[ Downloaded from yujs.yu.ac.ir on 2026-09-05 ]

e Iranian Journal of Seed Research Q
§E]\E‘;\ERQ Homepage: https://yujs.yu.ac.ir/jisr v
i ISSN: 2383-1480 (On-Line); 23831251 (Print) Yasou] University

Mepiquat Chloride (Pix) Improves Germination and Biochemical Stability
of Sesame (Sesamum indicum cv. Darab—1) Seeds under Deterioration

Ramin Zeilabpour ', Ali Moradi 2= , Hamidreza Balouchi 3 , Alireza Yadavi 3 , and
Hojatollah Latifmanesh*™

1. M.S.C. Student in Seed Science and Technology, Department of Agronomy and Plant Breeding, Faculty of Agriculture,
Yasouj University, Yasouj, Iran. Email: r.zeylabpoor408@gmail.com

2. Corresponding author, Associate Professor of Agronomy and Plant Breeding Department, Faculty of Agriculture, Yasouj
University, Yasouj, Iran. Email: amoradi@yu.ac.ir

3. Professor of Agronomy and Plant Breeding Department, Faculty of Agriculture, Yasouj University, Yasouj, Iran. Email:
yadavi@yu.ac.ir; balouchi@yu.ac.ir

4. Corresponding author, Assistant Professor of Agronomy and Plant Breeding Department, Faculty of Agriculture, Yasouj
University, Yasouj, Iran. Email: h.latifmanesh@yu.ac.ir

Article Info ABSTRACT

Article type: Objective: Seed aging in oilseeds such as sesame is a major storage challenge, reducing

Rescarch Article germination quality and seedling vigor. The high-oil cultivar Darab-1 is highly sensitive

to storage conditions (temperature, moisture, and time). In this study, the effects of

Article history: different Pix concentrations in interaction with temperature, moisture, and storage
Received 17 December 2025 duration were investigated on germination and biochemical traits of seeds to determine
Received in revised form 16 h bility of i . d li bility duri

February 2026 the possibility of improving seed quality stability during storage.
Accepted 27 February 2026 Methods: The experiment was conducted as a four-factor factorial arrangement in a

Auvailable online 20 March 2026 . . . L .
varble oniine e completely randomized design with three replications. The studied factors were storage

temperature (15, 25, and 35°C), seed moisture content (9, 12, and 15%), Pix

Keywords: concentration (0, 3000, and 4500 mg L"), and storage duration (30, 60, 90, 120, 150,
a-amylase and 180 days). After the storage period, seed physiological traits including germination
l;l:itz;i}g; leakage percentage and rate, root and shoot length, seedling dry weight, vigor index, a-amylase
Sesame germination activity, and electrolyte leakage were measured.

Vigor index Results: Increasing temperature, moisture, and storage duration accelerated seed aging.

After 180 days, electrolyte leakage in control seeds increased from 21.47 to 72.72%
when storage temperature rose from 15 to 25°C (at 9% moisture), indicating a 54%
increase in membrane leakage, while Pix at 3000 mg/L reduced it by 19-80%. o-
amylase activity decreased with seed deterioration, but Pix at 3000 mg/L maintained the
highest enzyme activity (15.5 vs. 16.3 nmol seed'min™" after 180 days). Germination
percentage and rate, seedling length and dry weight, and vigor index also declined with
aging; however, Pix treatment, especially at 3000 mg L™, significantly moderated these
reductions.

Conclusions: Storage at high temperature and moisture accelerated sesame seed
deterioration, reducing germination and o-amylase activity while increasing membrane
damage. Pix at 3000 mg L' was the most effective treatment, maintaining seed vigor and
enzyme activity and reducing electrolyte leakage. Therefore, seed treatment with 3000
mgL™" Pix before storage, especially at 15°C and 9% moisture content, can be
recommended as an effective strategy to extend seed longevity and maintain quality

during medium term storage.
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Highlights:

e Pix at 3000 mg/L effectively prevented the decline in physiological traits of sesame
seeds during storage and maintained germination potential and seed vigor.

e Increased temperature, moisture, and storage duration reduced o-amylase activity and

increased electrolyte leakage, indicating accelerated physiological seed aging.

e Pix treatment improved seed quality under warm and humid storage conditions by
reducing electrolyte leakage and enhancing membrane stability, suggesting its
practical application for extending seed longevity.

Introduction

The global demand for oilseed crops
has increased steadily in recent decades
due to their importance as major sources of
vegetable oils, essential fatty acids,
biofuels, and industrial raw materials.
Oilseed crops constitute one of the most
important agricultural commodities
worldwide, with  production  and
consumption continuing to rise in response
to growing food, feed, and industrial
demands (Bu et al., 2023; OECD-FAO,
2023). One of the most important oilseed
crops is sesame (Sesamum indicum L.),
which is widely cultivated in tropical and
subtropical regions of Asia, Africa, and
South America due to its high oil content
and nutritional value (Zhang et al., 2013;
Pathak et al., 2017). It is considered one of
the oldest known oilseeds used by humans
and has diverse applications. Additionally,
it is an annual plant well-adapted to arid
and semi-arid climates and is widely
grown in the central and southern
provinces of Iran (Sepaskhah & Andam,
2001; Adavi, 2025). According to the Food
and Agriculture Organization (FAO,
2021), approximately 49,000 hectares of
land in Iran were devoted to sesame
cultivation in 2020. This cultivated area is
projected to expand in response to

increasing demand for sesame seed and
vegetable oil products. Depending on the
region and the variety under cultivation,
sesame seeds contain 41-63% oil, 18-25%
protein, and  approximately  13.5%
carbohydrates. One of the primary
challenges with sesame is its limited
storability, mainly due to the rapid
deterioration caused by oil oxidation
during storage (Afshari et al., 2014).

