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Abstract
Seed aging is a problem during long-term seed storage, affecting the commercial and germplasm value of seeds. In this 
study, a widely cultivated rice (Oryza sativa L.) cultivar, Huanghuazhan, was used to investigate the effects of exogenous 
spermidine (Spd) on accelerated aging (AA). The results showed that the speed of germination and the activities of catalase 
(CAT), ascorbate peroxidase (APX) and β-amylase were reduced by AA, and more  H2O2 accumulated in aged seeds than 
in normal seeds. As compared with aged seeds pretreated with water, seed vigor and the gibberellic acid (GA) content in 
aged seeds pretreated with Spd were increased by 47% and 17%, respectively. Furthermore, antioxidant enzyme activity and 
related gene expression were also higher in aged seeds pretreated with Spd. It is speculated that CAT and APX are the two 
primary enzymes involved in the effects of Spd to AA. These results suggest that the adverse effect of AA stress on seeds 
may be partially alleviated by the application of exogenous Spd, which may affect the scavenging of reactive oxygen species.
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Abbreviations
AA  Accelerated aging
PAs  Polyamines
Spd  Spermidine
CAT   Catalase
APX  Ascorbate peroxidases
GA  Gibberellin acid
ABA  Abscisic acid
ROS  Reactive oxygen species
PCD  Programmed cell death
MDA  Malondialdehyde

POD  Peroxidase
MT  Metallothionein
GR  Glutathione reductase
H2O2  Hydrogen peroxide
GE  Germination energy
GI  Germination index
GP  Germination percentage
HAI  Hours after imbibition
MGT  Mean germination time
SL  Seedling length
DW  Dry weight of 10 seedlings
qRT-PCR  Quantitative real-time PCR
CK  Control
WBA  Seeds treated with water before AA
SBA  Seeds treated with Spd before AA

Introduction

As one of the earliest domesticated food crops, rice (Oryza 
sativa L.) is one of the most important staple foods for over 
half of the world’s population (Song et al. 2019). and sus-
tains approximately 65% of the population in China (Cao 
et al. 2016; Feng et al. 2017).

Seeds with high viability are superior in both growth 
and production potential, which are closely correlated with 
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grain yield and affect the success of agricultural production 
(Agacka-Mołdoch et al. 2015; Li et al. 2018; He et al. 2019). 
However, seed viability decreases as they undergo aging, 
leading to severe economic losses during seed marketing 
and a loss of germplasm resources (Agacka-Mołdoch et al. 
2015). Therefore, studies on the regulation of seed deteriora-
tion and the maintenance of seed vitality not only contrib-
ute to the production and storage success of rice seed, but 
also contribute to effective management and conservation 
strategies for seed under long-term storage, which has great 
biological value and economic significance.

Numerous studies have investigated exploring the bio-
chemical processes and internal mechanisms of seed dete-
rioration and changes in vigor during storage (Sung and 
Chiu 1995; Nakabayashi et al. 2005; El-Maarouf-Bouteau 
et al. 2011; Kocsy 2015; Li et al. 2018). Seed aging has 
been suggested to be primarily associated with the expres-
sion of DNA and protein repair genes, telomere length, 
epigenetic regulation of DNA methylation, and changes in 
organelles and nuclear genomes (Fu et al. 2015). Aging is 
principally manifested as the accumulation of reactive oxy-
gen species (ROS), mitochondrial damage, changes in the 
antioxidant system and lipid peroxidation (Waterworth et al. 
2010; Michalak et al. 2015; Yin et al. 2016; Li et al. 2017). 
According to the “free radical theory”, the damage caused 
by excessive accumulation of ROS is part of the underlying 
mechanism in organism aging (Harman 2006). Higher tem-
peratures, humidities and oxygen concentrations promote the 
formation of ROS in seeds, leading to the damage to cru-
cial macromolecules, including proteins, lipids, and nucleic 
acids, which results in the destruction of mitochondria and 
affects the normal repair of their morphological structure 
(Benamar et al. 2007; Kocsy 2015). ROS are produced dur-
ing aerobic cell metabolic processes and by mitochondria 
(respiratory electron transmission chain), peroxisomes and 
chloroplasts, and plant life activities are closely related to 
both important redox signaling pathways and participate 
in programmed cell death (PCD) (Penfield and King 2009; 
Waypa et al. 2016). To alleviate the oxidative damage caused 
by high concentrations of ROS, plants have evolved a com-
plex ROS scavenging mechanism to maintain balance, which 
includes nonenzymatic (dependent on reductive substances, 
such as ascorbic acid, glutathione and flavonoids) and enzy-
matic scavenging mechanisms, including superoxide dis-
mutase (SOD), ascorbate peroxidase (APX), catalase (CAT), 
peroxidase (POD), metallothionein (MT) and glutathione 
reductase (GR) (Apel and Hirt 2004; Qi et al. 2017).

