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Abstract

This study investigated on the regulatory roles of foliar-applied e-naphthaleneacetic acid (NAA) and
6-benzylaminopurine (BAP) on the growth characteristics and bioactive metabolite accumulation in the ‘Daewang’ and
‘Dalma’ cultivars of Wasabia japonica seedlings. A high performance liquid chromatography with UV-diode array detector
(HPLC-UV) analysis results for sinigrin and allyl isothiocyanate (AITC) showed excellent linearity (r2 ) 0.998) and
sensitivity within 5-200 ug'mL-1. Sinigrin accumulation exhibited strong organ- and cultivar-dependent responses. In
‘Daewang’ leaves, 50 mg'L™* NAA increased sinigrin to 143.0% of the control, whereas BAP significantly suppressed leaf
sinigrin at all concentrations. In contrast, ‘Dalma’ leaves showed a concentration-dependent response to BAP, with sinigrin
contents reaching 172.70 £ 7.73, 208.43 £ 15.35, and 1603.00 £ 30.50 pg-g™* DW, representing 123%, 149%, and 1143% of
the control at 50, 100, and 200 mg'L™", respectively. In the petiole of ‘Daewang’, NAA increased the sinigrin content to
180.4% of the control at 200 mg-L™!, whereas BAP reduced it to 46.0% of the control. Roots contained the highest sinigrin
levels; in ‘Daewang’, the sinigrin content reached 119.8% of the control following treatment with 200 mg-L™ NAA, whereas it
decreased to 44.0% of the control following treatment with 200 mg-L™ BAP. AITC was detected predominantly in the roots,
reaching 117.8% of the control under 200 mg-L™ NAA and 131.2% of the control under 100 mg-L™ BAP. Growth responses
showed clear hormonal divergence. In ‘Daewang’, BAP increased chlorophyll content to 108.4% of the control at 200 mg-L™
and total leaf area to 146.4% of the control at 50 mg-L™". Total fresh weight reached 193.3% of the control under 50 mg-L™
BAP. Conversely, high NAA (200 mg-L™) reduced total leaf area and leaf dry weight to 57.7% and 56.9% of the control,
respectively. Root biomass was comparatively stable across treatments. Overall, exogenous auxin and cytokinin differentially
regulated glucosinolate metabolism and vegetative growth in a cultivar-dependent manner. Moderate BAP application
effectively promoted biomass production, whereas targeted NAA treatment enhanced sinigrin accumulation in specific organs,
providing a practical basis for optimizing plant growth regulator (PGR) strategies in wasabi cultivation.
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1. Introduction

Wasabia japonica (Miq.) Matsum. is a
perennial herb whose rhizome is a valuable
edible part owing to its characteristic pungent
flavor. Driven by the increasing global demand
for wasabi-based products, Wasabi cultivation
has recently expanded beyond Japan to
countries such as South Korea, Canada, China,
and New Zealand (Park et al., 2022; Truong et
al., 2024). Its distinctive flavor is primarily
attributed to glucosinolates and their hydrolysis
products called isothiocyanates, particularly
sinigrin and allyl isothiocyanate (AITC), which
exhibit various biological activities, including
anticancer, anti-inflammatory, neuroprotective,
and antimicrobial effects (Ko et al., 2016; Subedji
et al., 2017; Yano et al., 2018; Park et al., 2022).

Plant growth and development are orchestrated
by a complex network of phytohormones that
regulate cell division, elongation, differentiation,
organogenesis, lateral growth, and secondary
metabolism (Uddin et al., 2023: Ma et al., 2024:
Ashraf et al, 2026). Of these, auxins and
cytokinins are major classes of plant growth
regulators that profoundly influence
morphological and physiological processes,
including shoot and root development, leaf
expansion, branching, reproductive organ
formation, and responses to environmental
stimuli (Hirose et al., 2008: Li et al., 2018).
Beyond their classical functions in vegetative
growth regulation, these hormones are
increasingly being recognized as key modulators
of fruit ripening, senescence (Igbal et al., 2017),
and secondary metabolite  biosynthesis,
underscoring their broad significance in both
horticultural and medicinal plant research (Li et
al., 2025).

Auxins regulate plant growth and development
by modulating cell division, elongation, organ

differentiation, and other metabolic processes

(Hanaa and Safaa, 2019: Uddin et al., 2023).
Their effects are strongly concentration- and
organ-dependent, with optimal levels promoting
vegetative growth, whereas excessive levels
inhibit growth and induce morphological
abnormalities, highlighting the need to evaluate
the effects of auxin concentration in experimental
conditions (Hanaa and Safaa, 2019; Talukdar et
al., 2022). Auxins also exhibit close crosstalk
with ethylene, a hormone involved in ripening,
senescence, and stress responses (Konings and
Jackson, 1979; Pierik et al., 2006; Igbal et al.,
2017). Exogenous auxin application stimulates
ethylene biosynthesis by upregulating key
including

(ACCQ)
synthase, ACC oxidase, and ethylene-responsive

ethylene biosynthetic enzymes,

1-aminocyclopropane-1-carboxylate

transcription factors, resulting in elevated
ethylene production (Wei et al, 2000;
El-Sharkawy et al., 2014; Shi and Zhang, 2014;
Yue et al., 2020; Dias et al., 2025). Therefore,
excessive auxin levels can accelerate ethylene-
mediated senescence, whereas appropriately
controlled auxin application may promote
growth without triggering premature aging,
underscoring the importance of precise dosage
and timing in studies on plant growth regulators
(Arteca and Arteca, 2008; Jiang et al., 2025).
Cytokinins promote cell division, shoot
branching, leaf expansion, and reproductive
organ formation, and delay senescence (Hirose
2008).
6-benzylaminopurine (BAP) stimulates lateral
although

