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Abstract
Ginseng (Panax ginseng) has been used as a valuable medicinal plant in Asia, and the demand for ginseng production for 
health functional food is increasing worldwide after the COVID-19 crisis. Although a number of cultivars have been devel-
oped to increase ginseng production, none of them were widely cultivated in Korea because they could not resist various 
environmental stresses while being grown in one place for at least 4 years. To address this, Sunhong was developed as a 
ginseng cultivar with high yield and multiple stress tolerance by pure line selection. Sunhong showed high yield and heat 
tolerance comparable to Yunpoong, a representative high-yielding cultivar, and exhibited 1.4 times lower prevalence of rusty 
roots than Yunpoong, suggesting that Sunhong can keep its high yield and quality during long-term cultivation. In addition, 
distinct color and lodging resistance were expected to increase the convenience of cultivation. To supply pure seeds to farm-
ers, we also established a reliable high-throughput authentication system for Sunhong and seven ginseng cultivars through 
genotyping-by-sequencing (GBS) analysis. The GBS approach enabled to identify a sufficient number of informative SNPs 
in ginseng, a heterozygous and polyploid species. These results contribute to the improvement of yield, quality, and homo-
geneity, and therefore promote the ginseng industry.

Keywords Genotyping-by-sequencing · Ginseng cultivar · High-throughput authentication system · Pure line selection · 
SNP marker

1 Introduction

Korean ginseng (Panax ginseng) has long been regarded as a 
superior medicine that is non-toxic to the human body even 
when administered for a long time. Today, ginseng is still 
one of the representative medicinal crops used to promote 
human health. In 2020, the total sales of the 54 items of the 
health functional food registered in Korea was 2.450 billion 
USD, of which red ginseng sales were highest as it accounts 
for 32.7%. In particular, after the outbreak of COVID-19, 

as a result of increased global interest in strengthening of 
immunity, the export share of Korea red ginseng products 
in 2020 increased by 39.8% to the United States, 16.6% to 
Vietnam, 282.0% to Singapore, and 292.0% to Australia, 
compared to 2019 (Hwang et al. 2020). With the growing 
demand for ginseng production, high-yielding property has 
become one of the most important factors in the breeding 
and cultivation of ginseng. In addition, the decrease in arable 
land due to global warming caused an increase in the ratio 
of ginseng cultivation on unsuitable land, exposing ginseng 
to various environmental stresses while being grown in one 
place for at least 4 years. As a result, physiological disorders 
such as heat damage and rusty roots increased, which low-
ered the quality of ginseng as well as the yield. Therefore, 
to simultaneously improve the yield and quality of ginseng, 
there has been a strong demand for the development of a 
cultivar with multiple agricultural characteristics related to 
high yield and resistance to diseases, pests and physiologi-
cal disorders (Lee et al. 2015; Bang et al. 2020; Zhang et al. 
2020).
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Breeding of ginseng is difficult due to 4-year generation 
time and the small number of seeds, and thus ginseng culti-
vars developed before the 2000s did not meet the demand for 
multi-characteristic cultivars. Panax ginseng cv. Chunpoong, 
the first registered cultivar in Korea, has tolerance to rusty 
roots, but has a disadvantage in lowering yield (Kwon et al. 
1998). Panax ginseng cv. Yunpoong was bred as a high-
yielding cultivar with heavy root weight and large diameter 
of the main roots, but it is vulnerable to rusty roots (Lee 
et al. 1999; Kwon et al. 2000). Panax ginseng cv. Gum-
poong is tolerable to rusty roots, P. ginseng cv. Gopoong 
has high-ginsenoside contents, and P. ginseng cv. Cheong-
sun has early germination time. However, their yields were 
not remarkable compared to Yunpoong (Lee et al. 2015). 
For these reasons, local landraces, native mixed lines, are 
still cultivated the most in Korea, and none of the cultivars 
were widely cultivated in ginseng fields, accounting for 
only 14.6% (Bang et al. 2020). In the late 2000s, P. ginseng 
cv. Sunil and P. ginseng cv. Sunmyoung were developed 
as cultivars with high yield and tolerance to heat damage 
(Lee et al. 2010, 2021). Especially, Sunmyoung also showed 
resistance to Alternaria leaf spot and lodging phenomenon. 
However, Sunil was evaluated as susceptible to lodging, and 
Sunmyoung has a risk of being damaged by cold waves due 
to its early sprouting. Therefore, despite these efforts, there 
is a continuous demand for cultivars that maintain high yield 
and quality by resisting various diseases and environmental 
stresses during long-term cultivation of ginseng.

To maintain the purity of elite cultivars and provide 
them to ginseng farmers, it is also necessary to establish a 
convenient and reliable authentication system. Since gin-
seng cultivars are highly similar in their morphology, espe-
cially in the early developmental stage of ginseng, dried 
ginseng, seeds, and seedlings, there is a limitation in dis-
criminating ginseng cultivars based on their morphologi-
cal characteristics (Ying et al. 2022). Numerous molecular 
marker systems have been developed in ginseng over the 
past 20 years to address this, but most of them were dif-
ficult to utilize for convenient high-throughput authentica-
tion of cultivars due to post-PCR processing such as gel 
electrophoresis (Jo et al. 2017). Recently, high-throughput 
genotyping tools using high-resolution-melting (HRM) 
analysis or kompetitive allele-specific PCR (KASP) have 
been reported (Jo et al. 2015; Jang et al. 2022). However, 
these studies were performed on the basis of transcriptome 
or plastome, there was also a limitation in distinguish-
ing wide range of ginseng cultivars. Recent advances in 
next-generation sequencing (NGS), particularly with the 
advent of genotyping-by-sequencing (GBS), have allowed 
for the rapid discovery of large numbers of single nucleo-
tide polymorphism (SNP) markers at the genome-wide 
scale in a cost-effective manner (Elshire et al. 2011). GBS 
approach has been successfully used for SNP discovery in 

large genome-sized organisms as well as in complex poly-
ploidy organisms with narrow genetic differences, such as 
cotton, wheat, and strawberry (Poland et al. 2012; Islam 
et al. 2015; Kim et al. 2019). Ginseng also has a large size 
and complex structure of genome, therefore GBS strategy 
is expected to help easily obtain large amounts of SNPs 
from ginseng cultivars (Kim et al. 2018).

This study describes the breeding history and character-
istics of P. ginseng cv. Sunhong with high-yielding property 
and tolerance to multiple physiological disorders including 
heat damage, rusty roots and lodging. In addition, to improve 
the purity of Sunhong, we suggest a reliable high-throughput 
authentication system using genome-wide SNPs obtained 
through GBS analysis. The results of this study can be used 
to promote the cultivation ratio of ginseng cultivars, thereby 
improving the yield and quality of ginseng.

