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Physiological and molecular changes of onion =
(Allium cepa L.) seeds under different aging
conditions
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Abstract

Background Onion seeds have limited storage capacity compared to other vegetable seeds. It is crucial to identify
the mechanisms that induce tolerance to storage conditions and reduce seed deterioration. To address this goal,
an experiment was conducted to evaluate changes in germination, biochemical, physiological, and molecular
characteristics of onion seed landraces (Horand, Kazerun landraces and Zargan cultivar) at different aging levels
(control, three-days and six-days accelerated aging, and natural aging for one year).

Results The findings suggest that there was an increase in glucose, fructose, total sugar, and electrolyte leakage in
the Horand (HOR), Kazerun (KAZ) landraces, and Zarghan (ZAR) cultivar, with Kazerun exhibiting the greatest increase.
The percentage and rate of germination of Kazerun decreased by 54% and 33%, respectively, in six-day accelerated
aging compared to the control, while it decreased by 12% and 14%, respectively, in Horand. Protein content
decreased with increasing levels of aging, with a decrease of 26% in Kazerun landrace at six days of aging, while it
was 16% in Horand landrace. The antioxidant activities of catalase, superoxide dismutase, and glutathione peroxidase
decreased more intensively in Kazerun. The expression of AMY1, BMY1, CTR1, and NPRT genes were lower in Kazerun
landraces than in Horand and Zargan at different aging levels.

Conclusions The AMY1, BMY1, CTR1, and NPRT genes play a pivotal role in onion seed germination, and their
downregulation under stressful conditions has been shown to decrease germination rates. In addition, the activity
of CAT, SOD, and GPx enzymes decreased by seed aging, and the amount of glucose, fructose, total sugar and
electrolyte leakage increased, which ultimately led to seed deterioration. Based on the results of this experiment, it
is recommended to conduct further studies into the molecular aspects involved in onion seed deterioration. More
research on the genes related to this process is suggested, as well as investigating the impact of different priming
treatments on the genes expression involved in the onion seed aging process.
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Background

Onion (Allium cepa L.) is a biennial crop from the Ama-
ryllidaceae family and is one of the oldest cultivated veg-
etables in the world [1]. Onion seeds have limited storage
capacity and higher moisture content than other conven-
tional vegetables, making them susceptible to deteriora-
tion under inappropriate storage conditions [2]. This can
reduce the viability, germination, and quality of the seeds,
which makes it crucial to identify cultivars or landraces
that are resistant to seed deterioration [3].

Seed deterioration is caused by various factors, includ-
ing genetic factors, mechanical damage, relative humid-
ity, storage temperature, seed moisture content, presence
of micro flora, seed ripening and other factors that ren-
der the conditions unsuitable for seed quality retention
[4]. Seed deterioration involves biochemical and physi-
ological changes, including genetic modification, enzyme
activity changes, and membrane damage, leading to a
decrease in the germination rate, abnormal growth, and
growth of seedlings [2].

The mechanisms involved in the aging process include
changes in seed proteins, reactive oxygen species (ROS),
changes in lipids, and in DNA [5]. Partial reduction of
molecular oxygen creates ROS, such as superoxide radi-
cal, hydrogen peroxide, and hydroxyl radical [6], which
have a destructive role in seeds due to their high affinity
for biological molecules, including proteins, soluble sug-
ars, lipids, and nucleic acids [7].

Seed aging has been reported to decrease the activity
of peroxidase, catalase, ascorbate peroxidase, superoxide
dismutase, and lipoxygenase enzymes as antioxidant sys-
tems [8]. In a study on rapeseed, Khan et al. [9] reported a
significant decrease in the amount of soluble protein with
the increase of seed decay. They also reported a decrease
in the activity of antioxidant enzymes with the increase
of seed decay. Brar et al. [10] reported that the activi-
ties of catalase, peroxidase, and superoxide dismutase
enzymes decreased significantly with the increase in seed
deterioration. On the other hand, the presence of sugars
such as fructose, galactose, and glucose serve as the pri-
mary driving force for Amadori and Maillard reactions
[11]. In seeds, sugars are formed during the hydrolysis
of raffinose and stachyose during storage and are rapidly
employed in Amadori and Maillard reactions [12]. It has
been reported that the accumulation of Maillard prod-
ucts correlates strongly with glucose levels and structural
deterioration of seeds, indicating that the hydrolysis of
sugars during storage may be involved in seed deteriora-
tion due to preparatory and Maillard reactions [13].

Seed decay causes excessive or decreased expression of
certain genes. Identifying the genes involved in modulat-
ing the effects of deterioration provides a way to iden-
tify the mechanisms involved in reducing the effects of
deterioration in sensitive seeds. Until now, no study has
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been conducted on changes in the expression of genes
involved in onion seed germination under the influence
of seed decay. However, some studies have evaluated
the expression of genes in other seeds such as in rape-
seed (AMYI) [9], soybean (AMYI and BMYI) [14 and 18],
Arabidopsis (CTRI) [15], and Arabidopsis (NPRI) under
seed aging [16]. The researchers reported an increase in
gene expression levels with an increase in seed degrada-
tion [14].

Onion seed storage is at risk due to the negative effects
of temperature and humidity on its germination during
long-term storage. Therefore, it is imperative to identify
the mechanisms that promote resistance to seed dete-
rioration. The objectives of this study are therefore: (1)
to explore the mechanisms that contribute to tolerance
against onion seed decay, (2) to compare the susceptible
and resistant onion seeds in relation to physiological and
molecular mechanisms, and (3) to identify potential indi-
cators to control onion seed decay.

