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Abstract: Brassica rapa L. ssp. pekinensis (Lour.) Hanelt (kimchi cabbage) is a major vegetable culti-
vated in Korea, and its hairy roots (HRs) are rich in glucosinolates and phenolic compounds. This
study aimed to induce HRs from cotyledon explants via the transformation of the Agroacterium rhizogenes
strain R1000 and examine the glucosinolate and phenolic compounds present in the HRs of two kimchi
cabbage (green and red) cultivars after exposure to 16 h light/8 h dark conditions (photosynthetic pho-
ton flux density of 54.6 µmol m−2 s−1) and continuous dark conditions. The highest HR production
was achieved in the green kimchi cabbage grown under dark conditions (0.37 ± 0.01 DW g/30 mL).
The highest glucosinolate and phenolic contents were neoglucobrassicin and catechin hydrate, which
were highest in the green kimchi HRs grown under dark (GKHD) conditions (5268.29 ± 292.84 µg/g
DW) and green HRs grown under light (GKHL) conditions (203.49 ± 4.70 µg/g DW), respectively.
A heat map showed that the red kimchi HRs grown under dark conditions (RKHD) and the GKHL
condition accumulated the highest glucosinolate and phenolic contents. Principal component (PCA)
and partial least-squares discriminant (PLS-DA) analyses of the 13 identified metabolites showed a
clear separation. According to a variable importance in projection (VIP) analysis, quercetin was the
most important metabolite, leading to a clear separation. The most suitable conditions for enhancing
the glucosinolate and phenolic contents were the GKHD and GKHL conditions, respectively, whereas
both compounds were enhanced in the RKHD condition. HRs cultures cultivated under light and
dark conditions are a promising method to enhance the production of specific health-promoting
bioactive metabolites, which might be helpful in the pharmaceutical and nutraceutical industries.

Keywords: Agrobacterium rhizogenes; Brassica rapa L. ssp. pekinensis; hairy root; glucosinolate;
phenolic compounds

1. Introduction

Brassica rapa L. ssp. pekinensis (Lour.) Hanelt, otherwise called Kimchi cabbage, belongs
to the Brassicaceae family, and it is the main ingredient of traditional Korean foods. It
is prepared through a series of fermentation processes [1]. In kimchi cabbage, several
phenolic compounds with antioxidant activity and flavonoids have been identified [2,3].
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In addition, it contains aliphatic glucosinolates, aromatic glucosinolates, and relatively
high amounts of indolic glucosinolates, a precursor to indole-3-carbinol, which chemically
prevents cancer [4,5].

Different varieties of kimchi cabbage have been produced through introgression
breeding techniques. Among these, Xie et al. [6] introduced the red phenotypic kimchi
cabbage variety crossed with the red Brassica juncea using the embryo rescue procedure.
In another study, reddish purple and red kimchi cabbage were obtained via interspecific
crossing between red and kimchi cabbage [7]. The color of red kimchi cabbage is reddish
purple, and it has an abundant anthocyanin content. Due to its attractive color and high
antioxidant properties, it is popularly used in salads [7].

Glucosinolates (GSLs) are secondary metabolites (SMs) containing nitrogen and sulfur
that play vital roles in human health and plant defense mechanisms [8]. To date, more
than 200 GSLs have been detected in plants, mainly in the Brassica family [9]. GSLs are
derivatives of amino acids—phenylalanine, alanine, methionine, isoleucine, tryptophan,
tyrosine, and valine—and are separated into three major groups corresponding to their
amino acid precursors, namely aliphatic, aromatic, and indolic GSLs [9,10].

Phenolic compounds are SMs composed of aromatic rings containing one or more
hydroxyl groups, and they are very common in plants [11]. They can be classified into
flavonoids (anthocyanidins, flavanones, flavan-3-ols, flavonols, flavones, isoflavones, and
others) and non-flavonoids (hydroxycinnamates, stilbenes, phenolic acids, and others)
based on their arrangement and number of carbon atoms [12]. In addition, phenolic
compounds play a vital role in human health, with anti-inflammatory, antibacterial, and
antioxidant actions [13–15].

