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Exogenous salicylic acid improves the germination of Limonium bicolor seeds under

salt stress
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ABSTRACT

Salicylic acid (SA) may improve plant tolerance to abiotic stresses; however, little is known about the underlying
mechanisms by which this is achieved. Here, we investigated the effects of exogenous SA application on seed
germination in the halophyte Limonium bicolor (Kuntze) under salt stress. Specifically, we examined the effect of
salt stress on seed germination, sugar and protein contents, amylase activity, and the contents of various
hormones, both in the presence and absence of exogenous SA treatments. Germination was significantly
suppressed by a 200 mM NaCl treatment but was significantly improved when 0.08 mM SA was concurrently
applied. During germination, the seeds treated with SA had high levels of gibberellic acid (GA) and high levels of
amylase and a-amylase activity, but low abscisic acid (ABA) contents. The SA treatment upregulated the

ARTICLE HISTORY
Received 22 May 2019
Revised 5 July 2019
Accepted 11 July 2019

KEYWORDS

Limonium bicolor Kuntze;
salicylic acid; salinity;
germination; plant growth
regulator

expression of key genes involved in GA biosynthesis while downregulating those involved in ABA biosynthesis,
thereby triggering a favorable hormonal balance between GA and ABA that enhanced seed germination under

salt stress.

Introduction

Salt stress, a form of abiotic stress, substantially inhibits seed
germination and constrains crop and biomass production.”*?
Seed germination is a fragile and vital period in the life cycle
of a plant and is directly related to the subsequent morpho-
genesis and growth of the seedling.*™® A series of events occur
during germination, including the uptake of water by the dry
quiescent seed, the upregulation of many genes, the hydrolysis
of macromolecular substances into smaller compounds, the
establishment of a new embryonic structure, and the emer-
gence of the radicle through the seed coat.””

Germination is a complex trait affected by both developmen-
tal and environmental factors.>'°'> The germination of
a normal, well-developed seed is influenced by environmental
factors, such as salt, drought, waterlogging, and hypoxia. The
effects of salt stress on seed germination are particularly ubiqui-
tous and extremely complex Zhang et al."””~'® High salinity in
soils inhibits germination by reducing the soil water potential,
which impairs the ability of seeds to absorb water, thus suppres-
sing seed imbibition and embryo growth. The absorption of
excessive concentrations of ions from saline soils also inhibits
embryo development and the formation of new organs.'*™*

Limonium bicolor (Kuntze) is a diploid perennial herb of the
Plumbaginaceae family.”>*' The species is distributed throughout
Northeast China, the Yellow River Basin provinces, northern
Jiangsu Province, and Mongolia. The seeds and the plant as
a whole have medicinal value (hemostasis and enriching blood),
while the florets have great economic value (for flower produc-
tion). L. bicolor is a halophyte that excretes excess salts through
glands located on the leaf blades,”**" enabling it to survive on

saline soils in which other plants (including crops) cannot nor-
mally grow. This adaptation makes L. bicolor a pioneer plant for
the improvement and utilization of saline-alkali land;*"** how-
ever, despite its salt tolerance, its seeds still struggle to germinate
when faced with high salt stress.”> >’

Salicylic acid (SA) is a phytohormone that regulates the
growth and development of plants® ™ as well as their responses
to stresses such as heat, salt, osmotic, and oxidative stress.”’ 32
Borsani et al.’' and Eltayeb et al.,”® showed that the exogenous
application of SA can reduce the damage caused to plants by salt
and osmotic stress. Two other phytohormones, abscisic acid
(ABA) and gibberellic acid (GA), interact to regulate seed
germination.'””>’* ABA functions as a negative regulator of
this process, while GA positively regulates germination and
releases seed dormancy. Little is known about the effects of SA
on the ABA and GA contents of seeds during germination,
which could be particularly important for the halophytes.

In this study, we applied exogenous SA to L. bicolor seeds to
explore its effects on germination, particularly in seeds under salt
stress, and to determine the physiological parameters affected by
this treatment. The results of this study improve our understand-
ing of the mechanism by which SA enhances plant tolerance to
salt stress.