excessive branching can reduce main stem

et al, Exogenous application of

branching and leaf expansion,
thickening owing to resource redistribution
(Talukdar et al., 2022: Su et al., 2023).
Secondary metabolites are specialized plant
compounds involved in defense and ecological
interactions; they are typically synthesized in
response to developmental, environmental, or
hormonal cues and exhibit organ-and stage-
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specific accumulation. In addition to growth
regulation, auxins and cytokinins substantially
influence secondary metabolism in medicinal and
aromatic plants. The exogenous application of @
acid (NAA) has been

reported to enhance the biosynthesis of secondary

-naphthaleneacetic

metabolites such as flavonoids, anthocyanins,
polyphenols, and carotenoids in blueberries and
grapes (He et al., 2020; Uddin et al., 2023).
Cytokinin treatment alone is also known to
enhance the accumulation of phenolic compounds,
flavonoids, and alkaloids in several ornamental
plants (Hu et al., 2012; Wu et al., 2015). Although
the effects of NAA and BAP have been widely
studied in other medicinal plants (Al-Abdallat et
al., 2023; Szewczyk et al., 2023), the specific
roles of NAA and BAP in growth regulation and
bioactive compound accumulation in W. japonica
remain poorly understood, and optimization of
their foliar application may offer a practical
strategy to enhance both biomass production and
phytochemical content, thereby improving

productivity, quality, and pharmacological
efficacy.

Therefore, the present study aimed to elucidate
the concentration-dependent effects of foliar-
applied NAA and BAP on growth parameters,
morphological traits, and the accumulation of

key bioactive compounds in W. japonica.
2. Materials and Methods

2.1. Chemicals and reagents

Sinigrin, AITC, and formic acid were purchased
from Sigma-Aldrich (St. Louis, MO, USA). High
performance liquid chromatography (HPLC)-
grade solvents including water, acetonitrile
(ACN), and methanol (MeOH) were obtained
from Fisher Scientific Korea Ltd. (Seoul, Korea).
NAA and BAP were purchased from Kisan Bio
(Seoul, South Korea). All other reagents and
chemicals used were of analytical grade.

2.2. Plant materials and growth conditions

The seeds of Wasabia japonica cultivars
‘Daewang’ and Dalma’ were obtained from the
Highland Agricultural Experiment Station. These
seeds were surface-sterilized and germinated in
a controlled growth chamber maintained at 25 +
2T, with 70% relative humidity, and a 16 h
light/8 h dark photoperiod. Uniform seedlings
were transplanted into plastic pots containing a
commercial field soil mix (Field King; Farm
Hannong, Seoul, Republic of Korea). The plants
were cultivated in a glasshouse at Pusan National
University under controlled environmental
conditions, with the temperature maintained at
25 + 2°C throughout the experimental period.
Irrigation was applied as needed to maintain
adequate soil moisture, and all plants were
managed using uniform standard cultural

practices.

2.3. Plant growth regulator sprays and measurement
of seedling growth

Seedlings were treated with varying
concentrations of NAA (0, 50, 100, 200 mg-L™)
and BAP (0, 50, 100, 200 mg-L™) through foliar
spraying. Treatments were applied twice at
one-month intervals, starting two months after
germination. Five months after germination, the
plants were harvested for analyzing growth and
the contents of sinigrin and AITC. After
treatment, growth characteristics, including leaf
number, leaf area, petiole length, root length,
fresh weight (FW), and dry weight (DW) were
recorded. Chlorophyll content was determined
using a SPAD meter.

2.4, HPLC analysis

HPLC analysis was conducted using an Agilent
1100 system (Agilent Technologies Inc., La Jolla,
CA, USA) equipped with a quaternary pump,
autosampler, column oven, and diode array
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detector. A Luna C18 column (4.6 X 150 mm, 5 pm
particle size) was employed for chromatographic
separation. A binary mobile phase system
comprising solvent A (acetonitrile) and B (0.5%
formic acid in water) was employed with a linear
gradient elution of 10% A (0-5 min), 20% A (5-10
min), 40% A (10-15 min), 100% A (1520 min),
100% A (20-25 min), and 10% A (25-30 min). The
flow rate was set to 0.5 mL-min”, with the
column maintained at room temperature and an
injection volume of 10 uL. These conditions
enabled
quantification of the target compounds. Dried

efficient separation and precise
seedling samples were extracted with methanol
and analyzed for sinigrin and AITC contents
using HPLC. The concentration of each

compound was expressed as pg'g! DW.

2.5. Standard solutions and calibration curves

Stock solutions of sinigrin and AITC were
prepared in methanol at a concentration of 2
mgml! and used as reference standards for
compound identification and quantification.
Serial dilutions of stock solutions were prepared
in methanol to yield various concentrations for
calibration curve construction and quantitative
analysis. At least six concentrations (5, 10, 25,
50, 100, and 200 mgLl)) of each standard
compound were prepared, and each was
analyzed in triplicate. Calibration curves were
generated by correlating HPLC peak areas with
concentrations.

the corresponding analyte

Inclusion of multiple concentration levels and

enabled
linearity and determination of regression

replicate analyses assessment of

equations for the target compounds.

2.6. The LOD and LOQ analysis

Stock solutions of sinigrin and AITC were
prepared by dissolving 2 mg of each compound
in 2 mL of methanol and stored at -20°C until

analyzed. Standard solutions of sinigrin and
AITC (5, 10, 25, 50, 100, and 200 ug-mL™") were
prepared by serially diluting the methanolic
stock solution. Calibration curves were
generated by HPLC analysis, and the limits of
detection (LOD) and quantification (LOQ) were
established under the defined chromatographic

conditions.

2.7. Statistical analysis

All samples were extracted in triplicate, and
the results are presented as mean * standard
error. Statistical analyses were performed using
SAS 9.4 (SAS Korea, Seoul, Korea). Analysis of
(ANOVA)  was
significant differences among the means were

variance performed, and
determined at p < 0.05 using Duncan’s multiple-
range test (DMRT).

