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Abstract Salt stress is a critical factor that affects the
growth and development of plants. Salicylic acid (SA) is an
important signal molecule that mitigates the negative
effects of salt stress on plants. To elucidate salt tolerance in
large pink Dianthus superbus L. (Caryophyllaceae) and the
regulatory mechanism of exogenous SA on D. superbus
under different salt stresses, we conducted a pot experiment
to evaluate leaf biomass, leaf anatomy, soluble protein and
sugar content, and the relative expression of salt-induced
genes in D. superbus under 0.3, 0.6, and 0.9% NaCl con-
ditions with and without 0.5 mM SA. The result showed
that exposure of D. superbus to salt stress lead to a decrease
in leaf growth, soluble protein and sugar content, and
mesophyll thickness, together with an increase in the
expression of MYB and P5CS genes. Foliar application of
SA effectively increased leaf biomass, soluble protein and
sugar content, and upregulated the expression of MYB and
P5CS in the D. superbus, which facilitated in the accli-
mation of D. superbus to moderate salt stress. However,
when the plants were grown under severe salt stress (0.9%
NaCl), no significant difference in plant physiological
responses and relevant gene expression between plants
with and without SA was observed. The findings of this
study suggest that exogenous SA can effectively counteract
the adverse effects of moderate salt stress on D. superbus
growth and development.
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Introduction

Large pink Dianthus superbus L. (Caryophyllaceae) is a
loosely tufted perennial species whose flowers with long
calyx tubes produce large amounts of nectar and strong
scent. So it’s extensively utilized in ornamental horticul-
ture and housing decoration (Bittrich 1993; Ma et al. 2017).
The genus Dianthus L. comprises about 300 species that
are distributed across globe but is most abundant in the
Mediterranean. D. superbus is widely but patchily dis-
tributed in western, central, and eastern Europe, as well as
in northern Asia (Bittrich 1993). Also, D. superbus is a rare
and strictly protected plant in Poland (Rosenthal 2010;
Opdekamp et al. 2012), Latvia, and Lithuania (Hooftman
et al. 2003), and has been shown to be of significant
medicinal value because of its sedative, analgesic, and
urinary effects. Based on these features, an expansion of
areas for the propagation of D. superbus is warranted (Ma
et al. 2017). However, techniques for the management of
D. superbus and their physiological response to the envi-
ronment remain unclear. Therefore, it is necessary to
investigate the effects of environmental factors on the
growth of D. superbus.

Salinity stress is one of the most important environ-
mental stressors that limit plant growth and productivity in
various parts of the world, particularly arid and semiarid
regions (Saleh 2012; Li et al. 2005). One of the most
sensitive aspects of plant growth is the growth and devel-
opment of leaves. In crop plants, a decline in leaf expansive
growth is often the first detectable response to salt stress
(Bradford and Hsiao 1982). Furthermore, the anatomical
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basis for inhibited leaf growth under saline conditions has
been investigated in various species, as example of cotton,
bean (David and Park 1979).

Salt stress, in addition to growth and morphology
effects, alters various biochemical and physiological pro-
cesses in plants, thereby resulting in a metabolic imbalance
in plants (Igbal et al. 2006;Roussos et al. 2007). Changes in
protein hydration is one of the responses of plant cells to
high-salt stress (Doganlar et al. 2010). Soluble proteins are
the most active components of plant cells as these serve as
a resource for enzymes and a modulator of metabolic
processes. Total soluble protein content increases in Pan-
cratium maritimum when subjected to high salt concen-
trations (Khedr et al. 2003). Soussi et al. (1998) and
Roussos et al. (2013) reported that salt stress significantly
affected the carbon metabolism in plants. Salt-stressed
maize plants also exhibit a decrease in soluble sugar (SS)
content (Khodary 2004). However, extensive evidence
indicates that exogenously applied salicylic acid (SA) can
ameliorate salt stress in cucumber seedlings (Yildirim et al.
2008), maize (Gunes et al. 2005), and soybean (Hamayun
et al. 2010) by influencing various processes in plants,
including carbon metabolism, proteometabolism, and the
expression of relevant genes (Jayakannan et al. 2013).