Since the advent of agriculture, seed
storage has been essential for preserving
planting material for subsequent growing
seasons. Depending on the species and
storage conditions, seeds may be stored
from a few months to several years while
maintaining their viability and vigor
(Solberg et al., 2020; Nadarajan et al.,
2023). Seed deterioration is a progressive
and inevitable process that reduces seed
quality, viability, and vigor through a
series of physiological and biochemical
alterations, including membrane damage,
oxidative stress, and loss of metabolic
activity during storage (Zhang et al., 2021;
Nadarajan et al., 2023). Several factors
influence the rate of deterioration, among
which  storage temperature, relative
humidity, seed moisture content, and biotic
agents such as pests and pathogens are
considered the most important.
Environmental fluctuations during storage
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further complicate the maintenance of seed
viability and vigor over time (Pirredda et
al., 2024; Corbineau, 2024). Seed quality
during storage largely depends on initial
seed quality and the applied storage
methods. Seed aging is associated with
various cellular, metabolic, and
biochemical changes, including lipid
peroxidation, membrane degradation,
DNA damage, RNA instability, and
reduced protein synthesis (Goel et al.,
2003). These changes manifest as a decline
in germination rate, production of weak
seedlings, reduced seed vigor, and
eventually seed death. Seed quality is
influenced by genetic, physiological, and
environmental factors (Bewley et al., 2013;
Nadarajan et al., 2023).

Among the environmental factors,
storage temperature and humidity are
considered the most critical determinants
of seed longevity. Variations in these
parameters can accelerate seed
deterioration processes and significantly
reduce seed storage life (Walters, 2015;
Nadarajan et al., 2023). For instance,
Balouchi et al. (2014) reported that
accelerated seed aging negatively affected
germination and seedling vigor traits in
three rapeseed (Brassica napus L.)
cultivars. Similarly, Siadat et al. (2012)
found a significant reduction in corn (Zea
mays L.) seed germination under high
temperature and  humidity.  Similar
reductions in germination performance
under aging conditions have been widely
reported in different seed species. Seed
deterioration during storage is associated
with membrane damage, increased
electrolyte leakage, oxidative stress, and
reduced germination capacity (Zhang et

al., 2021; Nadarajan et al., 2023). Baladi et
al. (2016), in an investigation involving
two flax (Linum usitatissimum 1.) cultivars
and one Lallemantia accession, concluded
that increased storage duration
significantly decreased germination
percentage, germination rate, vigor, and
seedling length and dry weight, especially
under elevated temperature and humidity.

Assays measuring enzyme activities
associated with reserve mobilization or
tissue synthesis during germination are
considered more sensitive indicators of
early seed deterioration. These enzymes
include amylases, proteases,
glyceraldehyde phosphate dehydrogenases,
catalase, and peroxidase (Rao et al., 2006;
Xia et al., 2015).

Optimizing storage conditions,
particularly by controlling seed moisture
content and storage temperature, can
effectively slow down seed deterioration
processes and extend seed longevity
(Corbineau, 2024; Nadarajan et al., 2023).
Since aging causes irreversible damage to
seeds, using treatments that mitigate
deterioration and maintain seed quality is
essential. One such treatment is the
application of growth regulators such as
mepiquat chloride (Pix), which has been
widely used as a plant growth regulator to
modify physiological processes, improve
stress  tolerance, and regulate plant
development (Wang et al., 2021; Liu et al.,
2025). Pix, the commercial name for
mepiquat chloride, is a synthetic plant
growth regulator composed of 4.2%
dimethylpiperidinium chloride and a
polyamine complex. It functions by
inhibiting gibberellin synthesis, reducing
internode  elongation, and balancing
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vegetative and reproductive growth. In
sesame, it may help regulate excessive
vegetative growth and favor capsule
production by reducing plant height (Jost
et al., 2006).

Pix has been widely used in modern
agriculture as a management tool (Jost et
al., 2006). It is odorless, water-soluble, and
typically appears as a red -crystalline
powder. It degrades in soil within
approximately two weeks and has no
adverse effects on soil microflora when
used in recommended dosages (Boquet &
Stewart, 2005; Reddy et al., 1990).
Mepiquat chloride has been marketed
under several trade names, including Pix,
Pix Ultra, and Mepex, since its
introduction by BASF in the late 1970s
and has since become one of the most
widely used plant growth regulators in
crop production systems (Liu et al., 2025;
Stapleton, 2004). It is considered safe for
animals and is mainly absorbed by green
plant tissues. In crops such as cotton
(Muhammad et al., 2007), tomato (Boquet
& Stewart, 2005), and sunflower (Polat et
al., 2017), Pix application has been shown
to enhance growth and yield parameters.
While no study has yet investigated the
effects of Pix on seed deterioration, seed
germination and seedling vigor are known
to be crucial factors determining final yield
performance.