3. Results

3.1. Analytical validation of sinigrin and allyl
isothiocyanate

Calibration curves for sinigrin and AITC were
constructed using HPLC-UV detection at 227 nm
(Table 1). The regression equations showed
excellent linearity within the tested concentration
range of 5200 wgml!, with correlation
coefficients (¥ exceeding 0.999. For sinigrin,
the regression equation was y = 11.56x - 13.51
with a correlation coefficient of 0.9999, limit of
detection (LOD) of 8.88 uwg'mL!, and limit of
quantitation (LOQ) of 29.29 wg'mL’. Similarly,
AITC showed the same regression y = 17.35x -
34.09, r? = 0.9985, with LOD and LOQ values of
6.62 ugmL?! and 21.84 ug'mL’!, respectively.
These results indicate that the developed
HPLC-UV method presents high sensitivity and
reliability for the quantitative determination of
and AITC within the tested
concentration range.

sinigrin
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Table 1. Calibration curve, correlation coefficient, LOD, and LOQ data of sinigrin and allyl isothiocyanate by HPLC-UV at

227 nm
Compounds Range (ug/ml)  Regression equation  Correlation coefficient () LOD (pg/ml)  LOQ (zg/ml)
Sinigrin 5-200 y=11.56x-13.51 0.9999 8.88 29.29
Allyl isothiocyanate 5-200 y=17.35x-34.09 0.9985 6.62 21.84
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Fig. 1. HPLC chromatograms of sinigrin and allyl isothiocyanate standards and sample extracts obtained from the leaf,
petiole, and root of Wasabia japonica seedlings at five months after germination. Foliar application of NAA and
BAP was performed twice at one-month intervals, starting two months after germination. Seedlings were harvested

five months after germination.

3.2. Effects on sinigrin and allyl isothiocyanate
accumulation

Foliar application of NAA and BAP significantly
affected the accumulation of sinigrin and its
hydrolysis product, AITC, in different organs of
W. japonica seedlings (Fig. 1 and 2; Appendix 1;
Appendix 2). Sinigrin content in the leaves
varied significantly depending on the cultivar
and PGR treatment (Fig. 2: Appendix 2). In
‘Daewang’, leaves sinigrin  significantly
increased from 323.07 + 9.20 pg'g™* DW in the
control to 461.87 + 6.87 pg'g”' DW with 50 mg'L
1 NAA (143.0% of the control), whereas 200 mg-L
1 NAA reduced it to 272.77 + 21.30 pug'g ! DW
(84.4% of the control). However, sinigrin content
was significantly suppressed at all BAP treatment
concentrations compared with the control. In

the ‘Dalma’, leaf sinigrin content increased with
increasing NAA concentration, reaching a 163%
of the control at 200 mg-L™ NAA compared with
the control; however, these differences were not
statistically significant. In contrast to the
‘Daewang’, BAP treatment exhibited a markedly
different pattern from that observed in the
‘Daewang . In ‘Dalma’, sinigrin content increased
in a concentration-dependent manner with BAP
application at 50, 100, and 200 mg'L™", reaching
172.70 + 7.73 pg'g™ DW (123% of the control),
208.43 + 15.35 pgg™ DW (149% of the control),
and 1603.00 + 30.50 xg'g DW (1143% of the
control), respectively (Fig. 2A; Appendix 2).
These results indicate a strong cultivar-specific
response to cytokinin treatment.
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Fig. 2. Effects of NAA and BAP foliar sprays on sinigrin content in leaf (A), petiole (B), and root (C), as well as allyl
isothiocyanate content in leaf (D), petiole (E), and root (F) of Wasabia japonica seedlings. Foliar application of
NAA and BAP was performed twice at one-month intervals, starting two months after germination. Seedlings
were harvested five months after germination and extracted with 100% methanol to determine sinigrin and allyl
isothiocyanate contents. Bars represented means + SE with three replicates. Different letters above the bars for
sinigrin and allyl isothiocyanate indicate significant differences among treatments at p {0.05 according to

Duncan’s multiple range test (DMRT).

the petioles
exhibited a distinct response pattern (Fig. 2B). In

Sinigrin accumulation in
‘Daewang’, the petiole sinigrin content in the
control (253.40 = 5.47 pgg™ DW) increased
progressively with increasing NAA concentrations,
reaching a maximum of 457.17 + 8.18 ugg™
DW at 200 mg-L™* NAA, corresponding to an
180.4% of the control, whereas BAP treatments
resulted in comparatively lower levels. In

contrast, BAP treatment resulted in a

concentration-dependent decrease in sinigrin
content. At 200 mg-L™ BAP, the level declined to
115.93 + 9.26 ug'g* DW, corresponding to 46%
of the control. In ‘Dalma’, the petiole sinigrin
content in the control (203.03 + 14.49 ugg™
DW) peaked at 292.50 *+ 6.07 pg-g™* DW under
100 mg-L™ BAP, with other treatments showing
moderate accumulation. Overall, petiole sinigrin
accumulation appeared to be more sensitive to
NAA, particularly in ‘Daewang.’
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The roots exhibited the highest sinigrin content
among all organs, highlighting them as the
principal sites of glucosinolate accumulation
(Fig. 2C; Appendix 2). In ‘Daewang’, root
sinigrin content increased from 8482.23 +
225.87 ng'g™ DW in the control to 10164.43 +
362.03 pgg! DW with 200 mgL™ NAA,
representing a 119.8% of the control. In contrast,
BAP treatment caused a concentration- dependent
decrease in root sinigrin content. At 200 mg-L™
BAP, the level declined to 3736.50 + 390.65 pg'g
' DW, representing 44% of the control and
indicating a statistically significant reduction. In
‘Dalma’, root sinigrin content increased from
5574.57 + 198.22 pug'g™ DW in the control to
7021.77 £ 792.12 pg'g™ DW, corresponding to a
126.0% of the control under stimulatory
treatments. In contrast, similar to the pattern
petiole, BAP
decreased root sinigrin accumulation in a