Agrobacterium rhizogenes infects higher plants and is responsible for the growth of hairy
root (HR) disease, mainly in dicotyledonous plants and a few monocotyledonous plants [16].
HR cultures have been developed from several plant species through A. rhizogenes trans-
formation to enhance SM production [17–19]. The phenotypic pattern of HRs is defined
by genetic stability, a lack of geotropism, hormone-independent growth, lateral branching,
and the ability to produce specific SMs. The main benefit of HRs is that they often show a
better biosynthetic capacity for SM production than their parent plants [20].

Light is a major factor in the growth and production of SMs in HR cultures [21]. Several
studies have shown that light affects the biosynthesis of SMs in HR cultures [22–24]. In this
respect, the purpose of this study was to develop HRs of green and red Kimchi cabbage
using an A. rhizogenes-mediated HR transformation and analyze their glucosinolates and
phenolic compounds after exposure to light and dark conditions. These results will provide
basic information for further bio-engineering research to increase the glucosinolates and
phenylpropanoid contents in the HRs of kimchi cabbage varieties.

2. Materials and Methods
2.1. Seed Sterilization and Germination

Seeds of green (cv. CR carotene) and red (cv. Ppalgang 3) Kimchi cabbage were
purchased from the Kwonnong Seed Company (Cheongju, Republic of Korea). The seeds
were surface-sterilized with 70% (v/v) ethanol for 30 s and then soaked with a 4% (v/v)
NaClO solution containing one drop of a Tween 20 solution for 10 min. The seeds were
then washed 5–6 times with sterilized distilled water. The sterilized seeds were taken to a
clean bench and dried with sterilized tissue paper. Seven seeds were placed on a Petri dish
containing solidified hormone-free 1/2 Murashige and Skoog Basal Medium (MS) (Kisan
Bio, Seoul, Republic of Korea) [25] containing 0.8% (w/v) plant agar. The Petri dishes were
kept in a growth chamber under 16 h light/8 h dark photoperiod cycles at 25 ◦C until
seedlings were established. The seedlings were then moved into solidified hormone-free
1/2 MS medium after two to three weeks.
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2.2. Growth of A. rhizogenes

Wild-type A. rhizogenes strain R1000 bacterial cells were cultured in a flask containing 30 mL
of Luria–Bertani (LB) liquid medium (Ambrothia, Daejeon, Republic of Korea) and incubated
in a continuous rotary shaker (Hanbaek scientific Co., HB-201SF, Republic of Korea) at 28 ◦C
for 20 h at 200 rpm in dark conditions. The bacterial cell suspension was centrifuged (Mega
21R, Hanil, Incheon, Republic of Korea) at 3000× g for 10 min at 4 ◦C to collect the cells
and resuspended with 1

2 MS liquid medium to maintain a final cell density of OD600 = 1.0
for plant inoculation.

2.3. Establishment of HR Cultures

From the 10-day-old kimchi cabbage cultivar seedlings, the cotyledons were excised
and cut into tiny pieces (about 0.5 × 0.5 cm) with a sterile blade. The sliced explants were
co-cultured with the bacterial suspension for 10–15 min. After drying with sterile tissue
paper, the co-cultured explants were placed in Petri dishes containing hormone-free 1/2 MS
medium with 0.8% (w/v) agar and were incubated for two days at 25 ◦C in the dark. The
explants were removed after 2 days of co-cultivation, washed 5–6 times in sterile distilled
water, and then moved to a hormone-free 1/2 MS medium containing 500 mg/L cefotaxime
(GoldBio, St. Louis, MO, USA) for HR induction [26]. From the wounded site, several HRs
emerged within 3–4 weeks, and the HRs were excised, transferred to the hormone-free 1/2

MS medium containing 500 mg/L cefotaxime, and incubated at 25 ◦C in dark conditions.
This procedure was repeated 3–4 times.