Seed priming with growth-regulating
compounds such as mepiquat chloride
(Pix) has been suggested as a potential
approach to improve early seedling
establishment by enhancing germination
performance, seed vigor, and stress
tolerance during the early stages of plant
development (Wang et al., 2021; Qian et

al., 2023). It may improve germination and
root development by modulating hormonal
activity and altering cell wall properties
during early germination stages
(Thandapani &  Subharayalu, 2000).
Niakan et al. (2012) found that Pix-treated
seeds exhibited significantly  higher
germination percentages compared to
untreated controls. Given that sesame is an
oilseed crop with high susceptibility to
deterioration due to its oil-rich nature
under various storage conditions, and
although the effects of Pix (mepiquat
chloride) on plant growth, yield
performance, and seedling establishment
have been reported in several crops,
information regarding its potential role in
reducing seed deterioration during storage
remains scarce. To the best of our
knowledge, no study has specifically
investigated the effects of Pix on seed
longevity, a-amylase activity, membrane
stability, and germination performance of
sesame seeds under different storage
conditions. Given the high susceptibility of
sesame seeds to deterioration due to their
elevated oil content, identifying effective
treatments to maintain seed quality during
storage is of considerable practical
importance. Therefore, this study aimed to
evaluate the effects of different
concentrations of Pix on germination
indices, a-amylase activity, and electrolyte
leakage of stored sesame seeds under
varying storage temperatures, seed
moisture contents, and storage durations.

Material and Method

Seeds, cultivar Darab-1, were obtained
from the Seed Certification and
Registration Institute in Karaj, Iran, to be
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used in the experiment under various
storage conditions. The experiment was
arranged in a four-factor factorial based on
a completely randomized design (CRD)
with three replications at the Agronomy
Laboratory, Faculty of Agriculture, Yasouj
University. The factors included storage
temperature (15, 25, and 35°C), seed
moisture content (9%, 12%, and 15%), Pix
concentration (0, 1500, 3000, and 4500
mg L'l), and storage duration (0, 30, 60,
90, 120, 150, and 180 days). To determine
the initial seed moisture content, three
replicates of 5 g of seeds were weighed
and dried in an oven at 103 + 2°C for 17 £
1 h according to the International Rules for
Seed Testing (ISTA, 2024). The moisture
content was then calculated on a fresh
weight basis, as described by Jorge and
Ray (2004). To adjust seed moisture
content, the amount of water required was
calculated using the following equation

(ISTA, 2024):
A-B

Where:

e B is the initial seed moisture content
(%),

e A is the target seed moisture content
(%),

e W1 is the initial weight of seeds (g),

e W2 is the required amount of Pix
solution (g).

To increase the moisture content, Pix
solutions at 0, 1500, 3000, and 4500 mg L!
concentrations were prepared. Seeds were
placed in aluminum foil pouches, and the
appropriate volume of Pix solution (as
calculated) was added to the seeds. The
pouches were vacuum-sealed using a heat
sealer to prevent any moisture exchange

with the external environment. These seed
packages were then stored in temperature-
controlled incubators set at 15, 25, and
35°C.

At one-month intervals, seeds from
different storage treatments were removed
and subjected to standard germination tests
under laboratory-controlled conditions.
Germination tests were performed using
the "top-of-paper" method in Petri dishes
at alternating temperatures of 20/30 °C for
7 days, following the ISTA rules (ISTA,
2009).

Germination indices evaluation

The following parameters  were

measured during the germination test:

o Germination percentage (Iki¢ et al,
2012),

e Germination rate (Verma et al., 2003),

e Seedling vigor index (Abdul-Baki and
Anderson, 1973),

o Seedling length,

e Seedling dry weight.

Electrolyte  leakage and a-amylase
enzyme activity

For electrolyte leakage and a-amylase
activity assessments, a reduced factorial
design was used, still based on a CRD with
three replications. The experimental
factors were:

o Storage temperature at two levels (15
and 25°C),

e Seed moisture content at two levels
(9% and 15%),

e Pix concentration at three levels (0,
3000, and 4500 mg L™

o Storage duration at three levels (60,
120, and 180 days).
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Electrolyte leakage Test

For the electrolyte leakage test, 100
seeds were randomly selected from each
treatment. Erlenmeyer flasks containing
deionized water were equilibrated at 20°C
for 24 hours. Seeds were placed into these
flasks and incubated in a germinator at
20°C for another 24 hours. After this initial
soaking period, the electrical conductivity
of the seed leachate was measured (EC,).

To release the remaining electrolytes
completely, the samples were subjected to
a complementary treatment (boiling or
autoclaving), after which the final
electrical conductivity was recorded (EC,).
The percentage of electrolyte leakage was
then calculated according to the following
formula:

EL(%)=(EC,)/(EC,)x100  (Dehghan-
Shoar et al., 2005).

a-Amylase activity measurement

o-Amylase activity was determined
following the protocol of Xiao et al.
(2006). Two grams of germinated seeds (at
the second germination stage) were
homogenized with 5mL of 60mM
phosphate buffer (pH=06). The mixture
was centrifuged at 12,000 rpm for 10
minutes to extract the enzyme.

For the assay, 0.5mL of the enzyme
extract was incubated at 37°C for 30
minutes. Then, 1 mL of 0.1 N HCI was
added to terminate the reaction, followed
by 1mL of iodine reagent. The final
volume was adjusted to 10mL with
distilled water. Absorbance was recorded
at 620nm using a spectrophotometer.
Enzyme activity was calculated using a
starch standard curve and expressed based
on the amount of hydrolyzed starch.

Statistical analysis

Statistical analyses were performed
using SAS software (version 9.4), and
graphical visualizations were generated
with Microsoft Excel (2019). The mean
comparisons of main effects were
conducted using Duncan's multiple range
test (DMRT) at the 5% significance level.
In cases of significant interactions, the
L.S.Means procedure was applied for
comparing trait means, also at the 5%
probability level.