observed in the treatment
concentration-dependent manner. At 200 mg-L™
BAP, the content declined to 4435.00 + 173.66 p
g'g' DW, corresponding to 44% of the control.
AITC was predominantly detected in the roots,
whereas the leaf and petiole organs showed
negligible or undetectable levels across all
treatments (Fig. 2D-F). In ‘Daewang’ roots, AITC
content increased from 11.97 + 0.09 pg'g* DW in
the control to 14.10 + 0.58 pg'g™ DW with 200
mg- L' NAA, representing a 117.8% of the control
significantly increase, and further increased to
15.70 £ 0.58 pg'g™* DW with 100 mg-L™ BAP,
corresponding to a 131.2% of the control. AITC
content showed a concentration-dependent
increasing trend with NAA application up to 200
mg-L™!, whereas BAP treatment resulted in the
highest AITC accumulation at 100 mgL™
Similarly, ‘Dalma’ roots exhibited an AITC content
of 12.40 + 0.35 pug'g™ DW in the control, with
values ranging from 11.83 #+ 0.03 to 12.43 + 0.49
g g ' DW under the NAA treatments, indicating
no clear NAA-induced effect. In contrast, BAP

application increased the AITC content in a
concentration-dependent manner, reaching a
maximum of 15.33 + 0.61 xg'g™ DW at 200 mg'L
"' BAP, corresponding to a 123.6% of the control.

Overall, sinigrin accumulation and its
hydrolysis to AITC were strongly organ-specific
and cultivar-dependent, with the roots serving
as the major site of AITC production. The PGRs,
cultivar, and their interaction significantly
influenced the sinigrin and AITC contents across
all organs (p € 0.001), underscoring the complex
regulation of glucosinolate metabolism by
exogenous growth regulators in W. japonica

seedlings.

3.3. Effects of NAA and BAP on the chlorophyll
content and growth of Wasabia japonica
seedlings

and BAP
significantly influenced the chlorophyll content,

Foliar application of NAA
shoot elongation, and leaf development in W.
japonica seedlings (Table 2; Fig. 3). In the
‘Daewang’ cultivar, NAA application concentration-
dependently decreased chlorophyll content (Table
2). Treatment with 50 mg-L™ NAA significantly
reduced chlorophyll content to 18.2 + 2.1,
corresponding to 76.8% of the control (23.7 +
1.6). Higher NAA levels of 100 and 200 mg'L™
further decreased the chlorophyll values to 16.6 +
1.1 and 16.0 % 0.9, corresponding to 70.0% and
67.5% of the control, respectively. In contrast,
foliar application of BAP increased chlorophyll
content in a concentration-dependent manner.
Chlorophyll content at 50 and 100 mg-L™* BAP did
not differ significantly from that of the control,
whereas treatment with 200 mgL™ BAP
increased the chlorophyll content to 25.7 + 0.6,
corresponding to 108.4% of the control. In the
‘Dalma’ cultivar, chlorophyll content was
significantly reduced to 16.0 + 0.7 with 200 mg'L
"I NAA treatment compared with the control (21.9
+ 0.5), corresponding to 73.0% of the control. In
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contrast, treatment with 200 mg L' BAP
significantly increased the chlorophyll content to
24.1 * 0.8, corresponding to 110.0% of the
control. The magnitude of the BAP-induced
increase was smaller than that observed in
‘Daewang’, indicating a cultivar-dependent
Overall, the
chlorophyll content was significantly influenced

response to BAP treatment.

by plant growth regulator (PGR) treatment (p <
0.001), the cultivar (p < 0.01), and their
interaction (p < 0.01) (Table 2), indicating
cultivar-specific responses to exogenous
hormone types and concentrations.

Shoot growth parameters, including plant
height, petiole length, and stem diameter,
responded markedly to the foliar application of
NAA and BAP (Table 2). In the ‘Daewang’
cultivar, NAA application significantly increased
plant height compared with the control,
reaching 21.0 + 1.3 cm at 50 mg-L™ (120.7% of
the control) and 22.5 * 0.6 cm at 100 mg-L™
(129.3% of the control). However, plant height
declined at 200 mg'L™, suggesting that excessive
auxin levels may have caused a saturation or
inhibitory effect on stem elongation.

BAP application moderately increased plant
height, reaching a maximum of 19.7 £ 0.5 cm at
100 mg'L™, corresponding to 113.2% of the
control. In the ‘Dalma’ cultivar, plant height
exhibited a similar but less pronounced
response to NAA, reaching 20.0 = 0.8 cm at 50
mg-L™, corresponding to 121.2% of the control.
Petiole elongation responded more strongly than
plant height did. In ‘Daewang’, petiole length
increased from 11.8 + 0.7 cm in the control to
15.6 £ 1.0 cm at 50 mg'L™" NAA (132.2% of the
control) and peaked at 17.3 + 0.5 cm with 100
mg' L™ (146.6% of the control), showing no
further increase at higher concentrations. BAP
application also promoted petiole elongation,
reaching 14.4 + 0.5 cm at 200 mg-L™ (122.0% of
the control). Stem diameter was significantly

increased by BAP treatment. In ‘Daewang’, the
stem diameter increased from 8.3 + 0.7 mm in
the control to 11.9 £ 1.5 mm at 200 mg'L™ BAP
(143.4% of the control), whereas NAA treatments
showed inconsistent effects on stem diameter.

In ‘Daewang’, BAP treatment significantly
increased the total leaf area from 146.5 + 8.2
cm? in the control to 214.4 + 11.6 cm? at 50 mg'L
71 (146.4% of the control), with values remaining
elevated at 100 and 200 mg-L™ (133.6% and
120.3% of the control, respectively). In contrast,
200 mg'L™" NAA reduced the leaf area to 84.6 £
11.3 em??, corresponding to a 57.7% of the control,
indicating a strong suppression of lateral organ
expansion at high auxin levels. Leaf number
showed a trend similar to that of leaf area. In
‘Daewang’, 50 mg'L™ BAP increased the leaf
number from 6.0 + 0.2 to 8.8 + 0.5 (146.7% of
the control), whereas NAA treatments produced
minor or negative effects, particularly at higher
concentrations. In ‘Daewang’, BAP application
enhanced root elongation, increasing the root
length from 12.0 + 1.4 cm in the control to 17.9 +
1.9 cm at 50 mg'L™ (149.2% of the control). In
contrast, Dalma’ showed a concentration-
dependent reduction in root length, declining from
13.0 £ 1.2cmt0 9.0 £ 1.4 cm at 200 mg-L™' BAP
(69.2% of the control).

