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Enhancing salinity tolerance in cucumber =
through Selenium biofortification
and grafting

Masoomeh Amerian'", Amir Palangi', Gholamreza Gohari? and Georgia Ntatsi®

Abstract

Background Salinity stress is a major limiting factor for plant growth, particularly in arid and semi-arid environments.
To mitigate the detrimental effects of salinity stress on vegetable production, selenium (Se) biofortification and
grafting onto tolerant rootstocks have emerged as effective and sustainable cultivation practices. This study aimed to
investigate the combined effects of Se biofortification and grafting onto tolerant rootstock on the yield of cucumber
grown under salinity stress greenhouse conditions. The experiment followed a completely randomized factorial
design with three factors: salinity level (0, 50, and 100 mM of NaCl), foliar Se application (0, 5,and 10 mg L of sodium
selenate) and grafting (grafted and non-grafted plants) using pumpkin (Cucurbita maximay) as the rootstock. Each
treatment was triplicated.

Results The results of this study showed that Se biofortification and grafting significantly enhanced salinity tolerance
in grafted cucumbers, leading to increased yield and growth. Moreover, under salinity stress conditions, Se-Biofortified
plants exhibited increased leaf relative water content (RWC), proline, total soluble sugars, protein, phenol, flavonoids,
and antioxidant enzymes. These findings indicate that Se contributes to the stabilization of cucumber cell membrane
and the reduction of ion leakage by promoting the synthesis of protective compounds and enhancing antioxidant
enzyme activity. Moreover, grafting onto pumpkin resulted in increased salinity tolerance of cucumber through
reduced Na uptake and translocation to the scion.

Conclusion In conclusion, the results highlight the effectiveness of Se biofortification and grafting onto pumpkin in
improving cucumber salinity tolerance. A sodium selenate concentration of 10 mg L' is suggested to enhance the
salinity tolerance of grafted cucumbers. These findings provide valuable insights for the development of sustainable
cultivation practices to mitigate the adverse impact of salinity stress on cucumber production in challenging
environments.
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Background

Salinity stress is widely recognized as a major constraint
for agricultural productivity in tropical and subtropical
regions. It leads to a decrease in crop productivity and
product quality, thereby posing significant challenges
to global food security [1]. Approximately 20% of arable
land worldwide is severely damaged by salinity, with the
remaining half being affected to varying degrees. There
are two forms of soil saline process. Primary or natural
salinity and secondary or human salinity. Various hydro-
logical, geomorphic and climatic factors are the primary
causes of saline soil. Secondary soil salinity is caused by
low water levels, poor water irrigation, over irrigation
with inadequate drainage, overuse of ground-water in
coastal areas and unsolvable industrial wastewater, and
Sewage with high soluble salt. In particular, secondary
salinization can stem from different human driven pro-
cesses [2]. High salinity levels in the soil can result in
osmotic balance disruption, limiting water intake and
transpiration and consequently yield [3]. The impact of
salinity stress on plant growth is complex and depends
on several factors, including the level of salinity, type of
salt, and the specific plant species involved [4].

Traditional breeding programs have been extensively
utilized to enhance crop salinity tolerance. However,
achieving commercial success has proven difficult, pri-
marily due to the complexity of this phenomenon. The
genetic and physiological traits associated with tolerance
to environmental stresses, including salinity, pose sig-
nificant obstacles in conventional breeding approaches
[5]. To address these challenges, gene transfer meth-
ods are currently employed to enhance tolerance to salt,
although achieving tolerance to multiple stresses through
gene transfer is difficult. Recently, grafting onto tolerant
rootstocks has emerged as a promising and environmen-
tally friendly technique for enhancing crop yield, offering
benefits such as resistant to pests, diseases, and environ-
mental stress [6, 7, 8,9, 10, 11 and 12].

One of the environmentally friendly ways to mitigate
yield reduction and increase resistance to soil diseases
(especially damping off) and environmental stresses in
the Solanaceae and Cucurbitaceae genotypes is to graft
them onto resistant rootstocks [8, 13]. This technique
allows plant breeders to harness the advantageous traits
of both the rootstock and scion. Rootstock can signifi-
cantly affect plant growth, yield, and fruit quality [7, 14,
15 and 16]. Numerous reports emphasize the pivot role
of rootstock selection in conferring tolerance to environ-
mental stresses, pathogens, and suboptimal soil growth
conditions. Successful grafting ensures the scion’s abil-
ity to yield high and provide products of superior qual-
ity, while the rootstock increases stress tolerance related
to the soil conditions. The interaction between root-
stock and scion plays a crucial role in determining
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scion’s tolerance to environmental stresses [17]. In
grafted plants, tolerance to salinity stress can be attrib-
uted to the accumulation of proline and total soluble sug-
ars [18], enhanced antioxidant capacity [19], and reduced
of sodium and chlorine accumulation in the scion [20].

Grafting is a reciprocal process, in which both the
rootstock and the scion affect plant’s tolerance to salin-
ity stress [21]. Studies in potato (Solanum tuberosum L.)
[22], melon (Cucumis melo L.) [23], tomato (Solanum
lycopersicum L.) [24], watermelon (Citrullus lanatus L.)
[25], and cucumber (Cucumis sativus L.) [26, 27] plants
highlighted the importance of rootstock in conferring
salinity stress tolerance in grafted plants. In tomato, how-
ever, both the rootstock and scion contribute to salinity
stress tolerance [28].

Cucumber is low-calorie vegetable rich in minerals
and phenolic compounds. As a glycophyte plant, cucum-
ber is extremely sensitive to soil salinity. Salinity stress
adversely affects cucumber growth as a result of osmotic
stress, which is followed by ion toxicity. The osmotic
stress leads to nutrient imbalances, reactive oxygen spe-
cies (ROS) production, and membrane damage thereby
reducing yield and product quality [29]. Research indi-
cates that high salinity tolerance in grafted cucumber
plants is linked to increased leaf potassium concentra-
tion [20]. Grafting cucumber onto fig leaf gourd (Cucur-
bita ficifolia Bouche L.) has shown to increase yield and
tolerance to salinity [29, 30]. However, cucumber fruit
quality and taste can be negatively affected necessitating
a careful rootstock selection to increase tolerance both
under abiotic and biotic stresses, while improving the
yield and quality of grafted cucumber fruit. Luffa (Luffa
aegyptiaca L.) has been introduced as a promising root-
stock for cucumber, demonstrating increased salt-resis-
tant and cucumber growth. According to Guo et al. [31],
this growth increase can be attributed to increased plant
height, leaf number, photosynthesis, antioxidant activ-
ity, total soluble sugars, and potassium accumulation in
aerial plant parts.

