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Abstract: Salt stress could inhibit the growth and development of crops and negatively affect yield
and quality. The objective of this study was to investigate the physiological responses of different
asparagus cultivars to salt stress. Twenty days old seedlings ofasalt-tolerant Apollo andasalt-sensitive
cultivar JL1 were subjected to 0 (CK) and120 mM NaCl stress for 20 d. Their changes in growth, ion
contents, antioxidant enzyme activities and gene expression were analyzed. Salt stress significantly
inhibited the growth of both cultivars, and JL1 showed a greater decrease than Apollo. The root
development of Apollo was promoted by 120 mM NaCl treatment. The Na* content in roots, stems,
and leaves of both cultivars was increased under salt stress, while K* content and K*/Na*t decreased.
The salt-tolerant cultivar Apollo showed less extent of increase in Na* and decrease in K* content
and kept a relatively high K* /Na™ ratio to compare with JL1. The contents of proline, soluble sugar
and protein increased in Apollo, while thesesubstances changed differently in JL1 under salt stress.
Activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) were gradually
increased under salt stress in Apollo, while the corresponding enzyme activities in JL1 were decreased
at the late stage of salt stress. The expression of SOD, POD, and CAT genes of both cultivars changed
in a similar way to the enzyme activities. Malondialdehyde (MDA) content was increased slightly
in Apollo, while increased significantly in JL1. At the late stage of salt stress, Apollomaintained
arelatively high K* /Na*, osmotic adjustment ability and antioxidant defense capability, and therefore
exhibited higher tolerance to salt stress than that of JL1.

Keywords: asparagus; salt stress; growth; ion content; osmolyte; antioxidant enzyme activity

1. Introduction

Salinity is one of the major abiotic stresses worldwide for most plant species and
negatively affects the yield and quality of crops [1]. More than 8% of the world’s land
had been affected by salinity, and the area was predicted to continuously increase [2—4].
Breeding of salt-tolerant crops is an important option to efficiently utilize saline land [5].
Understanding the salttolerance mechanisms of different crops is important for the breeding
of salt-tolerant crops.

Salt stress causesa series of physiological changes in plants, such as osmotic stress, ionic
imbalance, gas exchange reduction and reactive oxygen species (ROS) accumulation [6].
Meanwhile, the plantevolved adaptation strategies to resist salt stress, such as osmotic
regulation, ion homeostasis and the antioxidant defense system [7]. The accumulation of
osmolytes, such as betaine, proline, soluble sugar, and soluble proteins under salt stress,
plays an important role in maintaining the lower osmotic potential of plants and in relieving
the pressure of osmotic stress [8]. Some studies showed thatproline plays a key role in
osmotic adjustment. The content of proline is positively correlated with salt stress level, and
salt-tolerant cultivars accumulate more proline [9,10]. However, other studies suggested
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that proline may contribute to ROS scavengingand membrane stabilization under salt
stress [11,12].

Salt stress increases the uptake of Na* and decreases the uptake of K*, and leading to
disruption of ionic homeostasis, which inhibits the absorption of other nutrient ions, resulting
in nutrient deficiency and ion toxicity [13,14]. K*/Na* homeostasisplays an important role in
maintaining the physiological activity of cells, and ion-homeostasis could be attained through
various mechanisms such as selective ion absorption, Na* efflux and ion regionalization [15].
There are two main pathways that regulate Na* concentrations in the cytoplasm of plant
cells. One is the tonoplast-localized Na*/H* exchanger (NHX1), which is effective for Na*
detoxification by sequestration of Na* within the vacuole; the other is plasma membrane-
localized Salt Overly Sensitive (SOS) Na*/H* antiporters, which attribute to export Na*
out of the cells [16]. Studies suggest that Na* content and Na* /K" of salt-tolerant cultivars
are markedly lower than those of salt-sensitive cultivars under salt stress. Na* content and
Na* /K" can be used as indicatorfor screening salt-tolerant cultivars [17,18].

Chloroplast, mitochondria and peroxisome produce excessive ROS under salt stress [19].
ROS can cause oxidative damage to lipids, act as toxic substances in the cell and as the signal
of the stress response [20]. Plants eliminate ROS through two antioxidant defense systems,
the enzymatic and non-enzymatic antioxidant systems [21]. The enzymatic antioxidant
system mainly consists of superoxide dismutase (SOD),peroxidase (POD), catalase (CAT),
ascorbate peroxidase (APX) and glutathione reductase (GR). Studies have shown that
activities of the antioxidant enzyme such as SOD, POD and CAT increased in salt-tolerant
cultivars but decreased in salt-sensitive cultivars under salt stress [22-24]. Antioxidant-
related genes showed significant upregulation under salt stress, suggested that their roles in
salt stress response and can be used as an indicator for breeding salt-tolerant cultivars [25].
MDA is the primary product of lipid peroxidation, which could inactivate the protein and
enzyme, and disturb the normal structure and function of the cytomembrane. A lower
concentration of MDA is usually observed in salt-tolerant cultivars than in salt-sensitive
cultivars under salt stress [9,26].

Asparagus (Asparagus officinalis L.) belongs to the lily family, is a perennial and diecious
vegetable popularly consumed worldwide. Asparagus contains a high level of nutrients
and antioxidant compounds, and has positive effects on preventing hypertension, heart
disease and certain cancers [27-29]. Asparagus originate in the Mediterranean region
andis now cultivatedin many countries worldwide. Asparagus appears to be moderately
resistant to several stress conditions. A low level of NaCl in soil showed a positive effect
on spear yield [30,31]. Meanwhile, the spear yield and quality decreased when subjected to
more than 0.3% NaCl of salt stress. Under salt stress, the differentially expressed genes are
mainly enriched in ion regulatory pathways, antioxidant enzyme system, photosynthetic
and carbon catabolism processes, revealing the key pathways in salt stress responses
of asparagus [32]. However, little information is available on gene expression patterns,
physiological and biochemical responses between asparagus cultivars with different salt
tolerance under salt stress. The purpose of this study is to investigate the growth, ion
uptake, osmolytes accumulation and antioxidative responses of salt-tolerant and salt-
sensitive cultivars under salt stress at the seedling stage. Results from this study provide
information to understand the physiological mechanism of salt tolerance, which could be
a help for salt-tolerant asparagus breeding and cultivation.

