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Abstract - The edible roots of radish (Raphanus sativus L.) are consumed worldwide. For characterization and evaluation of
the agronomic traits and health-promoting chemicals in radish germplasms, new germplasm breeding materials need to be
identified. The objectives of this study were to evaluate the phenotypic traits and glucosinolate contents of radish roots from
110 germplasms, by analyzing correlations between 10 quantitative phenotypic traits and the individual and total contents
of five glucosinolates. Phenotypic characterization was performed based on descriptors from the UPOV and IBPGR, and
glucosinolate contents were analyzed using liquid chromatography-tandem mass spectrometry in multiple reaction
monitoring mode (MRM). Regarding the phenotypic traits, a significant correlation between leaf length and root weight was
observed. Glucoraphasatin was the main glucosinolate, accounting for an average of 71% of the total glucosinolates in the
germplasms; moreover, its content was significantly correlated with that of glucoerucin, its precursor. Principal component
analysis indicated that the 110 germplasms could be divided into five groups based on their glucosinolate contents. High
levels of free-radical scavenging activity (DPPH) were observed in red radishes. These results shed light on the beneficial
traits that could be targeted by breeders, and could also promote diet diversification by demonstrating the health benefits of
various germplasms.
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Korea, and traditional radish recipes have been published in at

Introduction
least 11 Korean recipe books within the past 100 years (Cho,

The edible roots of radish (Raphanus sativus L., 2n=2x = 2010). Radish is one of the most widely cultivated vegetables

18), arepresentative of the Raphanus genus in the Brassicaceae in Korea and has been professionally bred for “four-season

family, are consumed worldwide. Radish sprouts and young cultivation”.

leaves are also cooked, preserved by salting or pickling, or In Asian countries, diverse varieties of radish are widely

eaten in salads. According to Vavilov et al. (1926), radish cultivated as large-rooted and long-season vegetables, whereas

originated from the eastern Mediterranean region and Middle in the Americas and Europe, red, small-rooted, short-season

East, and the current varieties might have been domesticated radish varieties are cultivated. Black radish is used in salads

in India and other parts of Asia. Radish has been cultivated in in Spain because of its crispy texture, and in China, colorful

Korea and China since 400 BC (Kaneko and Matsuzawa, 1993;
Kurina et al.,2021; Vavilov et al., 1926). Historical reports of
radish kimchi date back to the Three Kingdoms era (700 BC) in
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radishes including 20-day red radish, green radish (green both
outside and inside the root), and watermelon radish (green
exterior and red interior) are consumed (Singh et al., 2017;
Vavilov et al., 1926; Wang et al., 2020). In contrast to the
colorful radishes cultivated in China, white radishes with

green shoulders have been preferred in Korea for a long time
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because there is a perception that these types of radishes,
especially egg-shaped ones, are of higher quality, being sweet
and crunchy. Most radish and Brassica spp. researches conducted
in Korea have focused on cultivation and disease resistance
(Afroz et al., 2021; Geum et al., 2021; Kim et al., 2020;
Kwon et al., 2020; Rajalingam et al., 2021), with few studies
conducted on the color and appearance of radish roots (Singh
et al., 2017). However, color is one of the most important
traits reflecting quality, and affects consumer preference.
Glucosinolates (GSLs) are sulfur-containing secondary meta-
bolites considered as the main health-promoting (anti-cancer,
antioxidant, and anti-inflammatory) compounds in most cru-
ciferous vegetables (Barillari et al., 2005). GSLs have been
reported in various species and cultivars, as well as in specific
plant organs (Hwang et al., 2019; Jeon et al., 2018; Rhee et
al., 2020). Glucoraphasatin (GRH), which is derived from
glucoerucin (GER), is abundant in radish (Fahey ez al., 2001;
Ishida et al., 2015; Kakizaki et al., 2017). Rhee et al. (2020)
assessed the GSL distribution across the inner, middle, and
outer leaves of kimchi cabbage (Brassica rapa L.), and Jeon
et al. (2018) evaluated the GSL content at different vegetative
growth stages in B. rapa (Jeon et al., 2018; Rhee et al., 2020).
GSLs can be hydrolyzed by myrosinase to form breakdown
products including isothiocyanates, which are responsible for
the bitter taste of vegetables and exhibit cancer chemopre-
ventive activity. Liu et al. (2018) compared nutritional values
among different broccoli tissues and suggested various possible
applications for broccoli by-products after analyzing sulfo-
raphane derived from glucoraphanin (Liu ez al., 2018). GRH
is hydrolyzed by myrosinase when plant cells are disrupted to
produce raphasatin; when derived from GRH, raphasatin was
reported to induce more potent detoxification enzymes than
other degradation products (Scholl er al., 2011). Raphasatin
exhibits chemopreventive effects, including some toxic effects
on human breast adenocarcinoma cells (Scholl et al., 2011;
Suzuki et al., 2016; 2017), in which it induces apoptosis
(Ibrahim et al., 2018). Radish also converts isothiocyanates
from GSLs more efficiently than broccoli (De Nicola et al.,
2013), with the addition of radish sprouts to broccoli sprouts
promoting sulforaphane formation in the latter (Liang et al.,
2018). Therefore, it is important to identify radish varieties

that produce large amounts of GSLs, as they can provide

health benefits to humans.

Montaut et al. (2010) provide an excellent summary of
GSL analytical methods (Montaut et al, 2010). High-per-
formance liquid chromatography (HPLC) has been used in
many studies (Park ef al., 2014) to analyze desulfated GSL
with a UV-visible or photodiode array detector, but the desul-
fonation process is laborious, and some GSL may be insu-
fficiently desulfonated at lower sulfatase concentrations. Re-
cently, intact GSLs were identified and quantified using ultra-
performance liquid chromatography (UPLC) with diode array
detection-tandem mass spectrometry (MS/MS) in multiple
reaction monitoring (MRM) mode (Gratacos-Cubarsi et al.,
2010; Hwang et al., 2019). Several studies have analyzed
GSL contents in the Brassicaceae family (Bhandari et al.,
2015), but they often did not include GRH, which comprises
90% of all radish GSLs on average. Yi ef al. (2016) investi-
gated radish GSLs, but the numbers of germplasms and
morphological traits analyzed were limited, and GSLs were
analyzed in the form of desulfo-GSLs using HPLC (Yietal.,
2016).

Large-scale characterization and evaluation of the agronomic
traits and health-promoting chemicals in radish germplasms
would help identify new germplasm breeding materials. There-
fore, in this study, we aimed to profile GSLs and characterize
the phenotypes of radish germplasms. We evaluated the GSL
contents of 110 radish germplasms using liquid chromato-
graphy (LC)-MS/MS in MRM mode, and characterized qua-
litative and quantitative traits. The data from the correlation
analysis could promote the exploitation of favorable traits by
breeders, as well as diet diversification given the health benefits

associated with various radish germplasms.

Materials and Methods

Plant cultivation and sample preparation

Seeds of 110 radish germplasms were obtained from the
National Agrobiodiversity Center (Jeonju, Korea), and seeds
of the following 10 Korean commercial cultivars were purchased
from various companies: Gwailmu (Conl; Asia Seed Co.,
Seoul, Korea), Meosjinmaskkalmu (Con2; Nongwoobio., Suwon,
Korea), Taecheong (Con3; Syngenta, Iksan, Korea), Cheong-

unmu (Con4; Farm Hannong, Seoul, Korea), Chorongmu (Con5;
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Farm Hannong), Mansa-hyeongtongmu (Con6; Nongwoobio.),
Togwanggoldeumu (Con7; Farm Hannong), Baeksinaltari (Cons;
Koregon, Seoul, Korea), Syupeogiljomu (Con9; Nongwoobio.),
and Seohogoldeumu (Con10; Nongwoobio.; Appendix 1).

The seeds were sown in an experimental field containing
compost and fertilizer at the end of August 2017. Plants were
cultivated in the field following cultural practices recom-
mended by the Rural Development Administration. Fertilizer
(N-P-K-Ca-B = 60-40-60-75-1.5 kg/10 a) was applied before
the seeds were sown. Radishes were harvested at 3-10 weeks
after sowing (at the optimal growth stage) for phenotypic
characterization, and all root samples were freeze-dried (LP500
vacuum freeze-drier; Ilshinbiobase Co., Seoul, Korea) directly
at -70°C for 1 week. The samples were then ground into fine

powder and stored at -20C until further analysis.

Characterization of phenotypic traits

Phenotypic traits were characterized at full maturity in the
field. Radish leaves and roots were examined for 5 qualitative
and 10 quantitative traits based on modified descriptors from
the International Union for the Protection of New Varieties of
Plants (UPOV, 2021) and reference descriptors for Brassica
and Raphanus (IBPGR, 1990).

The five qualitative traits were radish root peel color, root
shoulder color, root flesh color, root shape, and the extent of
root burial in soil. The 10 quantitative traits were total weight
(Twe), root length (RL), root width (Rwi), root length-to-
width ratio (RR), root weight (Rwe), leaf length (LL), leaf
width (Lwi), leaf length-to-width ratio (LR), leaf weight (Lwe),
and leaf number (LN). Each characteristic was examined using
a digital caliper and digital balance. Three to five independent
biological samples were examined to characterize the quantitative

and qualitative phenotypic traits.

Evaluation of glucosinolate contents

GSLs were extracted following the method reported by Rhee
et al. (2020). GSLs were isolated from 100-mg freeze-dried
samples using 1 mL of solvent (Methanol: deionized water =
80:20, v/v). Then, each mixture was vortexed and centrifuged
at 16,000 rpm and 4°C for 10 min. The supernatant was trans-
ferred into a new tube, re-centrifuged, filtered using a 0.45-um

syringe filter, and diluted 10 times before an internal standard

solution was added. Finally, the filtered solution was transferred
into a brown vial for further analysis. For this experiment, the
internal standard was prepared using 100 ppb glucotropaeolin.
We analyzed 18 GSL standards (Phytoplan Diehm & Neu-
berger GmbH; Heidelberg, Germany) using a Waters Acquity
UPLC system (Waters, Milford, MA, USA) coupled with a
Xevo TQ-S system (Waters MS Technologies, Manchester,
UK) and finally selected the following five GSLs to evaluate
the GSL contents in radish germplasms (Appendix 4): Glucora-
phasatin (GRH), glucoraphenin (GRE), glucobrassicin (GBR),
Glucoerucin (GER), and glucoberteroin (GBE). Glucotropaeolin
was used as the internal standard to identify and quantify the
GSLs in 110 germplasms and 10 commercial cultivars. Chro-
matographic separation was carried out using an Acquity
UPLC BEH Cy;5 (1.7 pm, 2.1 x 100 mm) column (Waters Corp.,
Manchester, UK). The flow rate was kept at 0.25 mL/min, the
column temperature was maintained at 35°C, and the injection
volume was 5 |L. The mobile phase comprised 0.1% trifluo-
roacetic acid in distilled water (A) and 0.1% trifluoroacetic
acid in methanol (B). The UPLC gradient conditions were as
follows: initial condition, 100% A; 0.0-1.0 min, 100% to 95%
A; 1.0-4.0 min, 95% to 0% A; 4.0-4.5 min, 0% to 100% A;
4.5-5 min, 100% A; 5-15 min, 100% A. The mass spectrometry
instrument was operated in negative ion electrospray
ionization (ESI') and MRM modes. Data were acquired using
MassLynx 4.1 software. GSLs were identified by comparing
their retention times and MS and MS/MS fragmentation
spectra with those of commercial standards. Each MRM
transition was set as follows {compound name (retention time,
parent molecular weight > daughter transition weight)}:
GRH (5.18 min, 417> 175.69), GRE (6.21 min, 433 >418.5),
GER (4.87 min, 419 > 177.71), GBE (6.21 min, 433 > 127.78),
GBR (5.51 min, 446 > 204.69), and glucotropaeolin (4.75
min, 407 > 165.94). The final concentration of each GSL was
calculated based on its curve area relative to that of the
internal standard (glucotropaeolin) and linear regression equations
derived from the calibration curve of the corresponding
standard. The final concentrations of individual GSLs are

presented in units of ¢g/g sample dry weight (DW).

