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Abstract
The aim of this study was evaluation of the effect of ageing on germination traits and activity of antioxidant enzymes in embryo of maize
hybrid seeds and the role of these traits in protection of seed vigour. A two-factorial experiment was performed using six maize hybrids,
and four accelerated ageing levels (non-aged, aged for 2, 4 and 6 days) at 40 °C temperature and 95% humidity. Mean germination time
and electrolyte leakage significantly increased with ageing. Mean germination time and electrolyte leakage of hybrids SC260, SC370
and SC647 increased more than in the other hybrids. Also, antioxidant enzyme activity decreased significantly with ageing. The results
indicated severe damage to the cell membrane and antioxidant enzyme acivity in the hybrids under ageing. In general, loss of viability
and increase in electrolyte leakage reflected the seed deterioration during storage under accelerated ageing conditions.
Key words: antioxidant enzymes, electrolyte leakage, germination, maize embryo, seed ageing.
Abbreviations: AA, accelerated ageing; CAT, catalase; EC, electrical conductivity; EL, electrolyte leakage; GP, germination percentage;
MGT, mean germination time; NBT, nitroblue tetrazolium; OH•, hydroxyl radical; O2–, superoxide radical; POD, peroxidase; ROS,
reactive oxygen species; SOD, superoxide dismutase.