Results

Germination percentage

The results showed that the seed germination percent-
age was significantly affected by aging, landraces, and
their interaction (p<0.001). Germination percentage
decreased as the aging period increased, with a sharp
decline observed in seeds subjected to 6-day accelerated
aging (Fig. la). For Kazerun, the germination percent-
age decreased by 28%, 54%, and 41% in seeds subjected
to 3-day aging, 6-day aging, and 1-year natural aging,
compared to the control treatment, respectively. The ger-
mination percentage of Horand decreased by 6%, 12%,
and 1% in 3-day aging, 6-day aging, and 1-year natural
aging, compared to the control treatment, respectively.
While for Zargan cultivar, the germination percentage
decreased by 18%, 40%, and 6% in 3-day aging, 6-day
aging, and 1-year natural aging, compared to the control
treatment, respectively.

Germination rate

The germination rate was also significantly affected by
aging, landraces, and their interaction (p<0.001). The
germination rate decreased as the aging period increased
(Fig. 1b). The germination rate of Horand decreased
by 13%, 14%, and 15% at 3-day aging, 6-day aging, and
1-year natural aging, respectively, while that of Zargan
cultivar decreased by 18%, 52%, and 1%. Kazerun showed
a decrease of 40%, 33%, and 17% in seeds germination
subjected to 3-day aging, 6-day aging, and 1-year natural
aging, compared to the control, respectively.

Electrolyte leakage
The data on electrolyte leakage was analyzed using
ANOVA and showed significant effects of seed aging,
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Fig. 1 Germination percentage (a), Germination rate (b) and Electrical conductivity (c) of HOR, ZAR and KAZ onion landraces under different levels of
aging [Means with the same letters are not significantly different using Duncan multiple range test (p value <0.05)]. AA 3d, AA6 d and A natural refer to

three-days aging, six-days aging, and one-year natural aging, respectively

landraces, and their interaction (p<0.001). Electrolyte
leakage increased at all levels of aging, with the highest
increase observed in the Kazerun landrace. Specifically,
in Kazerun, electrolyte leakage increased by 33%, 99%,
and 9% at three-day aging, six-day aging, and one-year
natural aging, compared to the control, respectively.
Similarly, in Zargan cultivar, electrolyte leakage increased
by 31%, 71%, and 2% in three-day aging, six-day aging,
and one-year natural aging, compared to the control,
respectively. However, there was no significant differ-
ence between different aging levels in Horand in terms
of electrolyte leakage. These results suggest that electro-
lyte leakage is affected by both aging and landraces, while
the Kazerun being the most sensitive to aging-induced
changes in electrolyte leakage (Fig. 1c). In this study,
we observed a negative correlation between electrolyte
leakage, germination percentage, and germination rate
(Fig. 2).

The seed soluble sugars contents

Glucose

The results indicate that aging, landraces, and their inter-
action have a significant effect on the seeds’ glucose

content. The glucose content increased with increasing
aging levels, and this increase was higher in Kazerun than
Zargan and Horand landraces. In Kazerun, the glucose
content increased by 44%, 65%, and 44% in three days, six
days, and one-year natural aging, respectively, compared
to the control. In contrast, the glucose content in Horand
increased by 22%, 59%, and 36%, compared to the control,
respectively. These findings suggest that Horand landrace
may be more resilient to aging-induced changes in glu-
cose content compared to the other two seeds (Fig. 3a).

Fructose

The levels of fructose in seeds were significantly influ-
enced by aging, landraces, and the interaction between
the two (p<0.001). As aging levels increased, the amount
of fructose also increased in the seeds, with a more pro-
nounced effect observed in the Kazerun landrace. The
fructose content of Horand seeds increased by 21% under
normal aging conditions, and by 36% and 88% under
accelerated aging conditions of three and six days, com-
pared to the control seeds, respectively. In Zargan land-
race, increasing levels of aging resulted in 44%, 102%, and
56% more fructose in seeds under three-day, six-day, and
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Fig. 2 Pearson correlation matrix of germination percentage, germination rate, catalase, superoxide dismutase, glutathione peroxidase, glucose, fruc-
tose, total sugar, protein concentration, electrical conductivity, AMY1, BMY1, CTRT and NPRT gene expressions. (*, **, and ***; significant difference at

p<0.05,p<001,and p<0.001, respectively)

one-year aging conditions, respectively. Conversely, the
seeds of Kazerun had 61%, 125%, and 66% higher fruc-
tose content compared to the control seeds under the
same aging conditions (Fig. 3b).