Selenium is an essential micronutrient crucial for
animal and human health as well as plant growth and
development [32]. To improve the quality of agricultural
products and mitigate Se deficiency problems in society,
the biological addition of Se, widely known as Se biofor-
tification, has gained attention [33]. The World Health
Organization (WHO) has recommended a daily intake
of approximately 55 ug Se for adults. Selenium deficiency
directly affects human health since more than 40 types of
diseases, such as Keshan 2 disease, cancer, cardiovascular
diseases, liver diseases, and cataracts, have been linked
to its inadequate levels in the human body. Plants play a
crucial role in transferring Se from the soil to the human
food chain [34].



Amerian et al. BMC Plant Biology (2024) 24:24

In plants, Se has emerged as a beneficial element that
can mitigate the adverse effects of heat stress [35], heavy
metals [36], ultraviolet radiation [37], drought [38], and
salinity [39]. According to Lan et al. [40], Se can help
alleviate the oxidative damaged induced by stress due
to the increased activity of antioxidant enzymes (per-
oxidase, catalase, etc.) and number of antioxidant com-
pounds in the body (anthocyanins, flavonoids, phenolic
compounds, etc.). Selenium is one of the essential com-
ponents of the antioxidant enzyme system aiding in the
scavenging of free radicals produced by salinity stress
conditions [40]. This leads to improved photosynthesis,
ion homeostasis and increased plant growth and yield
[41]. Moreover, appropriate levels of Se have been shown
to reduce the negative effects of salinity stress by enhanc-
ing the plant’s defense mechanism and regulating sodium
carriers [42]. As shown by Regni et al. [43], Se increased
tolerance to salinity stress in olive (Olea europaea L.)
plants, resulting in increased leaf dry weight, RWC, pro-
line content, and photosynthesis [43]. Similarly, in bean
(Phaseolus vulgaris L.), Se biofortification resulted in
enhanced shoot and root fresh weight, chlorophyll, carot-
enoid, RWC, proline, total soluble sugars, peroxidase,
and catalase enzymes when plants were exposed to a
concentration of 50 mM NaCl [44]. Additionally, foliar Se
application improved photosynthesis and water use effi-
ciency (WUE) in tomato plants under salinity stress con-
ditions, leading to increased tomato plant growth and a
reduction in oxidative stress-induced damage [45].

Because of the increasing demand for food and the
widespread occurrence of salinity-affected soils, research
on plant responses to salinity stress has rapidly expanded
in recent decades. Sustainable cultivation practices such
as grafting plants onto resistant rootstocks and biofor-
tification have been proposed as promising alternative.
Despite the extensive research conducted on grafting
of cucumber, little is known on the interactive effects of
grafting and Se biofortification. Given the relative new
subject of vegetable grafting in Iran, a study was designed
with the aim to investigate the effect of Se grafted cucum-
ber performance under salinity stress conditions.

Materials and methods

Plant materials and experimental treatments

In this study, the experimental treatments were imple-
mented in a factorial design, based on completely ran-
domized design with three replications. The research was
conducted in a greenhouse at Razi University of Agri-
culture and Natural Resources. The first factor consisted
of different salinity levels namely 0, 50, and 100 mM of
sodium chloride; the second factor was the foliar applica-
tion of Se at three levels of 0, 5, and 10 mg L of sodium
selenate, and the third factor included both grafted and
non-grafted plants. Selenium foliar application was
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performed using sodium selenate salt and was applied
simultaneously with the induction of salinity stress and
Se foliar spraying was done once. Sodium selenate was
purchased from Sigma Company.

Cucumber seeds of the Nagene variety and pumpkin
seeds were obtained from the Pakan Bazr Isfahan Com-
pany. The seeds were sown in 5 cm diameter plastic
containers with an equal mixture of soil, sand, and rot-
ten manure. Pumpkin seeds were planted three to four
days prior to cucumber seeds to ensure compatibility in
the stem diameter between the rootstock and the scion
to ensure success in grafting. After 25 days of seed culti-
vation, the Hole insertion grafting was performed as fol-
lows: the rootstock, which had cotyledon and true leaves,
was prepared by carefully removing the true leaf and
the rootstock terminal (apical) bud. A hole of 1-1.5 cm
is made in the stem center using a toothpick. The scion
plant, consisting only of cotyledons, was cut approxi-
mately 2 cm below the cotyledons. Finally, the scion was
inserted into the hole created in the rootstock. The Steps
to perform the grafting are shown in Fig. 1. Grafted plants
were then transferred to 10 L plastic pots. Subsequently,
the grafted seedlings were placed in grafting chambers
with a relative humidity of 95%, complete darkness, and
a temperature of 27-29 °C. After three days, the rela-
tive humidity was steadily reduced until it reached the
appropriate levels for optimum growth for the upcom-
ing 14 days. Once the grafted plants had acclimatized and
developed three true leaves, salinity stress was applied
by adding NaCl to the irrigation water up to the end of
the growth period. The salinity level increased gradually
to reach the desired stress level. Selenium foliar spraying
was done once and simultaneously with the application
of salt stress. Pest and disease control, plant pruning and
support for vertical growth, irrigation, and temperature
and humidity regulation were all provided for grafted
and non-grafted seedlings. The environmental conditions
of the greenhouse during the cucumber growth period
included a day temperature of 22-26 °C and the night
temperatures of 18—20 °C, light intensity 6000—10,000 1x
and relative humidity between 50 and 70%.