Introduction
Ageing is known as the process of seed quality loss along
with time associated with reduction of seed vigour (Verma
et al. 2003). During storage seed vigour and germination
slowly decrease. Seed deterioration that occurs during
storage causes decrease of seedling establishment and
ultimately plant yield in the field (McDonald 1999). Seed
deterioration occurs even in optimum storage conditions.
Genetic and environmental factors have interacting effects
on seed deterioration at harvest and during storage (Bewley
and Black 1994). Since seed storage is associated with
reduction of seed longevity, conditions must be optimal for
conserving genetic and seed commercial storage (Rajjou et
al. 2007). Temperature and humidity are two major factors
that must be controlled during seed storage (Krishnan et
al. 2004).
Germination is the first step in growth and development
of crops (Mohsen-Nasab et al. 2010). Germination rate,
germination uniformity and seed vigour are important
parameters in seed quality and thus affect plant status.
During germination, with increasing moisture content
of seeds, production of reactive oxygen species (ROS)
occurs through two processes: biochemical reactions in
mitochondria or glyoxysome, and release of ROS from
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substances that are produced in different seed tissues
during harvest and stored in dry seeds (Zamani et al. 2010).
During seed sotrage, ROS such as superoxide radicals (O2–),
hydrogen peroxide (H2O2) and hydroxyl radicals (OH•),
accumulate in ageing seed tissues and have a vital role in seed
vigour reduction (Pukacka, Ratajczak 2005). Accumulation
of ROS leads to their reaction with unsaturated fatty
acids and causes changes in cell membranes, such as lipid
peroxidation and ultimately its destruction.
The ability of seeds to produce antioxidative enzymes
considerably differs depending on species and genotype.
Enzymatic detoxification and repair of cell membranes are
the main means to delay ageing (Tavakol Afshari et al. 2007).
ROS scavenging enzymatic systems, such as superoxide
dismutase (SOD), catalase (CAT) and peroxidase (POD)
and non-enzymatic antioxidants such as β-carotene,
ascorbic acid, α-tocopherol, reduced glutathione can
counteract the harmful effects of ROS in plant tissues
(Kibinza et al. 2006). Activity of these metabolites and
antioxidant enzymes causes high levels of seed resistance to
oxidative damage and minimizes damage to cells (Alscher
1989; Tabatabaei 2015).
Maize seeds are often harvested with 22 to 30%
moisture content and then dried to 15.5% or less humidity
to prevent microbial growth. Kapilan (2015) reported that
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the biochemical and enzymatic changes occurring inside
the seed and reduction of germination and seedling growth
are consequences of deterioration of maize seed.
This study was performed to determine the mechanisms
of seed vigour reduction with respect to antioxidant enzyme
activity. Germination characteristics, electrolyte leakage as
an indicator of membrane damage, enzyme activities were
evaluated in seeds of various maize hybrids.
Materials and methods
Plant material, experimental procedure and design
This experiment was carried out at the Plant Physiology
Laboratory in the Campus of Agriculture and Natural
Resources of Razi University, Kermanshah city, Iran. In
order to understand maize seed deterioration mechanisms
during storage, a factorial experiment with two factors
following completely randomized design with three
replications was used. The first factor was maize hybrid
(SC704, SC700, SC647, SC500, SC370 and SC260) and
the second factor was accelerated ageing (AA) treatment:
control (non-aged, A1), 2 (A2), 4 (A3) and 6 (A4) days of
ageing treatment. To promote ageing, seeds were incubated
at 40 °C at saturated air humidity (approximately 95 ±
1%) (Komba et al. 2006). A digital humidity meter (TFA,
Germany) was used for regulation of air temperature and
humidity in germination incubator.
Germination percentage and mean germination time
measurements
The ISTA (1999) standard method was used to calculate
germination percentage and mean time to germination
of seeds. A batch of 25 disinfected seeds was placed in a
sterilized Petri dish (9 cm diameter) on filter paper. Then
the Petri dishes were placed in a growth chamber at 25 ± 1
°C for 7 days in darkness, and every 24 h distilled water was
added as required. Germination and mean germination
time in seeds from different ageing treatments and control
were calculated (Wiese, Binning 1987). Germinated seeds
were recorded daily up to 7 days at the same time of
day. Germination percentage (GP) was calculated as the
number of germinated seeds at the seventh day, according
to the formula:
GP = (Ng / Nt) × 100,
where Ng is a total number of germinated seeds, Nt is a total
number of seeds evaluated. Mean germination time (MGT)
was calculated according to Bailly et al. (2000) using the
formula:
MGT = ΣDn / Σn,
where n is the number of seeds that germinated on day D,
and D is the number of days counted from the beginning
of emergence.
Enzyme activity measurements
The embryo is the most important, sensitive and vulnerable
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part of the seed. Seed with damaged cotyledons may
survive and form seedlings, but if the seed embryo is
damaged, a seedling will not be formed. To evaluate
antioxidant enzyme activity in the embryo, seeds were
dehydrated for 12 h, then the seed coat was separated and
isolated embryos were rolled in foil and immediately frozen
in liquid nitrogen and stored at –80 °C. The samples were
homogenized in liquid nitrogen and transferred into 15 mL
tubes, after which 2.5 mL of the extract buffer (0.1 M Tris,
pH 7.8, and 30% glycerol) was added to the samples. They
were then centrifuged at 15 000 g for 15 min at 4 °C, and the
supernatant retained for enzyme assays.
Superoxide dismutase (SOD, EC 1.15.1.1) activity
was assayed by the method of Beauchamp and Fridovich
(1971). One unit of SOD was defined as the amount of
enzyme producing 50% inhibition of nitroblue tetrazolium
(NBT). Catalase (CAT, EC 1.11.1.6) activity was estimated
by consumption of hydrogen peroxide, which was
recorded at 570 nm by a spectrophotometer (Sinha 1972).
Peroxidase (POD, EC 1.11.1.7) activity was determined by
monitoring the increase of absorbance at 470 nm due to
guaiacol oxidation. The reaction mixture consisted of 32
mM potassium phosphate buffer, pH 7.0, 0.1% H2O2, 0.25%
guaiacol and the extract (Chance, Maehly 1995).
Electrolyte leakage measurement
The intensity of electrolyte leakage from seeds was measured
according to Tammela et al. (2005). First, the seed cout was
separated and then seeds were placed in batches of 25 in a
container to which 50 mL of deionized water was added.
The electrical conductivity of containers was measured
with an EC meter and reported as µs cm–1 (Auld et al. 1988).
Statistical analysis
Data analysis was carried out using MSTAT-C (ver. 1.42)
and SAS (ver. 9.1) software. When analysis of variance
(ANOVA) showed significant treatment effects, Duncan’s
multiple range tests was applied to compare the means
at P ≤ 0.05. Correlation analysis using SAS (ver. 9.1)
was conducted to determine the relationship between
measurement parameters and germination percentage.
Results
Germination percentage (GP) did not significantly differ
between maize hybrids (Table 1). Also, the interaction
effect of hybrids × ageing treatment was not significant.
Germination percentage decreased with increasing the
duration of AA (Table 2). Hybrids in treatment A4 and
the control had the lowest and the highest germination
percentage, respectively. There was a significant positive
correlation between GP and MGT in the A4 treatment
(Table 3).
Mean germination time (MGT) significantly increased
with ageing in seeds of maize hybrids. Control and A4
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Table 1. The analysis of variance for the effect of different duration of maize seed aging treatment on peroxidase (POD), catalase (CAT)
and superoxide dismutase (SOD) activity, electrolyte leakage (LE), mean germination time (MGT) and germination percent (GP) in
seed embryos of maize hybrids. ns, * and **, non-significant and significant at the 5 and 1% levels of probability, respectively
Source of variation
Hybrids
Aging
Hybrids × Aging
Error
CV (%)