Materials and methods
Plant material and seed germination

All experiments were performed in a glasshouse at the Shandong
Normal University, Jinan (36°67'N, 116°98'E), China, and
the L. bicolor seeds were collected from Dongying, Shandong
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(37°43'N, 118°67'E), China. The seeds were first sterilized with
5% sodium hypochlorite for 5 min and then thoroughly rinsed
with distilled water. The seeds were germinated in Petri dishes
(50 seeds per dish) on filter paper soaked with 1/5 strength
Hoagland nutrient solution containing 0 or 200 mM NaCl and
0, 0.08, 0.12, 0.16, 0.20, 0.24, or 0.28 mM SA. After 7 days, the
various experimental indicators were measured.

Germination calculations

The germination indicators were quantified for three indepen-
dent experiments, with 50 seeds per replicate. Germination was
determined as the emergence of the radicle from the seed.

The calculation formula for each indicator data is as follows:

100 x number of germinated seeds
total number of test seeds x 100
Germination potential

Germination rate =

100 x number of germinated seeds on 3 day

~ total number of experimental seeds x 100

Germination index(GI)= Z (Gt/Dt)

In the formula, Gt is the number of seeds germinated at
a given time (Dt) measured in days after the start of the
germination test.

Extraction and quantification of ion contents

A total of 0.3 g of seeds (including seed coats and embryos) from
each treatment was placed in a test tube and mixed with 5 mL of
distilled water, after which the mixture was boiled for 4 h. After
cooling, the mixture was transferred to a 25-mL volumetric flask,
and the Na* and Cl ~ contents were measured using an ICS-1100
Ion Chromatography System (Dionex Corp., Sunnyvale,
CA, USA).

Extraction and quantification of SA, GA, and ABA
contents

The treated seed samples (15 mg) were homogenized in 1 mL
of PBS (phosphate-buffered saline; pH 7.4) and shaken over-
night at 4°C. The homogenate was centrifuged at
12,000 g for 10 min at 4°C, and the supernatant was used
for the determination of the SA, GA, and ABA contents
using plant SA, GA, and ABA enzyme-linked immunoassay
kits, respectively (double antibody sandwich method;
Huding Biological Technology Co., Shanghai, China). The
specific steps were as follows: after loading the samples onto
the enzyme label-coated plate, the reaction was carried out at
37°C for 30 min. Next, the enzyme label-coated plate was
washed five times with washing buffer, the enzyme standard
reagent was added, and the reaction was carried out at 37°C
for 30 min. After five washes with washing buffer, a chromo-
genic solution was added and carried out at 37°C for 10 min.
A stop solution was added to terminate the reaction, and the
absorbance was measured at a wavelength of 450 nm.””

Extraction and analysis of soluble sugar contents

To determine the sugar levels in the treated seeds, a 15-mg seed
sample (fresh weight) was ground in 2 mL of 80% (v/v) ethanol
solution. The homogenate was heated in a water bath (75°C) for
10 min and centrifuged at 5,000 g for another 10 min to remove
the insoluble residue. The supernatant was used to produce
a reaction solution, which comprised 0.5 mL of supernatant,
1.5 mL of neutral distilled water, 0.5 mL of anthrone reagent
(1 gin 50 mL ethyl acetate), and 5 mL of concentrated sulfuric
acid. The reaction solution was shaken and placed in a boiling
water bath for 10 min. The reaction solution was then cooled to
room temperature and its light absorption at 620 nm was mea-
sured using a UV spectrophotometer. The concentration of total
soluble sugars was then determined according to Zhang.>

Preparation of protein extracts

Proteins were extracted for use in a native PAGE as described by
Bradford.” Briefly, 0.3 g of each seed sample was added to 3 mL of
precooled extraction medium (50 mM PBS [pH 7.0] and 1%
polyvinylpyrrolidone) and ground into a homogenate, which
was then centrifuged at 15,000 g for 10 min at 4°C to obtain
a supernatant. The supernatant was concentrated on an Amicon
ULTRA 0.5-mL 10-kDa Ultracel-PL membrane-centrifugal filter
(Millipore, UFC501096) during a 30-min centrifugation at
20,000 g at 10°C to obtain a high-purity protein sample. The
protein concentration in the extract was determined using the
Bradford, *’method.