Total soluble sugars

The level of total seeds soluble sugars was significantly
influenced by aging, landraces, and their interaction
(»<0.001). Total seed soluble sugars content increased
with increasing aging levels in all landraces, but Kaze-
run landrace showed a greater increase than Zargan
and Horand (Fig. 3c). The Horand landrace exhibited

a respective increase of 4%, 23%, and 6% in total sugar
content at three-day, six-day, and one-year natural aging
conditions. The Zargan landrace, on the other hand,
had an increase of 11%, 38%, and 15% higher than con-
trol seeds at the same aging levels. The seeds of Kazerun
landrace also showed a significant increase in total sugar
content, with respective increases of 16%, 41%, and 15%
higher than the control seeds (Fig. 3c). Our study found
a positive correlation among glucose, fructose, and total
sugar with electrolyte leakage, and a negative correlation
with germination percentage and rate, as shown in Fig. 2.
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Fig. 3 Glucose (a), Fructose (b), Total sugar (c) and Protein concentration (d) of Horand, Zargan and Kazerun onion landraces under different levels of
aging [Means with the same letters are not significantly different using Duncan multiple range test (p value <0.05)]. AA 3d, AA6 d and A natural refer to

three-days aging, six-days aging, and one-year natural aging, respectively

Seed protein concentration

The effects of aging, landraces, and their interaction on
seed protein concentration were found to be significant
(p<0.001). Seed protein concentration decreased at dif-
ferent levels of aging. In Kazerun, the protein concentra-
tion decreased by 19%, 26%, and 22%, in three-day aging,
six-day aging, and one-year natural aging compared to
the control treatment, respectively. Horand seed protein
concentration in three-day aging, six-day aging, and one-
year natural aging decreased by 9%, 16%, and 10% and by
9%, 22%, and 10% in Zargan, respectively (Fig. 3d). The
seed protein concentration was found to have a positive
correlation with germination percentage and rate in our
study (Fig. 2).

Antioxidant enzymes activity

The results of the analysis of variance indicate that aging,
landrace, and their interaction had a significant effect
on superoxide dismutase (SOD) (p<0.001), and glu-
tathione peroxidase activity (p<0.001). Application of
different levels of aging reduced the catalase activity of
leaves. Horand had higher catalase activity than Zargan
and Kazerun at all aging levels. In Kazerun, the activity
of catalase decreased by 66%, 82%, and 62% for three-day

aging, six-day aging, and one-year natural aging, respec-
tively, compared to the control (Fig. 4a). However, the
activity of catalase decreased by 36%, 71%, and 43% for
Horand and 44%, 78%, and 54% for Zargan in three-day
aging, six-day aging, and one-year natural aging, respec-
tively. Different levels of aging also caused a decrease in
SOD activity in onion cultivar and landraces (Fig. 4b). In
Kazerun, the SOD activity decreased by 48%, 71%, and
39% after three-day aging, six-day aging, and one-year
natural aging, respectively, when compared to the con-
trol treatment. Similarly, in Horand, the SOD activity
decreased by 36%, 55%, and 30% after three-day aging,
six-day aging, and one-year natural aging, respectively,
when compared to the control treatment. Glutathione
peroxidase also decreased at all aging levels in Horand,
Kazerun, and Zargan (Fig. 4c). The glutathione peroxi-
dase activity in the Kazerun decreased by 60%, 83%, and
56% after three-day, six-day, and one-year natural aging,
respectively, when compared to the control. However, in
Horand, the glutathione peroxidase activity decreased by
37%, 74%, and 26% after three-day aging, six-day aging,
and one-year natural aging, respectively, when compared
to the control. There was a positive correlation between
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Fig. 4 Catalase (a), SOD (b) and Glutathione peroxidase (c) of Horand, Zargan and Kazerun onion landraces under different levels of aging [Means with
the same letters are not significantly different using Duncan multiple range test (p value <0.05)]. AA 3d, AA6 d and A natural refer to three-days aging,

six-days aging, and one-year natural aging, respectively

CAT, SOD, and GPx with the percentage and rate of ger-
mination (Fig. 2).

Gene expression

The onion seed aging, landrace, and their interaction
imposed a significant effect on the expression of AMY1I,
BMYI, CTRI, and NPRI genes (p<0.001). The results
showed that the expression of AMY1 gene decreased
with increasing aging levels in all three landraces, and
the highest gene expression was observed in the Horand
landrace (Fig. 5a). The expression of AMYI decreased
in Horand by 13%, 33%, and 16% in three-day, six-day,
and one-year natural aging, respectively, and by 20%,
38%, and 18% in Zargan. AMYI expression in Kazerun
landrace decreased by 36%, 56% and 27%, respectively,
in three-day, six-day and one-year natural senescence,
compared to the control treatment. BMYI1 expression
also decreased with increasing senescence levels in all
three landraces (Fig. 5b). In Kazerun, BMY1 expression
decreased by 46%, 68%, and 44% in three-day, six-day,
and one-year normal aging, respectively, compared to the
control treatment. Similarly, increased aging levels from
control to three-day, six-day, and one-year natural aging
decreased BMY1 expression in Horand by 19%, 43%,

and 17%. Also, the expression of BMY gene in Zargan
cultivar in three-day, six-day and one-year natural aging
decreased by 32%, 54% and 35% respectively compared
to the control. On the other hand, CTRI expression
decreased with decreasing levels of senescence, although
the expression of CTRI was almost zero in Kazerun land-
race in the six-day aging treatment.