Improving cellular antioxidant capabilities can partially 
reduce the damage from aging stress. For example, Zhou 
et al. (2012) expressed lotus-derived MT genes in Arabidop-
sis thaliana, increasing its SOD activity and thereby enhanc-
ing its anti-aging ability and seed viability. In addition, Xu 
et al. (2015) reported that decreased LOX3 expression could 

preserve rice grain quality during storage with no impact on 
grain yield.

Polyamines (PAs), including putrescine (Put), spermidine 
(Spd) and spermine (Spm), are present in almost all living 
organisms and function as important modulators (Huang 
et al. 2017). In many animal studies, PAs have been reported 
to be closely associated with anti-aging functions (de Cabo 
and Navas 2016; Bhukel et al. 2017). In plants, PAs are impli-
cated in many physiological processes, including cell divi-
sion, plant development, differentiation, response to abiotic 
and biotic stresses and germination (Galston 1990; Bajaj and 
Rajam 1995; Edreva et al. 2007; Fu et al. 2019). It has been 
demonstrated that PAs can reduce the injury from salt stress 
and drought stress during seed germination (Xin et al. 2010; 
Zheng et al. 2016). Under drought stress, exogenous Spd plays 
an important function as a stress-protective compound through 
scavenging of ROS in white clover (Li et al. 2014). Similarly, 
Spd acts as a free radical scavenger and protects the thylakoid 
membranes from oxidative damage in osmotically-stressed oat 
leaves (Besford et al. 1993). In addition, exogenous Spd can 
promote the accumulation of osmotic regulatory substances, 
improve the activity of antioxidant enzymes and reduce the 
accumulation of  H2O2 and  O2−·, thereby reducing damage 
resulting from saline and alkaline stress in tomato seedlings 
(Yi et al. 2014). In a transgenic European pear overexpressing 
spermidine synthase, the endogenous Spd content was shown 
to be associated with strong resistance to various stresses (Wen 
et al. 2009). During seed germination of sweet corn, Spd was 
demonstrated to promote fast seed germination and high seed 
vigor, as well as potentially playing an important role in main-
taining cell membrane integrity (Huang et al. 2017).

PAs, including Spd, have been suggested to initiate plant 
defense systems and improve plant adaptability to various 
stress. However, there is little information regarding the role 
of exogenous Spd in the aging resistance of mature rice seeds. 
Therefore, in the present study, we applied exogenous Spd 
to mature seeds of the common rice cultivar, Huanghuazhan 
(HHZ), before accelerated aging (AA), a widely adopted 
method for testing seed vigor and longevity (Bailly et al. 1996; 
Li et al. 2017). Subsequently, the seed germination, phyto-
hormone content, seedling growth, antioxidant activity and 
expression level of several genes (CATa, CATb, CATc, SOD1, 
SOD3, APX1, APX2, APX3 and APX4) involved in antioxidant 
systems were investigated to determine whether Spd has an 
anti-aging effect in stored rice seeds.

Materials and methods

Pretreatment and accelerated aging (AA)

The experiment was performed under laboratory conditions 
using the Indica rice (O. sativa L.) cultivar, Huanghuazhan 
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(HHZ), as the study material. Seeds and Spd were obtained 
from the JinSeNongHua Seed Industry Co., Ltd., Hunan, 
People’s Republic of China, and the Sinopharm Chemical 
Reagent Co., Ltd., Shanghai, People’s Republic of China, 
respectively. Seeds without pretreatment and AA were used 
as controls (CK). Seeds pretreated with water or 0.5 mM 
Spd before AA were referred to as WBA and SBA, respec-
tively. Mature seeds harvested in 2016 were weighed and 
then soaked in water or 0.5 mM Spd for 12 h (Huang et al. 
2017). Subsequently, the pretreated seeds were air-dried at 
28 °C for at least 3 days until recovering to their original 
weight. In the AA treatment, seeds were placed in an aging 
box (Thermo Fisher Scientific, incubator Model 3111, USA) 
at 43 °C for 4 days with a high relative humidity of 98 ± 1%, 
which was controlled using a saturated  K2SO4 solution (Li 
et al. 2017). After AA treatment, seeds were dried at 28 °C 
for another 2 days before germination.