Morphometric parameters

The morphological features studied were plant height,
fresh weight of root, shoot and fruit, number of leaves
and fruits, single plant yield, and total yield. Fruits were
harvested three times per week between May 4 and June
20. At each harvest, the total number of fruits and weight
of fruits was recorded separately. Mean fruit weight and
total fruit yield were calculated.
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Fig. 1 The Steps to perform the grafting, Preparation of the rootstock (A), Preparation of scion (B), Placing the scion on the rootstock (C), Fusion of the

graft site (D) and Fruit formation on grafted cucumber (E)

Physiologic parameters

Photosynthetic pigments

The amount of leaf chlorophyll was measured according
to the method of Lichtenthaler [46]. Briefly, 0.1 g of fresh
tissue of cucumber leaf was homogenized with 10 ml of
80% acetone inside the mortar. The obtained homoge-
neous mixture was centrifuged for 10 min at 3000 rpm,
and finally, the upper part of the extract was separated.
The absorbance of the samples was read at 645, 663 and
470 nm using the spectrophotometric method (Kerry 100
model, Varian, America), and the amount of chlorophyll
and carotenoid was calculated in mg FW™ using the fol-
lowing formulas:

Chla (mgL — 1) = (12.7 x A663) — (2.69 x A645)
Chlb (mgl — 1) = (25.8 x A645) — (4.68 x AG63)
Chltotal (mgL — 1) = (20.21 x A645) + (8.02 x AG33)

[(100 x A470 — 2.27 x Chla — 81.4Chlb]
227

Car (mgL — 1) =

RWC

For RWC assay, the fresh leaf discs (with 1.5 cm diam-
eter) were weighted (FW), placed in a petri dish con-
taining 30 ml cool distilled water for 24 h and then their
turgid weight (TW) measured. To measure dry weight
(DW), leaf discs were dried in an oven (35 L smart
model, Shimaz Company, Iran) for 48 h at 72 °C and then
weighed. The leaf RWC was calculated as following for-
mula [47]:

RWC% =

Electrolyte leakage (EL)

The method of Ben Hamed et al. (2007) was used to mea-
sure the leakage of electrolytes [48]. Firstly, the cucum-
ber leaf segments (discs with 1.5 cm diameter) were
immersed in 40 ml deionized water and the tubes shaken
(120 rpm) immediately for 12 h under room tempera-
ture, and the electrical conductivity of the samples (EC,)
was measured with an EC meter (Jenway model, Eng-
land company). Then, they were autoclaved at 121 °C for
20 min, and after reaching 25 °C, the electrical conduc-
tivity of the samples (EC,) was measured again, and the
ion leakage percentage was calculated from the following
equation.

E—C1><100

EL =&

Proline and soluble carbohydrates
The first 0.5 g of leaf tissue was ground with liquid nitro-
gen in a mortar. Then, 5 ml of 95% ethanol was immedi-
ately added to it and shaken vigorously. The upper part
of the resulting solution was separated, and its sedi-
ments were washed twice with 5 ml of 70% ethanol, and
their upper phase was added to the previously collected
supernatant. The obtained solution was centrifuged at
3500 rpm for 10 min. After separating the liquid and
solid phases, the liquid part was kept inside the refrigera-
tor at a temperature of 4 °C.

To determine the amount of proline, 1 ml of the above-
mentioned alcoholic extract was diluted with 10 ml of
distilled water, and 5 ml of Ninhydrin reagent was added
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to it. The composition of the Ninhydrin reagent for each
sample included 0.125 g of Ninhydrin+2 ml of 6 M Phos-
phoric acid and 3 ml of Glacial acetic acid. After adding
the Ninhydrin reagent, 5 ml of Glacial acid was added,
and the resulting mixture was placed in a boiling water
bath at 100 °C for 45 min. After removing the samples
from the boiling water bath and cooling them, 10 ml of
benzene was added to each sample and shaken vigorously
until proline entered the benzene phase. The samples
were then left to stand still for 30 min. Standard solu-
tions of proline were prepared with concentrations of 0
to 0.1 umol ml™., Finally, the light absorption of standard
solutions and samples was measured at a wavelength of
515 nm with a spectrophotometer (Kerry 100 model,
Varian, America) [49].

To calculate the soluble sugars, 0.1 ml of the alcoholic
extract was added to 3 ml of freshly prepared anthrone
(150 mg of anthrone+100 ml of 72% sulfuric acid). It was
placed in a boiling water bath for 10 min. At this time,
a colored substance was formed. Glucose standards
were prepared from 0 to 0.1 pumol ml™. Finally, the light
absorption of standard solutions and samples was read
with a spectrophotometer (Kerry 100 model, Varian,
America) at a wavelength of 625 nm [50].

Total phenol and flavonoid content

To prepare methanolic extract, 0.5 g the fresh tissue of
the leaf was crushed well in a mortar in the presence of
3 ml of 85% methanol and then smoothed. This metha-
nolic extract was used to measure total phenol and
flavonoids.

The amount of total phenol was determined using
Folin—Ciocalteu reagent [51]. In this method, 300 ul of
methanolic extract was mixed with 1500 pl of diluted
folin solution (10:1 ratio with distilled water). After keep-
ing it for 8 min at 25 °C, 1200 pl of 7% sodium bicarbon-
ate solution were added. After 90 min of shaking on a
shaker at a speed of 120 rpm at room temperature and
in the dark, the absorbance of the samples was measured
with a spectrophotometer at a wavelength of 765 nm
(model Kerry 100, Varian, America). Using the standard
curve of gallic acid, total phenol was calculated as mg of
gallic acid g FW.

The amount of total flavonoid was measured by the
aluminum chloride calorimetric method [52]. Fifty pl
of methanol extract was mixed with 10 ul of aluminum
chloride (10%), 10 pl of potassium acetate (1 M), and
280 pl of deionized water. After vortexing, the samples
were kept at room temperature for 40 min. The absor-
bance of the samples was read at a wavelength of 415 nm
with a spectrophotometer. Total flavonoids were calcu-
lated in mg of quercetin g”! FW using the quercetin stan-
dard curve.
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Total protein content

The Bradford method [53] was employed to determine
the amount of soluble proteins. For this purpose, 0.5 g of
fresh leaves was mixed with 6.25 ml of extraction buffer
solution and kept for 24 h. To prepare 1 L of extraction
buffer solution, 121.4 g of Tris was dissolved in 1 L of dis-
tilled water, and the acidity of the solution was changed
to 6.8 by normal hydrochloric acid until the desired buf-
fer solution was obtained. After the mentioned period,
the leaves were wholly ground in a mortar and then cen-
trifuged at 6000 rpm for 20 min. Then, the sampler took
0.1 ml of the centrifuged upper solution, and 5 ml of Bio-
Rad reagent was added to it. 100 mg of Coomassie Bril-
liant Blue —250 was mixed with 50 ml of pure ethanol to
prepare the reagent, and then it was brought to a volume
of approximately 800 ml with distilled water and filtered.
Finally, the volume of the filtered solution was increased
to 1000 ml with 100 ml of pure phosphoric acid and dis-
tilled water. The resulting solution was placed in a spec-
trophotometer (Kerry 100 model, Varian, America) along
with the extraction buffer solution, and its absorbance
was read at a wavelength of 595 nm. To prepare the stan-
dard solution, 100 mg of bovine albumin was dissolved
in 1 ml of extraction buffer and then made up to 1000 ml
with distilled water. Then, a standard of 10 to 90 ppm was
prepared from the solution, and its absorbance was read
with a spectrophotometer at the mentioned wavelength.