2. Materials and Methods
2.1. Plant Materials and Treatments

Apollo and JL1, two popular commercial cultivars in China, were used in this study.
Apollo is a salt-tolerant cultivar. The seeds were supplied by Walker Bros Inc, USA. JL1 is
a salt-sensitive cultivar. The seeds were obtained from Beijing Academy of Agriculture and
Forestry Sciences, China. Our previous study showed that the germination rate of Apollo
was 4.5 folds higher than JL1 under 120 mM NaCl stress (unpublished data).
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The experiment was conducted in a greenhouse. Healthy asparagus seeds were first
soaked for 48 h in sterilized distilled water at 30 °C and changing the water every 12 h.
The soaked seeds were covered with wet gauze and germinated at 25 °C for 48 h in the
incubator, and then sown in plastic pots (210 mm diameter, 160 mm height) filled with clean
sand. Eight seeds were sown in each pot. The plants were grown in Hoagland solution for
20 days, then the pots were divided into two groups. One group continued the growth in
the Hoagland solution, while 120 mM NaCl was added to the Hoagland solution in the
other group of plants (stressed plants).For each treatment, 10 pots (six plants per pot), were
used and watered daily with 500 mL Hoagland solution with or without NaCl. After 0,
12, 24, 36, and 48 h of salt stress, root materials were sampled and immediately put into
liquid nitrogen and then stored at —80 °C for gene expression analyses. The roots used for
antioxidant enzyme activity and osmolytescontent analysis were collected at 2, 4, 6, 8 d
after salt stress. K* and Na™* contents were determined at 7 and 15 d after salt treatment.
Plants used for biomass and phenotypic analysis were harvested at 20 d after salt stress.

2.2. Measurement of Plant Height and Biomass

Plant height was measured from the soil surface to the top of the plant. The roots and
shoots of the seedlings were collected separately and placed in envelops. The dry weight of
the roots and shoots were determined after dryingat 105 °C for 30 min then at 80 °C for 48 h.
The relative value was calculated for plant height, root dry weight and biomass per plant by
comparing values under salt stress treatment to values of CK, using the following formula:

Value of salt stress treatment
The relative value = x 100% €))
Value of non stress treatment

2.3. Determination of Na*, K* and K*/ Na*

The dry samples were ground into powder and pass through a 40-mesh screen. Then,
0.5 g powder was placed in a crucible to ash in a muffle furnace. The ash was dissolved in
5 mL of 0.5 mol-L~! HNOj3, then transferred to a 100 mL volumetric flask and topped up
with deionized water. Na* and K* concentrations were measured by atomic absorption
spectrophotometer (PYESP9-400, Waltham, MA, USA).

2.4. Antioxidant Enzymesactivity and MDA Content

Rootsamples (0.5 g) were homogenizedusing a precooled mortar in 50 mM potassi-
umphosphate buffer (pH 7.8) containing 1% (w/v) PVP at 0~4 °C. The homogenate was
filtered through two layers of filter paper and centrifuged at 10,000 x g for 20 min at 4 °C.
The supernatant was used for enzyme activity analysis.

SOD activity was measured by the method of Giannopolitis and Ries [33]. The reaction
mixture consisted of 50 mM phosphate buffer (pH 7.8), 13 mM methionine, 75 mM NBT,
0.1 mM EDTA and 2 mM riboflavin. Reactions with 50 uL enzyme extract and 3 mL reaction
mixture were carried out in a light incubator under a light intensity of 4000 Lux for 30 min.
Oneunit of SOD was defined as the amount of enzyme which causes 50% inhibition of the
NBT reduction. The reduction of NBT was measured by an ultraviolet spectrophotometer
at 560 nm.

POD activity was determined based on guaiacol colorimetric method. Reaction mix-
ture contained 50 mL 100 mM potassium phosphate (pH 6.0), 30 uL 0.3 mM guaiacol, and
20 pL 30% HpO;. 20 pL enzyme solution and 3 mL reaction mixture were added into the
colorimetric cup to start the reaction. Colorimetry at 470 nm was performed at 30 s intervals
for a total of 5 readings. The activity of the POD enzyme was expressed by the change
value of absorbance per minute [34].

CAT activity was measured according to Aebi [35]. 50 uL enzyme solution was added
into 3 mL reaction system (2.4 mL 100 mM potassium phosphate (pH 7.0), 0.6 mL 100 mM
H,0,). Colorimetry at 240 nm was performed at 30 s intervals for a total of 5 readings. The
activity of the CAT enzyme was expressed by the reduction of absorbance per minute.
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MDA was assayed by the thiobarbituric acid reaction method [36]. Frozen sample of
0.5 g was homogenized in 0.1% (w/v) trichloroacetic acid (TCA) solution. The homogenate
was centrifuged at 12,000 x g for 10 min. 1 mL supernatant was added to 20% TCA (2 mL)
containing 0.6% thiobarbituric acid (TBA) in a clean glass tube. The mixture was heated in
a water bath at 90 °C for 30 min, cooled on ice immediately, and then centrifuged at 4000 g
for 10 min. The absorbance was recorded at 600, 532 and 450 nm.

2.5. Determination of Proline, Soluble Sugar and Soluble Protein

Proline content was determined by the Bates method [37]. Fresh samples (0.2 g) were
homogenized in a pre-chilled mortar using 5 mL (3%) sulfosalicylic acid and centrifuged at
15,000 g for 15 min. 0.5 mL of the supernatant was transferred to a test tube and mixed
with 1 mL sulfosalicylic acid (3%), 1 mL glacial acetic acid (99.5%), 2 mL acid ninhydrin
(2.5%). The tubes were incubated in a boiling water bath for 1 h, then transferred to an ice
bath to terminate the reaction. 4 mL of toluene (99.5%) was added to the tubes and mixed
thoroughly for 30 s. After standing, the upper layer toluene was collected to measure the
absorbance at 520 nm in a UV-spectrophotometer. Proline content was determined using
the proline standard curve.

Soluble sugar was determined by the anthrone colorimetry method [38]. Then, 0.5 g
of chopped fresh samples were placed in a test tube and then 10 mL distilled water was
added. The tubes were heated in boiling water for 1 h, and then centrifuged at 5000x g
for 10 min. The reactionmixture containing 1 mL supernatant and 5 mL anthrone (100 mg
anthrone + 100 mL 80% H,SOy) was heated at 100°C for 10 min, and then absorbance was
read at 620 nm.

