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ABSTRACT: Forage peanut is an important crop for animal feed; however, seed dormancy
hinders field establishment. This study aimed to identify effective methods to overcome seed
dormancy and improve germination. The experiment was conducted in a factorial design
with three dormancy-breaking methods (ultrasound, gibberellic acid, and ethephon), three
ultrasound exposure times (10, 15, and 20 minutes), and three drying periods (3, 6, and 9
days), in addition to a control. Germination, seedling growth, biomass, and enzymatic activity
were evaluated. The experimental design was completely randomized. Data were analyzed
using ANOVA, followed by the Scott-Knott test (5%) and Dunnett’s test, and enzymatic profiles
were interpreted using zymograms and the ImagelJ software. The most effective treatment was
ultrasound for 15 minutes, followed by drying the seeds at 50 °C for 9 days, which increased
germination to approximately 60%. Higher concentrations of ethephon caused phytotoxicity,
while gibberellic acid showed low effectiveness. Enzymatic profiles varied among treatments;
the highest alpha-amylase and esterase activities in the ultrasound treatments indicated
greater mobilization of seed reserves.

Index terms: enzymes, ethylene, forage peanut, gibberellic acid.

RESUMO: O amendoim forrageiro é uma cultura importante para a alimentagdo animal, porém
a dorméncia das sementes dificulta seu estabelecimento em campo. Este estudo teve como
objetivo identificar métodos eficazes para superar a dorméncia das sementes e melhorar a
germinag¢do. O experimento foi conduzido em esquema fatorial com 3 métodos de quebra de
dorméncia (ultrassom, acido giberélico e ethefom), 3 tempos de exposi¢do ao ultrassom (10, 15
e 20 minutos) e 3 tempos de secagem (3, 6 e 9 dias), além de uma testemunha. Foram avaliados
germinagdo, crescimento de plantulas, biomassa e atividade enzimatica. O delineamento
experimental utilizado foi inteiramente casualizado. Os dados foram analisados por ANOVA,
seguido dos testes de Scott-Knott (5%) e Dunnett, e os perfis enzimaticos foram interpretados
por zymogramas e por meio do software Imagel. O tratamento mais eficaz foi ultrassom por
15 minutos, seguido de secagem das sementes a 50 °C por 9 dias, elevando a germinagao para
aproximadamente 60%. Concentragdes mais altas de ethefon causaram fitotoxicidade, enquanto
o acido giberélico apresentou baixa eficdcia. Os perfis enzimaticos variaram entre os tratamentos;
a maior atividade de alfa-amilase e esterase nos tratamentos com ultrassom indicou maior
mobilizagdo das reservas das sementes.

Termos para indexagdo: enzimas, etileno, amendoim forrageiro, acido giberélico.
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INTRODUCTION

Arachis pintoi Krapov. & W.C. Greg. is a stoloniferous perennial legume native to South America, widely cultivated in
tropical and subtropical regions due to its high forage quality, persistence under grazing, and adaptability to a range of
soil and climate conditions (Assis et al., 2012; Magnani and Cardoso, 2023). In addition to its use in pastures, A. pintoi
contributes to soil protection through erosion control, nutrient cycling, and biodiversity enhancement, making it an
important species in agroecological systems.

Despite its agronomic benefits, the successful establishment of A. pintoi from seed remains a major challenge due
to intense seed dormancy. This dormancy arises from both physical and physiological mechanisms, particularly the
impermeability of the seed coat, which prevents water absorption and delays germination (Gao et al., 2020; Silva et al.,
2021). In legumes, physical dormancy is commonly attributed to specialized structures in the palisade cell layer of the
seed coat, requiring mechanical or chemical disruption to allow imbibition and germination (Taiz et al., 2024).

To overcome these barriers, several pre-germinative treatments have been tested, including mechanical
scarification, thermal exposure, and the application of phytohormones such as gibberellic acid (GAs) and ethylene-
releasing compounds (Corbineau et al., 2014; Khan et al., 2017). However, the effectiveness of these methods varies
across species and even within seed lots, depending on the dormancy intensity and seed physiological status.

Among emerging techniques, ultrasonic treatment has gained attention as a non-chemical and efficient alternative
for dormancy alleviation. Ultrasound waves can induce microstructural changes on the seed surface through
acoustic cavitation, enhancing permeability and possibly triggering early activation of metabolic pathways related to
germination (Gong et al., 2024; Huang et al., 2024). In A. pintoi, Souza et al. (2017) demonstrated that ultrasound,
when combined with ethephon, significantly increased germination, although the physiological mechanisms involved
were not fully elucidated.