Free-radical scavenging activity

To evaluate antioxidant activity in the radish germplasms, we
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modified the 2,2-diphenyl-1-picrylhydrazyl (DPPH) test
protocol of Brand-Williams et al. (1995). DPPH powder
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 200
mL methanol to make a 150 mM DPPH solution, which was
shaken in the dark for 1 h. Then, 1 mL of 80% methanol was
added to each 2-mg freeze-dried sample, and the mixture was
sonicated for 1 h and then centrifuged. The supernatant was
analyzed for antioxidant activity. For the analysis, 150 |L of
150 mM DPPH and 100 (L of 2,000 ppm sample extract were
mixed. DPPH solution and ascorbic acid (Sigma-Aldrich,
Milwaukee, WI, USA) were used as a blank and standard,
respectively. The absorbance at a wavelength of 517 nm was
measured. Experiments were performed in triplicate with inde-
pendent germplasms. The free-radical scavenging activity

was calculated as follows:

DPPH free-radical scavenging activity (%) =
[] = (A sample ~ A sample blank) / (A control = A control blank)] x ]00%9

where A is the absorbance at 517 nm.

Statistical analysis

All experiments of GSL contents were conducted in technical
triplicate, and the average + standard deviation of GSL contents
were calculated (¢&/g of root DW). Correlation analysis of the
10 phenotypic traits and individual and total compound amounts,
as well as principal component analysis (PCA) of GSL contents
and free-radical scavenging activities, were performed using
XLSTAT software (Addinsoft, Paris, France). Analysis of
variance followed by Duncan’s multiple range test {least
significant range (LSR), p < 0.05} was performed to deter-
mine if the content of each compound varied significantly by
phenotypic traits. Student’s t-test was done to identify signi-

ficant-phenotypic differences between germplasms and cultivars.

Results

Phenotypic traits of radish root

In total, 15 phenotypic traits important for radish breeding
were evaluated, including root color, shape, weight, and length.
Five qualitative and ten quantitative traits of 110 radish germ-
plasms and 10 Korean commercial cultivars were assessed

(Appendix1 and 2), and the results are summarized in Table 1

and 2. Broad variation in all qualitative traits was observed in
the radish germplasms compared to the commercial cultivars.
In the latter, there was relatively little variation, especially in
root peel color and root shoulder color. The root peel color of
most germplasms (70.9%) and all cultivars (100%) was white.
For the rest of the germplasms, two other root peel colors,
bronze-green and red, were dominant. The radish germplasms
produced roots with various root shoulder colors, including
green (31.8%), whereas only the green shoulder color was
observed in the cultivars. The root flesh color in the
germplasm-produced roots and cultivars was mainly white

(77.3% and 90%, respectively). Nineteen germplasms, but no

Table 1. Qualitative traits of 110 radish germplasms and 10
commercial cultivars, as evaluated using modified and reference
UPOV (2021) and IBPGR (1990) descriptors, respectively, for
Brassica and Raphanus

No. Phenqtypic Description Germplasms ~ Cultivars
traits n % n %
Bronze-green 19 173 0 0
p Root peel Red 3 118 0 0
color
White 78 709 10 100
Bronze-green 19 173 0 0
Root shoulder Red 13 118 0 0
color Green 35 318 10 100
White 43 39.1 0 0
Red 6 55 1 10
Rozzl(f;es}‘ Green 19 173 0 0
White 8 773 9 90
Almond 5 45 0
Ovate 13 11.6 0 0
Gourd 1 09 2 20
Narrow rectangle 35 31.8 0 0
4 Root shape Elliptic 4 36 7 70
Rectangle 19 173 0 0
Spheerical 21 191 0
Transverse elliptic 4 3.6 0
Broad rectangle 8 7.3 1 10
Above 6 55 0 o0
Root position ~ Mostly above 19 173 1 10
in soil Half buried 34 309 6 60
Mostly buried 51 464 3 30
Sum 110 10
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cultivars, produced roots with green flesh. The germplasms
produced various root shapes, such as a narrow rectangle
(31.8%), sphere (19.1%), and rectangle (17.3%), whereas the
roots of the cultivars were mostly elliptical (70%) or gourd-
shaped (20%). Regarding the root position in soil, germplasm-
produced roots were mostly buried (46.4%) or half buried
(30.9%), whereas most cultivar-produced roots were half
buried in soil (60%).

Quantitative traits were more variable in the radish germ-
plasms compared to the cultivars, especially Twe, Rwe, Lwe,
RL, LL, Rwi, Lwi, RR, LR, and LN (Table 2). The average
Twe of the cultivars was higher (2,088.9 g) than that of the
germplasms (1,827.5 g), as was the average Rwe (1,753.3 vs.
1,286.3 g). Conversely, the average Lwe of the germplasms
was higher (541.1 g) than that of the cultivars (335.3 g), and
the average RL and LL were greater in the germplasms (24.1
and 45.6 cm, respectively) than in the cultivars (20.6 and 39.9
cm, respectively), despite the average Rwi (11.8 vs. 10 cm) and
Rwe being greater in the latter. Both Rwe and Lwe were
significantly different between germplasms and cultivars (p <
0.05) in Table 2. Leaves derived from the germplasms were
wider (average width, 16.7 cm) than in the cultivars (average,
15.9 cm), but the LR was similar between the germplasms
(2.8) and cultivars (2.5). For the RR, there was a marked

difference between the germplasms (2.7) and cultivars (1.7).

The numerical difference in the ratio was small, but the RR
range of the germplasms was much broader than that of the
cultivars. The average LN was similar between the germplasms
(26.5) and cultivars (25.1), with the former having a broader
range (8.7-59) compared to the latter (19-33).

Glucosinolate contents of radish roots

The total GSL content and content of each of the five individual
GSLs examined in the radish germplasms and cultivars
(Appendix 3) are summarized in Table 3. The average total
GSL content in the germplasm-produced roots was 7,535.7
1g/g DW. The average content of GRH, the main constituent
(73.2%) of the total GSL content in radish, was 5,512.9 ug/g
DW. The GRH content also varied the most widely among
the five GSLs (123.8-12,922.0 rg/g DW). The average
of GRE, GER, GBR, and GBE in the
germplasm-produced roots were 1,716.9, 165.8, 127.1, and
12.9 1g/g DW, respectively. The GBE, GBR and GER contents
did not differ significantly from each other, whereas the GRE,
GRH, and total GSL contents differed significantly from the

contents

contents of the other constituents (Duncan’s LSR, p < 0.05).
The GBE, GBR, GER, and GRE contents were similar to each
other in the cultivar-produced roots, whereas the GRH and
total GSL contents were significantly different from the contents
of the other constituents (Duncan’s LSR, p <0.05). The GRE

Table 2. Quantitative traits of 110 radish germplasms and 10 commercial cultivars. Total weight was calculated as the sum of root
weight and leaf weight. The root and leaf ratios are the ratios of root length (cm) to root width (cm) and leaf length (cm) to leaf width

(cm), respectively

. . Germplasms Cultivars
No Phenotypic traits - -
Range Median Average + SD* Range Median Average + SD*
1 Total weight (Twe; g)  45.4 — 3420.0 1799.1 1827.5 + 637.8  723.3 - 2776.7 21133 2088.7 + 621.2
2 Root weight (Rwe; g)* 45.0 - 2918.3 1280.0 1286.3 + 463.8  588.3 - 2363.3 1948.3 1753.3 £ 529.4
3 Leaf weight (Lwe; g)* 0.4 - 1833.3 515.2 541.1 + 279.0 135.0 - 575 363.3 3353 + 1295
4 Root length (RL; cm) 2.5 -48.0 232 24.1 £ 10.8 12.0 - 25.8 21.2 20.6 = 4.6
5 Root width (RW; cm) 2.1 - 41.8 9.6 10.0 + 3.8 10.5 - 12.6 11.8 11.8 £ 0.6
6 Leaf length (LL; cm) 142 - 62.0 46.8 45.6 + 8.9 323 - 483 38.5 39.9 £ 4.6
7  Leaf width (LW; cm) 84 -258 17.1 16.7 £ 3.3 11.8 - 189 17.3 159 £ 2.3
8 Root ratio (RR; len/wid) 0.7 - 6.2 2.3 27+ 1.5 1.1 -21 1.9 1.7 £ 03
9 Leaf ratio (LR; len/wid) 1.7 - 41 2.8 28 + 0.5 2.0 - 3.1 2.5 25+ 04
10 Leaf number (LN) 8.7 - 59.0 253 26.5 £ 11.0 19.0 - 33.0 254 25.1 + 44

’SD means standard deviation, YAsterisk indicates significant differences in each quantitative trait between germplasms and cultivars

(t-test, p < 0.05).
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Table 3. Contents of total glucosinolates (GSLs) and five GSLs in the germplasms and cultivars with the highest contents, mean total
and individual GSL contents, and the range of values for each GSL type (#8/g DW). GSLs contents were analyzed using liquid
chromatography-tandem mass spectroscopy in multiple reaction monitoring mode, with glucotropaeolin as the internal standard

110 germplasms

10 commercial varieties

Average Range Top germplasm Average Range Top variety
Total glucosinolate content 7535.7d" 154.3 - 18438.5 299453 7989.6¢*  4093.5 - 10873.1 Seohogoldeumu
Glucoraphasatin 5512.9¢"  123.8 - 12922.0 215011 6794b" 2531.3 - 9247  Seohogoldeumu
Glucoraphenin** 171695  26.3 - 5653.2 306869 956.8a" 509.6 - 1307.1  Syupeogiljomu
Glucoerucin 165.82" 2.4 - 5345 299453 155.42" 409 - 2929 Gwailmu
Glucobrassicin 127.18° 0.7 - 12439 306869 73.62° 7.9 - 268.4 Seohogoldeumu
Glucoberteroin** 12.92” 0 (ND) - 59.1 299453 9.8a" 47 - 17.3 Seohogoldeumu

“Asterisk indicates significant differences in the content of a given compound between germplasms and cultivars (t-test, p < 0.05).
YDifferent characters indicate significant differences in mean content (Duncan’s multiple comparison test, p < 0.05) for each germplasm
or cultivar. The glucoraphenin and glucoberteroin contents differed significantly between germplasms and cultivars. No significant

differences were found for the other GSLs.

and GBE contents were significantly different between germ-
plasm-and cultivar-produced roots (Student’s t-test, p <0.05)
in Table 3.

The roots of the following germplasms contained the highest
amounts of the specified GSLs (Table 3): IT215011, GRH;
1T306869, GRE and GBR; 1T299453, GER and GBE. Among
the 10 cultivars, Seohogoldeumu had the highest total GSL
content (and the highest GRH, GBR, and GBE contents),
while Syupeogiljomu had the highest GRE content and
Gwailmu had the highest GER content. The content range for
all GSLs was broader in germplasm-produced roots than

Korean cultivar-produced roots.

Correlation analysis of phenotypic traits and glucosinolate
profiles

Correlation analysis of the 15 phenotypic traits and contents of
the individual GSLs was performed using XLSTAT software.
The Pearson correlation coefficients are presented in Table 4.
Twe, which was calculated by summing Rwe and Lwe, was
more strongly correlated with Rwe (r=0.916) than with Lwe
(r=0.725). Twe was also significantly correlated with LL (r=
0.651), RL (r = 0.580), and LN (r = 0.529). Rwe was
significantly correlated with RL (r = 0.585), and Lwe was
significantly correlated with LL (r = 0.684) and LN (r =
0.629). The RR was more strongly correlated with RL (r =
0.918) than with Rwi (r = -0.463). The RL was negatively

correlated with DPPH antioxidant scavenging capacity (r =

-0.431). LL was significantly correlated with Lwi (r=0.678).