Soluble protein was determined by Coomassie brilliant blue method [39]. 0.5 g samples
were ground into a homogenate using 5 mL of 50 mM phosphate buffer (pH 7.8). The
homogenate was centrifuged at 12,000x g for 20 min. 50 pL of the supernatant was
transferred to a test tube and 4 mL Coomassie brilliant blue (0.01%) and 1 mL distilled
water were added. After standing for 3 min, absorbance was read at 595 nm in a UV-
spectrophotometer, distilled water with Coomassie brilliantblue was used as the blank
control. Protein content was determined using the BSA standard curve.

2.6. RNA Isolation and Quantitativert-PCR

Total RNA extraction was carried out using a Trizol Reagent kit (TaKaRa, Inc., Dalian,
China) according to the manufacturer’s instructions. RNA samples were treated with
DNase I to remove genomic DNA contamination. RNA quality and purity were analyzed
by Agilent 2100 and NanoDrop. Total RNA from each sample was used to enrich mRNA
with Oligo (Dt) and then cleaved into short fragments (~200 nt) in a fragmentation buffer.
Through reverse transcription using random hexamer primer to get the first-strand cDNA
and synthesis of the second strand of cDNA using buffer, dNTPs, RNaseH, and DNA
polymerase. After end repairing and adding sequencing adaptors, the cDNA fragments
were subjected to PCR amplification using gene-specific primers. Ubiquitin-40S ribosomal
protein S27a was used as an internal reference gene. The primers used for qRT-PCR are as
follows (Table 1). The qRT-PCR was performed using SYBR Green Pro Taq HS premixed
qPCRKkit in a 7500 Real Time PCR System. The parameters of the thermal cycle were 94 °C
for 10 min, followed by 40 cycles of 94 °C for 15 s and 60 °C for 1 min in a 20 mL volume.
Three biological replications were performed for each reaction with actin gene as an internal
reference. The relative gene expression level was calculated by 2-44¢T method.
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Table 1. The following primers were used in this experiment.
Gene Name Gene ID Primer Name Primer Sequence(5’-3’)
ubiquitin-40Sribosomal LOC109820108 LOC109820108-F CAATGTCAAGGCCAAGATCC
protein S27a LOC109820108-R CTTCTGGATGTTGTAGTCGG
Superoxidedismutase [Cu-Zn] LOC109836512 LOC109836512-F CATCATCAGACCTTGAGCAG
P LOC109836512-R AGGAGGAGAAATTAGGGTTAGG
croxidase 12-like LOC109839605 LOC109839605-F CTCTCCTCTCATCATCTACAC
P LOC109839605-R CTCTCCTCTCATCATCTACAC
catalase isozvme 1-like LOC109837240 LOC109837240-F TCACTCACGATGTTTCTCAC
y LOC109837240-R TCAATGTTTCAGGACTCCCA

2.7. Statistical Analysis

Analysis of variance (ANOVA) was conducted with SPSS software 21.0 (IBM Corp,
Armonk, NY, USA) based on three replicates. Means were compared using the least
significant difference (LSD) test at a p < 0.05 threshold. Figures were plotted using Sigma
Plot 10.0 software (Systat Software Inc., Chicago, IL, USA).

3. Results
3.1. Seedling Growth

Salt stress treatment adversely affected the plant growth of both cultivars, and this
negative effect was moresevere in JL1 than in Apollo (Table 2 and Figure 1). At 20 days after
salt stress, the relative plant height was 80% in Apollo, and 55% in JL1 under salt stress as
compared to the control. The root growth showed a slight decrease in JL1, while a slight
increase in Apollo was observed under salt stress. The relative biomass was 96% in Apollo, and
71% in JL1 under salt stress to compare with the control, reflecting the greater salt tolerance of
Apollo compared to JL1. The foliage etiolation and defoliation of cladophylls were observed
in JL1 under salt stress, however, these effects were not observed in Apollo (Figure 1).

Table 2. Effects of NaCl stress on plant height and biomass of two asparagus cultivars.

Cultivars Treatment Plant Height(cm) Root Dry Weight Per Plant (g) Biomass Per Plant (g)
CK 31.84 £254a 0.17£0.01a 032 £0.01a
Apollo Stress 2540 £2.52b 0.18 £0.02a 0.31+0.02a
Relative value 80% 106% 96%
CK 30.82 £2.33a 0.08 £0.01a 0.20 £0.03a
JL1 Stress 17.02+0.86b 0.07+0.02a 0.14 +£0.02b
Relative value 55% 79% 71%

Data are means + SE of three replicates each containing five grown plants independently. Lower case letters
indicate differences (p < 0.05) between treatments.
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120mM NaCl 120mM NaCl

9 - ) y
Apollo CK 120mMNaCl L1 CK 120mMNaCl|

Figure 1. The phenotype of two asparagus cultivars under CK and salt stress.

3.2. Content of K* and Na*

The K* and Na* contents were determined at 7 and 15 days of treatments. Both
cultivars exhibited a decline in K* content in the root, shoot and cladophyll during salt
stress (Figure 2). To compare with control, K* content in the root, shoot and cladophyll
decreased 7.83%, 27.56%, 16.59% in Apollo, and decreased 4.72%, 14.53%, 13.78% in JL1
after salt stress for 7 d, respectively. The K* content was decreased with prolonged salt
stress. K* content of root, shoot and cladophyll decreased 16.61%, 28.41%, 24.79% in Apollo,
and decreased 22.69%, 32.13%, 26.50% in JL1 as compared to control, respectively.

Plant Na* content of two cultivarsincreased significantly under salt stress as compared to
control (Figure 2). The content of Na* was found to continuously increase with the duration
of salt stress in JL1, however, Apollo showed a stable increase proportion. After 15 d of salt
stress, Na* content of root, shoot and cladophyll increased 60.47%, 74.64%, 99.89% in Apollo,
while increased 121.24%, 158.62%, 97.13% in JL1 as compared to control, respectively.

K*/Na* showed a significant decrease in the two cultivars during salt stress, and a greater
reduction in JL1 than Apollo was observed. With salt stress time extension, a continuous
decrease in K* /Na* was seenin JL1, however, K* /Na* was almost stable in Apollo.
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Figure 2. K*, Na* and K*/Na* of two asparagus cultivars under 7 d and 15 d after salt stress.
A and ] represent Apollo and JL1,7 and 15 mean the days after salt stress, respectively. Different
lowercase letters in the bar graph indicate significantly different from the control at p < 0.05. CK,
meaning seedlings were watered by Hoagland solution without NaCl, and SS, meaning seedlings
were subjected to salt stress of 120 mM NaCl.

