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ARTICLE
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ABSTRACT: Seed priming is a strategy to improve germination, seed lot uniformity, and vigor, and
is essential for species such as Guazuma ulmifolia used in forest restoration. The use of priming
agents can promote germination and activate the antioxidant response. This study evaluated the
effects of priming on germination, emergence, and oxidative metabolism of G. ulmifolia seeds,
as well as the impact of storage on viability. The experiment was conducted in a completely
randomized design with six treatments: control, hydropriming, gibberellic acid (GAs), sodium
nitroprusside (SNP), potassium nitrate (KNOs), and aqueous smoke extract (ASE). The activity
of antioxidant enzymes (SOD and CAT), MDA and H,0; levels, and viability during 12 months
of storage were analyzed. Treatments with GAs, SNP, KNOs, and ASE increased germination
and emergence, with GA; being the most effective in reducing the time required for seedling
establishment. Increased SOD activity and reduced MDA levels indicated lower membrane
degradation and greater protection against oxidative stress. However, post-priming storage was
not viable as it reduced longevity, making immediate sowing preferable. Thus, seed priming
improves germination and the physiological quality of G. ulmifolia.

Index terms: gibberellic acid, seed conditioning, seed storage.

RESUMO: O condicionamento é uma estratégia para melhorar a germinagao, a uniformidade do
lote e o vigor das sementes, sendo essencial para espécies como Guazuma ulmifolia utilizadas
na restauragdo florestal. O uso de agentes condicionantes pode promover a germinagao e ativar
a resposta antioxidante. Este estudo avaliou os efeitos do condicionamento na germinagao,
emergéncia e metabolismo oxidativo de sementes de G. ulmifolia, bem como o impacto do
armazenamento na viabilidade. O experimento foi conduzido em delineamento inteiramente
casualizado com seis tratamentos: controle, hidrocondicionamento, acido giberélico (GAs),
nitroprussiato de sédio (SNP), nitrato de potdssio (KNOs) e extrato aquoso de fumaga (ASE).
Foram analisadas a atividade das enzimas antioxidantes (SOD e CAT) e os niveis de MDA e H,0,,
e a viabilidade foi monitorada durante 12 meses de armazenamento. Os tratamentos com GAs3,
SNP, KNOs e ASE aumentaram a germinag¢do e a emergéncia, sendo o GA; o que mais reduziu o
tempo para o estabelecimento das plantulas. O aumento da atividade de SOD e a redugdo do
MDA indicaram menor degrada¢do das membranas e maior proteg¢do contra o estresse oxidativo.
No entanto, o armazenamento pds-condicionamento nao foi vidvel, sendo recomendado o
uso imediato das sementes. Assim, o condicionamento melhora a germinagcdo e a qualidade
fisioldgica de G. ulmifolia.

Termos para indexagao: acido giberélico, condicionamento de sementes, armazenamento de
sementes.
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INTRODUCTION

The use of forest seeds is essential for the restoration of degraded ecosystems, contributing to conservation and
sustainability, provided that they are of high quality and suitable for local conditions (Freire et al., 2022). Guazuma
ulmifolia Lam. (Malvaceae), known as mutamba, occurs naturally in Latin America and is notable for its importance in
the recovery of degraded areas (Pereira et al., 2020). However, its seeds show reduced viability, compromising both
germination potential and seedling vigor (Paiva and Siqueira, 2008).

Studies in seed technology have sought strategies to increase germination potential and improve seedling
establishment in the field. Seed priming is widely used to enhance seed quality and the performance of seed lots,
promoting faster and more uniform germination (Bonome et al., 2017). However, the efficiency of priming depends
on the method employed and the species studied, and its benefits may decline during storage due to reduced seed
longevity of primed seeds. (Fernandes et al., 2021, Ren et al., 2023 ).

Water is essential for cell repair and the activation of germination, acting as a priming agent (Yan, 2017). In this
context, the use of signaling molecules during priming has been shown to enhance stress tolerance in seeds. For
example, sodium nitroprusside (SNP), a nitric oxide (NO) donor that induces enzymatic responses (Pires et al., 2016;
Sadak et al., 2022), attenuates the effects of water deficit on soybean seedlings (Gavassi et al., 2019). Among these
signaling molecules, growth regulators such as gibberellic acid stand out for their consistent effects on germination and
seedling growth (Vishal et al., 2018; Shani et al., 2024). Additionally, potassium nitrate has been shown to stimulate
seed germination, break dormancy, and enhance growth uniformity (Ribeiro et al., 2019). Similarly, compounds found
in aqueous smoke extract activate gibberellin pathways, producing comparable effects and sharing characteristics with
strigolactones, increasing germination potential (Fichino et al., 2016).