Statistical analysis revealed highly significant
differences (p < 0.001) with the treatment, PGR
type, and cultivar in most parameters, except for
leaf number and total leaf area. The interaction
between cultivar and PGR (Cul x PGR) was also
significant for chlorophyll content, plant height,
petiole length, stem diameter, and root length,
suggesting  cultivar-specific  responses to
hormone application. Overall, BAP exerted a
consistently positive effect on chlorophyll
accumulation and shoot growth, whereas NAA
showed a biphasic response, promoting
elongation at low concentrations, but suppressing

growth at higher levels.
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Fig. 3. Morphological characteristics of ‘Daewang and ‘Dalma’ cultivars (Wasabia japonica) seedlings in

response to foliar spray of NAA and BAP.

3.4. Effects on fresh and dry biomass accumulation

Foliar application of NAA and BAP significantly
affected the biomass accumulation of W.
Jjaponica seedlings in both the ‘Daewang’ and
‘Dalma’ cultivars (Table 3). In the ‘Daewang’
with 50 mgL™" BAP
significantly increased total fresh weight from
10.5 + 0.7 g in the control to 20.3 + 1.0 g
(193.3% of the control). This increase was
accompanied by significant increases in leaf
fresh weight (5.2 + 0.4 to 10.7 + 0.6 g; 205.8% of
the control), petiole fresh weight (4.2 + 0.4 to
7.7 £ 0.4 g 183.3% of the control), and root
fresh weight (1.1 £ 0.1to 1.9 £ 0.1 g; 172.7% of
the control). In contrast, NAA showed a

cultivar, treatment

non-linear effect on biomass accumulation.
Treatment with 100 mg L™ NAA increased
petiole fresh weight to 7.9 + 0.7 g (188.1% of the

control), whereas treatment with 200 mg-L™
reduced total fresh weight to a level comparable
to that of the control. In the ‘Dalma’ cultivar,
total fresh weight increased from 12.2 £ 0.9 gin
the control to 16.3 + 1.1 g at 50 mg'L™' BAP
(133.6% of the control), with no further increases
at higher BAP concentrations. Dry biomass
accumulation exhibited patterns similar to those
observed for fresh weight (p < 0.001; Table 3). In
the Daewang cultivar, leaf DW increased from
0.79 £ 0.06 g in the control 1.32 + 0.07 g at 50
mg L™ BAP (167.1% of the control). Petiole DW
also increased to 152.1% of the control, whereas
root DW showed only a modest increase. In
contrast, treatment with 200 mgL™ NAA
reduced leaf DW to 0.45 + 0.07 g (56.9% of the
control), confirming the inhibitory effect of
excessive NAA on dry matter accumulation.
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Table 2. Effects of NAA and BAP foliar applications on chlorophyll and top parts of Wasabia japonica seedlings”

Cultivar PGRs (mg'L") Chlorophyll Plant height Petiole length Stem diameter Leaf azrea Leaf no Root length
NAA  BAP content (SPAD) (cm) (cm) (mm) (cm?) Large Small Total (cm)
0 0 237%1.6" abc? 17.4+0.8 ef 11.840.7 fg 8310.7 bed 146.5+ 8.2 be 6.0£0.2 bcd 1.9404 i 7.940.4 def 12.0£1.4 bc
50 18.242.1 ef 21.0+1.3 ab 15.6£1.0 ab 7.7+1.0 od 145.9426.6 bc 5.140.4 bcd 2.0103 h 7.0£0.5 efg 8.8+1.1 ¢
100 0 166x1.1 fg 225406 a 17.3£0.5 a 9.5+1.0 abc 132.7£15.6 bc 6.0£0.2 bed 1.4£05 1 7.1£0.7 efg 10.6£0.9 bc
Daewang 200 16.0£09 g 21.740.6 a 16.24£0.6 b 9.841.0 abc 8461113 e 4.740.4 od 1.6+0.5 k 6.4+0.5 fgh 14715 ab
50 23.3%1.6 abc 17.0£0.8 ef 12.140.6 ef 11.140.6 ab 214.44116 a 88105 a 9.1£13 a 179112 a 169419 a
0 100 23.841.2 ab 19.7£0.5 bed 13.8+0.5 de 10.9+1.0 ab 195.8420.7 a 5.940.9 bed 50209 e 169414 ab 11.540.9 bc
200 25.720.6 a 19.14£0.7 od 14.4£0.5 cd 11.9+£15 a 176.2424.2 ab 6.510.5 b 8.5+09 b 15.0+1.1 b 11.840.9 bc
0 0 21.9%0.5 bed 165408 f 12.240.6 ef 62405 d 139.4%12.7 bc 5.840.7 bed 2.1£05 g 7.940.6 def 13.0£1.2 abe
50 18840.5 e 20.0+0.8 bc 143406 cd 8.5+0.5 bed 110.8+12.7 d 5.340.7 bcd 1.9£0.5 j 7.4+0.7 defg 11.741.2 bc
100 0 186%11 e 19.5£0.9 bed 15.0£0.7 bc 8.940.7 bed 108.7£21.3 d 5.840.7 bed 1.0£03 m 6.30.8 fgh 12.841.6 abc
Dalma 200 16.0£0.7 g 19.840.9 bed 14.940.7 bc 10.3+0.6 abc 84.2416.2 e 45405 d 14404 1 6.0£0.5 fgh 13.241.3 abc
50  21.4+09 d 18.3£0.6 de 131104 de 85+0.5 bed 173.6£19.2 ab 6.4+0.5 be 58415 d  121£1.7 o 13.1£1.3 abc
0 100 21.840.9 becd 17.0£0.7 ef 12.0£0.6 ef 7.6+£0.8 cd 132.9£19.5 bc 5.74£0.8 bcd 6.1£1.8 ¢ 11.942.3 od 11.5¢1.3 bc
200 24.1+0.8 ab 15.1+£1.1 f 11.5+0.9 fg 7.84£0.9 bed 106.3£13.2 d 5.840.5 bed 4.0+0.6 f 9.840.9 cde 9.0t1.4 ¢
Significance
Treat - ol ol - - - ol . ¥
Cultivar (Cul) ok ook ok ok ook NS ko ook NS
PGR - . ol " - - ol . ¥
Cul*PGR - ik ok " NS NS - - NS