Salicylic acid is a plant phenolic that is often considered
as a signaling molecule that triggers plant defense responses
to biotic and abiotic stress (Khan et al. 2013). Salicylic acid
could indirectly act as cell stress protector by altering the
gene expression and synthesis of defense compounds such as
proline and jasmonic acid (JA) (Wani et al. 2016). Gener-
ally, plants resist stress injuries or elicit an effective defense
response by activating dormancy-associated genes and
synthesize stress resistance-related proteins. Various genes
in different species have been reported to respond to salt or
drought stress by expressing proteins that show sequence
homology with well characterized proteins such as DREB,
MYB, P5CS, and BADH (Ingram and Bartels 1996; Bray
1997). The expression patterns of salt-inducible genes are
complex. The expression of some genes rapidly respond to
salt stress, whereas others are slowly induced after the
accumulation of salt-resistance proteins. Durner et al. (1997)
showed that SA could also induce the expression of resis-
tance-related genes to protect plants from stressful injuries
as a defense mechanism against salt stress.

The mechanisms underlying the physiological and
molecular responses of plants to SA remain unclear.
Therefore, the present study aimed to investigate the
effects of exogenous SA application on the growth, meta-
bolism, and expression of defense genes of D. superbus
under 0.3, 0.6 and 0.9% salt conditions by analyzing the
leaf biomass, anatomy, soluble protein and sugar content,
and expression of the MYB and P5CS genes. A better
understanding of the mechanism underlying the response of
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D. superbus to salt stress is vital to the expansion of
plantations in other regions.

Materials and methods
Plant materials and experimental procedures

In late March 2015, a pot experiment was conducted in a
controlled environmental room at the Zhejiang Institute of
Subtropical Crops in Zhejiang Province, China (N28°23/,
E120°72'). One-year-old homogenous and healthy D.
superbus seedlings were transferred to plastic pots
(13.5 cm inner diameter, 15 cm height, with a hole at the
bottom) filled with a mixed substrate of humus:peat:soil
(3:5:2, v/v/v, pH 6.11). The substrate was loam with a total
nitrogen (N) content of 1.78 g kg™, total phosphorus
(P) content of 1.98 g kg™ ', total potassium (K) content of
16.63 gkg™', and an organic matter content of
22.2 g kg~ Twelve weeks later, a completely randomized
design with five replicates per treatment and five plants
(plastic pot) per replicate was adopted.

Plants were divided into eight treatments consisting of
four salt concentrations (0, 0.3, 0.6, and 0.9% NaCl) and
two SA concentrations (0 and 0.5 mM). The eight treat-
ments were as follows: T1 (distilled water), T2 (distilled
water with 0.5 mM SA), T3 (0.3% NaCl), T4 (0.3% NaCl
with 0.5 mM SA), T5 (0.6% NaCl), T6 (0.6% NaCl with
0.5 mM SA), T7 (0.9% NacCl), and T8 (0.9% NaCl with
0.5 mM SA). The salt solution was gradually added to the
substrate in eight steps to achieve the final concentrations
of 0.3, 0.6, and 0.9%, respectively. The 0.5 mM SA solu-
tion in ethanol was sprayed onto the adaxial and abaxial
surfaces of the leaves of D. superbus seedlings twice daily
at 7:30 and 18:00 (5 days prior to salinity treatment). At
45 days after treatment, fresh leaves were collected from
the five replicates of the same treatment, which were then
used in the determination of soluble protein content, SS
content, structural microscopy analysis, and expression
analysis of salt stress-related genes (MYB and P5CS).

Leaf growth analysis

At 45 days after treatment, the D. superbus were harvested
and divided into leaves and roots for growth analysis. The
leaves were incubated at 105 °C for 15 min, then dried in
an oven at 80 °C until constant weight. The leaves were
then weighed on an electronic scale (Tang et al. 2015).