However, gene expression was observed in Horand
(Fig. 5¢) but in three-day, six-day aging and one-year nat-
ural aging, the expression of CTRI gene in decreased by
32%, 63% and 27% respectively compared to the control,
while in Zargan cultivar, at three-days aging and one year
natural aging, CTRI gene expression decreased by 71%
and 59%, respectively, compared to the control, and this
gene was not expressed in six-days aging. The study also
found no NPRI gene expression in Kazerun in the three-
day, six-day, and one-year aging, while, in Horand, three-
day, six-day, and one-year normal aging decreased NPRI
expression by 58%, 79%, and 53%, respectively, compared
to the control. On the other hand, the expression of
NPR1 gene in Zargan cultivar decreased by 53 and 47%
compared to the control at three-day and one-year natu-
ral aging, while no gene expression was observed at six-
day aging. (Fig. 5d). Additionally, a negative correlation
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Fig. 5 AMYT (@), BMYI (b), CTRT (c) and NPR1 (d) relative gene expression of Horand, Zargan and Kazerun onion landraces under different levels of aging.
[Means with the same letters are not significantly different using Duncan multiple range test (p value <0.05)]. AA 3d, AA6 d and A natural refer to three-
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was observed among the expression of these genes and
the percentage and rate of germination, as well as with
the levels of seed CAT, SOD, GPx, and protein concentra-
tion (Fig. 2). This study also revealed a negative correla-
tion between gene expression and levels of seed glucose,
fructose, and total soluble sugars (Fig. 6).

Discussion

Seed decay can lead to various molecular, biochemical,
and physiological changes in plants. Depending on their
level of resistance, different seeds may respond differ-
ently to seed decay. Seeds use various physiological and
biochemical strategies, including regenerating cell mem-
brane lipid compounds, to prevent cell damage caused by
decay [19].

The results of this study indicate that as aging levels
increase, electrolyte leakage also increases, which is asso-
ciated with a decrease in both germination percentage
and rate. However, Kazerun landrace was found to be
more sensitive than Horand landrace and Zargan culti-
var to aging levels. According to Panayotov and Jadchak
[20], low-quality seeds deteriorate much stronger and
faster than higher-quality ones. This clearly shows that
one of the reasons for reduced germination is the loss
in cell membrane integrity [21]. Previous studies have

also reported the negative impact of decay on cell mem-
brane integrity [18 and 19]. Studies on wheat (Triticum
aestivum L.) have also shown that electrolyte leakage
increases with aging levels during accelerated aging from
one to five days [22]. These results demonstrate that an
increase in seed electrolyte leakage caused by membrane
decay affected by aging leads to a decrease in the rate and
percentage of germination, which is consistent with our
results.

Consistent with our findings, existing research shows
that the ability of seeds to germinate decreases as cata-
bolic changes occur with age [23]. A decrease in viability
or germination capacity does not happen immediately
after handling and under optimal storage conditions,
the onset of decline in germination may begin several
months to several years after seed development, depend-
ing on storage conditions [24].

Seed aging is a complex biological trait and involves
a network of molecular, biochemical, physiological, and
metabolic processes [25]. To avoid misinterpretation
that the processes are successive events, it is hypoth-
esized that there is a division of the deterioration into
three phases; Phase I is the initial stage after harvest, dur-
ing which time, deterioration is largely stable [26]. This
stage is associated with the depression of the protective
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capacity against oxidative damages by Amadori and Mail-
lard reactions and minor injuries to the genetic material
[19], which do not significantly impact seed viability. In
phase II, the deterioration begins with the reduction of
the protection capacity against ROS, the lipid peroxida-
tion becomes evident, with damage to the membranes
and production of MDA [19]. The ROS and the MDA, in
turn, trigger severe damage to the genetic material, gen-
erating viable seedlings, but with suppressed growth and
an aqueous aspect [19]. In phase III, the viability reduc-
tion curve becomes more pronounced. At this stage, the
disruption of the mitochondrial membranes increases
the respiration due to the lowered production of energy
per substrate, since there is a reduction in the efficiency
of electron transport [27]. With increased respiration,
the ROS production is increased, leading to an autocata-
lytic cycle with lipid peroxidation, and there is a rise in

damage to the genetic material, which ultimately inhib-
its germination completely [77]. Therefore, the leak-
age of electrolytes from the membrane is considered as
an important index for assessing seed germination [28].
Natural aging in French bean seeds that were stored for
more than 4 years was observed to cause the membrane
to break and leak UV-absorbing substances, leading to
increased electrical conductivity [29].

Our results are consistent with previous studies that
have reported soluble sugars increasing during seed aging
[11 and 30]. The presence of regenerating soluble sugars,
such as glucose, fructose, and galactose, in onion seeds
can reduce their potency due to the Amadori and Mil-
lard reactions. Orthodox seeds are characterized by the
absence of or the presence of a small amount of regener-
ating soluble sugars [31], which increase with seed age.
Studies have also found that the content of glucose and
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lipid peroxidation products in the axis of Vigna radiate
seeds increases during storage [32]. The accumulation
of Amadori products in seed axils was found to be cor-
related with lipid peroxidation, while the accumulation
of Millard products was closely related to the hydrolysis
of soluble sugars [33]. Moreover, soluble sugars, particu-
larly oligosaccharides, and the ratio of oligosaccharides to
soluble sugars have been reported to have a positive cor-
relation with seed longevity [34].

The seed protein concentration showed a positive cor-
relation with germination percentage and rate in our
study. One possible reason for the decrease in protein
content could be the disruption of the protein synthesis
system in deteriorated seeds [35]. DNA damage resulting
from seed deterioration could also be a contributing fac-
tor in the disturbance of protein synthesis [36]. Further-
more, the increase in the activity of catabolic enzymes,
such as proteases, could lead to a reduction in protein
concentration [35]. In both natural and artificial aging,
protein carboxylation increases significantly and the oxi-
dation of proteins is a targeted process, and specific pro-
teins are affected. This process ultimately might leads to a
reduction in RNA translation during protein synthesis in
both natural and artificial aging [36].