Seed germination and seedling growth

Before germination, 50 seeds with 3 replicates of each 
treatment were initially surface sterilized with 0.5% NaClO 
for 15 min, after which they were washed with tap water 
(Hu et al. 2017), and then incubated in 120 × 120 × 60 mm 
transparent boxes with 3 layers of moistened filter paper. 
The germination boxes were then placed in a germination 
chamber with a diurnal cycle of 8 h of light (30 °C) and 16 
h of darkness (20 °C) for 14 days (Zhu et al. 2016; Hu et al. 
2017). Water was supplied to each germination box daily to 
maintain the moisture level of the filter paper. Germinated 
seeds were counted daily, and seeds were considered to have 
germinated if the radicle reached half of the length of the 
seed. After 14 days, the germination energy (GE), mean 
germination time (MGT), germination index (GI) and ger-
mination percentage (GP) were calculated. GE and GP were 
calculated on days 4 and 14, respectively. MGT and GI were 
calculated as follows: GI = Σ(Gt/Dt) and MGT = Σ(Gt × Dt)/
ΣGt, where Gt is the number of germinated seeds at Dt and 
Dt is the time corresponding to the record date since the 
beginning of imbibition (He et al. 2019). Ten seedlings in 
each replicate were manually evaluated on day 14, and the 
dry weight of the 10 seedlings was measured after drying 
at 80 °C for 24 h.

Determination of plant hormone contents

The extraction, purification and determination of endog-
enous levels of abscisic acid (ABA) and gibberellic acid 
(GA) were carried out according to Wang et al. (2012), Wu 
et al. (2019) and Song et al. (2019). At the early stage of 
germination, approximately 0.5 g of seeds were sampled and 
quickly ground into fine powder in liquid nitrogen. Subse-
quently, 10 mL of 80% (v/v) methanol with 1 mM butylated 

hydroxytoluene (an antioxidant) was added to each sample, 
and the samples were incubated for 4 h in a refrigerator at 
4 °C. After that, the mixtures were centrifuged at 5000 × g 
for 15 min at 4 °C, and the supernatants were separated and 
purified using a ChromoSep  C18 column  (C18 Sep-Pak Car-
tridge, Waters, USA). Then, the extracts were dried using 
blowing nitrogen and then dissolved in 2 mL of phosphate 
buffer saline (PBS, pH 7.5) containing 0.1% (v/v) Tween 20 
and gelatin. ELISA was performed to determine the contents 
of the hormones in the samples. Mouse monoclonal antigen 
and antibodies against free ABA and GA were produced at 
the Center of Crop Chemical Control of China Agricultural 
University, as previously described (Weiler et al. 1981). The 
specificity of the monoclonal antibody and other possible 
nonspecific immunoreactive interferences were previously 
investigated and shown to be reliable in the present study, 
and the quantifications of the two hormones were performed 
as described by Yang et al. (2001) and Wang et al. (2012). In 
the present study, the recovery rates during extraction were 
calculated according to internal standards and analyses and 
were above 90%.

Measurements of MDA content, CAT, SOD and APX 
activities

On the 3rd day of imbibition, approximately 0.3 g (fresh 
weight, FW) of seed samples in each replication were 
ground in 3 mL of phosphate buffered saline (PBS, 0.05 
M, pH 7.8) in an ice bath. Then, the mixtures were centri-
fuged at 4000 × g for 15 min. The supernatants were stored 
at 4 °C for subsequent assays. The catalase (CAT) activity 
was determined according to the methods described by Zhu 
et al. (1990) and superoxide dismutase (SOD) activity was 
determined according Kraus and Fletcher (1994). In addi-
tion, ascorbate peroxidase (APX) activity was measured 
according to Yoshiyuki and Kozi (1981) and the malondial-
dehyde (MDA) contents were assayed via the thiobarbituric 
acid reaction, according to the method of Draper and Hadley 
(1990).

