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Abstract

Background Signal-induced augmentation of physiologically active metabolites in edible plants represents a
promising approach for the development of high-value-added natural biological resources. Nevertheless, despite the
potential of signaling molecules such as ethylene (ETL) to regulate plant metabolism, there are limited systematic
studies comparing their organ-specific effects. Therefore, we conducted this comparative study to investigate the
effects of ETL treatment on biomass production, accumulation of bioactive metabolites, and associated biological
activities in soybean (Glycine max) and mung bean (Vigna radiata) leaves.

Results ETL exposure slightly reduced the plant height and significantly decreased the biomass in both species.
Remarkably, ETL-treated mung bean leaves (ML) exhibited the highest total phenolic (24.22 mg GAE/g) and flavonoid
(9.89 mg RE/g) contents, whereas soybean leaves (SL) demonstrated greater diversity and accumulation of amino
acids such as y-aminobutyric acid, leucine, and tyrosine. After ETL treatment, the total isoflavone contents increased
markedly from 1440.43 to 8703.14 pg/g in SL (~6-folds) and from 2697.71 to 42,708.64 ug/g in ML (~16-folds),
indicating a marked increase in isoflavonoid accumulation following ETL treatments. ETL treatment also improved
the antioxidant capacity and digestive enzyme inhibition, with ML exhibiting greater radical scavenging activity

and stronger inhibitory effects on lipase and a-glucosidase. DNA protection assays further indicated enhanced DNA
protective effects against oxidative damage in vitro in both species. Overall, ETL-treated mung bean leaves showed
the highest accumulation of secondary metabolites among the tested samples.

Mu Yeun Jang and Du Yong Cho contributed equally to this work.

*Correspondence:
Jin Hwan Lee
schem72@dau.ac.kr
Kye Man Cho
kmcho@gnu.ac.kr

Full list of author information is available at the end of the article

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s12870-026-08829-8
http://orcid.org/0009-0000-5510-7268
http://orcid.org/0000-0003-2735-2228
http://orcid.org/0000-0002-5015-9357
http://orcid.org/0009-0007-0994-7064
http://orcid.org/0009-0004-8654-7249
http://orcid.org/0009-0004-8093-6833
http://orcid.org/0009-0004-9789-2697
http://orcid.org/0009-0000-4304-719X
http://orcid.org/0000-0002-5928-0532
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-026-08829-8&domain=pdf&date_stamp=2026-4-29

Jang et al. BMC Plant Biology (2026) 26:1042 Page 2 of 17

Conclusions Altogether, these results indicate that ETL elicits species-dependent differences in metabolite
accumulation patterns and associated in vitro bioactivities, highlighting its potential as an elicitor-based approach for
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enhancing functional plant resources under controlled cultivation conditions.

«  ETL increased isoflavone content ~6-folds in SL and 16-folds in ML.

- Change in FA and FAA profiles exhibited species-specific metabolic responses.
« ML demonstrated higher antioxidant and enzyme inhibitory activities than SL.
- ETL treatment improved DNA protection in both SL and ML.
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Introduction Ethylene (ETL), a gaseous plant signaling molecule,

Metabolite farming has emerged as a promising strat-
egy for enhancing the accumulation of target secondary
metabolites in plants through controlled environmental
and hormonal elicitation [1, 2]. By modulating intrinsic
metabolic pathways in response to external stimuli, this
approach enables the production of value-added plant
materials with potential applications in functional foods,
nutraceuticals, and bioresources [3, 4]. Secondary metab-
olites such as flavonoids and isoflavones play essential
roles in plant defense and stress adaptation, and they
have been widely investigated for their potential physi-
ological relevance [5, 6].

Advances in controlled cultivation systems, including
vertical farming and hydroponic platforms, now allow
precise regulation of environmental factors that influence
metabolite accumulation [1, 7].

influences diverse physiological processes, including
senescence, stress responses, and specialized metabolism
[8-10]. Previous studies have reported that exposure to
plant hormones, such as methyl jasmonate, abscisic acid,
and ETL, modulates secondary metabolite accumula-
tion in various plant systems [3]. Previous studies have
reported that ETL acts as a stress-associated regulator
that can promote isoflavone biosynthesis in soybean by
inducing reactive oxygen species (ROS) signaling and
activating the phenylpropanoid pathway. In addition,
exogenous ethephon treatment has been associated with
ACS/ACO-mediated ETL biosynthesis and increased
expression of structural genes such as PAL, C4H, 4CL,
CHS, and IFS, which are involved in flavonoid—isoflavo-
noid biosynthesis [11-13].
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Despite recent advances in controlled elicitation strat-
egies, a key question remains unresolved. Although soy-
bean and mung bean share a common legume lineage,
they differ in metabolic organization at both the primary
and secondary metabolism levels. Variations in carbon-
nitrogen coordination, amino acid turnover, and lipid
metabolism (primary metabolism), as well as divergence
in phenylpropanoid-derived isoflavone biosynthesis, con-
jugation patterns, and storage forms (secondary metabo-
lism), may result in distinct metabolic reconfiguration
under identical ethylene treatment conditions. However,
whether closely related legume species exhibit differ-
ential metabolite accumulation patterns and functional
responses under standardized ETL elicitation remains
insufficiently characterized [1, 5, 11, 13]. Addressing this
gap requires a systematic side-by-side comparison under
controlled vertical farming environments.

Isoflavones are specialized metabolites belonging to
the phytoestrogen family and are particularly abundant
in legume species such as soybean leaves (SL) and mung
bean leaves (ML) [5, 6]. Compounds including daidzein
(DAE) and genistein (GEE) have been widely investigated
for their potential physiological relevance [5, 14, 15]. In
soybeans, these compounds occur in multiple conjugated
forms, including aglycones and glycosides, and are dis-
tributed across vegetative tissues such as leaves and roots
[16, 17]. Previous studies have reported that ethylene
exposure is associated with increased isoflavone accumu-
lation in soybean leaves [11, 12], while enhanced produc-
tion of distinct isoflavone derivatives has been observed
in ethylene-treated mung bean plants cultivated under
vertical farming conditions [1].

However, systematic side-by-side comparisons of eth-
ylene-associated changes in isoflavone composition and
related metabolite classes between SL and ML under
identical controlled cultivation environments remain
limited.

Therefore, although previous studies reported
increases in ETL-mediated metabolites in SL [11, 12]
and ML [1], direct comparison of metabolite and func-
tional responses under the same control conditions has
not been systematically performed. In this study, we
aimed to compare and evaluate in vitro functional indi-
cators associated with metabolite accumulation patterns
in SL and ML cultured and exposed to controlled ETL
exposure under standardized vertical farming condi-
tions. We hypothesized that ETL exposure would induce
species-dependent metabolic responses between SL and
ML, resulting in distinct metabolite accumulation pat-
terns and associated biofunctional activities under iden-
tical cultivation conditions. To address this objective, we
comparatively analyzed changes in primary metabolites,
secondary metabolites, and their associated in vitro bio-
activities under controlled ETL exposure. Through this
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comparative framework, we sought to clarify ETL-related
metabolic responses of SL and ML in a controlled culture
environment.