2.4. HR Culture under Light and Dark Conditions

Approximately 4 g of HRs of both green and red kimchi cabbage were transferred
to 30 mL of the hormone-free 1

2 MS liquid medium and incubated on a shaker (Hanbaek
scientific Co., HB-201SLI, Republic of Korea) at 110 rpm for 2 weeks at 25 ◦C. Each type of
HR was cultured in six flasks; three flasks were placed under 16 h light/8 h dark conditions
(photosynthetic photon flux density of 54.6 µmol m−2 s−1), and the other three flasks were
placed under continuous dark conditions [27]. After 2 weeks, HRs were harvested and
dried using a freeze dryer (HyperCool HC3055, Hanil Scientific Inc., Gimpo, Republic of
Korea) for at least 3 days to measure the dry weight (DW) of the HRs and to analyze the
secondary metabolites.

2.5. Extraction and Analysis of Glucosinolate Compounds

Glucosinolates were extracted and analyzed as described by Sathasivam et al. [10,28],
with slight modifications. Approximately 100 mg of freeze-dried green and red kimchi was
dissolved with 4.5 mL of 70% methanol (v/v), thoroughly mixed by vortexing (KMC-1300 V,
Vision Scientific Co., Ltd., Daejeon-Si, Republic of Korea), incubated at 70 ◦C for 5 min,
and centrifuged at 14,000 rpm for 10 min at 4 ◦C. A diethylaminoethanol Sephadex A-25
column (GE Healthcare, Uppsala, Sweden) was used to separate and filter the upper layer,
and the column was washed with 3 mL of autoclaved distilled water. For the desulfation
of the eluted mixture, 75 µL of purified arylsulfatase was added, and it was kept at room
temperature overnight. After the overnight incubation, the mixture was eluted with 0.5 mL
of ultrapure water, filtered, and sterilized using a 0.22 µm PTFE syringe filter (Sterlitech
Corp., Kent, WA, USA) before being injected for high-performance liquid chromatography
(HPLC) analysis. The HPLC model, column conditions, operating conditions, and gradient
program are shown in Table S1. The glucosinolate content was analyzed, measured, and
quantified according to the method described by Sathasivam et al. [28].

2.6. Extraction and Analysis of Phenolic Compounds

Phenolic compounds were extracted and analyzed following the protocol described
by Sathasivam et al. [10,28]. To 100 mg of freeze-dried green and red kimchi samples, 3 mL
of an 80% MeOH (v/v) solution was added. The samples were then vortexed for 1 min and
immediately sonicated at 37 ◦C for 1 h. At 4 ◦C, the mixture was centrifuged for 15 min at
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10,000 rpm. The resulting supernatants were filtered through a 0.45 µm PTFE syringe filter
(Millipore, Bedford, MA, USA) before being injected for HPLC analysis. The HPLC model,
column conditions, operating conditions, and gradient program are shown in Table S1. The
phenolic content was measured and quantified with reference to a corresponding standard
calibration curve [28].

2.7. Statistical Analysis

The statistical analysis of the data was performed using SPSS version 26.0 (IBM Corp.,
Armonk, NY, USA). The data were calculated as the means ± standard deviations of three
replicates, and Duncan’s multiple range test (DMRT) was used to determine whether
there was a significant difference (p < 0.05) among the means. PCA, PLS-DA, a heat map
analysis, a Pearson correlation analysis, and a VIP analysis of 13 metabolites identified in
the GKHL, GKHD, RKHL, and RKHD conditions were performed using MetaboAnalyst
5.0. Autoscaling was carried out as a preprocessing approach for the data set.

