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Abstract

The callus culture of Dioscorea esculenta is a potential strategy to produce efficacious bioactive
compounds in multiplied production. It can be carried out by applying plant growth regulators (PGR) and
environmental modification, including light-emitting diodes (LEDs) exposure. This study aims to
investigate the impact of PGR and the stimulatory effect of LEDs on flavonoid profiles in D. esculenta
callus culture. The study was conducted using combination variations of 2,4-D (0.5 and 1 ppm), kinetin
(0.5 and 1 ppm), and LEDs stimulatory conditions (light and dark). The results showed that flavonoids are
the dominant compounds found in lesser yam cultures, which reached more than 78 % in all treatments-
specifically, adding 0.5 ppm kinetin and 0.5 ppm 2,4-D to D. esculenta callus cultures significantly
increased flavonoids production compared to single PGR treatment. This shows there is a synergistic
activity induced by 2,4-D and kinetin. Furthermore, monochromatic light exposure also significantly affects
flavonoid production. Analysis of 5 main flavonoids, isoflavones, flavanones, kaempferols, quercetin, and
epigallocatechin, proved that monochromatic light significantly increased flavonoids production compared
to callus cultures were kept in a growth room under 24 °C temperature in the dark condition. This study
confirmed that equally combining 0.5 ppm of 2,4-D and 0.5 ppm of kinetin under monochromatic LEDs
increases flavonoid production in D. esculenta callus cultures. Further research must be conducted to
describe how the bioactive compound synthesis signaling pathway involving PGR and monochromatic
LEDs improves plant quality in the pharmaceuticals’ role.
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Introduction

Dioscorea esculenta is a tuberous plant from the Dioscoreaceae family, which is developed as an
alternative food source because of its high carbohydrate, fiber, protein, and mineral content [1,2].
Furthermore, other studies have also shown that D. esculenta tuber contains secondary metabolite
compounds such as steroids, saponins, tannins, and coumarins [3]. Antioxidant activity analysis from D.
esculenta tuber extract against 1,1-diphenyl-2-picrylhydrazil (DPPH) also showed an increase in
scavenging activity as concentration enhanced, reaching 79.33 % for 1,000 mg/mL of the extract [4]. On
the other hand, recent studies justify several specific bioactive compounds, such as water-soluble
polysaccharides [5,6], dioscorin [7], diosgenin [8], confusarin, and nudol [9], which are beneficial for
pharmaceuticals. Furthermore, D. esculenta is alleged to have high phenolic compounds, such as
flavonoids, which have the substantial ability of antioxidant activity [10]. Previous studies show that D.
esculenta tuber contains high flavonoid contents up to 12.4 + 0.46 mg/100 g and alkaloids reaching 1.89 +
0.02 mg/100 g [11]. These results emphasize the potential ability of D. esculenta tubers as a source of
potential secondary metabolites for therapeutic agents, such as antioxidants, immunomodulators,
prevention of metabolic diseases (hypercholesterolemia, dyslipidemia, diabetes, and obesity),
inflammation, and cancer [12].

Flavonoid production in D. esculenta tuber callus culture can be enhanced faster and massively using
plant growth regulators (PGR). Previous research showed that enriching medium with 0.5 ppm of 2,4-
dichlorophenoxy acid (2,4-D) and 0.5 ppm of kinetin increases callus size and flavonoid contents of the D.
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esculenta callus culture [13]. Conditioning of the cultural environment, such as light, is one of the absolute
requirements in conducting callus culture. However, the effects of light, especially light-emitting diodes
(LED), commonly used in plant culture maintenance, affect the growth and secondary metabolites
production still needs further investigation, especially in D. esculenta callus culture.

Various studies have shown the combinations and concentrations effect of kinetin and 2,4-D in callus
culture; however, the results vary depending on the plant species and organ or tissue origin [14,15]. In
Taxus brevifolia Nutt., a combination of kinetin and 2,4-D showed a linear stimulating effect on callus
growth [16]. Furthermore, applying exogenous kinetin increases the content of crucial phytohormones in
tomatoes grown under salinity stress. It increases the number of isoflavones and reduces the negative impact
of NaCl-induced salt stress [17]. Overall, the effects of kinetin and 2,4-D on culture growth are complex
and may be influenced by light. Further research is needed to validate the impact and appropriate doses of
kinetin and 2,4-D as PGR, especially in light-affected environments, to increase the biosynthesis of
potential metabolites in D. esculenta. Moreover, this study aims to investigate the impact of PGR and the
stimulatory effect of LEDs on flavonoid profiles in D. esculenta callus culture.

