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Salicylic acid priming before and after accelerated aging
process increases seedling vigor in aged soybean seed
Roksana Nazari a, Soheil Parsa a, Reza Tavakkol Afshari b,
Sohrab Mahmoodi a, and Seyyed Mohammad Seyyedi b

aDepartment of Agronomy and Plant Breeding, Faculty of Agriculture, University of Birjand, Birjand,
Iran; bDepartment of Agrotechnology, Faculty of Agriculture, Ferdowsi University of Mashhad,
Mashhad, Iran

ABSTRACT
Seed vigor in soybean (Glycine max (L.) Merr.) declines under
environmental stresses, and seed shows signs of aging. The
aging effects may be alleviated, however, by seed priming with
certain chemicals, such as salicylic acid (SA). The objective of this
study was to investigate the effects of SA priming on activities of
certain enzymes and lipid peroxidation in soybean seedlings under
accelerated aging (AA) process. A factorial, completely randomized
design with three replicates was used. Different aging durations
(48 h and 72 h), SA priming solutions (0, 300 and 600 μM) and
priming times (before aging, after aging and both before and after
aging, i.e., double priming) were the experimental factors.
Increasing aging duration significantly increased mean emergence
time (MET) but decreased carotenoid content. Nonetheless, SA
solution mitigated the adverse effect of seed deterioration on
germination-related traits by increasing enzyme activity and redu-
cing malondialdehyde (MDA) content, especially under double
priming. A strong negative correlation (r = – 0.99**) was found
between MDA content and chlorophyll a and chlorophyll
b content. By contrast, the correlation between MDA content and
MET (r = 0.95**) was found to be positive. The results suggested
that double SA priming was an appropriate practical technique to
improve seedling establishment from aged soybean seed.
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Introduction

Soybean (Glycine max (L.) Merr.), belonging to Family Fabaceae, is mainly
cultivated in semi-arid regions (Gerçek et al. 2009), especially in Iran (Asadi
Rahmani et al. 2009). In 2018, Iran’s area under soybean cultivation was
53,000 ha, with a production of 139,000 tons. Iran’s soybean yield
(2.3–2.7 kg ha−1) has been reported to be relatively low, however
(Agricultural statistics 2017).

The first step for successful soybean production is to optimize plant
density through the establishment of normal seedlings (Muthiah, Longer,
and Harris 1994; Cassán et al. 2009). Based on environmental conditions, this
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is essentially determined by selecting the appropriate cultivars (Khajeh-
Hosseini, Powell, and Bingham 2002). Nonetheless, even when certified
seed is used, unfavorable environmental factors, such as drought, and soil
texture can affect soybean seedling vigor and growth (Samarah, Mullen, and
Anderson 2009; Arora et al. 2011).

Generally, seed deterioration has been defined as the loss of quality, viability,
and vigor during aging (Zheng andMa 2014). The seed-aging process, as a series
of biochemical reactions, is relatively progressive and irreversible and can sig-
nificantly reduce seedling establishment (Eisvand et al. 2010).

The production of reactive oxygen species, such as superoxide radical,
hydrogen peroxide and hydroxyl radical, is one of the known biological
consequences of seed deterioration (Parkhey, Naithani, and Keshavkant
2012; Sahu et al. 2017). These metabolites may adversely affect cellular
membrane integrity, macromolecule function, and enzymatic activity by
inducing oxidative stress (Bailly 2004; de Oliveira et al. 2012). Hence, changes
in the MDA content can signal the severity of seed deterioration. In this
regard, a decrease in seed viability attributable to hydrogen peroxide and
MDA accumulation has been reported in sunflower (Kibinza et al. 2006).
Similarly, MDA has been considered an indicator of lipid peroxidation
(Parkhey, Naithani, and Keshavkant 2012).

The determination of seed vigor and seedling emergence under stressful
conditions is essential for sustainable soybean production (Cho and Scott
2000; Rastegar, Sedghi, and Khomari 2011). To achieve this, accelerated aging
(AA) is one of the most important tests to evaluate seed-quality characteristics
(Wang et al. 2012). Since the results of the standard germination test cannot
usually assess the biological function associated with seedling vigor, especially
under stressful conditions (Noli et al. 2008), AA test can serve as an important
indicator for predicting seedling growth and establishment (Mavi and Demir
2007; Seyyedi, Tavakkol Afshari, and Daneshmandi 2018).

Basically, the AA test, conducted under a range of environmental condi-
tions, can help determine the seedling-establishment ability (Eisvand et al.
2010). For instance, a significant reduction was in mobilized seed reserve in
winter canola after performing the AA test (Seyyedi, Tavakkol Afshari, and
Daneshmandi 2018). Other known consequences associated with the seed-
aging process are reduced phospholipid concentration (Stewart and Bewley
1980; Ravikumar et al. 2002), impaired cellular respiration (Ferguson,
TeKrony, and Egli 1990), increased electrolyte leakage and cellular secretion
(Hsu et al. 2003), inhibited enzyme activity (Sung and Jeng 1994), damaged
fatty acid and protein structure (Seyyedi, Tavakkol Afshari, and
Daneshmandi 2018), and degraded cell membrane (Gidrol et al. 1989).

Previous studies have shown that measuring emergence-related traits,
especially MET, on the artificially aged seeds, can simulate seedling growth
more precisely than germination test (Chiu, Chuang, and Sung 2006; Mavi
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and Demir 2007), because germination and emergence processes are directly
influenced by environmental conditions (Hsu et al. 2003; Mavi, Demir, and
Matthews 2010). In this regard, it has been reported that seedling establish-
ment ability in cotton (Basra et al. 2003) and canola (Seyyedi, Tavakkol
Afshari, and Daneshmandi 2018) can be predicted accurately based on AA.

Based on seedling-related traits, the specific priming approaches may
alleviate the adverse effects of stressful conditions (Moosavi et al. 2009;
Yadav, Kumari, and Ahmed 2011). In this regard, salicylic acid (SA) priming
is recognized as one of the known techniques for improving germination
(Farooq et al. 2008), especially under unfavorable environments (Dražić and
Mihailović 2009; Pouramir-Dashtmian, Khajeh-Hosseini, and Esfahani 2014).
SA is a well-known biologically active compound (Szalai et al. 2016), which
plays a role in improving seedling tolerance to environmental stresses by
inducing adaptation mechanisms (Janda et al. 2014; Khan et al. 2019). SA has
been shown to help adjust osmotic potential (Anaya et al. 2018; Sharma et al.
2018), activate antioxidant defenses (Chavoushi et al. 2019; Zaid et al. 2019),
regulate the metabolism of reactive oxygen species (Lee and Park 2010; Yan
et al. 2018), and enhance photosynthetic efficiency (Jahan et al. 2019).