3. Results
3.1. Growth Patterns of Kimchi Cabbage HRs under Light and Dark Conditions

The growth of the green kimchi cabbage HRs grown under light (GKHL) conditions,
green kimchi cabbage HRs grown under dark (GKHD) conditions, red kimchi cabbage HRs
grown under light (RKHL) conditions, and red kimchi cabbage HRs grown under dark
(RKHD) conditions ranged from 0.37 to 0.27 g/30 mL (Figure 1). The highest HR growth
was obtained in the GKHD condition (0.37 ± 0.01 DW g/30 mL), followed by the RKHD
condition (0.33 ± 0.01 g/30 mL), whereas the GKHL condition (0.31 ± 0.02 DW g/30 mL)
and the RKHL condition (0.27 ± 0.01 g/30 mL) showed the lowest growth patterns. The
growth was reduced by 1.12-, 1.19-, and 1.37-fold by the RKHD condition, GKHL condition,
and RKHL condition, respectively, when compared to the GKHD condition. These findings
suggest that HRs grown under dark conditions are more suitable for the growth of green
and red kimchi cabbage compared to light conditions.
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Figure 1. Growth of green and red kimchi cabbage HRs grown under light and dark conditions.
Samples were harvested after 10 days of HR growth. For light and dark conditions, HRs were
placed under 16 h light/8 h dark conditions and continuous dark conditions, respectively. Significant
differences exist between mean values with distinct letters (p < 0.05, ANOVA and DMRT). GL—
green kimchi cabbage grown under light conditions; GD—green kimchi cabbage grown under dark
conditions; RL—red kimchi cabbage grown under light conditions; RD—red kimchi cabbage grown
under dark conditions.
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3.2. Glucosinolate Accumulation in Response to Light and Dark Conditions

The glucosinolate accumulation in green and red kimchi cabbage HRs was ana-
lyzed using HPLC. Five glucosinolate compounds, i.e., glucobrassicin, glucoerucin, 4-
methoxyglucobrassicin, gluconasturtiin, and neoglucobrassicin, were detected in the GKHL,
GKHD, RKHL, and RKHD conditions (Figure 2). Their contents were significantly different
under light and dark conditions. In the GKHL, GKHD, RKHL, and RKHD conditions,
neoglucobrassicin comprised the largest portion of the quantified glucosinolate content.
Neoglucobrassicin was more highly accumulated in the GKHD condition than in the other
kimchi cabbage HRs grown under light and dark conditions. Similarly, the GKHD condi-
tion also enhanced gluconasturtiin production. The glucobrassicin content of the kimchi
cabbage HRs was more affected by the light and dark conditions when compared to the
other four glucosinolate compounds. Compared with the RKHD condition, the amount
of glucobrassicin was 2.72-, 2.61-, and 2.16-fold lower in GKHL, RKHL, and GKHD con-
ditions, respectively. In addition, the levels of glucoerucin and 4-methoxyglucobrassicin
were also highest in the RKHD condition. The glucoerucin contents were 1.27-, 1.22-,
and 1.27-fold lower in the GKHL, GKHD, and RKHL conditions, respectively, than in the
RKHD condition. Moreover, the level of 4-methoxyglucobrassicin was highest in the RKHD
condition, which was 1.19-, 1.14-, and 1.09-fold higher compared to the GKHL, RKHL, and
GKHD conditions, respectively. The total glucosinolate contents ranged from 6884.55 to
8864.58 µg/DW in response to different HRs of kimchi cabbages grown under light and
dark conditions. In particular, the total glucosinolate content of the RKHD condition was
the highest, which was 1.29-fold higher than that of the RKHL condition. The total amounts
of glucosinolate in the GKHL and GKHD conditions were 1.29- and 1.06-fold lower than in
the RKHD condition, respectively. This overall result showed that dark conditions enhance
glucosinolate accumulation in the HRs of kimchi cabbage.