Leaf anatomy analysis

To observe the anatomical structure of the mesophyll of D.
superbus, leaf samples were collected from seedlings
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subjected to different salt treatments, cut into 3-mm seg-
ments, and fixed in glutaraldehyde for at least 24 h as
described by Deng et al. (2010). The samples were then
dehydrated across a graded ethanol series, cleared in
xylene, embedded in paraffin wax, and then cut into
8—10 um thick sections using a rotary microtome
(KD2258, Zhejiang, China). The sections were stained with
both safranin and Fast Green and then examined under a
microscope (Bx41, Olympus Optical Co. Ltd., Tokyo,
Japan). The thickness of the lower and upper epidermis,
mesophyll, palisade, and spongy layer of the leaves of
seedlings subjected to different treatments were measured
using an ocular and a stage micrometer.

Soluble protein and SS content analysis

Soluble protein content was measured as described by Brad-
ford (1976) with bovine serum albumin used as standard. For
analysis of soluble protein content, each leaf sample (0.3 g)
was homogenized with 8 mL of 0.1 M sodium phosphate
buffer (pH 7.4). The homogenate was centrifuged at
80,000 rpm for 20 min at4 °C. The supernatant was collected
for measurement of soluble protein, and a mixture of 1 mL of
the supernatant and 0.1% Coomassie brilliant blue G250
(5 mL, dissolved in 50% alcohol) was allowed to react for
10 min. The absorbance of the mixture was then measured ata
wavelength of 595 nm. SS content was determined using
anthrone colorimetry according to the method of Li (2000),
with glucose used as the standard. For the measurement of SS
content, each leaf sample (0.5 g) was immersed in 15 mL of
distilled water and 8 mol L™ hydrochloric acid (10 mL),
which was then heated at 100 °C for 25 min. After rapid
cooling, the mixture was centrifuged at 50,000 rpm for
20 min at4 °C, and then the supernatant was collected. Then,
I mL of the supernatant was mixed with 4 mL of 2%
anthrone reagent (dissolved in sulfuric acid) and boiled for
15 min, and then cooled to room temperature. The absorbance
was measured at a wavelength of 620 nm.

Expression analysis of salt-inducible genes

Total RNA from the leaves of D. superbus subjected to
different salt treatments was extracted according to Pang

et al. (2005), and then reversely transcribed to cDNAs
using a cDNA synthesis kit (Toyobo, Osaka, Japan). The
expression analysis of salt-inducible genes (MYB and
P5CS) with an actin gene as a reference was determined by
quantitative real-time PCR (qRT-PCR) with an ABI
PRISM 7500 sequence detection system (Applied Biosys-
tems, Foster City, CA, USA) and a SYBR Green PCR
MasterMix (Applied Biosystems) and performed in tripli-
cate (Liu et al. 2015) (Table 1 presents primer information
used in the PCR amplification of specific genes).

Statistical analysis

Statistical analysis was conducted by one-way ANOVA
and Duncan’s multiple range test using the statistical
software package SPSS19.0, and the standard error of
differences between means was calculated (P < 0.05).

Results
Leaf growth and anatomy

Salt significantly affected the leaf growth of D. superbus
(P < 0.05) (Table 2). After 45 days of salt treatment at
concentrations of 0.3, 0.6 and 0.9%, the total leaf dry
weight per plant decreased by 34.9, 44.1, and 56.7%,
respectively, while the leaf fresh weight decreased by 17.3,
35.9, and 38.6% respectively. Salicylic acid treatment
increased the leaf dry weight and leaf fresh weight by 13.3
and 14.9% respectively, under 0.3% salt treatment, and by
39.5 and 32.9% under 0.6% salt treatment, whereas no
detectable effect was observed with the 0.9% treatment.