In Table 4, GRH was significantly correlated with the
other GSLs, except GBR. GRH, the most abundant GSL in
radish root, was highly correlated with the total GSL content
(r = 0.984) and GER (r = 0.938). The strongest correlation
among the five GSLs was observed between GRH and GER
(r = 0.938), in accordance with previous reports. GRH was
also strongly correlated with GBE (r = 0.858) and GRE (r =
0.755). GER (r = 0.934) and GBE (r = 0.878) were more
strongly correlated with the total GSL content than was GRE
(r = 0.755). GBR had weaker correlations with the other
GSLs but was the only GSL positively correlated with DPPH

anti-oxidant scavenging (r = 0.166).

Principal component analysis
Principal component analysis was conducted to analyze the
relationships among GSL profiles (total GSL content, GRH,
GBR, GER, GBE, and GRE) and antioxidant activity (DPPH
scavenging) in the 110 radish germplasms (Fig. 1). The first
two principal components (F1 and F2), represented as the x-
and y-axis in the PCA biplot (Fig. 1), explained 68.88% and
15.97% (sum, 84.85%) of the total variance, respectively.
Five components, namely the total GSL content (20.1%),
GRH (18.8%), GER (18.5%), GBE (17.8%), and GRE (15.9%),
were the main contributors to F1, whereas DPPH activity
(78.8%) and GBR (17.5%) were the main contributors to F2.

The six GSL components had positive loadings on F1, with
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Table 4. Pearson correlation analysis of 10 phenotypic traits and the contents of six GSLs (plus the total GSL content) in 110
germplasms using a range-scaled data set (the minimum and maximum values of normalized data for all traits are 0 and 1,

respectively)

Traits Twe” Rwe Lwe RL Rwi RR LL Lwi LR LN GRH GRE GBR GER GBE TG
Rwe¥  0.92%%¢

Lwe* 0.73%% (.39%*2

RLY  0.58%%¢ (.59%%8 (),33+*2

Rwi' 0.32%%¢ 037%* (.11 -0.16

RR"  0.33%*¢ (.28%*¢ (28%*E (,92%*%8 () 46%+E

LL' 0.65%%8 0.47%% 0.68**¢ 0.14 030% 0.01

Lwi® 048 (35%% 049% 007 023*" -0.02 0.68**

LR" 0.25%¢ 018 026* 0.10 0.11 0.03  0.45%*% -0.33%*

LNY  0.53#%® (.34%*2 (,63%% 0.45%*% -0.05 0.42%*® 025%%% .0.06 0.38***

GRHP 0.35%% (0.30%% 029%+ 021*"  0.07 0.16 0.27**% (.18 0.13  0.22%"

GRE® 0.8 023*" 0.02 0.06 0.17  -0.02 0.17 0.16 0.04 -0.13  0.76%*®

GBR™ -0.11 -0.09 -0.10 -020* 0.06 -0.17 0.7 0.08 0.02 20.13  0.49%**" (592

GER! 032%% 031*%% 020%" 023*" 0.06 0.17  0.19**  0.10 0.12  0.20%"  0.94%%8 (.74%%% (.49%+*2

GBE* 0.8 0.17 0.11 0.12 0.03 0.11  020% 0.14 0.10 0.01  0.86%*% 0.76**% 0.55%*% (.89+*2

TG 031%% 029%% 023 (.17 0.10 0.12  0.25**% (.18 0.11 0.13  0.98**% (.86**% 0.57** (.93%*2 ().88**®
DPPH! -0.39%#¢ -0.35%%¢ _020%%¢ [0 43%*¢ 003 -038%* -026**¢ -0.17 -0.16 -0.28**% -0.10 -0.01 0.17 -0.15 -0.10 -0.08

Bold characters: r > 0.6, p < 0.01. “Twe: total weight (g), "Rwe: root weight (g), *Lwe: leaf weight (g), “RL: root length (cm), "Rwi:
root width (cm), "RR: root length-to-width ratio, ‘LL: leaf length (cm), *Lwi: leaf width (cm), ‘LR: leaf length-to-width ratio, LN: leaf
number, "GRH: glucoraphasatin, °GRE: glucoraphenin, "GBR: glucobrassicin, 'GER: glucoerucin, “GBE: glucoberteroin, 'TG: total GSL
content, including GRH, GRE, GBR, GER, and GBE, 'DPPH: 2,2-diphenyl-1-picrylhydrazyl. "* &+* and ™** indicate significant
correlations between two traits at p < 0.05, p < 0.01 and p < 0.001, respectively.

the total GSL content and GRH having the highest loadings,
whereas DPPH activity was negatively loaded. DPPH activity,
GBR, and GRE had positive loadings on F2, and the total
GSL content, GBE, GRH, and GER had negative loadings
(Fig. 1).

Based on their location in the PCA plot, the GSL contents
may share some common tendencies. Along F1, more positive
values reflect higher total GSL, GRH, GER, GBE, and GRE
contents, and vice versa. These components do not make a
large contribution to F2. More positive values for both F1 and
F2 reflect higher GBR content. When the F1 value is positive
and the F2 value is negative, the GBR content is low. When
the F1 value is negative, the GBR content is intermediate. A
negative F1 value and positive F2 value reflects high DPPH
activity. In contrast to F2, DPPH activity does make a large
contribution to F1, so observations located in the upper half

of the plot indicate high DPPH activities and vice versa.

In the PCA biplot, the 110 germplasms were separated into
five groups (Fig. 1). Group I (circled in red) contains five
radish germplasms (4.5%) and is located in the upper right
quadrant between +3.9 and +6.5 on the F1 axis and -0.4 and
+2.8 on the F2 axis. The germplasms in Group [ had > 10,000
1g/g DW GRH, > 15,000 1.g/g DW for the total GSL content,
> 100 «g/g DW GBR, and relatively high total GSL and GRH
contents compared to the other groups. Two accessions,
1T299453 (No. 104) and IT306869 (No. 107), had high total
GSL content (18,438 and 18,018 (g/g, respectively) but exhibited
low and moderate levels of DPPH activity, respectively. IT299453
(No. 104) was also located below 1T306869 (No. 107). The
IT215011 (No. 36) germplasm had the highest GRH content
(12,922 11g/lg DW) but only a moderate GBR content, and also
exhibited moderate DPPH activity. It is positioned on the left
side (negative F2) of the plot. Both IT306869 (No. 107) and
IT215011 (No. 36) had high total GSL and GRH contents,
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Fig. 1. Principal component analysis (PCA) biplot of root samples produced by 110 radish germplasms based on glucosinolate (GSL)
contents and quantitative antioxidant activity. GRH: glucoraphasatin, GRE: glucoraphenin, GER: glucoerucin, GBR:
glucobrassicin, GBE: glucoberteroin, TG: total GSL content, DPPH: antioxidant activity.

with moderate levels of DPPH activity.

Group II contains three radish germplasms (2.7%) and is
located in the upper right quadrant of the plot, within +0.9 to
+1.7 on the F1 axis and +1.5 to +2.8 on the F2 axis (Fig. 1).
The germplasms in Group II had total GSL contents of >
9,500 1g/g DW and antioxidant activities of > 40%. The GRE
and GBR contents were moderate to high. The GSL contents
were lower compared to Group I, but the antioxidant activities
were higher. Of the three germplasms, T262036 (No. 71) had
the highest GBR content (533.3 ¢g/g DW), and its position
indicates an association with GBR-related variables. [T297120
(No. 100) also had a high GBR content (449.1 1g/g DW), but
its total GSL content was low (although its DPPH activity
was still high). IT250790 (No. 53) had a high GRE content
(4,421.2 1g/g DW).

Group III contains three germplasms and is located within
-1.3t0-0.2 on the F1 axis and +2.3 to +3.9 on the F2 axis (Fig.
1). The germplasms in Group III exhibited high antioxidant
activities (> 40%, with the highest activity level being 63.1%),
moderate-to-low GSL contents, and high GBR contents (>
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100 1g/g DW). Of the three germplasms, 1T264178 (No. 80)
exhibited the highest DPPH antioxidant activity but had a low
GSL content; IT278682 (No. 84) had the highest GBR content
(591.2 ¢g/g) in the group.
Group IV contains 34 germplasms, and is located within -3
to -1.7 on the F1 axis and -1.8 to +3.0 on the F2 axis (Fig. 1).
Group IV members had low individual and total GSL contents.
Group I'V was further divided into three subgroups (Groups i-
iii) with 3, 28, and 3 accessions, respectively, according to the
antioxidant activity level. Group i members exhibited the
highest antioxidant activities (> 45%), followed by Group ii
(15-38%) and Group iii members (< 13%). The antioxidant
activity levels in Group i were high, although the GSL contents
were not. IT278727 (No. 88), IT136498 (No. 22), and IT208400
(No. 31) produced radish roots with red peel. [T208400 (No.
31) exhibited the highest antioxidant activity (59.8%) despite
having a low total GSL content (1,334 ug/g DW). Group ii
members had low GSL contents and exhibited largely similar
levels of antioxidant activity. Group iii members {IT103811
(No. 14),1T112253 (No. 16), and IT278685 (No. 87)} exhibited
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the lowest antioxidant activities (< 13%) and did not produce
red roots. IT278685 (No. 87) exhibited the lowest antioxidant
activity (4.3%) and had the lowest GSL content.

Group V is positioned in the center of the plot, within -1.7
to +3.5 on both the F1 and F2 axis, and contains 65 germplasms
(Fig. 1). No individual traits obviously characterized the
group members, and the values of most traits were in the
moderate range. To distinguish this group more precisely,

more traits need to be analyzed.

Glucosinolate contents of root color-based groups
We classified radish germplasms based on their root color
phenotypes, as follows: color group 1, red peel with a red
shoulder and white flesh; color group 2, white peel with a
green shoulder and red flesh; color group 3, bronze-green
peel and shoulder with green flesh; color group 4, white peel,
shoulder, and flesh (totally white); and color group 5, white
peel with a green shoulder and white flesh (Fig. 2).

Color group | included 13 germplasms with a mean total
GSL content of 4,424.2 1g/g DW (range: 642.0-13,044.0 (g/g

12000 - { \ 18
= |8
z p* §
o -
en .
£ « e
E 8000 M)' il 7
= / e
<
£ 6000 -
c R J .
= /
Z ‘
S 4000 -
oo
e
£
g 2000
<
0 T T . ‘ .
1 2 3 4 5
m=13) m=6) m=19) (n=43) (n=29)
] GRH 8 GRE[C] GBR GER I GBE
Color groups
Color groups
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GRH’ 3214.3a' 4928.7ab' 6807.1b' 5361.1ab' 6041.3b'
GRE* 1061a' 1690.7ab' 2560.2b' 1732.7ab' 1440.42'
GBR" 62.4a' 364.9b' 253.9b 79.02' 95.24'
GER" 8l.1a' 90.8ab' 219.76! 172ab' 174.8ab'
GBE" 5.2a' 7.2a 24.0b' 11.4a' 12.6a'

Fig. 2. Radish germplasms grouped depending on root colors. Top: The pictures show the exterior and interior of roots containing the
highest levels of GSLs for each color group (Nos. 12, 71, 104, 107, and 36). Bottom: The mean total and individual GSL contents in
the five color groups. The total (TG) and individual GSL contents and DPPH activity were assessed in multiple comparison tests
(Duncan’s least significant range test) to determine if the differences between pairs of color groups were significant (p < 0.05). “TG:
total GSL content, YGRH: glucoraphasatin, *GRE: glucoraphenin, "GER: glucoerucin, *GBR: glucobrassicin, "GBE: glucoberteroin.