2  Materials and methods

2.1  Breeding and cultivation

The ginseng seedlings with a root weight of 0.8–1.0 g, a root 
length of 15 cm or longer, and no disease or damage caused 
by physiological disorders were used in the experiments. 
The preliminary yield trial was performed by planting 63 
seedlings in an area of 1.62  m2 at Suwon Experiment Station 
in Gyeonggi, Korea. The advanced yield trial was performed 
by planting 126 seedlings in an area of 3.24  m2 at Boeun 
Experiment Station in Chungbuk, Korea. The regional 
adaptability trial was performed by planting 189 seedlings 
in an area of 4.86  m2 at farms in Yeoju and Anseong, Gyeo-
nggi, Korea. All trials were performed in triplicate. From 
the end of May to the end of August, additional sun-shading 
sheets were placed to minimize heat damage. The cultiva-
tion managements were carried out according to the Ginseng 
Good Agricultural Practices (RDA 2012a).

2.2  Qualitative traits and ginsenoside contents

The qualitative traits of the aerial part investigated in this 
study were the color of berries, the color of autumn leaves, 
the shape of the central and additional leaflets, and the 
intensity of anthocyanin coloration in the stem, the peti-
ole and the petiolules. The investigation was performed in 
accordance with the inspection standards of International 
Union for the Protection of New Varieties of Plants (UPOV) 
(UPOV 2004). The ginsenosides were separated by a Waters 
ACQUITY UPLC system (Waters, Millford, MA, USA) and 
detected by PDA at 203 nm as previously described (Park 
et al. 2013; Jang et al. 2020).
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2.3  Physiological disorders, diseases, and pests

Yellow leaf spot and heat damage, which are physiologi-
cal disorders of the aerial part, were graded from 0 to 9 
according to the visual index scale, where 0 = absent, 1 < 1%, 
3 = 1–10%, 5 = 10–25%, 7 = 25–40%, and 9 > 40%, respec-
tively. The occurrence of yellow leaf spot and heat damage 
was determined if more than one-third of leaf is damaged, 
and the percentage of symptom (%) was calculated as [the 
number of leaves with symptoms/the total number of leaves 
in all plants tested × 100]. The rusty roots and rough skin, 
which are physiological disorders of the underground part, 
were measured with the same visual index scale applied 
to the investigation of leaf discoloration and heat dam-
age (RDA 2012b; Kim et al. 2013). Lodging was rated on a 
visual index scale from 1 to 9 for the angle at which the stem 
was tilted: 1 = 0°, 3 = 1°–10°, 5 = 10°–20°, 7 = 20°–30°, and 
9 > 30° (Lee et al. 2021).

Alternaria leaf spot and anthracnose, were graded by leaf 
discoloration using the same visual index scale as autumn 
leaves. Mealybug, insect that causes aerial part disease, was 
counted on a visual index scale from 0 to 9 as the number of 
adult insects in the peak season: 0 = absent, 1 = 1–5 insects, 
3 = 6–10 insects, 5 = 11–30 insects, 7 = 31–50 insects, and 
9 > 50 insects (RDA 2012b). The investigation of physi-
ological disorders, diseases, and insects were performed 
with more than 50 individuals. Statistical analyses were per-
formed using one-way ANOVA with the Duncan’s multiple 
range test (p < 0.05). The SAS package v9.2 (SAS Institute 
Inc., Cary, NC, USA) was used as statistical analysis pro-
gram (Jang et al. 2021).

2.4  GBS library construction and sequencing

A total of 288 ginseng consisting of 8 cultivars were col-
lected from the farms in Anseong and Yeoju, Gyeonggi, 
Korea (Table 1). Among these, 192 samples collected from 
Anseong were used for construction of two GBS libraries. 
Total genomic DNA was extracted using HiQ Stool DNA/
RNA kit (BioD, Gwangmyeong, Korea) according to the 
manufacturer’s protocol, and then digested with ApeKI 
restriction enzyme (NEB, Ipswich, MA, USA) at 75 °C for 
2 h. The barcoded adapters were ligated with each digested 
DNA, followed by pooling and cleaning with QIAquick 
PCR purification kit (Qiagen, Germantown, MD, USA). 
Each GBS library was prepared after amplification by PCR, 
and was sequenced with HiSeq-X (Illumina, San Diego, CA, 
USA).

2.5  GBS analysis, SNP identification, 
and phylogenetic analysis

De-multiplexing was performed using the barcode sequence, 
and adapter sequences were removed using cutadapt v1.8.3 
(Martin 2011). The high-quality cleaned reads were obtained 
by trimming short reads with a Phred score of less than 20 
using Trimmomatic v0.39 (Bolger et al. 2014), and then 
mapped to scaffold sequences of P. ginseng downloaded 
from Ginseng Genome Database (http:// ginse ngdb. snu. ac. kr) 
using BWA-MEM v0.7.17 (Li 2013; Jayakodi et al. 2018). 
Raw SNPs were detected using SAMtools v0.1.16 (Danecek 
et al. 2021), and were filtered under the conditions of minor 
allele frequency (MAF) > 5% and missing data < 30%, 

Table 1  List of ginseng 
cultivars used for genotyping-
by-sequencing (GBS) analysis 
and genotyping

Sample ID Name of cultivars Number of 
samples

Year of 
samples

Location of 
sampling

Analysis

CP01–CP24 Chunpoong 24 3 Anseong GBS 1st library and genotyping
YP01–YP24 Yunpoong 24 3 Anseong GBS 1st library and genotyping
GP01–GP24 Gopoong 24 3 Anseong GBS 1st library and genotyping
SI01–SI24 Sunil 24 3 Anseong GBS 1st library and genotyping
KP01–KP24 Gumpoong 24 3 Anseong GBS 2nd library and genotyping
CS01–CS24 Cheongsun 24 3 Anseong GBS 2nd library and genotyping
SM01–SM24 Sunmyoung 24 3 Anseong GBS 2nd library and genotyping
SH01–SH24 Sunhong 24 3 Anseong GBS 2nd library and genotyping
CP25–CP36 Chunpoong 12 4 Yeoju Genotyping
YP25–YP36 Yunpoong 12 4 Yeoju Genotyping
KP25–KP36 Gumpoong 12 4 Yeoju Genotyping
GP25–GP36 Gopoong 12 4 Yeoju Genotyping
CS25–CS36 Cheongsun 12 4 Yeoju Genotyping
SI25–SI36 Sunil 12 4 Yeoju Genotyping
SM25–SM36 Sunmyoung 12 4 Yeoju Genotyping
SH25–SH36 Sunhong 12 4 Yeoju Genotyping
Total 288

http://ginsengdb.snu.ac.kr
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resulting in 3927 filtered SNPs. The SNPs with a read depth 
ratio greater than 90% were classified as homozygous, and 
those with a read depth ratio of 40–60% were classified as 
heterozygous. The evolutionary history was inferred using 
the Neighbor-Joining method with 1000 replications. The 
optimal tree with the sum of branch length = 12.85232980 
is shown. The evolutionary distances were computed using 
the Maximum Composite Likelihood method and are in the 
units of the number of base substitutions per site. The analy-
sis involved 192 nucleotide sequences consisting of 3957 
filtered SNPs. All ambiguous positions were removed for 
each sequence pair. Phylogenetic analyses were conducted 
in MEGA6 (Tamura et al. 2013).