Results and Discussion

Analysis of variance

The results of the analysis of variance
(ANOVA) indicated that the four-way
interaction among temperature, seed
moisture content, storage duration, and Pix
concentration significantly affected
electrolyte leakage and a-amylase activity
(P<0.01) (Table 1). Given the significance
of the four-factor interaction on these traits
in sesame sceds, a three-factor factorial
analysis (moisture x Pix x storage period)
was conducted separately for each
temperature level. Upon confirmation of
significant three-way interactions, data
slicing based on moisture levels at each
temperature was performed. The sliced
analysis also showed that the interaction
between Pix concentration and storage
duration at each moisture level was highly
significant (p< 0.01) for both traits (Table

1).
Electrolyte leakage (EL)
The mean comparison of Pix

concentration effects on electrolyte leakage
at 15 °C and 9% and 15% seed moisture


http://yujs.yu.ac.ir/jisr/article-1-666-fa.html

[ Downloaded from yujs.yu.ac.ir on 2026-09-05 ]

Mepiquat Chloride (Pix) Improves Germination and Biochemical Stability ... 177

content revealed a significant increase in control (untreated) seeds after 180 days,
EL with prolonged storage duration. The with means of 47.21 and 52.13%,
highest EL. values were observed in the respectively. In contrast, the lowest EL

a0 Y0 510 slales ;0 (V Obls 0,) oS 5o Pl WT codled 5 cudg xSl cuts 1 5,155 0,90 5 PIX @l il (Sl aslio ) Jou

o310 9 A Hd Casb) o) g ugeades
Table 1: Mean comparison of PIX and storage period effects on electrolyte leakage and a-amylase activity in
sesame (Darab 1 cultivar) under 15°C and 25°C, seed moisture content 9% and 15%

ol LT Edg S cois Mol ]
. (0o,3) Sy Sl ot T S T
oS B & Electrolyte Leakage (a5 2% 2 JyesD) (2, (45252 2 5% 2 J5oslh)
Gid 2 oS ) s (%) a-Amylase Electrolyte a-Amylase
PIX 7 (nmol.seed'.min™) Leakage (%) (nmol.seed.min™)
Storage
con(cer;ra)tion (days) 9%, 15%
mg/L
15°C
60 25.8° 4.68" 36.5 3.17%
Control (0) 120 39.65° 4.18" 47° 2.68¢
180 47.21° 3.16° 52.13° 1.65°
60 22.71¢ 5.15° 30.89¢ 3.47°
3000 120 37.63° 4.63° 39.55° 2.95°
180 45.08° 3.47° 44.99° 1.84°
60 24.7% 4.76° 32.67¢ 3.24%
4500 120 39.86° 4274 41.77% 2.73%
180 46.87° 3.24" 46.97" 1.68°
p value (Pix x Storage) 1.56%* 2.45%%* 1.48%* 0.33*
9% 15%
25°C
60 48.06 3.82° 54.46° 2.55°
Control (0) 120 65.83° 2.79° 71.49° 1.87°
180 72.72° 2.03" 81.67° 1.23°
60 42.71" 434 50.69¢ 2.77°
3000 120 57.14° 3.28° 66.28° 2.06°
180 64.11% 2.32f 71.98° 1.50¢
60 46.51% 4.05® 52.00% 2.73%
4500 120 63.54¢ 3.08° 68.49° 1.93¢
180 69.01° 2.20%" 78.58° 1.48¢
p value (Pix x Storage) 2.13%%* 2.45%%* 0.95%* 0.33*

2l sine S snims las st (e 50 Dglate By s o) Ko g s i Jleisl mhaw o ls pixe NS gz cias i i Ay i g

sl a0y B s 0 5SSl glasals wiz ygesl ol
* and ** indicate a significant difference at the 5% and 1% probability levels, respectively. Different letters in each column indicate a
significant difference based on Duncan's multiple range tests at the 5% level.
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values were recorded in the 3000 mg L'
Pix treatment after 60 days, with means of
22.71 and 30.89%, respectively (Table 1).
Similarly, at 25°C, the highest EL was
again observed in the control treatment
after 180 days under 9% and 15%
moisture, with means of 72.72 and
81.67%, respectively. The lowest EL at
this temperature and moisture was also
observed in the 3000 mg L™ Pix treatment
after 60 days, with values of 42.71 and
50.69%, respectively (Table 1). Electrolyte
leakage indirectly reflects the
concentration of electrolytes released from
seeds during imbibition. An increase in EL
has been consistently reported in previous
studies as an indicator of seed deterioration
(Mosavi Nik et al., 2011; Goel et al., 2003;
Mohammadi et al., 2012). However, EL
may not be a reliable indicator of seed
vigor under low-temperature conditions
(Fessel et al., 2010), which aligns with
findings from the current research.