The SA-primed seeds have been shown to increase germination rate in
common bean (Semida and Rady 2014), maize (Szalai et al. 2016), and rice
(Sheteiwy et al. 2019). However, there is still limited information about the time
and duration of the SA priming relative to soybean seed germination, especially
after the AA process. Hence, the objectives of the present study were to: 1)
determine SA priming effects on revitalization of the biological metabolism of
aged soybean seed and 2) determine the relationship between time of applica-
tion and concentration of SA applied as a seed primer.

Materials and methods

Plant materials

The soybean seeds (cv. Williams) were obtained from Seed and Plant
Certification and Registration Institute, Karaj, Iran. The seeds were produced
in 2017 and had a standard germination of 98%.

Experimental layout

The study was conducted in 2017 in a series of laboratory and greenhouse
experiments based on a factorial, completely randomized design with three
replicates at College of Agriculture and Natural Resource, University of
Tehran, Tehran, Iran. Different durations of inducing AA (48 h and 72 h),
SA priming solutions (0, 300 and 600 μM) and priming times (B: before
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performing AA; A: after performing AA; and B + A: both before and after
performing AA, i.e., double priming) were the experimental factors.

Accelerated seed aging process

To initiate the AA process, soybean seeds were sterilized with 1% sodium
hypochlorite for 2 min and then rinsed with distilled water. The washed
seeds were placed in plastic mesh boxes (15 × 11 × 6 cm) containing distilled
water. During the AA process, a temperature of 40°C and a relative humidity
of 100% were maintained (Singh and Ram 1986). Finally, the deteriorated
seeds were placed in a laboratory at a temperature of 23–26°C for 24 h to
obtain the initial moisture content (about 13%).

Seed priming and germination-related traits

To perform seed priming, seed weight to solution volume ratio was set as 1:5
(g ml−1) (Farooq, Basra, and Hafeez 2006). Fifty g of seeds were primed with
250 ml of respective SA solutions (concentrations of 300 and 600 μM) at
three times (B: before performing AA; A: after performing AA, and B + A:
both before and after performing AA or double priming). The solutions, kept
at 20°C under dark conditions for 8 h (Dallali et al. 2012), were aerated
intermittently (Jisha and Puthur 2016). The primed seeds were washed with
distilled water, surface dried and placed in a laboratory at a temperature of
23–26°C for 24 h (Dallali et al. 2012).

Four replicates of 25 seeds per treatment were used for the standard
germination test. The germination process was performed in 15-cm Petri
dishes lined with Whatman filter paper at 25°C in a germinator for 8 d (ISTA
2011). When the radicle length was ≥ 2 mm, germinated seeds were counted
daily. Mean germination time (MGT) was calculated according to the follow-
ing equation (Matthews and Khajeh-Hosseini 2006):

MGT ¼ Σn:t=Σn (1)

where n is the number of newly germinated seeds each day, and t is the
number of days from the beginning of the germination test.

For dry weight determination, normal seedlings were placed in an oven at
70°C for 48 h and dry weight was expressed as mg seedling−1. As defined by
Miller (2002), abnormal seedlings were those with incomplete cotyledon
emergence from the seed coat, or those in which the radicle failed to emerge,
or those that died shortly after radicle emergence.
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Enzyme activities and malondialdehyde content

Normal seedlings were used to determine activities of the following enzymes:
Catalase (CAT) (Kar and Mishra 1976), peroxidase (POX) (Koroi 1989),
ascorbate peroxidase (APX) (Nakano and Asada 1981), glutathione perox-
idase (GPX) (Maehly and Chance 1954), glutathione reductase (GR) (Foyer
and Halliwell 1976), and superoxide dismutase (SOD) (Beauchamp et al.
1983). Malondialdehyde (MDA) content was measured following Heath
and Packer (1968).

Emergence-related traits

To determine the emergence percentage (EP), 10 seeds were sown 2 cm deep
in pots (filled with 3.5 kg sandy soil, characterized by organic carbon = 0.91%,
pH = 7.10, and electrical conductivity = 1.51 dS m−1); the pots were placed in
a greenhouse under controlled conditions (day/night: 25/18°C) with natural
light radiation and relative humidity of about 60–70%. During the growing
period, regular irrigation with tap water was given to maintain optimal soil
field capacity.

Emerged seedlings (based on cotyledon leaf appearance) were counted at
24-h intervals for 14 d. Mean emergence time (MET) was calculated accord-
ing to the same formula as used for MGT but using counts of seeds emerged.

At the 8-leaf stage (about 28 days after emergence), the plants (with roots)
were removed and washed. Freshly developed leaves were used to determine
chlorophyll a, chlorophyll b and carotenoid contents according to Arnon
(1967). Four harvested plants were used for fresh tissue measurements and
the rest of the plants were oven-dried at 70°C for 48 h to a constant weight.

Statistical analyzes

All experimental data were subjected to analyzes of variance using SAS 9.3
software (SAS 2011). The least significant difference (LSD, 5% level) was used
to measure statistical differences between treatment means.

Results and discussion

Seedling-related traits under laboratory conditions (Experiment 1)

Analysis of variance for aging duration, salicylic acid (SA) concentration and
priming time for germination-related traits is presented in Table 1. The
interaction between aging duration and SA solution was significant for all
seed indices, except for seedling dry weight. The interaction between aging
duration and priming time, and that between SA solution and priming time
were found to be significant for seed traits. The best two-way combination
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was double priming with 300 μM SA (for GP and seedling dry weight, and
for CAT, APX, GPX, GR, and SOD). In addition, the three-way interaction
(aging duration × priming time × SA concentration) was significant for all
germination-related traits, except for MGT (Table 1). This means that the
best three-way combination for germination-related traits (GP, seedling dry
weight, CAT, APX, GPX, GR, and SOD), except MGT, was 300 μM SA and
double priming on 48-h aged seeds.

Irrespective of SA application, increase in aging duration significantly
increased MGT and MDA content, but the germination percentage (GP)
decreased (Table 2). For instance, MDA content increased by 10.68% under
72-h aging duration (severely deteriorated seed), compared with 48-h aging
duration (mildly deteriorated seed) (Table 3).

