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Abstract: Salinization is an important soil environmental problem, which severely restricts the
sustainable production of cucumbers. Therefore, how to improve the salt tolerance of cucumbers
is a global problem. Grafting improves the resistance of crops, and calcium ion (Ca*) weakens the
permeability of the plasma membrane. In this paper, grafting cucumber with NaCl-free treatment
was the control treatment (CK). Under salt stress, grafting combined different concentrations of CaCl,
and non-grafted (NG) were considered as treatments. The synergistic effect of grafting and Ca?* to
relieve salt stress on cucumber seedlings was investigated. The results revealed that grafting (G),
Ca?*, and their interaction significantly influenced plant growth, osmotic adjustment substances,
enzyme activities, and iron distribution. Under salt stress, grafting increased the absorption of
potassium ion (K*) and Ca?* in cucumber stems and leaves, but compared with NG, it significantly
reduced the accumulation of Na* in those parts by 61.58-89.40%. Moreover, supplication suitable
Ca?* content had a similar effect. Supplemental Ca?* promoted the shoot and root biomass. The
10 mM L1 CaZ* had the highest biomass, compared with CK and NG, an increase of 49.95% and
20.47%, respectively; the lowest sodium ion (Na*). The highest Ca%* accumulation in cucumber stem
and leaves was found in 10 mM L~! Ca?* treatment. Supplemental Ca?* increased free proline (Pro)
and decreased malondialdehyde (MDA) content during the entire salt stress period. At 11 days,
compared with 0 mM L~ Ca?* treatment, pro content was increased by 4.70-25.31, and MDA content
was decreased by 1.08-4.90 times, respectively. Superoxide dismutase (SOD) activity, relative growth
rate of plant height (PH), and stem volume (SV), and K*/Na* and K*/Ca?* in cucumber leaves
had significantly negative correlations with a salt damage score. The combination of grafting and
supplemental 5-20 mM L~! Ca?* relieved salt damage to cucumber seedlings. The best synergistic
effect was obtained with grafting and 10 mM L~! Ca?* treatment.

Keywords: grafting; salt stress; CaCl, concentration; osmotic adjustment substances; ion distribution

1. Introduction

Soil salinization has been a globally alarming ecological problem. According to
statistics, about 20% of cultivated agriculture lands and half of all irrigated areas are
affected by salt damage worldwide [1]. The area of saline-alkali soil constantly expands, and
soil salinization is aggravated, thereby seriously threatening food safety worldwide [2—4].
In China, 26.68 million hm? lands are exposed to salinization threats, which accounts for
25% of arable areas [5]. How to use these salinized soils, expand planting area, and increase
crop yield has become an essential issue for sustainable production and meeting people’s
food demands.

Salinity stress is destructive abiotic stress with deleterious effects on agricultural
production and ecological environment balance. Salinity causes osmotic stress and ionic
toxicity, which threaten plant growth [6-8]. Under salt stress, salt ions destroy the integrity
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of the plasma membrane of plants, intensify the peroxidation of the plasma membrane,
increase cell membrane permeability, and hinder the normal occurrence and transmis-
sion of calcium ion (Ca?") signaling [9,10]. Soil salinity induces ion or osmotic stress,
which causes water deficit, stomatal closure, and reduced photosynthesis and biomass
accumulation [11,12]. Salt stress causes the ion imbalance of plants, which restricts crop
growth and reduces crop yield [13,14]. Sodium ion (Na") is the primary ion of salt damages
for plant growth, which inhibits potassium ion (K*) and Ca?* influx into the cell from the
soil [15-17]. Most plants accumulate excessive salt ions in leaves and other organs with
an active metabolism, thereby destroying the osmotic adjustment of the cell and reducing
plant growth biomass accumulation [18].

Grafting is a primary agronomic measure in vegetable production. Grafting promotes
the tolerance of crops to abiotic stress (low potassium, low temperature, salt stress, and ion
toxicity) and reduces the yield loss [19,20]. Compared with non-grafting seedlings, grafting
increases water content and the photosynthesis of leaves and improves plant biomass and
yield [21]. Under salt stress, grafting promotes the transmission of nutrients to stems and
leaves and increases nutrient absorption and utilization of plants [22]. Grafting decreases
Na* adsorption by stems and leaves, increases K™ adsorption by leaves, and maintains
Na*/K* balance in leaves. Grafting increases the production of antioxidant and osmotic
adjustment substances and improves plant resistance to salt stress [21,23].