Methods

Explant sterilization

The study was an experimental design using D. esculenta tubers were local varieties obtained from
community agriculture in Somagede Village, Banyumas Regency, Central Java, Indonesia. The tuber was
clean-washed and sterilized through 2 stages to eliminate endophytic bacterial and fungal spores. First, the
tubers were soaked using 0.15 % bactericidal aminoglycoside antibiotic (v:v), with active ingredients
streptomycin sulfate 25 % and tetracycline trihydrate 20 %, mixed with 0.15 % fungicide (v:v) with active
ingredients manganese ethylenebis (dithiocarbamate) (polymeric) 72 % and zinc ethylenebis
(dithiocarbamate) 8 %. The soaking process was carried out for 1 h and then washed twice using sterile
water. The second sterilization stage was conducted by soaking the tuber in a bleach solution containing
5.25 % sodium hypochlorite (NaClO). This study’s tuber sterilization method followed the Habibah &
Safitri method (Indonesian patent no IDS000005247, year 2022).

Media preparation

The growing medium was prepared using the full strength of Murashige and Skoog (MS) (Cat. No:
M519, PhytotechLab; Kansas, USA). Culture media was made from 4.43 g MS media, then added with 25
g of sucrose, 0.1 g myoinositol, and 8 g agarose, then put into an Erlenmeyer flask and added distilled water
until the volume reached 1 L. The media was mixed until homogeneous, and then kinetin stock solution
and 2,4-D were added according to the treatment (Table 1). The media’s acidity (pH) was measured using
pH and adjusted until it reached 5.8. After the pH adjustment, the media mixture was heated over a water
bath shaker until all the components were well dissolved and homogeneously. The medium was poured
into sterile bottles and tightly closed. The press in culture bottles was sterilized in an autoclave with a
temperature of 121 °C for 15 min.

Table 1 Comparison of plant growth regulators (PGR) in the D. esculenta callus culture treatment group.

Plant growth regulator concentration (ppm)

Groups
Kinetin 2.4-D
KI1D1 0 0
K1D2 1 0
K2D1 0 1
K2D2 0.5 0.5

The media for each treatment was divided into 6 glass bottles with a volume of 25 mL as a repeat and
then sterilized using an autoclave at 121 °C for 15 min.

Callus induction

Sterilized tubers were aseptically cut into 2x2x0.5 ¢cm?, then inoculated in the MS growth medium.
Two explants implanted in each medium jar, with 6 jars containing explants in each group, were tightly
closed and placed on a culture rack in a conditioned chamber with a temperature of 24 °C illuminated by
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LEDs with light intensity reaching 1,000 lux. Inoculated explants from each group were divided into 2
equal pieces. As many as 3 jar bottles were covered using black trash bags until protected from light, while
the rest were placed without plastic caps. The percentage and morphology of callus were monitored every
day until day 90™.

Extraction

Secondary metabolites were extracted following a modified procedure from Hao ez al. [18]. The callus
culture was dried using an oven at 60 °C for 5 - 7 days, then ground into powder using a mortar and pestle
[13]. Callus powder was sieved through a 45-mesh size and then used for secondary metabolites extraction
using 5 mL of methanol containing 1 % HCI (v/v) and 5 mL HCI of 2 N added. Then, the solution is
incubated at a temperature of 90 °C in thermal incubators. The extract solution is dried and re-suspended
in methanol.

LC-MS analysis

The extract obtained was dissolved with methanol solvent to a concentration below 100 ppm until a
homogeneous solution was obtained. It was then centrifuged at 8,000 rpm for 10 min to separate the pellet
and supernatant. Then, the obtained supernatant was used for the protein precipitation stage. Two mL of
supernatant extract were inserted into a centrifuge tube, and 3 mL of acetonitrile acidified with 0.2 % formic
acid and centrifuged at 8,000 rpm for 30 s. Supernatants were used for purification processes with Solid
Phase Extraction (SPE) and then continued for LCMS with specifications described in Table 2.

Table 2 Parameter and specification of LC-MS properties.