Building on these findings, the present study aims to deepen the understanding of how physical and hormonal
treatments influence seed metabolism during dormancy breaking. Specifically, we investigate the effects of ultrasound,
GA;, and ethephon, under different drying conditions, on the germinative performance and enzymatic profiles of A.
pintoi seeds. By combining germination assays with biochemical analyses of hydrolytic and antioxidant enzymes, this
work seeks to clarify the physiological responses underlying dormancy release in this species.

MATERIAL AND METHODS

The seeds were collected at the experimental farm of the Department of Animal Science (DZO) at the Universidade
Federal University de Lavras (UFLA), in Lavras, Minas Gerais, Brazil.

Botanically, the forage peanut produces fruits that develop underground and are classified as indehiscent capsules.
These capsules typically contain a single seed with a pericarp, which may vary in both quantity and size. Therefore, in
the present study, the harvested material will be referred to as seed.

After harvest, the seeds were washed with water and air-dried for two days to remove surface moisture. They were
then transported to the Central Laboratory for Seed Research (LCPS) of the Department of Agriculture (DAG), UFLA, for
laboratory analysis.

In the laboratory, the seeds were disinfected in a 1% sodium hypochlorite solution for 2.5 minutes and then air-
dried again for one day until they reached a moisture content of 6% on a wet basis (Araudjo et al., 2004). For the
preparation of the treatments, the seeds were divided into three samples. Each sample, consisting of approximately
400 seeds, was subjected to a specific drying period in a forced-air oven. The first drying period was 3 days, the second
6 days, and the third 9 days. The oven was maintained at a constant temperature of 50 °C (Assis et al., 2013).

Next, to obtain the treatments, the seeds were subjected to ultrasonic bath (US) (for 10, 15, and 20 minutes),
ethephon (ETH) using the commercial product Ethrel® (Bayer®, Belford Roxo, Brazil) at concentrations of 0.3, 0.6, and
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0.9 mL.L?, and powdered gibberellic acid (GAs) at concentrations of 0.5, 1.0, and 1.5 mg.L?, totaling 28 treatments
including the control (no treatment).

For the ultrasonic bath, the seeds were immersed in distilled water in a 4.5 L container of the ultrasound equipment
manufactured by Ningbo SCIENTZ Biotechnology Co., Ltd., operating at a constant frequency of 40 kHz. The seeds were
exposed to electromagnetic waves for 10, 15, and 20 minutes at room temperature (Venancio and Martins, 2019).

The seeds were also exposed to ethephon at three concentrations: 0.3 mL.L?, 0.6 mL.L?, and 0.9 mL.L*for 16 hours
at room temperature (Assis et al., 2018). In addition, the seeds were immersed in powdered gibberellic acid solutions
at three concentrations: 0.5 mL.L*, 1.0 mL.L?, and 1.5 mL.L for 24 hours at room temperature (25 °C) (Carvalho et al.,
2005). After exposure to the different treatments, the seeds were subjected to the following tests:

To determine the moisture content, the oven-drying method at 105 °C for 24 hours was used (Brasil, 2025).
Approximately 10 seeds were placed in each container, with four replications for each treatment. The results were
expressed as a percentage.

The germination test was conducted with four replications of 25 seeds per treatment. The seeds were sown
on germination paper moistened with distilled water in an amount equivalent to 2.5 times the weight of the dry
substrate (Brasil, 2025). The seeds were kept in a Biological Oxygen Demand (BOD) chamber under an 8-hour light and
16-hour dark photoperiod at alternating temperatures of 20-30 °C, following the methodology established for the
botanical species Arachis hypogaea (Brasil, 2025). At the end of the test, after 21 days (Rossetto and Alves, 2008) the
number of normal seedlings, abnormal seedlings, dead seeds, dormant seeds, and protruded seeds was recorded
(Assis et al., 2013).

Seeds considered dead at the end of the test showed softened and deteriorated tissues. Dormant seeds, although
capable of absorbing water, did not protrude. Dormancy was confirmed through the tetrazolium test, following the
methodology described by Assis et al. (2012).