As the second messenger, calcium plays a critical role in plant survival under various
abiotic stresses by increasing plant stress resistance [24,25]. Calcium needed for the healthy
growth of plants becomes inadequate under salt stress, because the absorption and utiliza-
tion of Ca" in the plant is obstructed by salt ions [26]. Supplemental calcium can increase
the cell-protective enzyme activities, decrease the content of reactive oxygen species, and
alleviate the reactive oxygen species-induced damages on a plant cell caused by peroxida-
tion of the plasma membrane and membrane lipid [27,28]. Elevated Ca?* concentration
in the nutrient solution can lighten the adverse effects of NaCl by inhibiting Na™ uptake,
by maintaining K*/Na* selectivity and enriching Ca?* content in roots [29]. Moreover,
calcium can maintain membrane integrity and improve photosynthesis efficiency and PSII
activity [30]. Therefore, supplemental an appropriate calcium concentration alleviates
nutrition stress caused by inadequate Ca?* and maintains the stability of ion metabolism
in the cell.

In relation to salinity tolerance, the response of grafted trees to saline conditions was
determined. Although grafting has been extensively applied in cucumber cultivation [31,32],
there are few studies about combined grafting and supplemental calcium practices on the
salt tolerance of cucumber, and there is still a lack of sufficient scientific proof as to whether
the addition of Ca?* in combination with grafting on the pumpkin rootstock can provide
an effective way to increase cucumber salt tolerance [29].

Cucumber (Cucumis sativus L.), a major vegetable worldwide, is sensitive to salt stress
because of its shallow roots. Cucumber’s sustainable production is severely affected by the
rising secondary salinization of soil, due to continuous cropping and excessive fertilization.
In this study, we combined grafting and supplemental calcium practices under salt stress.
We aimed to do the following: (1) explore the effect of Ca?* and grafting on osmotic
adjustment substances and relevant enzyme activities; (2) reveal the effect of grafting and
Ca?* on ion distribution and salt damages for cucumber seedlings; and (3) discover the
interaction effect of grafting and Ca®* on the alleviation of salt damages. Our results
provide science-based recommendations for sustainable production of cucumber under
salt stress.

2. Materials and Methods
2.1. Site Description and Experiment Design
The study was carried out in a solar greenhouse of Ningxia University in Yinchuan,

China (32.5° N, 119.31° E). Cucumber seeds were selected from a variety widely used locally
(C. sativus cv. “Deer No. 99’) and purchased from Tianjin Derui Seeding Co., Ltd., Tianjin,
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China. Pumpkin seeds (Cucurbita ficifolia Bouché) were provided by Kunming Jingfeng
Seedlings Co., Ltd., Kunming, China. The cucumber seeds were immersed in water for 4 h
at room temperature, incubated in the dark at 28 °C for 1 day and sowed in the compound
substrate under a 12 h light/12 h dark cycle. Pumpkin seeds were immersed for 8 h at
room temperature, incubated in the dark at 28 °C for 2 days, and sown in the compound
substrate under a 12 h light/12 h dark cycle, and sown in the compound substrate when
the cucumber seedling cotyledon was flattened. Grafting was conducted when pumpkin
seedling cotyledon flattened. The grafted seedlings sown in the compound substrate and
were irrigated by freshwater during the first 14 days, cultivated in 50% Yamazaki (NH;"-N:
050 mM L1, NO; -N: 6.50 mM L1, P: 0.50 mM L1, K: 3.00 mM L1, Ca: 1.75mM L},
Mg: 1.00 mM L~1, S: 1.00 mM L) solution for 7 days, and finally grown in 50% Yamazaki
solution until the three-leaf stage. Cucumber seedlings were subjected to calcium and salt
stresses when they had three leaves; salt stresses were treated with 100 mM L1 NaCl.
Grafted cucumber seedlings without NaCl and CaCl, were used as CK. Under salt stress,
grafting combined different concentrations of CaCl, (0, 5, 10, 20, and 30 mM L1 and
non-grafted (NG) were considered as treatments, a total of eight treatments. Each treatment
had three repetitions, and each repetition had 50 plants. The nutrient solution was changed
every 2 days, and NaCl and CaCl, were replaced simultaneously.

2.2. Osmotic Adjustment Substances, Enzyme Activities, and Salt Damage Score

Five representative plants were collected from each repetition of each treatment at
0,1, 3,7, and 11 days. The functional leaves of the labeled plants were collected and
packed with aluminum foil paper and stored in liquid nitrogen immediately. The leaf
samples were used to detect free proline (Pro), malondialdehyde (MDA), soluble sugar (SS)
content, superoxide dismutase (SOD) and peroxidase (POD) activities, relative electrical
conductivity, injury degree, and salt damage score. MDA content in leaves was analyzed
by using the thiobarbituric acid method; pro content was determined by sulfosalicylic acid
method; SOD activity was assayed by the method of nitro blue tetrazolium; POD activity
was detected using guaiacol test by following the change of absorbance at 470 nm [33]. Salt
damage scores were measured from 8-12 days under salt stress and were estimated accord-
ing to the standards discussed by Zhong et al. [34]. The relative electrical conductivity and
the injury degree of the plasma membrane were assayed using an EC meter and calculated
using Equations (1) and (2) [35], as follows:

L =C1/Cy x 100% (1)
 L—Lck o
D=1— Lo X 100% )

where L indicates the relative electrical conductivity; C; and C; represent the initial elec-
trical conductivity and final electrical conductivity of leaves, respectively; D indicates the
injure degree of leaves; and L and L represent the relative electrical conductivity of leaves
in treatments and CK, respectively.