However, in many species, the benefits of priming may decline during storage. In general, primed seeds tend to
be more sensitive and may gradually lose the benefits of the treatment, which reduces their longevity and limits the
practical use of this technique in restoration programs (Tu et al., 2022).

Therefore, this study aimed to evaluate the effects of priming in Guazuma ulmifolia seeds on the germination,
emergence, longevity, and seedling growth. As a hypothesis, it is expected that primed seeds will perform better than
untreated ones.

MATERIAL AND METHODS

Seed source and storage

All experimental trials were conducted at the Forest Seed Laboratory and Forest Nursery, both in the Department
of Forest Sciences, and at the Plant Growth and Development Laboratory in the Department of Plant Physiology at the
Universidade Federal de Lavras (UFLA), Minas Gerais - Brazil. The Guazuma ulmifolia seeds, collected in 2016, with 72%
of initial germination, were stored in a cold chamber (6-8 °C and ~40% RH, in polyethylene bags). The choice of an older
seed lot was made to increase the chance that the effects of the treatments could be evidenced.

Experimental design and priming treatments

The seed priming experiment of Guazuma ulmifolia seeds was conducted in a completely randomized design
(CRD) consisting of six treatments with four replications. The treatments consisted of control (unprimed seeds),
hydropriming, gibberellic acid (GAs, 1.5 uM), sodium nitroprusside (SNP, 1.0 uM), potassium nitrate (KNOs, 1.0%
w/v), and aqueous smoke extract (ASE, 0.4% v/v). The concentrations used for each priming agent were determined
based on preliminary tests.
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Dormancy breaking and priming procedure

Guazuma ulmifolia seeds exhibit physical dormancy and were immersed in sulfuric acid for 50 min, followed by
washing in tap water and cleaning in a detergent solution before use (5 drops/100 mL of distilled water) (Brasil, 2013).
After this procedure, the seeds were primed for 48 h at 10 °Cin the dark in Petri dishes on germination paper. They were
then washed with distilled water and dried (20 °C, 10% RH) in a container with silica gel. The seed moisture content was
determined before and after priming using the oven method at 105 * 3 °C for 24 h, according to Brasil (2025).

Germination test

The seeds were placed in Gerbox containers with moistened paper, with four replications of 25 seeds, and
incubated in a germination chamber (25 °C, 12-hour photoperiod). The germination conditions and evaluation period
were defined based on the Instructions for Analysis of Forest Species Seeds (Brasil, 2013). Germination was assessed
daily (radicle protrusion), and after 21 days, normal and abnormal seedlings, dead seeds, and hard seeds were counted.
The mean germination time (MGT) was calculated according to Santana and Ranal (2004).

Emergence test

Primed seeds were tested in a nursery, sown in seedbeds (80 x 200 cm) filled with washed sand, in randomized
blocks and irrigated twice a day. Emergence was assessed daily. After 30 days, 40 seedlings per treatment were collected,
washed, and digitalized using a camera in order to measure the shoot and root length using ImageJ software.

Biochemical analyses

For biochemical analyses, the seeds previously subjected to the different priming treatments (100 mg) were
macerated in liquid nitrogen. For the analysis of hydrogen peroxide (H,0,), superoxide dismutase (SOD), and catalase
(CAT), polyvinylpyrrolidone (PVPP) was used as an adsorbent. The samples were stored in an ultrafreezer (-80 °C) until
analysis. Lipid peroxidation was quantified by determining malondialdehyde (MDA) levels, as described by Hodges et
al. (1999). Hydrogen peroxide (H,0;) quantification was performed according to the protocol of Velikova et al. (2000).

The activity of the enzymatic antioxidant system, including superoxide dismutase (SOD) and catalase (CAT), was
evaluated in dry seeds after priming. Enzyme extracts were prepared according to the protocol described by Biemelt et
al. (1998). a-Amylase activity was quantified via a modified version of the 3,5-dinitrosalicylic acid method, as described
by Miller (1959).

Storage test

For the storage test, after priming and drying, the seeds were placed in plastic tubes and stored in a freezer at
-20 °C. Twelve samples were prepared for each treatment, each containing 100 seeds. A sample was taken monthly
from each treatment for evaluation via the germination test.