3.3. Antioxidant Enzymes Assay

The salt stress-induced changes of antioxidant enzymes activity were followed after 2,
4, 6 and 8 days of treatment. In comparison with control, the antioxidant enzymatic activity
of SOD, POD and CAT showed a significant increase under salt stress, which increased
gradually in Apollo, whereas decreased with extending time of salt stress were detected in
JL1 (Figure 3). The SOD, POD and CAT activities of Apollo gradually increased from 2 d to
8 d of salt stress. The maximum increases were observed on 8 dafter salt stress, increasing
80.57%, 86.22% and 141.21%, respectively (Figure 3a—c). The maximum increase (87.01%) of
SOD in JL 1was observed on 6 d after salt stress as compared to control (Figure 3d). The
maximum increase (48.33%) of POD in JL1 was seen on salt stress for 4 d. However, that
decreased by 11.84% compared to control after 8 d of salt stress (Figure 3e). After 2 d of salt
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stress, the CAT activity in JL1 was 39.91% higher than that of the control, while after salt
treatment for 8 d, CAT activity was only 4.83% higher than that of the control (Figure 3f).
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[ | =
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2 4 g g 2 4 g g 2 4 = g
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Figure 3. The SOD, POD, CAT enzyme activities of two asparagus cultivars under salt stress. (A—-C)
are Apollo and (D-F) are JL 1. Different lowercase lettersin the line graph indicate significantly
different from the control at p < 0.05. CK meaning seedlings were watered by Hoagland solution
without NaCl, and SS meaning seedlings were subjected to salt stress of 120 mM NaCl.

3.4. MDA Content

The MDA contents were continuously increased in two cultivars during salt stress
as compared to the control, and JL1 showed a higher increase than Apollo (Figure 4a).
The MDA content of Apollo increased 18.62% to 26.59% during salt stress from 2 d to 8 d.
However, the MDA content of JL.1 showed a much more increase of 42.48% to 125.49%
during salt stress from 2 d to 8 d as compared to the control, respectively (Figure 4b).

9 9
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Lo £
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Figure 4. MDA content of two asparagus cultivars under salt stress. (A) is Apollo and (B) is JL
1.Different lowercase letters in the line graph indicate significantly different from the control at
p < 0.05. CK meaning seedlings were watered by Hoagland solution without NaCl, and SS meaning
seedlings were subjected to salt stress of 120 mM NaCl.
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3.5. The Content of Osmolytes

The content of proline, soluble sugar and soluble protein in the two cultivars showed
a significant increase under salt stress as compared to the control. However, with the
duration of treatment, the changing patterns of two cultivars were different (Figure 5). The
changing patterns of proline contents were similar in two cultivars, all increased remarkably
with the duration of salt stress. The proline contents of Apollo and JL1 increased 9-fold
and 26-fold after 8 d exposure to salt stress. In Apollo, the soluble sugar content increased
continuously from 2 d to 8 d of salt treatment. The soluble sugar content was 150.52%
higher than that of the control after 8 d exposure to salt stress. In JL1, a maximum increase
(114.79%) of soluble sugar content was observed after salt stress for 6 d, and then decreased.
The changing patterns of the soluble protein of the two cultivars were similar to that of the
soluble sugar. Soluble protein content of Apollo increased 33.95%% after 8 d exposure to
salt stress. However, there was little difference in JL1 between control and salt stress.
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Figure 5. The osmotic regulation substances content of two asparagus cultivars under salt stress.
(A-C) are Apollo and (D-F) are JL 1. Different lowercase letters in the line graph indicate significantly
different from the control at p < 0.05. CK meaning seedlings were watered by Hoagland solution
without NaCl, and SS meaning seedlings were subjected to salt stress of 120 mM NaCl.

3.6. Gene Expression Analysis Using gRT-PCR

The expression of SOD increased from 12 h of salt treatment in both cultivars, and the
peak level was observed at 24 h of treatment. At the time, the expression levels of SOD
in Apollo and JL1 were upregulated 1.66-fold and 1.99-fold to compare with the control,
respectively. At 36 h of treatment, the expression of SOD started to decrease. At 48 h of
treatment, the expression of SOD in JL1 was only 13.27% of the control, while the expression
level in Apollo was 72.81% of the control. The maximum upregulation of POD was observed
at 12 h after salt stress, the expression levels in Apollo and JL1 upregulated 3.99-fold and
3.38-fold to compare with control, respectively. At 48 h of treatment, the expression of POD
in JL1 was only 17.18% of the control, while the expression level in Apollo was 1.60-fold
of the control. Compared to control, the upregulation of CAT gene in Apollo increased
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gradually during 48 h salt stress, whereas JL1 showed maximum upregulation at 36 h and
significant down-regulation at 48 h exposure to salt stress (Figure 6).
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Figure 6. The SOD, POD, CAT gene relative expression in two cultivars under salt stress. Different
lowercase letters in the bar graph indicate significantly different of gene relative expression between
the two cultivars at p < 0.05.

4. Discussion

In the present study, salt stress decreased the growth of both cultivars, but the adverse
effects of salt were much more severe in JL1 than in Apollo in terms of biomass, physi-
ological response and gene expression. Our results suggested that Apollo is a relatively
salt-tolerant cultivar compared to JL1. The reduction in growth of bothcultivars under
salt stress in our study confirmed previous conclusions that asparagus was a relatively
salt-tolerant crop [30]. In this study, more inhibition was observed in shoots than that
in roots in both cultivars by salt stress. Similar results were found in rice, more growth
reduction was found in leaves than that in roots under salt stress [40].

The increased Na*™ accumulation in plant cells induce ion toxicity. K* plays an impor-
tant role in maintaining ion homeostasis and regulating plant growth and development
under salt stress [13]. In the current study, Na* accumulation was found increased sig-
nificantly, while K* and K*/Na™" declined after salt stress. Similar results were found in
rice and potato. These results suggested that Na* and K* accumulation in a salt-tolerant
cultivar is similar to that in a salt-sensitive cultivar under salt stress [41,42]. In our study,
the K*/Na* showed a continuous decline in JL1 with increased salt stress time, whereas
Apollo exhibited a less change, a higher K* /Na* was maintained in Apollo than JL1. This
might suggest that the salt-tolerant cultivar could quickly modulate the uptake of Na*
and K* to adapt to salt stress, while the salt-sensitive cultivar could not.Our results are
inconsistent with peanut and Chinese cabbage [18,26]. These results suggestedthat there
is a positive relationship between K*/Na* and salt tolerance. K*/Na* can be used as
an important reference to screen salt tolerance cultivars [43].

