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Article Info ABSTRACT

Article type: Objective: This study was conducted to evaluate the effects of seed priming with

Short Research Article abiotic stimulants, including salicylic acid, proline, y-aminobutyric acid (GABA), and

melatonin, on improving salt stress tolerance in Calendula officinalis L.
Article history: Methods: The experiment was carried out under controlled laboratory conditions using

Received: 25 December 2025 a factorial arrangement in a completely randomized design with three replications.
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Accepted: 16 March 2026 Treatments consisted of four salinity levels (0, 3, 6, and 9 dS m™) and six seed priming

treatments: non-primed control, hydropriming (distilled water), salicylic acid (1.5 mM),
proline (100 mg L), GABA (10 mM), and melatonin (100 uM). Seeds were primed for

Keywords: . . -
24 h in darkness at 20°C prior to exposure to salinity stress. Parameters evaluated

Abiotic elicitors included germination percentage and rate, seedling vigor index, root and shoot length,

GABA

Germination and dry weight of roots and shoot.

Medicinal plants Results: Increasing salinity levels significantly reduced all measured germination and
Salicylic acid

growth traits. Germination percentage decreased by 6.7%, 18.9%, and 24.5% at 3, 6,
and 9 dS m™, respectively, compared with the control. Seed priming significantly
mitigated the adverse effects of salinity stress. Among the tested stimulants,
hydropriming consistently improved germination percentage, germination rate, seedling
vigor index, and biomass accumulation across all salinity levels, and maintained its
positive effect even under severe salinity stress (9 dS m™). GABA and salicylic acid
produced the greatest increases in shoot dry weight, while proline, melatonin, and
GABA also enhanced early seedling growth. Under severe salinity, primed plants
showed lower performance reduction with increasing salt level, indicating improved
stress tolerance.

Conclusions: Overall, seed priming with appropriate abiotic stimulants represents an
effective, economical, and environmentally friendly strategy for reducing salinity-
induced damage and improving the establishment and productivity of medicinal plants
in salt-affected environments. The positive effects of priming treatments were
dependent on both the type of stimulant and the severity of salinity stress.
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Highlights:
e Proline and GABA mitigated salinity effects on marigold germination.

e Hydropriming consistently enhanced biomass under all salinity levels.
e Elicitor effectiveness depended on salinity severity and trait type.

Introduction

Soil salinity is a major constraint on crop production in arid and semi-arid regions,
affecting more than 1.38 billion hectares globally (Sarrafi and Majar, 2024). It disrupts
physiological and biochemical processes through osmotic stress, ion toxicity, nutritional
imbalance, and oxidative damage, thereby impairing germination, growth, and
photosynthesis, especially during early development (Munns & Tester, 2008).

Medicinal plants are particularly sensitive to stress, which reduces biomass and may alter
bioactive compound synthesis. C. officinalis L. (Asteraceae) is widely used in pharmaceutical,
cosmetic, and food industries due to its flavonoids, carotenoids, saponins, and other secondary
metabolites (Preethi & Kuttan, 2009). In Iran, medicinal plants have considerable health,
economic, and cultural value (Abbasi et al., 2025). However, marigold is moderately sensitive
to salinity, especially during germination and early seedling growth, limiting its establishment
in salt-affected soils (Bayat & Aminifard, 2021).

Seed priming is an effective, low-cost, and environmentally friendly technique to improve
seed performance and stress tolerance. It involves controlled hydration that activates
germination-related metabolism without radicle protrusion, resulting in faster, more uniform
germination, improved seedling vigor, and enhanced stress tolerance (Paparella et al., 2015).
Priming can also improve antioxidant activity, osmotic balance, and ion homeostasis under
saline conditions (Badawy et al., 2021).

Among abiotic stimulants, salicylic acid (SA), proline, y-aminobutyric acid (GABA), and
melatonin are key regulators of plant stress physiology. SA regulates stress-responsive genes,
enhances antioxidant enzymes, and maintains redox homeostasis, improving membrane
stability and ion balance (Ignatenko et al., 2023). Proline acts as an osmoprotectant,
stabilizing proteins and membranes, scavenging ROS, and supporting metabolic recovery (Ali
et al., 2007; Szabados & Savouré, 2010). GABA regulates osmotic balance, pH, carbon-
nitrogen metabolism, and ion homeostasis (Qian et al., 2024). Melatonin enhances antioxidant
defense, preserves chlorophyll, and maintains membrane integrity (Arnao & Herndndez-Ruiz,
2019; Zhan et al., 2019).