Statistical analysis

Germination and biochemical data were analyzed in a completely randomized design (CRD), whereas nursery
emergence was evaluated in a randomized block design (RBD) with four blocks containing all treatments. For
germination, four replications of 25 seeds per treatment were used (n = 4), and five independent replications were
used for biochemical analyses. In the storage assay, 12 tubes per treatment were prepared and evaluated monthly
for 12 months. Data were tested for normality (Shapiro—Wilk) and homogeneity of variances (Bartlett), subjected to
ANOVA, and means were compared by Tukey’s test (p < 0.05), with no outlier exclusion. Pearson’s correlation and
linear regression as a function of storage time were performed using R software (version 4.4.2) with the stats and
agricolae packages.
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RESULTS AND DISCUSSION

Changes in germination were observed after priming the seeds in the SNP, GA,, KNO,, and ASE solutions, which
resulted in a significant increase in germination compared with that of the control (unprimed) and hydroprimed seeds.
The percentage of normal seedlings also significantly differed, with seeds primed in the different solutions exhibiting a
greater number of seedlings with complete and healthy essential structures (Figure 1).

Priming with conditioning solutions significantly influenced the mean germination time of Guazuma ulmifolia
seeds. Priming with GA; was the most effective treatment, promoting faster germination (Figure 2). During storage,
seeds undergo a gradual and continuous process of deterioration, resulting in a decrease in their vigor (Sahu et al,,
2017). With the onset of the soaking process during priming, a series of repairs occur at the cellular and structural
levels that improve seed germination (Xu et al., 2020).

The use of GA,, amoleculeinvolvedin plant growth and development, also controls seed germination, leaf expansion,
stem elongation, and flowering (Magome et al., 2004). In studies with Arabidopsis seeds, a higher germination rate was
observed in seeds primed with GA, than in the control.

Figure 1. Percentages of germination (radicle protrusion) and normal seedlings in Guazuma ulmifolia seeds after
priming. Control (unprimed seeds), H,0 (hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic
acid 1.5 pM), KNO, (potassium nitrate 1.0%), and ASE (aqueous smoke extract 0.4%). Identical letters do not
differ from each other in Tukey’s test at 5% probability. Bars indicate the standard deviation of the mean.

Figure 2. Mean germination time (MGT) of Guazuma ulmifolia seeds after priming. Control (unprimed seeds), H,0O
(hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic acid 1.5 uM), KNO, (potassium nitrate
1.0%), and ASE (aqueous smoke extract 0.4%). Identical letters do not differ from each other in Tukey’s test at
5% probability. Bars indicate the standard deviation of the mean.
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Studies with Helianthus annuus seeds have indicated that priming with GA, and KNO, improves germination and
seedling growth and protects seeds from deterioration during aging (Kaia et al., 2024). In Passiflora quadrangulares
seeds, Marostega et al. (2017) reported that KNO, increased germination percentages.

When the formation of normal seedlings was analyzed, it was observed that the treatments with conditioners
provided the best results. These findings indicate that, in addition to promoting germination, they also aid in the proper
development of essential seedling structures. With respect to the mean germination time (MGT), a reduction in time
was observed when the seeds were subjected to priming.

The results of the present study are corroborated by a study by Rau et al. (2021), where araca seeds primed with
gibberellic acid (GA,) presented a greater germination speed index (GSI) than did the control, which was also observed
by Pereira et al. (2022) in sunflower seeds.

In the emergence tests, which were carried out in seedbeds, the results of the control and hydropriming were
different from GA,, SNP, ASE and KNO, treatments, respectively (Figure 3). Regarding the mean emergence time (MET),
the use of GA, also stood out from the other methods as the best treatment. The control and hydropriming had the
highest values, indicating slower emergence (Figure 4).

Figure 3. Emergence of Guazuma ulmifolia seeds in seedbeds after priming. Control (unprimed seeds), H,O
(hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic acid 1.5 pM), KNO, (potassium nitrate
1.0%), and ASE (aqueous smoke extract 0.4%). Identical letters do not differ from each other in Tukey’s test at
5% probability. Bars indicate the standard deviation of the mean.