df
5
3
15
48
–

POD
26520.3 **
67301.4 **
1440.1 **
353.1
18.2

CAT
13180.8 **
581.6 **
32.9 **
38.9
11.2

treatments showed the lowest and the highest MGT,
respectively (Table 2). Hybrids SC704 and SC260 had the
lowest and highest MGT in control treatment, respectively.
Hybrids SC700 and SC370 had the highest MGT in all
ageing treatments. In all hybrids, MGT was three times
higher in A4 treatment than in control treatment (Table 2).
A significant positive correlation between MGT and
electrolyte leakage and germination percentage was
observed in control and A4 treatments, respectively (Table
3). In addition, there was a significant negative correlation

Mean squares
SOD
LE
5821.6 **
2. 80 **
5645. 2 **
6.12 **
173.4 **
0.121 **
42.3
0.037
9.11
13.6

GP
48.6 ns
12195.3 **
5.53 ns
37.5
14.6

MGT
12.9 **
0.736 **
0.219 **
0.022
15.4

between MGT and SOD activity in the A2 and A3 treatments
(Table 3).
Measurement of the intensity of membrane electrolyte
leakage is the simplest method for assessing the integrity
of membranes. The results showed that electrolyte leakage
through the seed membrane increased with ageing. Leakage
reached a maximum in A4 treatment (Table 2). Hybrids
SC704 and SC370 had the lowest and the highest electrolyte
leakage: 1.093 and 1.313 µs cm–1 in the control treatment
and 2.27 and 2.19 µs cm–1 in treatment A4, respectively. In

Table 2. Effect of maize seed aging duration on peroxidase (POD), catalase (CAT) and superoxide dismutase (SOD) activity and
electrolyte leakage (EL) in maize embryos, as well as mean germination time (MGT) and germination percent (GP) in maize hybrids
seeds. Levels of ageing: A1, control (no aging); A2, aging for 2 days; A3, aging for 4 days; A4, aging for 6 days. Means followed by the same
letter are not significantly different (P ≤ 0.05) according to Duncan’s Multiple Range test within each column of each section
Hybrids

Aging

SC704

A1
A2
A3
A4
A1
A2
A3
A4
A1
A2
A3
A4
A1
A2
A3
A4
A1
A2
A3
A4
A1
A2
A3
A4

SC700

SC647

SC500

SC370

SC260

POD (µM
min–1 mg–1
protein)
279.5 a
194.1 b
122.6 ef
90.4 fgh
136.9 de
89.6 gh
49.8 ij
12.7 jk
198.2 b
145.9 cde
93.8 fgh
23.5 jl
156.7 cd
84.5 gh
41.1 ij
5.53 k
211.4 b
178.2 bc
112.8 efg
61.6 hi
82.5 gh
59.1 hi
42.4 ij
21.1 jk

CAT (µM min–1
mg–1 protein)

SOD (units
mg–1 protein)

EL (µs cm–1)

GP (%)

MGT (days)

218.0 a
99.4 d
87.7 ef
54.7 i
136.9 de
89.6 gh
49.8 ij
12.7 jk
111.8 c
76.4 gh
38.6 jk
14.9 m
90.0 def
67.0 h
38.3 jk
12.7 m
124.9 b
112.6 c
96.3 de
80.4 fg
71.8 gh
32.6 kl
22.9 lm
14.4 m

