAPC)
were performed. STRUCTURE results suggested the best grouping number (K = 2) based on delta K
(Figure S2). Clusters 1 and 2 consisted of 359 and 460 accessions, respectively. Two hundred and ninety
accessions were identified in the admixed population (Figure 1A). All (100%) ginseng accessions of
cluster 1 and admix were all in NIHHS while 53.8% and 30.7% of population 1 and admix cluster were
from KT&G, respectively. Cluster 2 contained 191 accessions from NIHHS and all accessions of CN
and CB and 80.3% of cluster 2 were from China.

The number of detected clusters was 12 in concordance with the lowest BIC value obtained
using the find.clusters function. DAPC analysis was carried out using the detected number of clusters
(Figure 1B). Fifteen first PCs (90.9% of variance conserved) of PCA and three discriminant eigenvalues
were retained. These values were confirmed by cross-validation analysis.
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Figure 1. (A) Population structure analysis of 1109 ginseng accessions inferred using STRUCTURE 
software based on 17 SSR markers for delta K = 2. (B) Discriminant analysis of principal components 
(DAPC) for 1109 ginseng accessions. Axes represent the first two linear discriminants (LD). Each 
circle represents a cluster and each dot represents an individual. Numbers represent different 
clusters identified by DAPC analysis. 

Sources of genetic differentiation were revealed among 12 clusters based on DAPC analysis 
using the AMOVA method. Results indicated that 12% and 88% of variations could be attributed to 
differentiation among clusters and within inferred clusters, respectively (Table 5). PhiPT and gene 
flow (Nm) were 0.120 (p < 0.001) and 3.678, respectively. Pairwise cluster PhiPT values for 12 clusters 
ranged from 0.015 (C6–C7) to 0.224 (C4–C12) (Table 6). Pairwise cluster estimates of gene flow (Nm) 
for 12 clusters ranged from 1.734 (C4–C12) to 33.651 (C6–C7) migrants per clusters. 

Table 5. Analysis of molecular variance (AMOVA) within/among twelve clusters based on DAPC 
analysis. 

Source df SS MS Est. Var. % PhiPT Nm 

Among pops 11 932.529 84.775 0.855 12% 0.120 ** 3.678 
Within pops 1097 6898.550 6.289 6.289 88%   

Figure 1. (A) Population structure analysis of 1109 ginseng accessions inferred using STRUCTURE
software based on 17 SSR markers for delta K = 2. (B) Discriminant analysis of principal components
(DAPC) for 1109 ginseng accessions. Axes represent the first two linear discriminants (LD). Each
circle represents a cluster and each dot represents an individual. Numbers represent different clusters
identified by DAPC analysis.

Sources of genetic differentiation were revealed among 12 clusters based on DAPC analysis
using the AMOVA method. Results indicated that 12% and 88% of variations could be attributed to
differentiation among clusters and within inferred clusters, respectively (Table 5). PhiPT and gene
flow (Nm) were 0.120 (p < 0.001) and 3.678, respectively. Pairwise cluster PhiPT values for 12 clusters
ranged from 0.015 (C6–C7) to 0.224 (C4–C12) (Table 6). Pairwise cluster estimates of gene flow (Nm)
for 12 clusters ranged from 1.734 (C4–C12) to 33.651 (C6–C7) migrants per clusters.



Agronomy 2020, 10, 68 7 of 12

Table 5. Analysis of molecular variance (AMOVA) within/among twelve clusters based on
DAPC analysis.

Source df SS MS Est. Var. % PhiPT Nm

Among pops 11 932.529 84.775 0.855 12% 0.120 ** 3.678
Within pops 1097 6898.550 6.289 6.289 88%

Total 1108 7831.079 7.143 100%

** p < 0.01

Table 6. Pairwise cluster PhiPT values (above diagonal) and Nm values based on 999 permutations
(below diagonal) from AMOVA (all PhiPT values were significantly greater than 0, p < 0.0001).