Numerous studies (Siadat et al., 2012;
Alivand, 2010; Mohammadi et al., 2012)
have shown that increased seed aging
disrupts cell membrane integrity, leading
to elevated electrolyte leakage and higher
EL wvalues. Seeds exhibiting high EL
values are generally associated with low
vigor, while seeds with low EL are often of
higher physiological quality (Vieira et al.,
2004; Ghassemi-Golezani & Hosseinzadeh
Mahootchy, 2009). It is widely accepted
that increased EC during storage is due to
lipid peroxidation and mitochondrial
dysfunction, which collectively impair
energy production in seeds (McDonald,
1999; Fessel et al., 2006). The increase in
electrical leakage observed during storage
was accompanied by reductions in a-

amylase activity, germination percentage,
germination rate, and seedling vigor. This
relationship  suggests that membrane
deterioration is not an isolated event but
rather a key component of the overall seed
aging process. Damage to membrane
systems can impair cellular
compartmentalization, enzyme stability,
and metabolic efficiency, ultimately
reducing germination performance.
Therefore, electrolyte leakage may serve as
a useful physiological indicator of the
biochemical and functional changes
occurring during seed deterioration.

a-amylase activity

The comparison of a-amylase activity
among Pix treatments at 15°C under 9%,
and 15% seed moisture content indicated a
significant decrease in enzyme activity
with extended storage time. The highest
enzyme activity was observed in the
3000 mgL" Pix treatment after 60 days,
with average values of 5.15 and 3.47 nmol
seed'min”, respectively. The lowest
activity was recorded in the control
treatment after 180 days, at 3.16 and
1.65 nmol seed 'min™, respectively (Table
1). At 25°C, the trend was similar: the
maximum o-amylase activity at 9% and
15% moisture was observed in the
3000mg L™ Pix treatment after 60 days,
with mean values of 4.34 and 2.77 nmol
seed'min”, respectively. The minimum
activity was again observed in the control
group after 180 days, with values of 2.03
and 1.23 nmolseed'min”, respectively
(Table 1). Previous studies have also
demonstrated a reduction in a-amylase
activity with increasing seed deterioration.
This includes studies on wheat (Chauhan et
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al., 2011), rice (Latifzadeh Shahkhali et al.,
2020), bean (Ghanbari et al., 2018), and
soybean (Hajabbasi et al., 2021). The
strong association between oa-amylase
activity and germination-related traits
observed in this study highlights the
importance of reserve mobilization during
seed germination. Seeds with higher a-
amylase activity generally exhibited higher
germination percentages, faster
germination rates, and greater seedling
vigor. In contrast, declining enzyme
activity was accompanied by increased
electrolyte  leakage, suggesting that
membrane deterioration and metabolic
dysfunction occur simultaneously during
aging. These findings indicate that o-
amylase activity can be considered an
important biochemical marker of seed
physiological quality.

Seed aging effects on a-amylase and
germination

McDonald (1999) noted that seed aging
leads to DNA degradation, resulting in
disrupted transcription processes and
impaired synthesis of essential enzymes
such as a- and B-amylases, which are vital
for the early stages of germination. As
aging progresses, the activity of these
enzymes diminishes, preventing the
hydrolysis of seed reserves and limiting the
availability of energy molecules like ATP.

In the present study, the decrease in a-
amylase activity across all treatments was
aligned with the reduction in germination
indices in aged seeds. Similarly, Lee and
Kim (2000), and Latifzadeh Shahkhali et
al. (2020), reported that reductions in o-
amylase activity during seed aging are
associated with phospholipid degradation,

increased lipid peroxidation, and structural
changes in plastid and mitochondrial
membranes, alongside damage to DNA,
RNA, and proteins. These findings suggest
that Pix treatment, by modulating these
physiological parameters, may help
preserve enzyme activity. The reduction in
a-amylase activity observed during storage
appears to be directly linked to the decline
in germination indices and the increase in
electrolyte leakage. a-amylase is a key
hydrolytic  enzyme  responsible for
mobilizing starch reserves and supplying
soluble sugars required for embryo growth.
Therefore, reduced enzyme activity limits
energy availability during germination,
leading to lower germination percentage,
slower germination rate, and reduced
seedling vigor. The simultaneous increase
in electrolyte leakage further suggests that
membrane deterioration may contribute to
the loss of enzymatic functionality by
disrupting cellular  organization and
accelerating  oxidative damage. The
superior performance of seeds treated with
3000 mg L Pix, which maintained higher
o-amylase activity and lower electrolyte
leakage, indicates that preservation of both
membrane integrity ~ and  reserve
mobilization capacity are important
mechanisms underlying improved seed
storability.

Factors affecting germination indices

The ANOVA results (Table 2) showed
that temperature, moisture content, Pix
concentration, and storage duration, as
well as most of their interactions, had
significant effects (p< 0.01) on sesame
seed germination indices. The temperature
x Pix interaction was significant only for
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seedling length (p< 0.05). Due to the
significant four-way interaction effects

(Table 2), data were first analyzed as a

three-factor factorial (moisture x Pix X

storage duration) for each temperature, and

sliced analyses based on moisture content

O D) oy amS Sallsr Sliae )l 0,50 5 PIX Ll o ()l jdy g o Sl (Slayo :5ike) il jlstjomim ¥ ooz
Table 2 — Analysis of variance (mean squares) of the effects of temperature, seed moisture content, pix storage, and storage period
on germination traits of sesame cultivar ‘Darab 1

R s s s e e Jsb S 039 At Job a3lo A 9 a>ls
et ol T TS ST als azalS azalS axl5Seedling
. w3l Germination  Germination T o N C . .
Source of variation daf Seedling  Seedling  Seedling length weight vigor
percentage rate . . . )
length dry weight vigor index index
Lo * * *x . e -
) 65621.8 3705.2 236.82 0.002 202.79 0.001
Temperature (T)
. by syme 132753.3" 7251100  460.07 0.003" 293.06 0.002"
Seed moisture content (SM)
PIX i 2772.8" 208.40" 13.05°  0.0001" 343" 0.00002"
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were then conducted. The sliced analysis
revealed that the Pix x storage duration
interaction was highly significant (p< 0.01)
for all measured traits at each moisture
level.