3.3. Phenolic Accumulation in Response to Light and Dark Conditions

The phenolic accumulation in green and red kimchi cabbage HRs was analyzed using
HPLC. Seven different phenolic compounds, i.e., caffeic acid, catechin hydrate, chlorogenic
acid, p-coumaric acid, epicatechin, quercetin, trans-cinnamic acid, and 4-hydroxybenzoic
acid, were detected in the GKHL, GKHD, RKHL, and RKHD conditions (Figure 3). All
phenolic compounds showed differential accumulation in the GKHL, GKHD, RKHL, and
RKHD conditions. The total phenolic contents ranged from 250.53 to 289.22 µg/g DW in
response to different HRs of kimchi cabbages grown under light and dark conditions. The
total phenolic contents in the GKHL, RKHL, and RKHD conditions did not show any signif-
icant differences, whereas they were slightly decreased in the GKHD condition. The total
phenolic content in the GKHD condition was 1.15-, 1.14-, and 1.13-fold lower than those of
the GKHL, RKHD, and RKHL conditions, respectively. In particular, catechin hydrate com-
prised the largest portion of the quantified phenolic content in the GKHL, GKHD, RKHL,
and RKHD conditions. Among the two HRs grown under different conditions, most of the
individual phenolic compounds, such as trans-cinnamic acid, caffeic acid, catechin hydrate,
chlorogenic acid, and p-coumaric acid, were highest in the GKHL condition. The quercetin
contents were significantly higher in the RKHL and RKHD conditions compared to those
of the GKHL and GKHD conditions. In contrast, the 4-hydroxybenzoic acid contents were
significantly higher in the GKHL and GKHD conditions than in the RKHL and RKHD con-
ditions. Interestingly, the trans-cinnamic acid content was significantly higher in the GKHL
condition, whereas it was not detected in the RKHD condition. The trans-cinnamic acid
contents were 1.93- and 2.32-fold lower in the GKHD and RKHL conditions, respectively,
than in green kimchi cabbage HRs grown under light conditions. This result shows that
most of the individual and total phenolic contents were highest in the GKHL condition.
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Figure 2. Effect of light and dark conditions on glucosinolate compound (µg/g DW of the HR
cultures) accumulation in HR cultures of green and red kimchi cabbage. Samples were harvested
after 10 days of HR growth. Significant differences exist between mean values with distinct letters
(p < 0.05, ANOVA and DMRT). GL—green kimchi cabbage grown under light conditions; GD—green
kimchi cabbage grown under dark conditions; RL—red kimchi cabbage grown under light conditions;
RD—red kimchi cabbage grown under dark conditions.

3.4. Metabolic Profiling of Identified Metabolites in Response to Light and Dark Conditions

In total, five individual glucosinolate compounds and eight phenolic compounds were
identified and quantified in samples from the GKHL, GKHD, RKHL, and RKHD conditions
using HPLC. A heat map showed that most of the individual glucosinolate and phenolic
compounds were significantly higher in the RKHD and the GKHL conditions, respectively
(Figure 4). The heat map was divided into two major clusters, namely cluster 1 and cluster
2, but they were further subdivided into subclusters 1-1, 1-2, 2-1, and 2-2. Clusters 1-1,
2-1, and 2-2 were further subgrouped into two subclusters, namely 1-1a and 1-1b, 2-1a
and 2-1b, and 2-2a and 2-2b, respectively. Cluster 1 contained the metabolites abundantly
present in the GKHL condition, whereas cluster 2 was separated based on the lowest
metabolites present in the GKHL condition. Cluster 1-1 was further separated into two
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clusters, namely 1-1a and 1-1b. Cluster 1-1a was separated based on the highest amounts of
phenolic compounds present in the HRs exposed to the light conditions (GKHL and RKHL
conditions), whereas cluster 1-1b formed a group based on the phenolic compounds rich
in specific cultivars (GKHL and GKHD conditions). In addition, most of the metabolites
identified in the GKHL, GKHD, RKHL, and RKHD conditions were separated into distinct
groups (e.g., caffeic acid was significantly abundant in the GKHL, RKHL, and RKHD
conditions (cluster 1-2)). Cluster 2-1 was also separated into a distinct group. Cluster
2-1a formed a cluster based on the abundant metabolites present in specific cultivars
(GKHL and GKHD conditions), whereas 2-1b was separated based on the metabolites
that were abundant in specific conditions (RKHD and GKHD conditions). Cluster 2-2
was separated based on the metabolites that were significantly abundant in the RKHD
conditions. This cluster was divided into two subgroups, namely 2-2a and 2-2b. Subgroups
2-2a and 2-2b formed a group based on the metabolites that were significantly abundant in
different cultivars grown under different conditions (RKHD and GKHD dark conditions).
Regarding the glucosinolates, the metabolites present in the HRs of two cultivars grown
under light and dark conditions were grouped in clusters 2-1b and 2-2a (gluconasturtiin,
neoglucobrassicin, 4-methoxyglucobrassicin, glucoerucin, and glucobrassicin), whereas the
phenolic compounds and metabolites from the HRs of two cultivars grown under light and
dark conditions were separated into three groups (Figure 4). Cluster 1 consisted of catechin
hydrate, p-coumaric acid, chlorogenic acid, caffeic acid, and trans-cinnamic acid. In group
2-la, 4-hydroxybenzoic acid formed a separate cluster, whereas in group 2-2b, epicatechin
and quercetin were clustered. Significantly higher (p ≤ 0.05) levels of glucosinolate and
phenolic compounds in the GKHL, GKHD, RKHL, and RKHD conditions are shown in
Figure S1, which demonstrates that unique metabolite signature characteristics were found
in the GKHL, GKHD, RKHL, and RKHD conditions.