2.3. Cucumber Seedling Growth and Na*, Ca®*, and K* Distributions

Plant height (PH) and stem diameter (SD) of cucumber seedlings were measured at
0, 3,7, and 11 days under salt stress. Relative growth rates of plant height (RGR-PH) and
stem volume (RGR-SV) were calculated using Equations (3) and (4) [36], as follows:

RGR(PH) = (In(lp) — In(h1))/ (ts — 1) 3)

RGR(SV) = (ln(dzdzhg) — 1n(d1d1h1))/(f2 — tl) (4)

where h; and h; are the value of PH at ¢; and t,, respectively. d; and d; are the value of SD
at f; and t,, respectively.
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Five plants were sampled randomly from each replicate at 11 days under salt stress.
Pumpkin root, pumpkin stem, cucumber stem and cucumber leaves were separated for
the grafting cucumber seedling. Non-grafting seedlings were cut into cucumber root,
cucumber stem and cucumber leaves. Plant samples were washed with deionized water
and dried with paper. Plant samples were deactivated for 15 min at 105 °C and dried
at 75 °C for 48 h to constant weight. The dry plant samples were used to assay Na™,
K*, and Ca?*, which were estimated by flame photometry (JENWAY, PFP?), as described
by [37]. The dry shoot biomass of grafted cucumber seedlings was the sum of cucumber
stem, cucumber leaves, and pumpkin stem. The dry root weight of non-grafting cucumber
seedling was the sum of cucumber stem and leaves.

2.4. Principal Component Analysis

Principal component analysis (PCA) is a widely used statistical method that avoids
magnitude of different indicator units and improves interpretability while minimizing
information loss; the parameters were selected based on Pearson’s correlation analysis
using SPSS 20.0. The high eigenvectors contributed by the indices were selected for
PCA [38].

2.5. Statistical Analysis

Statistical analysis was implemented using Excel 2010 and SPSS 20.0. One-way
ANOVA was used to analyze the mean value. Significance analysis was performed by
Tukey analysis at the p < 0.05 level. Two-way ANOVA was used to investigate the influence
of grafting, Ca?*, and their interaction on plant growth, osmotic adjustment substances,
enzyme activities, and ion distribution. PCA was conducted to analyze the differences of
treatments, main contributing factors, and relations among various indices.

3. Results
3.1. Cucumber Seedling Growth

Shoot biomass was significantly influenced by grafting, Ca?*, and their interaction (all
p < 0.01; Table 1), and root biomass was affected by grafting (p < 0.01, Table 1). Under salt
stress, shoot and root biomass of grafting cucumber seedling ascended and reduced with
increasing supplemental Ca®* concentration under salt stress. Shoot and root biomass were
higher under the 10 mM L~! Ca?* treatment than in other treatments. Compared with CK
and NG, shoot biomass increased by 60.58% and 59.69%, and root biomass increased by
15.37% and 12.16% in 10 mM L~! Ca%* treatment, respectively. The RGR-PH was higher in
CK and 10 mM L~! Ca?*, and RGR-SV was lower in NG compared with other treatments.
The treatments (Ca?* < 10 mM L) had higher RGR-PH and RGR-SV, whereas other
treatments (Ca2* > 15 mM L~!) had the opposite trend (Figure 1).

Table 1. ANOVA of the effects of grafting (G), Ca?*, and interaction of G and Ca%* on osmotic
adjustment substance and enzyme activity-related parameters, ion distribution-related parameters,
and plant growth-related characteristics. The values shown are F-values. * p < 0.05; ** p < 0.01; ns,
not significant.