Measurements of  H2O2

The determination of  H2O2 in seeds was performed accord-
ing to Sergiev et al. (1997). First, each 0.2 g of sample was 
ground with 1.5 mL of 0.1% trichloroacetic acid in an ice 
bath, after which the mixture was centrifuged at 8000 × g 
for 15 min at 4 °C. Then, 0.5 mL of the supernatant of each 
sample was transferred and added to 0.5 mL of PBS and 1 
mL of KI, followed by incubation at 28 °C for 1 h to allow 
for the chromogenic reaction. Finally, the absorption of the 
samples was measured at 390 nm.
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Measurements of α‑amylase and β‑amylase activity

To measure (α- and β-) amylase activities, 0.1 g of seeds 
from each replicate were added to 0.8 mL of distilled water 
and finely ground. The homogenates were then extracted 
for 15 min at room temperature, with blending every 5 min. 
Subsequently, the samples were centrifuged at 6000 × g for 
10 min at room temperature, after which the supernatants 
were separated and diluted to 10 mL for amylase extrac-
tion. Then, 1 mL of these samples were diluted in 4 mL of 
distilled water as a diluent to determine the (α + β) amylase 
activities, which was measured using the 3,5-dinitrosali-
cylic acid colorimetric method at 540 nm, as described by 
Li (2000).

Determination of gene expression via quantitative 
real‑time PCR

The expression levels of genes were measured by quan-
titative real-time polymerase chain reaction (qRT-PCR). 
The specific primers used for qRT-PCR were designed 
using NCBI Primer-Blast (https ://www.ncbi.nlm.nih.
gov/tools /prime r-blast /index .cgi) as shown in Table 1, 
and OsActin was used as an internal control. Total RNA 
was extracted using RNAiso Plus (Takara, Japan) and 
synthesized to cDNA using the PrimeScript RT Reagent 
Kit with gDNA Eraser (Takara, Japan) according to the 
manufacturer’s instructions. Seed samples were pretreated 

with Fruit-mate™ for RNA purification (Takara, Japan) 
to remove impurities such as polysaccharides. The tran-
script levels of genes were measured on the CFX 96 Real-
time PCR system (Bio-Rad, USA) using SYBR green. 
The cycling conditions were as follows: denaturation at 
95 °C for 120 s followed by 40 cycles of 95 °C for 5 s 
and 60 °C for 30 s, with a final cycle of 95 °C for 5 s, 
from 65 to 95 °C for melting curve with increment of 0.5 
°C, and 95 °C for 5 s. Expression levels were determined 
according to the  2−∆∆t method with a cycle threshold (Ct) 
value determined for each sample (Livak and Schmittgen 
2001); all experiments were repeated at least three times. 
Finally, data were calculated as the ratio of each treatment 
to control for the gene expression levels at each imbibition 
time and were then log-transformed (base 10). Lastly, the 
data were transformed to a heat map with Excel software 
(Microsoft, USA).

Data analysis

Statistical analyses were performed using analysis of vari-
ance (ANOVA) with the SAS Studio (https ://odami d.oda.
sas.com/SASSt udio/index , SAS Institute, Inc., USA). The 
percentage data were transformed before analysis using the 
following equation: y = arcsin [sqr (x/100)]. Values from 
different parameters were used to calculate the means and 
separated using the LSD test (α = 0.05).

Table 1  qRT-PCR primers used 
in the study

Gene name Sequences (5′ to 3′)

Actin Forward 5′-CGA CCA CCT TGA TCT TCA TGC TGC TA-3′
Reverse 5′-CTT CAT AGG AAT GGA AGC TGC GGG TA-3′

OsCATa Forward 5′-TAA GGC CAG ACA ATG TCA GATG-3′
Reverse 5′-CAG TGG CAT TAA TAC GCC AGTA-3′

OsCATb Forward 5′-CTC CTA CTG GTC GCA GTG TG-3′
Reverse 5′-TTC CTC CTG GCC GAT CTA CA-3′

OsCATc Forward 5′-TCA AGA GAT GGA TCG ACG CAC TCT C-3′
Reverse 5′-GAA GCA GAT TGC AAC GCT GATCG-3′

SOD1 cuznsod1 Forward 5′- TTA ACA ATG GTG AAG GCT GTTG-3′
Reverse 5′-TGA ATA TGG AAC CCA TGG AGAC-3′