Materials and methods

Chemicals, reagents, and instruments

The reagents used for the in vitro determination of bio-
logical activity and total phenol (TP) and total flavonoid
(TF) contents were purchased from Sigma-Aldrich (St.
Louis, MO, USA). H,0, MeOH, EtOH, and acetoni-
trile (ACN) purchased from J.T. Baker (Phillipsburg, NJ,
USA) were used as analysis and extraction solvents. For
measuring the antioxidant activity, 2,2-diphenyl-1-pyr-
idylhydrazine (DPPH) and 2,2'-azino-bis (3-ethylben-
zothiazolin-6-sulfonic acid) (ABTS) radical scavenging
were purchased from Sigma-Aldrich. (St, Louis, MO,
USA).

The standard products used in this study were isofla-
vone and flavone derivatives such as daidzin (DAI), gly-
citin (GLI), genistin (GEI), DAE, glycitein (GLE), and
GEE that were purchased from Sigma-Aldrich. Fatty
acids (FA) composition was analyzed by gas chromatog-
raphy (GC, Agilent 7890 A system, Agilent Technologies
Inc., Wilmington, DE, USA). Free amino acids (FAA)
composition was determined using an automatic amino
acid analyzer (L-8900, Hitachi High-Technologies Corp.,
Tokyo, Japan). Isoflavones were analyzed by high-per-
formance liquid chromatography (HPLC, Agilent 1260
series, Agilent Co., Forest Hill, Big, USA) to analyze. TP
and TF analyses were performed using a spectrophotom-
eter (Shimadzu UV-1800, Nakagyo-ku, Kyoto, Japan). In
vitro biological activity was measured using an ELISA
microplate reader (ELX800, Bio-Tek Instruments, Inc.,
Winooski, VT, USA).

DNA protection was evaluated using electrophoresis
(Mupid-exU, Takara Bio Inc., Japan) and UV transillu-
minators (BioDoc-It™ 220 imaging system, Analytik Jena,
Jena, Germany).

Plant materials and growth conditions

The soybean seeds used in this study (Pungsan culti-
var) were obtained from the Korea Agricultural Innova-
tion Partnership (KOPIA, Jeonju, Republic of Korea) in
2021 and stored at 4 °C until use. Mung bean seeds were
also obtained from KOPIA (Jeonju, Republic of Korea)
in 2023 and stored at 4 °C before experimentation. The
soybeans and mung beans were immersed in 2% sodium
hypochlorite for 2 min and then washed with distilled
water (DW). Sterilized soybeans and mung beans were
immersed in DW and germinated at 25 °C for 24+ 1 h in
the dark. The sprouted soybeans and mung beans were
then transplanted into pots with sterilized raised-bed soil
(pH 4.0-7.0, EC 1.2 dS/m, Pungnong Co., Ltd., Korea).
Then, 18 pots were placed in plastic containers (W x
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L x H, 540x275x60 mm). The plants were grown in a
containerized vertical farm system under the following
conditions: temperature 25 °C+2 °C, relative humidity
50% + 10%, and light intensity 143.68 pmol-m~%s™! (light
intensity 16 h; LED T5-1200 L-HC, Dongyoung Co., Ltd.,
Korea). The growth conditions were maintained for 28
days.

ETL treatment conditions

The soybean and mung bean plants were subjected
to slight modifications in a smart metabolite cham-
ber (Supplementary Fig. 1) according to the method
described by [1, 18]. After creating a smart metabolite
chamber in a sealed environment before ETL treatment,
temperature (25 °C + 5 °C) and light intensity (143.20
umol-m™~ 2s~ 1; photoperiod of 16 h) were maintained
consistent with conditions in the vertical farm system,
and humidity was maintained at 90% + 5%. ETL (concen-
tration 10,000 ppm) was applied onto soybean and mung
bean plants twice (every 24 h) for 48 h [1, 18]. Finally, the
soybean and mung bean plants were divided into a con-
trol (CTL) group (SL-CTL and ML-CTL) and an ETL-
treated group (SL-ETL and ML-ETL) (Supplementary
Fig. 1).

Length and biomass measurement

The length and fresh and dry weights of CTL and ETL-
treated soybean and mung bean plants after 28 days of
sowing at the vertical farm were measured by random
selection of 20 plants. Plant length was measured as the
maximum length (cm) from the top of the cotyledon to
the root end using a digital Vernier Caliper (Mitutoyo
Kawasaki, Japan 552-304-10). Fresh weight was recorded
using an electronic scale (HS2200S, Hanseong Equip-
ment Co., Seoul, Korea) after separation of plant organs
into leaves. Then, the plants were maintained at 55 °C in
a dry oven (WOEF-W155, DAIHAN Scientific Co., Ltd,
Wonju, Korea) for 48 h before recording their dry weight.
The GraphPad software (version 8.2.1, La Jolla, CA, USA)
was used to determine significant differences in ETL
treatment according to Tukey’s multiple test (p<0.05),
with the same row determined by analysis of variance
(ANOVA).

Sample extraction

SL and ML were harvested separately from five indepen-
dent pots per treatment group (n = 5), weighed (fresh
and dried weight), dried, and ground. For each biological
replicate, 1 g of powdered sample was mixed with 20 mL
of 50% MeOH in conical tubes as described by [1]. All
samples were subjected to agitation extraction at 25 °C +
2 °C for 24 h. The mixed extract was centrifuged at 3000
x g for 10 min, and the resulting supernatant was filtered
using a 0.45-pm membrane filter (Whatman plc., Little
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Chalfont, Buckinghamshire, UK). HPLC, in vitro biologi-
cal activity analysis, and DNA protection assay were per-
formed using 50% MeOH extracts obtained from SL and
ML.

Measurement of FA contents

For FA contents analysis, sample preparation and pre-
treatment were performed using a method described
by [18, 19] with modifications. Briefly, it was performed
according to the FA esterification process. First, 50
mg of sample powder, 1 mL of 0.5 N NaOH dissolved
in methanol, and 1 mL of triundecanoin (C;;, 2 mg/
mL), an internal standard, were mixed by vortexing.
After heating the mixture at 100 °C for 5 min, 4 mL of
14% BF; (Supelco, Bellefonte, PA, USA) was mixed and
heated again at 100 °C for 30 min. Then, 2 mL of isooc-
tane was added to the mixture and stirred vigorously for
30 s. Immediately, 10 mL of saturated NaCl solution was
added and shaken. Next, the mixture was cooled to 25 °C,
and the isooctane layer was separated from the aqueous
solution and dehydrated with anhydrous sodium sulfite.
The pretreated samples were filtered through a 0.45-pum
membrane for GC analysis. Finally, the amount of FA in
each sample was determined using an SP-2560 capillary
column (100 m x 0.25 mm id., 0.2 pm film thickness,
Supelco, St. Louis, MO, USA) and a GC column equipped
with a flame ionization detector. The injection volume
and injector temperature were set to 1 pL and 225 °C,
respectively, and the system was operated in a split mode
with a split ratio of 200:1. Helium was used as the carrier
gas at a rate of 0.8 mL/min. The initial oven temperature
was maintained at 100 °C for 4 min, then increased to 240
°C at a rate of 3 °C/min, and maintained at 240 °C for 15
min.

