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EFFECT OF CYCLIC 3-HYDROXYMELATONIN (3-OHM) ON PEPPER
SEEDLING EMERGENCE UNDER DROUGHT CONDITIONS

Aygiil Karaca', Gokgen Yakupoglu?, Ahmet Korkmaz?

ABSTRACT

Cyclic 3-hydroxymelatonin (3-OHM), a significant metabolite derived from melatonin (MEL) through its inter-
action with oxygen-containing compounds, is believed to play a crucial role in enhancing plant resistance to
various abiotic stresses. Despite its importance, research on 3-OHM remains limited. Therefore, this study aimed
to investigate the effects of exogenous 3-OHM treatments on the drought stress tolerance of pepper seed-
lings during the emergence phase. The application of 3-OHM to seeds at various concentrations (0, 10, 50, and
100 uM) notably improved seedling emergence performance under drought conditions compared to untreated
controls. Furthermore, 3-OHM treatments significantly reduced oxidative stress markers such as hydrogen per-
oxide (H,0,) and thiobarbituric acid reactive substances (TBARS), while simultaneously enhancing the activities
of key antioxidant enzymes including peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT). Addi-
tionally, seedling proline and total chlorophyll contents increased significantly by 3-OHM application. Among
the concentrations tested, 50 uM 3-OHM consistently showed the most pronounced beneficial effects across
multiple parameters. These results underscore the potential utility of 3-OHM as a natural bioactive compound
to mitigate the detrimental impacts of abiotic stress in agricultural crops. To further elucidate the physiological
mechanisms and confirm the efficacy of 3-OHM, future studies should focus on comparative analyses with MEL,
employing the optimal 3-OHM concentration identified herein.
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INTRODUCTION

Drought is a significant constraint on plant growth, development, and productivity, making the study of plant
responses to drought stress an important focus in environmental research [Ahmad et al. 2009]. By decreasing im-
bibition and increasing the osmotic potential of the growth medium, drought stress leads to reduced germination
rates and seedling vigor [Anjum et al. 2017]. Polyethylene glycol (PEG), synthetic, water-soluble, and non-ionic
polymer with a wide range of molecular weight [Chazen et al. 1995], is frequently used to induce drought stress
in experiments involving higher plants [Hajihashemi and Sofo 2018]. The use of PEG-6000 effectively elevates the
osmotic potential of the growth medium, consequently limiting the imbibition capacity of seeds. Under drought
conditions, plants experience an overproduction of reactive oxygen species (ROS), which can lead to the oxidation
of vital cellular macromolecules, disrupt physiological and metabolic processes, and, in severe cases, result in plant
death [Bewley 1997]. To counteract the damaging effects of oxidative stress, plants have developed a sophisti-
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cated antioxidant defense system that plays a crucial role in scavenging excess ROS and maintaining intracellular
redox equilibrium [Ahmad et al. 2009]. This defense mechanism comprises both enzymatic and non-enzymatic
antioxidants. The enzymatic component includes a range of enzymes such as peroxidase (POD), superoxide dis-
mutase (SOD), ascorbate peroxidase (APX), and catalase (CAT), which collectively function to neutralize ROS and
preserve redox stability within the cell. For example, SOD facilitates the conversion of superoxide radicals into hy-
drogen peroxide (H,0,) and molecular oxygen, after which CAT and APX further detoxify H,0, to prevent cellular
damage [Anjum et al. 2017].

In plants, MEL (N-acetyl-5-methoxytryptamine) plays a vital role in defending against oxidative stress by miti-
gating the damaging effects of ROS. Beyond its antioxidant properties, MEL also functions as a biostimulant, con-
tributing to enhanced plant productivity through its involvement in cellular signaling pathways [Rehaman et al.
2021]. MEL biosynthesis in plants follows a metabolic pathway: tryptophan — tryptamine — serotonin — N-ace-
tylserotonin — MEL. This process occurs under normal physiological conditions, particularly in actively growing
tissues, and involves four key enzymatic steps. The enzymes responsible for each step include TDC (tryptophan
decarboxylase), T5H (tryptophan 5-hydroxylase), SNAT (serotonin N-acetyltransferase), ASMT (N-acetylserotonin
methyltransferase), COMT (caffeic acid O-methyltransferase), respectively [Back 2021].