As the interaction between aging duration and SA concentration was
significant, we determined the best combination of these two factors that
alleviated the adverse effect of seed deterioration on seedling-related traits.
For example, under 72-h aging duration, SA priming at 600 μM decreased
MGT by 47.44% and increased CAT activity by 94.38%, compared with the
control (Table 3). Under similar conditions, a considerable reduction in
MDA content (from 22.37 to 6.74 nmol g−1) was recorded (Table 3).
Overall, the best two-way combination was double priming with 300 μM
SA for GP and seedling dry weight, and for CAT, APX, GPX, GR, and SOD
(Table 3). For POX, the best two-way combination was double priming and

Table 2. Effects of aging duration, salicylic acid (SA) and priming time for germination-related
traits† in soybean.

Experimental
treatments GP

MGT
(day)

Seedling
dry

weight
(mg)

CAT POX APX GPX GR SOD MDA
content
(nmol
g−1)(unit mg protein−1)

Aging duration (h)
48 73.26 3.92 1.78 16.93 16.98 5.05 0.018 0.037 0.019 10.04
72 69.66 4.42 1.76 16.83 16.11 4.65 0.017 0.035 0.021 11.24

LSD (5% level) 0.332 0.196 0.009 - 0.167 0.061 0.0004 0.0005 0.0012 0.254
SA (μM)
0 49.81 5.92 1.36 11.54 10.97 3.21 0.008 0.025 0.012 17.45
300 82.17 3.38 1.97 19.39 19.14 5.72 0.022 0.041 0.024 7.51
600 82.39 3.21 1.99 19.72 19.52 5.62 0.022 0.042 0.024 6.96

LSD (5% level) 0.407 0.240 0.010 0.155 0.205 0.075 0.0005 0.0006 0.0015 0.311
Priming time‡
B 63.73 5.02 1.57 13.87 13.91 4.06 0.012 0.031 0.014 14.05
A 71.26 4.23 1.79 16.89 16.45 4.71 0.017 0.036 0.018 10.42
B + A 79.38 3.26 1.96 19.89 19.27 5.78 0.023 0.041 0.029 7.46

LSD (5% level) 0.407 0.240 0.010 0.155 0.205 0.075 0.0005 0.0006 0.0015 0.311

†GP: germination percentage, MGT: mean germination time, CAT: catalase, POX: peroxidase, APX: ascorbate
peroxidase, GPX: glutathione peroxidase, GR: glutathione reductase, SOD: superoxide dismutase, and MDA:
malondialdehyde.

‡B: before performing the AA test, A: after performing the AA test, B + A: double priming (both before and
after performing the AA test).
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600 μM SA. Moreover, the minimum values for MGT and MDA were
observed when 300 μM SA was applied during double priming, which was
considered the best two-way combination (Table 3).

For GP and seedling dry weight, and for CAT, POX, APX, GPX, GR, and
SOD activity, the best three-way combination was the application of 300 μM
SA and double priming on 48-h aged seeds (Table 4). Similarly, the mini-
mum MDA content was obtained when 300 μM SA and double priming were
applied on 48-h aged seeds, which was found to be the best three-way
combination (Table 4).

In general, scavenging of reactive oxygen species and maintenance of
cellular function may be induced by antioxidant activity (Pinzino 1999). In
this study, SA priming was found to be an effective approach to improve
seedling establishment from aged seeds.

Emergence traits under greenhouse conditions (Experiment 2)

All emergence-related traits were affected by the interaction between aging
duration and SA concentration, except for plant dry weight (Table 5). The
interaction between aging duration and priming time was significant for all

Table 4. Three-way interaction among aging duration, salicylic acid (SA) and priming time for
germination-related traits† in soybean.

Aging
duration
(h)

SA
(μM)

Priming
time GP

Seedling
dry weight

(mg)

CAT POX APX GPX GR SOD MDA
content
(nmol
g−1)(unit mg protein−1)

48 0 B 51.88 1.32 11.82 11.15 3.40 0.009 0.025 0.012 15.81
48 0 A 51.84 1.32 11.80 11.16 3.55 0.009 0.025 0.013 15.65
48 0 B + A 51.86 1.32 11.81 11.16 3.47 0.009 0.025 0.013 15.73
48 300 B 70.62 1.68 15.06 15.62 4.58 0.014 0.034 0.015 12.58
48 300 A 83.15 2.05 20.06 19.43 5.74 0.023 0.042 0.021 6.42
48 300 B + A 90.06 2.20 22.06 21.51 6.93 0.028 0.045 0.029 4.62
48 600 B 75.71 1.79 17.03 17.48 4.91 0.016 0.038 0.016 10.51
48 600 A 79.89 1.98 19.05 18.74 5.38 0.021 0.041 0.017 7.56
48 600 B + A 90.56 2.22 23.06 22.82 6.94 0.028 0.046 0.031 3.46
72 0 B 41.88 1.30 10.08 8.12 2.65 0.007 0.020 0.011 22.49
72 0 A 43.19 1.31 10.22 8.50 2.76 0.007 0.021 0.011 22.24
72 0 B + A 42.53 1.31 10.14 8.31 2.70 0.007 0.020 0.011 22.37
72 300 B 74.67 1.72 16.05 16.48 4.78 0.015 0.036 0.015 11.51
72 300 A 78.89 1.90 18.05 17.75 5.31 0.019 0.040 0.017 8.49
72 300 B + A 95.64 2.29 25.09 24.06 6.98 0.032 0.050 0.048 1.45
72 600 B 68.41 1.61 14.05 14.38 4.25 0.013 0.032 0.013 12.03
72 600 A 85.93 2.09 21.06 20.64 5.29 0.025 0.043 0.026 5.57
72 600 B + A 93.83 2.25 24.07 23.05 6.95 0.029 0.048 0.039 2.64

LSD (5% level) 1.011 0.021 0.098 0.490 0.196 0.0011 0.0012 0.0037 0.503

†GP: germination percentage, CAT: catalase, POX: peroxidase, APX: ascorbate peroxidase, GPX: glutathione
peroxidase, GR: glutathione reductase, SOD: superoxide dismutase, and MDA: malondialdehyde.

‡B: before performing the AA test, A: after performing the AA test, B + A: double priming (both before and
after performing the AA test).
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traits, except for leaf area. There was a significant interaction between SA
concentration and priming time for these traits. Moreover, the three-way
interaction was found to be significant on carotenoid, chlorophyll a, and
chlorophyll b contents (Table 5). This means that the best three-way combi-
nation for emergence-related traits was double priming with SA at 300 μM
on 48-h aged seeds.

Irrespective of SA concentration, EP and leaf area as well as carotenoid
content, chlorophyll a and chlorophyll b contents decreased as a result of the
AA process, whereas MET significantly increased. For instance, with increas-
ing aging duration from 48 h to 72 h, EP and chlorophyll b content decreased
by 7.12% and 7.61%, respectively (Tables 6 and 7).