Parameters Specification
Apparatus Shimadzu LC-MS - 8040 LC-MS
Column Column Shimadzu Shim Pack FC-ODS (2x150 mm?, 3 um)
Filter membrane cellulose acetate 0.45 pm
Injection volume 1uL
Capillary voltage 3.0kV
Column Temperature 35°C
Mobile phase mode Isocratic
Flow rate 0.5 mL/min
Mobile phase Methanol 90 % with water
MS-focused ion mode Io type [M]+
Collison energy 50V
Desolvation gas flow 60 mL/h
Desolvation temperature 350 °C,
Fragmentation method Low energy CID
Ionization ESI

Scanning speed
source temperature

Run time

0.6 s/scan (m/z scan range: 10 - 1,000)

100 °C

80 min

Preparation of standard solutions

The traditional stock solutions of epigallocatechin (0.874 mg/mL), flavanone (0.500 mg/mL),
isoflavone (0.400 mg/mL), kaempferol (0.223 mg/mL), and quercetin (0.410 mg/mL), were prepared in
methanol and mixed well until homogenous. The stock solution was stored in the dark condition at 4 °C
until used. Working solutions were prepared by appropriate dilution and admixture of the stock solution.
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Validation of the assay

External solvent calibration was performed by mixing 300 pul of the multi-analyte standard with 260
pl of dilution solvent (acetic acid/water/acetonitrile/1/79/20, v/v/v) for various secondary metabolites.
Standard solutions were prepared by serial dilution using a mixture of acetic acid/water/acetonitrile
(1/49.5/49.5, v/v/v), with dilution levels including 1:2.5, 1:10, 1:25, 1:100, 1:250, 1:1,000, 1:2,500 and
1:10,000. The standard solutions absorbance readings were used to validate the linearity of the response,
the linear curve and the 1/x weighted using the MultiQuant™ 2.0.2 software (Sciex, Foster City, CA, USA).
The limit of detection (LOD) and limit of quantification (LOQ) were determined for each target compound
by serial dilution of the standard solution until the signal-to-noise ratio (S/N ratio) of each compound
reached 3 and 10, respectively.

The instrument accuracy was reevaluated using specific solutions 268 ng/mL for epigallocatechin, 25
ng/mL for flavanone, 5.3 ng/mL for isoflavone, 11.5 ng/mL of kaempferol, and 123 ng/mL for quercetin,
in 6 replicate injections under the optimal conditions. Regarding the method’s precision, the intra-day
accuracy was examined by analyzing 6 replicates of 3 samples in 1 day, while the inter-day precision was
determined in 3 consecutive days.

Peak identification

Analyte identification refers to Atmospheric Pressure Ionization (API) and Electrospray lonization
(EI) which identify organic compounds because of the detection of primary protonated molecules and metal
ions or solvents. The results of the LC-MS readings were elucidated in a chromatogram. According to the
comparison of retention time, molecule parent, and product ions with standards, all the peaks of target
compounds were unambiguously identified using Shimadzu’s Peakintelligence™ software. The retention
time of epigallocatechin, flavanone, isoflavone, kaempferol, and quercetin is 23.71, 11.41, 10.52, 10.32 and
11.43 min, respectively.

Data analysis

Data of secondary metabolite compounds (%) and flavonoids (ng/mL) were statistically analyzed
using a two-way ANOVA test with a confidence level of a = 95 % and significance (p-value) of < 0.050.
All analyses were performed using SPSS v.23, and data presentation was performed using Ms. Excel 2019.

Results and discussion

Applying plant growth regulators such as kinetin and 2,4-D and stimulus such as lighting conditions
may have varying effects on Dioscorea species. In this study, the combination of kinetin and 2,4-D triggers
callus growth better than a PGR treatment in dark or light conditions. The increase was indicated by the
callus weight, which was the combination of kinetin and 2,4-D. Based on the observation, it is bigger than
the control on the last day of observance. In addition, monochrome LED exposure during the culture process
produces a greener callus than in dark conditions (Figure 1).