‘Different characters mean statistically significance.
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DW; Fig. 2), which was the lowest mean content among all
color groups. Color group 2 included six germplasms with a
mean total GSL content of 7,082.3 ¢g/g DW (range: 2,660.9-
11,859.5 ug/g DW). Color group 3 included 19 germplasms
with a mean total GSL content of 9,864.9 (g/g DW (range:
1,532.8-18,438.5 1g/g DW), which was the highest mean
content among all color groups. Color group 4 included 43
germplasms with a mean total GSL content of 7,356.2 ug/g
DW (range: 154.3-18,017.9 ng/g DW), and color group 5
included 29 germplasms with a mean total GSL content of
7,764.3 11g/g DW (range: 274.4-16,073.8 1g/g DW).

Images above the bar graph show the exterior and interior
of the roots in each group with the highest GSL contents
(IT102560, IT262036,1T299453, IT306869, and IT215011).
In color group 1, the mean GRH, GRE, GBR, GER, and GBE
contents were, respectively, 3,214.3, 10,613, 62.43, 81.13,
and 5.23 1g/g DW, comprising 72.7%, 24%, 1.4%, 1.8%, and
0.1% of the total GSL content. Of the five color groups, group
1 germplasms had the lowest individual GSL contents, but
the antioxidant activity was not as low. We further divided
this group into two subgroups based on a root weight cutoff of
250 g. Of 13 germplasms, four weighed less than 250 g; these
small radishes are eaten in salads or as pickles in Europe and
the United States. The small radishes had lower GSL contents
compared to the bigger radishes, but the antioxidant activities
were high.

In color group 2, the mean GRH, GRE, GBR, GER, and
GBE contents were, respectively, 4,928.7, 1,690.7, 364.9, 90.8,
and 7.2 1g/g DW, comprising 69.6%, 23.9%, 5.2%, 1.3%, and
0.1% of the total GSL content (Fig. 2). The GBR content was
significantly higher than in the other groups, and the mean
antioxidant activity was the highest. In color group 3, the
mean GRH, GRE, GBR, GER, and GBE contents were,
respectively, 6,807.1,2,560.2,253.9,219.7, and 24 1g/g DW,
comprising 69%, 26%, 2.6%, 2.2%, and 0.2% of the total
GSL content. The individual GSL contents were significantly
higher than in the other groups, but unexpectedly, the mean
antioxidant activity (DPPH free-radical scavenging activity)
was not high.

In color group 4, the mean GRH, GRE, GBR, GER, and
GBE contents were, respectively, 5,361.1, 1,732.7,95.2, 172,
and 11.4 xg/g DW, comprising 72.9%, 23.6%, 1.1%, 2.3%,

and 0.2% of the total GSL content. In color group 5, the mean
GRH, GRE, GBR, GER, and GBE contents were, respectively,
6,041.3,1,440.4,95.2, 174.8, and 12.6 rg/g DW, comprising
77.8%, 18.6%, 1.2%, 2.3%, and 0.2% of the total GSL content
(7,764.3 1g/g DW). Radishes belong to this group are known

as kimchi radishes and are particularly preferred in Korea.

Discussion

We found that various phenotypic traits were highly cor-
related with each other. In cases where desirable and unde-
sirable traits are highly correlated, breeding programs employ
selection processes to uncouple the correlations. According
to Jatoi et al. (2011), Twe was highly correlated with Lwi (r =
0.70) and RL (r = 0.71) in their radish samples. In this study,
we observed a significant correlation between Twe and LL (r
= 0.65), as did Jatoi et al. (2011). Color is an important
external characteristic used to evaluate radish quality. Customers
in Korea prefer white radishes with green shoulders. This type
ofradish has a sweet taste and crispy texture, and is popularly
used to make kimchi, a traditional Korean side dish, along
with soups and various other side dishes. Consumers often
modify their dietary habits to improve health. This could
explain the recent increase in popularity of food products
derived from Brassica vegetables, and the development of
experimental products such as broccoli puree with lactic acid
(Cai et al., 2019) and muffins enriched with dietary fiber from
kimchi (Heo ef al., 2019). Brassica plants contain GSLs that
can be degraded by intestinal microorganisms to produce
bioactive metabolites such as isothiocyanates, which have
anti-cancer and other biological properties (Aires et al., 2009).
In this study, five GSLs, four aliphatic GSLs (GER, GRH,
GRE, and GBE) and one indole GSL (GBR) were screened
and quantified in 110 radish germplasms. Three aliphatic GSLs
(GRH, GER, and GBE) were significantly correlated with
one another but not with GBE or the indole GSL, GBR. This
could be due to differences in biosynthetic pathways and
precursors, with GRH, GER, and GBE sharing a similar 4C
pathway, whereas GBE is derived from a 5C pathway. GBR,
the indole GSL, has a different amino-acid precursor, tryptophan.

The GSL contents in radish were found to be correlated

with some phenotypic traits. The total GSL content was signi-
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ficantly correlated with LL but not with RL. A similar obser-
vation was reported for kimchi cabbage by Jeon et al. (2018)
and Kakizaki et al. (2017), who studied the synthesis and
movement of GSL (Jeon et al., 2018; Kakizaki et al., 2017).
Yi et al. (2016) reported no strong correlations among root
shape, pithiness, sweetness, peel color, length, and GSL content
(Yi et al., 2016). Root phenotypic characters such as color,
shape, and length were not strongly associated with the GSL
profile of the radish germplasms in this study, implying that
the root phenotype does not reflect GSL contents. However,
based on this finding, it may be possible to develop radish
varieties of various phenotypes with high GSL contents.

According to our PCA, GSL contents were not strongly
correlated with DPPH activity. Raphasatin, a degradation
product of GRH, was reported to more potently induce detoxi-
fication enzymes than other degradation products (Scholl et
al.,2011; Suzuki et al., 2016). A more complete understanding
of the overall antioxidant effect could be achieved by measu-
ring the antioxidant activities of isothiocyanates such as
raphasatin. The germplasms in Group III in the PCA plot in
Fig. 1 produce small red radishes with high DPPH free-radical
scavenging activities. To determine whether the antioxidant
effect is influenced by the root size or red pigment, small
non-red radish germplasms can be analyzed. Red radishes
contain higher levels of high anthocyanins and other phenolic
compounds than non-pigmented radishes (Singh ez al., 2017).
Hence, they can be used to prepare healthful, nutrient-dense
dishes and nutraceutical formulations.

In this study, we assessed various phenotypic traits, DPPH
free-radical scavenging activity, and the contents of five
GSLs in radish germplasms. The results regarding GSL levels
in radishes, and their relationships with leaf and root charac-
teristics, could be used as baseline data by breeders and
nutraceutical companies. Moreover, the biochemical and phe-
notypic information provided by this study may encourage

consumers to diversify their eating habits.
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Appendix 1. Qualitative phenotype characters of 110 germplasms and 10 Korean cultivars

No. IT No. Root peel color Root shoulder color Root fresh color Root shape Root position in soil
1 32729 White Green White N-rectangle Half B
2 100590 White Green White Rectangle Half B
3 100649 White Green White N-rectangle Half B
4 100678 White Green White Rectangle Mostly B
5 100684 White Green White Almond Mostly B
6 100689 White Green White Egg Half B
7 100691 White Green White Rectangle Mostly B
8 100695 White Green White Rectangle Half B
9 102376 White Green White N-rectangle Mostly B
10 102378 White Green White N-rectangle Half B
11 102395 White Green White N-rectangle Half B
12 102560 Red Red White Egg Half B
13 103802 White Green White Rectangle Mostly B
14 103811 White Green White Oval Mostly B
15 104055 White Green White W-rectangle Mostly B
16 112253 White White White N-rectangle Mostly B
17 112255 White White White N-rectangle Mostly B
18 112257 White White ‘White N-rectangle Mostly B
19 112258 White White ‘White N-rectangle Mostly B
20 119000 White Green White Rectangle Mostly B
21 136485 White White ‘White N-rectangle Mostly B
22 136498 Red Red ‘White Spherical Mostly A
23 166993 White White ‘White Rectangle Mostly B
24 166995 White White White N-rectangle Half B
25 166997 White White White N-rectangle Mostly B
26 185738 White Green White Egg Mostly B
27 188102 Bronze-green Bronze-green Green W-rectangle Mostly A
28 203316 Bronze-green Bronze-green Green W-Oval Mostly A
29 203531 White Green White Rectangle Mostly B
30 204160 White Green White Rectangle Mostly B
31 208400 Red Red White Egg Mostly A
32 209937 Bronze-green Bronze-green Green Egg Mostly A
33 209974 White White White N-rectangle Half B
34 210203 White White White N-rectangle Mostly B
35 213153 White Green White Egg Mostly B
36 215011 White Green White Gourd Mostly B
37 215079 White White White N-rectangle Half B
38 218925 White Green White Egg Mostly B
39 220675 Bronze-green Bronze-green Green Egg Mostly A
40 221952 Bronze-green Bronze-green Green Rectangle Mostly A
41 221955 White White White Almond Mostly B
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Appendix 1. Continued

No. IT No. Root peel color Root shoulder color Root fresh color Root shape Root position in soil
42 221956 White White White Almond Mostly B
43 221958 White White White Almond Half B
44 221959 White White White Rectangle Half B
45 223576 Bronze-green Bronze-green Green We-rectangle Above
46 228857 Bronze-green Bronze-green Green Egg Above
47 228870 Bronze-green Bronze-green Green Spherical Above
48 250738 White White White N-rectangle Mostly B
49 250765 White White White N-rectangle Mostly B
50 250775 Bronze-green Bronze-green Green Spherical Above
51 250777 Bronze-green Bronze-green Green Egg Above
52 250788 White White White N-rectangle Mostly B
53 250790 White White White W-rectangle Mostly B
54 250792 Bronze-green Bronze-green Green Rectangle Mostly A
55 250794 Bronze-green Bronze-green Green Rectangle Mostly A
56 261944 Red Red White Spherical Half B
57 261947 White White White N-rectangle Half B
58 261953 White White White Spherical Half B
59 261954 White Green White N-rectangle Mostly B
60 261955 Bronze-green Bronze-green Green N-rectangle Mostly A
61 261967 White White ‘White N-rectangle Mostly B
62 261978 Red Red ‘White Spherical Half B
63 261989 White White ‘White N-rectangle Mostly B
64 261995 White White ‘White N-rectangle Half B
65 262006 White White White Egg Mostly B
66 262018 White White White Rectangle Mostly B
67 262022 White White White N-rectangle Mostly B
68 262023 White White White W-rectangle Half B
69 262031 Red Red White Spherical Half B
70 262032 Bronze-green Bronze-green Green We-rectangle Above
71 262036 White Green Red Spherical Half B
72 262037 White White White N-rectangle Mostly B
73 262044 White White White Almond Half B
74 262049 White Green Red Spherical Half B
75 262050 Red Red White W-Oval Half B
76 262057 White Green White Oval Mostly B
77 262070 Red Red White W-Oval Half B
78 262075 White White White Spherical Half B
79 262076 White White White Spherical Mostly B
80 264178 White Green Red Spherical Half B
81 264180 White White White Spherical Mostly B
82 276165 White White White N-rectangle Mostly A
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Appendix 1. Continued