Amylase and a-amylase activity assays

Amylase activity was measured as described by Jones and
Varner.”® Briefly, 0.03 g of each seed sample was ground in
3 mL of neutral distilled water to obtain the crude enzyme
extract, which was then centrifuged at 5,000 g for 10 min. The
supernatant was used to measure the amylase and a-amylase
activity. The a-amylase activity assay was performed as follows:
1 mL of the enzyme extract was heated in a water bath at 70°C
(£0.5°C) for 15 min and then cooled to room temperature. Next,
1 mL of citrate buffer (pH 5.6) and 4 mL of 0.4 M NaOH were
added to the samples, which were shaken for 2 to 3 min and left
to stand for 2 min. Immediately afterward, 2 mL of 1% starch
was added to terminate the reaction, and the a-amylase activity
was determined according to the light absorption of the sample
at 620 nm. The enzyme units were determined as described by
Jones and Varner.’® The amylase activity assay was identical to
the a-amylase activity, except that it was not heated at 70°C for
15 min.

Quantitative real-time PCR analysis

Total RNA was extracted from germinating seeds treated 2 days
with salt, both in the presence and absence of exogenous SA
treatments using the total plant RNA extraction kit (Vazyme,
Nanjing, China) according to the manufacturer’s protocol. First-
strand cDNA was synthesized using purified total RNA as
a template, with oligo(dT)18 and random primers used as primers.
This reaction was carried out at 37°C for 1 h in a total reaction



volume of 20 pL to provide a final cDNA concentration of 200 to
500 ng/mL. The quantitative real-time PCR (qPCR) reaction mix
comprised the following: 1 uL of cDNA as a template, 8.2 pL of
double distilled water, 0.4 uL of forward primer (10 pmol/uL)
(Table 1), 0.4 uL of reverse primer (10 pmol/uL) (Table 1), and
10 uL of ChamQ Universal SYBR qPCR master mix (Vazyme,
Najing city, China). The qPCR assays were performed in a 96-well
plate with a commercial SYBR-Green master mix kit (2 x ChamQ
Universal SYBR qPCR Master Mix, Takara Bio, Kusatsu, Japan)
using a fluorescence quantitative gene amplification instrument
(LightCycler 480, Roche, Germany). The expression levels of the
GA biosynthesis genes GA-20 oxidase and GA-3 oxidase
(GA200x) and (GA30x) and the ABA biosynthesis genes NINE-
CIS-EPOXYCAROTENOID DIOXYGENASEI (NCEDI) and
NCED3 were analyzed according to Lin et al.*®> TUBULIN was
used as the internal standard.

Statistical analysis

The data were analyzed using a two-way analysis of var-
iance (ANOVA), and post hoc Duncan’s multiple range
tests were conducted to identify any significant (P < .05)
differences between the samples in different experimental
conditions.

Results

Exogenous SA application promotes L. bicolor seed
germination

The germination rate and germination potential of
L. bicolor seeds significantly decreased when treated with
200 mM NacCl, while the germination rate, germination
potential, and germination index of the seeds significantly
increased when treated with 0.08 to 0.28 mM SA compared
to the 0 mM SA condition (Figure 1). Under the 200 mM
NaCl treatment, increasing levels of SA caused the germi-
nation rate and germination potential of the seeds to first
increase and then decrease. The germination index of seeds
exposed to 200 mM NaCl was not significantly different
when treated with no or low concentrations of SA but was
significantly decreased in seeds treated with higher concen-
trations of SA. These results showed that a suitable concen-
tration of exogenous SA can promote the germination of
L. bicolor seeds under salt stress. The 0.08 and 0.24 mM SA
treatments were therefore determined to be the optimum
and inhibitory concentrations, respectively, for seed germi-
nation under salt stress and were used for the subsequent
experiments.