Figure 1 Morphology of D. esculenta callus produced in MS medium with growth factor supplementation.
Respectively: A - D =KI1DI1; K1D2; K2D1; K2D2 in bright conditions and E - H=KI1D1; K1D2; K2DI;
K2D2 in dark conditions.
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Several studies have also investigated the effects of kinetin, 2,4-D, and lighting conditions on the
callus growth of some Dioscorea species. Kinetin significantly increased the growth and differentiation of
callus D. alata propagated in vitro with an optimal concentration of 2.5 mg/L [19]. Furthermore, 2,4-D acts
like auxin, significantly affecting plant calluses’ growth, such as Stelechocarpus burahol [20] and
Elaeocarpus grandiflorus [21]. However, the effect of the 2,4-D mechanism on D. esculenta callus growth
remains unclear. In addition, instead of PGR, environmental factors during the culture process, especially
light exposure, may increase the content of secondary metabolites. The current study also explains
significant physiological changes in plants after light exposure treatment. Studies conducted on D.
zingiberensis plants, which were maintained with a light intensity of 270 mE/m?s changed grana structure
in chloroplasts, escalated carotenoid and fatty acid content that increased leaf dry weight, and reduced
diosgenin content in rhizomes [22].

In a study on the callus of Durio zibethinus Murr, using kinetin and 2,4-D produces a synergistic effect
in increasing the growth of callus lignin content per cell [23]. In the culture study of Dioscorea esculenta
L., using kinetin combined with light treatment significantly increased the percentage of culture biomass
[24]. In another study, using kinetin greatly affected the growth of the tip of the propagate shoot of D. trifida
L., with an optimal concentration of 0.5 mg/L [25, 26]. In addition, kinetin also significantly increases the
phytochemical content in callus cultures of Dioscorea bulbifera L. The results are relevant to this study,
where kinetin under light conditions resulted in the growth of D. esculenta callus culture faster than 2,4-D
at the same dose and conditions. However, the combination of kinetin and 2,4-D at a low dose of 0.5 mg/mL
produced the greatest growth compared to other treatments.

In this study, the LC-MS analysis of D. esculenta callus culture shows no significant effect of light
and PGR on the secondary metabolites percentage (Table 3). It means the composition of the compounds
is relatively the same in all treatments. However, the callus cultures in the dark showed more flavonoids
than in light conditions, despite no significant difference.

Table 3 The concentration of secondary metabolites by class of compounds.

Compound concentration (%)

Compound groups Light Dark
KiD1 KiD2 K2D1 K2D2 KiID1 KiD2 K2D1 K2D2
Benzenoids 2.58 3.38 3.40 3.44 3.38 3.42 3.46 3.23
Carboxylic Acids 0.73 0.73 0.73 0.76 0.78 0.74 0.77 0.76
Carotenoids 1.14 0.57 1.01 0.60 0.41 0.84 0.60 0.33

Phenylpropanoids 5.19 5.50 4.82 5.59 5.72 5.26 5.61 5.48
Diarylheptanoids 1.85 0.34 1.16 0.21 0.54 0.53 0.55 0.69

Fatty Acyls 0.20 0.40 0.40 0.42 0.43 0.40 0.42 0.42
Flavonoids 79.36 79.80 79.67 80.41 81.36 80.70 81.63 80.23
Glucosides 0.47 0.48 0.48 0.50 0.51 0.48 0.50 0.50
Carbonyl 2.77 2.21 2.22 1.75 0.71 1.74 1.76 1.75
Phytosteroles 2.03 2.24 2.26 2.35 2.40 2.27 2.36 2.35
Stilbenoids 0.32 - 0.24 0.28 0.28 0.19 0.19 0.18
Terpenoids 1.64 1.39 1.59 1.62 1.57 1.29 1.27 1.54
Xanthonoids 2.60 2.97 2.99 2.18 2.59 2.45 2.01 2.53

Note: The statistical results show no significant difference in all compound concentrations (p-value >
0.050). The analysis was obtained using two-way ANOVA with a confidence level of a = 95 % and
significance (p-value) < 0.050.
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Furthermore, several compounds’ percentages were higher in callus cultures grown in bright
conditions, such as carotenoids and carbonyl groups. It may refer to the chromatophore characteristic of
carotenoids that requires light to be active or metabolized [27]. The flavonoid compounds were also
measured, reaching more than 79.00 % in both growth conditions, making it the most dominant compound
in the D. esculenta callus culture. This shows that the D. esculenta callus culture method has high potential
in producing flavonoids massively. About 74 - 78 flavonoid compounds out of 117 secondary metabolites
were identified from D. esculenta callus cultures, making this group the most abundant compared to other
compounds (Table 4).

Table 4 Number of secondary metabolites by compound class.