The content and activity of antioxidant enzymes (cata-
lase, glutathione peroxidase, and superoxide dismutase)
decreased in all onion landraces under different aging
levels. Catalase is an efficient enzyme that breaks down
hydrogen peroxide in the embryonic axis [37]. When
the onion seed landraces were stored at 40 °C and 100%
relative humidity, the seeds experienced stress and lost
their germination ability in a time-dependent man-
ner [38]. Our results suggest that catalase and ascorbate
peroxidase play an essential role in preventing oxidative
stress in onions by catalyzing the reduction of hydrogen
peroxide [39]. Based on our results, onion seed germi-
nation ability may be related to free radical scavenging
efficiency because free radicals may affect storage ability
and germination. The effect of accelerated aging on ger-
mination ability and physiological characteristics related
to peroxidation was investigated in two wheat landraces,
and the results showed that accelerated aging inhibits
seed germination, seedling growth, and SOD and ascor-
bate peroxidase activity [40]. Similar to our findings, it
was observed that sunflower seeds stored for a long time
showed very low glutathione peroxidase activity [41].
Glutathione (in reduced form) and glutathione reduc-
tase activity were also low in these seeds, indicating that
oxidative damage occurred during aging [41]. Decrease
in glutathione peroxidase activity and low germina-
tion rate in normal aging onion seeds were associated
with hydrogen peroxide accumulation and malondial-
dehyde content as indicators of peroxidation [42]. It has
also been reported that during accelerated senescence
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of sunflower seeds, lipid peroxidation causes damage to
free radical scavenging systems and a decrease in catalase
and glutathione reductase activity occurs [34]. Mohaddes
Ardebili et al. [43] reported a significant reduction in the
content of CAT, APX and SOD activity in severely dete-
riorated wheat seeds compared to low deteriorated seeds.
In another study, about 30% reduction was observed in
CAT activity after 7 days of aging compared to the activ-
ity of non-aged sunflower seeds [39]. CAT transcripts
decreased to an indiscoverable level at 7 days of aging, so
it occurred because of the degradation of oxidized RNA
after aging-induced ROS storage. Indeed, the content of
total extracted RNA from aged seeds was 2.6-fold lower
than that of non-aged seeds [39]. Results of another study
showed that the aging process of rice seeds did not affect
SOD activity levels [44]). SOD does not play a major role
in seed aging as already observed by Stewart and Bew-
ley [45] in soybean. Lack of sunflower seed viability at
the time of incubation at 45 °C in water or at 100% RH
reduced the activities of SOD and CAT. According to our
results, a positive link between antioxidant activity and
the percentage and rate of germination was observed
[46]. El-Maarouf-Bouteau [47] reported that seed senes-
cence disrupted metabolic homeostasis. In aging condi-
tions, plants regulate different metabolic pathways to
gain resistance to aging, and antioxidant accumulation
is one of the most critical pathways [48]. SOD catalyzes
the dismutation of O,” to O, and H,O, which can then
be broken down by other essential enzymes like catalases
[49 and 50]. They are recognized as essential defense
enzymes against ROS-induced oxidative stress [39]. GRs
are extremely specific and are involved in the reduction
of oxidized glutathione (GSSG) back to the reduced form
(GSH) using NADPH as the reductant [50], thereby sus-
taining a high GSH to GSSG ratio [51]. They have been
demonstrated to enhance oxidative stress tolerance
in transgenic Nicotiana tabacum [52]. APXs are also
involved in the decomposition of H,0, using ascorbate as
a reductant [53]. GPXs have been demonstrated to play a
role in lipid hydroperoxide detoxification, plant defense,
and response to biotic [54] and abiotic stresses [55].

The expression of AMY1, BMY1, CTRI, and NPRI
genes decreased in the response to seed aging and this
decrease was more in Kazerun than the other landra-
ces. Previous studies have shown similar decreases in the
expression of AMY1I in rice [56] and BMY1 in barley [57]
under accelerated senescence conditions. Alpha-amylase
is synthesized de novo during seed germination in the
presence of endogenous GA (gibberellic acid) from the
embryo [17]. Conversely, f-amylase is present prior to
germination in an inactive form without control of GA
[17], which is activated by protease activity that cleaves
its carboxyl terminus [58]. In a study, it was detected that
one of the alpha-amylase (amylaselA) in the rice seed