Antioxidant enzyme activities

Enzyme extract was first prepared to measure the activ-
ity of antioxidant enzymes. Briefly, the frozen leaf tissue
was first ground in a mortar in the presence of liquid
nitrogen, and 0.1 g of it was added to a plastic tube con-
taining 1 ml of extraction buffer and mixed. The sample
was passed through a strainer, and the prepared extract
was centrifuged for 15 min at a speed of 10,000 rpm at
a temperature of 4 °C and the clear supernatant solution
was slowly separated; the resulting solution was used to
measure the activity of each of the antioxidant enzymes
as described below.

To determine the activity of the catalase enzyme, first,
50 pl of plant extract was mixed with 3 ml of extraction
buffer containing 50 mM sodium phosphate (pH 7.8) and
2 mM ethylenediaminetetraacetic acid (EDTA). The reac-
tion of catalase enzyme was started by adding 5 pl of 30%
hydrogen peroxide to this mixture. The changes in optical
absorption of the samples were recorded at a wavelength
of 240 nm for 10 min. Each unit of catalase enzyme activ-
ity was considered the amount of enzyme that reduces
1 pl of hydrogen peroxide per minute. The amount of
enzyme activity was expressed as units per mg of leaf
protein. Each unit of CAT activity was considered as the
1.0 ml enzyme that reduces 1.0 pmol H,O, min™ [54].
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Peroxidase enzyme activity was measured by spectro-
photometry [55]. The first, 3 ml of extraction buffer (50
mM sodium phosphate (pH 7.8) and 2 mM ethylenedi-
aminetetraacetic acid (EDTA) was poured into both con-
trol and sample cuvettes to start the peroxidase enzyme
reaction. Five pl of 30% hydrogen peroxide and 5 ul of
glycol were added to them. These two cuvettes were
placed in the spectrophotometer, and the number read
became 0. Then, 50 pl of plant extract were added to the
sample cuvette, and the changes in light absorption of
the samples at 465 nm wavelength, which indicates the
degree of degradation and decrease in H,0, concentra-
tion, were recorded every 10 s for 120 s. Each unit of per-
oxidase enzyme activity was considered as the amount of

enzyme that reduces 1 ul of H,0, ml™* min,

Sodium and potassium concentration

After washing, the leaf samples were dried, placed inside
the envelope, and placed in an oven at 72 °C for 48 h.
After drying, the samples were milled, then 0.2 g of the
milled samples were poured into the test tube, and 2 ml
of concentrated nitric acid was added to them and placed
in a water bath at 60 °C for 60 min. After 60 min, the
temperature was increased to reach 100 °C and kept at
this temperature for 90 min. After cooling down the test
tubes containing the samples to the laboratory tempera-
ture, 0.2 ml of 37% hydrogen peroxide was added to the
samples, and the samples were left for 30 min to com-
plete the reaction. After 30 min, the samples were filtered
and their final volume was diluted to 25 ml by distilled
water. This extract was used to measure sodium and
potassium elements by the flame photometer (450G elec-
tronic flame photometer) [56].

Statistical analyses

The experimental treatments were implemented facto-
rial, based on completely randomized design with three
replications containing two vines per each replicate. Data
were analyzed with SAS (9.1) statistical software. Mean
comparisons were performed with Duncan’s multiple
range test at the 5% level of significance. All data were
presented as mean=standard deviation.

Results

Morphometric parameters

Salinity, Se, and grafting significantly affected the growth
characteristics of cucumber. The highest plant height
(345.100 cm), fresh plant weight (135.833 g), fresh root
weight (47.933 g), number of nodes (61.777), number of
fruit (59.700), fresh fruit weight (72.733 g), plant yield
(4342.2 g) and total yield (614.60 g m™) were observed
in grafted cucumbers with a concentration of 10 mg L
of sodium selenate and 0 mM of NaCl (Table 1). Salin-
ity, Se and grafting had no significant effect on plant and
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root dry weight. According to the obtained results, Se has
improved the effects of salinity in transplanted plants so
that in all three levels of salinity stress, the growth char-
acteristics and yield of cucumber increased significantly
with the increase of Se.

Physiological characteristics

Physiological traits

The results showed that salinity and Se significantly
affected the amount of photosynthetic pigments in
cucumber leaf. Unlike Se, salinity harms the amount of
photosynthetic pigments in cucumber leaf. The high-
est amount of chlorophyll a (4.966 mg g™ FW), chloro-
phyll b (1.936 mg g'! FW), total chlorophyll (6.933 mg g™
FW), and carotenoid (0.596 mg g FW) was observed in
the treatment of 0 mM of NaCl along with 10 mg L of
sodium selenate. With increasing Se concentration, the
amount of photosynthetic pigments in cucumber leaf
increased in all three levels of salinity stress compared
to the control. At the same time, with the increase of Se
concentration in non-salinity conditions, the number of
photosynthetic pigments increased (Table 2).

Proline

According to the results (Table 3), with increasing levels
of salinity stress and Se, the proline content of cucumber
leaf increased compared to the control. The highest con-
tent of proline (32.667 mg g FW) was found in grafted
cucumber and 100 mM of NaCl along with 10 mg L of
sodium selenate.

Soluble carbohydrates

The amount of soluble carbohydrates increases as salin-
ity and Se levels increased. Only in the highest salinity
stress and Se level did the results (Table 3) show a signifi-
cant difference between grafted and non-grafted cucum-
ber plants. The highest amount of soluble carbohydrates
(13.666 mg g! FW) was observed in grafted cucumber
and 100 mM of NaCl along with 10 mg L™ of sodium
selenate.

Total protein

In grafted and non-grafted cucumber, with the increase
of Se and salinity level, the amount of total protein
increased, which was significantly different from the con-
trol treatment. Thus, the highest amount of total protein
(18.666 mg g! FW) was observed in grafted cucumber
with 100 mM of NaCl along with 10 mg L of sodium
selenate.