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

C1 - 0.126 0.137 0.174 0.084 0.098 0.153 0.147 0.196 0.152 0.138 0.218
C2 3.467 0.093 0.113 0.080 0.084 0.106 0.080 0.090 0.120 0.070 0.126
C3 3.160 4.881 - 0.087 0.126 0.046 0.037 0.126 0.133 0.034 0.147 0.117
C4 2.374 3.915 5.227 - 0.124 0.063 0.070 0.178 0.181 0.127 0.188 0.224
C5 5.438 5.764 3.478 3.527 - 0.082 0.104 0.160 0.164 0.138 0.039 0.203
C6 4.619 5.463 10.370 7.396 5.611 - 0.015 0.107 0.121 0.028 0.129 0.138
C7 2.773 4.230 13.077 6.649 4.312 33.651 - 0.167 0.152 0.028 0.136 0.141
C8 2.904 5.725 3.478 2.301 2.616 4.185 2.486 - 0.052 0.120 0.182 0.143
C9 2.054 5.082 3.261 2.257 2.556 3.622 2.795 9.172 - 0.111 0.176 0.059
C10 2.792 3.674 14.321 3.445 3.126 17.623 17.617 3.678 4.012 - 0.166 0.097
C11 3.131 6.688 2.908 2.159 12.483 3.364 3.187 2.245 2.339 2.511 - 0.197
C12 1.799 3.478 3.767 1.734 1.966 3.112 3.043 3.003 7.943 4.679 2.037 -

4. Discussion

Among collected and preserved 1109 ginseng accessions in this study, 94.0% were landraces, with
only 6% being breeding lines. This might be due to the collection strategy of ginseng germplasm. Three
institutes collected ginseng accessions from all parts of South Korea since 1997 to develop new ginseng
cultivars. In general, ginseng cultivars have been bred by selecting individual plants from arable fields
of mixed local landrace population rather than by crossbreeding [41]. It is known that breeding of
ginseng is difficult because of its long generation period and small number of seeds, although it is
originally a self-pollination plant [9]. For these reasons, outstanding individual plants were selected
and registered as cultivars during the cultivation of a mixed population of local landrace in Korea.

Ginseng is cultivated from 36◦ to 38◦ N and can still be found sometimes in mountainous areas in
Korea [42]. In general, Ginseng farmers have traditionally kept various kinds of seeds by conserving
and sowing the seeds that have been harvested from 3-year-old ginseng. In the case of large-scale
ginseng farming (about 1 ha or more), farmers purchase seed because home seed production alone
lacks it. However, most of the small farms in South Korea cultivate ginseng using their own seed from
home seed production. Ginseng farmers choose and preserve seeds very carefully due to long-term
(4~6 years) characteristics of ginseng cultivation. For this reason, various Korean ginseng genotypes
are being conserved by the ginseng farmers in South Korea [43]. In this study, we used ginseng
landrace based on the information of the genebank management system in NAC. Landrace defined
by the FAO is “a crop that has developed its unique characteristics through repeated in situ grower
selection and that has never been subjected to formal plant breeding” [44]. In terms of the definition,
ginseng accessions collected from various local farms in Korea are likely to be landrace although their
information except the geographical data is lack. Nevertheless, the question of whether the accessions
are landraces still remains. Therefore, additional research on their genetic information will be needed
to efficiently manage the ginseng accessions.

Among 1109 ginseng accessions, 167 (15.1%) (12 accessions in CN, five accessions in CB, and
133 accessions in NIHHS) might be duplicated (Table 2). It is important to identify these duplicated
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accessions, due to the limitation of funding and resources in genebanks [45]. Although not all duplicate
accessions are worthless, identifying unique accessions within and across the genebanks will facilitate
the better use of plant germplasms [45,46]. In this study, 167 ginseng accessions identified will also
require the management of duplicate accessions using various additional methods such as evaluation
of morphological and/or biochemical traits.

Results of the present study showed a similar number of alleles (56) and average number of alleles
(3.29) to results of Choi et al. [28] (number of alleles = 51; average number of alleles = 3.0), while genetic
diversity (0.490) in the present study was higher than (0.398) in the previous study. Reunova et al. [12]
have reported similar results (average number of alleles: 2.49; expected heterozygosity (He): 0.453)
in 139 individual ginseng plants using 11 SSR primers. Otherwise, Bang et al. [7] have reported a
higher average number of alleles (4.3) and He (0.627) in 17 ginseng accessions using 8 SSR markers.
Gene diversity of a locus, also known as expected heterozygosity, is a fundamental measure of
genetic variation in a population. It describes the proportion of heterozygosis expected under the
Hardy–Weinberg (HW) equilibrium [47]. Previous studies have confirmed the excess heterozygosity in
their ginseng populations [7,12,28,48]. Indeed, the present study also showed excess heterozygosity in
these ginseng accessions (Table 1). Causes of the excess of heterozygosity in natural plant populations
are not well known yet, although reasons causing a deficit of heterozygotes have been well explained [12].
Previous studies have guessed that the excess of heterozygosity might result from a small reproductive
population size [49–51]. When only a few breeders contribute to the next generation, allelic frequencies
can differ between male and female parents by chance alone [49,50]. This effect can be reinforced
for loci with many rare alleles. Moreover, in small sexual or self-incompatible populations, the fact
that individuals cannot reproduce with themselves decreases the probability of creating homozygote
offspring [52,53]. Meanwhile, Reunova et al. [12] have mentioned that high levels of observed
heterozygosity might be associated with population structure and reflect the history of its formation
under the influence of global climatic and local human-induced impacts.