Foliar application of NAA and BAP was performed twice at one-month intervals, starting two months after germination. Seedlings were harvested five months after germination

YWalues presented mean + standard error with three replicates

“Values with different superscripts within the same column are significantly different at the p € 0.05 level by the Duncan’s multiple range test
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Table 3. Effects of NAA and BAP foliar applications on fresh and dry weights and other growth parameters of Wasabia japonica seedlings”

637

Cultivar PGRs (mg'L") Fresh weight (g) per plant Dry weight (g) per plant
NAA BAP Leaf FW (g) Petiole FW (g) Root FW (g) Total FW (g) Leaf DW (g) Petiol DW (g) Root DW (g)
0 0 52404 de? 42404 e 1.120.1 b 10.5£0.7 d 0.794£0.06 cde 0.71£0.09 bc 0.17£0.02 ab
50 47409 ef 6.241.0 abcde 1.240.2 ab 12.14£2.0 bed 0.76£0.14 cde 0.80+0.13 abc 0.21+0.04 ab
100 0 4.4%0.6 de 7.9£0.7 a 1.240.2 ab 13.5+1.2 bcd 0.70£0.10 def 0.86+0.12 abc 0.15+0.03 ab
Daewang 200 3.1£05 g 6.240.5 abcde 1.5+0.3 ab 10.9+0.9 d 0.4510.07 fg 0.58£0.07 ¢ 0.24+0.04 ab
50 10.74£0.6 a 7.740.4 a 1.9+£0.1 a 20310 a 1.32£0.07 a 1.0840.07 ab 0.28£0.03 a
0 100 79410 b 7.3+1.1 abc 1.4+0.2 ab 16.3+2.1 ab 1.1340.16 ab 1.10£0.18 a 0.2240.03 ab
200 7.310.8 bc 7.6£0.8 ab 1.3£0.4 ab 16.14£2.0 ab 0.95+0.12 bed 0.91+0.11 abc 0.194£0.05 ab
0 0 6.4%0.6 de 4540.4 cde 1.320.2 ab 12.240.9 bed 0.72£0.07 de 0.64+0.07 ¢ 0.20+0.04 ab
50 5.410.6 de 5.4+0.4 bcde 1.4+0.2 ab 12.240.9 bed 0.61£0.07 efg 0.6240.07 ¢ 0.21+0.04 ab
100 0 48+1.0 ef 6.240.4 abcde 1.4+0.2 ab 12.3£1.5 bed 0.58+0.13 efg 0.73+0.12 be 0.20+0.03 ab
Dalma 200 3.5406 f 6.6£0.9 abcd 1.51£0.2 ab 11.741.6 od 0.40+0.08 bc 0.66£0.12 ¢ 0.21+0.03 ab
50 8.1+£05 b 6.840.7 abc 1.5+£0.2 ab 163+1.1 ab 0.9940.08 g 0.9340.09 abc 0.22+0.04 ab
0 100 6.0£1.0 cde 42407 e 1.12£0.2 ab 11.3£1.8 d 0.76£0.13 cde 0.6240.12 ¢ 0.16£0.03 ab
200 5.2%0.7 de 42405 e 09402 b 104+1.3 d 0.61+0.08 ef 0.54+0.10 ¢ 0.13+0.02 b
Significance
Treat - - NS ol ok . NS
Cultivar (Cul) * ok NS * ik o NS
PGR - - NS - ok " NS
Cul*PGR ok NS NS NS NS NS NS

Foliar application of NAA and BAP was performed twice at one-month intervals, starting two months after germination. Seedlings were harvested five months after germination

YWalues presented mean + standard error with three replicates

“Values with different superscripts within the same column are significantly different at the p € 0.05 level by the Duncan’s multiple range test
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revealed that PGR
treatment significantly affected leaf and petiole
FW and DW, as well as total FW (p < 0.001),
whereas cultivar effects were significant for
leaf FW, leaf DW, petiole DW, and total FW.

Significant cultivar X PGR interactions were

Statistical analysis

observed primarily for leaf FW and leaf DW.
Root FW and DW were less affected by the NAA
and BAP treatments. Overall, moderate foliar
application of BAP effectively promoted above-
ground biomass accumulation, particularly in
leaves and petioles, in both the Daewang’ and
high NAA
concentrations inhibited shoot growth. Root

‘Dalma’  cultivars, whereas
biomass remained relatively unaffected by foliar
PGR application, suggesting that foliar NAA and
BAP primarily regulate shoot rather than root

development in W. japonica seedlings.
4, Discussion

Plant growth regulators (PGRs) such as auxins
and cytokinins play pivotal roles in regulating
plant morphogenesis. Their physiological effects
are highly context-dependent and vary with the
species, tissue type, concentration, and
application timing. Consistent with previous
studies, the present study investigated the effects
of foliar application of exogenous NAA and BAP
on the growth of wasabi (W, japonica) and on
the accumulation of secondary metabolites
sinigrin and AITC. This study aimed to elucidate
how exogenously applied plant growth
regulators modulate vegetative development and
secondary metabolite biosynthesis, thereby
providing insights into the physiological and
metabolic responses of wasabi to hormonal
regulation.