Figure 4. Mean emergence time MET) of Guazuma ulmifolia seeds after priming. Control (unprimed seeds), H,O
(hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic acid 1.5 uM), KNO, (potassium nitrate
1.0%), and ASE (aqueous smoke extract 0.4%). Identical letters do not differ from each other in Tukey’s test at
5% probability. Bars indicate the standard deviation of the mean
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Rapid emergence after sowing is extremely beneficial, as it reduces the exposure time to adverse environmental
conditions, favoring faster development and improving competitiveness against invasive plants (Decarli et al., 2019).
This result is in agreement with the studies by Siadat et al. (2011), which indicated that immersing corn seeds in
gibberellic acid was effective in increasing the emergence and growth of low-quality seeds.

Regarding seedling growth in the nursery, the use of conditioners enabled greater growth in the aboveground
area than did the control and hydropriming (H,0) methods. Gibberellic acid (GAs) was the most efficient treatment
(Figure 4). Similarly, compared with the other treatments, seed primed with GA, SNP or KNO, resulted in longer
roots (Figure 5). In the emergence tests, with data presented on shoot and root length, shows that priming, in
addition to reducing germination time and standardizing this process, accelerates seedling growth.

Gibberellins accelerate cell elongation by increasing cell wall expansion and causing water to enter cells (Ghannad
et al.,, 2022). Other researchers have also reported a positive impact of priming in KNO_and GA on germination and
emergence attributes and initial growth in other crops under normal and stress conditions (Dhillon et al., 2021).

Figure 5. Boxplot analysis of shoot (A) and root (B) growth of Guazuma ulmifolia seeds after priming. Control (unprimed
seeds), H,O (hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellicacid 1.5 uM), KNO, (potassium
nitrate 1.0%), and ASE (aqueous smoke extract 0.4%). Identical letters do not differ from each other in Tukey’s
test at 5% probability.

Figure 6. Malondialdehyde (MDA) and hydrogen peroxide (H,0;) contents in Guazuma ulmifolia seeds after priming.
Control (unprimed seeds), H,O (hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic acid 1.5
uM), KNO, (potassium nitrate 1.0%), and ASE (aqueous smoke extract 0.4%). Identical letters do not differ
from each other in Tukey’s test at 5% probability. Bars indicate the standard deviation of the mean.
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No significant changes in hydrogen peroxide H,0, levels were detected between treatments. Compared with
primed seeds, the contents of malondialdehyde (MDA) in the control were greater (Figure 6). Significant differences
(p=0.05) were observed in the activity of superoxide dismutase (SOD). Priming of G. ulmifolia seeds with GA, KNO,,
or SNP resulted in higher enzyme activity; however, no differences in catalase activity were detected among the
treatments (Figure 7). Alpha-amylase is an enzyme involved in seed germination. In this study, the activity of this
enzyme significantly differed between treatments, with higher values for seeds primed in KNOs and GAB(Figure 8).

Pearson’s correlation (Figure 9) was used to assess the relationships between the physiological and biochemical data.
The activity of SOD was positively correlated with germination (r = 0.63) and emergence (r = 0.60), indicating its favorable
influence on these processes. On the other hand, the MDA content was negatively correlated with germination (r =-0.69),
normal growth (r = -0.71), and emergence (r = -0.58), suggesting that high levels of this compound are associated with
lower germination performance. Alpha-amylase was positively correlated with both germination (r=0.62) and emergence
(r=0.65), reinforcing its importance for successful germination and seedling establishment. Studies indicate that the level

Figure 7. Superoxide dismutase (SOD) and catalase (CAT) activity in Guazuma ulmifolia seeds after priming. Control
(unprimed seeds), H,0 (hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic acid 1.5 uM),
KNO, (potassium nitrate 1.0%), and ASE (aqueous smoke extract 0.4%). Identical letters do not differ from
each other in Tukey’s test at 5% probability. Bars indicate the standard deviation of the mean.

Figure 8. Alpha-amylase activity in Guazuma ulmifolia seeds after priming. Control (unprimedseeds), H,0 (hydroprimed),
SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic acid 1.5 uM), KNO, (potassium nitrate 1.0%), and ASE
(aqueous smoke extract 0.4%). Identical letters do not differ from each other in Tukey’s test at 5% probability.
Bars indicate the standard deviation of the mean.
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of MDA, the end product of lipid peroxidation, is considered an effective indicator of peroxidation levels and membrane
damage. This result can be attributed to the benefits of priming, which promotes morphological, physiological, and
biochemical changes during seed imbibition (Ayala et al., 2014; Ebone et al., 2019).