High concentrations of salt result in oxidative stress and induce a series of cell damage,
meanwhile, the antioxidant protection system of plants could minimize the damage [20].
The antioxidative enzymes SOD, POD and CAT could cooperatively and efficiently scav-
enge the active oxygen species (ROS)and keep the ROS below toxic level [44]. In the
present research, salt stress activated the antioxidative enzymes of SOD, POD and CAT of
in both cultivars. The activation was more obvious in the salt-tolerant cultivar than the
salt-sensitive one. Similar results have been observed in wheat [45] and rice [46]. SOD,
POD and CAT activities of salt-tolerant cultivars were enhanced more under salt stress than
that of sensitive cultivars. However, pea leaves SOD activity showed a significant decline
under salt stress [47]. It may be responsible for the different sensitivity between species
to salt stress or oxidative stress [42]. In our study, three antioxidant enzyme activities in
Apollo gradually increased from 2 d to 8 d after salt stress, however the enzyme activities
inJL1 showed a decreased trend at late salt stress compared with the early salt stress period.
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It may be attributed to that the sustained stress exceed the ROS scavenging capacity of
salt-sensitive cultivar [48]. We further detected the expressionlevel of antioxidant enzyme
genes including SOD, POD and CAT. The expressions of SOD, POD and CAT were signifi-
cantly upregulated under salt stress. The upregulation in Apollo was higher than that in
JL1, which were almost consistent with their enzyme activities. Similar results were found
in Lotus japonicas and tobacco [49,50]. Transcriptomic analyses of asparagus revealed that
antioxidant system components were induced under salt stress. Genes encodingantioxidase
were upregulated at different stages of salt stress, suggesting that the enzymatic pathway
may play important roles in protecting asparagus against oxidative damage under salt
stress [32]. Our study confirmed that the antioxidant enzyme gene expression level was
closely related to the salt tolerance of asparagus cultivars.

MDA, an indicator for evaluation of lipid peroxidation or degree of cellmembrane
damage, was increased under stress condition. In the present research, MDA content was
significantly increased during salt stress, and JL1 accumulated more MDA than Apollo. Our
results indicated that a more effective enzymatic antioxidant system in Apollo conferred
higher ROS scavenging capacity to control MDA production. Similar results were found
in eggplant [51]. Our study also confirmed that activating antioxidant enzymes under
salt stress cannot completely eliminate ROS caused cell damage as suggested by previous
studies [26,48]. Higher activity of antioxidaseand less accumulation of MDA under salt
stress explain the better tolerant of Apollo compared to that of JL1.

The accumulation of organic compounds under salt stress plays animportant role in
osmotic adjustment in plants. Proline is a kind of hydrophilic macromolecules. There are
disputes about the role of proline in osmotic regulation. It has been proposed that the accu-
mulation of proline played a key role in osmotic adjustment and enhanced salt tolerance of
maize inbred lines [9]. A contrasting view reported that proline was not directly involved in
alleviating osmotic stress, but acted as a ROS scavengerand membrane structures stabilizer
to resist stress condition [52]. In the present study, proline accumulation showed a higher
increase in JL1 than that in Apollo during salt stress, suggesting that the proline was not
positively correlated to salt tolerance in asparagus. Similar results in rice also suggested that
a higher level of proline was observed in salt-sensitive cultivars than salt-tolerant cultivars
under salt stress. In this case, the rice root growth was severely inhibited insalt-sensitive
cultivars, but no significant inhibition was observed in salt-tolerant cultivars [53,54]. The
soluble sugar and soluble protein play a key role toosmotic adjustment and preserving
membrane integrity under stress conditions. Under salt stress, the total soluble sugar
increased significantly in rice and was closely related to the osmotic adjustment ability of
cultivars [55]. In the present study, Apolloaccummulated more soluble sugar and solu-
ble protein compared to JL1 under salt stress. Similar with our findings, higher soluble
sugar and soluble protein accumulations were observed insalt-tolerant chickpeas [56] and
tomatoes [57] than in the salt-sensitive onesunder salt stress. The soluble sugar and soluble
protein gradually increased in Apollountil 8 d after salt stress, but the maximum accumula-
tion in JL1 on 6 d after salt stress. The results suggested that the greater osmotic adjustment
capacity of Apollo may explain its higher salt-tolerant compared with JL1.

5. Conclusions

Our results demonstrated that the growth of salt-sensitive cultivar JL1 showed more
inhibition than the salt-tolerant cultivar Apollo under salt stress. Apollo could keep higher
K*/Na™* as compared to JL1 at the late stage of salt stress. The osmolytes content and
antioxidant enzyme activities were gradually increased under salt stress in Apollo, which
were decreased in JL1 at the late stage of salt stress. The ability to keep ion balance,
accumulate more osmolytes and the upregulated ROS scavenging enzyme activities are
important mechanisms that may explain the salt tolerance of Apollo.



Plants 2022, 11, 2836 12 of 14

Author Contributions: X.W. and G.L. conceived and designed the experiment. X.G., N.A. and C.Z.
performed the experiments and data collection. X.G. and S.Z. conducted data analysis. W.Z. provided
cultivars. G.L. and X.G. wrote the manuscript. W.Z., X.W. and G.L. revised and edited the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Shandong Agricultural Science and Technology Program
(industrial upgrading of the agricultural park) (2019YQ004), National Natural Science Foundation of
China (31801301), Agricultural scientific and technological innovation project of Shandong Academy
of Agricultural Sciences (CXGC2022F31), Taishan Scholar Project of Shandong Province (ts20190964).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors thank to Junyu Yin of Beijing Academy of Agricultural and Forestry
Sciences and Wenjing Chen of Walker Bros Inc for their support in this study.

Conflicts of Interest: The authors declare that the research has no conflict of interest.