In this study, 171 ginseng accessions showed rare alleles (Table S1). Rare alleles may be lost due
to natural and management-originated bottleneck effects [54]. Although they are not likely to have
major importance in the conservation of endangered species, rare alleles may be important for plant
breeding [55]. They may be present or even fixed in certain populations because of genetic drift or their
relationship with fitness in specific environments. Such uniqueness makes them prone to be absent in
whole collections and their subsets, albeit their potential importance as a source of important traits
for plant breeding. Novel strategies in germplasm management are needed to preserve those alleles,
prone to be lost, which can be potentially useful for plant breeding, especially in a scenario of rapid
climate change that represents serious threats to worldwide food production [56].

In addition, five private alleles were detected after screening the collection areas or institutes
(Table S3). Private alleles are important in plant breeding and conservation as they are present only in
a single population among a broader collection of populations [57]. However, all five private alleles
observed in this study were present at very low frequencies (<0.9%), suggested that they could not be
suitable for the ginseng breeding program. On the other hand, three ginseng accessions, IT272054,
IT272375, and IT288747, with unique alleles might be used as a valuable source for selecting genetic
variants related to useful chemical compounds such as saponins (Table S1).

To analyze population structure, various methods such as STRUCTURE and principal coordinates
analysis have been used for ginseng germplasm [19,20,58]. In this study, STRUCTURE and DAPC used
to analyze the population structure of 1109 ginseng accessions appeared to provide complementary
information. Results of STRUCTURE and DAPC divided 1109 ginseng accessions into two and twelve
clusters, respectively. The DAPC method is being used instead of STRUCTURE software as it does not
require that populations should be in HW equilibrium. In addition, it can handle large sets of data
without using parallel processing software [59]. Deperi et al. [60] have mentioned that DAPC analysis
can divide the population into well-defined clusters associated with provenance, ploidy, taxonomy, and
breeding program of genotypes related to their genetic structure. Rosyara et al. [61] have reported that
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DAPC is slightly better than the STRUCTURE leading to better separation among potato germplasms.
Campoy et al. [59] have also reported that DAPC analysis provides more detailed clustering among
cherry populations compared to STRUCTURE analysis. More detailed clustering was also obtained
from DAPC analysis. Although 99.2% of 1109 ginseng accessions were collected from Korea (899
accessions) and China (202 accessions) (Table S1), 12 clusters of DAPC analysis showed that ginseng
accessions from two countries were separated into all clusters. Also, low PhiPT (0.036) and high
Nm (13.280) were detected between Korean and Chinese accessions. This means that there are high
genetic similarities in ginseng accessions collected from these two countries. According to NIHHS [62],
the genetic similarity of cultivated ginsengs between Korea and China was more than 70%, due to the
import of ginseng seeds from South Korea to China and the cultivation and production of them in the
ginseng main production area of China such as Gillim Province.

The reason why 1109 ginseng accessions were divided into twelve clusters on DAPC analysis was
not clear. It might be due to different methods of cultivation, seed gathering, and seed distribution
for ginseng in Korea. Since new ginseng cultivars, “Chunpoong” and “Yunpoong,” were developed
in 2002, a total of 21 ginseng cultivars have been developed. However, farmers are still cultivating,
self-seed-gathering, and seed-selling ginseng landraces not ginseng cultivars [63,64]. With the exception
of some contract cultivation, ginseng landrace seeds would have been traded in the Korean ginseng
market. As a result, ginseng cultivated in farms is expected to be genetically mixed regardless of their
cultivation region.

5. Conclusions

In this study, genetic diversity and population structure of 1109 ginseng accessions collected
and conserved in NAC were analyzed using 17 SSR markers. The results of this study provided
molecular evidence for the narrow genetic base of 1109 ginseng germplasm in NAC. It was not enough
to understand the genetic diversity of ginseng germplasm because there was a lack of sufficient
information about these collected ginseng accessions, although the aim of the present study was to
analyze genetic diversity in larger ginseng accessions than those from previous studies [7,20,52], In
Korea, the majority of new ginseng cultivars are developed by selecting individual plants from ginseng
landraces, although some research institutes have performed development and selection of breeding
lines. To have a broad understanding and efficient use of ginseng germplasm, it is necessary to analyze
functional factors and evaluate their morphological traits.
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