No. IT No. Root peel color Root shoulder color Root fresh color Root shape Root position in soil
83 278269 White White White W-rectangle Mostly B
84 278682 White Green Red W-rectangle Half B
85 278683 Bronze-green Bronze-green Green N-rectangle Mostly A
86 278684 White White White N-rectangle Mostly A
87 278685 White White White N-rectangle Mostly B
88 278727 Red Red White Spherical Mostly A
89 283305 White White White Spherical Mostly B
90 283312 White Green White N-rectangle Mostly B
91 283317 Red Red White Spherical Half B
92 289244 White Green Red Spherical Half B
93 291383 Red Red White Egg Half B
94 291423 White Green White Oval Mostly B
95 291541 White White White Rectangle Mostly B
96 293006 White White White Spherical Mostly B
97 293008 White Green White N-rectangle Mostly B
98 293028 White Green White Egg Mostly B
99 293085 White Green White Oval Mostly B
100 297120 White Green Red Spherical Half B
101 297172 Red Red ‘White Spherical Mostly A
102 297174 White White ‘White Rectangle Mostly B
103 299326 Bronze-green Bronze-green Green N-rectangle Mostly A
104 299453 Bronze-green Bronze-green Green N-rectangle Mostly A
105 305085 White Green White Rectangle Half B
106 305381 Bronze Bronze-green Green Rectangle Mostly A
107 306869 White White White W-Oval Mostly B
108 308359 Red Red White Spherical Half B
109 308367 Bronze-green Bronze-green Green Rectangle Mostly A
110 308418 White White White N-rectangle Mostly B
Conl Gwailmu White Green Red W-rectangle Half B
Con2  Meosjinmaskkalmu White Green White Oval Half B
Con3 Taecheong White Green White Oval Mostly A
Con4 Cheong-unmu White Green White Oval Half B
Con5 Chorongmu White Green White Gourd Mostly B
Con6 Mansa-hyeongtongmu White Green White Oval Half B
Con7  Togwanggoldeumu White Green White Egg Mostly B
Con8 Baeksinaltari White Green White Gourd Mostly B
Con9 Syupeogiljomu White Green White Oval Half B
Conl0 Seohogoldeumu White Green White Oval Half B

In root position in soil, Above: above soil line, Mostly A: mostly above soil line, Half B: half buried, Mostly B: mostly buried.
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Appendix 2. Quantitative phenotype characters of 110 germplasms and 10 Korean cultivars

. Root Leaf
No. IT No. T(?tal Le‘:af R(?Ot “r];iht leRr?;t; V]:l(;(;; ratio Leaf L'eaf ratio Leaf
weight weight weight (Top/Root) (cm)  (cm) (Le'ngth/ length  width (Le‘ngth/ number
Width) Width)

1 32729 2140.0 451.7 1688.3 0.27 36.3 8.4 4.30 50.1 17.1 29 253
2 100590 2268.3 913.3 1355.0 0.67 24.1 9.8 2.50 56.9 17.0 34 35.7
3 100649 1921.7 546.7 1375.0 0.40 26.0 9.0 2.90 48.8 15.3 32 40.0
4 100678 2388.4 621.7 1766.7 0.35 26.0 10.3 2.50 53.8 17.8 3.0 32.0
5 100684 2381.7 816.7 1565.0 0.52 26.7 13.8 1.90 50.2 18.5 2.7 30.3
6 100689 1550.0 2583 1291.7 0.20 21.0 10.4 2.00 353 14.3 2.5 18.3
7 100691 2360.0 550.0 1810.0 0.30 22.0 11.1 2.00 54.8 19.3 2.8 373
8 100695 22433 745.0 1498.3 0.50 24.8 10.2 2.40 47.7 153 3.1 42.0
9 102376 2203.3 801.7 1401.7 0.57 313 8.8 3.60 51.5 16.5 3.1 38.0
10 102378 2978.4 856.7 2121.7 0.40 41.0 9.2 4.50 50.3 16.7 3.0 433
11 102395 2268.3 988.3 1280.0 0.77 31.7 8.3 3.80 50.1 22.3 23 273
12 102560 1641.7 586.7 1055.0 0.56 21.7 9.1 2.40 46.8 19.6 2.4 14.0
13 103802 2288.3 768.3 1520.0 0.51 19.0 11.3 1.70 54.0 19.8 2.7 29.3
14 103811 2091.7 823.3 1268.3 0.65 19.8 10.7 1.90 55.0 20.2 2.7 27.0
15 104055 1324.3 301.0 1023.3 0.29 17.3 9.7 1.80 48.2 17.7 2.7 253
16 112253 1658.3 1013.3 645.0 1.57 28.2 6.3 4.50 46.3 15.3 3.0 473
17 112255 1686.7 706.7 980.0 0.72 36.3 6.6 5.50 46.8 13.5 35 47.0
18 112257 2996.6 1833.3 1163.3 1.58 40.7 72 5.70 57.8 233 2.5 47.0
19 112258 3308.3 390.0 2918.3 0.13 48.0 12.8 3.80 449 15.3 2.9 50.0
20 119000 1910.3 643.7 1266.7 0.51 22.5 10.1 2.20 50.0 12.2 4.1 28.7
21 136485 1681.7 951.7 730.0 1.30 28.7 6.2 4.60 49.5 17.8 2.8 413
22 136498 454 04 450 0.01 2.5 2.1 1.20 19.6 9.2 2.1 10.3
23 166993 2211.6 758.3 14533 0.52 357 8.1 4.40 53.2 19.7 2.7 273
24 166995 1801.6 273.3 15283 0.18 39.0 8.2 4.80 36.2 13.1 2.8 357
25 166997 2253.3 665.0 1588.3 0.42 36.7 8.4 4.40 472 19.0 2.5 40.7
26 185738 1186.6 3283 8583 0.38 19.7 9.5 2.10 413 18.7 2.2 16.3
27 188102 2045.0 515.0 1530.0 0.34 23.7 10.5 2.30 459 22.7 2.0 18.3
28 203316 1865.0 726.7 11383 0.64 9.3 13.5 0.70 453 19.3 2.4 18.0
29 203531 2161.7 836.7 1325.0 0.63 27.7 8.5 3.30 523 13.5 39 30.7
30 204160 1756.6 583.3 1173.3 0.50 20.7 9.5 2.20 49.2 17.3 2.8 23.0
31 208400 2283 60.3 168.0 0.36 8.5 7.0 1.20 26.8 13.2 2.0 10.7
32 209937 1441.7 361.7 1080.0 0.33 13.0 12.3 1.10 445 15.3 2.9 12.3
33 209974 1420.0 220.0 1200.0 0.18 36.2 8.9 4.10 273 12.0 23 35.0
34 210203 2163.4 546.7 1616.7 0.34 39.7 8.0 5.00 393 15.5 2.5 377
35 213153 1838.4 546.7 1291.7 0.42 183 11.8 1.60 45.0 15.4 29 313
36 215011 2176.7 786.7 1390.0 0.57 19.8 10.8 1.80 49.0 16.8 2.9 24.7
37 215079 2455.0 938.3 1516.7 0.62 39.7 8.4 4.70 46.8 17.5 2.7 52.0
38 218925 1786.7 370.0 1416.7 0.26 22.8 9.8 2.30 475 14.2 3.4 20.0
39 220675 2018.3 473.3 1545.0 0.31 17.2 11.3 1.50 53.9 18.1 3.0 16.7
40 221952 991.7 271.7 720.0 0.38 17.8 7.6 2.30 40.1 11.6 35 16.3
41 221955 2836.7 761.7 2075.0 0.37 343 10.5 3.30 54.8 20.8 2.6 22.7

-591 -



Korean J. Plant Res. 34(6) : 575~599 (2021)

Appendix 2. Continued

. Root Leaf
No. IT No. T(?tal Le‘:af R(?Ot “r];iht leRr?;t; V]:l(;(;; ratio Leaf L'eaf ratio Leaf
weight weight weight (Top/Root) (cm)  (cm) (Le'ngth/ length  width (Le‘ngth/ number
Width) Width)
42 221956 2688.4 656.7 2031.7 0.32 327 418 0.80 54.3 19.2 2.8 183
43 221958 1490.0 186.7 1303.3 0.14 432 8.5 5.10 27 11.3 2.4 273
44 221959 2146.7 455.0 1691.7 0.27 31.0 9.0 3.40 42.8 13.8 3.1 25.0
45 223576 1293.3 253.3 1040.0 0.24 18.7 9.4 2.00 412 15.8 2.6 16.5
46 228857 1366.7 380.0 986.7 0.39 16.2 9.8 1.70 459 18.0 2.6 16.3
47 228870 1525.0 373.3 1151.7 0.32 13.5 11.6 1.20 483 17.3 2.8 153
48 250738 2383.3 843.3 1540.0 0.55 453 7.5 6.00 62.0 17.9 35 40.0
49 250765 26164 869.7 1746.7 0.50 45.4 7.3 6.20 46.5 17.8 2.6 40.3
50 250775 1475.0 411.7 1063.3 0.39 11.8 11.9 1.00 48.9 22.3 22 14.0
51 250777 1605.0 273.3 1331.7 0.21 16.2 12.4 1.30 46.2 18.3 2.5 12.7
52 250788 3073.3 788.3 2285.0 0.34 36.0 10.5 3.40 54.7 21.6 2.5 26.0
53 250790 2678.3 660.0 2018.3 0.33 323 10.6 3.00 49.8 16.4 3.0 19.0
54 250792 1481.7 340.0 1141.7 0.30 243 8.3 2.90 44.7 17.1 2.6 15.0
55 250794 1796.6 393.3 1403.3 0.28 25.0 9.1 2.70 449 19.9 2.3 17.0
56 261944 2176.6 698.3 14783 0.47 12.4 13.6 0.90 52.9 20.9 2.5 253
57 261947 2280.0 608.3 1671.7 0.36 335 9.1 3.70 51.7 18.7 2.8 19.7
58 261953 1295.0 341.7 9533 0.36 12.7 12.0 1.10 423 14.5 2.9 28.0
59 261954 2276.7 1021.7 1255.0 0.81 324 6.9 4.70 53.5 21.8 2.5 40.7
60 261955 1645.0 418.3 1226.7 0.34 29.4 7.8 3.80 471 25.8 1.8 13.0
61 261967 2566.7 646.7 1920.0 0.34 32.8 9.5 3.50 58.6 18.1 32 16.7
62 261978 1888.3 700.0 1188.3 0.59 12.7 12.3 1.00 53.7 18.9 2.8 247
63 261989 2670.0 1031.7 1638.3 0.63 41.5 7.8 5.30 42.6 15.3 2.8 42.0
64 261995 1440.0 176.7 1263.3 0.14 39.1 8.1 4.80 26.2 10.3 2.5 26.7
65 262006 1988.3 688.3 1300.0 0.53 25.0 10.1 2.50 54.4 17.0 32 23.0
66 262018 1953.3 865.0 1088.3 0.79 25.8 8.5 3.00 513 16.5 3.1 313
67 262022 2750.0 608.3 2141.7 0.28 36.0 10.6 3.40 442 21.6 2.1 16.7
68 262023 1336.7 365.0 971.7 0.38 18.7 9.4 2.00 44.4 10.8 4.1 29.0
69 262031 7433 270.0 4733 0.57 10.0 9.8 1.00 46.6 15.5 3.0 22.7
70 262032 1571.6 243.3 13283 0.18 19.7 9.9 2.00 445 21.9 2.0 11.7
71 262036 1195.0 373.3 821.7 0.45 11.0 11.5 1.00 41.6 17.5 2.4 21.7
72 262037 2120.0 865.0 1255.0 0.69 33.8 7.5 4.50 48.6 15.8 3.1 44.0
73 262044 1560.0 405.0 1155.0 0.35 23.0 9.7 2.40 55.5 16.1 35 143
74 262049 1370.0 463.3 906.7 0.51 11.7 11.5 1.00 474 19.7 2.4 17.0
75 262050 1598.4 431.7 1166.7 0.37 10.8 129 0.80 475 18.1 2.6 19.0
76 262057 2025.0 758.3 1266.7 0.60 20.7 9.9 2.10 59.8 18.5 32 253
77 262070 1838.4 396.7 1441.7 0.28 10.2 13.6 0.80 52.6 212 2.5 17.3
78 262075 1720.0 416.7 1303.3 0.32 15.7 13.0 1.20 42.6 14.0 3.0 26.7
79 262076 1936.6 428.3 1508.3 0.28 13.1 14.1 0.90 443 13.8 32 28.3
80 264178 1596.6 493.3 1103.3 0.45 12.3 12.3 1.00 482 20.1 2.4 21.0
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Appendix 2. Continued