Total phenol and flavonoid

With increasing Se concentration, the total phenol con-
tent of cucumber leaf increased under salinity stress con-
dition. The highest amount of total phenol (1.090 mg g™
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Table 2 Mean comparison of effect different levels of salt stress and Se on photosynthetic pigments cucumber leaf. Means+SD (n=3)
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Salt stress (mM)  Sodium selenate (mg  Chlorophylla (mg g™’ Chlorophyll b (mg g™’ Total chlorophyll (mg Carotenoid
L FW) FW) g 'Fw) (mgg~"FW)
0 4266+0.13° 1300+0.15° 6.300+0.08° 0.550+0.008°
0 5 4666+0.13° 1.600+0.08° 6.633+0.13° 0.576+0.005°
10 4966 +0.05° 1.936+0.10° 6.933+0.05° 0.596 +0.005°
0 2.966+0.18f 0616+0.04' 5033+0.13 0.486+0.005
50 5 3.500+0.08° 0.936+001° 5600+0.17¢ 0.503+0.005¢
10 3.900+0.08¢ 1.070+0.01¢ 6.000+0.08 0.526+0.005°
0 1423+0.14 0.286+0.05" 1.773+0.29 0406 +0.005'
100 5 2.100+0.08" 0413+0.039 4033+0.13" 0430+0.008"
10 2.500+0.179 0.506+0.029 4633+0.139 0463+0.019

Means indicated with similar letters in columns do not differ significantly at the 5% level

FW) and total flavonoid (3.966 mg g! FW) were in the
treatment of 100 mM of NaCl and 10 mg L™ of sodium
selenate of grafted plants, significantly different from the
control treatment (Table 3).

Antioxidant enzymes

With increasing Se concentration and salinity stress,
catalase and peroxidase enzymes activity increased
(Table 3). The results show no significant difference
between grafted and non-grafted plants at the lowest
and highest concentrations of Se and salinity stress. Still,
grafted cucumbers had higher catalase and peroxidase
enzyme activity under salinity stress conditions than
non-grafted plants (Table 3).

RWC

According to the results of mean comparison of effect
different levels of salinity and Se on RWC cucumber
leaf (Fig. 2), unlike salinity, Se increased the amount of
RWC. The highest amount of RWC (78.77%) was in the
treatment of 0 mM of NaCl and 10 mg L™ of sodium sel-
enate (Fig. 2). According to the obtained results, in the
condition of salt stress, with the increase of Se level, the
amount of RWC increased.

EL

The results mean comparison of effect different levels of
salinity and Se on EL cucumber leaf show that, contrary
to Se, salinity has increased the amount of EL in cucum-
ber leaf. The maximum amount of EL of cucumber leaf
(92.37%) was in treating 100 mM of NaCl and 0 mg L! of
sodium selenate (Fig. 3).

Sodium and potassium concentration

The amount of potassium decreased as salinity stress
increased, but the amount of sodium increased. Selenium
reduced the quantity of sodium while increasing the
amount of potassium in cucumber leaf and root (Table 4).
The highest amount of potassium in leaf (20.566 mg g
DW) and root (32.523 mg g DW) of cucumber was in

treating 0 mM NaCl with 10 mg L™ sodium selenate. In
contrast, the highest amount of sodium was observed in
treating 100 mM of NaCl and 0 mg L™ of sodium selenate
(Table 4).

Discussion

Salinity seriously threatens agricultural and horticul-
tural crops, leading to reduced growth and yield. Growth
is directly related to plant productivity and yield. As a
result, it has been widely recognized as a critical indica-
tor in most physiological research. Salinity decreases
turgor pressure and DNA synthesis by inducing osmotic
stress, ion imbalance, and ion toxicity [45]. All salinity-
induced changes in plant metabolism, which include
physiological and biochemical processes such as photo-
synthesis, ion homeostasis, and antioxidant activity, lead
to reduced growth [57].

Salt stress has reduced the growth characteristics of
grafted and non-grafted cucumbers. In this study, the
height and fresh weight of cucumber plant and fruit
decreased under salt stress compared to the control
(Table 1). The weight loss of air parts under salinity stress
conditions can be due to the accumulation of harmful
ions such as chlorine and sodium, which are detrimen-
tal or cause disturbances in the absorption of water and
other minerals. Also, salinity increases the amount of
energy required to maintain the cell’s standard condi-
tions, and as a result, less energy is left for growth needs
[58]. Under salinity stress conditions, the absorption
and transfer of water and minerals from the roots to the
leaves decrease. The plant reduces its photosynthetic
level by reducing the number and surface of the leaves,
which also reduces the plant’s photosynthetic capac-
ity [59]. According to the results of this research, salin-
ity stress, by lowering RWC leaf and causing ion toxicity,
led to a decrease in the growth characteristics, yield and
yield components of cucumber, which is consistent with
the results of Semida et al. (2021) in onion (Allium cepa)
and Karaca et al. (2023) in tomato [60, 61].



Page 9 of 16

(2024) 24:24

Amerian et al. BMC Plant Biology

|9A3] %S dY3 e AJuedYIUBIS J9HIP 30U OP SUWN|OD Ul SID333] Je|IWIS YHM P3edIpuUl SUBS|A