According to the PCA findings, PC1 and PC2 showed 47.5% and 23.6% of the variance,
respectively (Figure 5). The PCA showed a clear separation among the different HRs
grown under light and dark conditions. This clear separation among the different cultivars
grown under light and dark conditions might be due to 4-methoxyglucobrassicin, glu-
coerucin, glucobrassicin, epicatechin, and quercetin, and their associated eigenvector values
were −0.32494, −0.29928, −0.29511, −0.26775, and −0.25909, respectively. Those of trans-
cinnamic acid, p-coumaric acid, catechin hydrate, chlorogenic acid, and 4-hydroxybenzoic
acid were 0.34956, 0.34201, 0.27291, 0.25167, and 0.19125, respectively (Figure 5A). In ad-
dition, a PLS-DA was performed to maximize the separation between different kimchi
cabbage HRs grown under light and dark conditions. The PLS-DA model showed a clear
separation between the different HRs grown under light and dark conditions, which were
24.9% (PC1) and 39.5% (PC2). The PLS-DA also showed a clear separation between the HRs
grown under light and dark conditions. This supports the PCA results. This clear separa-
tion might be due to trans-cinnamic acid, 4-hydroxybenzoic acid, neoglucobrassicin, glu-
conasturtiin, and chlorogenic acid, and their associated eigenvector values were −0.49375,
−0.34139, −0.3139, −0.30284, and −0.26393, respectively. Those of quercetin, glucobras-
sicin, glucoerucin, epicatechin, and 4-methoxyglucobrassicin were 0.46467, 0.27146, 0.21669,
0.21551, and 0.12372, respectively (Figure 5B). In addition, quercetin, 4-hydroxybenzoic
acid, and neoglucobrassicin were the most significant metabolites in the prediction, accord-
ing to the VIP analysis, which led to a clearer separation between the green and red kimchi
cabbage than the different conditions (Figure 6). The green and red kimchi cabbage HRs
grown under dark conditions showed a clear separation in both the PCA and PLS-DA com-
pared to the GKHL and RKHL conditions. This might have been because the glucosinolate
contents were significantly higher in the HRs grown under dark conditions than under
light conditions. However, the GKHL and RKHL conditions showed a slightly closer group
than the GKHD and RKHD conditions. This was because the total glucosinolate and total
phenolic contents were similar in both cultivars grown under light conditions. From these
results, for the enhancement of the glucosinolate and phenolic contents in the HRs of both
kimchi cabbage cultivars, the dark and light conditions were the most suitable, respectively.
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This supports the heat map results, which showed that most of the individual glucosinolate
and phenolic compounds were highest in kimchi cabbage HRs grown under dark and light
conditions, respectively.
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Figure 3. Effect of light and dark treatments on the phenolic compound (µg/g DW of the HR cultures)
accumulation in HR cultures of green and red kimchi cabbage. Samples were harvested after 10 days
of HR growth. Significant differences exist between mean values with distinct letters (p < 0.05,
ANOVA and DMRT). n.d.—not detected. GL—green kimchi cabbage grown under light conditions;
GD—green kimchi cabbage grown under dark conditions; RL—red kimchi cabbage grown under
light conditions; RD—red kimchi cabbage grown under dark conditions.
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Figure 6. The main components separating the HRs of green and red kimchi cabbage after exposure
to light and dark conditions, based on the VIP scores obtained using the PLS-DA model.