Measurement of FAA contents

For FAA contents analysis, sample preparation and pre-
treatment were performed according to the amino acid
analysis method, described previously by [18, 20]. Briefly,
the program was processed according to the amino acid
derivatization process. Treated samples were centrifuged
at 15,000 x g for 3 min and filtered through a syringe fil-
ter. The filtrate was concentrated using a rotary evapora-
tor (N-1300, Tokyo Rikakikai Co., Ltd., Tokyo, Japan) at
55 °C and then dissolved by adding 2 mL of lithium buf-
fer (pH 2.2). This solution was filtered through a 0.45-pm
membrane filter, and the final filtered sample was quanti-
tatively analyzed using an automatic amino acid analyzer.

Isoflavone analysis by HPLC

The isoflavone contents of soybean and mung bean organ
extracts were evaluated toward 12 standards (Fig. 1A).
Isoflavone contents were determined using a LiChro-
spher 100 RP-18 column (4.6 x 250 mm, 5 um). HPLC
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Fig. 1 The chemical structures and typical HPLC chromatograms of 12 isoflavone derivatives. A Chemical structures of the identified isoflavone de-
rivatives, including glycoside, malonyl-glycoside, and aglycone forms of daidzein, genistein, and glycitein, as well as their 2'-hydroxylated derivatives.
B SL-CTL, control soybean leaves (untreated); C SL-ETL, ethylene-treated soybean leaves; D ML-CTL, control mung bean leaves (untreated); E ML-ETL,
ethylene-treated mung bean leaves. 12 Chemicals: 1, 2'-hydroxydaidzein-4,7-O-diglucoside (2HDAEDG); 2, daidzein-4,7-O-diglucoside (DAEDG); 3, 2'-hy-
droxydaidzin (2HDAI); 4, daidzin (DA); 5, glycitin (GLI); 6, genistin (GEI); 7, Malonyldaidzin (MDAI); 8, 2'-hydroxydaidzein (2HDAE); 9, Malonylgenistin (MGEI);

10, daidzein (DAE); 11, glycitein (GLE); 12, genistein (GEE)

was performed using a diode array detector (1260 series,
Agilent Co., Forest Hill, Big, USA) with the following set-
tings: injection volume 20 pL, column temperature 30
°C, and absorbance 254 nm. The assay solvents were H,O
containing 0.2% acetic acid (solvent A) and ACN contain-
ing 0.2% acetic acid (solvent B), and the gradient condi-
tions were set to solvent B as follows: 15 min, 0%— 10%;
25 min, 10%—-20%; 35 min, 20%—25%; 45 min, 25%—35%;
and 50 min, 35% [1, 21]. The isoflavone contents of each
sample were quantified by comparing the appropriate
standard molecules and retention periods. The isoflavone
standards were dissolved in DMSO and quantified using
a linear calibration curve of each standard, and the coeffi-
cient of determination (R?) value was found to be > 0.998.
Calibration curves were set at six points (6.25, 12.5, 25,
50, 100, and 200 pg/mL) for each standard.

Measurement of TP and TF contents

The TP and TF contents were analyzed using the method
described by [1, 21]. Briefly, the TP contents were first
added to the extract (550 pL) in a test tube, followed by
the addition of 25% Na,CO, (550 pL), and left to stand
for 3 min. Then, 300 pL of 2 N Folin—Ciocalteu phenol

reagent was mixed with the sample and reacted for 1 h
at 30 °C. Next, the optical density (OD) of the solution
was measured using a spectrophotometer (Shimazu
UV-1800, Nakachi, Kyoto, Japan) at 750 nm. Then, the TP
contents were determined using a gallic acid (100, 50, 25,
12.5, and 6.25 pg/mL) standard curve. The TF contents
were first mixed with 250 pL of sample extract and 500
uL of diethylene glycol in vitro. Then, 5 pL of 1 M NaOH
was mixed with the sample and reacted for 1 h at 37 °C.
Then, the OD of the solution was measured using a spec-
trophotometer at 420 nm. The TF contents were deter-
mined using a calibrated standard curve plotted using
rutin (100, 50, 25, 12.5, and 6.25 pg/mL).

In vitro biological activity analysis

The DPPH and ABTS radical scavenging activities and
digestive enzyme inhibitory activities of CTL and ETL-
SL and ML extracts were determined using previously
described protocols [1, 21]. Briefly, the ABTS radical
scavenging activity was determined by mixing 20 pL of
extract with 180 pL of ABTS radical solution in a 96-well
plate, incubating the plate at 30 °C for 3 min in the
dark, and measuring the absorbance at 730 nm using an
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ELX800 microplate reader (Bio-Tek Instruments, Win-
ooski, VT, USA). The DPPH radical scavenging activity
was determined by mixing 40 pL of extract with 160 pL
of 1.5 x 107 M DPPH in methanol, homogenizing, incu-
bating the homogenate in the dark for 30 min at 30 °C,
and measuring the absorbance at 515 nm. For determin-
ing the a-glucosidase inhibitory activity, 10 uL of extract
was incubated with 20 pL of a-glucosidase (1 U/mL) and
20 pL of 0.01 M p-nitrophenyl-a-p-glucopyranoside for
20 min at 37 °C, after which the reaction was stopped by
adding 150 pL of 0.1 M Na,COj; and the absorbance was
measured at 420 nm. Pancreatic lipase inhibitory activity
was analyzed by mixing 10 pL of extract with 20 pL of
lipase (1 U/mL) and 20 pL of 0.01 M p-nitrophenyl butyr-
ate, incubating the mixture for 20 min at 37 °C, terminat-
ing the reaction by adding 150 pL of 0.1 M Na,CO,, and
then measuring the absorbance at 420 nm. All experi-
ments were conducted using five independent biological
replicates (n = 5). The half-maximal inhibitory concen-
trations (ICy,) were calculated by nonlinear regression
using GraphPad Prism v8.2.1 (La Jolla, CA, USA).

Oxidative DNA damage protection analysis

The DNA-protecting effects of soybean and mung bean
extracts from hydroxyl radicals were evaluated in vitro
using supercoiled DNA (SC, pGEM-T Easy from Esch-
erichia coli) as investigated previously [1, 16]. Plasmid
DNA was extracted using 1 x TE buffer (10 mM Tris-HCl
and 1 mM EDTA as elution buffer, pH 7.4) and Fenton’s
reagent (100 mM H,0,, 0.1 mM acetic acid, and 1.6 mM
FeCl,). First, 1 pL of pBluescript SK (+) vector, 5 uL each
of soybean and mung bean sample extracts, and 4 pL of
Fenton’s reagent were incubated at 30 °C for 1 h. Then, 25
mg of bromophenol, 25 mg of xylene cyanol, and 3 mL of
500 mM EDTA (pH 8.0) were mixed, and 50 mL of DW
was used to prepare a 6 x DNA gel-loading dye. Then, 10
pL of the 6 x DNA gel-loading dye was mixed into the
reaction samples, after which 10 pL of the dye mixture
was loaded onto a 1.2% agarose gel. The gel was subjected
to electrophoresis at 100 V for 40 min to observe the
DNA and then photographed under a UV transillumina-
tor. DNA retention (%) was calculated by comparing the
band intensity of the pBluescript SK (+) plasmid in the
presence of Fenton’s reagent and test samples with that of
the untreated pBluescript SK (+) CTL using the following
equation: DNA retention (%) = (band intensity of pBlue-
script SK (+) in Fenton’s reagent + sample/band intensity
of untreated pBluescript SK (+) vector) x 100 (1).