Previous studies on C. officinalis have shown that priming improves germination and
growth under stress (Bayat & Aminifard, 2021; Helali Soltan Ahmadi et al., 2018). However,
comparative assessments of different stimulants across salinity levels remain scarce.

Therefore, this study evaluated the effects of seed priming with hydropriming, SA, proline,
GABA, and melatonin on germination and early seedling growth of C. officinalis under
varying salinity. We hypothesized that priming would alleviate salinity effects, with efficacy
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depending on stress level. These findings may help improve marigold establishment in salt-
affected environments.

Method

Experimental design and plant material

This study was conducted during 2023-2024 under controlled laboratory and greenhouse
conditions at the Faculty of Agriculture, Bardsir Research Station, Shahid Bahonar University
of Kerman, Iran. The experiment used a factorial arrangement in a completely randomized
design (CRD) with three replications. Factors included seed priming treatments and salinity
stress levels.

Certified seeds of C. officinalis L. were used. Before the experiment, seeds were surface-
sterilized with 5% sodium hypochlorite for 5 min, rinsed thoroughly with distilled water, and
air-dried at room temperature.

Seed priming treatments

Six priming treatments were applied: (1) non-primed control, (2) hydropriming with
distilled water, (3) salicylic acid (1.5 mM), (4) proline (100 mg L™), (5) y-aminobutyric acid
(GABA; 10 mM), and (6) melatonin (100 uM). Seeds were soaked in the respective solutions
for 24 h in darkness at 20°C, then rinsed three times with distilled water (when applicable)
and dried at room temperature to their original moisture content before sowing.

Salinity stress application

Salinity stress was imposed using NaCl solutions at four electrical conductivity levels: 0
(control), 3, 6, and 9 dS m™. Salinity levels were prepared by dissolving appropriate amounts
of NaCl in distilled water. Treatments were applied at germination by adding equal volumes
of the respective solutions to the germination media.

Germination and growth conditions

The experiment was conducted under controlled laboratory conditions. For each treatment,
20 seeds per replicate were placed in sterile Petri dishes lined with Whatman No. 1 filter
paper. Filter papers were moistened with the corresponding salinity solutions and maintained
at optimal moisture throughout the experiment. Petri dishes were incubated at 25/20 + 1°C
with a 12-h light/12-h dark photoperiod and 40% relative humidity.

Measured traits

Germination was recorded daily, and a seed was considered germinated when the radicle
reached at least 2 mm. Germination parameters included germination percentage, germination
rate, and seedling vigor index. Early seedling growth traits were measured at the end of the
germination period, including radicle length, plumule length, dry weight of roots, and dry
weight of shoot. Dry weights were determined after oven-drying at 70°C for 48 h until
constant weight.

Data collection and statistical analysis

All data were collected directly from experimental observations; no secondary data sources

were used. Data were subjected to analysis of variance (ANOVA) using SAS 9.1 statistical
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software. Mean comparisons were performed using Duncan's multiple range test at the 5%
probability level. Graphs were plotted using Excel software.

Results

Salinity stress significantly reduced germination performance and seedling growth. As
salinity increased from 0 to 9 dS m™, germination percentage decreased progressively.
Compared with the non-saline control, germination percentage was reduced by approximately
6.7%, 18.9%, and 24.5% at 3, 6, and 9 dS m™, respectively. Germination rate and seedling
vigor index showed similar declining trends with increasing salinity.

Seed priming significantly improved germination and growth traits compared with the non-
primed control across all salinity levels (P < 0.05). Hydropriming with distilled water
consistently resulted in higher germination percentage, germination rate, seedling vigor index,
and biomass accumulation under both saline and non-saline conditions. Notably,
hydropriming maintained its positive effect even under severe salinity stress (9 dS m™).

Other priming agents, including salicylic acid, proline, melatonin, and GABA, also
enhanced germination and early seedling growth relative to the non-primed control, although
their effectiveness varied depending on the trait and salinity level. For instance, all priming
treatments increased shoot dry weight; however, GABA and salicylic acid produced the
greatest increases. In contrast, some priming agents showed reduced effectiveness or neutral
responses for certain traits under higher salinity levels.

Overall, salinity stress adversely affects germination and early growth of C. officinalis,
while seed priming—particularly hydropriming—significantly alleviates these negative
effects. Detailed statistical outcomes for individual traits are presented in Tables and Figures.