A correlation matrix analysis of 13 metabolites identified after exposing green and
red HRs to light and dark conditions (Figure 7) was clustered into two main groups that
consisted of both individual glucosinolates and phenolic compounds based on positive
correlations. The most significant metabolite, according to VIP analysis, was quercetin,
which showed positive correlations with epicatechin (r = 0.55481, p = 0.061166), glu-
coerucin (r = 0.51565, p = 0.086173), glucobrassicin (r = 0.57067, p = 0.052656), and 4-
methoxyglucobrassicin (r = 0.49907, p = 0.098581), whereas it showed negative correla-
tions with most of the individual glucosinolate and phenolic compounds, namely chloro-
genic acid, gluconasturtiin, neoglucobrassicin, caffeic acid, catechin hydrate, p-coumaric
acid, 4-hydroxybenzoic acid, and trans-cinnamic acid. Among the identified individual
glucosinolate compounds, neoglucobrassicin showed the highest content and showed
strong positive correlations with gluconasturtiin, epicatechin, glucoerucin, glucobrassicin,
4-methoxyglucobrassicin, and 4-hydroxybenzoic acid, whereas catechin hydrate showed
the highest content when compared to the other individual phenolic compounds and
showed positive correlations with caffeic acid (r = 0.57526, p = 0.050358), p-coumaric acid
(r = 0.80613, p = 0.0015418), chlorogenic acid (r = 0.65078, p = 0.021916), and trans-cinnamic
acid (r = 0.70098, p = 0.011095). However, catechin hydrate showed a negative correlation
with several compounds, namely gluconasturtiin, neoglucobrassicin, epicatechin, quercetin,
glucoerucin, glucobrassicin, 4-methoxyglucobrassicin, and 4-hydroxybenzoic acid.
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Figure 7. Correlation matrix showing the relationships between the metabolites found in the HRs of
green and red kimchi cabbage grown under light and dark conditions. The intensity of the blue or
red color, as shown on the color scale, denotes the correlation coefficient value for each colored box,
which indicates Pearson’s correlation coefficient for a pair of metabolites.

4. Discussion

HRs can grow vigorously on a medium without adding hormones to produce a
significant amount of valuable SMs [29,30]. In this study, dark conditions enhanced the DW
of HRs in both green and red kimchi cabbage. A similar result was obtained in a previous
study in which the HRs of green and purple Ocimum basilicum were grown under light and
dark conditions; the results showed that the highest growth rate was achieved under dark
conditions [31]. Therefore, to enhance HR growth in plant species, dark conditions are the
most appropriate.

Previously, several studies reported that HRs accumulate significant phenolic and
flavonoid contents [32–34]. For instance, HR cultures of Dracocephalum moldavica and Mo-
mordica charantia showed higher accumulations of total flavonoid and phenolic contents
than non-transformed roots [33,34]. Similarly, an HR culture of Beta vulgaris accumulated
20-fold higher levels of phenolic compounds than a control culture [35]. A previous study
demonstrated that higher glucosinolate concentrations were achieved in the roots than in
the shoots at an identical developmental stage in cabbage and radish [36]. In transgenic
HRs, 4-hydroxyglucobrassicin, gluconasturtiin, 4-methoxyglucobrassicin, glucobrassicin,
and neoglucobrassicin were highly present in watercress [37]. A similar result was ob-
tained in this study; these compounds were also rich in the HRs of green and red kimchi



Horticulturae 2023, 9, 466 12 of 15

cabbage. Kim et al. [38] reported that Fagopyrum tataricum transgenic HRs produced higher
levels of phenolic compounds, such as caffeic acid, chlorogenic acid, catechin, gallic acid,
ferulic acid, quercetin, and rutin. In another study, the chlorogenic acid, protocatechuic
acid, and ferulic acid contents were higher in the transgenic HRs of tomatoes [39]. In
addition, the glucosinolates and phenolic compounds such as 4-methoxyglucobrassicin,
4-hydroxyglucobrassicin, glucoallysin, glucobrassicanapin, glucobrassicin, gluconapin,
gluconasturtiin, neoglucobrassicin, progoitrin, sinigrin, catechin, ferulic acid, cinnamic
acid, chlorogenic acid, p-hydroxybenzoic acid, p-coumaric acid, quercetin, and rutin were
high in the transgenic HRs of Brassica rapa spp. rapa [32]. In this study, we identified most
of the glucosinolate and phenolic compounds in the green and red kimchi cabbage HRs.
Therefore, most of the HRs shared common glucosinolates and phenolic compounds.