Treatments
Compounds groups Light Dark
KiD1 KiD2 K2D1 K2D2 KiD1 Ki1D2 K2D1 K2D2
Benzenoid 3 3 3 3 3 3 3 3
Carboxylic Acid 2 2 2 2 2 2 2 2
Carotenoid 3 2 2 2 2 3 2 1
Phenylpropanoids 7 8 6 8 8 6 8 8
Diarylheptanoids 3 1 3 1 3 2 2 3
Fatty Acyls 1 1 1 1 | 1 | 1
Flavonoid 76 76 77 75 75 76 75 74
Glucoside 1 1 1 1 1 1 1 1
Carbonyl 4 4 3 2 3 3 3
Phytosterols 4 4 4 4 4 4 4 4
Stilbenoid 1 - 1 2 2 1 1 2
Terpenoid 4 4 4 5 5 4 4 5
Xanthonoid 3 3 3 2 2 3 3 3
Total compound* 112 109 111 109 110 109 109 110

Note: Differences in the total indicate the absence of certain compounds in some callus treatments

The various compound from the callus in different PGR and light conditions indicates several
compounds that were not detected. The absence of some compounds is still enigmatic, although callus
culture in dark conditions seems to produce a lower percentage compared with the light condition. Specific
compounds such as 2.5-dimethoxy-p-benzoquinone from the carbonyl group were also not found in all
calluses maintained in the dark (Figure 2).
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Figure 2 Specific compounds are absent in the callus culture treatment group. The black color represents
the compound that is not found.

Table 5 The amount and average levels of major flavonoid compounds.

Total concentration (%)

Flavonoids Compound Light Dark
group members
KiD1 KiD2 K2D1 K2D2 KiD1 KiD2 K2D1 K2D2
Flavanone* 7 6.23 6.24 6.29 6.33 6.69 6.32 6.57 6.54
Apigenin 8 5.49 5.83 5.58 3.37 3.92 5.48 4.03 4.02
Catechin 1 1.18 1.18 1.19 1.24 1.27 1.20 1.25 1.24
Epiafzelechin 2 1.69 1.70 1.71 1.78 1.82 1.72 1.79 1.78
Epicatechin 1 0.87 1.34 1.35 1.41 1.44 1.36 1.42 1.41
Epigallocatechin® 4 5.73 5.74 5.78 6.02 6.16 5.81 6.05 6.02
Gardenin 5 1.99 0.80 1.64 0.89 0.93 0.91 1.17 0.92
Iriflogenin 1 1.10 1.19 0.60 1.25 1.28 1.20 1.25 1.25
Isoflavone? 13 1220  12.87 11.89 12.79 12.10 11.89 12.25 11.91
Isorhamnetin 2 1.89 1.89 1.91 1.99 2.03 1.92 1.99 1.98
Kaempferol! 12 15.45 16.09 16.32 15.88 16.14 16.40 16.30 16.23
Luteolin 3 3.37 3.95 3.98 4.14 4.24 4.00 4.16 4.14
Narcissoside 1 1.06 1.07 1.07 1.12 1.14 1.08 1.12 1.12
Naringenin 1 1.34 1.34 1.35 1.41 1.44 1.36 1.42 1.41
Naringin 1 0.66 0.66 0.67 0.70 0.71 0.67 0.70 0.70
Nicotiflorin 1 1.44 1.44 0.72 1.51 1.55 1.46 1.52 1.51
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Total concentration (%)

Flavonoids Compound Light Dark
group members
KiD1 KiD2 K2D1 K2D2 KiD1 KiD2 K2D1 K2D2
Pratensein 1 1.08 1.08 1.09 1.13 1.16 1.09 1.14 1.13
Quercetin’ 5 8.01 6.20 8.10 8.43 8.62 8.14 8.46 8.42
Rhamnetin 1 0.34 0.34 0.34 0.36 0.36 0.34 0.36 0.36
Rutin 2 3.21 3.22 3.24 3.38 3.46 3.26 3.39 3.37
Scutellarein 1 1.44 1.45 1.46 1.52 1.55 1.46 1.52 1.52
Tectorigenin 2 1.04 1.04 1.28 1.09 1.12 1.05 1.09 1.09
Unidentified” 3 2.55 3.12 2.09 2.68 2.23 2.58 2.69 2.18

Description: The total concentration was performed by summarizing the concentration from all members
in the same flavonoid group. Superscript numbers (! -3) indicate the order of concentration (%) of flavonoid
compounds based on the conditioning group and the effect of PGR. The star mark (*) represents the
flavonoid compounds that cannot be classified into main flavonoid groups

In this study, from a total of 78 flavonoids, 5 main compound groups with the most significant
percentage were found, there are kaempferol group (12 compounds); isoflavones (13 compounds);
quercetin (5 compounds); flavanone (7 compounds); and epigallocatechin (4 compounds) as presented in
Table 5. For further study, the quantitative analysis was focused on the members in each group that
accordance with the standard stock solution for epigallocatechin, flavanone, isoflavone, kaempferol and
quercetin in specific retention time. The analysis was conducted to obtain a main concentration of each
flavonoid per dry weight of D. esculenta callus culture.