An important branch of plant MEL research focuses on its metabolites. Metabolites resulting from MEL deg-
radation—such as N™-acetyl-N*formyl-5-methoxykynuramine (AFMK), N-acetyl-5-methoxykynuramine (AMK),
and the hydroxylated derivatives 2-OHM (2-hydroxymelatonin), 3-OHM (3-hydroxymelatonin), 4-OHM (4-hydrox-
ymelatonin), and 6-OHM (6-hydroxymelatonin)-originally identified in animals, have also been detected in plant
systems [Tan and Reiter 2020, Hardeland 2015]. These metabolites possess potent antioxidant properties and
contribute substantially to MEL's broader antioxidant network [Reiter et al. 2016]. Notably, in terms of endoge-
nous content, MEL metabolites represent the predominant forms of MEL present in plant tissues [Lee et al. 2016].
Among MEL derivatives in plants, 2-OHM and 3-OHM are recognized as the principal metabolites. These metabo-
lites are generated through hydroxylation processes catalyzed by melatonin 2-hydroxylase (M2H) and melatonin
3-hydroxylase (M3H), respectively [Byeon and Back 2015, Lee et al. 2016]. Both enzymes are classified as mem-
bers of the 2-oxoglutarate-dependent dioxygenase (2-ODD) protein family [Bugg 2003]. Interestingly, M2H and
M3H are absent in animals, suggesting that the corresponding hydroxylated metabolites are specific to terrestrial
plants [Lee and Back 2016]. The detection of MEL and its metabolites across plant species has spurred extensive
research into their physiological functions and regulatory mechanisms. 2-OHM, in particular, has been shown to
accumulate at higher levels than MEL itself in plant tissues [Byeon et al. 2015]. It is recognized not only for its an-
tioxidant capacity but also for its pro-oxidant function, capable of inducing ROS production through respiratory
burst oxidase homolog-mediated pathways. Korkmaz et al. [2023] reported that exogenous application of 2-OHM
enhances seed germination and seedling emergence in pepper under abiotic stress. This dual role may be attrib-
uted to its ability to stimulate both enzymatic and non-enzymatic antioxidant systems [Shah et al. 2020a], thereby
conferring broad protective effects against oxidative stress and environmental challenges [Shah et al. 2020b]. In
addition, The cytochrome P450 monooxygenase enzyme CYP1A1, which participates in MEL metabolism, catalyz-
es the biosynthesis of 6-OHM. When the mouse-derived MmCYP1A1 gene was ectopically expressed in transgenic
Arabidopsis and apple calli, both MEL and 6-OHM levels increased. This enhancement was associated with greater
ROS-scavenging capacity and improved abiotic stress tolerance, suggesting a synergistic role of MEL and its hy-
droxylated metabolites in plant defense responses [Wang et al. 2023]. Alvarez-Diduk et al. [2016] reported that
certain MEL derivatives, such as N-acetylserotonin (N-Ser) and 6-OHM, exhibit stronger peroxyl radical scavenging
capacity than MEL itself. In a related study, Lee and Back [2019] showed that foliar application of 2-OHM signif-
icantly improved tolerance to cold and drought stress in cucumber and tomato seedlings, whether the stresses
were applied individually or simultaneously. Moreover, 2-OHM treatment in rice seedlings under combined stress
conditions led to increased proline accumulation, which contributed to enhanced stress resilience [Lee and Back
2016]. According to Korkmaz et al. [2023], application of 2-OHM under various abiotic stresses reduced the levels
of hydrogen peroxide (H,0,) and malondialdehyde (MDA), while elevating the concentrations of proline and anti-
oxidant enzymes. Interestingly, the enzymatic activity responsible for MEL degradation-yielding metabolites such
as 2-OHM and 3-OHM has been reported to be greater than that of enzymes involved in MEL biosynthesis. As a re-
sult, MEL and its metabolites often co-occur in plant tissues [Back 2021]. This co-existence has led to the hypoth-
esis that MEL's protective functions under stress are not solely attributed to the parent molecule, but are also sig-
nificantly influenced by its downstream metabolites, particularly 2-OHM. In support of this, Byeon and Back [2015]
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successfully cloned M2H genes from rice, which encode 2-oxoglutarate-dependent dioxygenases that catalyze
the conversion of MEL to 2-OHM. High levels of 2-OHM were observed in the roots of MEL-treated plants. Choi
and Back [2019a, 2019b] further reported that both 2-OHM and 3-OHM, similar to MEL, follow a diurnal rhythm,
with elevated concentrations detected at night. In addition, 3-OHM was found to significantly enhance tiller for-
mation in rice by upregulating the expression of the MOCT gene. Lee and Back [2016] also noted that 2-OHM and
3-OHM improved plant tolerance to multiple abiotic stresses, such as drought and cold, through the upregulation
of stress-responsive genes. Lee and Back [2022] reported that exogenous application of 3-hydroxymelatonin in
Arabidopsis thaliana enhanced both vegetative growth and the initiation of flowering. Similarly, 4-OHM, another
melatonin-derived metabolite, has been identified in plants alongside 2-OHM and 3-OHM [Hardeland 2016], and
is thought to play a crucial role in modulating ROS levels under stress conditions [Pérez-Gonzalez et al. 2017]. In
this context, Shah et al. [2021] demonstrated that 4-OHM alleviated the adverse effects of nickel toxicity on the
root and shoot systems of eggplant seedlings, thereby enhancing their stress resilience.