Although carotenoid content, and chlorophyll a and chlorophyll
b contents decreased with increasing aging duration, SA priming miti-
gated these adverse effects. For instance, application of SA solution at
300 μM under severe AA increased carotenoid content by 26.43%, com-
pared with the control (Table 7). On the other hand, under the mild and
severe seed deterioration, double priming increased EP and plant dry
weight as well as carotenoid, chlorophyll a and chlorophyll b contents,
relative to one-time priming (Table 7). For instance, when 72-h aging
duration was used, the highest carotenoid, chlorophyll a, and chlorophyll
b contents were recorded with the application of SA at 300 μM under
double priming (Table 8). Accordingly, considering the three-way inter-
action, double priming with SA at 300 μM on 48- or 72-h aged seeds was

Table 6. Effects of aging duration, salicylic acid (SA) and priming time for emergence-related
traits † in soybean under greenhouse conditions.

Experimental
treatments EP

MET
(day)

Plant dry
weight
(mg)

Plant leaf
area (cm2)

Carotenoid
(µg g−1 FW)

Chlorophyll
a (mg g−1

FW)

Chlorophyll
b (mg g−1

FW)

Aging duration (h)
48 62.96 4.90 2.58 31.69 156.50 7.65 4.73
72 58.48 5.31 2.40 29.50 154.74 7.31 4.37

LSD (5% level) 0.697 0.043 0.079 0.256 0.374 0.056 0.029
SA (μM)
0 47.39 6.54 1.93 23.24 136.59 5.83 2.92
300 67.61 4.35 2.78 34.45 164.57 8.26 5.33
600 67.17 4.43 2.77 34.09 165.69 8.35 5.40

LSD (5% level) 0.853 0.052 0.097 0.314 0.457 0.069 0.036
Priming time‡
B 52.94 5.83 2.06 27.48 148.43 6.77 3.97
A 60.56 5.13 2.50 30.47 154.96 7.61 4.57
B + A 68.67 4.37 2.91 33.83 163.47 8.07 5.11

LSD (5% level) 0.853 0.052 0.097 0.314 0.457 0.069 0.036

†EP: emergence percentage, MET: mean emergence time. The plants (with roots) were removed at the 8-leaf
stage (28 days after emergence).

‡B: before performing the AA test, A: after performing the AA test, B + A: double priming (both before and
after performing the AA test).
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the best combination for increasing carotenoid, chlorophyll a, and chlor-
ophyll b contents.

The experimental findings may be attributed to SA metabolism. In fact, it
seems that special adaptability to aging conditions in SA-primed seeds is
induced by stimulating the signal reactions to improve cellular resistance
against reactive oxygen species. In this context, increased germination rate
and mitigated electrolyte leakage using SA priming have been observed (Lee,
Kim, and Park 2010; Zhang et al. 2011).

We found a strong negative correlation between MDA content and car-
otenoid content (r = – 0.99, P ≤ 0.01) under AA (Figure 1). The same trend
was also observed for chlorophyll a (r = – 0.99, P ≤ 0.01) and chlorophyll
b (r = – 0.99, P ≤ 0.01) (Figure 2).

Under AA, correlation between MDA content and MET was positive and
significant (r = 0.95, P ≤ 0.01) (Figure 3). By contrast, the correlation between
CAT activity andMET was found to be negative (r = – 0.97, P ≤ 0.01) (Figure 4).
Similar relationships were also observed for POX andMET (r = – 0.96, P ≤ 0.01),
APX and MET (r = – 0.98, P ≤ 0.01), GPX and MET (r = – 0.97, P ≤ 0.01), GR
andMET (r = – 0.96, P ≤ 0.01), and SOD andMET (r = – 0.83, P ≤ 0.01) activity
(Figure 4).

Generally, a positive correlation between MDA content with MET in
aged soybean seed indicates the importance of storage lipids in improving
seedling establishment. Along with lipid peroxidation, reduced enzyme

Table 8. Three-way interaction among aging duration, salicylic acid (SA) and priming time for
emergence-related traits † in soybean under greenhouse conditions.
Aging duration
(h)

SA
(μM)

Priming
time‡

Carotenoid (µg g−1

FW)
Chlorophyll a (mg g−1

FW)
Chlorophyll b (mg g−1

FW)

48 0 B 140.93 3.45 6.45
48 0 A 142.40 3.41 6.37
48 0 B + A 141.00 3.36 6.24
48 300 B 153.40 4.39 7.04
48 300 A 165.03 5.49 8.59
48 300 B + A 169.33 6.13 9.06
48 600 B 158.27 4.79 7.58
48 600 A 163.43 5.29 8.39
48 600 B + A 174.67 6.20 9.14
72 0 B 132.23 2.40 5.25
72 0 A 131.30 2.41 5.29
72 0 B + A 131.70 2.46 5.38
72 300 B 155.03 4.59 7.29
72 300 A 160.17 5.09 8.19
72 300 B + A 184.47 6.26 9.39
72 600 B 150.70 4.19 7.00
72 600 A 167.43 5.70 8.79
72 600 B + A 179.67 6.22 9.19

LSD (5% level) 1.120 0.088 6.453

†The plants (with roots) were removed at the 8-leaf stage (28 days after emergence).
‡B: before performing the AA test, A: after performing the AA test, B + A: double priming (both before and
after performing the AA test).
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Figure 1. Correlation between malondialdehyde (MDA) content with carotenoid content after
performing the accelerated aging test. The asterisks ** indicate statistical differences at P ≤ 0.01.

y = -0.1995x + 6.7764
r = – 0.99 **

y = -0.2084x + 9.8091
r = – 0.99 **

0

2

4

6

8

10

0 5 10 15 20 25

g
g

m(tnetnocllyhporolh
C

-1
FW

)

MDA content (nmol g-1)

Figure 2. Correlation between malondialdehyde (MDA) content with chlorophyll a (triangles)
and chlorophyll b (circles) contents after performing the accelerated aging test. The asterisks **
indicate statistical differences at P ≤ 0.01.
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Figure 3. Correlation between malondialdehyde (MDA) content with mean emergence time
(MET) after performing the accelerated aging test. The asterisks ** indicate statistical differences
at P ≤ 0.01.
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activities may be attributable to the accumulation of reactive oxygen
species, which ultimately affect the seedling vigor and establishment. In
this regard, a significant reduction in seed reserves, especially unsaturated
fatty acids, during the AA process, was observed in canola (Seyyedi,
Tavakkol Afshari, and Daneshmandi 2018).