288'C+0000C!L FE0FIO LS 2C00F996°¢ 2S000F060'L 7€0F99981 o/ L'0F999°€¢!L 0¥ 0F/99CE bunjein ol
qLS0FEEEE0!L 2£C0F00805 eS00FE68°E ql00F€C80 gll0FeeesL qS00+9clel ¢8C'0+0009¢ Bunyein-uoN
S88CF/99G6 qLS0F 99/ 61 qC00F€L9€ pl00F99L0 SPE0F999°6GL SSO0Fo0r L L SLS0FEEELT bunjei S 001
5.50F 00576 q8C0F0SL6Y ql00F0C9¢€ pp00F0EL0 peC0F008YL pl LOFOVLLL 5CL'0F0000C Bunyein-uoN
5L50F0S4°C6 5/50F004'8% p0L0FCHSE o> L00F00£0 S0P 0F00L YL 5pS00F0SL0L 501'0F05961 Buiyern 0
prEL L FEEE06 p00'0F99C LY 5p800F 0L € 1p5000F099°0 8C0F009°€L RECOTFEEE0L prEC0F00061 Bunjein-uoN
opLS0F /9958 50£'8F00C' Sy SP00FILY'E 5,¢00F9¢90 JLL0F006CL 5,700 F006'6 5p000F 00061 Buiyern oL
10ETFEEETC8 5L L'0F990G LO0F€E8CE 5100F9850 50V 0FEECTL 5/00FEE96 pECOFEELBL Bujein-uoN
5L L FEEEEL OV 0F99r' ey s700F98L'E 46S000F9150 4ZL'0F00CLL 4700 F00r'8 a7 LFLOLLL bunjein S
yslLSOFEEELL 6 7999 Ly sLO0F9CLE 465000+ €050 yZL'0F0080L yl0'0F990°8 p8CO0FL9LGL Bunyein-uoN 0S
4eS L L FEEESL y8COFEEE DY 4e0'0+086'C 4lO0FE8¥0 18COFEEEOL 1€00F00LL 1PE0F00V 7L bunjei 0
WLSOFEEEEL LSOFEEEBE 4€0'0F006'C ylO0F0SY0 £1'0F0086 wSO0FEEY L RLLIOF008°€EL Bunyein-uoN
1SY'EFEEEB9 O0¥'0+008'2¢ S00F96/4C 161°0F96€0 4£S0F008'8 wlS0F000L 0SLF296CL Buiyern o]
9601 FEEEH9 LLI0OFEELLE S000+€0LC 4ir00F9LED wLG0F99C8 wSLOFEELD BLUSFLOLTL Bunjein-uoN
4LSOFEEEES 40P 0F9919¢ 4LO0FEESC sCO0FEVED LS0F008L w0L'0F99€9 sSLLFELLS Bunyein S 0
wLSOFEEE DY LL0F9L'SE 70 0F08Y'C wyL00F96C0 wEC0FEELYL 0u91'0F0019 s000F€LEL Buyein-uoN
wSLLF£99SY wb90F999°Ce SO0F06€C wl00F09C0 uLL'0OF 9979 doS0'0F998'S s67'0F 0807/ Buigern 0
wlS0F000° ey w9’ 0+000CE w000F0L1C wlO0FEECO oLL'0F999°G dEC0FEESS 5000+ /899 Bunjei-uoN
(u9y04d (.1
,-Bwyun) (um301d | _Bw (m4,-b (m4,_6 (M4 ,_b bw) (M4 ,_b Bw) (M4 bw) ajeusjes
9sepixoldd jun) asejeje)  bw) piouoae|{ bHuw) jousyd |eyo) ul3)04d |e30L siebns a|qnjos B Bw) auijoud buiyyein wnipos (Ww) ssaas 3jes

(€ =U) QS FSUea\ Jes| Jaquindnd saIsiialoeIeyd [ed160j0IsAYd awos Uo Bbupjelb pue a5 ‘ssalis 3es JO S|9AS] JUSISHIP 10949 JO uostiedwod Uea|y € ajqel



Amerian et al. BMC Plant Biology (2024) 24:24 Page 10 of 16

90 -
80 -
70 1

W
o
1

RWC (%)
&

20 A
10

/A

(SIS SSSS SIS s ©
/A
WAL S SIS s =
/B

/A
SIS SSL,
/A
LASSSSSSS S o o

S1Sel S1Se2  S1Se3  S2Sel  S2Se2  S2Se3  S3Sel  S3Se2  S3Se3
Different levels of salinity (mM) and Se (mg L)

Fig.2 Mean comparison of effect different levels of salinity and Se on RWC cucumber leaf. S,, S, and S; respectively: 0, 50, and 100 mM of NaCl and Se;,
Se, and Sej; respectively: 0, 5,and 10 mg L' sodium selenate

100 ~

90 - . sgc
W
0 NS Y Y Y
- N N
§70-g \'Q '§ é % % §
B NN ENENENENINIR
Y XY Y X Y Y Y Y N
¥ ¥ ¥ ¥ § ¥ ) © O
“« ¥ § ¥ Y N Y ) Y N
¥ ¥ Y ¥ Y § ) § O
1Y Y X Y Y Y Y Y N
N X ¥ Y Y Y Y Y N
2/ X X X X X X Y N

N ¥ ¥ Y N Y N
BINENENENENENE N R
0 LN N N N N N N N\ N

S1Sel S1Se2 S1Se3 S2Sel S2Se2 S2Se3  S3Sel  S3Se2  S3Se3
Different levels of salinity (mM) and Se (mg L)

Fig. 3 Mean comparison of effect different levels of salinity and Se on EL cucumber leaf. S;, S, and S; respectively: 0, 50, and 100 mM of NaCl and Se;, Se,
and Se; respectively: 0, 5, and 10 mg L' sodium selenate

Table 4 Mean comparison of effect different levels of salt stress and Se on sodium and potassium concentration cucumber root and
leaf. Means+SD (n=3)

Salt stress (mM)  Sodium selenate (mg Leaf potassium (mgg~'  Root potassium (mgg~'  Leaf sodium (mg g™’ Root sodium
L DW) DW) DW) (mg g~ DW)
0 16.796+0.24° 20.250+2.18° 1.260+0.05° 25616+1.189
0 5 18210+042° 28510+0.83° 1.116+0.149 20.126+0.33"
10 20.566+0.89% 32523+2.22° 0.930+0.529 17.700+0.80'
0 15.343+0.23¢ 16.173+0.87¢ 2.036+0.05° 36.363+0419
50 5 15.850+0.17% 17.086+0.18% 1.713+0.22¢ 30.973+1.49°
10 16.313+0.16 17.793+0.50¢ 1436+0.04° 28.726+194'
0 12093+0.71" 8260+047" 3.140+0.11° 44796+ 045
100 5 13.113+0.379 9.766+0.349 2486+0.02° 43.260+0.36°
10 14643 +043 13393+1.31f 2.186+0.03° 41180+ 1.03°

Means indicated with similar letters in columns do not differ significantly at the 5% level
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Similar to the outcomes shown in cucumber [62] and
garlic (Allium sativum L.) [32], under salinity stress con-
ditions, foliar application of Se (10 mg L' sodium sele-
nate) improved vegetative traits compared to the control
treatment. Transferring them to the roots through water
and nutrient elements absorption, the osmotic balance is
essential in plant tolerance to salinity stress conditions,
which is associated with increasing plant growth charac-
teristics [63]. Under salinity stress conditions, Se causes
an increase in the RWC, which leads to more water
retention in the tissues. Under salinity stress, Se can be
said to increase the absorption of macronutrients like
magnesium, potassium, phosphorus, and nitrogen while
decreasing the absorption of sodium. It also increases
proline levels, RWC, and the activity of antioxidant
enzymes [64], thereby resulting in enhanced cucumber
yield (Table 1).