Although research on MEL metabolites remains limited, existing evidence suggests that these compounds
may exert biological functions similar to MEL, particularly in plants exposed to environmental stresses. Their po-
tential contribution to abiotic stress tolerance has drawn increasing attention, underscoring the importance of
investigating their physiological roles and underlying mechanisms. Gaining a clearer understanding of these me-
tabolites is also essential for elucidating the broader functional dynamics of their precursor, MEL. Especially, few
studies have revealed the physiological functions of this molecule in plants 3-OHM, a MEL metabolite. Pepper is
one of the most important vegetable crops worldwide, and its production is significantly affected by environmen-
tal stresses such as drought, with seedling emergence representing one of the most sensitive developmental stag-
es. Accordingly, the present study was designed to examine the effects of 3-OHM, a key MEL-derived metabolite,
on pepper (Capsicum annuum L.) seedling emergence in drought-stressed environments.

MATERIALS AND METHODS

Seed sterilization and treatments. Seed-borne microorganisms on pepper seeds from a uniform seed lot
were eliminated through a 15 min treatment with sodium hypochlorite solution (1%). Sterilized pepper seeds
were placed between two layers of blotting paper moistened with 3-OHM solutions at concentrations of 0, 10,
50, and 100 puM. After that, the seeds were incubated at 20 °C in darkness for 24 hours, followed by a 1 min rinse
under running tap water. 24-hour incubation period was sufficient for compound absorption, and washing step
was performed only to remove residual solution from the seed surface. After treatment, seeds were air-dried on
paper towels for one day before drought stress emergence testing.

Emergence test. Following the application of 3-OHM, the experiment was conducted using a completely ran-
domized design with four replications, each consisting of 40 seeds. In total, 1280 seeds were used in the expe-
riment (4 concentrations of 3-OHM x 2 PEG levels x 4 replications x 40 seeds). The seeds were seeded in plastic
containers, filled with a growth medium composed of perlite and peat in a 1:3 ratio. After sowing, each container
received 200 mL of either distilled water (0 g L™' PEG 6000, non-stress control) or a polyethylene glycol (PEG 6000)
solution at 75 g L' (-0.41 MPa) to simulate drought stress. The containers were kept in a climate-controlled cham-
ber (Memmert IPP110) set to 25 °C. The chamber was illuminated with white LED lights providing a photoperiod
of 16 hours per day at an intensity of 225 umol m~ s™'. During the emergence period, supplementary irrigation
with respective PEG solutions was provided as needed to prevent the drying of the substrate surface. Seedling
emergence was monitored daily until stabilization of the emergence count. A seedling was considered emerged
upon the visible formation of a hypocotyl arc above the substrate. The emergence test was carried out over a 30-
day period under drought stress conditions. Emergence parameters including FEP (final emergence percentage),
Ei0-00 (emergence uniformity), and MET (mean emergence time) were determined using on the total number of
emerged seedlings. Upon completion of the experiment, seedlings were harvested and their SFW (shoot fresh
weight) was recorded. Immediately after, biochemical analyses were performed.