2.6  SNP filtering, validation, and genotyping

A total of 1655 probe-affordable SNPs were selected based 
on absence of sequence variables within 30 bp left and right 
of 3957 filtered SNPs, and then were further filtered based on 
missing data, MAF, and presence of two kinds of homozy-
gous genotypes within eight cultivars. The SNPs selected as 
candidates of TaqMan markers were validated using Sanger 
sequencing in 32 samples. TaqMan markers were designed 
using RealTimeDesign software (LGC Biosearch Technolo-
gies, Hoddesden, UK). The primers and probes were synthe-
sized by Metabion (Planegg/Steinkirchen, Germany). PCR 
amplification for genotyping was performed using 7500 Fast 
(Applied Biosystems, Waltham, MA, USA), and fluores-
cence measurements were carried out at the annealing step 
of PCR in FAM and HEX channels (Waminal et al. 2020). 
The genotyping results using each TaqMan marker were 
analyzed with 7500 software v2.3 (Applied Biosystems), 
and then homozygous sample data were integrated through 
principal component analysis (PCA). PCA was performed 
using the princomp function and results were visualized by 
the plot3D package (https:// CRAN.R- proje ct. org/ packa ge= 
plot3D) in R v4.2.1.

3  Results

3.1  Development of P. ginseng cv. Sunhong

In 2000, a ginseng individual with pink berries was dis-
covered for the first time in Korea at the Eumseong Experi-
ment Station of the Korea Ginseng and Tobacco Research 
Institute (KGTRI). The seeds were planted and then 17 
individuals survived until a trait test was performed in 
2004. An individual with two or more stems and pink ber-
ries was selected (line ‘Pink-13’) and cultivated by the 
pure line selection. The preliminary yield trial conducted 

between 2005 and 2008 showed that it has high-yielding 
property as well as uniformity and stability. In addition, 
the advanced yield trial performed between 2009 and 2012 
confirmed not only the continuity that the major traits were 
stably maintained in its progeny, but also tolerance to heat 
damage, lodging, and rusty roots. The cultivar was sub-
sequently applied to the Korea Seed and Variety Service 
in 2013 with the cultivar name, Sunhong (P. ginseng cv. 
Sunhong). Following the regional adaptability trial and 
cultivation review from 2016 to 2017, it was registered as 
a new cultivar in 2019 (Supplementary Fig. S1).

3.2  Qualitative traits and ginsenoside contents 
of Sunhong

To show the distinctness of Sunhong, the qualitative traits 
were compared with Chunpoong and Yunpoong. Chun-
poong is the first cultivar in Korea and is tolerant to rusty 
roots. Yunpoong is a representative high-yielding cultivar 
in Korea. In addition, these two cultivars were derived 
from violet-stem landrace, Jakyung, which is the same ori-
gin as Sunhong (Kwon et al. 1998, 2000; Um et al. 2016). 
However, Sunhong distinctively showed reddish pink in 
berries, whereas the color of berries was red for Yunpoong 
and yellowish orange for Chunpoong. The expression level 
of anthocyanin in stems, petioles, and petiolules was mod-
erate in Sunhong, which was weaker than Yunpoong and 
stronger than Chunpoong. The color of autumn leaves was 
yellowish orange in both Sunhong and Chunpoong, while 
Yunpoong turned red with aging (Fig. 1). Other character-
istics of Sunhong were similar to Yunpoong, but showed a 
clear difference from Chunpoong. The anthocyanin color 
was detected along the whole petioles and petiolules in 
Sunhong and Yunpoong, while Chunpoong displayed 
purple only on the basal section. Sunhong and Yunpoong 
showed two or more stems and additional leaflets, and the 
shape of central leaflet was also similar to each other with 
a narrow oval shape. By contrast, as for Chunpoong, the 
frequency of multi-stem and additional leaflets was signifi-
cantly lower, and the shape of central leaflet was narrow 
(Fig. 1 and Supplementary Table S1). These distinctness 
of Sunhong, especially its pink berries, help ginseng fam-
ers to easily distinguish it from other ginsengs in the fields, 
increasing the convenience of maintaining the purity dur-
ing cultivation. In contrast, there was no significant dif-
ference in the ginsenoside contents among the cultivars. 
The total ginsenoside contents of Sunhong, Chunpoong, 
and Yunpoong were 18.39 mg   g−1, 20.16 mg   g−1, and 
21.20 mg  g−1, respectively, and seven major ginsenosides, 
such as Rg1, Re, Rf, Rb1, Rc, Rb2 and Rd were detected 
in all three cultivars (Supplementary Table S2).

https://CRAN.R-project.org/package=plot3D
https://CRAN.R-project.org/package=plot3D
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3.3  Agricultural characteristics of Sunhong

Sunhong exhibited a similar level of resistance to diseases 
and insect pests compared to Chunpoong and Yunpoong. 
The prevalence of alternaria leaf spot and anthracnose was 
not different in all three cultivars. The degree of mealybug 
damage that was counted on a visual index scale from 0 to 
9 as the number of adult insects in the peak season was 5.7 
for both Sunhong and Yunpoong. It was slightly lower than 
that of Chunpoong (7.0), but not a strong level of resistance 
to mealybugs (Supplementary Table S3).

Physiological disorders of Sunhong, such as yellow leaf 
spot, heat damage, lodging, rusty roots, and rough skin, were 
also evaluated on a visual index scale depending on the prev-
alence. Chunpoong, which is tolerable to rusty roots but vul-
nerable to heat damage and lodging, and Yunpoong, which 
has high-yielding property and tolerance to heat damage and 

lodging but is vulnerable to rusty roots, were used as control 
cultivars for comparison with Sunhong. The yellow leaf spot 
index was not significantly different among the three culti-
vars, and rough skin was found in none of the three cultivars. 
On the contrary, Sunhong’s prevalence of rusty roots was 
3.7, which was as low as Chunpoong (2.3), a cultivar toler-
able to rusty roots. Sunhong also showed tolerance to the 
heat damage and lodging. The heat damage level of Sunhong 
was 3.7, which was similar to that of Yunpoong (3.3) and 
over two times lower than that of Chunpoong (8.3). In par-
ticular, Sunhong had the lowest level of lodging among the 
three cultivars, as it was 2.0 in Sunhong, 3.3 in Yunpoong, 
and 6.7 in Chunpoong (Table 2).