The statistical analysis shows no significant difference between the kinetin or 2,4-D effect on the
production of flavonoid compounds in D. esculenta callus cultures under all conditions. However, all
flavonoids increase by at least 30 % when combined at a low concentration. It shows that kinetin and 2,4-
D may be involved in a synergetic cascade to stimulate the optimal biosynthesis of epigallocatechin,
flavanone, isoflavone, kaempferol, and quercetin in D. esculenta callus culture (Table 6).

Table 6 Calculated levels of 5 dominant flavonoid compounds based on PGR conditioning and treatment.

Concentration (ug/mL)

Flavonoids Cond.
Ki1D1 K1D2 K2D1 K2D2

Epigallocatechin ~ Light 62.83 £ 2.56% 83.94 + 2.44°f 87.97 +1.75° 113.77 £ 1.45¢F

Dark 53.73£4.74% 78.92 +£2.84 85.45+3.39° 95.35+4.38¢
Flavanone Light 366.20=27.60%  463.20 +42.60 °f 495.15 £ 5.62%" 663.15 £25.53
Dark 320.61 +7.47% 435.45 + 38.79 b 457.95 £29.94% 555.74 £8.47
Isoflavone Light 429.44+£3237%  573.73 £19.42°f 547.25+15.70° 658.84 +£26.36°F
Dark 382.22+251# 493.10 £22.77 b 565.64 +50.85% 559.96 + 0.56 <

Kaempferol Light 137.62+10.36% 183.81 £ 6.22 %% 192.63 £ 7.41°% 249.11 £ 9.58 ¢f
Dark 11437 £2.66 % 172.84 +5.35%% 187.13 £3.82¢< 208.78 £3.18 4

Quercetin Light 125.33 £9.442f 167.39 £5.66° 175.42 £6.75" 226.85 + 8.73 ¢
Dark 109.75 £2.55% 157.40 + 4.87° 170.41 £3.48°¢ 190.13 +2.90 %

Description: The letters of the superscript alphabet (a - d) indicate a significant difference in compound
content due to the influence of PGR. Dagger marks (") indicate a difference caused by the influence of
light (dark-light). The statistical results were obtained using two-way ANOVA with a confidence level of
o =95 % and significance (p-value) < 0.050.
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The analysis showed that the dark or light conditioning and the application of PGR significantly affect
the flavonoid concentration (Table 6). Specifically, the monochromatic LEDs significantly trigger most of
the flavonoid production compared to the dark condition. The standardized quantification levels show that
flavanone concentration is the highest flavonoid compound produced in D. esculenta, followed by
isoflavones, kaempferol, quercetin, and the last is epigallocatechin. It is inversely proportional to the
number of combinations that isoflavones and kaempferol are the largest family groups of flavonoids.

The highest content of these 5 flavonoids (Table 4) is found in K2D2 callus culture and significantly
differed from other groups. Furthermore, flavonoid production in K1D2 and K2D1 cultures is identified as
relatively the same and not significantly different, but higher and substantially different from K1D1
cultures. The highest increased concentration of flavonoids in the D. esculenta callus culture was found
under the monochromatic light conditions and significantly different from the callus culture in the dark
conditions. Previous studies have also shown a significant increase in the biosynthesis of secondary
metabolite compounds in callus cultures and calluses due to irradiation. Irradiating the callus of Rhodiola
imbricata using LEDs significantly increased flavonoid synthesis [28]. In addition, significant increases in
flavonoid compounds were also reported in Eclipta alba callus [29] and callus cultures [30]. The previous
evidence is relevant to this study, where D. esculenta callus cultures exposed to light produced higher
flavonoid levels than in dark conditions (Figure 3).
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Figure 3 Graph of changes in flavonoid compound content in each PGR treatment group with conditioning
in the form of lighting differences.