. Root Leaf

No. IT No. T(?tal Le‘:af R(?Ot “r];iht leRr?;t:] V]:l(;(;; ratio Leaf L'eaf ratio Leaf

weight weight weight (Top/Root) (cm)  (cm) (Le'ngth/ length  width (Le‘ngth/ number

Width) Width)

81 264180 2265.0 643.3 1621.7 0.40 12.7 15.0 0.80 50.2 132 3.8 30.7
82 276165 1768.3 300.0 14683 0.20 37.5 9.0 4.20 36.1 12.0 3.0 293
83 278269 1200.0 265.0 935.0 0.28 20.4 9.1 2.20 37.6 10.2 3.7 25.7
84 278682 1496.7 426.7 1070.0 0.40 12.8 10.8 1.20 443 15.9 2.8 20.3
85 278683 1235.0 226.7 1008.3 0.22 28.0 7.2 3.90 389 18.1 22 11.0
86 278684 1373.3 160.0 1213.3 0.13 38.2 8.2 4.70 27.1 10.4 2.6 243
87 278685 1621.7 326.7 1295.0 0.25 29.5 8.7 3.40 422 15.1 2.8 18.3
88 278727 155.0 30.0 125.0 0.24 6.8 6.4 1.10 21.1 9.3 23 11.0
89 283305 2213.3 903.3 1310.0 0.69 14.7 11.8 1.20 49.7 16.8 3.0 59.0
90 283312 1380.0 471.7 908.3 0.52 26.0 7.4 3.50 404 14.4 2.8 30.3
91 283317 1990.0 641.7 13483 0.48 13.7 134 1.00 40.2 18.7 22 227
92 289244 1271.7 461.7 810.0 0.57 10.7 10.7 1.00 46.5 16.7 2.8 20.0
93 291383 195.0 39.0 156.0 0.25 9.5 6.0 1.60 22.7 12.4 1.8 10.7
94 291423 32783 855.0 24233 0.35 21.5 14.5 1.50 52.6 17.6 3.0 40.3
95 291541 1645.0 541.7 1103.3 0.49 343 6.9 5.00 38.7 15.6 25 43.7
96 293006 1875.0 583.3 1291.7 0.45 11.0 133 0.80 40.4 14.9 2.7 48.0
97 293008 2195.0 616.7 15783 0.39 393 8.1 4.90 48.3 15.9 3.0 33.0
98 293028 22383 820.0 14183 0.58 16.2 11.8 1.40 50.3 18.0 2.8 30.3
99 293085 2271.7 901.7 1370.0 0.66 18.0 12.9 1.40 53.3 19.2 2.8 33.0
100 297120 1425.0 470.0 955.0 0.49 9.5 12.3 0.80 43.7 17.8 2.5 21.0
101 297172 683 13.0 553 0.24 5.5 4.7 1.20 14.2 8.4 1.7 8.7
102 297174 3420.0 583.3 2836.7 0.21 42.0 10.9 3.90 453 18.6 2.4 30.0
103 299326 1430.0 336.7 1093.3 0.31 33.0 7.1 4.60 61.5 19.2 32 13.0
104 299453 1226.7 261.7 965.0 0.27 322 6.3 5.10 40.2 18.6 22 12.3
105 305085 1513.0 668.0 845.0 0.79 15.8 8.5 1.90 57.7 18.9 3.1 323
106 305381 1693.4 441.7 1251.7 0.35 233 8.8 2.60 447 20.0 22 17.7
107 306869 1260.3 515.3 745.0 0.69 8.0 11.7 0.70 444 12.8 3.5 38.7
108 308359 1586.7 376.7 1210.0 0.31 11.7 124 0.90 43.7 16.8 2.6 19.0
109 308367 1208.4 286.7 921.7 0.31 23.7 7.7 3.10 39.8 16.0 25 18.0
110 308418 1383.4 166.7 1216.7 0.14 36.2 7.9 4.60 253 9.6 2.6 28.0
Conl Gwailmu 1071.7 245.0 826.7 0.30 12.0 10.5 1.14 323 153 2.1 223
Con2  Meosjinmaskkalmu 2008.3 233.3 1775.0 0.13 21.2 114 1.86 35.6 14.1 2.5 29.7
Con3 Taecheong 2636.7 473.3 21633 0.22 242 11.8 2.05 41.5 17.3 24 283
Con4 Cheong-unmu 2380.0 340.0 2040.0 0.17 24.6 124 1.98 42.1 17.6 24 20.0
Con5 Chorongmu 2083.3 363.3 1720.0 0.21 19.2 12.0 1.60 45.6 16.4 2.8 26.7

Con6 Mansa-hyeongtongmu 2371.7 410.0 1961.7 0.21 242 11.7 2.07 36.2 11.8 3.1 33.0
Con7  Togwanggoldeumu 2113.3 165.0 1948.3 0.08 19.5 124 1.57 359 17.9 2.0 20.3
Con8 Baeksinaltari 7233 135.0 5833 0.23 12.3 11.7 1.05 38.1 12.3 3.1 19.0
Con9 Syupeogiljomu 2721.7 575.0 2146.7 0.27 232 12.0 1.93 483 18.9 2.5 27.7

Conl0 Seohogoldeumu  2776.7 413.3 2363.3 0.17 25.8 12.6 2.05 43.1 17.3 2.5 23.7

-593 -



Korean J. Plant Res. 34(6) : 575~599 (2021)

01’1 ¥ TL'81 79'96 F §°€€01 620 F 6¥°0 81'CT F ¥9°91 610 F TI'S 00 F 8591€  68°0S F 86’169 8€LS8I1 9T
0€°0 ¥ 91T 10°LL F 11°0¥9 970 F 670 6€0 F LEO €60 F 80 SL'LT F 9°LOT ey F LLSTY L66991 ST
vS'1 F LL'ST SY'LLET F €1TIIS LEO F L9V €€°6€ F 79161 $8°TE F TLSTT  1L0SH F $0°T981  SE9L8 F 80°8T8S 566991 T
070 ¥ 681 €T'LL F $6'868 ST0O T 8€°0 L60 F 759 810 F ILY I8V€ F €06LE  90'T¥ F LTS0S £66991 €z
650 F 69°TS 6TLIY F 69°660% LI'0 F 68T 95'S ¥ 86'8Y 89T ¥ 0T'6C T6'SO1 F 98106  8L'90€ F 9L9IIE 8619€1 (44
LST F 6VTE 8L°0€8 F 701096 €€T F 8'€T $SET F 68°LYT 0SS ¥ LI'Sh 0TSL F 10°SEL  SL'OVL F SI'1SS8 S8H9<1 IC
SCT F LV9l  vS6bFl F SP10611  ¥S°€ F 9€°61 T6'SY F €8°48T 978 F LI'09  ¥SOY F SL'IETT 9986 F 8E€'S0€6 000611 0z
€0T F 6581 PL'900T F 6€T60IT  0TT F 95°0T €8y F YTSHY ¥9'T ¥ 08°€S 8LTIT F L'96SI  €ELYL F 60°9668 8sTTIl 61
08T ¥ 6861 €F'L68 F 1798901 Lo F 6111 €917 F I¥'SIT 6£'9 F 0TT8 TTOTI F TE9E6  LI'0SL F I'1tt6 LSTTIL 81
087 F 6091 91911 F ILLII6 69°0 F €11 60l F ¥8'86 8Tl FSE€TCl  6V'9TE F SCIL8T  9LTI8 F 8°€I0L sseell L1
86'0 F LY'TI 86T F TIHOE 600 F 81°0 $9°0 F 0L'€E 1€0 F €6€ LY'S F OL'SH 96'9C F 19°TST €6Tell 91
L1'T ¥ 6T81 ILT1Y F 8THO9€E 980 F L¥'€ by F €8°9€ TS'L F SL'SS 80°SIT F SS'SHOI  TI'¥8T F 89°T9VT $S0H01 ST
T F K01 IS'€T F LEVLT S1'0 F vT0 600 F 2LV vT0 F LSO w6 F €8°LS €L81 F 1L01T [18€01 vl
wo ¥ sI6l TTIEE F 19°0L8E vS'0 F 65 89T F LE9E 601 T 60V6  YOPOL F 90026  H0'61T F TSSIST T08€01 €l
90'C ¥ 7091 10°T6Y F 66°€HOST  8T0 F T9SI 9’6 F CTSLE V'S F LLVST  ¥FHTl F OV'663T  63'SSE F 86'5956 095201 1
170 ¥ 09°'1C 91'¥9S F ¥8'TEOL TS F 6S°L SL'L F LTYTI 1€T1 F 2096 VL'TO1 T 6'8TET S'ESE F SSSLYS 6201 I
YTTF OV 90PIST F €6VLLYL  SST F S6°0T SI'9¢ F SS'I6T  9L'€T F 10TIE  1€'86E F ¥I'SSHT €H'SSOI F 8TSEO11 8LET01 01
6CT FOLST  ICTIPL F LTOBIEL €T F 9p'pl 890V F THHTE 9I'S F LLOL 89°0TC F ¥8°T0ST TL'SKIT F 8L19TIT 9L£T01 6
6v°0 ¥ 08°0C LOF96 F S9°09STT 69T F T9HE OL'€T F Lv'6vE  9TLE F 1T88T  SI'L9L F vh11¥T  11'SEL F 6'9LY8 69001 8
6L°0 F 9T1¢€ L'006 F 99°LSES 61l F 66°L 6€11 F L1701 YL'S F 90°6€ 1861 F 6ELI61  €1'689 F 90'1679 169001 L
89°0 F 8¥'I€ 60°02C F 6€°LYLI TS0 F OF1 8Ll F T9°€l I€1 F 0v'6 9716 F vrLvL  TTITI F TS'SL6 689001 9
9L'1 F 06°0€ SL'ILS ¥ T6'0208 6v'0 F 06'L 86'Cl F LEEET S6'61 F 0L0TT  €T6FI F €8°EILL  8E€06€ F TI'SH6S 89001 S
ST ¥ 8061 €6'181 F SL'SLYT T€0 F 990 90’1 F 056 LET F LTS 01'8S F Ov'TLy  6£T1TI F L8186 89001 ¥
060 ¥ 20'9C SP'8EE F 0L00VE 690 F 9€ 10T F €TLT €8°€ T €6'ST €899 F 89'9KS  9T°99T F 0S°€6LT 6v9001 €
9v'1 F 09LT  v9PISL F IE€8PTEl  PL'T F €8°SE TSS F TT09¢€ 1661 F SI'VEl  T99TE F 6V'8LLI 8T6IY] F 8565601 065001 z
050 F 62CC  00ETI F vTHOSKT 18T F I+'HC ITVE F9L61€ 90T F LEPTT  €6'€9T F L99S9T  65°ST6 F €06LITI 6TLTE I

(%) (as F 9BewAy)  (,AS F 9BewAY) (S F 9%ewAy) (S F dBeway) (S F 9Beway) (S F 95eloay) oN 1] ON
A1anoe Hddd Jrejoursoon|3 [0, U101919q0oNn[0) UroNId0oN[D) UuIdISSeIqoINn[n) uruayderoonn uneseydeloon|n

SIeA[NO U0 (0] pue swse[dutiog (] [ Jo A1anoe HdJd pue SIuauod jejoursoon|n) *¢ xipuaddy

-594 -



Characterization of Phenotypic Traits and Evaluation of Glucosinolate Contents in Radish Germplasms (Raphanus sativus L.)