To evaluate seedling length, the seedlings classified as normal at the end of the 21-day germination test were
measured manually using a graduated ruler. The variables measured were shoot length and radicle length. The results
were expressed in cm per plant.

After the measurements, the seedlings were separated into shoot and radicle using a scalpel and weighed on a
high-precision scale to determine fresh mass. Subsequently, the seedlings were placed in a forced-air oven at 50 °C until
they reached a constant weight, after which they were weighed again to assess the dry mass of the respective parts.

For the analysis of enzyme expression in seeds, treatments that showed the best results in the physiological tests
were selected from among the 28 treatments, as described in Table 1.

For enzyme extraction, the seeds were removed from the pericarp, ground in a porcelain mortar with
polyvinylpyrrolidone (PVP, an antioxidant) and liquid nitrogen, and stored in a deep freezer at -86 °C until extraction
was performed. For each enzyme analyzed, 100 mg of the ground material was used, to which 250 uL of extraction
buffer (0.2 M Tris-HCI, pH 8.0) and 0.1% B-mercaptoethanol were added. The microtubes were then vortexed and kept
overnight at 4 °C.

The samples were then centrifuged at 16,000 rpm for 30 minutes at 4 °C. Subsequently, 80 pL of the supernatant
from each sample was applied to a polyacrylamide gel consisting of 7.5% separating gel and 4.5% stacking gel. The
gel/electrode buffer system used was Tris-glycine at pH 8.9, and electrophoresis was carried out for 5 hours at a
constant voltage of 120 V. At the end of the run, the gels were stained for the following enzyme systems: esterase (EST)
(EC 3.1.1.1), a-amylase (EC 3.2.1.2), catalase (CAT) (EC 1.11.1.6), superoxide dismutase (SOD) (EC 1.15.1.1), malate
dehydrogenase (MDH) (EC 1.1.1.37), alcohol dehydrogenase (ADH) (EC 1.1.1.1), and pyruvate decarboxylase (PDC) (EC
4.1.1.1) (Alfenas, 2006).

The analysis of enzyme activity was qualitative, taking into account the presence or absence and the intensity
of each band on the zymogram. For the quantitative analysis, the Image) image analysis software was used with
measurements expressed in pixel?:(Schneider et al., 2012).
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Table 1. Selected treatments for the evaluation of enzyme expression in seeds subjected to drying in a 50 °C oven
and to different exposure methods for dormancy breaking.

TREATMENTS SPECIFICATION
Control

2 Ultrasound, 10 minutes, 3 days
3 Ultrasound, 15 minutes, 3 days
4 Ultrasound, 20 minutes, 3 days
5 Ultrasound, 10 minutes, 6 days
6 Ultrasound, 15 minutes, 6 days
7 Ultrasound, 20 minutes, 6 days
8 Ultrasound, 10 minutes, 9 days
9 Ultrasound, 15 minutes, 9 days
10 Ultrasound, 20 minutes, 9 days
11 Ethephon, 0.6 mL.L?, 3 days
12 Ethephon, 0.6 mL.L?, 6 days
13 Ethephon, 0.6 mL.L?, 9 days
14 Gibberellic acid, 1.0 mg.L?, 3 days
15 Gibberellic acid, 1.0 mg.L?, 6 days
16 Gibberellic acid, 1.0 mg.L?, 9 days

The experiment was conducted in a completely randomized design (CRD) in a 3x3x3 factorial scheme plus one
control, with four replications of 25 seeds per treatment (n = 100), involving three drying periods in a forced-air
oven at 50 °C (3, 6, and 9 days), three exposure methods (ultrasonic bath, ethephon, and GA;), and three different
concentrations/exposure times for each method: ultrasound (10, 15, and 20 minutes), gibberellic acid (0.5 mg.L?, 1.0
mg.L?, and 1.5 mg.L? for 24 hours), and ethephon (0.3 mL.L%, 0.6 mL.L?%, and 0.9 mL.L? for 16 hours), plus the control,
totaling 28 treatments. The data were subjected to analysis of variance (ANOVA), and means were grouped using the
Scott-Knott test at a 5% significance level, with the aid of SpeedStat 3.4 software (Carvalho et al., 2020). To compare the
dormancy-breaking treatments with the control, Dunnett’s test was applied (Dunnett, 1955).