Light plays a vital role in the growth, biosynthesis, and production of SMs, such
as anthocyanins, flavonoids, and terpenoids [40–45]. The stimulatory effects of light
on SM production have been reported in several plants, such as Artimisia annua [46],
O. basilicum [31], Perilla frutiescnens [47], Peteroselinum hortense, and Rudbeckia hirata [48]. In
contrast, light also has an inhibitory effect on SM accumulation, such as for shikonin and
nicotine [49]. In this study, most of the individual glucosinolate and phenolic metabolites
were significantly higher in the dark and light conditions, respectively. The accumulation
of rosmarinic acid content varied in O. basilicum HRs when cultured under light and dark
conditions [31]. In a previous study, the amino acid level of B. juncea increased when grown
under dark conditions [50]. In contrast, higher anthocyanin accumulation was achieved in
Tartary buckwheat T10 sprouts grown under light conditions compared to those grown
under dark conditions [50]. In another study, the accumulation of compounds varied based
on light or dark conditions. For example, free amino acids and γ-aminobutyric acid were
enhanced in B. juncea seedlings when they were grown under light and dark conditions,
respectively [51]. These studies have shown that a specific condition might be efficient for
the induction of specific compounds in a particular species.

Different cultivars (Tartary buckwheat Hokkai T8 and T10) grown under similar
conditions showed differential phenolic content accumulation [52]. This is consistent with
our study results because we observed that the green and red kimchi cultivars showed
varied production and accumulation of glucosinolate and phenolic contents in the HRs
of kimchi cabbage. In addition, neoglucobrassicin, followed by 4-methoxyglucobrassicin
and glucobrassicin, comprised the highest portion of the glucosinolates in the HRs of
green and red kimchi. A similar result was obtained in green and red kale HRs, where the
highest to lowest glucosinolate contents occurred in the following order: neoglucobrassicin,
4-methoxyglucobrassicin, and glucobrassicin [53]. In addition, the HRs of broccoli cultured
in MS medium showed the highest accumulation of neoglucobrassicin content [54]. In this
study, the neoglucobrassicin, 4-methoxyglucobrassicin, and glucobrassicin contents were
significantly higher in green kimchi HRs, red kimchi HRs, and red kimchi HRs, respectively.
In contrast to this study, in the HRs of green kale, the neoglucobrassicin accumulation
was lowest, whereas the 4-methoxyglucobrassicin and glucobrassicin accumulation were
significantly higher when cultured using MS medium [55]. Therefore, most HRs consist of
common glucosinolates. However, the levels might differ based on the species.

5. Conclusions

HR cultures are an important alternative strategy for the mass production of valuable
health-promoting SMs, such as glucosinolates and phenolic compounds, in kimchi cabbage.
The HR growth in the GKHD condition showed the highest DW compared to that of the
light conditions. HRs produced more glucosinolates in the GKHD condition, whereas
the highest phenolic compound content was achieved in the RKHL condition. These
findings shed light on the underlying mechanisms of the abiotic elicitors that enhance
glucosinolate and phenolic compounds in kimchi cabbage HRs and can potentially be
used as “biological factories” for the large-scale production of bioactive substances, such
as glucosinolates and phenolic compounds. However, the antioxidant activity of HRs
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is currently under examination. In the future, further studies will be required to fully
comprehend the influences of various light intensities and light quality on glucosinolate and
phenylpropanoid pathway gene expression and the accumulation of associated compounds
in the HR cultures of different kimchi cabbage cultivars.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/horticulturae9040466/s1, Figure S1: Individual metabolites that
are significantly (p ≤ 0.05) higher in hairy roots of green and red kimchi cabbage grown under light
and dark conditions; Table S1: HPLC conditions for phytochemical analysis of metabolites.
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