Table 1. Primers of ABA synthesis and decomposition, GA synthesis key genes
for qPCR.

Gene ID F1 (5-3') F2 (5'-3')

TUBULIN GGTTGAGTGAGCAGTTCAC GATAACCAGCCACACCTTAGC
NCED3 CGGAACACCATTTGACTG CACGAAGCGACAATGATG
NCED1 CGAAGGTATCTGGGTTTG CCACCATACTTCTCATCC
GA200x GGAAGAACGCCAGTGATT GGCTCTATCCAACGGTAAG
GA3ox GATACTCCGTCCAACTAACC GCCTGTCGATGTGAAGAT
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Figure 1. Germination of L. bicolor seeds after 6 days of treatment with various
concentrations of SA (0, 0.08, 0.12, 0.16, 0.20, 0.24, 0.28 mM): Germination rate
(a), Germination potential (b), Germination index (c). Values are means + SD of
three replicates (n = 3). Bars with the different letters are significantly different at
P < .05 according to Duncan’s multiple range tests.

Exogenous SA application influences the SA content of
the seed

The SA contents in the L. bicolor seeds were measured after
the SA and NaCl treatments. The SA concentration was found
to significantly increase in response to the 200 mM NaCl
treatment even in the absence of SA application (Figure 2).
When exogenous SA was applied to the L. bicolor seeds, their
SA concentrations significantly increased both in the presence
and absence of salt stress. Under the 0 mM NaCl condition,
the concentration of SA in the seeds increased when treated
with increasing concentrations of exogenous SA, but under
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Figure 2. Salicylic acid concentration in L. bicolor seeds after two days of
treatment with different concentrations of SA (0, 0.08, 0.24 mM) under 0 and
200 mM NaCl conditions. Values are means + SD of three biological replicates
(n = 3). Bars labeled with different letters are significantly different at P < .05
according to Duncan’s multiple range tests.

the 200 mM NaCl treatment, the optimal concentration of
exogenous SA (0.08 mM), but not the higher concentration
(0.24 mM), increased the SA concentration in the seed.

Exogenous SA application increases the Na* contents of
L. bicolor seeds subjected to salt stress

The Na* and Cl ~ contents in the seeds, seed coats, and
embryos were significantly increased in seeds under the
200 mM NaCl treatment relative to their contents in seeds
exposed to 0 mM NaCl (Figure 3). When combined with the
0 mM NaCl treatment, exogenous SA did not affect the Na*
and Cl ~ contents in the seeds, seed coats, or embryos; how-
ever, under the 200 mM NacCl treatment, both concentrations
of exogenous SA significantly increased the Na™ contents of
the seeds. Specifically, 0.08 mM SA increased the Na* con-
tents of the salt-stressed seed coats but not the embryos, and
0.24 mM SA increased the Na* contents of the salt-stressed
embryos and decreased the Na* content of the seeds coats.
Exogenous SA application doesn’t change the Cl™ contents of
L. bicolor seeds subjected to salt stress

Exogenous SA application increased the sugar contents
and reduced the protein contents of L. bicolor seeds
subjected to salt stress

Changes in the soluble sugar and protein contents of the
L. bicolor seeds during germination are shown in Figure 4.
Compared to the control, the sugar content of L. bicolor seeds
under salt stress increased significantly, while the 0.08 and
0.24 mM SA treatments were found to significantly decrease
the sugar contents in the seeds (Figure 4a). Compared to the
control, the protein contents in the germinated seeds decreased
significantly under the salt treatment, but increased in response
to the 0.08 and 0.24 mM SA treatments (Figure 4b). This indi-
cated that 200 mM NaCl and 0.24 mM SA inhibited the use of

soluble sugars and the production of new proteins in the germi-
nating seeds, which resulted in the accumulation of soluble
sugars and a reduced protein content.