In addition, Sunhong clearly showed high yield, much the 
same as Yunpoong, high-yielding cultivar. In the regional 
adaptability trials conducted in two regions for 2 years, the 
average yield of Sunhong and Yunpoong were similar at 

Color of 
berries

Intensity of 
anthocyanin 
coloration 
in stem

Number of 
stem

Intensity of 
anthocyanin 
coloration in 

petioles

Intensity of 
anthocyanin 
coloration in 

petiolules

Color of
autumn
leaves

A

B

C

Fig. 1  Characteristics of the aerial part of ginseng cultivars. A The 
distinctiveness of the aerial section of Panax ginseng cv. Sunhong. 
The color of berries is reddish pink. The distribution of anthocyanin 
coloration shows purple only on the lower section of the stem, but 
appears purple throughout petioles and petiolules. Multiple stems 
emerge from one individual. The color of autumn leaves is yellow-
ish orange. B The distinctiveness of the aerial section in P. ginseng 
cv. Chunpoong. The color of berries and autumn leaves are yellowish 

orange. The distribution of anthocyanin coloration of the stem, peti-
oles, and petiolules shows purple only on the basal section. A single 
stem emerges from one individual. C The distinctiveness of the aerial 
section in P. ginseng cv. Yunpoong. The color of berries is red. The 
distribution of anthocyanin coloration of the stem shows purple along 
the whole stems, petioles, and petiolules. Multiple stems emerge from 
one individual. The color of autumn leaves is red
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580.0 kg 10  a−1 and 577.1 kg 10  a−1, respectively. This result 
was 32.0% higher than the average yield of Chunpoong 
(437.4 kg 10  a−1), suggesting that Sunhong is also a high-
yielding cultivar like Yunpoong (Table 3). Taken together, 
Sunhong had the potential as a versatile cultivar possessing 
convenience of maintaining purity based on morphological 
distinctness, tolerance to various physiological disorders, 
and high yield.

3.4  GBS approach to establish authentication 
system of Sunhong

Although Sunhong has the convenience of maintaining the 
seed purity based on its distinct color of berries, it is still 
important to develop a reliable molecular marker-aided 
authentication system, especially to discriminate it from 
previously developed cultivars. Gumpoong, Gopoong, 
Cheongsun, Sunil, and Sunmyoung were used as control 
cultivars in addition to Chunpoong and Yunpoong because 
these registered elite cultivars have good agricultural traits 
and have been supplied for a long time in Korea (Lee et al. 
2010, 2011, 2015, 2021; Park et al. 2021). A total of 192 
samples consisting of eight cultivars were used to estab-
lish molecular marker-aided authentication system through 
the GBS analysis (Table 1). As a result, an average of 5.1 
million reads per samples were generated and 97.94% of 
reads were mapped to reference genome. A total of 3957 bi-
allelic SNPs were identified by filtering with thresholds of 
MAF > 5% and missing data < 30% from 271,258 raw SNPs 
(Table 4). Phylogenetic analysis using the filtered bi-allelic 
SNPs placed samples belonging to the same cultivar into 
the same cluster except Sunhong and Yunpoong, indicating 
these SNPs are informative for discriminating the cultivars 
used in this study (Fig. 2). Sunhong and Yunpoong were 
classified into the same group, which is consistent with their 
similar qualitative traits as mentioned previously (Fig. 1 and 
Supplementary Table S1).

3.5  Selection of polymorphic SNPs to discriminate 
the eight cultivars

A total of 208 polymorphic SNPs were selected based on 
absence of sequence variables within 30 bp left and right 
of filtered SNPs, thresholds of missing data < 30% for each 
cultivar, and presence of two kinds of homozygous geno-
types within eight cultivars (Table 4). From these 208 SNPs, 
twelve were selected as cultivar-specific SNPs, with eight 
being validated using Sanger sequencing (Supplementary 
Table S4). Among the eight SNPs, four were developed as 
TaqMan markers based on their allele combinations of eight 
cultivars (Supplementary Table S5). Genotyping results 
displayed on endpoint fluorescence scatter plots indicated 
that 04GS8365 marker was specific for Gumpoong but the 
other three markers, 06GS2795, 07GS4336, and 08GS9211, 
had no distinctive cluster of fluorescence signal for a single 
cultivar (Fig. 3A and Supplementary Fig. S2). To obtain a 
visualization of the multivariate data set generated with a 
combination of four markers, the complex genotyping data 
set was simplified by applying PCA. The 3-D score plots for 
the first three components obtained through PCA showed 
seven distinctive clusters consisting of a single cultivar, with 
the exception of the cluster containing both Sunhong and 
Yunpoong (Fig. 3B). The results suggest that these markers 
were effective in the authentication of most of the cultivars 
used in this study, but additional markers are needed to dif-
ferentiate between Sunhong and Yunpoong.

3.6  Development of additional markers 
for discrimination of Sunhong and Yunpoong

Because polymorphic SNPs with different genotypes in Sun-
hong and Yunpoong were not found in 208 polymorphic 
SNPs, 1655 probe-affordable SNPs were filtered again using 
the loosen criteria of 40% of minor allele frequency (MAF) 
and 50% of missing data for each cultivar. Among these fil-
tered SNPs, only three SNPs met the condition for existence 

Table 2  Responses to 
physiological stress to aerial and 
underground part of ginseng 
cultivars

z Grade of physiological disorder: 0, immunity; 1, < 1%; 3, 1–10%; 5, 10–25%; 7, 25–40%; 9, > 40%
y Grade of lodging level: 1, 0º; 3, 1º–10º; 5, 11º–20º; 7, 21º–30º; 9, > 30º
x Grade of physiological disorder: 0, immunity; 1, < 1%; 3, 1–10%; 5, 10–25%; 7, 25–40%; 9, > 40%
w Values are expressed as means ± standard deviation
v The letters indicate significant difference at p < 0.05 according to Duncan’s multiple range test

Cultivars Aerial part Underground part

Yellow leaf spot (0–9)z Heat damage (0–9)z Lodging (1–9)y Rusty roots (0–9)x Rough 
skin 
(0–9)x