Characteristics G Ca%* G x Ca?%*

Osmotic adjustment substance and
enzyme activity-related parameters

Pro 55,759.14 ** 1620.07 ** 4880.21 *
MDA 17.86 ** 367.62 ** 78.03 **
Soluble sugar 31.27 ** 143.01 ** 85.71 **
SOD 6861.4 ** 4167.56 ** 2808.94 **
POD 83.92 ** 237.95 ** 100.22 **
Relative electrical conductivity 54,472 .57 ** 400.83 ** 390.81 **
Injury degree 26,425.11 ** 1195.94 ** 1164.35 **

Salt damage score 47 .87 ** 34.58 ** 5.35 **
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Characteristics G Ca?t G x Ca?*
Ion distribution-related parameters
Na* of pumpkin root 6631.15 ** 50.09 ** 50.09 **
Na* of pumpkin stem 477.15** 10.5° ** 10.55 **
Na' of cucumber stem 49.33 ** 16.01 ** 14.51 **
Na* of cucumber leaf 38.57 ** 40.03 ** 20.16 **
K* of pumpkin root 799.34 ** 27.21 ** 27.21 **
K* of pumpkin stem 1754.35 ** 133.78 ** 133.78 **
K* of cucumber stem 203.16 ** 39.21 ** 25.09 **
K* of cucumber leaf 23.56 ** 25.26 ** 9.11 **
Ca?* of pumpkin root 60.11 ** 2.341s 23418
Ca?* of pumpkin stem 771.85 ** 20.22 ** 20.22 **
Ca?* of cucumber stem 23.75 ** 11.11 ** 5.51*
Ca?* of cucumber leaf 4.25% 247 % 456 *
Na* of cucumber root 176.38 ** 2.48 ** 6.1 **
K* of cucumber root 184.52 ** 2.49 * 458 *
Ca?* of cucumber root 51.3 ** 2.50 1S 2118
K*/Na®" of cucumber leaf 148.21 ** 7.44 ** 4.56 **
K*/Ca?* of cucumber leaf 127.59 ** 5.66 * 3.84 *
Plant growth-related parameters
Shoot biomass 82.36 ** 73.21 ** 26.85 **
Root biomass 19.29 ** 25108 292108
Plant height relative growth rate 520.42 ** 182.97 ** 329.32 **
Stem volume relative growth rate 774.35 ** 989.66 ** 865.34 **
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Figure 1. Cucumber seedling shoot biomass, root biomass, relative growth rate of plant height (PH), and stem volume (S5V)

under grafting and Ca?* treatments under salt stress. Bars represent standard errors. Different letters indicate a significant

difference in the same parameter between treatments at p < 0.05.

3.2. Enzyme Activities and Osmotic Adjustment Substances

SOD and POD activities were significantly influenced by grafting, Ca?*, and their
interaction (all p < 0.01, Table 1). Under salt stress, the CK showed the lowest POD
and SOD activities. Moreover, the SOD activity was higher in NG than in the grafting
treatment during the early period (1-3 days), at the 7 day; compared with NG, SOD activity
significantly increased by 109.17% in 10 mM L~! Ca?* treatment. There was no significant
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difference among other grafting treatments and NG. In the later period (11 days), the
opposite trend was observed in the early period. The POD activity of NG was higher
than those of grafting treatments during the entire period under salt stress. SOD and
POD activities increased and decreased with the increase of Ca?* concentration under salt
stress. Compared with CK and 0 mM L~! Ca?*, 10 mM L~! Ca?* treatments increased
SOD activity by 56.45% and 109.17% in the 10 mM L1 Ca?* treatment at 1 and 7 days,
respectively, under salt stress. Moreover, compared with CK, SOD activity increased by
77.68% and 90.31% in 15 mM L~! Ca?* and 20 mM L~! Ca?* treatments at 11 days under
salt stress, respectively. The POD activity was higher in 5 and 20 mM L~! Ca?* treatment
at 3 and 7 days, and the effect lasted until 11 days under salt stress (Figure 2).
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Figure 2. SOD and POD activities of cucumber seeding leaves as affected by grafting and Ca®*
treatments under salt stress. Bars represent standard errors. Different letters indicate a significant
difference in the same parameter between treatments at p < 0.05.

Compared with grafting treatments, NG had lower Pro and SS content and medium
MDA content. The 30 mM L~! Ca?* treatment had the highest Pro content at 1, 3, and
7 days, they were 14.69, 2.52, and 1.22 times of CK, respectively, and 20 mM L1 Cca?*
treatment had the highest Pro content at 11 days under salt stress. The MDA content was
reduced in 10 mM L~ ! < Ca?* < 20 mM L~ treatments compared with CK and 0 mM Lt
Ca®* treatment at 1, 7, and 11 days under salt stress. The content of SS was proportional to
the time of salt stress, compared with NG, SS content increased by 121.47%, 133.67% and
17.54% in 0, 15,20 mM L~! Ca?* treatments at 11 days, respectively.