RESULTS AND DISCUSSION

The initial seed moisture content averaged 6%, with a maximum variation of 0.5%, suitable for physiological tests
since uniform moisture ensures reliable results (Krzyzanowski et al., 2020).

At 21 days (Figure 1), treatments combining ultrasound with forced-air oven drying at 50 °C for 6 and 9 days showed
significant increases in normal seedlings compared to the control. Similar effects occurred with ethephon at 0.6 mL.L°
tafter 3 days and 0.9 mL.L! after 6 days. For ultrasound, exposure time caused no statistically significant differences
(p < 0.05) among drying periods, but nine days in the oven combined with 15-20 min of ultrasound yielded higher
germination, with a 40% increase in normal seedlings relative to the control.

Average germination in treatments combining ultrasound with 6-9 days of oven drying ranged from 40-60%. Most
of the seeds produced normal seedlings (Figure 1), and the phytotoxic effect resulting from the methods used was not
reflected in the formation of abnormal seedlings (Figure 2); therefore, no significant difference was observed when
compared with the control treatment.
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Figure 1.

Figure 2.

Percentage of normal seedlings obtained after dormancy-breaking treatments in forage peanut seeds. The
periods of 3, 6, and 9 days correspond to the duration the seeds were kept in a forced-air oven at 50 °C,
after which they were subjected to different ultrasound exposure times and concentrations of ethephon and
gibberellic acid. Means followed by the same uppercase letter, when comparing each treatment across drying
periods in the forced-air oven, and means followed by the same lowercase letter within each drying period,
were grouped by the Scott-Knott procedure (5% probability). * Indicates a significant difference compared to
the control, according to Dunnetts test at a 5% probability level.

Percentage of abnormal seedlings obtained after dormancy-breaking treatments in forage peanut seeds. The
periods of 3, 6, and 9 days correspond to the duration the seeds were kept in a forced-air oven at 50 °C, after
which they were subjected to different ultrasound exposure times and concentrations of ethephon and
gibberellic acid. Means followed by the same uppercase letter, when comparing each treatment across drying
periods in the forced-air oven, and means followed by the same lowercase letter within each drying period,
were grouped by the Scott-Knott procedure (5% probability). * indicates a significant difference compared to
the control, according to Dunnett’s test at a 5% probability level.

For enzymatic analysis, all ultrasound treatments were selected due to their consistently high effectiveness
(Table 1). For Ethephon and gibberellic acid, only the treatments showing the best and worst performance were
chosen, in order to capture the range of biochemical responses and facilitate comparative analysis (Table 1).

This effect may result from enhanced cell wall permeability and hydrolytic enzyme activation, such as a-amylase,
induced by ultrasonic cavitation (Alfalahi et al., 2022). The zymogram (Figure 3A) confirms greater a-amylase activity
in seeds dried for 9 days and exposed to ultrasound for 15-20 min, with the longest exposure showing the highest
enzyme expression. These treatments also produced the greatest percentages of normal seedlings (Figure 1), similar to
those observed after 10 min of exposure.

J. Seed Sci., v.48, €202648008, 2026
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Figure 3. Patterns of a-amylase (A) and esterase (B) enzymes. The numbers correspond to the following treatments: 1
- Control, 2 - US/10 min, 3 days, 3 - US/15 min, 3 days, 4 - US/20 min, 3 days, 5 - US/10 min, 6 days, 6 - US/15
min, 6 days, 7 - US/20 min, 6 days, 8 - US/10 min, 9 days, 9 - US/15 min, 9 days, 10 - US/20 min, 9 days, 11 -
ETH/0.6 mL.L%, 3 days, 12 - ETH/0.6 mL.L?%, 6 days, 13 - ETH/0.6 mL.L?, 9 days, 14 - GAs, 1.0 mg.L?, 3 days, 15
- GAs, 1.0 mg L, 6 days, 16 - GA3, 1.0 mg L?, 9 days.

Dormancy reduction and increased shoot and root growth occurred in seeds subjected to longer oven and ultrasound
exposure times (Figures 4-6). Lower a-amylase expression appeared in treatments with 10 min of ultrasound following
3-9 days of drying (T2-T5, T8), ethephon at 0.6 mL.L? after 9 days (T13), and the control (T1). In seeds dried for 9 days
and treated with ethephon 0.6 mL.L (T13), one isoform disappeared that had been present after 3 and 6 days (T11, T12).
Although forage peanut seeds have low starch content, a-amylase still shows notable activity, as reserves are mobilized
in the order carbohydrates, lipids and proteins, consistent with their approximately 40% lipid content (Zhao et al., 2018).