Statistical analysis and data processing

All experiments were conducted using five indepen-
dent biological replicates (n=5). Data are presented as
mean + standard deviation (SD). Significant differences
among treatment groups were determined by one-way
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ANOVA using Statistical Analysis System (SAS) software
(version 9.4, SAS Institute, Cary, NC, USA), followed by
Tukey’s post hoc test at p<0.05. Principal component
analysis (PCA) and clustering heatmap analysis were
performed using R version 4.3.3 (R Project for Statistical
Computing, Vienna, Austria). The PCA plot, which com-
bined the score plots, was normalized using the “prcomp”
function and demonstrated using the “ggplot” package.
The heatmap data were normalized using the Z-score,
which is estimated using the following equation:

Z —score = (x —p ) /o (2),

where x is the data value, p is the mean, and o is the stan-
dard deviation.

The clustering was visualized using Pearson correla-
tion distance measure and Ward’s clustering method,
which were performed using the “pHeatmap” package [1,
21]. PCA and clustering analyses were conducted using
data obtained from five independent biological replicates
per treatment group (n = 5). Clear separation among SL-
CTL, SL-ETL, ML-CTL, and ML-ETL groups was con-
sistently observed across biological replicates.

Results
Length and biomass of SL and ML groups under ETL
treatment
Plant height differences between CTL and ETL groups
are depicted in Fig. 1A. In soybean, the mean height
changed from 86.70 to 71.67 cm, and in mung bean, it
changed from 67.56 to 66.86 cm. Hence, ETL exerted a
limited effect on plant height overall, and soybean plants
remained taller than mung bean plants under both condi-
tions. The impact of ETL exposure on biomass is shown
in Fig. 2B and C. Regarding fresh weight (Fig. 2B), in soy-
bean plants, it changed from 3.01 g in the SL-CTL group
to 2.92 g in the SL-ETL group (0.970-fold); in mung bean
plants, it changed from 2.26 g in the ML-CTL group
to 2.04 g in the ML-ETL group. Therefore, ETL treat-
ment reduced the fresh biomass in both species, with a
larger proportional decrease in mung bean. Regarding
dry weight (Fig. 2C), in soybean plants, it changed from
0.58 g in the SL-CTL group to 0.48 g in the SL-ETL group
(0.828-fold); in mung bean plants, it changed from 0.40 g
in the ML-CTL group to 0.31 g in the ML-ETL group.
The reductions in dry mass were more prominent than
those in fresh mass for both species. Across the CTL
groups, both fresh and dry biomass of soybean exceeded
those of mung bean, and this trend persisted even after
ETL treatment. For each species, the ETL groups showed
significantly lower biomass than their corresponding
CTL groups (ANOVA/Tukey, p <0.05).

These results indicate that ETL treatment caused sta-
tistically significant reductions in both fresh and dry
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weight under ETL treatment. Values are presented as mean + SD (n = 5). Different lowercase letters indicate significant differences among treatments
within each species, as determined by one-way ANOVA followed by Tukey's multiple comparison test (p < 0.05). Abbreviation: SL-CTL, control soybean
leaves (untreated); SL-ETL, ethylene-treated soybean leaves; ML-CTL, control mung bean leaves (untreated); ML-ETL, ethylene-treated mung bean leaves

biomass under the tested conditions, reflecting a clear
growth penalty, particularly in mung bean. To distin-
guish true metabolic increases from potential concentra-
tion effects caused by biomass reduction, total isoflavone
accumulation was recalculated per leaf. The results con-
firmed that ETL treatment significantly increased total
isoflavone accumulation per leaf (Supplementary Fig. 2).

Comparison of FA contents in soybean and mung bean
plants after ETL treatment

The comparison of FA profiles in SL and ML after ETL
treatment is shown in Fig. 3 and Supplementary Table
1. In SL, the total saturated FA contents decreased from
391.9 to 365.9 mg/100 g after ETL exposure. Among
individual saturated FA, palmitic acid content decreased
from 273.7 to 244.7 mg/100 g, and stearic acid con-
tent decreased from 76.8 to 73.6 mg/100 g (0.958-fold)
in SL. In ML, palmitic acid content remained almost
unchanged, i.e., from 224.5 to 223.3 mg/100 g, whereas
stearic acid content increased from 54.8 to 66.0 mg/100 g.
Moreover, in SL, arachidic acid content increased sig-
nificantly from 9.4 to 13.9 mg/100 g, behenic acid con-
tent increased significantly from 10.1 to 18.3 mg/100 g,
and lignoceric acid content increased from 13.2 to
154 mg/100 g. However, in ML, arachidic acid and
behenic acid contents decreased to less than the detec-
tion limit. Regarding unsaturated FAs, the total content
in SL decreased from 816.6 to 629.3 mg/100 g, whereas in
ML, it slightly decreased from 363.3 to 356.3 mg/100 g.
In SL, palmitoleic acid contents decreased from 48.6
to 14.4 mg/100 g, linoleic acid content decreased from
215.5 to 127.1 mg/100 g, and a-linolenic acid content
decreased from 495.6 to 440.5 mg/100 g, whereas arachi-
donic acid was undetectable. In ML, palmitoleic acid and
arachidonic acid were also undetectable after ETL treat-
ment, whereas oleic acid content increased from 27.5 to

37.2 mg/100 g, linoleic acid content increased from 61.4
to 66.6 mg/100 g, and a-linolenic acid content slightly
decreased from 263.5 to 252.5 mg/100 g. The results of
PCA further revealed that FA profiles in SL underwent
substantial shifts after ETL treatment, with clear sepa-
ration between the SL-CTL and SL-ETL groups along
PC1 (55.49%) and PC2 (20.38%) axes. In contrast, the
ML-CTL and ML-ETL groups exhibited minimal diver-
gence, indicating limited metabolic response. These
findings were corroborated by Z-score-based heatmap
visualization, where SL exhibited considerable differ-
ences (decreased contents of palmitic/stearic acids and
increased contents of arachidic/behenic/lignoceric
acids). In contrast, ML showed no major changes, indi-
cating that FA composition in response to ETL treatment
was more altered in SL than in ML (Fig. 3B).