3.3. Injury Degree and Salt Damage Score

The relative electrical conductivity, injury degree, and salt damage score were sig-
nificantly influenced by grafting, Ca?*, and their interaction (all p < 0.01, Table 1). The
relative electrical conductivity of leaves was higher in NG treatment than those in grafting
treatments in the first 3 days under salt stress. Compared with 0 mM L~! Ca?* treatment,
relative electrical conductivity increased by 51.03%, 40.00% in NG treatment, at 1, 3 days,
respectively. NG had a higher injury degree than grafting treatments at the later period
under salt stress, when Ca?* concentration was less than 20 mM L~!. Under salt stress,
the relative electrical conductivity was lower in 10 and 20 mM L~! Ca?* treatments than
those in CK and 0 mM L~! Ca%* at 1,7, and 11 days. The lowest relative electrical con-
ductivity was found in 10 mM L~! Ca?* at 1 and 3 days, Compared with 0 mM L~! Ca?*
treatments, relative electrical conductivity decreased by 43.14% and 7.2% in the 10 mM L1
Ca?* treatment at 1 and 3 days under salt stress, respectively. The lowest relative electrical
conductivity was detected in 5 mM L~! Ca?* treatment at 7 and 11 days. Compared with
0 mM L~! Ca?* treatment, relative electrical conductivity decreased by 2.77%, 22.17% in
5mM L~! Ca®* treatment, at 7, 11 days. The 30 mM L~! Ca?* had the highest relative
electrical conductivity in the late stage of salt stress (Figure 3A). The injury degree increased
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with increasing salt stress time and had a positive relationship with Ca?* concentration.
Thus, 5 and 10 mM L~! Ca?* treatments reduced injury degree under salt stress (Figure 3B).
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Figure 3. Relative conductivity, injury degree, and salt damage degree of cucumber seedlings as
affected by grafting and Ca?* treatments under salt stress. Bars represent standard errors. Different
letters indicate a significant difference in the same parameter between treatments at p < 0.05.

In the first 8 days under salt stress, grafting with non-supplemental Ca?* resulted
in a lower salt damage score than NG. Salt damage score increased with time under salt
stress. Salt damage score decreased and increased with increasing Ca?* concentration.
The lowest salt damage score was obtained from the treatment of 10 mM L~! Ca?*, which
was lower by 33.55% and 37.89% compared with scores obtained from 0 mM L~! Ca?* and
NG treatments, respectively. The lowest salt damage degree score was found in 10 mM
L~! Ca?* treatment (Figure 3C).

3.4. Na*, Ca?*, and K* Content Distribution in Plants

The Na*, Ca?*, and K* concentrations in plants were significantly influenced by
grafting, Ca®*, and their interaction (all p < 0.01, Table 1). Compared with the NG, grafting
promoted the adsorption of Na*, Ca?*, and K* in plants and decreased the adsorption
of Na* by 61.58-89.40% in cucumber stem and leaves. Moreover, grafting improved the
adsorption of Ca?* and K* in cucumber stems and leaves.

Na* content of pumpkin root and stem had a positive relationship with Ca* concen-
tration. The 10 mM L~!Ca?* treatment had the highest Na* content in pumpkin root and
stem. The Na* contents of pumpkin root and stem accounted for 57.01%, 80.80%, 62.88%,
and 80.71% of the total Na* content in the 10, 20, and 30 mM L1 CaZ* treatments. Na*
content in cucumber stem increased and decreased with increasing Ca%* concentration.
The lowest Na* content was discovered in 30 mM L~ Ca?* treatment, followed by 10,
20, and 15 mM L1 Ca?* treatments. Na* contents decreased by 75.56%, 73.89%, 46.77%,
and 21.35% compared with 0 mM L~! Ca?* treatment. Generally, 10 and 15 mM L!
Ca?* treatments had a lower Na* content in cucumber leaves than in other treatments
(Figure 4A).
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Figure 4. Content distributions of Na*, Ca?*, and K* in the plant, as affected by grafting and Ca?* treatments under salt
stress. Bars represent standard errors. Different letters indicate a significant difference in the same parameter between

treatments at p < 0.05.

The lowest K* content in pumpkin root and stem was found in 20 mM L~! Ca?*
treatment, followed by 10 and 15 mM L1 Ca?*. The treatment’s K* content in pumpkin
root and stem accounted for 21.22%, 33.93%, and 41.35% of the total K* content in plants,
successively. The 0 mM L~! Ca?* treatment had the highest K* content in pumpkin root
and stem. The highest K* content was detected in cucumber stem and leaves in 20 mM L™!
Ca®*. In contrast, the lowest K* content was detected in cucumber stem and leaves in 5 and
15 mM L~! Ca?* treatments (Figure 4B).