Ultrasonic waves improve water and oxygen absorption, altering seed structure and enhancing germination (Nazari
et al., 2014). The results of this study on a-amylase activity indicate that treatments enhancing enzymatic activity also
promoted greater seedling vigor. Similarly, in maize, ultrasonic treatment at 20—40 kHz for 40 s increased germination.
High-vigor seeds germinate more efficiently, with faster starch hydrolysis and reserve mobilization under saline stress,
linked to elevated a-amylase and phytase activities (Sommer et al., 2024). Reduced a-amylase expression correlates
with low seed quality (Oliveira et al., 2013; Timéteo and Marcos-Filho, 2013), whereas higher activity indicates greater
vigor and germination (Lopes et al., 2017).
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Ethephon (0.6 mL.L after 3 days; 0.9 mL.Lafter 6 days) increased germination by 20—40%, while the control remained
below 10% (Figure 1). Magnani and Cardoso (2023) found a rise from 76 to 98% germination of dormant Melocactus
zehntneri seeds using 24-h ethephon soaking, confirming its efficiency in dormancy breaking. However, in the present
work, after 9 days in the oven, ethephon reduced normal seedlings, vigor, and esterase activity (Figure 3). This reduction
may be associated with excessive ethylene release, which can accelerate senescence processes and disrupt
membrane stability, leading to impaired lipid mobilization. As a result, enzymatic activity and seedling development
are negatively affected.

Although GAsz can promote dormancy release by altering the hormonal balance between gibberellins and
abscisic acid, the impermeable seed coat likely limited its absorption. Consequently, even though GA; treatments
exhibited high a-amylase activity (Figure 3), this enzymatic response was not sufficient to enhance germination. The
restricted uptake of GA; probably prevented the hormone from reaching the embryo tissues where it stimulates
reserve mobilization, resulting in incomplete activation of metabolic pathways required for seedling development,
as also observed by Assis et al. (2018).

Dormancy levels in the control treatment exceeded 90%, higher than the 60-80% reported by Assis et al. (2013).
Treatments with GAs; showed no improvement, in agreement with Costa et al. (2011), who reported that storage was
more effective than GA; or scarification for promoting germination of Urochloa humidicola (sin. Brachiaria humidicola)
seeds. Among the treatments, ethephon was the only one to reduce dormancy in seeds dried for 3 days, whereas
ultrasound applied to seeds dried for 9 days achieved the highest dormancy-breaking efficiency (Figure 4).

At 6 and 9 days of oven drying, ultrasound treatment for 15 minutes and ethephon both improved dormancy release
without increasing seed mortality (Table 1 and Figure 5). However, seedling length data presented in Figure 6 showed
reduced shoot and root growth under ethephon treatment. This effect may not indicate phytotoxicity but rather a
physiological response to elevated ethylene levels. Excess ethylene can trigger the triple response, characterized by
inhibited elongation of shoots and roots, radial swelling, and altered growth orientation, which collectively reduce
apparent vigor (Khan et al., 2017).

Figure 4. Percentage of dormant seeds obtained after dormancy-breaking treatments in forage peanut seeds. The
periods of 3, 6, and 9 days correspond to the duration the seeds were kept in a forced-air oven at 50 °C,
after which they were subjected to different ultrasound exposure times and concentrations of ethephon and
gibberellic acid. Means followed by the same uppercase letter, when comparing each treatment across drying
periods in the forced-air oven, and means followed by the same lowercase letter within each drying period,
were grouped by the Scott-Knott procedure (5% probability). * indicates a significant difference compared to
the control, according to Dunnett’s test at a 5% probability level.
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Figure 5. Percentage of dead seeds obtained after dormancy-breaking treatments in forage peanut seeds. The periods
of 3, 6, and 9 days correspond to the duration the seeds were kept in a forced-air oven at 50 °C, after which
they were subjected to different ultrasound exposure times and concentrations of ethephon and gibberellic
acid. Means followed by the same uppercase letter, when comparing each treatment across drying periods
in the forced-air oven, and means followed by the same lowercase letter within each drying period, were
grouped by the Scott-Knott procedure (5% probability).* indicates a significant difference compared to the
control, according to Dunnett’s test at a 5% probability level.