Comparison of FAA contents in SL and ML after ETL
treatment

The comparison of FAA profiles in SL and ML under
ETL treatment is depicted in Fig. 4 and Supplemen-
tary Table 2. In SL, ETL treatment induced a broad and
coordinated elevation of both non-essential and essen-
tial amino acids. Among non-essential amino acids, the
most pronounced increases were observed for aspartic
acid-NH2 (8.05-fold), proline (5.37-fold), tyrosine (5.13-
folds), and serine (3.10-fold). GABA (1.62-fold), glutamic
acid (2.81-fold), and alanine (1.74-fold) also increased
substantially. Among essential amino acids, isoleucine
(5.83-fold), leucine (3.68-fold), phenylalanine (3.64-fold),
and valine (2.15-fold) showed marked elevation. As a
result, total FAA contents in SL increased from 446.07
to 1201.20 mg/100 g (2.69-fold) (Supplementary Table
2). PCA clearly separated SL-ETL from SL-CTL along
PC1 (64.71% variance), driven primarily by the strong
upregulation of aspartic acid-NH,, proline, tyrosine,
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isoleucine, and leucine (Fig. 4A). Heatmap visualization
(Fig. 4B) further confirmed a broad enrichment pattern
across most amino acids in SL-ETL. Together, these
results indicate that ETL treatment triggered a systemic
increase in nitrogen-associated metabolites in soybean
leaves. In contrast, ML exhibited a more selective and
limited response. Several amino acids, including aspar-
tic acid-NH,, aspartic acid, glutamic acid, proline, and
phosphoserine, decreased after ETL treatment. However,
GABA (1.73-fold), B-alanine (1.42-fold), and valine (1.37-
fold) increased. Consequently, total FAA contents in ML
increased only modestly, from 397.05 to 431.17 mg/100 g
(1.09-fold) (Supplementary Table 2). PCA did not clearly
separate ML-ETL from ML-CTL along PC1 (82.03%
variance), indicating a comparatively weaker metabolic
shift (Fig. 4C). The heatmap (Fig. 4D) similarly reflected
limited changes, with only GABA, B-alanine, and valine
showing noticeable enrichment. Collectively, these
findings reveal a species-dependent pattern in FAA

remodeling under ETL treatment, characterized by broad
nitrogen flux enhancement in soybean and selective
stress-associated amino acid accumulation in mung bean.

Comparison of isoflavone content in SL and ML under ETL
treatment

ETL treatment increased the total isoflavone content in
both species, with a larger absolute increase in ML than
in SL (Fig. 5A; Supplementary Table 3). The total isofla-
vone content increased 6.04-folds in SL (from 1440.43
to 8703.14 pg/g) and 15.83-folds in ML (from 2697.71 to
42,708.64 pg/g). As shown in Supplementary Table 3, the
malonyl conjugates malonyldaidzin (MDAI) and malo-
nylgenistin (MGEI) accumulated strongly in SL after ETL
treatment, whereas they were not detected in ML. PCA
clearly separated ETL-treated samples from controls in
both species (Fig. 5B). PC1 (67.39%) captured the gradi-
ent in total isoflavones and major glycoside classes. The
ML-ETL group was primarily driven by high loadings
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of glycosides such as DAI, 2’-hydroxydaidzin (2HDAI),
GEI drove ML-ETL, whereas malonyl derivatives (MDAI
and MGEI) characterized SL-ETL. The ML-ETL group
showed extremely high levels of DAI, 2HDAI, GEI,
as well as the diglucoside forms 2"-hydroxydaidzein-
4'77-O-diglucoside (2HDAEDG), and daidzein-4',7-O-
diglucoside (DAEDG). Consistently, the SL-CTL and
ML-CTL groups clustered on the negative side of PC1,
reflecting low overall isoflavone levels. Heatmap visu-
alization further supported this species-dependent
metabolic signature (Fig. 5C), showing dominant glyco-
side accumulation in ML-ETL and prominent malonyl
enrichment in SL-ETL. Compound identities were first
established by HPLC-DAD using authentic standards
and diagnostic UV spectra (Fig. 1B-E) and 12 isoflavone
derivatives were quantified. At the compound levels,

ETL significantly increased core glycosides (DAI/GLI/
GEI) and malonyl forms (MDAI/MGEI) in SL (ANOVA,
p<0.05). In ML, the response was larger in magnitude,
with dominance of glycosides and 2'-hydroxy-glycosides,
including DAI (22,828.21 pg/g), 2HDAI (10,059.58 pg/g),
GLI (3532.68 ug/g), and GEI (2502.84 pg/g). Diglycosides
(2HDAEDG and DAEDG) were detected in ML but not
in SL, whereas malonyl conjugates were absent in ML.
Together, these results highlight distinct species-depen-
dent modification patterns, with soybean preferentially
accumulating malonyl conjugates and mung bean exhib-
iting strong glycoside and 2’-hydroxy-glycoside enrich-
ment under ETL treatment.
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Comparison of TP and TF contents and in vitro biological
activity

Regarding the TP and TF contents of SL and ML before
and after ETL treatment, the ML-ETL group exhib-
ited the highest levels of TP at 24.22 mg GAE/g and
TF at 9.89 mg RE/g (Table 1). The ML-CTL group also
exhibited significantly higher TP (23.24 mg GAE/g) and
TF (6.60 mg RE/g) contents than both the SL-CTL and
SL-ETL groups. In SL, the TF content increased from
6.57 mg RE/g in the SL-CTL group to 8.74 mg RE/g in
the SL-ETL group, and the TP content also increased
slightly from 16.31 to 17.71 mg GAE/g. Although the
increase in TP content between the SL-CTL and SL-ETL
groups was relatively small, TF content increased signifi-
cantly after ETL treatment. The radical-scavenging activ-
ity was measured by comparing the IC50 values (mg/
mL) for DPPH and ABTS (Table 1). For DPPH radical
scavenging activities, the ICy, value of the SL-CTL group
was 3.24 mg/mL, which slightly improved to 3.11 mg/
mL in the SL-ETL group. However, in ML, the IC;, value
decreased markedly from 1.02 mg/mL in the ML-CTL

group to 0.78 mg/mL in the ML-ETL group, indicating
an improvement of ~23.5% after ETL treatment. The
DPPH radical scavenging activities ICy, value of the SL-
ETL group (3.11 mg/mL) was only slightly lower than
that of the SL-CTL group (3.24 mg/mL), whereas it was
substantially lower in the ML-ETL group (0.78 mg/mL)
than in the ML-CTL group (1.02 mg/mL), clearly dem-
onstrating that ETL treatment strongly improved the
DPPH radical scavenging capacity in ML. A similar trend
was detected for the ABTS radical scavenging activ-
ity. No significant difference was observed in the ABTS
radical scavenging activities ICy, value between the SL-
CTL (2.73 mg/mL) and SL-ETL (2.65 mg/mL) groups;
however, in ML, it decreased from 0.44 mg/mL in the
ML-CTL group to 0.35 mg/mL in the ML-ETL group,
indicating an improvement after ETL treatment. Remark-
ably, among all experimental groups, the ML-ETL group
exhibited the lowest IC;, value, confirming that ETL-
treated ML possess superior radical scavenging activ-
ity than SL. The in vitro biological activity of digestive
enzymes was also evaluated by comparing the IC;, values
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Table 1 Comparison of total phenolic and flavonoid contents
and radical scavenging and digestive enzyme inhibitory activities
of soybean and mung bean leaves by treatment with ethylene
Index"

Treatment of ethylene?
SL-CTL SL-ETL ML-CTL ML-ETL
163140479 17.71+£006° 2324+031° 2422+0.22°

Total phenolic
contents (GAE
mg/q)

Total flavo-
noid contents
(RE mg/q)
DPPH radical
scavenging
IC50 (Mmg/mL)
ABTS radical
scavenging
IC50 (Mmg/mL)
a-glucosidase
inhibition ICy,
(mg/mL)