The lowest Ca?* content in pumpkin root and stem was detected in the treatment
with 0 mM L~! Ca?*, followed by 15 mM L~!. Under these same treatments, the Ca?*
contents in pumpkin root and stem accounted for 47.70%, 57.23% and 65.54% of the total
Ca?* content, respectively. The highest Ca?* content in cucumber stem and leaves was
obtained under the treatment with 10 mM L1 Ca2*, followed by 15, 20, and 30 mM L1
Ca?* treatments. Compared with 0 mM L1 Ca?* treatment, the Ca%* content increased
by 64.21%, 23.57%, 15.16%, and 11.48% in 5, 10, 15, 20, and 30 mM L~ Ca?* treatments,
respectively (Figure 4C).

3.5. K*/Na* and Ca®*/Na* in Various Parts of Cucumber Seedlings

K*/Na* and Ca?*/Na* in cucumber leaves were significantly influenced by grafting,
Ca?*, and their interaction (all p < 0.01, Table 2). Compared with non-salt treatment, salt
stress decreased the K*/Na* and Ca%*/Na* of cucumber leaves significantly. Moreover,
compared with NG, grafting with non-supplemental Ca* increased K*/Na* and Ca?* /Na*
under salt stress. K*/Na* of pumpkin stem and root decreased and increased with the
increasing duration of salt stress, whereas Ca%* /Na* was converse. K* /Na* and Ca?*/Na™*
in cucumber leaves and stem increased and decreased with increasing Ca?* concentration.
Compared with 0 mM L~! Ca?* treatments, K* /Na* in pumpkin stem and root was lower
in the <20 mM L~! Ca?* treatments, and Ca?*/Na* was lower in the 5 mM L~ Ca%*
treatments. Cucumber stem and leaves had higher K* /Na* in 10 mM L~! Ca?* treatment
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and had higher Ca?*/Na* in 10 and 30 mM L~! Ca?* compared with 0 mM L~! Ca?*
treatment (Table 2).

Table 2. Ratios of K* /Na* and Ca?*/Na* in different parts of grafted plants and no-graft plants under salt stress. The same

letter in the same parameter and column denotes no significant difference (p < 0.05) by the least significant difference (LSD)

test. Values are means =+ standard error (SE) (n = 3).

Ion Ratio Treatment Pumpkin Root Pumpkin Stem Cuf{umber Cucumber Cucumber
oot Stem Leaf
CK 0.74 £ 0.02°2 3.35+0.02% 11.46 £+ 0.28 2 15+ 0492
NG 1.36 + 0.022 24140014 1.37 +£0.014
0 0.3+ 0.02b¢ 0.8 +0.01¢ 0.67 £0.01¢ 0.77 £ 0.01d ©f
K+ /Na* 5 0.16 +0.12 ¢ 0.42 4 0.29 «d 0.67 4 0.46 ¢ 0.58 £ 0.39 de
10 0.26 +£0.01°¢ 0.45 +0.024 3.36 + 0.08 2.07 £0.04°¢
15 0.27 £0.01¢ 0.44 +0.014 0.51+£0.01¢ 0.47 4+ 0.01 ¢f
20 0.79 £+ 0.012 0.05+0.01¢ 2214 0.0249 024001
30 0.42 +0.01" 1.61 +0.01P 476 +0.09P 421 +0.06°
CK 0.29 +£0.01°¢ 0.45 +0.012 1.99 + 0.052 12.83 + 1.06 2
NG 1.78 £ 0.022 0.5+ 0.06°¢ 1.5+ 0.054
0 0234+0.014 0.16 + 0572 023 +0.034 0.77 £0.044
e s 5 011 +0f 0.14 £0.01° 0.26 +£0.03 4 0.97 +£0.044
Ca™/Na 10 0.18 +0.01¢ 0.51 +0.012 0.46 + 0.04 ¢ 3.88 + 0.05¢
15 0.7 £0.012 0.17 £ 0.012 0.32 +0.024 0.62 +£0.014
20 0.35 4 0.02b 0.26 +0.012 0.73 +0.03P 15+0.014
30 023 +£0.014 0.4 +0.012 1.9 4+ 0.062 8.48 +£0.02b
3.6. PCA

The salt damage score was significantly negatively correlated with SOD, RGR-SV,
and Ca?"/Na* of cucumber leaves. The injury degree had a strongly negative correlation
with SOD and RGR-PH. POD had a significantly negative relationship with the Ca?*
concentration of cucumber leaves. Pro was significantly positively correlated with SS
and Ca?* concentration of cucumber leaves. The shoot biomass had a strongly positive
relationship with K*/Na* and Ca?*/Na* of cucumber leaves (Figure 5A).