This study also showed that applying 0.5 mg kinetin or 2,4-D to D. esculenta callus culture separately
did not significantly differ in the major flavonoid concentrations, except isoflavones. The results show a
difference in the isoflavone compound of D. esculenta callus culture K2D1, where the levels are higher in
dark conditions and significantly differ from K1D1 and K2D2. Furthermore, epigallocatechin, flavanone,
kaempferol, and quercetin in dark conditions is lower than in light condition (Table 6).
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Table 6 Changes in flavonoids levels of D. esculenta callus culture in light and dark conditions.

Change in concentration (%)

Flavonoids K1D1 K1D2 K2D1 K2D2
Epigallocatechin —14.49 -5.97 —2.86 -16.20
Flavanone —12.45 -5.99 =7.51 -16.20
Isoflavone —10.10 —14.05 +3.36 —15.01
Kaempferol -16.89 -5.97 —2.86 -16.19
Quercetin —12.44 -5.97 —2.86 -16.19

Description: The negative sign (—) indicates a greater concentration of flavonoids in D. esculenta callus
culture in light conditions, while the positive sign (+) in D. esculenta callus culture in dark conditions.

The flavonoid concentration changes were observed most dramatically in kaempferol, where the
decrease level reached more than 16 % in K1D1 and K2D2 cultures. In the dark condition, all flavonoid
compounds in K2D2 callus cultures are decreased, ranging from 2 - 16 %. These results indicate that light
plays an essential role in flavonoid biosynthesis. Several studies in different species have shown that light
conditions induce flavonoid production [31,32] and antioxidant activity [33] higher than dark conditions.
Dark conditions are assumed to be the most favorable conditions for D. esculenta callus growth.
Furthermore, the concentration and composition of PGR approved affect the concentration of secondary
metabolites and the antioxidant activity of D. esculenta callus [24]. It is relevant to this study, where D.
esculenta callus culture was most optimally induced when it was maintained at a combination of 0.5 ppm
kinetin and 0.5 ppm 2.4-D under light conditions. The interaction between kinetin, 2,4-D, and light in
flavonoid biosynthesis showed synergistic effects, although the specific mechanism varied depending on
plant species and experimental conditions. Crosstalk phytohormones likely perform a synergistic function
by regulating gene expression of enzymes involved in regulating the biosynthesis of secondary metabolites,
including flavonoids [34-36].

Kinetin, a cytokinin group, is a transcriptional activator in gene regulation related to cell
differentiation and faces stress [37]. We assume dark conditions may trigger stress, probably silencing or
activating several genes involved in metabolite seconder biosynthesis. In molecular mechanism. Kinetinis
captured by cytokinin Arabidopsis histidine kinase-2 (AHK2), AHK3, and cytokinin response 1
(CRE1)/AHK4, which then activates multistep autophosphorylation of the amino acid histidine of the
protein receptors in the cell membrane. All 3 proteins have cyclase/His kinase-associated extracellular
sensing (CHASE), which binds to extracellular cytokinin [38]. Then the phosphorylation signal is
forwarded up to the phosphoryl histidine group (His) and transferred via aspartate residues (Asp) in the
cytoplasm [39]. CRE1/AHK4 that is not bound to cytokinin mediates the reverse phosphorus (P) group
transfer reaction to dephosphorylate Arabidopsis His phosphotransfer protein (AHP). It is then translocated
to the nucleus to the P groups of A-type Arabidopsis response regulators (ARR) or B-type ARR receiving
domains on conserved Asp residues [40]. B-type ARR phosphorylation releases the repressor, thereby
triggering the activation of transcription factors, including A-type ARR and cytokinin Response Factors
(CRF). CREF protein is also activated by cytokinin via AHP to accumulate in the nucleus and activate the
transcription of functional genes that play a role in circadian rhythms and phytochrome function [41]. In
other words, the increase in kinetin leads to the rise in phytochrome function, which plays a role in light
response to growth and dealing with stress.

Furthermore, the 2,4-D is a member of synthetic auxins that play an optimal role at low concentrations
and justify activating secondary metabolite biosynthesis-related genes. 2,4-D behaves like auxin triggering
the synthesis of the Aux/[AA complex with auxin response factor (ARF), thereby suppressing the
expression of the auxin-induced gene [42,43]. Conversely, an excess auxin concentration triggers the
binding of Aux/IAA with F-box protein-transport inhibitory response 1 (TIR1), which triggers degradation
[44,45]. Furthermore, TIR1 and protein auxin-related F-box (AFB) are receptors for the nucleus associated
with auxin-regulated genes. However, AFB1-3 has a higher affinity for 2,4-D than TIR1 [14].