Sunhong 2.7 ± 0.6wav 3.7 ± 1.2a 2.0 ± 1.0a 3.7 ± 1.2a 0
Chunpoong 2.3 ± 0.6a 8.3 ± 1.2b 6.7 ± 0.6b 2.3 ± 1.2a 0
Yunpoong 3.0 ± 1.0a 3.3 ± 0.6a 3.3 ± 1.7a 5.0 ± 2.0a 0
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of two kinds of homozygous genotypes within Sunhong 
and Yunpoong (Table 4). The 14GS1293 marker was sub-
sequently selected after validation by Sanger sequenc-
ing and conversion to a TaqMan marker (Supplementary 
Tables S4 and S5). As a result of genotyping analysis using 
14GS1293 marker, homozygotes of Sunhong and Yunpoong 
were clearly divided into two groups. Sunhong, Chunpoong, 
Gumpoong, and Cheongsun were classified into the same 
group and the other group consisted of Yunpoong, Gopoong, 
Sunil, and Sunmyoung (Fig. 3C). Together with the prior 
four markers, a combination including 14GS1293 marker 
clearly separated all of the eight cultivars from each other in 
the 3-D score plot for the first three components calculated 
by PCA (Fig. 3D).

4  Discussion

Sunhong was newly developed as a ginseng cultivar with 
reddish-pink berries by pure line selection (Supplemen-
tary Fig. S1). In addition, Sunhong showed high-yielding 
property, heat tolerance, rusty-root resistance, and lodging 
resistance in all trials conducted during the development 
process. The expression and distribution of anthocyanin 
color in Sunhong were distinctly different from those of 
Chunpoong and Yunpoong (Fig. 1), even though all of them 
were derived from Jakyung, local landrace with red berries 
and violet stem (Kwon et al. 1998, 2000; Lee et al. 2015). 
Since Jakyung is the most widely cultivated in Korea despite 
their mixed origins (Bang et al. 2020), the distinct color of 
Sunhong makes it easy for farmers to distinguish Sunhong 
from other cultivars or local landraces in the ginseng fields. 
High-yielding property is one of the most important factors 
in the breeding and cultivation of ginseng, as the land suit-
able for ginseng cultivation is gradually decreasing on the 
Korean peninsula due to global warming (Lee et al. 2015, 
2021). Heat damage greatly affects the yield of ginseng, as 
exposure to 30 °C for more than 7 days results in burning 
of leaf edges, eventually causing discoloration of the entire 
leaf and suspension of growth (Lee et al. 2010). Sunhong 
demonstrated both characteristics of high yield and toler-
ance to heat damage comparable to Yunpoong, which has 
been evaluated as a high-yielding and heat-damage tolerant 
cultivar for a long time (Table 3). Yield and heat tolerance 
results of Sunhong are also similar to those of Sunil and 
Sunmyoung in previous report that showed their high yield 
and resistance to high temperatures (Lee et al. 2021). Rusty 
roots, characterized by the development of reddish-brown to 
orange-brown areas on the root surface, leads to a decrease 
in the quality of ginseng and the content of ginsenosides 
(Rahman and Punja 2005). This has been reported as a dis-
advantage of Yunpoong in a number of previous studies 
(Lee et al. 1999; Kang et al. 2010; Kim et al. 2017), so it Ta
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was one of the factors limiting the expansion of Yunpoong’s 
cultivation despite its high yield and heat tolerance. On the 
other hand, Sunhong had resistance to rusty roots by show-
ing 1.4 times lower prevalence than Yunpoong (Table 2). 
Lodging, a well-known disorder in cereals, is the process 
by which the shoots are displaced from their vertical stance 
and become permanently tilted or lying horizontally on the 
ground, reducing yield by up to 80% and increasing harvest 
time (Mariani and Ferrante 2017). In the case of ginseng, 
lodging-susceptible cultivars such as Chunpoong and Sunil 
have the inconvenience of installing additional belts to pre-
vent stems from being exposed to strong sunlight and rain by 
leaning out of the shade canopy (Lee et al. 2021). However, 
Sunhong is expected to have no such inconvenience as it 
showed 3.4 times higher lodging resistance than Chunpoong 
(Table 2). Ginsenoside contents of Sunhong were not sig-
nificantly different from that of the previously developed 
cultivars, indicating that Sunhong has quality suitable for 
raw materials of health functional food (Supplementary 
Table S2). Collectively, Sunhong has proven to be a novel 
cultivar with multiple advantages related to yield, quality 
and convenience of cultivation. The heat and rusty-root 
resistance of Sunhong helps to resist various environmental 
stresses during long-term cultivation, thereby keeping its 
high yield and quality. Distinct color makes the purity man-
agement of Sunhong easy in the fields and lodging resistance 
increased the convenience of cultivation. In addition, there 
was no difference in sprouting time, berry ripening time, and 
disease resistance compared to Yunpoong that was evaluated 
as preferred cultivar of ginseng famers and thus showed the 
highest cultivation rate of 7% (Bang et al. 2020). Therefore, 

Sunhong is considered to be a cultivar with strong poten-
tial to expand the cultivation area of ginseng cultivars and 
increase total ginseng production.

Although Sunhong has the convenience of maintain-
ing purity based on the distinctness of color, there is a 
limitation in distinguishing Sunhong from other cultivars 
due to the highly similar morphology of ginseng in the 
early stages of development, such as seeds and seedlings. 
Therefore, accurate and reliable authentication systems, 
such as molecular marker-aided discrimination, are criti-
cal to improving the seed purity of superior cultivars, thus 
helping ginseng production by supplying pure seeds to 
farmers. In this study, five TaqMan markers were identi-
fied through GBS analysis to discriminate eight elite gin-
seng cultivars including Sunhong. GBS is a cost-effective 
approach used for genetic and genomic studies to a wide 
range of high diversity and large genome species (Elshire 
et al. 2011). Since ginseng has a large genome size of 
about 3 Gbp and complex genome structure with allotetra-
ploid and diverse repetitive sequences (Kim et al. 2018), 
the GBS strategy helped to easily obtain large amounts 
of SNPs from the eight ginseng cultivars. Approximately 
4 K filtered SNPs were acquired from 192 samples, and 
phylogenetic analysis revealed that these SNPs have the 
discriminant power to clearly divide the eight ginseng cul-
tivars into 7 clusters (Fig. 2). After further filtering and 
validation, five polymorphic SNPs were finally selected 
and converted to TaqMan markers (Supplementary Tables 
S4 and S5). The genotyping data set simplified by PCA 
and visualized in 3-D plots revealed that a combination of 
these five TaqMan markers was able to authenticate each 