Conclusions

Based on the results of this investigation, seed germination and seedling
growth were negatively affected by the AA process, which was mainly
attributable to increased MDA content and degraded chlorophyll struc-
ture. Nevertheless, the adverse effects of seed aging were alleviated with
the application of SA solution, especially with double priming. It seems
that information on the biological metabolism of enzyme activity and
lipid peroxidation in deteriorated seedlings can properly predict the
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Figure 4. Correlation between CAT, POX and APX activity with MET (A) and between GPX, GR
and SOD activity with MET (B) after performing the accelerated aging test. The asterisks **
indicate statistical differences at P ≤ 0.01. (CAT: catalase, POX: peroxidase, APX: ascorbate
peroxidase, GPX: glutathione peroxidase, GR: glutathione reductase, SOD: superoxide dismutase,
and MET: mean emergence time).
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seeding establishment potential under field conditions. Overall, consid-
ering the three-way interaction, double priming of SA at 300 μM on 48-
or 72-h aged seeds is suggested the best combination for increasing
seedling vigor in soybean. However, more comprehensive studies are
needed to understand the functional mechanism of SA priming at
genetic, cellular and molecular levels.

Acknowledgments

The authors convey their special thanks and appreciations to the University of Tehran, Iran
for supporting the implementation of this research.

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

Roksana Nazari http://orcid.org/0000-0002-4326-9793
Soheil Parsa http://orcid.org/0000-0003-4460-3869
Reza Tavakkol Afshari http://orcid.org/0000-0003-0073-8665
Sohrab Mahmoodi http://orcid.org/0000-0002-7925-3259
Seyyed Mohammad Seyyedi http://orcid.org/0000-0002-0006-9898

References

Agricultural statistics. 2017. “Iran’s Minister of Agriculture, Department of Planning and
Economy.” http://www.maj.ir/

Anaya, F., R. Fghire, S. Wahbi, and K. Loutfi. 2018. “Influence of Salicylic Acid on Seed
Germination of Vicia Faba L. Under Salt Stress.” Journal of the Saudi Society of Agricultural
Sciences 17: 1–8. doi:10.1016/j.jssas.2015.10.002.

Arnon, A. N. 1967. “Method of Extraction of Chlorophyll in the Plants.” Agronomy Journal
23: 112–121.

Arora, V. K., C. B. Singh, A. S. Sidhu, and S. S. Thind. 2011. “Irrigation, Tillage and Mulching
Effects on Soybean Yield and Water Productivity in Relation to Soil Texture.” Agricultural
Water Management 98: 563–568. doi:10.1016/j.agwat.2010.10.004.

Asadi Rahmani, H., N. Saleh-Rastin, K. Khavazi, A. Asgharzadeh, D. Fewer, S. Kiani, and
K. Lindström. 2009. “Selection of Thermotolerant Bradyrhizobial Strains for Nodulation of
Soybean (Glycine Max L.) In Semi-arid Regions of Iran.” World Journal of Microbiology
and Biotechnology 25: 591–600. doi:10.1007/s11274-008-9927-8.

Bailly, C. 2004. “Active Oxygen Species and Antioxidants in Seed Biology.” Seed Science
Research 14: 93–107. doi:10.1079/SSR2004159.

Basra, S. M. A., N. Ahmad, M. M. Khan, N. Iqbal, and M. A. Cheema. 2003. “Assessment of
Cottonseed Deterioration during Accelerated Ageing.” Seed Science and Technology 31:
531–540. doi:10.15258/sst.2003.31.3.02.

JOURNAL OF CROP IMPROVEMENT 233

http://www.maj.ir/
https://doi.org/10.1016/j.jssas.2015.10.002
https://doi.org/10.1016/j.agwat.2010.10.004
https://doi.org/10.1007/s11274-008-9927-8
https://doi.org/10.1079/SSR2004159
https://doi.org/10.15258/sst.2003.31.3.02


Beauchamp, C. O., S. L. Gonias, D. P. Menapace, and S. V. Pizzo. 1983. “ANew Procedure for the
Synthesis of Polyethylene Glycol-protein Adducts; Effects on Function, Receptor Recognition,
and Clearance of Superoxide Dismutase, Lactoferrin, and α2-macroglobulin.” Analytical
Biochemistry 131: 25–33. doi:10.1016/0003-2697(83)90131-8.

Cassán, F., D. Perrig, V. Sgroy, O. Masciarelli, C. Penna, and V. Luna. 2009. “Azospirillum
Brasilense Az39 and Bradyrhizobium Japonicum E109, Inoculated Singly or in Combination,
Promote Seed Germination and Early Seedling Growth in Corn (Zea Mays L.) And Soybean
(Glycine Max L.).” European Journal of Soil Biology 45: 28–35. doi:10.1016/j.ejsobi.2008.08.005.

Chavoushi, M., F. Najafi, A. Salimi, and S. A. Angaji. 2019. “Improvement in Drought Stress
Tolerance of Safflower during Vegetative Growth by Exogenous Application of Salicylic
Acid and Sodium Nitroprusside.” Industrial Crops and Products 134: 168–176. doi:10.1016/
j.indcrop.2019.03.071.

Chiu, K. Y., S. J. Chuang, and J. M. Sung. 2006. “Both Anti-oxidation and Lipid-carbohydrate
Conversion Enhancements are Involved in Priming-improved Emergence of Echinacea
Purpurea Seeds that Differ in Size.” Scientia Horticulturae 108: 220–226. doi:10.1016/j.
scienta.2006.01.019.

Cho, Y., and R. A. Scott. 2000. “Combining Ability of Seed Vigor and Seed Yield in Soybean.”
Euphytica 112: 145–150. doi:10.1023/A:1003827930786.

Dallali, H., E. Mallek Maalej, N. Ghanem Boughanmi, and R. Haouala. 2012. “Salicylic Acid
Priming in Hedysarum Carnosum and Hedysarum Coronarium Reinforces NaCl Tolerance at
Germination and the Seedling Growth Stage.” Australian Journal of Crop Sciences 6: 407–414.

de Oliveira, B., A., . E. Gomes-Filho, J. Enéas-Filho, J. Tarquinio Prisco, and N. L. M. Alencar.
2012. “Seed Priming Effects on Growth, Lipid Peroxidation, and Activity of ROS
Scavenging Enzymes in NaCl-stressed Sorghum Seedlings from Aged Seeds.” Journal of
Plant Interactions 7: 151–159. doi:10.1080/17429145.2011.582590.

