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Pathogen infection and abiotic stresses, such as heat, drought 
and high soil salinity, significantly influence plant growth and 
crop productivity. Growth hormones, including abscisic acid 
(ABA) and gibberellic acid (GA), play an important role in plant 
responses to biotic and abiotic stresses. Salicylic acid (SA) is 
also closely related with abiotic stress responses as well as plant 
responses to pathogen infection. It has been recently reported 
that SA induces stress tolerance and improves plant growth under 
osmotic stress.1

Germination is a critical developmental stage for plant estab-
lishment and growth. When environmental conditions, includ-
ing soil water content, oxygen and temperature, are favorable, 
seeds are released from dormancy and produce roots into the 
ground. Seed germination is quite sensitive to environmental 
conditions, because defense mechanisms are not fully established 
in the germinating seeds. Several growth hormones play a role 
in seed germination under stressful conditions. In particular, it 
has been reported that SA regulates seed germination under cer-
tain growth conditions.2-4 However, it is largely unknown how 
SA influences seed germination. Both promotive and repressive 
effects of SA have been reported in different studies, depending 
on plant genotypes and assay conditions employed.

Potential roles of salicylic acid (SA) on seed germination have been explored in many plant species. However, it is still 
controversial how SA regulates seed germination, mainly because the results have been somewhat variable, depending 
on plant genotypes used and experimental conditions employed. We found that SA promotes seed germination under 
high salinity in Arabidopsis. Seed germination of the sid2 mutant, which has a defect in SA biosynthesis, is hypersensitive 
to high salinity, but the inhibitory effects are reduced in the presence of physiological concentrations of SA. Abiotic 
stresses, including high salinity, impose oxidative stress on plants. Endogenous contents of H2O2 are higher in the sid2 
mutant seeds. However, exogenous application of SA reduces endogenous level of reactive oxygen species (ROS), 
indicating that SA is involved in plant responses to ROS-mediated damage under abiotic stress conditions. Gibberellic 
acid (GA), a plant hormone closely associated with seed germination, also reverses the inhibitory effects of high salinity 
on seed germination and seedling establishment. Under high salinity, GA stimulates SA biosynthesis by inducing the SID2 
gene. Notably, SA also induces genes encoding GA biosynthetic enzymes. These observations indicate that SA promotes 
seed germination under high salinity by modulating antioxidant activity through signaling crosstalks with GA.
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Two major SA-deficient plants, sid2 mutant and NahG 
transgenic line, are frequently used in seed germination 
assays. Both have a defect in SA accumulation. However, they 
respond differentially to high salinity. While germination of 
the sid2 seeds is greatly delayed under high salinity, that of the 
NahG transgenic seeds is slightly accelerated under the same 
conditions. The NahG transgenic lines express a salicylate 
hydroxylase gene and SA is metabolized to catechol, causing 
SA deficiency.5 Catechol is known to possess an antioxidant 
property. It is therefore possible that catechol may affect plant 
responses to reactive oxygen species (ROS) produced under 
high salinity, explaining at least in part the differential germi-
nation responses of the sid2 mutant and NahG transgenic seeds 
to high salinity.

Under normal growth conditions, germination phenotypes of 
the sid2 mutant and 35S:SID2 transgenic seeds are indistinguish-
able from those of wild-type seeds. In contrast, germination of the 
sid2 seeds is significantly delayed under high salinity. Exogenous 
application of physiological concentrations of SA recovers the 
delayed seed germination, indicating that SA promotes seed ger-
mination under high salinity.6 Interestingly, germination of the 
35S:SID2 transgenic seeds were delayed to a lesser degree in the 
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presence of 150 mM NaCl (Fig. 1), suggesting that catechol may 
have a role in germination responses to high salinity.

Oxidative damages caused by high salinity have been studied 
extensively in plants. Although ROS is generally perceived as toxic 
molecules, it has been shown that ROS also acts as signaling mol-
ecules when present at low concentrations.7 Previous studies have 
demonstrated that SA is closely related with ROS. A representa-
tive example is hypersensitive response (HR).8 When plants are 
infected by pathogens, SA stimulates ROS biosynthesis to induce 
cell death on the infected region. However, the functional relation-
ship between SA and ROS is poorly understood in plant responses 
to abiotic stresses. In Arabidopsis, it has been suggested that SA is 
linked with ROS-mediated damages under abiotic stress conditions.

It has been shown that SA increases ROS-mediated oxidative 
damage and induce H

2
O

2
 production.9 However, SA induces 

resistance to diverse abiotic stresses, suggesting that SA reduces 
ROS-mediated oxidative damages.1,10 We also found that high 
salinity generates hydrogen peroxide in germinating seeds.6 
Endogenous contents of H

2
O

2
 in the sid2 seeds were higher both 

under normal and high salt conditions. However, SA of 1 μM 
reduced the levels of H

2
O

2
, strongly supporting that SA pro-

motes seed germination under osmotic stress by reducing ROS. 
Consistent with the notion that SA reduces ROS, while peroxi-
dase activities were elevated in the sid2 seeds compared to those 
in wild-type seeds under normal growth conditions, they were 
lower in the sid2 seeds exposed to high salinity.