Table 4  Summary of GSB data and single nucleotide polymorphism (SNP) selection

* The names of Sunhong and Yunpoong were abbreviated as SH and YP, respectively

Summary Discrimination of 8 cultivars Discrimination of SH and YP*

Avg. no. of trimmed reads 5,092,636
Avg. no. of mapped reads 4,997,579
Mapping rate (%) 97.94
Avg. no. of mapped region 134,181
Avg. depth of mapped region 11.37
Reference genome coverage (%) 1.10
Raw SNPs 271,258
Filtered bi-allelic SNPs Bi-allelic loci

Minor Allele Frequency (MAF) > 5%
Missing data < 30%

3957

Probe-affordable SNPs No variables within 30 bp left and right 1655
Homozygous SNPs for each cultivar Missing data < 30% for each cultivar 1111 MAF < 40%

Missing data < 50% for each cultivar
1157

Polymorphic SNPs within 8 cultivars Homozygous genotypes > 1 within 8 
cultivars

208 Homozygous genotypes > 1 within 8 
cultivars

546

Polymorphic SNPs between SH and YP Homozygous genotypes > 1 within SH and 
YP

3
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of the eight elite cultivars (Fig. 3). The TaqMan PCR is 
considered the preferred technique for genotyping a small 
number of SNPs in large populations, as it does not require 
a gel electrophoresis step and thus is high-throughput and 
time-efficient (Shen et al. 2009). In addition, due to the 
presence of two allele-specific TaqMan probes, it is highly 
accurate and reliable compared to other PCR-based geno-
typing methods such as HRM analysis (Zhang et al. 2013). 
Therefore, our results have significance in efficiently estab-
lishing a convenient and reliable authentication system 
using high-throughput TaqMan markers developed with 

GBS technique, which will help improve a seed purity of 
the novel superior cultivar.

The overall qualitative traits of Sunhong were very simi-
lar to Yunpoong, except for characteristics related to antho-
cyanin color expression (Fig. 1). In addition, Sunhong and 
Yunpoong were not distinguished in a phylogenetic analysis 
using 3957 SNPs identified by filtering with thresholds of 
MAF > 5% and missing data < 30% from raw SNPs (Fig. 2). 
These results imply that the genetic information of the two 
cultivars is very resembling, even though they were selected 
from independent Jakyung populations in different regions 

Fig. 2  Phylogenetic analysis with 3957 filtered SNPs obtained 
from 192 ginseng samples consisting of 8 cultivars. The evolu-
tionary history was inferred using the Neighbor-Joining method 
with 1000 replications. The optimal tree with the sum of branch 
length = 12.85232980 is shown. The evolutionary distances were 

computed using the Maximum Composite Likelihood method and are 
in the units of the number of base substitutions per site. The names 
of cultivars are abbreviated in two letters: CP Chunpoong, YP Yun-
poong, GP Gopoong, KP Gumpoong, CS Cheongsun, SI Sunil, SM 
Sunmyoung, SH Sunhong
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(Kwon et al. 2000). For this reason, among the 208 poly-
morphic SNPs, there were no SNPs with different genotypes 
between Sunhong and Yunpoong (Table 4). Addressing this, 
the loosen criteria of 50% of missing data and 40% of MAF 
were applied to SNP filtering for each cultivar. Missing data 
is one of the major limitations of GBS data due to the non-
uniform distribution of sequence reads and low sequence 
coverage (Beissinger et al. 2013). Heterogeneity in ginseng 
cultivars was another limitation of GBS data analysis in 
this study. It is very difficult to achieve homogeneity in gin-
seng breeding due to the long generation period and mor-
phological trait-based breeding (Kim et al. 2012). Indeed, 
some off-type individuals such as KP19, CS07, CS19, CP20, 

and CP21 were identified in the phylogenetic tree (Fig. 2), 
and heterozygous alleles were also detected by genotyp-
ing (Fig. 3C and Supplementary Fig. S2). To generate bio-
logical insights from GBS data of highly heterozygous and 
polyploid species, arbitrary choice of filtering thresholds or 
empirical selection of permissiveness to missing data has 
also been reported (Gardner et al. 2014; Bombonato et al. 
2020). Considering these circumstances, as many as 24 
replicates for each cultivar were used in the GBS analysis, 
which made it possible to loosen the thresholds for missing 
data and MAF, eventually discovering three SNPs with dif-
ferent genotypes between Sunhong and Yunpoong (Table 4). 
One of them was converted to a TaqMan marker, and thus 
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Fig. 3  Genotyping results of 192 ginseng samples consisting of 8 
cultivars. Endpoint fluorescence scatter plots show the genotyping 
results of each TaqMan marker (A and C). The x and y axes of scat-
ter plots represent the relative fluorescence units (RFU) of 04GS8365 
(A) and 14GS1293 (B) markers labeled with FAM and HEX, respec-
tively. Three-dimensional score plots show the first three principal 

components (PCs) analyzed from the combined genotyping results 
of 171 homozygous samples using multiple TaqMan markers (B and 
D). The first three PCs were obtained by principal component analy-
sis (PCA) of the genotyping data using four markers, 04GS8365, 
06GS2795, 07GS4336, and 08GS9211 (B) and all five markers 
including 14GS1293 marker (D)
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the authentication system consisting of 5 TaqMan markers 
was finally established (Fig. 3D). This result demonstrated 
a simple and effective approach to extract as much informa-
tion as possible from existing GBS data, which facilitated 
developing additional markers for varietal identification. Sta-
tistical and computational imputation can be performed on 
the GBS data in the future to further improve the SNP infor-
mation obtained with high permissiveness to missing data.

In this study, we developed the ginseng cultivar Sunhong 
with pink berries, and showed its versatile characteristics 
such as high yield, cultivation convenience, and multiple 
tolerance. The GBS approach enabled to establish a reli-
able high-throughput authentication system for Sunhong and 
other ginseng cultivars by identifying a sufficient number of 
informative SNPs. In addition, we demonstrated that more 
permissive filtering thresholds can be effective in extracting 
more useful information from GBS data of heterozygous and 
polyploid species with narrow genetic differences like Sun-
hong and Yunpoong. It is hoped that these results will help 
to improve yield, quality, and homogeneity, and therefore 
promote the ginseng industry.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13580- 023- 00526-x.

Acknowledgements None.

Author contributions JS performed GBS analysis and wrote manu-
script. J-SL performed breeding of ginseng and wrote manuscript. S-LS 
performed HPLC analysis. J-GI, C-SP, Y-JL and H-JA interpreted the 
data and supervised the experiments. All authors have read and agreed 
to the published version of the manuscript.

Data availability More data supporting this manuscript can be found 
in the supplementary materials. Additional datasets generated during 
the current study are not publicly available due to Korea Ginseng Cor-
poration policy, but are available from the corresponding author on 
reasonable request.