Germination percentage

The mean comparison of germination
percentage under different moisture levels,
Pix concentrations, and storage durations
at 15, 25, and 35°C showed that
germination declined significantly with
seed aging in all treatments. However, the
reduction was more pronounced in the
control seeds (Figure 1). At 15°C and 9%
moisture, the  highest germination
percentages were observed after 30 days of
storage, with averages of 87.00%, 87.66%,
and 86.00% for 1500, 3000 mg L Pix, and
control treatments, respectively. The
lowest germination (73.00%) was recorded
in the control after 180 days of storage,
which was not significantly different from
the 4500mgL™ Pix treatment (73.33%)
(Figure 1). At 15°C and 12% moisture, the
highest germination percentage was again
recorded after 30 days of storage across all
treatments, with values of 85.33%,
86.33%, 87.67%, and 87.67% for control,
1500, 3000, and 4500mgL’ Pix,
respectively (Figure 1). At 25°C, the
highest germination percentages under 9%,
12%, and 15% moisture were 86.67%,
45.33%, and 31.33%, respectively, all
recorded for the 3000 mg L Pix treatment
after 30 days (Figure 1). At 35°C, the
highest germination percentages under the
same moisture levels were 47.67%,
43.00%, and 29.67%, respectively, again
for the 3000 mg L' Pix treatment after 30
days (Figure 1). In general, germination

percentage decreased more rapidly at
higher temperatures, and across all
temperatures, germination dropped sharply
to zero at 15% seed moisture. Notably,
only seeds treated with 1500 or 3000 mg L
' Pix retained measurable germination
beyond 30 days of storage under high
moisture conditions (Figure 1). These
findings are consistent with previous
studies by Latifzadeh Shahkhali et al.
(2020), Baghdadi et al. (2017), Mehrabi
Koushki et al. (2022), Bewley et al.
(2013), and Ghanbari et al. (2018), all of
which reported significant declines in
germination percentage with increased
seed moisture, temperature, and storage
time. The decline in germination under
aging stress may be attributed to several
factors, including reduced enzymatic
activity  essential  for  germination,
membrane damage caused by lipid
peroxidation, increased accumulation of
malondialdehyde (MDA), damage to RNA
and DNA, and decreased activity of
antioxidant enzymes such as superoxide
dismutase (SOD), peroxidase (POD),
catalase (CAT), glutathione reductase
(GR), and ascorbate peroxidase (APX)
(Kibinza et al., 2006; Brar et al., 2019).
Seed aging is a progressive process
associated with a series of physiological
and biochemical changes that ultimately
reduce seed viability and germination
performance. During storage, deterioration
processes such as oxidative stress,
membrane disruption, increased electrolyte
leakage, and impairment of cellular
metabolism contribute to the loss of seed
quality and vigor (Zhang et al., 2021;
Nadarajan et al., 2023). In the present
study, control treatments exhibited lower
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germination percentages than Pix-treated content. Yin et al. (2014) and Latifzadeh
seeds, correlating with reduced a-amylase Shahkhali et al. (2020) attributed the
and peroxidase activity and higher MDA reduced germination in aged seeds to the
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accumulation of reactive oxygen species
(ROS) due to decreased catalase and
peroxidase activity. In contrast, Pix-treated
seeds showed higher  germination
percentages, likely due to a smaller
declinein a-amylase and peroxidase
activity and lower MDA accumulation.
The reduction in germination percentage
observed during storage was closely
associated with the simultaneous increase
in electrolyte leakage and decrease in a-
amylase activity. Increased electrolyte
leakage indicates membrane deterioration
and loss of cellular integrity, while reduced
a-amylase activity limits the mobilization
of stored reserves required for embryo
growth. Therefore, seeds exhibiting lower
electrolyte leakage and higher a-amylase
activity generally maintained greater
germination capacity. These findings
suggest that membrane stability and
reserve mobilization are key determinants
of seed viability during storage.

Germination rate

The analysis of mean comparisons for
the effects of temperature, moisture
content, Pix concentration, and storage
duration revealed that germination rate
significantly =~ decreased  across  all
treatments as storage duration increased,
regardless of temperature and Pix level
(Figure 2). At 15°C, the highest
germination rates under 9%, 12%, and
15% moisture levels were 16.33, 13.33,
and 12.27 seed d”', respectively. At 25°C,
they were 13.33, 6.16, and 11.73 seed d”',
and at 35°C, 18.06, 15.83, and 5.33 seed d
! respectively (Figure 2). These findings
are consistent with reports by Dantas et al.
(2019), Latifzadeh Shahkhali et al. (2020),