Cucumber is sensitive to salinity; thus, identifying
salinity-tolerant rootstock appears to be critical. Pump-
kin has shown more tolerance to environmental stress
than cucumber [65]. According to the results (Table 1), no
significant difference was observed between grafted and
non-grafted cucumbers in the treatment without salin-
ity stress. Still, at high levels of salinity stress, the growth
characteristics studied in grafted plants were higher than
non-grafted plants; this shows the positive effect of graft-
ing and using pumpkin rootstock under salinity stress
conditions and follows the results obtained in the pepper
(Capsicum annuum L.) [66]. According to the conducted
studies, grafting can affect water absorption and nutrient
elements [67, 68]. In the present study, grafting and foliar
application of Se improved the growth characteristics
of cucumber under salinity stress conditions. In salinity
stress conditions, grafting tomato on eggplant (Solanum
melongena L.) has improved tomato fruit’s physiological
condition and vyield. Eggplant as a rootstock increases
the amount of proline and antioxidant enzymes, includ-
ing catalase, and decreases the amount of sodium in
grafted plants [69], according to what was observed in
our research. Grafting tomato on potato under salinity
stress conditions increased the yield of tomato fruit. The
interaction between the rootstock and scion can increase
the scion’s growth and biomass and also play a role in the
distribution of assimilates between the source (leaf, stem,
and root) and the sink (fruit) [18]. Rootstock will play an
important role in fruit yield and growth, and there are
many reports on increasing tolerance to environmental
stress in grafted fruit trees. At the same time, pumpkin
rootstock and Se were tested for the first time for cucum-
ber salinity tolerance increase (Table 1). Pumpkin root-
stock and Se significantly increased plant height, number
of leaves, and fruit yield of grafted cucumber, which can
be attributed to the increase of compatible osmolytes
(proline, total soluble sugars), antioxidant enzymes, and
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reduction of sodium absorption and transport under
salinity stress conditions. Some studies employed foliar
Se application and grafting to increase tomato fruit
growth, yield, and quality. According to the results, graft-
ing with 2 and 4 pg L of Se resulted in increased cherry
tomato yield and nutritional compounds [70].

In salinity stress conditions, Se has increased the
amount of photosynthetic pigments, consistent with the
results of Hawrylak-Nowak (2009) in cucumber plants
[71]. In garlic, by applying 8 mg L of sodium selenate
under salinity stress conditions the amount of chloro-
phyll and carotenoid was increased [32]. The reduction
of photosynthetic pigments under salinity stress condi-
tions has been reported in various plants [72], which
can be due to the accumulation of sodium ions in chlo-
roplasts, the deterioration of chloroplast and thylakoid
membranes, the reduction of enzymes responsible for
the synthesis of photosynthetic pigments, the reduction
of the stability of pigment-protein complexes due to the
presence of ions, the prevention of new chlorophyll bio-
synthesis due to the synthesis of more proline, the lack of
magnesium and potassium ions - as the main elements in
the synthesis of chlorophyll, the reduction of the ratio of
potassium to sodium, the attack of ROS caused by oxida-
tive stress and peroxidation, the decomposition of chlo-
rophyll and the activation of the chlorophyllase enzyme,
and finally the reduction of the content of chlorophyll
[73]. The foliar application of Se can increase the content
of chlorophyll and carotenoids in the leaves of plants sub-
jected to salinity stress conditions by reducing oxidative
tension and preventing the destruction of chlorophyll
molecules. Carotenoids have a protective role against
oxidative stress and are also effective in detoxifying chlo-
rophyll and reducing the toxic effects of free radicals [74].

Carbohydrates, under stress conditions, in addition
to playing a role in osmoregulation, also have a protec-
tive role against oxidative stress through free electrons
in their structural rings [75]. It appears that using Se to
increase soluble carbohydrates production is a viable step
in plant protection against oxidative stress. Basil (Oci-
mum basilicum L.) has also shown a rise in soluble car-
bohydrates under salinity stress conditions [76].

The findings showed that grafting positively affected
the amount of proline in cucumber leaves under salinity
stress conditions so that the highest amount of proline
was in the grafted cucumber and the treatment of 0 mM
of NaCl with 10 mg L™ of sodium selenate. These findings
were consistent with those obtained in tomato [77] and
pepper [66]. Proline is one of the compatible substances
most plants produce under stress conditions and helps
maintain osmotic balance. In fact, the increase of pro-
line in plants under salinity stress is the plant’s reaction
to reducing water potential in the root environment [78].
By lowering the osmotic potential of root cells, proline
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creates water and nutrient absorption conditions. At the
same time, proline induces the transcription of salinity
stress-resistant proteins so that the plant tolerates salin-
ity stress conditions [79]. Raising the proline level with
foliar Se application may help plants resist salinity stress
by enhancing the antioxidant defense system. Under
salinity stress conditions, Se leads to increased accumu-
lation of some compatible osmolytes, including proline
and total soluble sugars [80]. According to our results, Se
increased the amount of chlorophyll a and b, proline, and
catalase enzyme activity in salinity stress in garlic plant
[32].

According to the findings (Table 3), salinity and Se
positively affected total soluble protein in grafted cucum-
ber leaf compared to control plants. The highest amount
of cucumber leaf protein was observed in the treatment
of grafted plants with 100 mM of NaCl and 10 mg L™
of sodium selenate (Table 3). Selenium enhances the
amount of proteins under salinity stress conditions by
protecting proteins with sulthydryl groups and stimulat-
ing the nitrate reductase enzyme gene transcription [81].
Under salinity stress conditions, Se enhanced the amount
of protein and soluble carbohydrates in wheat (Triticum
aestivum L.), according to the studies [41].