Although expression of the NADPH oxidase genes, such as 
RESPIRATORY BURST OXIDASE HOMOLOG (Atrboh),11 
were altered in the sid2 mutant under normal growth condi-
tions, it was uninfluenced in the sid2 seeds as well as in the wild-
type seeds under high salinity. The expression patterns of genes 
encoding antioxidant-metabolizing enzymes, such as VITAMIN 
C DEFFECTIVE 1 (VTC1), VTC2, CADMIUM SENSITIVE 
2 (CAD2) and NONPHOTOCHEMICAL QUENCHING 1 
(NPQ1),12 also exhibited no significant differences in the ger-
minating seeds of the sid2 mutant and wild-type plants under 
high salinity, suggesting that the reduction of ROS by SA in the 

Figure 1. Effects of high salinity on seed germination. Seeds air-dried 
for two weeks at room temperature were routinely used for germina-
tion assays. They were imbibed at 4oC on MS-agar plates for three days 
in the dark and allowed to germinate at 22oC under long day conditions. 
Emergence of visible radicles was used as a morphological marker for 
germination. Three independent measurements, each consisting of 40 
seeds, were averaged. Bars denote standard error of the mean. h, hours 
after cold-imbibition. To examine the effects of high salinity on germina-
tion, the seeds of the Col-0, 35S:SID2 and sid2 plants were cold-imbibed 
and germinated on MS-agar plates supplemented with 150 mM NaCl.

Figure 2. Analysis of transcript levels of the GA3ox1 gene. Seeds were 
allowed to germinate in the presence of 150 mM NaCl and 1 μM SA for 
the indicated time periods and used for extraction of total RNAs. Tran-
script levels were determined by quantitative real-time RT-PCR. Biologi-
cal triplicates were averaged. Bars denote standard error of the mean. 
(A) Transcript levels of the GA3ox1 gene under high salinity. (B) Effects of 
SA on the transcription of the GA3ox1 gene under high salinity.

Figure 3. Schematic working model of SA in seed germination under 
high salinity. SA reduces ROS through signaling cross-talks with GA in 
seed germination under high salinity. It seems that the SA regulation of 
ROS may not be directly linked with known peroxidase pathways.
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GA-mediated plant growth and developmental processes. In 
germinating seeds, GA biosynthesis is induced and the RGL2 
protein is degraded by the ubquitin/26S proteasome-dependent 
pathway.14 High salinity represses GA biosynthesis, causing 
delayed seed germination. However, the underlying molecular 
mechanisms have not been elucidated yet.

Taken together, it is evident that seed germination under 
high salinity is promoted by modulation of antioxidant activity 
by SA through signaling cross-talks with GA (Fig. 3). It will be 
interesting to examine how antioxidant activity is regulated and 
how SA is linked with GA signaling. Extensive measurements of 
various ROS species and examination of seed germination phe-
notypes of diverse mutants having defects in growth hormone 
signaling and biosynthesis under different growth diverse condi-
tions will provide clues as to the molecular mechanisms underly-
ing GA-SA signaling crosstalks during seed germination under 
stressful conditions.
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germinating seeds under high salinity is regulated by compli-
cated antioxidant mechanism.

GA promotes seed germination under abiotic stress conditions. 
Seed germination and seedling establishment of the FsGASA4 
transgenic plants overexpressing a GA-responsive gene are resis-
tant to high salinity and oxidative and heat stresses.2 Applications 
of exogenous GA promotes seed germination under abiotic stress 
conditions. Interestingly, the SID2 gene is induced and endog-
enous content of SA is elevated in the transgenic plants. In con-
trast, the sid2 mutant is insensitive to GA, indicating that GA 
reduces the inhibitory effects of adverse environmental condi-
tions during seed germination and seedling growth by inducing 
SA biosynthesis.

Meanwhile, our data suggest that endogenous levels of SA 
also influence GA biosynthesis. The transcript levels of the GA3 
oxidase 1 (GA3ox1) gene, which is involved in GA biosynthesis,13 
were lower in the sid2 seeds than in wild-type seeds under high 
salinity. In contrast, the expression patterns of the GA3ox1 gene 
were essentially identical in the wild-type and sid2 mutant seeds 
under normal growth conditions. Furthermore, the transcript 
levels of the GA3ox1 gene were greatly elevated in germinating 
wild-type seeds in the presence of 150 mM NaCl and 1 μM SA 
(Fig. 2). Together, these observations suggest that seed germina-
tion is promoted under high salinity through a positive feedback 
regulation of GA and SA signals.

A small group of DELLA proteins, which act as negative 
regulators of GA signaling, have been extensively studied in 
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