88°0 ¥ 08'€T 01°66S F ¥S'L6T6 SE0 T 866 L8'TT F OL'PLI TL9 T €966  6ESIT F SEE6TE  80°SSY F 88'61LS 88L0ST s
1€T F v8LI €€061 F $8°0107 €10 F 791 $6'0 F $6'0C LSO F 0TSE SOEEl F 98°16L  T8TY F €TI9I1 LLLOST Is
60’1 F ¥94C 1L'T06 F YT9EH6 It'T F 68°0C 8CLI F ¥6'L81 88°Cl F I¥'9L  L9T8T F S6'9€9T  $9'88S F 90'%159 SLLOST 0S
S0T F YTLI T0°T0L F LUSTIL ¥8'0 F 799 8L°TT ¥ 6L°8S1 LOE F LOEE  LE69T F ISTLYT  96°L0S F 9T'EPPS $9L0ST 4
T ¥ 060 SESOVI F 8TTTECI  LEE F IL'ET €795 F LO'6IE SCEl F TSEIT 90°6L1 F 88ISKI  89°SITI F 1'7IH01 8€L0ST 8t
6v'1 F 0SSI  8SEP6l F SC68LLI  SL'S F 9TTH €999 F ILILE  €I'6TL F 6£1€9  ¥6'1€S F SI'SOIS $O'SITI F £8°8E911 0L88CC Ly
0T F 6€0¢  TT6OEI F 9S'8IETI  0S°E F 6567 LUTE FH0'16T  STIE F TTEOT  LET6E F ¥I'SPLE  €9'198 F LS 908 LS88TT 9%
YOLF 161 659761 F 61'SESYT  LL'O F 89'LT 10€9 F ¥L'61€ SI'ST F ¥4I TI'ISS F €6'V8TF  LEETET F 6T'8L96 9LS€TT St
95°0 F LSHE €€°65T F LTILOT €0 F 171 YET F 19LT €6'T F 89'€T TSI F 90919 L9991 F ILLOYI 6561TC 44
9¢’0 F 6L°81 669 F 1€TIS 910 F SI°0 10T ¥ 789 S50 F €€°S LO6] F 89HLI SE9E F €ESTE 8561C 34
IST F €€1T 60°00T1 F pL'86HOI T80 F LL'LI 8t'1€ F 98°LTT L8'S F SH¥8  90'LOY F 8L'886T  6L'SLL F LS6LIL 95612C w
YLT F 9TEE TOIOVL F S6'CTLIL  LI'T F L9I L8'8T F 00°6VC 179 F SL'ST $8'TTS F €8°€88€  1S°0E6 F ELHHSL ss61cT |87
IST ¥ €806 STTOPI F S9OTOVTI  90°€ F 9S'Eh 9°0¢ F 09°50€ 68°9¢ F L8'8EE  YOPIE F 6V°OFIE  T1°SL6 F €1+E98 Ts61TT or
691 F 8L'61  9I'L991 F LLOLVIT  €S°T F 9L'€T LL9E F 11661 €6°SY F LI'96T  tHOLS F 8T63EE  98°LTO1 F 9v'T9SL 90T 6€
88°0 F 61'9C  I¥6LSI F SC8LIVI  LOE F 7981 €499 F 00TIS  9LTI F H0°S9T  0TT6T F €8°091C 0S80TI F 98 TTEIT $T681T 8¢
¥8'1 F S8TI  SCHOOL F SS'S6811  ¥L'1 F 8L61 1L'9€ F 15°8¥€ IP'] FL89T  8I'S91 F 61°00L1  €£€8°908 F 61°€086 6L0S1T L€
IV F 6L'ST  TO6HSI F SL'ELO91  LES F 69°6F €9°LE F €00Fy  8I'ST F 66FEl  PES6T F LOLTST 81'TSTI F L6'1T6CI 110S1T 9¢
1$°0 F 1881 ¥8'S01 F 118811 110 ¥ 1+0 89’1 F €9°CI v00 F 951 T F SLOIS 8TT9 F 9L°799 €51€1T s¢
¥E'0 F 06T LOLES F STIL6Y 1€T F 80°€I 186 F 168 SI'L F 698 S0'S8 F T6HI8  00°Lby F ST'0SOF €02012 e
€L F 8S'LT 16068 F L1'¥LY9 790 F 9€°S 8TEE F LLTL vO'TI T 8€06  86'€91 F STIIIT  98'889 F 98°€60S ¥L660T €€
¥9°0 F 8LET YT0TS F 616€S €1 F 1€78 €L'L F 079 LI'S T L'S8 8I'v81 F LI'8081  86'TTE F 89+THE LE660T 43
69°0 F 1865 TI'LET F pEET 750 F 670 W FELel 08°0 ¥ 8T I8CEL F 18°66F 8001 F 8918 00¥80C 1€
€9°0 F ¥8'CE S6L F ¥SPS6S 60’1 F ¥5°6 1671 ¥ 1586 LE'S F €0°6S 8SI81 F SL'SIIL  TT06S F 1L°899% 091+0T 0¢
PI'l F €91 SO'81Y ¥ €0811Y 8¥'0 T 8€F 0L F 6V $9°0 F €¥'9 11001 F 10096  L6'60€ F TL'S60E 1€S€0T 6T
SS'1 F LTOT 0S°99L F $0°1265 161 F 116 01Tl F ¥L 60°'L1 F 1TSS 8CH8T F 6T¥961  0STSY F €¥SILE 91€€0T 8T
99’1 F $€91 vI6ve F 11°S8ST 8T0 F 17T YTY F 9°€C LOT F T6'81 €6°TEL F 66'4T6  L8'TIT F 8E'SI9I 201881 LT

(%) (as F 9BewAy)  (,AS F 9BewAY) (S F 9%ewAy) (S F dBeway) (S F 9Beway) (S F 95eloay) oN 1] ON
A1anoe Hddd Jrejoursoon|3 [0, U101919q0oNn[0) UroNId0oN[D) UuIdISSeIqoINn[n) uruayderoonn uneseydeloon|n

panunuo)) ¢ xipuaddy

-595 -



Korean J. Plant Res. 34(6) : 575~599 (2021)

S6'T F 16T YT'SSS F 9€°96EL €L°0 F €56 9C'11 F 8T8II1 STI T €LTC  9T6LI T 96°€TEC  99°68€ F LY 176V $L0T9T 8L
ILS F ¢p8l 1¥'SLT F TTHI0V 090 F £¥°€ 06C F LLIY $TS F 9901 L6'8F F OL'TIOl  8L'8TT F TL'668T 0L029C LL
S6'T F LEGI €0°0TC F 1#'95CC 6€0 F 68'1 S0T F TEWT vS'T F 9CHl €9°TL ¥ 19879 TI'bb1 F €TLSST L5029T 9L
L8 F SO'I€ 16'66€ F 86'609€ TS0 F LOS 1€°S ¥ 6T1S vT'9 F TL0S YOPTl F EL'EL6  8S'E9T F LI'6TST 0S029C SL
671 F SL'SE €1'6LT F 98°099C L0 F 91T Iv'1 ¥ S6'L1 6091 F ISPl 107001 F 91'6vL  8O'191 F SL'LVLI 6v079C L
€6'1 F €961 1L°€8 F ILPE01 110 ¥ 00 860 T 796 00’1 ¥ 1091 171 F €6°€1€ 8V'Y9 F S6169 ¥¥079T €L
08°0 F 99°G1 91'9901 F 6LT696 S8 F €9°SI TS'SE F 6LT0C 1 F $$°C1 1969 F 60°00€T  10°9LL F ¥L'19IL L£079T w
T0C T 69°Sh L8801 F ¥S6SSIT €0l F SL1I 0TYT F SS0ST €8°0S T TI'CES  0€'8TT F L6'LOVS  YL'9EL F ST'9SLL 9€079C 1L
86’1 F €¥LI LL'SOT F 9L°TEST 8¥°0 T Ol 6L'1 F 99°G1 01'l ¥ LTE1 T8'SE F 8C0EL  68WL F SOTLL 76079T 0L
81'C F v9'LT LTIST F €8°L061 1077 F IS¢ 98'¢ F ¥LTE LL'O F 8901 1805 F I¥'8LL  LO'86 F 6'T801 1€029¢C 69
€TT F LSLT TTIE F T8HT 000 ¥ 000 600 F 0F'C €10 F 91 09'8 F ¥0°6S LY'TT F T0H81 £2029¢C 89
LUT F 6SHC  SCTLEL F TL666T1  €1'T F 10°8T Y6’y F 8L01E 99T F TT8E  60'80V F TSOVIY  LL'OT6 F 63'SLYS T2079T L9
0T F 65T €€L F T6'6LI 900 F S0°0 810 T 8§ LOO F S9°0 65’1 F €T6T 8V'9 F ThLbl 810297 99
vo'l F 6€°1C 61°0€ F $9°€89 600 F 920 070 F 06'L €10 F 1TH SLSL FTC8YT  0€TT F 90°€Th 90029¢ 9
01'S ¥ SE'8I TEOLE F S09LE 1€0 ¥ 08T €IS F 1007 610 F 86T 1€091 F I€LYST  S8'9TT F 6€7L91T $6619T 9
LET F 00T YL6TEL F ITOPPL 65T F LITE TLULL ¥ T6'0TS ISTFTL9T  9T6EE F €9'1TIE  L6'LL6 F 99°09L01 68619C €9
IL'S F 8T 87'89 F 986671 €0 F 6L0 €60 F €6°€I 8€0 F €8°L 8Y'CT F $9°70€ SO'8y F 891L6 86197 9
v6'l F 881 1€T8PI F 81'T6TCL 681 F LL'ET 6V'ST F 96T9T  TISL F ¥9¥CL  0S9PF F 8S'8EVE  9T'9001 F €8'THF8 L9619T 19
08°0 ¥ 90°1C 6LSIIL F TOLYS6 90l F 89'LI 1781 F v0'LS1 $8'8T F ST961  €TSST F L60961  SI'EI8 F 80'SSIL 56197 09
L9T F 1971 L8186 F 8S'€106 170 F 099 YOSl F 8Y'9T1 90Tl F €LV9  80°0ST F 65°S0IT  STEIL F 8I°01L9 ¥S619C 6S
95T F ¥S°TE SY'EI9 F TLEISS 660 F v¥'L 16'L F €S°6L 86'6 T 9C°CL 8SHYI F ¥8LETL  00°9SY F SSSIvY £€56197 8S
00°€ F €5°LT 60°LE6 F T'EILII T F p6°El 9¢' Iy F THE9T €68 F €9°0L 16081 F 9L'6T€€  vP'6TL F SE'SE08 L6197 LS
L6'0 F 00'8T €1'L69 F L'OEHS 6£0 F 8€'S $S'IT F TT001 SI'ST F €I°611 STHY F L9966  ¥FLO9 F €SILY rr619T 9$
8V’ ¥ 80°CC L8786 F SS'19601 T F SS°ET SCET F YOVIT  00%CT F IL98T 0818 F 8L°8T8C  SH'v9S F 88°LOLL ¥6L0ST 99
LIS ¥ 0091 81'6SL F SY6vLL €8°0 F 9°¢l SI'0T F LO'SE] OI'IT ¥ SL'9YT  0S'LO1 F 18°SE01  LT8I9 F TTSIEY T6L0ST S
SITL ¥ €90v  68°LSTI F 96'€8TCI  #0°T F 60°El ¥8'SE F bET61 0T F 8Y6Tl  S98IY F ITITHY  1S9€8 F €8°LTSL 06L0ST €S

(%) (as F 9BewAy)  (,AS F 9BewAY) (S F 9%ewAy) (S F dBeway) (S F 9Beway) (S F 95eloay) oN 1] ON

Anande Hddd

Jrejoursoon|3 [0,

U1019)19q0dN[0)

uronIeoon[n

uIoISseIqoon|n

uruayderoonn

uneseydeloon|n

panunuo)) ¢ xipuaddy

-596 -



Characterization of Phenotypic Traits and Evaluation of Glucosinolate Contents in Radish Germplasms (Raphanus sativus L.)