According to the results of comparing the averages
(Table 3), in high levels of salinity stress and Se, no sig-
nificant difference in the flavonoid content of cucumber
leaf was seen between grafted and non-grafted plants.
While with increasing Se concentration and salinity
stress, the flavonoid content of cucumber leaf increased
(Table 3). Phenolic compounds are essential in inhibiting
lipid peroxidation and scavenging free radicals. In salin-
ity stress conditions, the increase of phenolic compounds
is directly related to the production of free radicals. The
rise in phenolic compounds under salinity stress condi-
tions is a plant stress-resistance mechanism [82]. At the
same time, the increase of phenolic compounds under
salinity stress conditions is associated with an increase
in the production of lignins, which helps to increase the
plant’s resistance to stresses [83]. Under salinity stress
conditions, Se can play a protective role by activat-
ing the production of the phenylalanine ammonia-lyase
enzyme, which is necessary for producing phenolic com-
pounds, and lead to an increase in phenolic compounds
[84]. According to the results, Se has increased proline,
total phenol, flavonoid, and antioxidant enzymes in ste-
via (Stevia rebaudiana Bertoni) under salinity stress [85].
Flavonoids are essential because of their role in non-
enzymatic defense systems. The amount of flavonoids is
significantly affected by environmental conditions. When
a plant detects stress, its defensive mechanism, which
includes flavonoids, is activated and strengthened to deal
with the stress [78].
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Selenium and salinity stress positively affected peroxi-
dase enzyme activity (Table 3). The maximum amount of
peroxidase enzyme activity was detected in the grafted
plants with the highest Se concentration and salinity
stress. That exhibited a significant difference from the
control treatment. The antioxidant system helps pro-
tect cells against free radicals. In this study, the activity
of antioxidant enzymes such as catalase and peroxidase
increased under salinity stress conditions and foliar
application of Se (Table 3), following the results obtained
in the Stachys byzantina (Stachys byzantine L.) [86].
Environmental stresses are associated with oxidative
stress and increased production of ROS, which destroy
membranes and peroxidation of lipids. ultimately caus-
ing the leakage of materials the cell and cell death. Plants
can clear these free radicals against oxidative stress using
their antioxidant system, which includes ascorbate per-
oxidase, catalase, superoxide dismutase, peroxidase, and
non-enzymatic antioxidants like ascorbate, glutathi-
one, and alphatocopherol, according to the findings of
this study [78]. By increasing the activity of antioxidant
enzymes, Se causes the removal of active oxygen and, as a
result, reduces the oxidation of lipids in membranes and
the surface of malondialdehyde [87]. Selenium suppresses
the enzymes glutathione peroxidase and hydrogen perox-
ide, then the enzymes ascorbate peroxidase, catalase, and
glutathione reductase clean up the hydrogen peroxide
residues [88].

The highest RWC of cucumber leaf was seen in the
highest concentration of Se (10 mg L™ sodium selenate)
in all three degrees of salinity stress. Selenium increased
the RWC of cucumber leaf under salinity stress condi-
tions (Fig. 2). Measuring the RWC is one indicator that
estimates the plant’s resistance to salinity stress. Salinity
lowers the cultivation bed’s water potential, affects the
volume of water the cucumber roots can absorb, and ulti-
mately lowers the RWC. Selenium helps to maintain the
osmotic pressure of cucumber in salinity stress by pro-
ducing compatible osmolytes. The production of compat-
ible osmolytes reduces the osmotic pressure inside the
cell, which helps keep the water inside and prevents the
cell from drying out. By helping to absorb water from the
soil solution, it increases the water pressure and the rela-
tive amount of RWC [89].

In all three concentrations of salinity stress, with
increasing Se concentration, the amount of electrolyte
leakage of cucumber leaf has decreased (Fig. 3). In salin-
ity stress, electrolyte leakage decreases as antioxidant
activity increases, and Se reduces electrolyte leakage by
protecting cell membranes [90]. Because the cell mem-
brane is a primary target in many environmental stresses,
including salinity, membrane stability under stress condi-
tions is one of the indicators of tolerance [91]. Therefore,
measuring the amount of electrolyte leakage is one of the
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good indicators for measuring the amount of oxidative
damage to the membrane. Due to the cytoplasmic mem-
brane’s vulnerability, the cell’s contents leak out, and the
amount of this damage is determined by measuring elec-
trolyte leakage [92].

The fundamental strategy for regulating solute accumu-
lation in the plant is reducing sodium transport from the
root to the air organ and absorbing more potassium than
sodium. Salinity lowers potassium levels in cucumber
plant root (Table 4); indeed, one of the harmful impacts
of salinity is the disruption of potassium absorption. The
reduction of potassium absorption due to the presence of
the competing sodium ion is due to the similarity of the
size of the hydrated radius of these two ions [62]. As a
result, their transfer proteins are misdiagnosed. Because
of the presence of high levels of sodium in the surround-
ing environment of the roots during salinity stress, in
addition to disrupting potassium absorption and causing
damage to the root membranes, the selective selection of
these membranes also changes [93]. Potassium is one of
the most abundant elements in plants, and it is required
to form proteins, enzymes, and photosynthesis. It plays a
role in regulating osmotic potential, and with increasing
pH and sodium, its availability for plants decreases [91].
Under condition of salinity stress, Se increases potas-
sium. It decreases the amount of sodium in the seedling
index by binding sodium to the root cell wall, reducing
salinity stress damage. Sodium ion blocks potassium ion
transport channels on the membrane surface, while Se
can affect gene expression of sodium transporters and
hydrogen pumps. The appropriate Se concentration can
increase the expression of tonoplasty H* ATPase and
Na*/H* antiport in the root membrane, reducing sodium
ion transport to the restricted aerial parts and toxicity
[87]. According to the findings (Table 4), the root con-
tains higher sodium than the cucumber leaf that, accord-
ing to the observations of Gou et al. [64]., in grafted
cucumber on rootstock pumpkin lowers sodium trans-
fers from root to leaf (Table 4).

Conclusions

Considering that for the first time the effect of selenium
and transplantation on salinity tolerance of greenhouse
cucumber was studied, the results showed that pumpkin
has more tolerance to salt stress than cucumber, which is
accompanied by increase in growth characteristics, com-
patible osmolytes (proline, total soluble sugars), com-
pounds (total phenol, flavonoid), antioxidant enzymes
(catalase) and accumulation potassium of cucumber leaf.
Selenium, along with grafting, had an effective role in
increasing salt tolerance in cucumber. As a result, it can
be said that the use of pumpkin rootstock and 10 mg L™
of sodium selenate is a good strategy to tolerate salinity
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and improve the quality and yield of grafting cucumber
plants.
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