123.0 a
107.5 b
86.6 cd
71.9 fg
72.8 efg
58.1 hij
48.9 jklm
40.9 lmn
94.4 c
73.3 efg
66.8 gh
37.3 mn
83.9 cde
51.1 jkl
40.2 lmn
31.1 n
116.4 ab
114.2 ab
92.1 c
79.4 def
64.4 ghi
60.0 hij
53.7 ijk
45.4 klm

1.093 j
1.313 ij
1.910 gh
2.270 def
1.907 gh
2.203 efg
2.877 bc
3.867 a
1.587 hi
2.110 fg
2.393 def
3.137 b
1.687 h
1.860 gh
2.433 def
2.583 cd
1.313 ij
1.600 hi
1.910 gh
2.190 efg
2.090 fg
2.490 de
3.130 b
3.583 a

97 a
69 b
52 c
33 d
96 a
72 b
53 c
34 d
100 a
76 b
57 c
39 d
94 a
69 b
53 c
35 d
95 a
70 b
54 c
36 d
97 a
69 b
50 c
36 d

1.20 n
2.73 hi
2.87 gh
3.40 cd
1.73 k
3.10 efg
3.20 def
3.83 a
1.47 lm
2.37 j
3.00 fg
3.37cde
1.70 kl
3.03 fg
3.10 efg
3.23 def
1.30 mn
2.50 ij
2.73 hi
3.20 def
1.80 k
3.57 bc
3.73 ab
3.87 cde
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Table 3. Correlation between peroxidase (POD), catalase (CAT) and superoxide dismutase (SOD) activity, electrolyte leakage (EL),
mean germination time (MGT) and germination percent (GP) at the control (non–aged, A1), 2 (A2), 4 (A3) and 6 (A4) days of aging
treatment in the maize. ns, * and **, non–significant and significant at the 5% and 1% levels of probability, respectively
Aging
A1

A2

A3

A4

Traits
POD
CAT
SOD
EL
GP
MGT
POD
CAT
SOD
EL
GP
MGT
POD
CAT
SOD
EL
GP
MGT
POD
CAT
SOD
EL
GP
MGT

POX
1
0.12 ns
0.59 *
–0.119 ns
0.39 ns
0.11 ns
1
0.06 *
0.51 *
0.23 ns
0.20 ns
–0.12 ns
1
–0.05 ns
0.41 *
0.28 ns
0.63 **
0.28 ns
1
–0.31 ns
0.41 *
0.51 *
0.66 **
0.92 **