6.57+045¢ 874+019° 660+061° 9.89+050°

3244004 311+007° 1.02+002° 0.78+001¢

273+£013%  265+0.11° 044+002° 035+0.00°

2273+097° 2164+0.16% 2022+1.44° 1249+105°

Pancreatic- ~ 2431+033% 21.86+1.11° 17.90+0.77° 11.53+0.16
lipase inhibi-

tion 1Cso (Mg/

mL)

Abbreviations: SL-CTL control soybean leaves (untreated), SL-ETL ethylene-
treated soybean leaves, ML-CTL control mung bean leaves (untreated), ML-ETL
ethylene-treated mung bean leaves

DAIl values are expressed as the mean+SD of pentaplicate determination.
Different small letters (a—d) correspond to significant differences related to the
same row, as determined by the ANOVA and followed by Tukey’s multiple tests
(p<0.05)

Ireatment conditions in plant chamber: light intensity 143.20 pmol/m=%/
5! (16 h photoperiod), temperature 25 °C+5, humidity 90%=5, and ethylene
concentration 10,000 ppm applied for 24 h, repeated twice (total exposure
time: 48 h)

for a-glucosidase and pancreatic lipase inhibitory activi-
ties. For a-glucosidase, the ICy, value decreased slightly
from 22.73 mg/mL in the SL-CTL group to 21.64 mg/
mL in the SL-ETL group, indicating a minor improve-
ment (Table 1). However, in ML, the IC;, value decreased
significantly from 20.22 mg/mL in the ML-CTL group to
12.49 mg/mL in the ML-ETL group, showing a reduction
of ~38.2%, which emphasizes a much stronger improve-
ment of a-glucosidase inhibition after ETL treatment.
A comparison of these data indicates that the change in
SL was marginal, whereas the improvement in ML was
remarkable. Similarly, the IC;, value of pancreatic lipase
inhibitory activity decreased by ~10.1% in SL (SL-CTL:
24.31 mg/mL and SL-ETL: 21.86 mg/mL), whereas in ML,
it decreased by ~ 35.6% (ML-CTL: 17.90 mg/mL and ML-
ETL: 11.53 mg/mL). This result indicates that the in vitro
biological activity significantly improved in ML after ETL
treatment. To further elucidate the relationship between
metabolite accumulation and functional outcomes, Pear-
son correlation analysis was performed between total
isoflavones, TP, and TF and bioactivity indices (DPPH,
ABTS, a-glucosidase inhibition, and lipase inhibition).
The analysis revealed significant correlations between
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isoflavone and phenolic contents and antioxidant and
enzyme inhibitory activities (p <0.05), supporting a quan-
titative association between metabolite enrichment and
functional improvement (Supplementary Fig. 3).

In vitro plasmid DNA protection assay

We evaluated the in vitro plasmid DNA protection
capacity of SL and ML extracts under oxidative stress
conditions, and the proportion of the supercoiled DNA
(SC) band was quantified as an indicator of oxidative
damage protection (Fig. 6A, B). All values represent the
mean + SD of five independent experiments. In SL, the SC
ratio in the SL-CTL group decreased in a concentration-
dependent manner (26.84%, 7.85%, and 0.35% at 100, 50,
and 10 pg/mL, respectively). In contrast, SL-ETL showed
a higher SC retention at 50 pg/mL (19.73%) compared
with SL-CTL (7.85%), whereas the SC ratios at 100 pg/mL
(4.19%) and 10 pg/mL (0%) were not consistently elevated
relative to the control. Overall, the DNA-protective effect
in soybean was moderate and concentration-dependent.
In ML, markedly higher SC retention was observed com-
pared with soybean. In the ML-CTL group, SC ratios
were 90.13%, 76.95%, and 53.40% at 100, 50, and 10 pg/
mL, respectively. ML-ETL exhibited further enhance-
ment at 100 pg/mL (99.32%) and maintained high pro-
tection at 50 pg/mL (82.30%), although SC retention
declined sharply at 10 pg/mL (2.82%). Direct comparison
between species indicated that mung bean extracts, par-
ticularly under ETL treatment at 100 pg/mL, exhibited
the highest SC retention among all groups. These results
demonstrate that ETL treatment enhanced in vitro DNA
protection capacity more prominently in ML than in SL
under the tested conditions.

Discussion

Although ETL treatment slightly reduced plant height
in both soybean and mung bean, statistically significant
reductions were observed in fresh and dry biomass, par-
ticularly in leaf tissues. ETL has been implicated in the
regulation of plant growth and senescence-related pro-
cesses, with reported effects on chlorophyll metabolism
and photosynthetic parameters depending on species
and environmental conditions [22, 23]. Under stress-
like hormonal signaling, carbon and metabolic resources
may be redistributed from growth-associated processes
toward defense-related secondary metabolism [24]. Thus,
the biomass reduction observed in this study may be
associated with ethylene-mediated modulation of pho-
tosynthetic performance and senescence-related pro-
cesses. However, because photosynthetic parameters or
chlorophyll-related markers were not directly measured,
this interpretation remains inferential. In addition, ETL-
treated samples exhibited noticeable changes in leaf col-
oration compared with the control (Supplementary Fig.



Jang et al. BMC Plant Biology (2026) 26:1042

(A) 150

Page 12 of 17

SL-CTL  SL-ETL

ML-CTL ML-ETL

N

(=]

o
1

Supercoiled (SC)
DNA ratio (%)
3
1

cb
I
L OSSO
NSNS PIOS SN

Extract concentration (ng/mL)

(B)

10.2 p

4.0 »
3.0p

20)»

SL-ETL

1.0 p

<410.2

<440
<43.0

420

410

<405

Fig. 6 In vitro plasmid DNA protection assay of soybean and mung bean leaf extracts under ethylene treatment. A Quantitative analysis of supercoiled
(SC) DNA percentage based on band intensity measured using ImageJ software. The SC DNA ratio (%) was used as an indicator of protection against
oxidative strand breakage. Values are presented as mean + SD (n=5). Different small letters indicate significant differences among treatments at the same
concentration (ANOVA followed by Tukey's test, p < 0.05). B Representative agarose gel electrophoresis images showing the protective effects of leaf ex-
tracts against Fenton’s reagent-induced oxidative DNA damage. Lane 1 and 17, size marker; lanes 2-4, SL-CTL (100, 50, 10 pg/mL); lanes 5-7, SL-ETL (100,
50, 10 ug/mL); lane 8, pBluescript SK(+); lane 9, pBluescript SK(+) + Fenton's reagent (H,0,); lane 10, 50% MeOH control; lanes 11-13, ML-CTL (100, 50, 10
pg/mlb); lanes 14-16, ML-ETL (100, 50, 10 pg/mL). Abbreviations: SC, supercoiled DNA; OC, open circular DNA; LIN, linear DNA