Declarations 

Conflicts of interest The authors declare that they have no conflict of 
interest.

References

Bang K-H, Kim Y-C, Lee J-W, Cho I-H, Hong C-E, Hyun D-Y, Kim 
J-U (2020) Major achievement and prospect of ginseng breeding 
in Korea. Korean J Breed Sci 52:170–178

Beissinger TM, Hirsch CN, Sekhon RS, Foerster JM, Johnson JM, Mut-
toni G, Vaillancourt B, Buell CR, Kaeppler SM, de Leon N (2013) 
Marker density and read depth for genotyping populations using 
genotyping-by-sequencing. Genetics 193:1073–1081

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trim-
mer for illumina sequence data. Bioinformatics 30:2114–2120

Bombonato JR, van Amaral DT, Silva GAR, Khan G, Moraes EM, 
da Silva Andrade SC, Eaton DA, Alonso DP, Ribolla PEM, Tay-
lor N (2020) The potential of genome-wide RAD sequences for 

resolving rapid radiations: a case study in Cactaceae. Mol Phylo-
genet Evol 151:106896

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, 
Whitwham A, Keane T, McCarthy SA, Davies RM (2021) Twelve 
years of SAMtools and BCFtools. GigaScience 10:giab008

Elshire RJ, Glaubitz JC, Sun Q, Poland JA, Kawamoto K, Buckler ES, 
Mitchell SE (2011) A robust, simple genotyping-by-sequencing 
(GBS) approach for high diversity species. PLoS ONE 6:e19379

Gardner KM, Brown P, Cooke TF, Cann S, Costa F, Bustamante C, 
Velasco R, Troggio M, Myles S (2014) Fast and cost-effective 
genetic mapping in apple using next-generation sequencing. G3 
4:1681–1687

Hwang YJ, Park SJ, Uhm JY, Seo HS, Choi JH (2020) Investigation of 
economic effects and export expansion plan of functional food. 
Korea Rural Economic Institute, Naju, pp 36–46

Islam MS, Thyssen GN, Jenkins JN, Fang DD (2015) Detection, valida-
tion, and application of genotyping-by-sequencing based single 
nucleotide polymorphisms in upland cotton. Plant Genome 8:1–10

Jang I, Do G, Suh S, Yu J, Jang I, Moon J, Chun C (2020) Physiological 
responses and ginsenoside production of Panax ginseng seedlings 
grown under various ratios of red to blue light-emitting diodes. 
Hortic Environ Biotechnol 61:663–672. https:// doi. org/ 10. 1007/ 
s13580- 020- 00255-5

Jang I, Do G, Hwang H, Suh S, Yu J, Jang I, Moon J, Chun C (2021) 
Morphological development and photosynthetic acclimation of 
Panax ginseng seedlings to irradiation by light-emitting diodes 
(LEDs). Hortic Environ Biotechnol 62:571–579. https:// doi. org/ 
10. 1007/ s13580- 021- 00343-0

Jang W, Jang Y, Cho W, Lee SH, Shim H, Park JY, Xu J, Shen X, 
Liao B, Jo I-H (2022) High-throughput digital genotyping tools 
for Panax ginseng based on diversity among 44 complete plastid 
genomes. Plant Breed Biotechnol 10:174–185

Jayakodi M, Choi B-S, Lee S-C, Kim N-H, Park JY, Jang W, Laksh-
manan M, Mohan SV, Lee D-Y, Yang T-J (2018) Ginseng genome 
database: an open-access platform for genomics of Panax ginseng. 
BMC Plant Biol 18:1–7

Jo I-H, Lee S-H, Kim Y-C, Kim D-H, Kim H-S, Kim K-H, Chung 
J-W, Bang K-H (2015) De novo transcriptome assembly and the 
identification of gene-associated single-nucleotide polymorphism 
markers in Asian and American ginseng roots. Mol Genet Genom 
290:1055–1065

Jo IH, Kim YC, Kim DH, Kim KH, Hyun TK, Ryu H, Bang KH (2017) 
Applications of molecular markers in the discrimination of Panax 
species and Korean ginseng cultivars (Panax ginseng). J Ginseng 
Res 41:444–449

Kang S-W, Lee S-W, Hyun D-Y, Yeon B-Y, Kim Y-C, Kim Y-C (2010) 
Studies on selection of adaptable varieties in paddy-field of gin-
seng culture. Korean J Med Crop Sci 18:416–420

Kim N-H, Choi H-I, Ahn I-O, Yang T-J (2012) EST-SSR marker sets 
for practical authentication of all nine registered ginseng cultivars 
in Korea. J Ginseng Res 36:298

Kim Y-C, Kim D-H, Bang K-H, Kim J-U, Hyun D-Y, Lee S-W, Kang 
S-W, Cha SW, Kim K-H, Choi J-K, Han S-H, An Y-N, Jeong 
N-N (2013) A high yielding and salt resistance ginseng variety 
“Cheonryang.” Korean J Breed Sci 45:434–439

Kim YC, Kim JU, Lee JW, Hong CE, Bang KH, Kim DH, Hyun DY, 
Choi JK, Seong BJ, An YN (2017) ‘Kowon’, a new Korean gin-
seng cultivars with high yield and alternaria blight resistance. 
Hortic Sci Technol 31:499–509. https:// doi. org/ 10. 12972/ kjhst. 
20170 053

Kim NH, Jayakodi M, Lee SC, Choi BS, Jang W, Lee J, Kim HH, 
Waminal NE, Lakshmanan M, van Nguyen B (2018) Genome and 
evolution of the shade-requiring medicinal herb Panax ginseng. 
Plant Biotechnol J 16:1904–1917

Kim J, Lee SY, Kim D, Lee E-S, Lee H-E, Han K, Kang B-C (2019) 
Genotyping of octoploid strawberry inbred lines by SNP 

https://doi.org/10.1007/s13580-023-00526-x
https://doi.org/10.1007/s13580-020-00255-5
https://doi.org/10.1007/s13580-020-00255-5
https://doi.org/10.1007/s13580-021-00343-0
https://doi.org/10.1007/s13580-021-00343-0
https://doi.org/10.12972/kjhst.20170053
https://doi.org/10.12972/kjhst.20170053


764 Horticulture, Environment, and Biotechnology (2023) 64:753–764

1 3

discovery using genotyping-by-sequencing. Hortic Environ Bio-
technol 60:69–80

Kwon W-S, Chung C-M, Kim Y-T, Lee M-G, Choi K-T (1998) Breed-
ing process and characteristics of KG101, a superior line of Panax 
ginseng CA Meyer. J Ginseng Res 22:11–17