SSEF LLLI 1€0L6 F TS8EKT  ¥TE€ F LO'6S SI'IS F €5HES 8S'LT F 60°€0F  9LTOE F Ly'9ver 10°S08 F 9€'S6HTI €5166T 01
ISE F 6T 70°T19 F SOEET 9I't F TLEY L8VE F 90°€9€ YT F €508 9v'6h] F 99°8TIE  08°T6Y F 706856 9T€66T €01
SO0 F 8681 9I'T9IL F 6I'I¥6I1 1071 F L80T $S'TC F89'0TE  9Y'0T F CTEOT  8CEIT F 09°€lTT  ELvI6 F 18°T816 PL1L6T 201
€1°€ F €5°0€ €LTS ¥ 86149 LOO F 61°0 0L0 F LLO P10 F €0°T SET1 ¥ 78°€91 LOYY F 81°69% TL1L6T 101
vL0 F 6E9Y 88'V0S F SL656 81°0 ¥ 95Tl 90°91 F TEOLI 0S'0S T 0I'6vF  SO'901 F ¥1'620T  +S'STH F 99°€€69 0TIL6T 001
17’0 F €97 S0'9L6 F 9S°LL66 9¢'T F STYI 78T F 19°LET 8S'CT F €66 TE6TT F SS0ETT  8S90L F €0°TOVL $80€6T 66
STTF EL0T YL'LYL F 96'SS96 0L'1 F It'€l LTTE F 86'6YC SI'T F 79°T€ 9S'SL F ILVE6  ¥S6L9 F ¥TSTHS 820€6T 86
98’1 F LS'TT 80'SYL F $'TSSL 0€'T ¥ 07Tl 1L°€T F S9'191 ST F 99¥1 SS'16 F ILPIST  9S°0£9 F 8S6LI9 800€6T L6
66T F 10°L1 91'S79 F 90'76T6 6L°0 F 9T€1 1€97 F TS'1ST 1ST ¥ 19°8C 0F'TS F SOPPIT  06°SLS F T9'9S8L 900€6C 96
€L F ¥6'1C LO'L8T F 61°0V6T 610 F 0T SOl F LY'6E TTO F 0I'8 SI'CIT ¥ 989L6  LV9L F 9S°€16] 1¥S16C $6
P10 F 88F1  STOVEL F 10°S8TTI 19T F SHOE T6'9¢ F LI99Y  OI'Th F 8SVEE  YOOVT F TTOELT  TE'6101 F 8S€TL6 €Tyl 6
9’0 F ¥1°9¢ 19°€97 F 1¥'¥10T STO T S9T 9L'T ¥ S1'ST YT F 1bb1 €6'€9 F 9S'Shy  €L°961 F €9°€TST €8€16T 6
8V'1 F 667 S9'6L6 F LETE69 v9'l T 68°S €9°01 F SET8 8S°0S F SI'VZE  60°SST F I¥LIST  6VT99 F LSTO0S r768C 6
661 F ITH1 €0°'8L9 F 9'1€L9 960 F 786 8791 F ¥£701 086 F 6996  vTLYI F €O0EET  64°9TS F €L°T6IS L1€€8T 16
ST F S6'LI 0£'68€ F 97°0979 LEO F LS LSTL F 06'L6 60T ¥ 10LT LO9T F 66'VETL  YI'TLE F 8°S68% T1€€8T 06
9G'l F LOIE  IS'ST8I F STESLST  ¥I'T F €S1€ L8'LY F vT99Y L9'6 F 8€96 €1'86T F STTYET LI'89FT F $8'918CI S0£€8T 68
€50 F 679 80°€Pl F ¥b'L60T 900 F I€'1 €6'1 F 61'81 611 F ST8I OL'TF F €8°T6L  €9°6T1 F 98'99C1 LTL8LT 88
61°ST F 9T+ €TEEL F LSSHHT STO F 850 07T ¥ LO°1T 8€0 F 6T'S €TTL F S8POIT  €€TO1 F 8LIIE] $898LT L8
ST9l F 89T 08'60SI T SO'SSSIT 67T F TS8I 01'€9 F 88'LYE €88 FOLTL  66'LIT F 0S'8K9T  S6'STOT F 65°LILS ¥898LT 98
09T F LO91  €9°€ILL F 96'SSLST  60'1 F TTOF L6008 F I0VSY  LOOL F I¥'€0L  €9°8SE F €6'468T 08'LSTI F 8€'€9911 £€898LT S8
Sry F LISS 9TEYS T 66'T8Y9 660 F 067 €09 F €579 TLTY F LTI6S  SOILL F L0111 S6T8E F €S'TILY 7898LT 8
89’1 ¥ 96'81 96'v6v F 9T 1¥S 8T0 F 61°C €8 F 80'8% w6 F S0p 16°€91 F 1L'€601  LS'9TE F 9L'9SEE 6978LT €8
007 ¥ 00T 9’88 F 001 LTO F 1¥°0 980 F 856 6v°0 F TS01 88°9¢ F ¥000F  ¥SHS F 68609 $919LT 8
171 ¥ 60'ST 89'¥89 F LI'1HS9 8L°0 F 6¥'11 v6'L ¥ ¥T'S6 66'S F €I'LS 8TOYT F ¥0°0€61  LO'IEY F S8TLvYY 081+9C I8
8T'EE F S0°€9 ¥9°07C F €696 LEO F 019 081 F L6'8S 0811 F LOSYI  I¥'SEl F T6'6TEl  TS66 F STOTHE 8L1¥9T 08
80°C F 6LT I¥EvL F 69756811 $6'0 F €761 08'9¢ F $0'9LT LSV F ¥EVL SI'861 F 9$'81€E 98799 F €5°L0T8 9L079T 6L
(%) (as F 9BewAy)  (,AS F 9BewAY) (S F 9%ewAy) (S F dBeway) (S F 9Beway) (S F 95eloay) oN 1] ON
A1anoe Hddd Jrejoursoon|3 [0, U101919q0oNn[0) UroNId0oN[D) UuIdISSeIqoINn[n) uruayderoonn uneseydeloon|n

panunuo)) ¢ xipuaddy

-597 -



Korean J. Plant Res. 34(6) : 575~599 (2021)

‘UOIRIAQD pIepuels suedw (S,

PPO F LT6C  SCEK8 F TICL80l €51 F STLI W F ¥6T6T OF'8 F €0'6S  TTIIL F 98'9STI  €S90L F €0°LYT6  Nwndp[oSoyoas  O[uo)
070 F ISPC  LSH68 F 199€901  8F'1 F 9€7S1 TULL F S0°TIT 809 F €58y 9TOCI F CI'LOSI  IS'8EL F v'€S06  nwofiSoadndg  uo)
€0 F 169C 0S'626 F 00°LLY6  LL'T ¥ 6201 LOPL ¥ 6V'OVT  6L°TC F 98°S81  SEOTI F L6PPII  S9'SSL F 6686,  Mejewsoeg  guod
8¢ F T6'1T TT6r F 109L16 80 F €88 91 F 17691 65T F SLLE PSP9 F OL'166  S6'ESt F 61’896, nwmnopjosSuem3ol,  Luo)
760 F 8597 86'SOI1 F LS0ST8  LS'T F STTI 1797 F 07681 TOLF LYY SS'SYI F 8SP86  L6'TT6 F ¥8'610L NWSU0ISUOAK-ESUBN  9uOD)
60 F L9°0€ LS89 F 8ETLYL SE0 F 688 S8 F €8°€T1 0L'S F T8'ST SL'T9 ¥ €TTES  9TTI9 F 19°18L9 nwSuoioy) guo)
LV'T F 99°1T 08'026 F 8Y'167L 8Ll ¥ 1001 69°LL F 10°9%1 €TY T LT €6'7T1 ¥ 70868 9I'SLL F 100179 nwun-uoay)  Huo)
€81 F 9€°€C L9019 F L9°080L €60 T SOS 1891 F L6'0TI T F Y6L LUIS F €960S  6TSYS F 60°LEYY Suoayoae cuo)
P01 F 1692 9TIH9 F 11°ShSS 0ST F T 1611 F 1.1 6T F 6L°0E SPIOL T 68769  OFTCS F TOLp  NUWEPSLWUIFIN  Zuo)
bSO T IEEh £€6'95S F SHE60F VT1 F IES 887 T 98°0F OV Py F 9C89T €161 F LOLYTI  90°96T F STIEST nujremn Juo)
91'0 F TS'6T 6007 F 0SHST 200 F 200 070 F L6T 110 ¥ LT1 0S°€ F 8T'9C 9€'91 F 9L°€T1 81¥80€ 011
b1 F $8°TC 119VT ¥ 0S'9SLL  T6'T F 99'LT 8TL F ¥8'861 LETT ¥ 65°0ST  19'891 F TH'€S€l  LILST F 10°9068 L9E80E 601
8LT F 191C  8I'lth F €5°TETIL $L'O T $691 9¢'6 T €0°81T LLS F €T99T  +S'60€ F LO96GIE  9L'S6T F 9T'SEIL 65€80€ 801
V60 F LL'6T  LOSOIT F S8LI0SI  L6T F OSHE 0T6Y F 8SVIS  LY'LS1 F 88'€hTI  SSIEL F 0TES9S SEIVIT F T6'1LS01 69890€ L1
670 T PE'8T 6I'Iv6 ¥ 1THSYS  TTH F 91°0C LE9T ¥ 60TIT  ILTS F TSTLE  1L°08T F 0K'OL6I  SO'ISS F $0'606S 18€50€ 901
95°0 F 6t'12 L6'T6L F €'TES8 080 F 6I'11 SL'TL ¥ OWYST  OV'EE T TL'SST 1097 F €TI0 TESTY F SS'L609 $8050€ S01
(%) (as ¥ aSemay)  (As ¥ Beway) (S F 9Beway)  (AS F Beway) (S F Beway)  (AS F Bewny) oN LI o

A1anoe Hddd Jrejoursoon|3 [0,

U1019)19q0dN[0)

uronIeoon[n

uIoISseIqoon|n

uruayderoonn

uneseydeloon|n

panunuo)) ¢ xipuaddy

-598 -



Characterization of Phenotypic Traits and Evaluation of Glucosinolate Contents in Radish Germplasms (Raphanus sativus L.)

Glucobrassicanapin Glucotropaeolin Glucoraphasatin
F1:MREM of 1 channel ES- F2:MRM of 1 channel ES- F3:MRM of 1 channel ES-
38564 = 143.58 407.59 = 165.94 41766 = 17569
877 6.912e+003 Glucotropasalin 5771e+005 Glucoraphasatin 3 446e+007
10 10 873 100 8.76
3346587 231135425
3.35e4 2.31e6
10.89
%
11.10
537 T.84
et T T e min O min L e e e el 11
50 100 50 10.0 50 10.0
Glucoerucin Gluconasturtiin Glucoraphenin
F4:MREM of 1 channel ES- F5:MRM of 1 channel ES- F6:MRM of 1 channel ES-
41995 =177.71 421.49 = 179.66 43352 =4185
10 8.76 4.194e+006 10 8.60 5.540e+004 100 Glucoraphenin 2.802e+006
Glueogrucin 876 260350.22
100308 67 26085
R
1.00e5 Gluconasturtin o
203.43
203e2
O e min L e e 111 Ot min
50 50 10.0 50 10.0
Glucobertercin Glucobrassicin
F7:MREM of 1 channel ES- F&:MRM of 1 channel ES-
433.95 = 23758 446.95 = 204 69
6.35 1.377e+005 Glucobrassicin 4. 711e+005
101 10 919
25244 97
252e4
876
271 ‘ .87
e e min e min
L3 50 0

Appendix 4. MS information of eight glucosinolate standards.
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