Thus, the proposed priming methods were effective in reducing lipid peroxidation. As shown in Figure 9, MDA
content was negatively correlated with germination (r = -0.69), normal seedlings (r = -0.71), and emergence (r =
-0.58). Similarly, studies with Helianthus annuus and Hordeum vulgare seeds reported lower MDA levels and reduced
oxidative damage in primed seeds (Pereira et al., 2022; Hessini et al., 2023). In the present study, SOD activity was
negatively correlated with MDA (r = -0.60) and positively correlated with germination (r = 0.63) and emergence (r =
0.60), indicating its role in reducing lipid peroxidation and enhancing physiological performance.

Silva et al. (2019) and Bastos et al. (2023) reported higher superoxide dismutase (SOD) activity in Senna macranthera
seeds treated with SNP and ASE, respectively, than in untreated seeds. In Plathymenia reticulata Benth., Pereira et al.
(2010) also reported increased SOD activity in seeds treated with KNOs; and SNP.

The higher alpha-amylase activity in seeds primed with GAsz and KNOs is consistent with the findings of physiological
analyses of germination, emergence, and TMG, which was also observed in Pearson’s correlation between enzyme activity
and the variables germination (r = 0.62) and emergence (r = 0.65) and a significant negative correlation with TMG (r =-0.67).

Figure 9. Pearson correlation analysis of physiological and biochemical indices in seeds of Guazuma ulmifolia after
priming. Control (unprimed seeds), H,0 (hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic
acid 1.5 uM), KNO, (potassium nitrate 1.0%), and ASE (aqueous smoke extract 0.4%).
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The use of growth regulators, such as gibberellic acid and other compounds that induces alpha-amylase synthesis,
can improve seed quality and increase germination rates. This enzyme acts in the hydrolysis of starch in the endosperm,
providing the energy necessary for seedling development (Liu et al., 2018). Thus, this enzyme is crucial for the
germination process, and its activity is directly associated with the physiological quality of seeds (Li et al., 2019).

On the basis of regression analyses with linear adjustments to identify specific behavior patterns (Figure 10), seed
germination during storage (months) after different priming treatments (Hidropriming, SNP, GAs, KNOs, and ASE)
gradually decreased, whereas that of the control remained stable throughout the period.

Control:
60.1868+0.0714x
R2=0.1023

SNP:
67.1868-2.0824x
R?=0.6214

KNOs:
71.2088-1.7912X
R?=0.8415

Germination (%)

100 4

80

60 4

40

20

HzOZ
53.1868-1.6209x
R?=0.9624
GA3Z
| . 76,9560-2,5440X
S~ R2= 0,8547
.
L
t3 [ S ¢ 5 {
0 2 4 6 8 10 12

Storage time (months)

ASE:
71.5165-2.0989X
R?=0.9370

Figure 10. Linear regression analysis of the germination of Guazuma ulmifolia seeds after priming. Control (unprimed
seeds), H,0 (hydroprimed), SNP (sodium nitroprusside 1.0 uM), GA, (gibberellic acid 1.5 uM), KNO,
(potassium nitrate 1.0%), and ASE (aqueous smoke extract 0.4%) stored for up to 12 months.
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The reduction in longevity observed in primed seeds during storage has been widely reported in both agricultural
crops and forest species. Seed priming advances metabolic processes associated with germination, including respiration
and enzyme activation, which may accelerate deterioration during storage (Hussain et al., 2015).

Primed seeds often exhibit increased oxidative stress due to the accumulation of reactive oxygen species, leading to
membrane damage and reduced viability over time (Wang et al., 2018). These physiological changes can compromise
the storage potential of primed seeds, especially in species with inherently short longevity. According to Bruggink et al.
(1999), a disadvantage of physiological priming is the reduction in the storage potential of seeds.

However, it is essential that these materials be stored long enough to ensure their commercialization. Based on the
regression equations, at the end of 12 months of storage, all priming treatments reduced seed germination. This raises
some relevant questions regarding the ideal storage conditions for primed seeds and possible variations among the
different treatments used during priming.

CONCLUSIONS

Priming of Guazuma ulmifolia seeds with GAs, KNOs, SNP, and ASE improved germination and seedling emergence,
with GA; being the most effective treatment by reducing germination and emergence time. Priming enhanced
antioxidant activity and reserve mobilization but reduced seed longevity, indicating that primed seeds should be used
immediately after treatment.
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