Determining chlorophyll, thiobarbituric acid reactive substances (TBARS), hydrogen peroxide (H,0,),
and proline contents. Chlorophyll content was quantified using the method reported by Gunes et al. [2007]. For
this, leaf samples randomly collected from each replicate were ground in 80% acetone. After filtration, chloro-
phyll concentrations were determined by measuring absorbance at 645 and 663 nm with a spectrophotometer
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(Shimadzu UV-1800, Kyoto, Japan). The concentration of TBARS in pepper seedlings was quantified based on the
approach by Posmyk et al. [2009] with minor alterations. Samples were ground in a 10% TCA (trichloroacetic acid)
solution, and the clear extract was mixed with 0.6% TBA (thiobarbituric acid). The mixture was then incubated in
a water bath for 20 min, and absorbance values were measured using a UV-Vis spectrophotometer (Shimadzu UV-
1800, Kyoto, Japan) at wavelengths of 532 nm, 600 nm, and 450 nm. H,0, levels were determined by adapting the
method from Ozden et al. [2009]. Shoots were fragmented in 0.1% (w/v) TCA, followed by mixing with 10 mM po-
tassium phosphate buffer (pH 7.0) and 1 M potassium iodide. Subsequently, the absorbance was measured at 390
nm to determine the hydrogen peroxide content. Proline levels in the tissue were determined using the approach
by Bates et al. [1973]. Fresh shoot samples were homogenized in 3% sulfosalicylic acid and filtered. An aliquot of
0.5 mL filtrate was reacted with glacial acetic acid and acid ninhydrin in test tubes, then incubated for one hour
in a water bath. Once at room temperature, the reaction mixture was extracted with toluene and absorbance was
measured at 520 nm.

Extraction and analysis of antioxidant enzymes. The activities of essential antioxidant enzymes-CAT (EC
1.11.1.6), POD (EC 1.11.1.7), and SOD (EC 1.15.1.1) were determined using the extraction methods outlined by
Ozden et al. [2009]. Protein concentration in the extracts was determined via the Bradford assay [Bradford 1976].
Enzyme activities were subsequently quantified based on established methods reported by Gong et al. [2001] for
CAT, Dolatabadian et al. [2008] for POD, and Agarwal and Pandey [2004] for SOD, and expressed as units per mil-
ligram of protein (unit mg™' protein).

Statistical analysis. The trials was conducted using a completely randomized design with four replicates per
treatment. Data processing and calculation of means were performed using Microsoft Excel (Office XP). Statisti-
cal analyses were carried out with SPSS version 20.0. To assess the significance of differences among treatment
means, two-way analysis of variance (ANOVA) was applied, followed by Duncan’s multiple range test at a 5% sig-
nificance level.

RESULTS

Effect of 3-OHM application on drought stress. The data presented in Table 1 indicate that 3-OHM treat-
ments influenced MET, FEP, E, ,, and SFW of seedlings under both optimal and drought stress conditions.
Drought stress significantly reduced seedling emergence, with FEP decreasing from 92.3% under optimal con-
ditions to 81.1% under stress. Seeds treated with 3-OHM at all concentrations showed higher emergence rates
compared to the untreated control. Under drought conditions, the highest emergence percentage (85.6%) was
observed in seeds treated with 50 uM 3-OHM. While drought stress delayed emergence, increasing MET from 9.38
to 10.30 days, 3-OHM application improved emergence speed, lowering MET from 10.15 days in untreated seeds
to 9.50 days at 50 uM treatment. Emergence uniformity (E, , ) also increased from 3.60 days under optimal condi-
tions to 5.15 days under drought stress. Additionally, drought stress significantly reduced seedling fresh weight,
from 14.54 g to 6.13 g on average. However, seeds treated with 50 uM and 100 uM 3-OHM yielded seedlings with
greater fresh weights (10.93 g and 10.68 g, respectively) compared to the untreated group (9.56 g).