PCA was calculated based on the parameters, including plant growth, enzyme activi-
ties of oxidization system, osmotic adjustment substances, Na*, Ca%*, and K* content, and
salt damage score. PC1 and PC2 explained 74.47% and 12.25% of the variance. A total of
86.72% variation was found in the two PCs. The SOD, root biomass, SS, salt damage score
had a higher weight in PC1. Ca?*, Ca?* /Na*, and K* /Na* of cucumber leaves, pro, injury
degree, shoot biomass, and RGR-PH had a higher weight in PC2. CK and 10 mM L~! Ca?*
treatment located in the IV quadrant, which was separated from other treatments. NG,
O0mML1,5mML"!, and 15 mM L~ ! Ca?* treatments were located in the I quadrant. The
30 mM L~! Ca?* treatment was located in the III quadrant, which was separated from the
other treatments (Figure 5B).
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Figure 5. Principal component analysis of osmotic adjustment substance and enzyme activity-related parameters, ion

distribution-related parameters, and plant growth characteristics. Arrow direction and length indicate correlation and

strength, respectively. Bars represent standard errors. ID, injury degree; POD, peroxidase; SOD, superoxide dismutase;
Pro, proline; SS, soluble sugar; SI, sodium ion content of cucumber leaf; CI, calcium ion content of cucumber leaf; SDS, salt
damage score; DSW, dry shoot weight; DRW, dry root weight; PSR, potassium and sodium ratio of leaf; CSR, calcium and

sodium ratio of leaf; RGH-PH, relative growth rate of plant height relative growth rate; RGH-SV, relative growth rate of

stem volume.

4. Discussion
4.1. Effects of Grafting and Ca®* on Oxidization System

Grafting is widely used to promote tolerance to abiotic stress and improves crop
productivity. Grafting alleviates salt stress, increases antioxidant activity to maintain
osmotic balance, and relieves oxidative damage to leaf cells [23,39]. This paper showed that
grafting with 10 mM L~! Ca?" treatment increased SOD activity compared with NG in the
late period under salt stress (Figure 2A). The SS content of the 15 mM L~! Ca?* treatment
increased by 17.20-99.56% compared with NG during the salt stress period (Figure 3).
Similarly, Huang et al. [40] discovered a relatively higher sugar content of tomato fruits
under grafting compared with NG. POD and SOD activities increased and decreased
with increasing Ca®* concentration under salt stress (Figure 2), probably because Ca?*
could strengthen the capacity to scavenge active oxygen and adaptation to abiotic stress
by increasing SOD and POD activities [41,42]. However, excessive Ca?* concentration
stimulates the plants” production of a large amount of active oxygen, which could destroy
the activity sites of enzymes and weaken enzyme activity [43,44]. Similar to SOD and POD
activities, MDA increased, decreased, and finally increased with time (Figure 6B), thereby
reflecting that excessive Ca?* concentration could stimulate the growth of MDA in cells
and intensify salt damage [45]. SS and pro could adjust osmotic balance of membrane
and strengthen resistance to salt stress for plants [46]. Pro and SS contents increased with
the duration of salt stress. Pro and SS contents were higher in the 10-15 mM L~! Ca?*
treatment than in other treatments (Figure 6A,C).
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Figure 6. Free proline, malondialdehyde, and soluble sugar contents of cucumber seeding leave as
affected by grafting and Ca?* treatments under salt stress. Bars represent standard errors. Different
letters indicate a significant difference in the same parameter between treatments at p < 0.05.

4.2. Effects of Grafting and Ca’* on Salt Damage Score

Salt stress-induced damage influences the growth of plants by applying an osmotic
and ion pressure [47]. The relative electrically conductive, injury degree, and salt damage
score increased with Ca?* concentrations. Moreover, those metrics were lower in grafting
with Ca®* treatments than in the CK under salt stress. The lowest injury degree and salt
damage score were found in 5 and 10 mM L~! Ca?*, but these scores were highest in 20
and 30 mM L~! Ca2* (Figure 3). A possible reason for this phenomenon is that excessive
Na* replaced Ca®* on the plasma membrane, thereby causing the loss of Ca?* and K* in
cells and resulting in salt stress-induced damages [48,49]. Another possible reason is that
H,0, and O~ accumulated in plants gradually under salt stress [50]. The appropriate
Ca?* concentration helped eliminate H,O, and O?~ in the plant cell, but excessive Ca?*
reduced the POD and SOD activities and increased HyO, and O~ accumulation. Therefore,
excessive Ca* concentration intensifies the destruction of cell membrane structure by the
electrolyte outflow and by increasing the salt damage score [51,52].