Conclusions

Salinity stress is a major limitation to the establishment and productivity of medicinal
plants in arid and semi-arid regions. This study clearly demonstrated that salinity severely
impairs germination and early seedling growth of C. officinalis, highlighting the vulnerability
of this economically and medicinally important species during early development. Beyond
confirming these detrimental effects, the findings provide strong evidence that seed priming is
an effective and practical approach for improving salt stress tolerance. The consistent
improvement in germination indices and seedling growth of primed seeds indicates that pre-
sowing physiological conditioning enhances seed resilience to osmotic and ionic stress, likely
through improved early metabolic activation and seedling vigor.

Among the evaluated priming strategies, hydropriming emerged as the most robust and
reliable method, maintaining its positive effects even under severe salinity stress. This has
important practical implications, as hydropriming is simple, low-cost, and environmentally
friendly, requiring no specialized inputs. Biochemical priming agents such as salicylic acid,
proline, and GABA also showed potential to enhance specific growth traits, although their
effectiveness depended on salinity intensity and the trait evaluated. Therefore, seed priming—
particularly hydropriming—can be integrated into salinity management strategies to improve
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the establishment and early growth of medicinal plants in salt-affected environments. Further
research is needed to assess long-term effects on plant development, secondary metabolite
production, and yield under field conditions, as well as the physiological and molecular
mechanisms underlying the variable responses of different priming agents.
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Figure 1. Effect of different levels of salinity stress (0, 3, 6, and 9 dS/m) on the germination percentage of marigold. Means
with similar letters are not significantly different based on Duncan's multiple range test at the 5% level.
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Figure 2. Effect of priming on the germination percentage of marigold seeds. Means with similar letters are not significantly
different based on Duncan's multiple range test at the 5% level.
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Figure 3. Effect of different levels of salinity stress (0, 3, 6, and 9 dS/m) on the germination rate of marigold. Means with
similar letters are not significantly different based on Duncan's multiple range test at the 5% level
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Figure 4. Effect of priming on the germination rate of marigold seeds. Means with similar letters are not significantly
different based on Duncan's multiple range test at the 5% level.

18
16
— 14
E
E 2 1
z 4
2 35 8
s %
2 % 6
()
4
2
0

be [~

—

abcabcabe

B No priming..

a
[=-]
[
F
Fom
[
F
Fom
Fom
i

Rl -
e
Rl -
N
Fm]
ot
Fom]
i
o
o
Fom
Fom]
.
[
=

ODistilled water..

be |-

ab ab

T

—

No stress
5 s

@ Salicylicacid..  ®Proline.. BGABA.. @Melatonin..

Low salinity Moderate salinity Severe salinity

oS soss

L e $ 555 L g5

bl lo gime BB pae onims lis il By (6 ,50d (i Cod [l ddoed S azdile Job Cho p d) pmé S e 510 S

D5 2 )3 B maw o (Sls glassls w05l

Figure 5. Effect of abiotic stimuli on the trait of marigold shoot length under salt stress. Means with similar letters are not
significantly different based on Duncan's multiple range test at the 5% level.
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Figure 7. Effect of different levels of salinity stress (0, 3, 6, and 9dS/m) on the root length of marigold. Means with similar
letters are not significantly different based on Duncan's multiple range test at the 5% level.
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Figure 7. Effect of priming on radicle length of marigold seeds. Means with similar letters are not significantly different

based on Duncan's multiple range test at the 5% level.
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Figure 8. Effect of different levels of salinity stress (0, 3, 6, and 9 dS/m) on the seedling vigor index of marigold. Means
with similar letters are not significantly different based on Duncan's multiple range test at the 5% level.
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Figure 9. Effect of priming on the seedling vigor index of marigold seeds. Means with similar letters are not significantly
different based on Duncan's multiple range test at the 5% level.
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Figure 10. Effect of salinity stress on the dry weight of shoot of marigold (0, 3, 6, and 9 dS/m). Means with similar letters are
not significantly different based on Duncan's multiple range test at the 5% level.
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Figure 11. Effect of priming on the dry weight of shoot of marigold seeds. Means with similar letters are not significantly

different based on Duncan's multiple range test at the 5% level.
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Figure 12. Effect of abiotic stimuli on the dry weight trait of marigold roots under salt stress. Means with similar letters are
not significantly different based on Duncan's multiple range test at the 5% level.
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