Figure 6. Length in centimeters of shoot (A) and root (B) of normal seedlings after dormancy-breaking treatments in
forage peanut seeds. The periods of 3, 6, and 9 days correspond to the duration the seeds were kept in a forced-
air oven at 50 °C, after which they were subjected to different ultrasound exposure times and concentrations of
ethephon and gibberellic acid. Means followed by the same uppercase letter, when comparing each treatment
across drying periods in the forced-air oven, and means followed by the same lowercase letter within each
drying period, were grouped by the Scott-Knott procedure (5% probability).* indicates a significant difference
compared to the control, according to Dunnett’s test at a 5% probability level.
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Consistent with these physiological responses, the superoxide dismutase (SOD) isoenzyme profile (Figure 7A) showed
distinct responses among dormancy-breaking treatments, indicating that oxidative metabolism was differentially
regulated during early germination. Seeds subjected to ultrasound treatments after 6 and 9 days of oven drying
exhibited more intense activity compared with the control, suggesting an increase in reactive oxygen species production
associated with enhanced respiratory activity. In this context, SOD plays a central regulatory role by maintaining redox
homeostasis and preventing oxidative damage while still allowing the metabolic activation required for germination
(Bailly, 2019). These results suggest that ultrasound promoted a controlled oxidative environment that supported
metabolic reactivation without triggering deleterious stress responses.

In contrast, seeds treated with ethephon maintained SOD activity, but a marked increase in catalase expression was
observed (Figure 7B), indicating a stronger activation of antioxidant defenses, likely driven by ethylene-induced ROS
signaling. Although ROS act as signaling molecules in dormancy release, an excessive antioxidant response may reflect
the onset of stress conditions (Puglia, 2024). This interpretation is supported by the reduced seedling growth observed
under these treatments. Together, these findings suggest that, under ethephon treatment, the redox balance may have
shifted from regulated signaling toward a stress-associated response that ultimately constrained seedling development.

Figure 7. Patterns of superoxide dismutase (A) and catalase (B) enzymes in forage peanut seeds subjected to different
treatments: 1 - Control, 2 - US/10 min, 3 days, 3 - US/15 min, 3 days, 4 - US/20 min, 3 days, 5 - US/10 min, 6
days, 6 - US/15 min, 6 days, 7 - US/20 min, 6 days, 8 - US/10 min, 9 days, 9 - US/15 min, 9 days, 10 - US/20
min, 9 days, 11 - ETH/0.6 mL.L?, 3 days, 12 - ETH/0.6 mL.L?, 6 days, 13 - ETH/0.6 mL.L%, 9 days, 14 - GA;, 1.0
mg.L?, 3 days, 15 - GAs, 1.0 mg.L?, 6 days, 16 - GAs, 1.0 mg.L?, 9 days.
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The association between antioxidant balance and seedling performance has also been reported in other species.
Acila et al. (2024) observed that germinated seeds of Cucurbita pepo exposed to heavy metal stress showed reduced
SOD activity in embryonic axis tissues, which negatively affected seedling growth and vigor. Despite the activation of
antioxidant mechanisms, stress conditions limited seedling establishment. This evidence strengthens the interpretation
that disturbances in antioxidant regulation are closely linked to subsequent seedling performance.

Treatments with gibberellic acid showed limited modulation of SOD activity, reinforcing the hypothesis that
restricted hormone uptake due to seed pericarp impermeability impaired coordinated metabolic activation. The
absence of expressive changes in antioxidant enzyme activity indicates that gibberellic acid did not effectively stimulate
the oxidative metabolism required for dormancy release. The efficiency of dormancy-breaking treatments appears to
be closely associated with the magnitude and regulation of oxidative metabolism activation during early germination.

Catalase activity (Figure 7B) increased with ethephon at 0.6 mL.L%, reflecting enhanced reactive oxygen species
(ROS) metabolism associated with ethylene signaling. This enzymatic response may result from ethylene-induced cell
wall loosening and early senescence processes rather than direct oxidative stress (Souza et al., 2024). Similar ROS
modulation was reported in sunflower seeds treated with ethephon (EI-Maarouf-Bouteau et al., 2015).