Salinity had a marked effect on the anatomy of meso-
phyll cells of the leaves of D. superbus seedlings (Fig. 1,
Table 3). The thickness of mesophyll, palisade tissue, and
spongy parenchyma decreased with salinity from 0 to 0.9%
concentration, whereas the SA treatment caused a slight
increase under the 0.3, 0.6, and 0.9% salt treatments.
However, no significant difference in the upper and lower
epidermis under different salt and SA treatments was
detected.

Table 1 Primers used for the

quantification of gene Genes name Primer Sequences Annealing temp (°C)
expression levels by gRT-PCR 5 iy Actin-F AGAAGCACTTCCTGTGGACG 60
Actin-R CCTCGCACCAAGTAGCATGA
P5CS-1 P5CS-F1 ACTGGGCCACGAGCATGAAT 60
P5CS-R1 CACAACGCAAGYACAAGATT
MYB-2 MYB-F2 TGGTCCTTGATTGCGGGTAG 60
MYB-R2 GGTGACGTGGATGATGGCTT
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Table 2 Leaf mass (LM), and specific leaf fresh weight (LFW) of D.
superbus seedlings subjected to different levels of salt and salicylic
acid

Treatment Leaf mass (g) Leaf fresh weight (g)
T1 11.12 4+ 0.55a 2494 + 1.95a

T2 10.71 &+ 0.76a 2438 + 1.17a

T3 7.24 £ 0.69cd 20.63 £+ 1.08b

T4 8.20 £+ 0.18bc 23.70 &+ 1.44a

TS 6.22 £+ 0.26d 1597 £ 0.71c

T6 8.68 £ 1.00b 21.23 + 1.01b

T7 481 £ 0.71e 15.31 + 1.53cd

T8 4.87 + 0.86e 13.20 + 1.52d

The values presented are the mean + SE. Different letters indicate
significant differences between irradiance treatments (P < 0.05);
n=>5

Fig. 1 Effects of SA on the leaf anatomy of D. superbus grown under
salt stress. T1 (distilled water), T2 (distilled water with 0.5 mmol
SA), T3 (0.3% NaCl), T4 (0.3% NaCl with 0.5 mmol SA), T5 (0.6%
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Soluble protein and SS content

The soluble protein and sugar content in the leaves of D.
superbus seedlings significantly (P < 0.05) differed under
salt and SA treatments (Fig. 2). We observed a slight
decrease in soluble protein content from 0 to 0.9% salt
treatment, whereas SA induced a marked increase in sol-
uble protein content by 11.4 and 57% under the 0 and 0.3%
salt treatments, respectively. These findings indicate that
salt treatment decreases SS content in the leaves of D.
superbus and occurs in a dose-dependent pattern. SA
treatment increased SS content by 11.5, 28.9, and 8.8%
respectively, under 0.3, 0.6 and 0.9% salt treatments.

NaCl), T6 (0.6% NaCl with 0.5 mmol SA), T7 (0.9% NaCl), and T8
(0.9% NaCl with 0.5 mmol SA)



Physiol Mol Biol Plants (March—April 2018) 24(2):231-238

235

Table 3 Mesophyll thickness, Pallisade, spongy, upper epidermis and lower epidermis of D. superbus leaves were under different levels of salt

and salicylic acid

Treatment Mesophyll thickness (um) Pallisade thickness (um) Spongy thickness (um) Upper epidermis (um) Lower epidermis (pm)
T1 402.35 + 9.87a 131.18 £ 13.94a 247.5 £ 36.04a 45.32 £+ 2.42ab 19.82 £+ 2.41b

T2 33325 £ 12.2b 101.91 £+ 12.26b 223.25 £ 17.2ab 44.51 + 8.28ab 26.42 £ 6.02ab

T3 289.25 £+ 8.26 cd 89.33 + 11.39bc 179.48 £ 10.65¢ 45.17 £+ 3.49ab 30.98 £ 3.79a