Ansari et al. (2013), Hoseinipoor et al.
(2020), and Afrosheh et al. (2018), who
also observed significant reductions in
germination rate with prolonged storage,
increased temperature, and higher seed
moisture. The observed decline reflects
worsening storage conditions, impeding
seed physiological performance. Aging
seeds often exhibit delays in the initiation
of germination, likely due to the extended
time required for repairing damage to
cellular membranes and the reactivation of
antioxidant defense systems. This leads to
longer completion times for germination,
thus reducing germination rate and
increasing mean germination time (Bewley
et al.,, 2013). Tabatabaei (2013) similarly
observed a significant decline in
germination rate with extended storage.
Lee et al. (2010), in a study on transgenic
tobacco seeds, reported higher germination
rate associated with overexpression of
superoxide dismutase (SOD) genes. In
contrast, non-transgenic seeds exhibited
higher ionic leakage and more oxidative
damage to cell membranes. These findings
highlight the crucial role of SOD in
enhancing germination and seed longevity.
Latifzadeh Shahkhali et al. (2020) also
reported that seeds with higher antioxidant
enzyme activity displayed significantly
faster germination compared to those with
lower enzyme activity. The decline in
germination rate under prolonged storage
conditions appears to be strongly related to
both enzymatic and membrane-related
changes occurring during seed aging.
Reduced a-amylase activity may delay the
conversion of starch reserves into soluble
sugars, thereby slowing metabolic

activation during germination.
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Simultaneously, increased electrolyte can impair water uptake efficiency and
leakage reflects membrane damage that cellular metabolism. Consequently,
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treatments maintaining lower electrolyte
leakage and higher a-amylase activity
exhibited faster germination, highlighting
the physiological interdependence of these
traits.

Seedling length

The comparison of mean values under
different storage conditions indicated that
seedling length decreased significantly
with prolonged storage duration. At 15°C,
the longest seedlings under 9%, 12%, and
15% moisture conditions were observed in
the 3000 mg L™ Pix treatment, with mean
lengths of 8.80, 8.76, and 3.53 cm,
respectively. In all moisture conditions, the
shortest seedlings were recorded in the
control treatment (Figure 3). At 25°C, the
shortest seedling length was 3.3cm
(control, 9% moisture, 180 days). Seedling
length dropped to zero after 60 days (12%
moisture) and 30 days (15% moisture) of
storage in the control treatment (Figure 3).
At 35°C, seedling length reached zero after
60 days at 9% moisture, and after 30 days
at 12% and 15% moisture in the control
group due to complete germination failure.
At 9% moisture after 150 days, only the
3000 mg L' Pix treatment retained
measurable seedling growth (0.36 cm).
After 180 days, seedling length was zero in
all treatments, and for 15% moisture, no
growth was observed beyond 90 days
(Figure 3). These results align with
findings from Latifzadeh Shahkhali et al.
(2020), Alivand (2010), Ansari et al.
(2013), and Mehrabi Koushki et al. (2022),
who showed that increased storage
duration, temperature, and seed moisture
significantly reduce seedling length in
oilseed and leguminous crops. Seedling

growth reduction is generally linked to
seed aging and delayed germination, which
limits  biomass  accumulation  and
elongation (Bewley et al., 2013; Ansari et
al., 2013). A reduction in seedling length
may reflect declined antioxidant enzyme
activity. Chiu et al. (2003) explained that
prolonged storage leads to decreased
activity of antioxidant enzymes, resulting
in increased reactive oxygen species
(ROS) that damage seedling development.
Additionally, in unfavorable environments,
reserve mobilization from seed to seedling
becomes inefficient, leading to weaker
seedling establishment. Hence, reduced
seedling length may be associated with
limited utilization of seed reserves.
Changes in seedling length were closely
associated with alterations in seed vigor-
related biochemical characteristics. The
maintenance of higher a-amylase activity
in Pix-treated seeds likely enhanced
reserve  mobilization and  energy
availability for seedling growth. In
contrast, increased electrical leakage,
indicative of membrane deterioration, was
associated with shorter seedlings and
weaker seedling establishment. These
results suggest that the ability of seedlings
to sustain growth after germination
depends largely on the preservation of
metabolic activity and membrane integrity
during storage.

Seedling dry weight

The results of seedling dry weight under
varying storage conditions and Pix
treatments showed a significant reduction
in dry weight with increased storage
duration, as well as with elevated moisture
content and storage temperature. At 15°C,
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the highest seedling dry weights under 9%,
12%, and 15% moisture were 0.016, 0.015,
and 0.006g, respectively, in the
3000 mg L' Pix treatment after 30 days of
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Figure 3. The effect of PIX treatment and storage on
the seedling length of Darab 1 sesame variety under
temperature conditions of 15, 25, and 35°C and seed
moisture content (SMC) of 9%, 12%, and 15%.
Different letters indicate a significant difference based
on Duncan's multiple range tests at the 5% level.
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moisture contents were 0.015, 0.007, and
0.005 g, respectively, in the 3000 mgL’
Pix treatment after 30 days. The lowest
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Figure 4. The effect of PIX treatment and storage on
the seedling dry weight of Darab 1 sesame variety
under temperature conditions of 15, 25, and 35°C and
seed moisture content (SMC) of 9%, 12%, and 15%.
Different letters indicate a significant difference based
on Duncan's multiple range tests at the 5% level.


http://yujs.yu.ac.ir/jisr/article-1-666-fa.html

[ Downloaded from yujs.yu.ac.ir on 2026-09-05 ]