Table 2 presents proline, H,O,, TBARS, and chlorophyll levels in pepper seedlings after 3-OHM seed treatments
under drought and optimal conditions. Chlorophyll content increased from 59.7 mg g~' under optimal conditions
to 70.3 mg g~' under drought stress. Seedlings derived from seeds treated with 3-OHM exhibited chlorophyll lev-
els that were consistently higher, though comparable, to those of the untreated control. TBARS content rose from
0.35 nmol g~ in optimal conditions to 0.77 nmol g~ under drought stress. However, 3-OHM treatments at 10 pM,
50 uM, and 100 pM significantly reduced TBARS levels compared to the control. The interaction analysis between
drought stress and 3-OHM treatments showed that the lowest TBARS content was detected in seedlings grown
under optimal conditions with 3-OHM application, indicating reduced lipid peroxidation. In contrast, the highest
TBARS accumulation was noted in seedlings that were exposed to drought stress without 3-OHM, suggesting
that the absence of treatment exacerbated oxidative damage under stress conditions. Similarly, H,O, content in-
creased from 0.29 nmol g~' under optimal conditions to 0.34 nmol g~ under stress, but 3-OHM treatments at all
tested concentrations significantly decreased H,0O, accumulation. Proline content was markedly elevated from
117.6 nmol g™' in optimal conditions to 473.1 nmol g~' under drought stress. Notably, all 3-OHM treatments en-
hanced proline accumulation compared to the untreated seeds (201.8 nmol g”), with the highest proline level
observed in seedlings from seeds treated with 10 uM 3-OHM (344.6 nmol g™).
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Table 3 summarizes the activities of antioxidant enzymes CAT, POD, and SOD in pepper seedlings following
treatment with 3-OHM. Under optimal conditions, CAT activity was measured at 0.93 U mg™ protein and increased
to 1.88 U mg™ protein when plants were exposed to drought stress. While 3-OHM treatment resulted in an increase
of CAT activity to approximately 1.50 U mg™' protein, this change did not reach statistical significance. POD activity
showed a modest rise from 0.009 U mg~" protein in optimal conditions to 0.01 U mg™" protein under drought. Im-
portantly, POD activity was significantly enhanced by 3-OHM application, with the 50 uM and 100 uM treatments
yielding higher enzyme activity (0.011 U mg™' protein) compared to the untreated group. Similarly, SOD activity
increased from 2.01 U mg™' protein in well-watered plants to 2.55 U mg™ protein under drought conditions. Nota-
bly, seedlings treated with 50 uM 3-OHM showed a marked increase in SOD activity, reaching 4.29 U mg™' protein,
compared to 1.12 U mg™ protein in untreated controls.

Table 1. Effect of pre-sowing seed treatments with 3-OHM on pepper seed final emergence percentage (FEP), mean emergence
time (MET), emergence uniformity (E and seedling fresh weight (SFW) under optimum and drought stress conditions. Val-
ues are means (n =4)

10-90)

FEP MET E. 000 SFW
Treatments Doses
(%) (day) (day) (g plant™)
PEG
ogL™ - 92.3 +3.35a 9.38 £0.26b 3.60 £0.35b 14.54 +0.65a
75 gL’ - 81.1 +4.06b 10.30 +0.22a 5.15+0.41a 6.13 +0.44b
3-OHM (uM)
0 - 80.9 £5.94c¢ 10.15 £0.39a 4.81 +£0.68 9.56 +4.09c
10 - 88.1 +4.38b 9.89 +£0.43ab 4.46 +£0.83 10.17 £3.99b
50 - 90.6 +5.00a 9.50 +£0.44b 3.97 £0.48 10.93 +4.24a
100 - 87.2+7.19b 9.83 +0.58ab 4.26 £1.09 10.68 +4.48a
PEG x 3-OHM
0uM 86.9 £1.08c 9.77 £0.44 4,12 £0.95 13.65 £0.12
0oL 10 uM 92.5 +£0.00b 9.46 £0.18 3.63 +0.29 14.16 £0.49
K 50 uM 95.6 +1.08a 9.06 £0.50 3.48 +0.79 15.17 £0.11
100 uM 94.4 +£1.07ab 9.26 £0.16 3.17 £0.12 15.16 £0.30
0uM 75.0 £1.77f 10.54 £0.17 5.49 +1.00 5.46 +0.24
75 gl 10 uM 83.8+2.80d 10.32 £0.35 5.30+0.84 6.19 £0.61
g 50 uM 85.6 £2.07cd 9.94 +0.38 445 +1.02 6.69 £0.36
100 uM 80.0 £1.76e 10.41 £0.24 5.35+1.35 6.20 £0.30
Significance
PEG _ *¥% *X¥ *XK¥ *XK*
3-OHM (uM) - Frx * N.S. HEX
PEG x 3-OHM - * N.S. N.S. N.S.