T4 305.20 £ 3.77¢c 101.47 £ 5.25b 212.68 £ 9.7b 50.1 + 5.48a 30.34 + 6.9a

TS 252.5 + 18.84e 84.63 + 4.17c 165.75 £ 8.57 cd 39.78 + 6.33bc 22.7 + 2.04b

T6 27421 4+ 27.32d 103.4 £ 17.4b 157.72 £ 20.98cde 46.95 + 9.41ab 30.52 £ 3.16a

T7 197.02 £+ 8.59f 67.61 £+ 6.75d 132.03 £ 8.44e 47.42 £ 2.7ab 29.35 + 3.15a

T8 216 + 12.35f 68.93 £+ 4.4d 139.7 £ 11.08de 32.42 + 5.74c 19.98 + 3.78b

The values presented are the mean + SE. Different letters indicate significant differences between irradiance treatments (P < 0.05); n = 5

Fig. 2 Effects of SA on soluble 12 20
protein content (A) and soluble A B oy
sugar content (B) of D. superbus r= 10 a %
grown under salt stress % T b r15 5
(mean + SD). Different letters 8 84 b a ab g
indicate significant differences £ g d be cde o
(P < 0.05) based on an LSD 2T 61 10 &
test; the same letter indicates no 5D £ P e s £ 3
significant differences between 2 2 44 d 4 2
the treatments, n = 5 2 = A

» 2 A 2

0 T T T T T T T 0
T1 T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 T6 T7 T8

Fig. 3 Effects of SA on the
relative expression of the MYB Q 1“1A B [ 44 8
(A) and P5CS (B) genes in D. S 104 a L2 @
superbus grown under salt stress ko) d iﬁ cd =l o i b [ %5
(mean =+ SD). Different letters S 10 + L T e = - 10 s
indicate significant differences g s g S cd p c lg @
(P < 0.05) based on an LSD 0 f o © € B
test; the same letter indicates no >°<' 6 - -6
significant differences between 8 8
treatments, n = 5 5 44 4 %

Q o)

(%- 2 A -2 09)_

0 T T T T T T T T T T T T T T T T 0
T1 T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 T6 T7 T8

Relative expression of salt-inducible genes

The effect of salinity and SA treatment on the relative gene
expression of MYB and P5CS in the leaves of D. superbus
was prominent (P < 0.05) and variable (Fig. 3). The vari-
ations in the relative expression of MYB and P5CS were
similar, such that their relative expression increased with
salt treatments of increasing concentrations. The expres-
sion of MYB and P5CS under the 0.6% salt condition
increased by 22.9 and 70.1%, respectively, compared to
T1. Interestingly, the expression of MYB and P5CS under
the 0.9% salt treatment increased by 27.2 and 20.4%

relative to that of the 0% salt treatment (T1), but showed a
minimal decline compared to that of the 0.6% salt treat-
ment. However, SA treatment caused a slight increase in
the expressions of MYB and P5CS under the 0.3, 0.6, and
0.9% salt treatments.

Discussion
The biosynthesis, accumulation, and transport of plant

nutrients generally occur in the leaves. Therefore, the
leaves are also the most vulnerable plant parts that would
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immediately respond to biotic and abiotic stresses. A pre-
vious study has shown that the leaf biomass of plants
grown under water deficit, chilling, salt, and deep shade
conditions is suppressed (Larcher 2003). In the present
study, the leaf dry weight and leaf fresh weight of D.
superbus seedlings decreased with increasing salt concen-
trations, which was similar to the findings of Li et al.
(2014), that showed salt stress causes a water deficit and
metabolic disorder in leaves that in turn leads to growth
inhibition. Studies have shown that exogenously spraying
salicylic acid alleviates salt stress-induced damages by
inducing a set of physiological, biochemical, and molecular
adaptation responses (Bandurska and Cieslak 2012). In the
present study, we found that exogenously spraying SA onto
the leaves of D. superbus resulted in a marked increased in
leaf biomass under 0.3 and 0.6% salt stress, which then
supports the notion that SA plays a positive role in regu-
lating the response of plants to salt stress (Senaratna et al.
2000). However, this study also determined that SA
imparted minimal effects on modulating plant defense
when the D. superbus were subjected to the severe salt
stress (for example, 0.9% salt concentration).