SOD3 superoxide dismutase [Fe] 1 Forward 5′-GAG GAT GAC ATT GTG AAC GATG-3′
Reverse 5′-GAC TCA TCA CCA TTT GCT TCAG-3′

APX1 Forward 5′-TTC CTA GTG ACA AAG CCC TGC TGA G-3′
Reverse 5′-ACC ACG GGC AAT GTA CTA GCA GTA G-3′

APX2 Forward 5′-CGT CTT CCT GAT GCC ACA CA-3′
Reverse 5′-ATC TTC CCA GGG TGT GAC CA-3′

APX3 Forward 5′-TGA AAC AGA AGC ATC CCA AGA-3′
Reverse 5′-GTG ACT TCA ACG GCA ACA ACT-3′

APX4 Forward 5′-TCA GGA GCC TCT GAA GTT TGA-3′
Reverse 5′-GGC ATA AAG ATC CAC ATA GGG-3′

https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://odamid.oda.sas.com/SASStudio/index
https://odamid.oda.sas.com/SASStudio/index
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Results

Spd promotes the germination and seedling growth 
of AA seeds

As shown in Table 2, AA significantly decreased the seed 
germination rate. Significantly higher MGTs and lower 
GIs were observed in aged seeds, while no relevant inhibi-
tion of the GPs was observed. Seeds pretreated with Spd 
(SBA) partially alleviated the damage from AA compared 
with that of seeds pretreated with water (WBA). Seeds of 
SBA had significantly higher values for the GI and GE and 
a lower MGT compared with those of WBA. Moreover, 
SBA had higher seed vigor and better seedling growth 
than those of WBA.

Effects of Spd on endogenous hormone contents

The contents of two hormones in the three treatments are 
shown in Fig. 1. The AA and exogenous Spd application led 
to various changes in the different types of hormones at an 
early stage of imbibition. For the  GA3 content, there was no 
significant differences at time 0 among the three treatments. 
At 12 h after imbibition (HAI), the  GA3 contents in seeds of 
CK increased, while no significant change was observed in 
those of WBA, seeds of SBA increased after 12 h but less 
than those of the controls (CK). Regarding ABA, the ABA 
contents were lower in seeds of WBA and SBA than those 
of CK at time 0. At 12 HAI, there was no change in seeds 
of WBA and SBA, whereas reduced ABA contents were 
observed in seeds of CK, which decreased to the to same 
levels as those observed in the other treatments.

Table 2  Effects of accelerated 
aging (AA) and spermidine 
(Spd) on seed germination and 
seedling growth

CK seeds without AA, WBA seeds pretreated with water before AA, SBA seeds pretreated with 0.5 mM Spd 
before AA, GE germination energy, percentage of germinated seeds on the 4th day, MGT mean germina-
tion time, GI germination index, GP germination percentage, percentage of germinated seeds on the 14th 
day, SL seedling length, including root and shoot length, VI vigor index
*Different lowercase letter(s) following the values indicate significant difference (LSD, α = 0.05) among 
the three treatments

Treatment GE MGT (days) GI GP SL (mm) VI (GI * SL)

CK 0.86a* 3.57c 13.58a 0.96a 128.2a 133.93a
WBA 0.42c 4.71a 7.22c 0.94a 108.8b 60.74c
SBA 0.58b 4.31b 9.11b 0.97a 127.5a 89.37b

Fig. 1  Changes in the content of  GA3 and ABA in response to accel-
erated aging (AA) and spermidine (Spd). Seed samples were col-
lected at 0 and 12 HAI, and three replications at each time point were 
used. CK seeds without AA, WBA seeds pretreated with water before 
AA, SBA seeds pretreated with 0.5 mM Spd before AA, GA3 gib-

berellin 3, ABA abscisic acid, HAI hours after imbibition. Different 
lowercase letters on the top of the bars indicate significant differences 
(LSD, α = 0.05) among treatments. Error bars indicate the standard 
error of the means (n = 3)
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Effects of AA treatment and Spd on the activities 
of CAT, APX, SOD and amylase, H2O2 production 
and MDA content