1) [12]. These visual changes may be associated with chlo-
rophyll degradation and senescence-related responses
induced by ETL [25]. However, since photosynthetic pig-
ments were not directly quantified in this study, further
investigations are required to confirm this relationship.
Importantly, the reduction in biomass did not coincide
with diminished functional quality. Instead, ETL treat-
ment markedly enhanced the accumulation of bioac-
tive metabolites, including isoflavones, and significantly
increased TP and TF contents, particularly in mung bean
leaves (Fig. 5; Table 1). Previous studies have shown that
ethylene or its precursor ACC can upregulate key phenyl-
propanoid pathway genes, such as PAL and CHS, thereby
stimulating flavonoid biosynthesis under specific stress-
related conditions [26, 27]. Accordingly, the enhanced
TP, TE, and isoflavone levels observed here are consistent

with previously reported activation of phenylpropanoid-
derived secondary metabolism under ethylene signaling.
The concurrent increase in isoflavones and FAAs, despite
reduced biomass, suggests that ETL treatment altered the
metabolic profile in a manner that favored the enrich-
ment of specific secondary metabolites under controlled
cultivation conditions [18]. Although biomass was signif-
icantly reduced, the fold increase in isoflavone accumula-
tion was substantially greater, suggesting that functional
gain per unit biomass may compensate for yield loss in
quality-oriented production systems. Nevertheless,
because metabolite levels were expressed on a dry-
weight basis, part of the apparent increase may reflect
a concentration effect resulting from biomass reduc-
tion, in addition to genuine metabolic regulation. To
address this possibility, total isoflavone accumulation was
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recalculated on a per-leaf biomass basis (Supplementary
Fig. 2). The results confirmed that ETL treatment still
resulted in higher total isoflavone accumulation per leaf,
particularly in ML, indicating that the observed increases
were primarily due to enhanced metabolic biosynthe-
sis rather than to simple concentration effects caused by
reduced biomass [1, 18]. This pattern aligns with the con-
cept of metabolite farming, in which environmental or
hormonal modulation is applied to enhance phytochemi-
cal concentration rather than maximize biomass yield [1].

However, as only a single ETL regime was evaluated,
further studies examining dose- and time-dependent
responses will be necessary to determine the optimal bal-
ance between biomass production and phytochemical
enrichment. Moreover, the species-specific sensitivity to
ETL, reflected by the greater biomass reduction in soy-
bean compared with mung bean, highlights the impor-
tance of crop-dependent physiological responsiveness
when applying hormonal elicitation strategies [28].

In the present study, ETL treatment induced species-
dependent shifts in FA composition rather than broad
changes in total lipid content. SL exhibited reduc-
tions in total unsaturated FAs accompanied by relative
increases in very-long-chain saturated FAs, whereas ML
maintained comparatively stable unsaturated FA lev-
els (Fig. 3). Previous studies in Arabidopsis leaves have
reported that ethylene signaling interacts with lipid
regulatory networks and can influence FA composition
under stress-related conditions [29]. These findings sug-
gest that ETL-responsive signaling may modulate mem-
brane-associated lipid organization as part of adaptive
responses. Our observations in soybean are consistent
with hormone-associated compositional adjustment pat-
terns reported in ethephon-treated SL [18]. However,
responses to plant hormones such as ETL and methyl jas-
monate can vary considerably depending on plant species
and treatment conditions, as shown in previous crop-
based studies [30, 31]. The relative stability observed
in the mung bean further supports the notion that
ETL-associated lipid responses are species-dependent.
Mung bean has been reported to contain high propor-
tions of essential unsaturated FAs, including linoleic and
a-linolenic acids [32], and maintenance of these compo-
nents under ETL exposure may reflect tighter membrane
lipid homeostasis.

Therefore, FA compositional shifts likely represent sec-
ondary physiological adjustments rather than primary
determinants of functional enhancement [33].

FAAs are the basic building blocks of proteins and
peptides, and act as precursors for various physiological
pathways that maintain plant growth and defense [18]. In
particular, phenylalanine is a key substrate of the phen-
ylpropanoid pathway and is an important mediator link-
ing primary nitrogen metabolism and the biosynthesis of
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secondary metabolites, including isoflavones [34]. GABA
also plays a crucial role in plant growth and stress adapta-
tion, and its accumulation is closely related to antioxidant
capacity [35, 36]. In this study, ETL treatment signifi-
cantly increased the total free amino acid content in SL,
whereas relatively limited changes were observed in ML.
These differences suggest species-specific nitrogen meta-
bolic responses to ETL treatment [37, 38]. In particular,
significant increases in aspartic acid-NH2 (asparagine),
proline, tyrosine, and several branched-chain amino
acids were observed in SL [39]. Asparagine serves as the
main nitrogen storage and transport form in plants and is
synthesized by asparagine synthetase. The expression of
asparagine synthetase is regulated by specific transcrip-
tion factors and has been reported to be modulated by
stress and hormonal signals [40]. Previous studies have
reported that ETL or its analog ethephon treatment
can regulate the expression of nitrogen assimilation-
related enzymes such as asparagine synthetase and glu-
tamine synthetase, while simultaneously inhibiting some
amino acid degradation pathways [18, 40, 41]. These
prior studies support the possibility that the increase in
asparagine and related amino acids observed in SL in
this study was due to the regulation of nitrogen assimi-
lation pathways by ETL. Furthermore, there is a report
that ETL-based growth regulator treatment increases
both essential and nonessential amino acids [42], sug-
gesting that ETL may influence amino acid synthesis and
turnover beyond a simple signaling factor. In contrast,
in ML, a selective increase in specific amino acids such
as GABA, p-alanine, and valine was observed, while the
overall amino acid pool remained relatively stable. This
suggests selective regulation of metabolic pathways asso-
ciated with stress mitigation rather than changes in the
broader nitrogen pool [43, 44]. These different response
patterns may reflect differences in nitrogen metabolism
regulation among species in response to ETL treatment.
However, since this study did not analyze the expression
of nitrogen assimilation enzymes or transcription factor
levels, future transcriptome and enzyme activity analyses
are needed to more clearly elucidate the effects of ETL
on asparagine biosynthesis and nitrogen distribution
pathways.

Furthermore, correlation analysis between metabolite
classes revealed significant associations between isofla-
vone derivatives and several amino acids and fatty acids
(Supplementary Fig. 4), suggesting coordinated metabolic
regulation between primary and secondary metabolism
under ETL treatment. The coordinated changes among
isoflavones, phenolic compounds, and antioxidant activ-
ity suggest an integrated metabolic response associated
with enhanced secondary metabolite production under
ETL treatment, potentially linked to the phenylpropanoid
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pathway and its interaction with primary nitrogen
metabolism [45].