References

1. van Zelm, E.; Zhang, Y.; Testerink, C. Salt Tolerance Mechanisms of Plants. Annu. Rev. Plant Biol. 2020, 71, 403—433. [CrossRef]
[PubMed]

2. Yuan, F; Leng, B.; Wang, B. Progress in Studying Salt Secretion from the Salt Glands in Recretohalophytes: How Do Plants Secrete
Salt? Front. Plant Sci. 2016, 7, 997. [CrossRef] [PubMed]

3. Rengasamy, P. World salinization with emphasis on Australia. ]. Exp. Bot. 2006, 57, 1017-1023. [CrossRef]

4. Vinocur, B.; Ahman, A. Recent advances in engineering plant tolerance to abiotic stress: Achievements and limitations. Curr.
Opin. Biotechnol. 2005, 16, 123-132. [CrossRef]

5. Emanuel, E.; Jack, D.N.; Dale, W.R; Ralph, WK; David, B.K.; Glen, A.C.; Anne, FW. Saline culture of crops: A genetic approach.
Science 1980, 210, 399-404.

6. Kamran, M,; Xie, K,; Sun, J.; Wang, D.; Shi, C.; Lu, Y.; Gu, W.; Xu, P. Modulation of growth performance and coordinated induction
of ascorbate-glutathione and methylglyoxal detoxification systems by salicylic acid mitigates salt toxicity in choysum (Brassica
parachinensis L.). Ecotoxicol. Environ. Saf. 2020, 188, 109877. [CrossRef]

7. Beacham, A.M.; Hand, P; Pink, D.A.; Monaghan, ].M. Analysis of Brassica oleracea early stage abiotic stress responses reveals
tolerance in multiple crop types and for multiple sources of stress. J. Sci. Food Agric. 2017, 97, 5271-5277. [CrossRef] [PubMed]

8. Verslues, PE.; Agarwal, M.; Katiyar-Agarwal, S.; Zhu, J.; Zhu, J.-K. Methods and concepts in quantifying resistance to drought,
salt and freezing, abiotic stresses that affect plant water status. Plant J. 2006, 45, 523-539. [CrossRef]

9.  Chen, F; Fang, P; Peng, Y.; Zeng, W.; Zhao, X.; Ding, Y.; Zhuang, Z.; Gao, Q.; Ren, B. Comparative Proteomics of Salt-Tolerant and
Salt-Sensitive Maize Inbred Lines to Reveal the Molecular Mechanism of Salt Tolerance. Int. |. Mol. Sci. 2019, 20, 4725. [CrossRef]

10.  Sergio, C.; Laura, D.; Luna, M.].; Manuel, L.].; Lynne, Y.; José, M.M. Identification of distinctive physiological and molecular responses
to salt stress among tolerant and sensitive cultivars of broccoli (Brassica oleracea var. Italica). BMC Plant Biol. 2021, 21, 488.

11.  Ashraf, M.; Foolad, M.R. Roles of glycine betaine and proline in improving plant abiotic stress resistance. Environ. Exp. Bot. 2007,
59,206-216. [CrossRef]

12.  Verbruggen, N.; Hermans, C. Proline accumulation in plants: A review. Amino Acids 2008, 35, 753-759. [CrossRef]

13. Huang, C; Wei, G,; Jie, Y.,; Wang, L.; Zhou, H.; Ran, C.; Huang, Z; Jia, H.; Anjum, S.A. Effects of concentrations of sodium
chloride on photosynthesis, antioxidative enzymes, growth and fiber yield of hybrid ramie. Plant Physiol. Biochem. 2014, 76, 86-93.
[CrossRef]

14. Mickelbart, M.V.; Hasegawa, P.M.; Bailey-Serres, J. Genetic mechanisms of abiotic stress tolerance that translate to crop yield
stability. Nat. Rev. Genet. 2015, 16, 237-251. [CrossRef] [PubMed]

15. Abideen, Z.; Koyro, H.-W.; Huchzermeyer, B.; Ahmed, M.Z.; Gul, B.; Khan, M.A. Moderate salinity stimulates growth and
photosynthesis of Phragmites karka by water relations and tissue specific ion regulation. Environ. Exp. Bot. 2014, 105, 70-76.
[CrossRef]

16. Yamaguchi, T.; Hamamoto, S.; Uozumi, N. Sodium transport system in plant cells. Front. Plant Sci. 2013, 4, 410. [CrossRef]
[PubMed]

17. Ahmadi, J.; Hossein, EM. Identification and mapping of quantitative trait loci associated with salinity tolerance in rice (Oryza
Sativa) using SSR markers. Iran J. Biotechnol. 2011, 9, 21-30.

18. Chakraborty, K.; Bhaduri, D.; Meena, H.N.; Kalariya, K. External potassium (K*) application improves salinity tolerance by
promoting Na*-exclusion, K*-accumulation and osmotic adjustment in contrasting peanut cultivars. Plant Physiol. Biochem. 2016,
103, 143-153. [CrossRef]

19. Ozgur, R.; Uzilday, B.; Sekmen, A.H.; Turkan, I. Reactive oxygen species regulation and antioxidant defence in halophytes. Funct.

Plant Biol. 2013, 40, 832-847. [CrossRef]


http://doi.org/10.1146/annurev-arplant-050718-100005
http://www.ncbi.nlm.nih.gov/pubmed/32167791
http://doi.org/10.3389/fpls.2016.00977
http://www.ncbi.nlm.nih.gov/pubmed/27446195
http://doi.org/10.1093/jxb/erj108
http://doi.org/10.1016/j.copbio.2005.02.001
http://doi.org/10.1016/j.ecoenv.2019.109877
http://doi.org/10.1002/jsfa.8411
http://www.ncbi.nlm.nih.gov/pubmed/28474472
http://doi.org/10.1111/j.1365-313X.2005.02593.x
http://doi.org/10.3390/ijms20194725
http://doi.org/10.1016/j.envexpbot.2005.12.006
http://doi.org/10.1007/s00726-008-0061-6
http://doi.org/10.1016/j.plaphy.2013.12.021
http://doi.org/10.1038/nrg3901
http://www.ncbi.nlm.nih.gov/pubmed/25752530
http://doi.org/10.1016/j.envexpbot.2014.04.009
http://doi.org/10.3389/fpls.2013.00410
http://www.ncbi.nlm.nih.gov/pubmed/24146669
http://doi.org/10.1016/j.plaphy.2016.02.039
http://doi.org/10.1071/FP12389

Plants 2022, 11, 2836 13 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.
38.
39.
40.

41.
42.

43.

44.

45.

46.