As shown in Table 3 and Fig. 2, on the third day of imbibi-
tion, the CAT and APX activities were lower in seeds of 
WBA than those in the other two treatments, whereas no sig-
nificant differences in SOD activity were observed in seeds 
from among the three treatments, and AA reduced the MDA 
contents below that of CK. In addition,  H2O2 levels was 
higher in imbibed seeds of WBA than those in the other two 
treatments. Furthermore, the activities of α-amylase activi-
ties among the three treatments remained at a similar lev-
els without statistically and were not significantly different. 
However, significant differences were observed in activities 
of β-amylase, with WBA exhibiting the lowest value than 
the other two treatments. After 14 days, no significant dif-
ferences in activities of CAT and SOD were observed in the 
seedlings that developed from the seeds among the three 

treatments. In addition, the APX activities were increased 
in the aging treatments, with that observed in the SBA being 
higher than WBA. Furthermore, the aging treatments also 
increased MDA levels in the seedlings with WBA being 
higher than SBA.

Effects of Spd on the expression of genes involved 
in the antioxidant system

The expression patterns of CAT-, SOD- and APX-related 
genes varied among the different treatments (Fig. 3). At 12 
HAI, the AA treatment improved the expression levels of 
CATb but decreased those of CATa compared with those in 
CK, whereas little difference in the expression of CATc was 
observed between the three treatments, and there appeared 
to be little effect of Spd at this time point. On the third day 
after imbibition, expression levels of the three CAT genes in 
aged seeds were significantly lower than those in CK, with 
exogenous Spd partially reducing the decrease in CATb and 

Fig. 2  Effects of spermidine (Spd) application on the content of  H2O2 
and activities of α + β amylases in seeds subjected to accelerated 
aging (AA). Seed samples were collected on the third day after imbi-
bition, and three replications at each time point were used. CK seeds 
without AA, WBA seeds pretreated with water before AA, SBA seeds 

pretreated with 0.5 mM Spd before AA. Different lowercase letters 
on the top of the bars indicate significant differences (LSD, α = 0.05) 
among treatments. Error bars indicate the standard error of the means 
(n = 3)

Table 3  Effects of accelerated 
aging (AA) and spermidine 
(Spd) on the CAT and SOD 
activities and MDA content 
in AA seeds 3 days after 
imbibition and shoots 14 days 
after imbibition

CK seeds without AA, WBA seeds pretreated with water before AA, SBA seeds pretreated with 0.5 mM Spd 
before AA, CAT  catalase, APX ascorbate peroxidases, MDA malondialdehyde
*Different lowercase letter(s) following the values indicate significant difference (LSD, α = 0.05) among 
the three treatments. Samples were collected on the 3 and 14 days after imbibition, respectively, and three 
replications at each time point were used

Tissue Treatment CAT (U/mg pro) SOD (U/mg pro) APX (U/mg pro) MDA (U/g FW)

Seed (3 days) CK 0.014a* 6.25a 0.19a 1.72a
WBA 0.008b 5.87a 0.13b 1.2b
SBA 0.019a 6.14a 0.20a 1.43b

Shoot (14 days) CK 0.0094a 10.18a 0.02c 18.78b
WBA 0.012a 9.46a 0.03b 22.13a
SBA 0.010a 9.21a 0.052a 20.24ab
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CATc expression. On the 14th day, the expression levels of 
CATb in seedlings developing from AA seeds were signifi-
cantly lower than those observed in seedlings from CK, and 
the expression levels of CATc were increased by 2.3-fold 
in WBA and by 3.5-fold in SBA. The expression levels of 
APX1, APX2 and APX3 in SBA and WBA increased to 1-fold 
higher than those observed in the CK on day 14. Further-
more, the expression of APX3 was significantly improved 
in SBA at 12 HAI. The expression of APX4 decreased by 
approximately 30–60% in SBA and WBA at 12 HAI and on 
the 3rd day, respectively, but increased at the 14th day com-
pared with that observed in CK. For the SOD genes, there 
were no significant differences in CuZnsod1 (SOD 1) and 
Fesod1 (SOD 3) among the three treatments on both the 3rd 
and 14th days, however, Spd improved the expression levels 
of CuZnsod1 and Fesod1 by 2-fold at 12 HAI.

Discussion

The viability of seeds during long-term storage will inevi-
tably and continually decrease, and the maintenance of seed 
vigor during long-term storage is important for both agricul-
tural production and the conservation of germplasm. Many 
studies have revealed that excessive accumulation of ROS is 
the key process of seed deterioration, resulting in a decrease 
in seed vigor (Bailly 2004; Kranner and Colville 2011).