Exogenous SA application alters the amylase and a-
amylase activity levels in L. bicolor seeds

The amylase (Figure 5a) and a-amylase (Figure 5b) activity levels
were determined in the germinated L. bicolor seeds, revealing
that they were significantly inhibited by the 200 mM NaCl
treatment. The activity levels of amylase and a-amylase were
significantly increased when treated with 0.08 mM SA under the
control and 200 mM NaCl conditions, while a-amylase activity
was significantly decreased in seeds treated with 0.24 mM SA
under the control and 200 mM NaCl conditions. The 0.08 mM
SA treatment therefore increases amylase and a-amylase activity
in germinating seeds exposed to salt stress.

Exogenous SA application reduces the ABA contents and
increases the GA contents of L. bicolor seeds

We next explored the effect of SA on the ABA and GA
contents of the germinating seeds. The 200 mM NaCl treat-
ment significantly increased the ABA content and reduced the
GA content of the germinated seeds compared to the control
condition (Figure 6). This was also true of the 0.24 mM SA
treatment; however, the 0.08 mM SA treatment significantly
reduced the ABA content and increased the GA content in the
seeds. These data suggest that SA affects the ABA and GA
contents during seed germination.

Exogenous SA application alters the expression of ABA
and GA biosynthesis genes in L. bicolor seeds

To investigate how SA regulates the ABA and GA levels in
response to salt stress, QRT-PCR was performed to analyze the
expression of key genes involved in ABA (NCEDI and
NCED3) and GA (GA20ox and GA3ox) biosynthesis in the
L. bicolor seeds. After 2 days of germinating, NCEDI and
NCED3 were significantly upregulated in seeds treated with
200 mM NaCl but were significantly downregulated in seeds
treated with 0.08 mM SA alone or in combination with
200 mM NaCl, relative to the control condition (Figure 7).

The expression levels of GA20ox and GA3ox were signifi-
cantly downregulated in the seeds treated with 200 mM NaCl,
but were significantly upregulated in those treated with
0.08 mM SA alone or in combination with 200 mM NaCl,
relative to the control condition (Figure 7), which contributed
to the increased GA content.

Discussion

Salt stress is a prime adverse factor reducing plant growth and
crop yields."” The germination rate and germination potential of
seeds, even those of halophytes, ****” is often inhibited by salt in
the soil.”*! Salt stress mainly causes osmotic stress and ion
toxicity in plants.” Osmotic stress is believed to be particularly
important in the inhibition of seed germination ;**>*° for exam-

ple, a seed germination and rehydration test indicated that the
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Figure 3. Na* content in seeds (a), coats (c), embryos (e), and CI~ content in seeds (b), coats (d), embryos (f) of L. bicolor seeds after 2 days of treatment with
different concentrations of SA (0, 0.08, 0.24 mM) under 0 and 200 mM NaCl. Values are means + SD of three replicates (n = 3). Bars with the different letters are
significantly different at P < .05 according to Duncan’s multiple range tests.
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Figure 4. Soluble sugar content (a) and total protein content (b) of L. bicolor seeds after 2 days of treatment with different concentrations of SA (0, 0.08, 0.24 mM)
under 0 and 200 mM Nacl. Values are means + SD of three replicates (n = 3). Bars with the different letters are significantly different at P < .05 according to Duncan’s
multiple range tests.
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Figure 5. Amylase activity (a) and a-amylase activity (B) of L. bicolor seeds after 2 days of treatment with different concentrations of SA (0, 0.08, 0.24 mM) under 0
and 200 mM NaCl. Values are means + SD of three replicates (n = 3). Bars with the different letters are significantly different at P < .05 according to Duncan’s
multiple range tests.
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Figure 6. ABA concentration (a) and GA (b) concentration of L. bicolor seeds after 2 days of treatment with different concentrations of SA (0, 0.08, 0.24 mM) under 0
and 200 mM NaCl. Values are means + SD of three replicates (n = 3). Bars with the different letters are significantly different at P < .05 according to Duncan’s multiple
range tests.
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low germination rate of seeds under salt treatments was mainly As a plant growth regulator, SA was shown to overcome the
due to the osmotic effect.*” In this study, we found that a salt inhibitory effect of salt stress on rice (Oryza sativa) germina-
stress treatment significantly increased the Na* content in the tion by reducing the starch content in the grain,” while the
seeds. application of exogenous SA was also found to alleviate the