Iranian Journal of Seed Research, Volume 12, Issue 2, 2026 188

was still recorded in the 3000 mgL™" Pix
treatment (0.009 g) (Figure 4). At 12% and
15% moisture, dry weight in all Pix
treatments dropped to zero after 150 and
90 days, respectively. In contrast, dry
weight in the control treatment reached
zero after 60 and 30 days (Figure 4). At
35°C, the highest seedling dry weights
under 9%, 12%, and 15% moisture were
0.008, 0.007, and 0.005g, respectively,
again in the 3000 mg L™ Pix treatment after
30 days (Figure 4). Numerous studies,
including those by Alivand (2010),
Mehrabi Koushki et al. (2022), and
Afrosheh et al. (2018), have confirmed that
seedling dry weight decreases significantly
with longer storage duration, higher seed
moisture, and elevated temperature—
findings that align with our results.
Latifzadeh Shahkhali et al. (2020) reported
that reduced seedling dry weight due to
aging was linked to lower germination
rate, diminished antioxidant enzyme
activity, and elevated malondialdehyde
(MDA) levels. In the present study, Pix
treatment significantly improved seedling
dry weight, which may be attributed to
increased  seedling  length,  faster
germination, elevated peroxidase activity,
and lower MDA levels (data not shown).
Given that dry weight is directly related to
seedling growth and length, the reduction
observed at higher temperature and
humidity can be attributed to reduced
seedling  elongation under adverse
conditions. These results support prior
findings that impaired seed metabolism
and reserve mobilization under aging stress
cause a decline in seedling dry weight
(Mohammadi et al., 2012).

Seedling vigor index (length-based and
weight-based)

The results of seedling vigor indices
demonstrated that the highest length-based
vigor at 15°C and moisture levels of 9%,
12%, and 15% were 7.71, 7.68, and 1.25,
respectively, all in the 3000mgL™" Pix
treatment. The corresponding weight-based
vigor values were 0.013, 0.013, and 0.002,
respectively. The lowest vigor values were
observed in the control at 9% moisture
after 180 days, with 4.42 (length) and
0.007 (weight) (Figures 5 and 6). At 25°C,
the highest length-based vigor values were
7.51, 2.05, and 1.01 for 9%, 12%, and 15%
moisture, respectively, in the 3000 mg L™
Pix treatment. The corresponding weight-
based vigor values were 0.013, 0.003, and
0.002 (Figure 5). At 35°C, the highest
length-based vigor values for 9%, 12%,
and 15% moisture were 2.28, 1.85, and
0.86, respectively, while weight-based
vigor values were 0.004, 0.003, and 0.001,
all in the 3000mgL"' Pix treatment
(Figures 5 and 6). Since vigor indices are
calculated by multiplying germination
percentage by seedling length or dry
weight, these indices are considered strong
indicators of seed vigor. Our study
confirms that increased storage duration,
higher seed moisture, and elevated
temperature significantly reduce both
length- and weight-based seedling vigor.
These findings are consistent with the
results reported by Latifzadeh Shahkhali et
al. (2020), Mehrabi Koushki et al. (2022),
and Ansari et al. (2013), who linked
reduced vigor to increased seed aging. In
general, the decline in vigor is closely tied
to reduced germination percentage,
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seedling length, and dry weight. Ghanbari
et al. (2018) reported that reduced vigor in
aged seeds of bean was associated with
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Figure 5. The effect of PIX treatment and storage on
the seedling longitudinal vigor index of Darab 1
sesame variety under temperature conditions of 15, 25,
and 35°C and seed moisture content (SMC) of 9%, 12%,
and 15%. Different letters indicate a significant
difference based on Duncan's multiple range tests at
the 5% level.
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positive correlation with germination
percentage, seedling length, and dry
weight. This reduction in vigor is due to
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Figure 6. The effect of PIX treatment and storage on
the seedling weight vigor index (SWVI) of Darab 1
sesame variety under temperature conditions of 15, 25,
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and 15%. Different letters indicate a significant
difference based on Duncan's multiple range tests at
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Verma et al. (2003), and Pradidwan
(2004). Zamani et al. (2010) found that
both natural and accelerated aging in
safflower seeds caused severe reductions in
vigor due to decreased antioxidant activity,
ROS accumulation, lipid peroxidation, and
protein and membrane degradation. In a
study on transgenic rice, Kaur et al. (2015)
found that the overexpression of small heat
shock proteins (sHSPs) stabilized protein
structure and reduced ROS accumulation,
thereby enhancing seed vigor and
longevity. Seed vigor index integrates both
germination performance and seedling
growth and therefore reflects the overall
physiological status of seeds. In the present
study, higher vigor index values were
generally associated with lower electrical
leakage and greater a-amylase activity.
This relationship indicates that
preservation of membrane integrity and
efficient reserve mobilization contribute
collectively to seed vigor. Conversely,
increased membrane leakage and reduced
enzymatic activity in aged seeds were
accompanied by marked declines in vigor
index, emphasizing the interconnected
nature of these physiological traits.

Conclusion

The present study demonstrated that
sesame seed deterioration accelerated
markedly  with  increasing  storage
temperature, seed moisture content, and
storage duration. Under severe storage
conditions (15% seed moisture at 25°C and
35°C), germination declined to zero within
30-90 days, indicating rapid loss of seed
viability. In contrast, Pix application,
particularly at 3000 mg L', substantially
alleviated the detrimental effects of seed

aging. At 15°C and 9% seed moisture after
180 days of storage, seeds treated with
3000 mg L Pix maintained a germination
percentage of approximately 80%, whereas
germination in untreated seeds declined to
about 73%. Pix treatment also reduced
electrolyte leakage by up to 52% and
maintained higher a-amylase activity
throughout storage. Moreover, under
several storage conditions, Pix-treated
seeds retained measurable germination and
seedling growth for 30-60 days longer
than untreated seeds. Therefore,
application of 3000 mgL™' Pix can be
considered an effective strategy for
extending sesame seed storability and
mitigating  physiological  deterioration
during long-term storage.
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