Isoflavones are secondary metabolites belonging to
the flavonoid family and are abundant in legumes. They
play an important role in plant stress responses through
antioxidant and cell protection activities [46]. Previous
studies have reported that ETL or ethephon treatment
may influence the expression of key structural genes
involved in isoflavonoid biosynthesis [1, 12, 18]. These
genes include CHS, IFS, and chalcone isomerase (CHI),
which have been reported to be associated with isofla-
vone biosynthesis in legumes [12, 47]. Previous studies
have reported induction of IFS and related enzymes after
ETL treatment, suggesting that ETL may be involved in
the regulation of the phenylpropanoid—flavonoid—isofla-
vonoid pathway in soybean systems. However, since we
did not perform gene expression assays in the present
study, the observed increase in isoflavone content could
not be directly attributed to the transcriptional activa-
tion of these enzymes. In our experiments, ETL treat-
ment significantly increased the total isoflavone content
in both SL and ML. Since isoflavone concentrations
were calculated on a dry weight basis and ETL treat-
ment significantly reduced biomass in both species, we
cannot rule out the possibility that some of the observed
increases reflect the concentration effects associated
with tissue mass reduction [18, 48]. Remarkably, ML has
a 30-fold increase in absolute levels of DAI compared to
CTL, which is consistent with previous findings [1]. The
increased isoflavone accumulation is closely associated
with improved protection against oxidative DNA damage
[1], and it has been reported that biotransformation pro-
cesses enhance the levels of physiologically active isofla-
vone forms and antioxidant potential in soybean systems
[49]. Isoflavones contribute to DNA stabilization primar-
ily by eliminating ROS and chelating antioxidant metal
ions. In addition, glycoside isoflavones have higher solu-
bility, improved intracellular mobility, and higher antioxi-
dant stability compared to the aglycon forms, which may
provide functional benefits [18]. The markedly larger iso-
flavone amplification observed after ETL treatment may
also reflect species-specific differences in flavonoid bio-
synthesis regulation. Species-specific responses to ETL
signaling have been reported in several plant systems,
where differences in hormone sensitivity and regula-
tory networks can lead to distinct phytochemical accu-
mulation patterns [50]. Such regulatory variation may
influence the activation of phenylpropanoid-associated
pathways [45] and contribute to the stronger isoflavone
response observed in ML compared with SL. Changes in
composition, expression patterns, and promoter respon-
siveness of transcription factor complexes, such as MYB,
may result in differential activation of phenylpropanoid-
associated genes under the same hormonal stimulation
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[51, 52]. Therefore, differences in transcriptional regula-
tion and post-synthesis transformation capacity may con-
tribute to the distinct ETL responses observed between
species [1, 18].

ETL has been reported to participate in plant defense
responses and antioxidant activity, partly through the
regulation of phenolic and flavonoid biosynthesis. In
this study, ETL treatment significantly increased the TF
content of ML, which was consistent with the enhanced
antioxidant activity as indicated by decreased ICs, values
in DPPH and ABTS radical scavenging assays (Supple-
mentary Fig. 2). These results are consistent with previ-
ous reports showing that ETL or ethephon treatment
increases the expression of genes such as CHS and CHI,
rate-limiting enzymes in the flavonoid biosynthetic path-
way, in various species, including blueberry, soybean, and
mung bean [1, 53]. At the signal transduction level, ethyl-
ene perception and signal transduction have been exten-
sively studied in model plants. Activation of EIN3 and
ERF family members has been shown to regulate stress-
responsive gene expression and, in certain plant systems,
to influence phenylpropanoid and flavonoid-related path-
ways [12, 54].

The observed increased flavonoid accumulation in this
study is consistent with this established regulatory mech-
anism. However, future studies integrating transcrip-
tomic and enzyme analyses are needed to clarify whether
canonical ETL signaling components directly mediate
the metabolic changes observed under these experimen-
tal conditions. The increased expression of biosynthetic
genes is associated with increased enzyme activity and
enhanced metabolic flux toward flavonoid intermediates
and end products [55]. Because flavonoids possess potent
free radical scavenging and metal chelating properties,
their accumulation may contribute to enhanced anti-
oxidant capacity. Furthermore, flavonoids are known to
inhibit digestive enzymes such as a-glucosidase and pan-
creatic lipase through interactions at the catalytic site [1,
2, 18], which may partially explain the increased enzyme
inhibitory activity observed in ML after ETL treatment.
The more pronounced response in ML compared to SL
may reflect species-specific differences in the regulation
of flavonoid biosynthesis, possibly related to variations in
transcription factor networks such as the MYB complex
[2, 8, 51]. Further molecular studies are needed to eluci-
date the regulatory mechanisms underlying these differ-
ential responses.

DNA is particularly susceptible to oxidative dam-
age caused by ROS, which can cause strand breaks and
structural conversion from SC to open circular DNA
(OC) or linear DNA (LIN) forms [56]. In this study, the
most prominent DNA-protective effect was detected
in ML extracts after ETL treatment, suggesting that the
accumulation of isoflavone, flavonoid, and phenolic
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compounds may contribute to the observed in vitro
DNA protection under oxidative stress conditions [57].
ETL has been reported to induce the accumulation of
flavonols such as quercetin and kaempferol in guard
cells, resulting in decreased intracellular ROS levels and
increased protection against oxidative stress [1]. In par-
ticular, ETL-induced isoflavones, including DAE, have
been demonstrated to inhibit DNA damage through iron
chelation and free radical scavenging mechanisms [2, 58].
Moreover, ETL activates the phenylpropanoid pathway
and modulates antioxidant metabolism through EREF-
type transcription factors, thereby improving flavonoid
and polyphenol accumulation and ROS resistance [59].
The observation that DNA protection was extended to
mung bean stems and roots after ETL treatment supports
the hypothesis that ETL triggers a systemic metabolic
response [1].

Consistently, previous research has reported strong
antioxidant and DNA-protective activities associated
with increased isoflavone levels in mung beans, with a
positive correlation detected between ETL-induced iso-
flavone accumulation and improved DNA integrity [1].
Moreover, the superior SC band retention in ETL-treated
mung beans across all concentrations in our study sup-
ports these mechanisms and suggests that ETL-associ-
ated metabolite modulation may have potential relevance
for metabolite-oriented crop management strategies;
however, further validation under physiological and agro-
nomic conditions is required.

Conclusions

ETL treatment was associated with coordinated changes
in both primary and secondary-metabolite profiles in
soybean and mung bean plants cultivated in a vertical
farming system.

ETL exposure increased antioxidant-related indices,
including TP and TF contents, enhanced isoflavone accu-
mulation, altered FAA and FA compositions, and was
associated with improved in vitro bioactivities, includ-
ing antioxidant capacity, digestive enzyme inhibition,
and plasmid DNA protection. These metabolic changes
occurred alongside a measurable reduction in biomass,
indicating that ETL treatment influenced both growth
and metabolite profiles under the tested condition; how-
ever, causal relationships between biomass reduction
and metabolite enrichment were not directly established.
Comparative analysis further revealed species-dependent
differences at the metabolite level. Mung bean exhibited
greater increases in isoflavones and phenolic-related
antioxidant activity, whereas soybean maintained rela-
tively higher levels of selected essential amino acids.
Because gene expression, enzyme activity, and ethyl-
ene signaling components were not directly analyzed,
the observed metabolite shifts should be interpreted as
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metabolite-level responses rather than confirmed regu-
lation of metabolic pathways. In addition, since only a
single ETL concentration and treatment regime were
applied, the results represent a proof-of-concept under
specific experimental conditions rather than an opti-
mized or broadly applicable treatment strategy. Overall,
the present findings provide metabolite-level evidence
that ETL treatment can modulate functional metabolite
accumulation in legumes under controlled cultivation
systems, while highlighting the need for further molecu-
lar and agronomic validation.
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ML Mung bean leaves

SL Soybean leaves

FA Fatty acid

FAA Free amino acid

GABA  y-aminobutyric acid
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