effects of salt stress on the germination of French marigold
seeds (Tagetes patula L.)”° In this study, we showed that
soaking L. bicolor seeds with an appropriate concentration of
SA (0.08 mM) could increase their germination rate (Figure 1).
Although the 0.08 mM SA treatment significantly increased the
Na" content of the salt-stressed seeds, this increase was mainly
confined to the seed coats, not in the embryos (Figure 3). This
compartmentalization protects the embryo from Na™ poisoning
and promotes germination.

L . bicolor seeds subjected to NaCl stress had greater soluble
sugar contents than those in the control condition (Figure 4a),
while seeds exposed to the 0.08 mM SA treatment had signifi-
cantly lower soluble sugar contents than those exposed to salt
stress. These differences in soluble sugar contents are closely
related to the observed differences in germination rates, as was
previously reported by Balibrea et al.** in tomato (Solanum lyco-
persicum) and by Khodary,” in maize (Zea mays). High SA
contents in the seeds can promote the use of soluble sugars in
the formation of new structures to stimulate the germination of
L. bicolor seeds (Figures 1, 2, 4). Our exogenous SA treatment
alleviated the inhibition of the formation of new proteins in seeds
exposed to salt stress, thereby increasing their protein content to
stimulate germination. By contrast, Singh,** reported that the
soluble protein content decreased in water-stressed wheat
(Triticum aestivum) seeds treated with (1 or 2 mM) SA. This
may be due to differences in the mechanisms of water stress and
salt stress or differences between halophytes and nonhalophyte
plants. In this study, we found that an appropriate concentration
of exogenous SA may stimulate the hydrolysis of carbohydrate
storage substances and the formation of new proteins.

GA and ABA play important regulatory roles in
germination.%’34 Here, we showed that the salt stress treatment
decreased the GA concentration and increased the ABA concen-
tration in the L. bicolor seeds, inhibiting their germination
(Figure 6). Sun,”” reported that an appropriate concentration of
GA in the seeds is critical for their germination, particularly in salt-
stressed seeds, in which GA can increase the content of amylase
and promote its activity. Maintaining the GA/ABA balance is
important during the early stages of germination in salt-stressed
seeds.*® Here, we found that a suitable concentration of SA upre-
gulated the expression of the key genes (GA20ox and GA3ox;
Figure 7) of GA biosynthesis and increased the GA content of
the seeds during germination, as was previously shown by Ogawa
et al.*” The key regulatory enzymes in ABA biosynthesis are the
NCEDs > We showed that the key genes encoding these enzymes
in L. bicolor, LLNCEDI and LbNCED3, were downregulated dur-
ing seed germination in the SA-treated seeds under salt stress,
which resulted in the decreased ABA contents observed in the
seeds.

Briggs et al.'”> suggested that increased levels of GA in the
seeds promotes the biosynthesis of hydrolases (especially a-
amylase). During the germination of the L. bicolor seeds, we
showed that the amylase activity was greater when they were
exposed to a pretreatment of SA compared to with NaCl stress
alone (Figure 5). An increase in amylase activity suggested
that SA protects enzyme activity from being inhibited by high
levels of salinity (Figure 5).

In this study, SA was found to be positively involved in the
germination of L. bicolor seeds under salt stress. Its exogenous

PLANT SIGNALING & BEHAVIOR €1644595-7

application increased the amount of soluble protein and sugar
decomposition in the seeds of this halophyte, thereby improv-
ing their germination rate. The SA treatment also affected the
expression of the GA and ABA biosynthesis genes, which
contributed to changes in the GA and ABA contents. This is
the first study to elucidate the mechanism by which SA
reduces the inhibition of salt stress on the germination of
halophyte seeds and provides further insights into the role
of SA in the response of halophytes to adverse conditions.
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