The presence of 2,4-D likely promotes cell cycle processes by triggering the formation of cyclin-
dependent kinase complexes and activating the binding of catalytic cyclin-dependent kinase-A (CDKA)
and D-type cyclins (CYCD) [46]. The 2,4-D complex and CDKA/CYCD may be involved in initiating a
phase transition in the cell cycle from growth-1 (G1) to synthesis (S) [47]. In low levels, auxin and cytokinin
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play a role in activating CDC25-like phosphatase, which is involved in the transition of the G2 cycle to
mitosis [48]. Simultaneous activation of cell proliferation due to phytohormones then promotes increased
biomass due to callus formation.

The increase in mass has an impact on the quantity and quality of callus metabolism. Furthermore,
plant cells produce secondary metabolites of sugar compounds due to the derivation of the molecule
glyceraldehyde-3 phosphate (G3P) [49]. During callus growth, more G3P is converted into sugars and then
oxidized to produce adenosine triphosphate (ATP), an energy for cell division and callus addition. The
composition and type of secondary metabolites usually differ depending on the type of tissue or organ and
at a particular stage of development. This follows this study, where low concentrations of 2,4-D and kinetin
(K2D2) in the callus D. esculenta produce the highest secondary metabolites, especially flavonoids. Plants
have various types of sugars, including 3-deoxy-O-arabino-heptulosonate phosphate (DAHP), then undergo
metabolism and are reduced to a shikimate form [50]. Shikimate also forms compounds from the phenolic
group, aromatic amino acids (tryptophan, tyrosine, and phenylalanine) to primary metabolites.

The integration of kinetin and auxin plays a transcriptional activator to enhance/ the synthesis and
activation of the phytochrome function, which is responsible for the response of plant cells to light response
[41]. This can be seen in this study, where calluses cultured with lighting can produce biomass, and
flavonoid compounds are higher than calluses in dark conditions. The presence of light may affect the
activation of various proteins involved in the biosynthesis of secondary metabolites. Recent research has
shown that the presence of light affects post-transcriptional regulation of gene expression of enzymes that
make up the structure of flavonoids [51].

Constitutive photomorphogenicl (COP1) protein acts as a negative nuclear regulator for the presence
of light that binds to the suppressor of phyA (SPA) proteins to form COP1/SPA complexes localized in the
cell nucleus [52]. In dark conditions, COP1/SPA will bind transcription factors such as eclongated
hypocotyl-5 HYS and R2R3-MYBs for the ubiquitination process towards degradation through the 26S
proteasome pathway. Meanwhile, in bright conditions, visible light activates photoreceptor proteins such
as phytochrome (PHY) and cryptochromes (CRY) [53]. PHY and CRY proteins then form complexes with
COP1/SPA and translocate those proteins out of the cell nucleus, allowing transcription factors. Flavonoid
structural gene expression is directly regulated by the transcription factor R2ZR3-MYB which may be held
by bZIP transcription factors such as HYS [54].

Light triggers auxin degradation, but the presence of PGR exogen simultaneously substitutes
phytohormone deficiency and plays a synergistic role in flavonoid biosynthesis. Nonetheless, it is essential
to note that specific interactions and mechanisms on the synergistic effects between kinetin, 2,4-D, and
light in flavonoid biosynthesis may vary depending on plant species and research context. Therefore, more
research is needed to unravel the complex molecular interactions and signaling networks underlying these
synergistic effects.

Conclusions

The kinetin and 2,4-D significantly increase the flavonoid content of D. esculenta callus culture under
light conditions. In addition, the combination of 0.5 ppm kinetin and 0.5 ppm 2,4-D to D. esculenta callus
cultures was observed to significantly increase growth and flavonoid content, especially kaempferol,
isoflavone, quercetin, flavanone, and epigallocatechin. This result justifies the synergistic effect between
kinetin and 2,4-D on the biosynthesis of secondary metabolite compounds. This study has the potential to
open new avenues and perspectives on strategies for increasing the production of bioactive compounds
using light in D. esculenta callus cultures. Further research needs to be developed to determine the quality
of lighting based on light intensity and spectrum.
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