Salt stress causes leaf succulence as well as damages the
anatomical features of leaves (Parida et al. 2004). In the
present study, a marked decrease in mesophyll thickness
was observed in the leaves of D. superbus that were sub-
jected to salt stress from 0% to 0.9%, which was due to the
decrease in length of palisade cells and layer of spongy
tissue (Fig. 1, Table 3). Our observation was in agreement
with the findings of Parida et al. (2004), who reported that
changes in leaf anatomy affect CO, diffusion. Furthermore,
salt stress induces a decrease in mesophyll thickness that
may result in a decrease in the conductance and photo-
synthesis in the leaves of bean plants (Brugnoli and
Bjorkman 1992). The observed improvement in the growth
of D. superbus seedlings under 0.3 and 0.6% salt stress
after SA treatment may be a consequence of an increase in
the number of palisade and sponge cells that promote CO,
diffusion and thereby enhancing photosynthesis (Table 3).

Soluble protein content is an important indicator of the
physiological status of plants (Doganlar et al. 2010). In the
present study, soluble protein content decreased in
response to salt treatment in a dose-dependent pattern.
However, compared to the non-SA-treated seedlings, the
SA-treated seedlings under salt stress exhibited a slower
increase in soluble protein content. This observation indi-
cated that salt stress results in a metabolic disorder in the
leaves of D. superbus, and SA treatment may contribute to
a more efficient metabolic response in plants (Popova et al.
2009). Similar results were reported in salt-tolerant sun-
flower and finger millet plants (Parvaiz and Satyavati.
2008). SS, which is an important carbon source for plant
growth, reflects the nutritional status of plants (Sasaki et al.
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1998; Dong et al. 2011). Salt stress induced a marked
decrease in SS content in the leaves of D. superbus, as well
as in other plants (Miller et al. 1989; Sasaki et al. 1998),
which indicates that salt stress decreases the rate of car-
bohydrate metabolism in plants. However, compared to the
non-SA-treated plants, those treated with SA showed an
increase in SS content. This finding thereby confirms the
hypothesis that SA application in plants alleviates salt
stress-induced decrease in carbohydrate metabolism, thus
improving their nutrient content.

In general, plants respond to stresses with transient
changes in the expression of related genes, which encode
proteins that impart protective effects on plants (Estruch
2000). The MYB gene is involved in osmotic and salt stress
in moso bamboo and participates in the biosynthesis
pathway of ABA, which protects plants from stress damage
(Fujita et al. 2011; Peng et al. 2013). The P5CS gene has
been positively correlated with the biosynthesis and accu-
mulation of proline in Arabidopsis and wheat (Hayashi
et al. 2000). In the present study, we detected the MYB and
P5CS genes in the leaves of D. superbus and observed that
salt stress induces the upregulation of the MYB and P5CS
genes compared to that in non-salt-treated plants, whereas
plants treated with SA showed the highest levels of MYB
and P5CS expression. These findings were similar to that
observed in Arabidopsis (Qin et al. 2012; Zhu et al. 1998),
indicating that the expression of the MYB and P5CS genes
are closely related to salt tolerance, and thus play an
important role in plant defense against salt stress. More-
over, salicylic acid alleviates the damages that were
incurred in D. superbus due to salt stress by activating the
expression of salt stress-related genes, thereby enhancing
stress resistance.

In conclusion, D. superbus subjected to salt stress con-
ditions resulted in a decrease in leaf thickness, plant
growth, and primary metabolite contents together with an
increase in the expression of salt-induced genes. Salicylic
acid could efficiently prevent the adverse effects of salt
stress on the growth and physiology of D. superbus by
increasing the thickness of the mesophyll layer and
inducing the expression of salt-induced genes to resist
higher salinity levels and to improve the metabolic level of
the plants. This information facilitates the better under-
standing how SA regulates the responses of plants to salt
stress, particularly in horticulture plants.
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