Plant growth

modulators of secondary metabolite biosynthesis

regulators are important

and accumulation (Li et al., 2025). In the present
study, NAA and BAP differentially affected plant

growth and the accumulation of sinigrin and
allyl isothiocyanate (AITC), with responses varying
according to organ, cultivar, and hormone
concentration (Tables 2 and 3; Fig. 2). Moderate
BAP application promoted vegetative growth and
markedly increased sinigrin accumulation in the
leaves of the 'Dalma’ cultivar, reaching 1,143% of
the control at 200 mg-L ™" BAP (Fig. 2A; Appendix 2).
In contrast, excessive hormone concentrations
inhibited growth, indicating genotype-dependent
hormonal sensitivity. These findings are consistent
with previous reports demonstrating that auxins
and cytokinins regulate secondary metabolism
by enhancing precursor biosynthesis and
coordinating metabolic flux (Grzegorczyk-
Karolak et al., 2016; Ahanger et al., 2020; Pan et
al., 2013; Wu et al., 2015). Although sinigrin was
not effectively converted into allyl isothiocyanate
(AITC) in the leaves and petioles, distinct
patterns of AITC accumulation were observed in
the roots of the 'Dalma’ cultivar following NAA
and BAP treatments. Notably, the highest AITC
content was detected in plants treated with 200
mg'L™' BAP, suggesting that cytokinin may
influence not only glucosinolate biosynthesis but
also the conversion of sinigrin into AITC. Recent
advances in chemical ecology have demonstrated
that glucosinolates are stored in specialized
S-cells, whereas myrosinase is compartmentalized
in separate cells or intracellular structures,
thereby preventing premature glucosinolate
hydrolysis (Koroleva and Cramer, 2011; Halkier,
2016; Chhajed et al., 2026). Myrosinase catalyzes
the hydrolysis of sinigrin to produce AITC, and
the efficiency of this reaction is influenced by
tissue specificity, myrosinase activity, and
environmental and physiological factors (Bones
and Rossiter, 1996; Halkier and Gershenzon,
2006). Glucosinolate metabolism is further
regulated through interactions among plant
hormones, sulfur metabolism, and biosynthetic
pathways (Ludwig-Miiller, 2009; Sg nderby et al.,
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2010). Auxin and cytokinin also contribute to
glucosinolate biosynthesis and turnover by
regulating the expression of glucosinolate
biosynthetic genes (Mikkelsen et al., 2003).
Therefore, the increased AITC accumulation in
the roots of the 'Dalma’ cultivar following BAP
treatment is likely attributable to enhanced
myrosinase activity or greater efficiency of
sinigrin hydrolysis rather than increased
sinigrin accumulation alone. In contrast, NAA
had a comparatively limited effect on AITC
production, suggesting that auxin and
cytokinin regulate glucosinolate metabolism
through distinct mechanisms. Furthermore, the
differential responses observed between roots
and aerial tissues, as well as between the
'Daewang' and 'Dalma’ cultivars, indicate that
hormonal regulation of glucosinolate turnover
and AITC formation is both organ-specific and
cultivar-dependent. Taken together, these
findings suggest that cytokinin plays a more
prominent role than auxin in regulating AITC
production in wasabi roots. Future studies
integrating myrosinase activity assays, subcellular
localization analyses, and multi-omics analysis,
including transcriptomics, proteomics, and
metabolomics, will be essential for elucidating
the molecular mechanisms by which auxin and
cytokinin regulate glucosinolate biosynthesis,
hydrolysis, and AITC production.

Finally, the contrasting responses of the two
W. japonica cultivars, ‘Daewang’ and ‘Dalma’,
to foliar application of NAA and BAP indicate
that hormonal regulation of growth and
glucosinolate metabolism is strongly influenced
by genetic background. Although both cultivars
belong to the same species, significant
differences were observed in organ-specific
growth responses, sinigrin accumulation, and
allyl isothiocyanate (AITC) production following
hormone Similar

identical treatments.

genotype—dependent responses to exogenous

phytohormones have been reported in several
crop species, where genetic variation influences
hormone perception, signal transduction, and
downstream metabolic regulation, ultimately
resulting in distinct growth characteristics and
secondary metabolite accumulation patterns
(Zhao et al., 2023; Saridas et al, 20206).
Therefore, the contrasting responses observed
in the present study likely reflect cultivar-
specific differences in hormonal sensitivity and
metabolic regulation rather than differences
caused solely by exogenous hormone application.
Recent advances in integrative omics have
enabled the identification of key genes
regulating secondary metabolite biosynthesis
(Bolhassani et al., 2021 Singh et al., 2022;
Amiri et al., 2023). However, the molecular
basis of the
responses observed in this study remains unclear.

cultivar-specific hormonal

Future transcriptomic and metabolomic
analyses will help identify the regulatory
networks controlling glucosinolate biosynthesis
and AITC production, providing a foundation
for molecular breeding and improved cultivation
of W. japonica.