Kamaei et al. BMC Plant Biology (2024) 24:85

embryo and demonstrated that the levels of its protein
and mRNA both significantly increase and peak at 48 h
after imbibition during germination [59]. Consistently,
Lin et al. [60] reported that aging remarkably suppressed
rice seed germination by increasing GA2ox activity and
OsGA20x5 expression, thereby suppressing GA accumu-
lation in seeds. It was proposed that GA2ox might play
a crucial role in the regulation of GA on seed deteriora-
tion during seed storage [61]. Therefore, by suppressing
the accumulation of GA, the expression of alpha-amylase
in the seed is disrupted because these are synthesized in
the presence of GA [17]. B-amylase converts starch to
UDP-glucose and fructose, which are important for stor-
age function and metabolism [62]. Researchers reported
that the starch content in seeds decreased as a result of
ageing due to the hydrolysis action of alpha and beta
amylase [63]. Studies have shown that CTRI interacts
with ethylene receptors such as ETR1, ETR2 and EIN4
and regulates ethylene intake. CTR1 has been shown to
act as a negative regulator of the ethylene signaling path-
way [15]. It seems that both ethylene and ROS interplay
during germination in stressful conditions [64]. In Ara-
bidopsis, Jurdak et al. [65] showed that the stimulating
effect of ethylene on seed dormancy alleviation required
ROS production that resulted from the mitochondrial
electron transfer chain. Interestingly, they found that
ethylene triggered mitochondrial retrograde signaling
leading to nuclear ROS production [64]. As a result, the
expression of the CTR1 gene, which has a negative effect
on ethylene production, decreases in stress conditions
(seed decay) with an increase in ethylene. NPR1 is criti-
cal in response to stress that is induced by salicylic acid.
Salicylic acid causes the monomerization of NPR1 and
its transfer from the cytosol to the nucleus. It reacts with
other factors in the nucleus and activates the expression
of defense genes, thus creating resistance to stress fac-
tors [76]. The NPR1 gene expression decreases with the
reduction of salicylic acid under aging conditions. This
study also revealed that the gene expression and levels
of glucose, fructose, and total soluble sugars are mutu-
ally influencing, indicating that similar mechanisms of
seed decay might be activated in aging conditions across
all landraces, but more prominently in Kazerun, leading
to greater reductions in germination percentage and rate
than in the Zargan and Horand landraces. Additionally,
CAT, SOD, GPx enzymes, and protein concentration
were positively correlated seed germination percentage
and rate, indicating that these metabolites reduce the rate
of seed deterioration in all onion landraces.

The molecular processes associated with onion seed
aging under different storage conditions have not
been fully understood. It is suggested that by studying
more genomics, existing ambiguities in this area can
be resolved. Furthermore, the role of various priming
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treatments in seed aging and the regulation of the genes
involved could be investigated in the future studies.

Conclusion

Due to the worldwide significance of onions, it is cru-
cial to screen for onion varieties and landraces that are
resistant to seed decay, as well as to understand the
mechanisms by which seeds can withstand storage con-
ditions like temperature and humidity. Our study found
that storage conditions of onion seeds led to a decrease
in CAT, SOD and GPx enzymes, protein concentration
and expression of AMY1, BMY1, CTRI and NPRI genes,
while increasing levels of glucose, fructose, total sugars,
and electrolyte leakage. These changes led to a reduction
in the percentage and rate of germination. Iranian onion
landraces displayed varying responses to different levels
of aging, as evidenced by molecular, biochemical, and
physiological changes such as antioxidant enzymes, vari-
ous soluble sugars, protein concentration, and electrolyte
leakage. However, different varieties and landraces had
different reactions to aging, our findings demonstrate
that the Kazerun landrace is more susceptible to stor-
age conditions than the Horand and Zargan landraces,
largely due to decreased expression of AMYI, BMYI,
and CTRI and NPRI genes. This leads to a reduction in
the enzyme’s activity of CAT, SOD, and GPx. Moreover,
in the Kazerun landrace showed higher levels of glucose,
fructose, total sugar and electrolyte leakage than Horand
and Zargan landraces. Therefore, Horand and Zargan
are more resilient to storage conditions compared to
Kazerun.

Materials and methods

Plant materials and experimental design

The study was conducted at the plant physiology labo-
ratory of Ferdowsi University of Mashhad, Iran. A 3x4
factorial experiment based on completely randomized
design with four replications was employed to investi-
gate the effects of different aging levels (control, 3-days
accelerated aging, 6-days accelerated aging, and one-year
natural aging) on Zargan cultivar, Horand and Kaze-
run onion landraces. As a released cultivar, Zargan was
obtained from Falat Seed Company that has the license
of onion seed production, while Horand and Kazerun
landraces were kindly offered by the seed bank of the
Plant Sciences Research Institute, Ferdowsi University
of Mashhad, Iran, with codes MOC101 and MOC102,
respectively.

Seed germination

The standard germination test was conducted according
to the rules of the International Seed Testing Association
(ISTA) for 12 days, in dark conditions with a temperature
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of 20 °C and relative humidity of 60%. The criterion for
seed germination was 2 mm length of radicles.

Seed aging conditions

Seeds were subjected to temperature and humidity stress
through accelerated aging, where they were placed in
Petri dishes with filter paper and 5 ml of distilled water
at a temperature of 40 °C and relative humidity of 100%.

Traits measurement

Germination characteristics

The total germination percentage was calculated using
the following Eq. 1:

Ni
Germination (%) = WZ x 100 1)

Where Ni is the number of germinated seeds, and N is
the number of seeds in the Petri dish.

The germination rate (Gr) was calculated using Magu-
ire’s relation [66] (Eq. 2):

G e )

(daysto first count) (daysto final count

Electrical conductivity

The electrical conductivity (EC) per gram of seed for each
sample was obtained according to the instructions of the
ISTA [67] and was calculated using the following Eq. 3:

_ ECs—FECc

=1, -1
EC(uScm g ) TR

®3)

W is the weight of the seed sample in grams, ECs is the
electrical conductivity of each seed sample in p-Siemens/
cm, ECc is the electrical conductivity of the water in
p-Siemens/cm, and EC is the electrical conductivity
obtained in p-Siemens/cm per gram.

To investigate the physiological traits involved in ger-
mination, seeds were used at the physiological germi-
nation stage (i.e., the stage before the emergence of the
radicle).