Kwon W-S, Lee M-G, Choi K-T (2000) Breeding process and charac-
teristics of Yunpoong, a new variety of Panax ginseng CA Meyer. 
J Ginseng Res 24:1–7

Lee S-S, Lee M-G, Choi K-T (1999) Rusty-root tolerance and chemi-
cal components in 4-year old ginseng superior lines. J Ginseng 
Res 23:61–66

Lee J-S, Lee J-H, Ahn I-O (2010) Characteristics of resistant lines to 
high-temperature injury in ginseng (Panax ginseng CA Meyer). J 
Ginseng Res 34:274–281

Lee J-S, Lee K-H, Lee S-S, Kim E-S, Ahn I-O, In JG (2011) Mor-
phological characteristics of ginseng leaves in high-temperature 
injury resistant and susceptible lines of Panax ginseng Meyer. J 
Ginseng Res 35:449–456

Lee J-H, Lee J-S, Kwon W-S, Kang J-Y, Lee D-Y, In J-G, Kim Y-S, 
Seo J, Baeg I-H, Chang I-M, Grainger K (2015) Characteristics 
of Korean ginseng varieties of Gumpoong, Sunun, Sunpoong, 
Sunone, Cheongsun, and Sunhyang. J Ginseng Res 39:94–104. 
https:// doi. org/ 10. 1016/j. jgr. 2014. 06. 007

Lee J-S, Kim Y-S, Shim S-L, Park C-S (2021) ‘Sunmyoung’: a variety 
with high production stability due to its resistance against high 
temperature and lodging stresses. Korean J Breed Sci 53:475–481

Li H (2013) Aligning sequence reads, clone sequences and assembly 
contigs with BWA-MEM. https:// arxiv. org/ abs/ 1303. 3997. https:// 
doi. org/ 10. 48550/ arXiv. 1303. 3997

Mariani L, Ferrante A (2017) Agronomic management for enhancing 
plant tolerance to abiotic stresses—drought, salinity, hypoxia, and 
lodging. Horticulturae 3:52

Martin M (2011) Cutadapt removes adapter sequences from high-
throughput sequencing reads. Embnet J 17:10–12

Park H-W, In G, Han S-T, Lee M-W, Kim S-Y, Kim K-T, Cho B-G, Han 
G-H, Chang I-M (2013) Simultaneous determination of 30 gin-
senosides in Panax ginseng preparations using ultra performance 
liquid chromatography. J Ginseng Res 37:457

Park E, Kim Y-S, Omari MK, Suh H-K, Faqeerzada MA, Kim MS, 
Baek I, Cho B-K (2021) High-throughput phenotyping approach 
for the evaluation of heat stress in Korean ginseng (Panax ginseng 
Meyer) using a hyperspectral reflectance image. Sensors 21:5634. 
https:// doi. org/ 10. 3390/ s2116 5634

Poland JA, Brown PJ, Sorrells ME, Jannink J-L (2012) Development 
of high-density genetic maps for barley and wheat using a novel 
two-enzyme genotyping-by-sequencing approach. PLoS ONE 
7:e32253

Rahman M, Punja ZK (2005) Biochemistry of ginseng root tis-
sues affected by rusty root symptoms. Plant Physiol Biochem 
43:1103–1114

RDA (2012a) Good agricultural practice of ginseng. Rural Develop-
ment Administration, Suwon, pp 47–70

RDA (2012b) Research criteria for agricultural science and technology 
research criteria. Rural Development Administration, Suwon, pp 
759–770

Shen G-Q, Abdullah KG, Wang QK (2009) The TaqMan method for 
SNP genotyping. In: Single nucleotide polymorphisms. Springer, 
pp 293–306

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: 
molecular evolutionary genetics analysis version 6.0. Mol Biol 
Evol 30:2725–2729

Um Y, Jin M-L, Kim O-T, Kim Y-C, Kim S-C, Cha S-W, Chung K-W, 
Kim S, Chung C-M, Lee Y (2016) Identification of Korean gin-
seng (Panax ginseng) cultivars using simple sequence repeat 
markers. Plant Breed Biotechnol 4:71–78

UPOV (2004) Guidelines for the conduct of tests for distinctness, 
homogeneity and stability of ginseng (Panax ginseng C. A. 
Meyer). International Union for the Protection of New Varieties 
of Plants, Geneva

Waminal NE, Yang T-J, In J-G, Kim HH (2020) Five-color fluores-
cence in situ hybridization system for karyotyping of Panax gin-
seng. Hortic Environ Biotechnol 61:869–877. https:// doi. org/ 10. 
1007/ s13580- 020- 00267-1

Ying Z, Awais M, Akter R, Xu F, Baik S, Jung D, Yang DC, Kwak 
G-Y, Wenying Y (2022) Discrimination of Panax ginseng from 
counterfeits using single nucleotide polymorphism: a focused 
review. Front Plant Sci 13:903306. https:// doi. org/ 10. 3389/ fpls. 
2022. 903306

Zhang L, Cui G, Li Z, Wang H, Ding H, Wang DW (2013) Comparison 
of high-resolution melting analysis, TaqMan allelic discrimination 
assay, and Sanger sequencing for clopidogrel efficacy genotyping 
in routine molecular diagnostics. J Mol Diagn 15:600–606

Zhang H, Abid S, Ahn JC, Mathiyalagan R, Kim Y-J, Yang D-C, Wang 
Y (2020) Characteristics of Panax ginseng cultivars in Korea and 
China. Molecules 25:2635

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1016/j.jgr.2014.06.007
https://arxiv.org/abs/1303.3997
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.3390/s21165634
https://doi.org/10.1007/s13580-020-00267-1
https://doi.org/10.1007/s13580-020-00267-1
https://doi.org/10.3389/fpls.2022.903306
https://doi.org/10.3389/fpls.2022.903306

	Development and authentication of Panax ginseng cv. Sunhong with high yield and multiple tolerance to heat damage, rusty roots and lodging
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Breeding and cultivation
	2.2 Qualitative traits and ginsenoside contents
	2.3 Physiological disorders, diseases, and pests
	2.4 GBS library construction and sequencing
	2.5 GBS analysis, SNP identification, and phylogenetic analysis
	2.6 SNP filtering, validation, and genotyping

	3 Results
	3.1 Development of P. ginseng cv. Sunhong
	3.2 Qualitative traits and ginsenoside contents of Sunhong
	3.3 Agricultural characteristics of Sunhong
	3.4 GBS approach to establish authentication system of Sunhong
	3.5 Selection of polymorphic SNPs to discriminate the eight cultivars
	3.6 Development of additional markers for discrimination of Sunhong and Yunpoong

	4 Discussion
	Anchor 19
	Acknowledgements 
	References