PAs have been reported to play a key role in coping with 
diverse types of stresses in plants, which may be associated 

with their involvement in ROS scavenging and in main-
taining the stability of proteins, nucleic acids and cell 
membranes (Galston 1990; Huang et al. 2017). In tomato 
seedlings, Spd triggers effective protection under salin-
ity–alkalinity stress, probably by maintaining the structural 
integrity of chloroplasts and alleviating oxidative damage 
(Li et al. 2015). PAs have also been speculated to be one 
of the primary response factors for resistance to aging in 
wheat seeds (Anguillesi et al. 1990). The above results sug-
gested that Spd participates in diverse stress defenses and in 
ROS scavenging. However, there is little information regard-
ing the role of exogenous Spd in the aging of rice seeds. 
In the present study, germination tests were performed to 
determine the degree of seed deterioration under AA condi-
tions. The results showed that seeds subjected to AA had a 
significantly slower germination rate and poorer seedling 
development than normal seeds (CK), including lower GE, 
GI, VI and SL values and higher MGT, which illustrated a 
decrease in seed vitality. This reduction in seed vigor could 
be partially restored by exogenous Spd.

GAs and ABA are the most important plant hormones 
involved in seed germination, where ABA inhibits seeds 
from germination, while GAs have a stimulatory effect on 
seed germination (Miransari and Smith 2014). In several 
plant species, ABA levels have been reported to decrease 
during seed imbibition (Grappin et al. 2000; Jacobsen et al. 
2002). In Arabidopsis, the level of ABA decreased immedi-
ately after seed imbibition, reaching the basal level after 12 
h (Kushiro et al. 2004). A similar decrease in ABA content 
was observed from 0 to 12 HAI in CK, but not in the aged 
seeds. It is speculated that the slight changes in contents of 
ABA in aged seeds may be responsible for the slower ger-
mination in aged seeds. Spd has been reported to decrease 
ABA levels and improve seed germination and vigor to some 
extent during the germination of maize seeds (Huang et al. 
2017). In this study, Spd treatment resulted in little change in 
the content of ABA content, and its role in the germination 
and aging of rice seeds needs further investigation. In the 
study of Liu et al. (2014)  GA3 content increased from 0 to 12 
HAI in a non-dormant rice cultivar, G46B, with a faster ger-
mination rate, but only slightly fluctuated in rice cultivars, 
ZH11 and N22, with lower germination rates. Similarly, our 
results on  GA3 content seemed to be in line with those of 
germination phenotypes, where AA seeds had lower content 
of  GA3 and germination rates than those observed in CK, 
while Spd could mitigate these reductions in the AA seeds.

During rice seed germination, β-amylase activity has 
been suggested to be a reliable indicator of the germina-
tion ability and vigor, as this activity is absent in exten-
sively deteriorated seeds (Nandi et al. 1995). The results 
showed that β-amylase activity was decreased in AA seeds 
on the third day of imbibition, and Spd partially allevi-
ated this decrease suggesting that Spd aids in delaying the 

Fig. 3  Expression patterns of CAT-, SOD- and APX-related genes in 
response to accelerated aging (AA) and spermidine (Spd) application. 
Seed samples were collected at 12 h, 3 days and 14 days after imbibi-
tion, and three replications at each time point were used. CK seeds 
without AA, WBA seeds pretreated with water before AA, SBA seeds 
pretreated with 0.5 mM Spd before AA. Data were calculated as the 
ratio of each treatment to the CK at each imbibition time and then 
log-transformed (base 10); the blue color means decrease, and the red 
color stands for a increase. (Color figure online)
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aging process. The enzymatic antioxidant system plays a 
prominent role in the preservation of seed vigor and the 
regulation of the stress response, including the protection 
of cellular components against oxidative injury (Miller 
et al. 2009; Kibinza et al. 2006; Sheteiwy et al. 2016). In 
previous studies, a low loss of seed viability during stor-
age was shown to be associated with the efficient activities 
of antioxidant systems, such as SOD and CAT activities 
(Revilla et al. 2009; Yao et al. 2012). Generally, superox-
ide radicals are catalyzed to  H2O2 by SOD (Raychaudhuri 
and Deng 2000).  H2O2 can be catalyzed to  H2O and  O2 
by CAT (Willekens et al. 1995). In addition,  H2O2 scav-
enging may also take place in the ascorbate-glutathione 
cycle, which involves APX and GR. APX uses ascorbate to 
reduce  H2O2 to water, along with the generation of mono-
dehydroascorbate and/or dehydroascorbate (Noctor and 
Foyer 1998; Yao et al. 2012). In addition, the end-product 
of lipid peroxidation, MDA, is believed to be associated 
with the loss of seed viability during accelerated aging 
(Kibinza et al. 2006). Improving the antioxidant system 
helps to alleviate oxidative stress. It has been demonstrated 
that exogenous Spd has been shown to induce the anti-
oxidation defense system and reduce the generation of 
 O2