Measurement of total protein and Soluble sugars

Extraction and measurement of soluble sugars arranged
using the phenol-sulfuric acid [78] method with slight
modifications. For the extraction of sugars, 0.5 g of pow-
dered seed sample were transferred to 50 mL Falcon
tubes. Then, 37.5 mL of 80% ethanol (preheated) was
added to the Falcon tubes, followed by one minute of vor-
texing. Subsequently, the Falcon tubes were centrifuged
for 10 min at 3000 rpm at room temperature to separate
the liquid phase from the solid phase. The supernatant in

Page 11 of 15

the Falcon tubes was transferred to a 200 mL flask. This
process was repeated by adding an additional 37.5 mL of
preheated 80% ethanol to the remaining residue at the
bottom of the Falcon tubes, vortexed, centrifuged, and
transferred the supernatant to the 200 mL flask to ensure
the extraction of all available sugars. The 200 mL flask
was placed in an oven at 45 °C for 48 h for all the ethanol
to evaporate.

To measure the total concentration of the extracted
sugars, 40 mL of distilled water was added to the flask
containing sugar particles, and the flask was shaken to
detach all sugar residues from the walls. The sugars easily
dissolved in distilled water, but to remove other impuri-
ties, 5 mL of 5% zinc sulfate and 4.7 mL of 0.3 N Barium
hydroxide were added to the flask and stirred for 4 min
on a stirrer. The resulting solution was poured into 50 mL
Falcon tubes and centrifuged for 10 min at 3000 rpm to
separate the liquid phase from the solid phase. The super-
natant from all Falcon tubes related to one sample was
transferred to a single flask, and at this stage, they could
be stored in a refrigerator at 4 °C. Before reading the con-
centrations using a spectrophotometer, 2 mL of the solu-
tion from each sample was transferred to 15 mL Falcon
tubes, and 1 mL of 5% phenol solution was added to each.
After closing the Falcon tube caps, they were vigorously
shaken until white bubbles formed on the solution’s sur-
face. Then, 5 mL of 98% sulfuric acid was added to the
Falcon tubes using a pipette. After allowing the samples
to cool off and their colors to stabilize for 45 min to 1 h
under a hood, the concentrations of the samples could be
measured using a spectrophotometer at a wavelength of
485 nanometers.

Sucrose, glucose, and fructose were examined through
HPLC analysis with an RI detector. The HPLC system
comprised a binary pump (Perkin Elmer LC-200, Nor-
walk, CT, USA), an autosampler (Perkin Elmer LC-200), a
refractive index-150 detector (System Spectra), and a car-
bohydrate column known as Rezex RCM-Monosaccha-
ride Ca’** (8%) measuring 300x7.8 mm (Phenomenex,
Torrance, CA, USA), which was equipped with a guard
cartridge. To inject the sample, a total of 20 pL was uti-
lized. The column temperature was maintained at 80 °C
by utilizing a column heater (Jones chromatography,
Lakewood, CO, USA). A degassed solvent, water, was
employed at a flow rate of 0.6 mL/min, facilitated by a
degasser (Gastorr TG-14). The concentrations of sucrose,
glucose, and fructose were calculated by employing stan-
dard curves within the range of 1.25 to 20 mg/mL.

Equation (4) was used to determine the sugar con-
centration, where E: sample sugar amount in mg/g dry
weight, C: sample sugar concentration in mg/liter, D:
degree of dilution, V: final volume of prepared extract,
DM: weight of dry matter in grams. 0.5 g).
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E= (Cx D xV/DM x 1000000) x 1000 (4)

The total protein extraction was performed based on the
method described by Bradford [68] with minor modifi-
cations. For protein extraction, an extraction buffer was
required. To prepare the extraction buffer, 2.423 g of Tris
was dissolved in 100 milliliters of distilled water, and the
pH of the solution was adjusted to 7.8 using a concen-
trated hydrochloric acid solution. After 24 h of refrigera-
tion, the pH of the solution was rechecked and adjusted,
and 20 milliliters of glycerol were added, bringing the
final volume to 200 milliliters. All extraction steps were
carried out at a temperature of 4 °C on ice.

A total of 0.25 g of powdered seeds were transferred
to a 15-milliliter Falcon tube, and 2.5 milliliters of the
extraction buffer were added. The samples were then vor-
texed and centrifuged at 13,000 rpm for 15 min using a
centrifuge at 4 °C. After centrifugation, the supernatant
was transferred to another tube, and this obtained extract
was used for the determination of total protein, as well
as the quantitative measurement of enzyme activities,
including catalase (CAT), glutathione peroxidase (GPx),
and superoxide dismutase (SOD).

Then the Bradford solution was prepared. To prepare
the Bradford solution, 0.1 gram of Coomassie Blue, 50
milliliters of 96% ethanol, and 100 milliliters of 85%
orthophosphoric acid were required. Coomassie Blue,
ethanol, and a portion of distilled water were poured into
an Erlenmeyer flask and stirred using a stirrer. Mean-
while, orthophosphoric acid was gradually added drop by
drop. The solution was kept in the refrigerator for several
hours. Then, it was brought to a final volume of 1 L using
distilled water. The solution was filtered through a filter
paper. It should be noted that throughout the preparation
of the Bradford solution, it was not exposed to light. In
order to construct a standard curve and measure the pro-
tein concentrations, 10 milligrams of bovine serum albu-
min ! were added to 10 milliliters of distilled water inside
a 15-milliliter Falcon tube. By this stage, there was 1 mil-
ligram of BSA in each milliliter of this solution. We then
prepared concentrations of 0, 300, 600, 900, 1200, and
1500 pg/ml of BSA from the solution. The absorbance
of these solutions was measured, and they were used to
construct the standard curve. One milliliter of the Brad-
ford solution was poured into 1.5-milliliter tubes, and
40 pl of the seed extract was added to each tube. After
20 min, the absorbance at a wavelength of 595 nanome-
ters was measured using a plate reader.