Choudhury, S.; Panda, P.; Sahoo, L.; Panda, S.K. Reactive oxygen species signaling in plants under abiotic stress. Plant Signal.
Behav. 2013, 8, 23681. [CrossRef]

Jaleel, C.A; Riadh, K.; Gopi, R.; Manivannan, P.; Ines, J.; Al-Juburi, H.J.; Chang-Xing, Z.; Hong-Bo, S.; Panneerselvam, R.
Antioxidant defense responses: Physiological plasticity in higher plants under abiotic constraints. Acta Physiol. Plant. 2009, 31,
427-436. [CrossRef]

Ahmed, I.M,; Dai, H.; Zheng, W.; Cao, F; Zhang, G.; Sun, D.; Wu, E. Genotypic differences in physiological characteristics in the
tolerance to drought and salinity combined stress between Tibetan wild and cultivated barley. Plant Physiol. Biochem. 2013, 63,
49-60. [CrossRef] [PubMed]

Wang, H.-M.; Xiao, X.-R.; Yang, M.-Y.; Gao, Z.-L.; Zang, J.; Fu, X.-M.; Chen, Y.-H. Effects of salt stress on antioxidant defense
system in the root of Kandelia candel. Bot. Stud. 2014, 55, 57. [CrossRef] [PubMed]

Martinez, ].P; Fuentes, R.; Farias, K.; Lizana, C.; Alfaro, ].F,; Fuentes, L.; Calabrese, N.; Bigot, S.; Quinet, M.; Lutts, S. Effects of salt
stress on fruit antioxidant capacity of wild (Solanum chilense) and domesticated (Solanumly copersicum var. cerasiforme) tomatoes.
Agronomy 2020, 10, 1481. [CrossRef]

El-Esawi, M.A.; Elansary, H.O.; El-Shanhorey, N.A.; Abdel-Hamid, A.; Ali, H.M.; Elshikh, M.S. Salicylic Acid-Regulated Antioxidant
Mechanisms and Gene Expression Enhance Rosemary Performance under Saline Conditions. Front. Physiol. 2017, 8, 716. [CrossRef]
Li, N.; Cao, B.; Chen, Z.; Xu, K. Root morphology ion absorption and antioxidative defense system of two Chinese cabbage
cultivars (Brassica rapa L.) reveal the different adaptation mechanisms to salt and alkali stress. Protoplasma 2021, 259, 385-398.
[CrossRef]

Doll, S.; Farahani-Kofoet, R.D.; Zrenner, R.; Henze, A.; Witzel, K. Tissue-specific signatures of metabolites and proteins in
asparagus roots and exudates. Hortic. Res. 2021, 8, 86. [CrossRef]

Soteriou, G.A.; Antoniou, C.; Rouphael, Y.; Kyratzis, A.C.; Kyriacou, M.C. Changes in the primary and secondary metabolome of
male green asparagus (Asparagus officinalis L.) as modulated by sequential harvesting. Food Chem. 2021, 358, 129877. [CrossRef]
Noperi-Mosqueda, L.C.; Lépez-Moreno, E]J.; Navarro-Leén, E.; Sanchez, E.; Blasco, B.; Moreno, D.A.; Soriano, T.; Ruiz, ].M.
Effects of asparagus decline on nutrients and phenolic compounds, spear quality, and allelopathy. Sci. Hortic. 2020, 261, 109029.
[CrossRef]

Reid, T.C.; Hausbeck, M.K.; Kizilkaya, K. Effects of Sodium Chloride on Commercial Asparagus and of Alternative Forms of
Chloride Salt on Fusarium Crown and Root Rot. Plant Dis. 2001, 85, 1271-1275. [CrossRef]

Van Kruistum, G.; Poll, J.-T.; Meijer, J.; Lievens, M. Effect of NaCl on Asparagus Quality, Production and Mineral Leaching. Acta
Hortic. 2008, 776, 87-90. [CrossRef]

Zhang, X.; Han, C.; Cao, Y. Transcriptomic and Physiological Analyses Reveal the Dynamic Response to Salinity Stress of the
Garden Asparagus (Asparagus officinalis L.). Plant Mol. Biol. Rep. 2020, 38, 613-627. [CrossRef]

Giannopolitis, C.N.; Ries, S.K. Superoxide Dismutases: I. Occurrence in higher plants. Plant Physiol. 1977, 59, 309-314. [CrossRef]
[PubMed]

Nickel, K.S.; Cunningham, B. Improved peroxidase assay method using leuco 2,3/ ,6-trichloroindophenol and application to
comparative measurements of peroxidatic catalysis. Anal. Biochem. 1969, 27, 292-299. [CrossRef]

Aebi, H. Catalase in vitro. Metho Enzym. 1984, 105, 121-126.

Hodges, D.M.; DeLong, ].M.; Forney, C.E,; Prange, R K. Improving the thiobarbituric acid-reactive-substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and other interfering compounds. Planta 1999, 207, 604-611. [CrossRef]
Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for stress studies. Plant Soil 1973, 39, 205-207. [CrossRef]
Miller, G.L. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar. Anal. Chem. 1959, 31, 426-428. [CrossRef]
Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Analy Biochem. 1976, 72, 248-254. [CrossRef]

Lee, D.H.; Kim, Y.S.; Lee, C.B. The inductive responses of the antioxidant enzymes by salt stress in the rice (Oryza sativa L.). ].
Plant Physiol. 2001, 158, 737-745. [CrossRef]

Dionisio-Sese, M.L.; Tobita, S. Antioxidant responses of rice seedlings to salinity stress. Plant Sci. 1998, 135, 1-9. [CrossRef]
Aghaei, K.; Ehsanpour, A.A.; Komatsu, S. Potato Responds to Salt Stress by Increased Activity of Antioxidant Enzymes. J. Integr.
Plant Biol. 2009, 51, 1095-1103. [CrossRef] [PubMed]

Miaser, P; Gierth, M.; Schroeder, ].I. Molecular mechanisms of potassium and sodium uptake in plants. Plant Soil 2002, 247, 43-54.
[CrossRef]

Kaya, C.; Higgs, D.; Ashraf, M.; Alyemeni, M.N.; Ahmad, P. Integrative roles of nitric oxide and hydrogen sulfide in melatonin-
induced tolerance of pepper (Capsicum annuum L.) plants to iron deficiency and salt stress alone or in combination. Physio Planta.
2020, 168, 256-277. [CrossRef]

Dugasa, M.T.; Cao, EB.; Ibrahim, W.; Wu, EB. Genotypic difference in physiological and biochemical characteristics in response
to single and combined stresses of drought and salinity between the two wheat genotypes (Triticum aestivum) differing in salt
tolerance. Physio. Planta. 2019, 165, 134-143. Available online: https://onlinelibrary.wiley.com/doi/abs/10.1111/ppl.12743
(accessed on 1 September 2022). [CrossRef]