.− to protect white clover from water stress and promote 
seed germination (Zhou et al. 2014). Here, we examined 
the activities of three primary ROS scavenging enzymes 
(CAT, SOD, and APX) and the contents of MDA and  H2O2 
in both imbibed seeds and seedlings. It seems that the 
activity of SOD was not significantly affected by WBA and 
SBA. On the third day of imbibition, activities of CAT and 
APX were reduced in WBA, these results were consist-
ent with the research performed by Yin et al. (2016) who 
observed significantly decreased CAT and APX activities 
in aged rice seeds. As shown in our results, Spd increased 
the activities of CAT and APX in the AA treated seeds. In 
14-day old shoots developed from the seeds, activities of 
APX were much lower than those observed in seeds, with 
WBA and SBA exhibiting higher activity of APX than CK, 
whereas no significant differences in CAT activity among 
the three treatments.

MDA and  H2O2 content were used as an index of the 
degree of oxidative damage (Huang et al. 2017; Li et al. 
2018). Our results showed that the MDA content in seeds 
of CK is significantly higher than those observed in the 
aged seeds. MDA contents were previously observed to 
increase during the early stage of seed germination of 
peas (Yang et al. 2012). Therefore, we speculated that 
the higher MDA accumulation may be associated with 
the faster germination rate in CK. For seedlings, WBA 
had the highest MDA content among the three treatments, 
which may suggest more oxidative injury in these seed-
lings. Similarly, the generation of  H2O2 was increased by 

AA on the 3rd day after imbibition, which was consistent 
with the results of a previous study using tobacco seeds 
(Li et al. 2018), but this effect could be mitigated by Spd.

The above results revealed that the seed quality and 
activities of some antioxidant enzymes were significantly 
increased in AA seeds by Spd. We further investigated 
the transcriptional regulation of antioxidative enzymes in 
response to seed aging and Spd in different stages of devel-
opment, including 12 HAI and 3 and 14 days after imbibi-
tion. According to our results, AA treatment increased the 
expression levels of CATb but decreased those of CATa as 
compared with those observed in CK. The transcriptional 
levels observed on the third day was in accordance with 
the activities of the enzymes. A significant decrease in the 
expression levels of the three CAT genes was observed in 
aged seeds, and the reduction in CATb and CATc expres-
sion was rescued by exogenous Spd. Similar expression 
patterns were observed in three APX genes on the third 
day, namely, APX1, APX2 and APX4. Furthermore, the 
expression of APX3 was significantly increased in SBA at 
12 HAI. In contrast, SOD genes participated more at 12 
HAI but not on the 3rd and 14th days. These results were 
consistent with the observed changes in SOD activity.

In summary, the results of this study suggest that the 
adverse effect of AA-induced stress on rice seeds can be 
partially alleviated by the application of Spd. However, 
further analysis of the resistance mechanisms underly-
ing these anti-aging effects is necessary to elucidate the 
regulatory and signaling roles of Spd. The utilization of 
innovative technologies such as omics-based analysis 
(Zhu et al. 2017; Chen et al. 2020), phylogenetic com-
parison (Yang et al. 2019) and high throughput phenotyp-
ing system may narrow down the target of interests in this 
research direction. Nevertheless, the present study may 
also provide guidance for long-term storage during rice 
production, which may contribute to the production and 
storage of rice seed. However, progress in understanding 
seed aging and Spd antioxidation were restricted due to 
the complexity of metabolic and signaling pathways, and 
may vary in different genotypes. Therefore, the potential 
application of Spd in reducing aging-induced damage still 
requires further study.
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