CAT

SOD

EL

GP

MGT

1
0.55 *
0.39 ns
0.16 ns
0.22 ns

1
–0.11 ns
0.67 **
0.01 ns

1
–0.43 *
0.82 **

1
–0.12 ns

1

1
0.32 ns
0.81 **
0.08 ns
–0.11 ns

1
0.02 ns
0.33 ns
–0.76 **

1
0.22 ns
0.32 ns

1
–0.29 ns

1

1
0.20 ns
0.70 ns
–0.53 *
0.01 ns

1
–0.18 ns
0.33 ns
–0.47 *

1
–0.27 ns
0.36 ns

1
–0.25 ns

1

1
0.15 ns
0.24 ns
–0.25 ns
–0.25 ns

1
–0.07 ns
0.29 ns
0.22 ns

1
0.19 ns
0.67 **

1
0.48 *

1

hybrids SC260 and SC700, electrolyte leakage indicated
greatest membrane damage with increase of ageing. In all
hybrids electrolyte leakage was approximately two times
higher in the A4 treatment than in the control (Table 2).
A significant positive correlation was observed between
electrolyte leakage and CAT and POD activity in treatments
A2 and A4 (Table 3).
Lowest POD activity in embryo of hybrids of maize was
observed in the A4 treatment. Hybrids SC704 and SC260
had the highest and lowest POD activity in the control
treatment, respectively. Hybrids SC370 and SC500 had the
lowest and highest decrease of POD activity in all ageing
treatments, respectively (Table 2). There was a significant
positive correlation between POD and SOD at all ageing
levels (Table 3).
The activity of catalase decreased significantly with
increase of ageing. In all treatments the hybrid SC704 had
the highest catalase activity, and the lowest enzyme activity
was seen in treatment A4 in hybrid SC260 (Table 2).
Mean superoxide dismutase (SOD) activity in seed
embryos was higher in hybrid SC704. Hybrids in the control
treatment had the highest SOD activity. A4 had the lowest
SOD activity (Table 2). A significant positive correlation
was observed between CAT and SOD activity in the control
treatment (Table 3).
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Discussion
The main mechanisms for the reduced germination as a
result of seed deterioration are not known, but some studies
showed that lipid peroxidation caused by oxidative damage
can lead to inactivation and/or depletion of key enzymes
of recipient protein transport or ion channels, as well as
impairment of RNA and DNA synthesis (Basra et al. 2003;
Murthy et al. 2003; Lehner et al. 2008).
It is likely that there is a delay in initiation of germination
in aged seeds, because of the time needed for membrane
damage repair and damage to other parts of the cell, and
also for initiation of the antioxidant system activity to
prevent the buildup of oxidative stress conditions. This
repairing reaction is possible only after seed imbibition;
therefore MGT usually increases in aged seeds (Priestly
1986; Kapilan 2015).
Ageing causes irreversible damage to cell structures.
The membrane integrity lost by damage of phospholipids
leads to increased membrane permeability and exit of
electrolytes and other substances, such as enzymes, from
cells (Zamani et al. 2010). Fatty acid peroxidation in the
cell membranes is another process that causes increased
electrolyte leakage (Goel et al. 2003). In studies on peanut
(Sung, Jeng 1994), watermelon (Chiu et al. 1995), soybean
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(Sung 1996), sunflower (Kibinza et al. 2006) and safflower
(Zamani et al. 2010) it was reported that an increase in
electrolyte leakage is associated with decrease of seed
germination. In the present study, lipid peroxidation and
membrane damage resulted in decreased seed germination
and increased MGT (Table 2).
It seems that increase of MGT is a symptom of reduced
vigour. Results of studies on maize (Lin, Pearce 1990),
pigeonpea (Kalpana, Madhava Rao 1994) and wheat
(Lehner et al. 2008) were in contrast to the results of our
experiment as they did not show cell membrane damage
after ageing. It is possible that the differing results may be
due to differences in length and other conditions of the
ageing treatment and difference in seed characteristics.
The reasons for reduction of antioxidant enzyme activity
during seed deterioration are not clear. It seems possible
that these effects are due to damage to RNA synthesis,
which ultimately leads to decreased synthesis of proteins
and inactivation of enzymes. The attack of ROS on all
enzymes causes damage to the molecules and also reduces
sugar concentration in cells, which can play a significant
role in reduction of antioxidant activity (Murthy et al. 2003;
Tabatabaei 2015).
The results of the present experiment showed that seed
vigour reduction is associated with reduction of the SOD,
CAT and POD activity (Table 2). These three enzymes are
part of the antioxidant defense system, there are likely
other defense mechanisms that are damaged in the ageing
process, leading to reduction of SOD, CAT and POD
activity, and decrease of antioxidant defense system activity.
Antioxidant enzymes activity decreased noticeably during
seed deterioration but never reached zero. Previous studies
on beech (Pukacka, Ratajczak 2005), onion (Rao et al. 2006),
safflower (Zamani et al. 2010) and maize (Kapilan 2015)
seeds showed that ageing is associated with a reduction of
antioxidant enzyme activity. It is evident that seed ageing is
associated with lower antioxidant defense system activity,
but not with a complete loss of this capacity.
In conclusion, the present results demonstrate that ageing
of maize seed is associated with changes in antioxidant
enzyme activity and electrolyte leakage. The hybrid SC704
showed least changes in enzyme activity and had the lowest
electrolyte leakage and mean germination time during the
experiment. Hybrid SC370 was most resistant to ageing
and hybrids SC700 and SC260 were the most susceptible
hybrids tested. In general, lipid peroxidation and electrolyte
leakage play an important role in maize seed deterioration
in accelerated ageing.
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