Seeds treated with ultrasound after 6—9 days showed higher shoot and root mass than the control, particularly after
9 days of ultrasound for 15 minutes (Table 1 and Figure 6). In related studies, water absorption promoted by ultrasound
has been shown to enhance enzymatic activity and seedling growth (Nazari et al., 2014). Both plasma-activated water
(PAW), which is treated with cold plasma to increase reactive oxygen and nitrogen species, and ultrasound at 28 kHz
for 5 minutes have been reported to enhance root development in soybean and improve germination and vigor in rice,
respectively (Xia et al., 2020; Guragain et al., 2021).

Isoenzyme analyses revealed greater catalase activity in ethephon treatments, indicating more stress than with
ultrasound or GAs (Figure 7B). Esterase activity varied by treatment, being lowest under ethephon and GA; but highest
in T3 (3 days + 15 min ultrasound) (Table 1). Reduced esterase likely impaired lipid mobilization and energy supply
(Figure 3). Similar responses under saline stress were seen in cotton, ultrasound promoted higher enzymatic activity
and vigor (Sun et al., 2023) and canola (Ding et al., 2023).

Zymograms (Figure 8) showed differential expressions of alcohol dehydrogenase (ADH), malate dehydrogenase
(MDH), and pyruvate decarboxylase (PDC). ADH, which plays a key role in anaerobic ATP production, exhibited the
lowest activity in the control (T1) and in seeds treated with GA; after 9 days of drying (T16), both treatments also
showed reduced vigor. This enzyme is known to be induced under stress conditions or limited oxygen availability (Lim et
al., 2023). MDH activity remained relatively stable among treatments, except for reduced expression in T16, consistent
with the low germination observed in this treatment. PDC expression was also lowest in T16 (index 0.51 vs. 1.0 in
control), indicating diminished anaerobic energy metabolism. During early germination, when oxygen availability is
limited, PDC, ADH, and MDH contribute to maintaining ATP production and cellular redox balance. Specifically, PDC
converts pyruvate into acetaldehyde, which is subsequently reduced to ethanol by ADH, regenerating NAD* and
allowing glycolysis to continue. Meanwhile, MDH participates in the malate—oxaloacetate shuttle, supporting energy
homeostasis and metabolic recovery as aerobic respiration is gradually reestablished (Qu et al., 2020).

This study provides clear evidence that physical treatments, particularly ultrasound combined with 9 days of oven
drying, effectively break dormancy and enhance both metabolic activity and seedling vigor in forage peanut. These
findings underscore the potential of non-chemical strategies to improve seed quality, offering practical applications in
seed technology and sustainable crop production.

Hormonal treatments, however, were constrained by seed coat permeability, and excessive ethylene from
ethephon reduced seedling growth, emphasizing the critical role of treatment timing and dosage. Collectively, the
results advance our understanding of the physiological and biochemical mechanisms underlying dormancy release and
highlight promising approaches for optimizing seed performance. Future studies should evaluate these treatments
under field conditions and explore their long-term effects on seedling establishment and crop yield.
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Figure 8. Patterns of alcohol dehydrogenase (A), malate dehydrogenase (B), and pyruvate decarboxylase (C) enzymes.
The numbers correspond to the following treatments: 1 - Control, 2 - US/10 min, 3 days, 3 - US/15 min, 3
days, 4 - US/20 min, 3 days, 5 - US/10 min, 6 days, 6 - US/15 min, 6 days, 7 - US/20 min, 6 days, 8 - US/10 min,
9 days, 9 - US/15 min, 9 days, 10 - US/20 min, 9 days, 11 - ETH/0.6 mL.L?, 3 days, 12 - ETH/0.6 mL.L?, 6 days,
13- ETH/0.6 mL.L%, 9 days, 14 - GAs, 1.0 mg.L?, 3 days, 15 - GA3, 1.0 mg.L?, 6 days, 16 - GAs, 1.0 mg.L?, 9 days.
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CONCLUSIONS

Ultrasound applied after oven drying for 9 days (15 min exposure) was the most effective treatment for breaking
dormancy and enhancing germination and seedling vigor in forage peanut seeds. Ethephon improved germination
in a dose- and time-dependent manner, while GAz had limited effect. Ultrasound stimulated a-amylase and esterase
activities, supporting reserve mobilization, whereas ethephon increased catalase activity without enhancing growth.
Overall, physical treatments, particularly ultrasound after prolonged drying, more effectively modulate seed metabolism
and dormancy release than hormonal treatments.
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