Several studies have demonstrated that
auxin-induced stem elongation is associated
with enhanced cell expansion and wall
loosening (Mir et al., 2020; Bai et al., 2023). Low
auxin concentrations increase plant height,
chlorophyll content, and biomass accumulation
(Cabahug et al, 2016). In

supra-optimal auxin levels suppress growth,

contrast,

accelerate chlorophyll degradation, and induce
abnormal leaf morphology (Talukdar et al.,
2022). This dual physiological role of auxin
reflects a concentration-dependent regulatory
mechanism, in which low levels stimulate
elongation, whereas excessive levels trigger
ethylene biosynthesis, leading to growth
suppression and senescence (El-Sharkawy et

al., 2014; Yue et al., 2020; Dias et al., 2025). At
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the molecular level, NAA upregulates ACC
synthase (ACS) and ACC oxidase (ACO) genes,
thereby promoting ethylene biosynthesis and
ripening processes (Konings and Jackson,
1979; Igbal et al., 2017). In the present study,
moderate NAA application (50-100 mg-L™)
promoted shoot growth and chlorophyll
accumulation, whereas higher concentrations
(= 200 mg-L™) inhibited growth and induced
leaf vyellowing (Table 2; Fig. 3). These
concentration-dependent responses support the
auxin—ethylene crosstalk model, suggesting
that excessive auxin promotes ethylene-
mediated growth inhibition and senescence
(Arteca and Arteca, 2008; Di Benedetto et al.,
2013). Further studies integrating ethylene
measurements with molecular analyses are
needed to clarify the mechanisms underlying
these responses. In contrast to auxins,
cytokinins such as BAP regulate cell division,
shoot meristem activity, and leaf development
(Hirose et al., 2008). In the present study,
moderate  BAP 50 mgl™
enhanced shoot proliferation, leaf number,

application

and chlorophyll content, whereas higher
concentrations (=100 mg'L™) reduced these
traits and suppressed root growth (Tables 2 and
3), demonstrating a concentration—dependent
cytokinin response. Similar patterns have been
reported in other species, in which optimal
cytokinin levels promote shoot growth whereas
excessive application causes growth inhibition
owing to hormonal imbalances (Di Benedetto
et al., 2013; Gandolfo et al., 2014; Talukdar et
al., 2022). These findings are consistent with
the cytokinin-mediated regulation of cell
division and shoot meristem activity, whereas
supra—optimal concentrations likely disrupt
auxin—cytokinin homeostasis, leading to
developmental inhibition, as observed in this
study (Li et al., 2018; Kurepa et al., 2019; Chen
et al., 2023).

5. Conclusions

This study established a sensitive and
reliable HPLC-UV method for the simultaneous
quantification  of  sinigrin  and  allyl
isothiocyanate (AITC) in W. japonica seedlings
and demonstrated that foliar application of
plant growth regulators (PGRs) differentially
modulates glucosinolate metabolism and
vegetative growth in a cultivar-and organ—
dependent manner. BAP consistently improved
chlorophyll content, leaf expansion, and above
—ground biomass, while NAA exhibited a
biphasic effect—stimulating elongation at low
concentrations but inhibiting growth at higher
levels. The contrasting responses of the
‘Daewang and ‘Dalma’ cultivars indicate that
genotype should be carefully considered when
selecting PGR treatments for wasabi production.
From a practical perspective, foliar application
of 50 mg'L™* BAP is recommended to maximize
biomass production, whereas NAA treatment is
more effective for enhancing sinigrin
accumulation in the ‘Daewang cultivar, and
high-concentration BAP is preferable for
increasing leaf sinigrin content in the ‘Dalma’
cultivar. These findings provide a practical
framework for tailoring PGR application
strategies according to specific production
objectives, thereby contributing to the cultivation
of wasabi with improved productivity and

enhanced functional quality.
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Appendix 1. HPLC chromatograms of leaves of the ‘Dalma’ cultivar under different NAA and BAP treatment concentrations
Foliar applications of NAA (0, 50, 100, and 200 mg-L™) and BAP (50, 100, and 200 mg-L™) were applied twice a
one-month intervals starting two months after germination. Seedlings were harvested five months afte
germination
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Appendix 2. Effects of NAA and BAP foliar sprays on sinigrin and allyl isothiocyanate content in leaf, petiole, and root of Wasabia japonica seedlings”

645

PGRs Sinigrin Allyl isothiocyanate
Cultivar (mg/L) (ug/g dry weight) (ug/g dry weight)
NAA BAP Leaf Petiole Root Leaf Petiole Root
Daewang 0 323.07+ 9.20" ¢ 253.40+ 5.47 d 8482.23+225.87 b 0 0 11.97+0.09 d
50 461.87£ 6.87 b 256.27+ 4.56 d 9324.87+245.51 ab 0 0 12.30£0.17 «<d
100 286.27+ 6.91 cd 310.77+ 2.60 b 9716.93+ 92.46 a 0 0 13.00£0.40 cd
200 272.77421.30 cde 457.17+ 8.18 a 10164.43+362.03 a 0 0 14.10£0.58 abc
0 50 197.23+£12.65 def 186.17£ 7.55 f 4784.774337.87 de 0 0 13.70£1.06 bed
100 177.50+19.05 df 149.57+ 2.93 gh 4799.67+247.30 ef 0 0 15.70£0.58 a
200 202.43+ 3.18 def 11593+ 9.26 h 3736.50+390.65 f 0 0 15.23+1.32 ab
Dalma 0 0 140.30+ 6.82 f 203.03+£14.49 f 5574.57+198.22 de 0 0 12.40£0.35 cd
50 0 158.77+ 233 f 168.57+ 3.97 fg 6908.90+ 87.44 ¢ 0 0 12.03+0.15 d
100 206.70+26.24 def 187.03£ 0.72 f 6342.40+169.22 cd 0 0 12.43+£0.49 cd
200 229.03+30.58 def 26737+ 5.21 cod 7021.77+792.12 ¢ 0 0 11.831£0.03 d
0 50 172.70£ 7.73 f 201.50+ 3.86 f 4633.27+277.43 def 0 0 12.20£0.40 cd
100 208.43£15.35 def 292.50+ 6.07 bc 4378.23+196.38 ef 0 0 12.30+£0.29 cd
200 1603.00+30.50 a 136.23+ 4.88 gh 4435.00+173.66 ef 0 0 15.33+£0.61 ab
Significant
PGR ol ot ot ok
Cultivar o ol ok -
PGR x Cultivar - ol - ok

Boliar application of NAA and BAP was performed twice at one-month intervals, starting two months after germination. Seedlings were harvested five months after germination
YWalues represent mean + standard error (SE) of three replicates
“Values with different letters within a same column are significantly different at p € 0.05 level by the Duncan’s multiple range test
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