Assay of antioxidant enzymes activity
In order to measure the antioxidant enzyme activity, 100 mg
of seed sample were homogenized using the ice-cold

! Bovine Serum Albumin (BSA).
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extraction method with 1000 ul of 0.1 M potassium-phos-
phate buffer (pH 7.8) containing ethylenediaminetetraace-
tic acid (EDTA) at one ml concentration. After 20 min
of homogenization, the homogenate was centrifuged at
12,000 rpm and a temperature of 4 °C, then the transpar-
ent phase was collected [69]. CAT activity was recorded
at a temperature of 25+1 °C using the Clairbone’s method
[70] and measured at 240 nm. GPx enzyme activity was
measured at 25+1 °C and 470 nm according to the method
proposed by Polle et al. [71]. SOD activity was measured
according to Giannopolitis and Ries’ method [72], and
enzyme activity was checked photothermically. The spec-
trophotometer was calibrated at a wavelength of 560 nm.

Gene expression

RNA extraction was performed following the method
described by Chang et al. [73]. To obtain ¢cDNA, 2 micro-
grams of RNA was added to a tube containing 1 pl of 5
mM Oligo dT and 2 pl of 5 mM dNTP, and the volume was
adjusted to 13 pl. The tubes were incubated at 65 °C for
5 min, then placed on ice for 1 min and centrifuged for 5 s.
Next, 4 ul of FSB buffer, 1 ul each of 0.1 mM DTT and 0.1
mM RNase inhibitor, and 1 pl of 1 mM SSIII were added to
the tubes. The tubes were then exposed to 50 °C for 60 min,
followed by 70 °C for 15 min. After that, 0.5 pl of RNase
H was added to the tubes, which were then incubated at
37 °C for 30 min. Finally, MQ H,O (Manfactured by DNA-
biotech Co. IR Iran) was added to the tubes to reach a final
volume of 100 pl, completing the cDNA synthesis.

For qRT-PCR, the ¢cDNA produced in the previous
step was diluted 1:10. Then, 10 pl of qRT-PCR Master
(Invitrogen Company), 10 ul of diluted cDNA, and 1 ul
of primer were used to perform qRT-PCR. The primers
were designed using Primer 3 and Oligo analyzer soft-
ware and are listed in Table 1. In this study, the gene actin
was selected as an internal control [74]. A Gene Q rotor
machine (Qiagen) was used to perform the qRT-PCR.

The qRT-PCR procedure comprised of several steps.
First, the samples were heated at 94 °C for 4 min. Then,
50 cycles were performed, consisting of 10 s at 95 °C,
15 s at 60 °C, and 20 s at 72 °C. After each cycle, a melt-
ing curve program was carried out, starting from 72 °C
and increasing to 95 °C with a 5-second delay at each

Table 1 Primers forwards and Reverse

Sequence (5'->3')

Gene  Forward primer Reverse primer

aMYl  CCCTGCTCGTACTTGTGTGG GGGAGAGGTTGTGGGTTTGA

BMY1T  TGGAGGGAACGTAGGAGAT CTGAGCGGTTGGTGTAGAAG
ATAG

CTR1 ATTCAACCATTCCCCCTGATACT  TTCCATCATCGCAGTGTGTTC

NPR1 ACGCTTCTTCCCTCGATGCT CTCCACATACCTTCTTCGC

TTCC
actin CGATGAAGCACAATCCAAGA TGTTCTTCAGGAGCAACACG
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temperature. Fluorescence results were recorded at the
72 °C stage during the melting curve program.

The expression levels of the target genes were com-
pared to the expression level of the reference gene using
comparative quantitative analysis with the Rotor-Gene-Q
Series software. To control the results and ensure that the
initiator dimer formation did not influence the outcomes,
a control treatment was used in which water was used
instead of the sample.

The data obtained from real-time polymerase chain
reaction (PCR) reactions (Ct values) were stored in Excel,
and the relative expression of the target genes com-
pared to the reference gene was calculated using Micro-
soft Excel using the Livak formula. The Livak formula is
equivalent to 2*-AACt, where AACt is defined as: ACt
(target gene) - ACt (calibrator) [75].

Statistical analysis was conducted using ANOVA with
Proc GLM in SAS version 9.4, and mean comparisons
were applied using Duncan’s multiple range test with a
significance level of p<0.05. Correlation analysis was
performed using the corrplot package in R version 4.0.2.

Abbreviations

AMY1 Alpha-amylase 1

BMY1 Beta-amylase 1

CTR1 Constitutive triple response 1

NPR1 Non expressor of pathogenesis related genes
CAT Catalase

SOD Superoxide dismutases

GPx Glutathione peroxidase

ANOVA  Analysis of variance

GLM Generalized Linear Models
BSA Bovine Serum Albumin
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