Kibria, M.G.; Hossain, M.; Murata, Y.; Hoque, M.A. Antioxidant Defense Mechanisms of Salinity Tolerance in Rice Genotypes.
Rice Sci. 2017, 24, 155-162. [CrossRef]


http://doi.org/10.4161/psb.23681
http://doi.org/10.1007/s11738-009-0275-6
http://doi.org/10.1016/j.plaphy.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23232247
http://doi.org/10.1186/s40529-014-0057-3
http://www.ncbi.nlm.nih.gov/pubmed/28510976
http://doi.org/10.3390/agronomy10101481
http://doi.org/10.3389/fphys.2017.00716
http://doi.org/10.1007/s00709-021-01675-5
http://doi.org/10.1038/s41438-021-00510-5
http://doi.org/10.1016/j.foodchem.2021.129877
http://doi.org/10.1016/j.scienta.2019.109029
http://doi.org/10.1094/PDIS.2001.85.12.1271
http://doi.org/10.17660/ActaHortic.2008.776.10
http://doi.org/10.1007/s11105-020-01226-x
http://doi.org/10.1104/pp.59.2.309
http://www.ncbi.nlm.nih.gov/pubmed/16659839
http://doi.org/10.1016/0003-2697(69)90035-9
http://doi.org/10.1007/s004250050524
http://doi.org/10.1007/BF00018060
http://doi.org/10.1021/ac60147a030
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1078/0176-1617-00174
http://doi.org/10.1016/S0168-9452(98)00025-9
http://doi.org/10.1111/j.1744-7909.2009.00886.x
http://www.ncbi.nlm.nih.gov/pubmed/20021557
http://doi.org/10.1023/A:1021159130729
http://doi.org/10.1111/ppl.12976
https://onlinelibrary.wiley.com/doi/abs/10.1111/ppl.12743
http://doi.org/10.1111/ppl.12743
http://doi.org/10.1016/j.rsci.2017.05.001

Plants 2022, 11, 2836 14 of 14

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Farooq, M.; Ahmad, R.; Shahzad, M.; Sajjad, Y.; Hassan, A.; Shah, M.M.; Naz, S.; Khan, S.A. Differential variations in total flavonoid
content and antioxidant enzymes activities in pea under different salt and drought stresses. Sci. Hortic. 2021, 287, 110258. [CrossRef]
Wang, J.Z; Jin, C.; Wang, Y.P.; Chen, B.Q. Effects of salt stress on antioxidant system activity and peroxidation damage in root tip
cells of strawberry. Afr. J. Biotec. 2019, 18, 702-706.

Rubio, M.C.; Bustos-Sanmamed, P.; Clemente, M.R.; Becana, M. Effects of salt stress on the expression of antioxidant genes and
proteins in the model legume Lotus japonicus. New Phytol. 2009, 181, 851-859. [CrossRef]

Negi, N.P; Shrivastava, D.C.; Sharma, V.; Sarin, N.B. Overexpressionof CuZnSOD from Arachis hypogaea alleviates salinity and
drought stress in tobacco. Plant Cell Rep. 2015, 34, 1109-1126. [CrossRef]

Hannachi, S.; Van Labeke, M.-C. Salt stress affects germination, seedling growth and physiological responses differentially in
eggplant cultivars (Solanum melongena L.). Sci. Hortic. 2018, 228, 56-65. [CrossRef]

Kim, J; Liu, Y;; Zhang, X.; Zhao, B.; Childs, K.L. Analysis of salt-induced physiological and proline changes in 46 switchgrass
(Panicum virgatum) lines indicates multiple response modes. Plant Physiol. Biochem. 2016, 105, 203-212. [CrossRef] [PubMed]
Lin, C.C.; Kao, C.H. Proline accumulation is associated with inhibition of rice seedling root growth caused by NaCl. Plant Sci.
1996, 114, 121-128. [CrossRef]

Demiral, T.; Turkan, I. Comparative lipid peroxidation, antioxidant defense systems and proline content in roots of two rice
cultivars differing in salt tolerance. Environ. Exp. Bot. 2005, 53, 247-257. [CrossRef]

Nounjan, N.; Chansongkrow, P.; Charoensawan, V.; Siangliw, J.L.; Toojinda, T.; Chadchawan, S.; Theerakulpisut, P. High
Performance of Photosynthesis and Osmotic Adjustment Are Associated with Salt Tolerance Ability in Rice Carrying Drought
Tolerance QTL: Physiological and Co-expression Network Analysis. Front. Plant Sci. 2018, 9, 1135. [CrossRef]

Khan, H.A; Siddique, K.H.; Munir, R.; Colmer, T.D. Salt sensitivity in chickpea: Growth, photosynthesis, seed yield components
and tissue ion regulation in contrasting genotypes. J. Plant Physiol. 2015, 182, 1-12. [CrossRef]

Doganlar, Z.B.; Demir, K.; Basak, H.; Gul, L. Effects of salt stress on pigment and total soluble protein contents of three different
tomato cultivars. Afr. J. Agric. Res. 2010, 5, 2056-2065.


http://doi.org/10.1016/j.scienta.2021.110258
http://doi.org/10.1111/j.1469-8137.2008.02718.x
http://doi.org/10.1007/s00299-015-1770-4
http://doi.org/10.1016/j.scienta.2017.10.002
http://doi.org/10.1016/j.plaphy.2016.04.020
http://www.ncbi.nlm.nih.gov/pubmed/27111258
http://doi.org/10.1016/0168-9452(96)04323-3
http://doi.org/10.1016/j.envexpbot.2004.03.017
http://doi.org/10.3389/fpls.2018.01135
http://doi.org/10.1016/j.jplph.2015.05.002

	Introduction 
	Materials and Methods 
	Plant Materials and Treatments 
	Measurement of Plant Height and Biomass 
	Determination of Na+, K+ and K+/ Na+ 
	Antioxidant Enzymesactivity and MDA Content 
	Determination of Proline, Soluble Sugar and Soluble Protein 
	RNA Isolation and Quantitativert-PCR 
	Statistical Analysis 

	Results 
	Seedling Growth 
	Content of K+ and Na+ 
	Antioxidant Enzymes Assay 
	MDA Content 
	The Content of Osmolytes 
	Gene Expression Analysis Using qRT-PCR 

	Discussion 
	Conclusions 
	References