Dražić, G., and N. Mihailović. 2009. “Salicylic Acid Modulates Accumulation of Cd in
Seedlings of Cd-tolerant and Cd-susceptible Soybean Genotypes.” Archives of Biological
Science 61: 431–439. doi:10.2298/ABS0903431D.

Eisvand, H. R., R. Tavakkol-Afshari, F. Sharifzadeh, H. Maddah Arefi, and S. M. Hesamzad-
e-Hejazi. 2010. “Effects of Hormonal Priming and Drought Stress on Activity and Isozyme
Profiles of Antioxidant Enzymes in Deteriorated Seed of Tall Wheatgrass (Agropyron
Elongatum Host).” Seed Science and Technology 38: 280–297. doi:10.15258/sst.2010.38.2.02.

Farooq, M., T. Aziz, S. M. A. Basra, M. A. Cheema, and H. Rehman. 2008. “Chilling
Tolerance in Hybrid Maize Induced by Seed Priming with Salicylic Acid.” Journal of
Agronomy and Crop Science 194: 161–168. doi:10.1111/j.1439-037X.2008.00300.x.

Farooq, M. S. M. A., S. M. A. Basra, and K. Hafeez. 2006. “Seed Invigoration by
Osmohardening in Coarse and Fine Rice.” Seed Science and Technology 34: 181–187.
doi:10.15258/sst.2006.34.1.19.

Ferguson, J. M., D. M. TeKrony, and D. B. Egli. 1990. “Changes during Early Seed and Axes
Deterioration: I. Seed Quality and Mitochondrial Respiration.” Crop Science 30: 175–179.
doi:10.2135/cropsci1990.0011183X003000010038x.

Foyer, C. H., and B. Halliwell. 1976. “The Presence of Glutathione and Glutathione reductase
in Chloroplasts: A Proposed Role in Ascorbic Acid Metabolism.” Planta 133: 21–25.
doi:10.1007/BF00386001.

Gerçek, S., E. Boydak, M. Okant, and M. Dikilitaş. 2009. “Water Pillow Irrigation Compared
to Furrow Irrigation for Soybean Production in a Semi-arid Area.” Agricultural Water
Management 96: 87–92. doi:10.1016/j.agwat.2008.06.006.

Gidrol, X., H. Serghini, A. Noubhani, B. Mocgnot, and P. Mazliak. 1989. “Biochemical Changes
Induced by Accelerated Aging in Sunflower Seeds, I. Lipid Peroxidation and Membrane
Damage.” Physiologia Plantarum 76: 591–597. doi:10.1111/j.1399-3054.1989.tb05484.x.

234 R. NAZARI ET AL.

https://doi.org/10.1016/0003-2697(83)90131-8
https://doi.org/10.1016/j.ejsobi.2008.08.005
https://doi.org/10.1016/j.indcrop.2019.03.071
https://doi.org/10.1016/j.indcrop.2019.03.071
https://doi.org/10.1016/j.scienta.2006.01.019
https://doi.org/10.1016/j.scienta.2006.01.019
https://doi.org/10.1023/A:1003827930786
https://doi.org/10.1080/17429145.2011.582590
https://doi.org/10.2298/ABS0903431D
https://doi.org/10.15258/sst.2010.38.2.02
https://doi.org/10.1111/j.1439-037X.2008.00300.x
https://doi.org/10.15258/sst.2006.34.1.19
https://doi.org/10.2135/cropsci1990.0011183X003000010038x
https://doi.org/10.1007/BF00386001
https://doi.org/10.1016/j.agwat.2008.06.006
https://doi.org/10.1111/j.1399-3054.1989.tb05484.x


Heath, R. L., and L. Packer. 1968. “Photoperoxidation in Isolated Chloroplasts: I. Kinetics and
Stoichiometry of Fatty Acid Peroxidation.” Archives of Biochemistry and Biophysics 125:
189–198. doi:10.1016/0003-9861(68)90654-1.

Hsu, C. C., C. L. Chen, J. J. Chen, and J. M. Sung. 2003. “Accelerated Aging-enhanced
Lipid Peroxidation in Bitter Gourd Seeds and Effects of Priming and Hot Water Soaking
Treatments.” Scientia Horticulturae 98: 201–212. doi:10.1016/S0304-4238(03)00002-5.

ISTA. 2011. International Rules for Seed Testing. Bassersdorf, Switzerland: International Seed
Testing Association.

Jahan, M. S., Y. Wang, S. Shu, M. Zhong, Z. Chen, J. Wu, J. Sun, and S. Guo. 2019.
“Exogenous Salicylic Acid Increases the Heat Tolerance in Tomato (Solanum
Lycopersicum L) by Enhancing Photosynthesis Efficiency and Improving Antioxidant
Defense System through Scavenging of Reactive Oxygen Species.” Scientia Horticulturae
247: 421–429. doi:10.1016/j.scienta.2018.12.047.

Janda, T., O. K. Gondor, R. Yordanova, G. Szalai, and M. Pál. 2014. “Salicylic Acid and
Photosynthesis: Signalling and Effects.” Acta Physiologiae Plantarum 36: 2537–2546.
doi:10.1007/s11738-014-1620-y.

Jisha, K. C., and J. T. Puthur. 2016. “Seed Priming with Beta-amino Butyric Acid Improves
Abiotic Stress Tolerance in Rice Seedlings.” Rice Science 23: 242–254. doi:10.1016/j.
rsci.2016.08.002.

Kar, M., and D. Mishra. 1976. “Catalase, Peroxidase, and Polyphenol Oxidase Activities
during Rice Leaf Senescence.” Plant Physiology 57: 315–319. doi:10.1104/pp.57.2.315.

Khajeh-Hosseini, M., A. A. Powell, and I. J. Bingham. 2002. “Comparison of the Seed
Germination and Early Seedling Growth of Soybean in Saline Conditions.” Seed Science
Research 12: 165–172. doi:10.1079/SSR2002108.

Khan, M. S., T. Akther, D. M. Ali, and S. Hemalatha. 2019. “An Investigation on the Role of
Salicylic Acid Alleviate the Saline Stress in Rice Crop (Oryza Sativa (L)).” Biocatalysis and
Agricultural Biotechnology 18: 101027. doi:10.1016/j.bcab.2019.101027.

Kibinza, S., D. Vinel, D. Côme, C. Bailly, and F. Corbineau. 2006. “Sunflower Seed
Deterioration as Related to Moisture Content during Ageing, Energy Metabolism and
Active Oxygen Species Scavenging.” Physiologia Plantarum 128: 496–506. doi:10.1111/
j.1399-3054.2006.00771.x.