4.3. Effects of Grafting and Ca®* on lon Absorption and Distribution

The paper showed that compared with NG, grafting improved the adsorption of Na*,
Ca%*, and K* in plants, decreased the adsorption of Na* in cucumber stem and leaves, and
promoted the adsorptions of K* and Ca?* in cucumber stems and leaves. Compared with
NG, grafting reduced the adsorption of Na* by 61.58-89.40% in cucumber stem and leaves,
but increased the adsorption of K* and Ca?* by 25.21-207.21% and 0.71-102.36% in plants,
respectively (Figure 4). However, grafting had a significant influence on the accumulation
of Ca?* in cucumber leaves and affected the distribution of Ca?* in other parts of plants
(Table 1). A previous study showed that abundant Na* accumulated in the root system and
stem of NG seedlings first; this was then transported to the leaves, finally resulting in ion
toxicity [53]. Grafting could inhibit the accumulation of Na* and C1™ in the scion, which
indicated that grafting could shield NaCl ions in plant leaves and relieve damage caused by
salt stress [54,55]. In this paper, compared with non-supplemental Ca?*, supplemental Ca?*
reduced the adsorption of Na* in plants. The highest Ca?* and the lowest Na* contents
were detected in cucumber stems and leaves in the 10 mM L~! Ca?* treatment, and Ca%*
accumulation accounted for 52.30% of the total amount in plants. Moreover, supplemental
Ca?* increased the adsorption of K* and Ca?* in cucumber stems and leaves and relieved
salt damage (Figure 4). These results agree with the findings of Lei et al. [29], who also
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found similar responses of cucumber plants to salt stress, supplementary Ca?* in both the
grafted plants increased the shoot K*, Ca?* content and this phenomenon appeared to be
related with the decreased shoot Na* content. Grafting and supple-mental Ca?* changed
the distribution of salt ions to maintain the healthy metabolism of the cell; this could be
the reason why this phenomenon occurs [45]. Moreover, supplemental Ca?* could relieve
antagonism among Na*, K*, and Ca?* and reduce the competition between Na*, K*, and
Ca?*, thereby increasing the adsorption of K* and Ca?* in plants [56], and the pumpkin
rootstock-grafted plants might have higher ability to restrict K* efflux [57].

4.4. Effects of Grafting and Ca®* on Plant Growth

In this paper, shoot and root biomass were higher in the 10, 15, and 20 mM L~! Ca?*
treatments than in NG (Figure 1), probably because rootstock increased the absorption of
water and nutrition for plants by the developed root. Moreover, grafting strengthened the
production of endogenous hormones and activity of the scion of plants [58]. Supplemental
Ca?* increased shoot and root biomass, and the appropriate Ca?* concentration increased
relative growth rates of PH and SV, possibly because grafting strengthened salt resistance,
increased the absorption of nutrients, and promoted plant growth, thereby resulting in
increased plant biomass [59]. Ca?* could increase plant biomass by promoting root and
stem growth [60].

5. Conclusions

Grafting, supplemental Ca?*, and their interaction significantly influenced enzyme
activities of oxidative system and osmotic adjustment substances. Grafting and supple-
mental Ca®* also greatly influenced plant growth and ion distribution. Under salt stress,
grafting relieved the salt damages score in the early stage (8 days) and reduced injury
degree at the late phase (7 and 11 days). Grafting promoted the adsorption of Na*, Ca?*,
and K* in plants. It decreased accumulation of Na* in cucumber stem and leaves. It im-
proved the accumulation of K* and Ca?* in cucumber stems and leaves. Supplemental
Ca?* increased shoot and root biomass, and the appropriate Ca?* concentration increased
the relative growth rate of PH and SV. Moreover, supplemental Ca?* increased the accumu-
lation of Na* in pumpkin stem and root and Ca?* and K* in cucumber stems and leaves.
A comprehensive analysis showed that the combination of grafting and 5-20 mM L~! Ca?*
relieved salt damage to cucumber seedlings, and grafting and 10 mM L~! Ca?* exerted
the best synergistic effect. This study provides important suggestions to the production of
salinization areas. In addition, affected by genotype, the grafting, supplemental Ca?* and
their interactions may have certain differences among different cucumber varieties.
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ClI, calcium ion content of cucumber leaf; CSR, calcium and sodium ratio of leaf; DRW,
dry root weight; DSW, dry shoot weight; G, grafting; ID, injury degree; MDA, malondi-
aldehyde; NG, non-grafted; PCA, principal component analysis; PH, plant height; POD,
peroxidase; Pro, proline; PSR, potassium and sodium ratio of leaf; PSII, pigment system;
RGR-PH, relative growth rate plant height; RGR-SV, relative growth rate stem volume;
SD, stem diameter; SDS, salt damage score; SI, sodium ion content of cucumber leaf; SOD,
superoxide dismutase; SS, soluble sugar; SV, stem volume.
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