NS - not significant; *, **, *** significant at P < 0.05, 0.01 or 0.001, respectively
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Table 2. Effect of pre-sowing seed treatments with 3-OHM on chlorophyll, TBARS, H,0,, and proline contents of pepper seed-

lings under optimum and drought stress conditions. Values are means (n = 4)

Treatments Doses Chlorophyll TBARS H,0, Proline
(mg g™ FW) (nmol g FW) (nmol g™' FW) (nmol g' FW)
PEG
ogL"’ - 59.7 £2.95b 0.35 +0.09b 0.29 +0.08b 117.6 £22.1b
75gL? - 70.3 £0.39a 0.77 £0.13a 0.34 +0.07a 473.1 £100a
3-OHM (uM)

0 - 66.8 +3.61a 0.75 +£0.24a 0.42 +£0.01a 201.8 £110c
10 - 63.4 £7.34c¢ 0.48 +£0.18b 0.26 +£0.03c 344.6 £243a
50 - 65.7 £3.93b 0.49 £0.19b 0.24 +£0.03c 322.0+175b
100 - 64.0 £6.46¢ 0.51 £0.23b 0.36 £0.01b 313.0+181b

PEG x 3-OHM
0O M 63.2 £0.68b 0.51 +0.02d 0.40 £0.02 91.2 £3.0e
e 10 uM 56.0 +0.73d 0.30 £0.03e 0.23 +0.02 101.6 £2.0e
9 50 uM 61.8 £0.86b 0.30 £0.03e 0.21 +£0.01 146.3 +£1.9d
100 uM 57.6 £0.68c¢ 0.28 £0.02e 0.35+0.02 131.5+1.2d
0O M 70.4 £1.02a 0.99 +0.07a 0.44 +0.04 312.3+22.2¢
75 gL 10 uM 70.7 £0.96a 0.66 +£0.04c 0.30+0.03 587.7 £14.9a
9 50 uM 69.7 £0.79a 0.68 +0.02c 0.27 £0.04 497.8 +£8.7b
100 uM 70.5 £0.92a 0.74 +£0.02b 0.37 £0.02 494.5 +9.8b
Significance
PEG _ *X¥ *¥% *X¥ *¥%
PEG x 3-OHM - xHX wx N.S. *xk

NS - not significant; *, **, *** significant at P < 0.05, 0.01 or 0.001, respectively

Table 3. Effect of pre-sowing seed treatments with 3-OHM on catalase (CAT), peroxidase (POD), and superoxide dismutase
(SOD) enzyme activities of pepper seedlings under optimum and drought stress conditions. Values are means (n = 4)

Treatments CAT POD 50D
(U mg™ protein) (U mg™ protein) (U mg™ protein)
PEG
ogL™’ - 0.93 £0.10b 0.009 +0.0b 2.01£1.42b
75gL? - 1.88 £0.07a 0.010 £0.0a 2.55+1.14a
3-OHM (uM)

0 - 1.33+0.47 0.009 +0.0b 1.12 £0.39¢

10 - 1.50 £0.39 0.009 +0.0b 2.51+0.33b

50 - 1.44 +£0.56 0.011 +0.0a 4.29 £0.02a

100 - 1.35+0.48 0.011 +0.0a 1.20 +£0.36¢
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Treatments CAT POD 50D
(U mg™ protein) (U mg™" protein) (U mg™ protein)
PEG x 3-OHM
0 pM 0.86 £0.03 0.009 +0.0 0.74 +£0.10
e 10 uM 1.11 £0.15 0.009 +0.0 2.18 £0.24
9 50 uM 0.88 £0.06 0.010+0.0 4.27 £0.62
100 puM 0.87 £0.03 0.010+0.0 0.84 +0.08
0 pM 1.81 £0.18 0.009 +0.0 1.51 £0.11
75 gL 10 uM 1.88 £0.07 0.009 +0.0 2.84 +0.50
9 50 uM 1.99 £0.06 0.012+0.0 4.31+4.30
100 puM 1.83 £0.63 0.011 0.0 1.55+0.17
Significance
3-OHM (uM) - N.S. e Fxx
PEG x 3-OHM - N.S. N.S. N.S.