Koroi, S. A. 1989. “Gel Electrophoresis Tissue and Spectrophotometrscho Unter Uchungen
Zomeinfiuss Der Temperature Auf Struktur Der Amylase and Peroxidase Isoenzyme.”
Physiological Reviews 20: 15–23.

Lee, S., S. G. Kim, and C. M. Park. 2010. “Salicylic Acid Promotes Seed Germination under
High Salinity by Modulating Antioxidant Activity in Arabidopsis..” New Phytologist 188:
626–637. doi:10.1111/j.1469-8137.2010.03378.x.

Lee, S., and C. M. Park. 2010. “Modulation of Reactive Oxygen Species by Salicylic Acid in
Arabidopsis Seed Germination under High Salinity.” Plant Signaling & Behavior 5:
1534–1536. doi:10.4161/psb.5.12.13159.

Maehly, B., and A. Chance. 1954. “Assay of Catalase and Peroxidase.” Methods of Biochemical
Analysis 1: 357–424. doi:10.1002/9780470110171.ch14.

Matthews, S., and M. Khajeh-Hosseini. 2006. “Mean Germination Time as an Indicator of
Emergence Performance in Soil of Seed Lots of Maize (Zea Mays).” Seed Science and
Technology 34: 339–347. doi:10.15258/sst.2006.34.2.09.

Mavi, K., and I. Demir. 2007. “Controlled Deterioration and Accelerated Aging Tests Predict
Relative Seedling Emergence Potential of Melon Seed Lots.” HortScience 42: 1431–1435.
doi:10.21273/HORTSCI.42.6.1431.

JOURNAL OF CROP IMPROVEMENT 235

https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1016/S0304-4238(03)00002-5
https://doi.org/10.1016/j.scienta.2018.12.047
https://doi.org/10.1007/s11738-014-1620-y
https://doi.org/10.1016/j.rsci.2016.08.002
https://doi.org/10.1016/j.rsci.2016.08.002
https://doi.org/10.1104/pp.57.2.315
https://doi.org/10.1079/SSR2002108
https://doi.org/10.1016/j.bcab.2019.101027
https://doi.org/10.1111/j.1399-3054.2006.00771.x
https://doi.org/10.1111/j.1399-3054.2006.00771.x
https://doi.org/10.1111/j.1469-8137.2010.03378.x
https://doi.org/10.4161/psb.5.12.13159
https://doi.org/10.1002/9780470110171.ch14
https://doi.org/10.15258/sst.2006.34.2.09
https://doi.org/10.21273/HORTSCI.42.6.1431


Mavi, K., I. Demir, and S. Matthews. 2010. “Mean Germination Time Estimates the Relative
Emergence of Seed Lots of Three Cucurbit Crops under Stress Conditions.” Seed Science
and Technology 38: 14–25. doi:10.15258/sst.2010.38.1.02.

Miller, T. W. 2002. “Diquat Used as a Preharvest Desiccant Affects Seed Germination of
Spinach, Table Beet, and Coriander.” HortScience 37: 1032–1034. doi:10.21273/
HORTSCI.37.7.1032.

Moosavi, A., R. Tavakkol Afshari, F. Sharif-Zadeh, and A. Aynehband. 2009. “Seed Priming
to Increase Salt and Drought Stress Tolerance during Germination in Cultivated Species of
Amaranth.” Seed Science and Technology 37: 781–785. doi:10.15258/sst.2009.37.3.26.

Muthiah, S., D. E. Longer, and W. M. Harris. 1994. “Staging Soybean Seedling Growth from
Germination to Emergence.” Crop Science 34: 289–291. doi:10.2135/
cropsci1994.0011183X003400010053x.

Nakano, Y., and K. Asada. 1981. “Hydrogen Peroxide Is Scavenged by Ascorbate-specific
Peroxidase in Spinach Chloroplasts.” Plant and Cell Physiology 22: 867–880. doi:10.1093/
oxfordjournals.pcp.a076232.

Noli, E., E. Casarini, G. Urso, and S. Conti. 2008. “Suitability of Three Vigor Test Procedures
to Predict Field Performance of Early Sown Maize Seed.” Seed Science and Technology 36:
168–176. doi:10.15258/sst.2008.36.1.18.

Parkhey, S., S. C. Naithani, and S. Keshavkant. 2012. “ROS Production and Lipid Catabolism
in Desiccating Shorea Robusta Seeds during Aging.” Plant Physiology and Biochemistry 57:
261–267. doi:10.1016/j.plaphy.2012.06.008.

Pinzino, C. 1999. “Aging, Free Radicals, and Antioxidants in Wheat Seeds.” Journal of
Agricultural and Food Chemistry 47: 1333–1339. doi:10.1021/jf980876d.

Pouramir-Dashtmian, F., M. Khajeh-Hosseini, and M. Esfahani. 2014. “Improving Chilling
Tolerance of Rice Seedling by Seed Priming with Salicylic Acid.” Archives of Agronomy and
Soil Science 60: 1291–1302. doi:10.1080/03650340.2014.892584.

Rastegar, Z., M. Sedghi, and S. Khomari. 2011. “Effects of Accelerated Aging on Soybean Seed
Germination Indexes at Laboratory Conditions.” Notulae Scientia Biologicae 3: 126–129.
doi:10.15835/nsb336075.

Ravikumar, R., G. Ananthakrishnan, S. Girija, and A. Ganapathi. 2002. “Seed Viability and
Biochemical Changes Associated with Accelerated Ageing in Dendrocalamus Strictus
Seeds.” Biologia Plantarum 45: 153–156. doi:10.1023/A:1015106203273.

Sahu, B., A. K. Sahu, V. Thomas, and S. C. Naithani. 2017. “Reactive Oxygen Species, Lipid
Peroxidation, Protein Oxidation and Antioxidative Enzymes in Dehydrating Karanj
(Pongamia Pinnata) Seeds during Storage.” South African Journal of Botany 112:
383–390. doi:10.1016/j.sajb.2017.06.030.

Samarah, N. H., R. E. Mullen, and I. Anderson. 2009. “Soluble Sugar Contents, Germination,
and Vigor of Soybean Seeds in Response to Drought Stress.” Journal of New Seeds 10:
63–73. doi:10.1080/15228860902786525.

SAS. 2011. SAS for Windows Version 9.3. Cary, NC: SAS Institute .
Semida, W. M., and M. M. Rady. 2014. “Pre-soaking in 24-epibrassinolide or Salicylic Acid

Improves Seed Germination, Seedling Growth, and Anti-oxidant Capacity in Phaseolus
Vulgaris L. Grown under NaCl Stress.” Journal of Horticultural Science & Biotechnology 89:
338–344. doi:10.1080/14620316.2014.11513088.