NS - not significant; *, **, *** significant at P < 0.05, 0.01 or 0.001, respectively. SD values for POD enzyme activity were rounded to one decimal
place and presented as 0.0

DISCUSSION

MEL, known as both a circadian rhythm regulator and a potent antioxidant, has prompted extensive research
into its metabolites. In terrestrial plants, the primary MEL metabolites are 2-OHM, 3-OHM, and 4-OHM [Byeon et al.
2015]. MEL and its metabolites possess MEL-like functions and play an active role in improving stress tolerance by
acting as antioxidants [Lee and Back 2019]. Studies have demonstrated that 2-OHM application reduces cadmium
uptake and polyamine oxidase activity in pepper seedlings. Furthermore, 2-OHM has been reported to alleviate
cadmium toxicity in cucumber seedlings, enabling cultivation in cadmium-contaminated soils [Shah et al. 2020a,
b]. In the work of Lee and Back [2016] high proline accumulation was observed in rice seedlings treated with 100
pUM 2-OHM under combined cold and drought stress, which contributed to increased capacity to withstand stress.
Additionally, treatment with 50 uM 2-OHM positively influenced germination and seedling emergence in pepper
seeds exposed to different types of stress, effects attributed to the stimulation of the antioxidant system [Korkmaz
et al. 2023]. The metabolite 3-OHM has been documented to counteract oxidative stress under adverse environ-
mental conditions by increasing antioxidant activity to mitigate stress-induced damage [Reiter et al. 2016, Choi
and Back 2019a, 2019b]. In rice plants, increased expression of M3H genes, which facilitate the conversion of MEL
into 3-OHM, was detected in MEL-treated leaves, accompanied by significant accumulation of 3-OHM. These find-
ings were supported by cloning studies of 2-oxoglutarate-dependent dioxygenase (2-ODD). Collectively, these
results indicate that MEL is metabolized to 3-OHM via M3H genes in plants; however, the precise physiological role
of 3-OHM remains to be fully elucidated [Lee et al. 2016].

The findings of this research clearly demonstrate that 3-OHM has a mitigating effect on the adverse influence
of drought stress during the emergence stage of pepper seedlings. Pre-sowing application of 3-OHM notably
enhanced both emergence rate and final emergence percentage under water-deficit conditions (Table 1). Follow-
ing 3-OHM application, stressed seedlings exhibited marked reductions in H,O, and TBARS levels, while proline
content, total chlorophyll concentration (Table 2), and activities of antioxidant enzymes (Table 3) were signifi-
cantly enhanced. Comparable findings have been reported in rice seedlings [Lee and Back 2016] and Arabidopsis
subjected to chilling stress, where 3-OHM treatment promoted proline biosynthesis and upregulated genes such
as Myb4 and AP37, which are crucial for abiotic stress tolerance. Additionally, Lee and Back [2022] demonstrated
that 3-OHM stimulated growth and development in Arabidopsis and exhibited antioxidant activity approximately
15 times greater than MEL itself. In rice, 3-OHM levels displayed a circadian rhythm similar to MEL and notably
increased tiller numbers via upregulation of the MOCT gene [Choi and Back 2019al. Furthermore, under cadmium
exposure, 3-OHM content decreased while 2-OHM remained stable in rice plants, implicating 3-OHM in the oxida-
tive stress response [Choi and Back, 2019b]. These observations align with previous reports on the crucial role of
3-OHM in MEL-related physiological effects [Galano et al. 2014] and support its potential as an antioxidant com-
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parable in efficacy to MEL [Tan et al. 2014]. Furthermore, it is suggested that 3-OHM also has MEL-like functions
and plays an active role in seedling emergence under stress factors. Nonetheless, further research is warranted
to elucidate the precise mechanisms by which 3-OHM exerts its physiological functions in plants and to confirm
these preliminary findings.

CONCLUSIONS

Seed treatment with 50 uM 3-OHM significantly enhanced pepper seedling emergence under drought stress.
This metabolite reduced oxidative damage by lowering H,O, and TBARS levels while increasing proline content
and antioxidant enzyme activities, thereby stabilizing cell membranes. These findings suggest that 3-OHM func-
tions as an effective antioxidant, improving drought tolerance similarly to MEL. However, further comparative
studies with MEL at this concentration are necessary to elucidate the precise physiological mechanisms. Contin-
ued research on MEL metabolites will advance understanding of their role in stress mitigation and clarify MEL's
overall function in plants.
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