Seyyedi, S. M., R. Tavakkol Afshari, and M. S. Daneshmandi. 2018. “The Relationships
between Fatty Acids and Heterotrophic Seedling Growth in Winter Canola Cultivars
during Accelerated Seed Aging Process.” South African Journal of Botany 119: 353–361.
doi:10.1016/j.sajb.2018.09.034.

Sharma, M., S. K. Gupta, B. Majumder, V. K. Maurya, F. Deeba, A. Alam, and V. Pandey.
2018. “Proteomics Unravel the Regulating Role of Salicylic Acid in Soybean under Yield

236 R. NAZARI ET AL.

https://doi.org/10.15258/sst.2010.38.1.02
https://doi.org/10.21273/HORTSCI.37.7.1032
https://doi.org/10.21273/HORTSCI.37.7.1032
https://doi.org/10.15258/sst.2009.37.3.26
https://doi.org/10.2135/cropsci1994.0011183X003400010053x
https://doi.org/10.2135/cropsci1994.0011183X003400010053x
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.15258/sst.2008.36.1.18
https://doi.org/10.1016/j.plaphy.2012.06.008
https://doi.org/10.1021/jf980876d
https://doi.org/10.1080/03650340.2014.892584
https://doi.org/10.15835/nsb336075
https://doi.org/10.1023/A:1015106203273
https://doi.org/10.1016/j.sajb.2017.06.030
https://doi.org/10.1080/15228860902786525
https://doi.org/10.1080/14620316.2014.11513088
https://doi.org/10.1016/j.sajb.2018.09.034


Limiting Drought Stress.” Plant Physiology and Biochemistry 130: 529–541. doi:10.1016/j.
plaphy.2018.08.001.

Sheteiwy, M. S., J. An, M. Yin, X. Jia, Y. Guan, F. He, and J. Hu. 2019. “Cold Plasma
Treatment and Exogenous Salicylic Acid Priming Enhances Salinity Tolerance of Oryza
Sativa Seedlings.” Protoplasma 256: 79–99. doi:10.1007/s00709-018-1279-0.

Singh, R. K., and H. H. Ram. 1986. “Inheritance Study of Soybean Seed Storability Using an
Accelerated Aging Test.” Field Crops Research 13: 89–98. doi:10.1016/0378-4290(86)90013-4.

Stewart, R. R. C., and J. D. Bewley. 1980. “Lipid Peroxidation Associated with Accelerated
Aging of Soybean Axes.” Plant Physiology 65: 245–248. doi:10.1104/pp.65.2.245.

Sung, J. M., and T. L. Jeng. 1994. “Lipid Peroxidation and Peroxide-scavenging Enzymes
Associated with Accelerated Aging of Peanut Seed.” Physiologia Plantarum 91: 51–55.
doi:10.1111/j.1399-3054.1994.tb00658.x.

Szalai, G., M. Pál, T. Árendás, and T. Janda. 2016. “Priming Seed with Salicylic Acid Increases
Grain Yield and Modifies Polyamine Levels in Maize.” Cereal Research Communications
44: 537–548. doi:10.1556/0806.44.2016.038.

Wang, F., R. Wang, W. Jing, and W. Zhang. 2012. “Quantitative Dissection of Lipid
Degradation in Rice Seeds during Accelerated Aging.” Plant Growth Regulation 66:
49–58. doi:10.1007/s10725-011-9628-4.

Yadav, P. V., M. Kumari, and Z. Ahmed. 2011. “Chemical Seed Priming as a Simple
Technique to Impart Cold and Salt Stress Tolerance in Capsicum.” Journal of Crop
Improvement 25: 497–503. doi:10.1080/15427528.2011.587139.

Yan, Y., C. Pan, Y. Du, D. Li, and W. Liu. 2018. “Exogenous Salicylic Acid Regulates Reactive
Oxygen Species Metabolism and Ascorbate–Glutathione Cycle in Nitraria Tangutorum
Bobr. Under Salinity Stress.” Physiology and Molecular Biology of Plants 24: 577–589.
doi:10.1007/s12298-018-0540-5.

Zaid, A., F. Mohammad, S. H. Wani, and K. M. Siddique. 2019. “Salicylic Acid Enhances
Nickel Stress Tolerance by Up-regulating Antioxidant Defense and Glyoxalase Systems in
Mustard Plants.” Ecotoxicology and Environmental Safety 180: 575–587. doi:10.1016/j.
ecoenv.2019.05.042.

Zhang, Y., H. Liu, S. Shen, and X. Zhang. 2011. “Improvement of Eggplant Seed Germination and
Seedling Emergence at Low Temperature by Seed Priming with Incorporation SA into KNO3

Solution.” Frontiers of Agriculture in China 5: 534–537. doi:10.1007/s11703-011-1124-0.
Zheng, Y.-L., and H. C. Ma. 2014. “Effects of Seed Aging on Seed Germination and Seed Reserve

Utilization in Mumian.” HortTechnology 24: 471–474. doi:10.21273/HORTTECH.24.4.471.

JOURNAL OF CROP IMPROVEMENT 237

https://doi.org/10.1016/j.plaphy.2018.08.001
https://doi.org/10.1016/j.plaphy.2018.08.001
https://doi.org/10.1007/s00709-018-1279-0
https://doi.org/10.1016/0378-4290(86)90013-4
https://doi.org/10.1104/pp.65.2.245
https://doi.org/10.1111/j.1399-3054.1994.tb00658.x
https://doi.org/10.1556/0806.44.2016.038
https://doi.org/10.1007/s10725-011-9628-4
https://doi.org/10.1080/15427528.2011.587139
https://doi.org/10.1007/s12298-018-0540-5
https://doi.org/10.1016/j.ecoenv.2019.05.042
https://doi.org/10.1016/j.ecoenv.2019.05.042
https://doi.org/10.1007/s11703-011-1124-0
https://doi.org/10.21273/HORTTECH.24.4.471

	Abstract
	Introduction
	Materials and methods
	Plant materials
	Experimental layout
	Accelerated seed aging process
	Seed priming and germination-related traits
	Enzyme activities and malondialdehyde content
	Emergence-related traits
	Statistical analyzes

	Results and discussion
	Seedling-related traits under laboratory conditions (Experiment1)
	Emergence traits under greenhouse conditions (Experiment2)

	Conclusions
	Acknowledgments
	Disclosure statement
	References



