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ARTICLEINFO ABSTRACT

Keywords: Soil salinity has become a chronic problem and a major challenge facing agricultural producers. Exogenous application

Salinity stress of osmo-protectants such as glycine betaine (GB) may be an effective solution to different abiotic stresses. Therefore,

(S;lyd“lf betaine the current study investigated the effects of the exogenous application of GB on squash plants' vegetative growth and
quas

pigment content under salt stress. Salt treatments were applied using four doses of NaCl (0 control, 1000, 2000, and
3000 ppm). 15 days after sowing, foliar sprays of GB treatments (0 mM control, 25 mM, and 50 mM) were applied. The
experimental design was completely randomized using 12 treatments (4 salt concentrations x 3 foliar treatments of GB)
with 5 replicates. GB enhanced growth characteristics of squash plants (fresh and dry weights, shoot length, stem
diameter, leaf area, and the number of leaves), which obviously decreased when the plants were exposed to different
salt stress levels. Except for the leaf area of the studied plants, which was demonstrated to be enhanced at 50 mM in this
study, 25 mM GB treatment was the most effective in enhancing vegetative growth. On the other hand, GB treatments
enhanced the production of photosynthetic pigments. Either 25- or 50-mM GB application significantly improved
chlorophyll and carotenoid contents of squash leaves grown under salinity stress conditions compared to stress-free
plants, with the exogenous application of 50 mM GB being the most effective in this investigation. The results obtained
from this research clearly show that foliar applications of GB may partially or totally mitigate the harmful impacts of
NaCl salt stress on vegetative growth and photosynthetic pigments.

Growth characteristics
Photosynthetic pigments

1. Introduction

Environmental stress is a topic of major scientific interest because of its negative effects on agricultural productivity. Due to anthropogenic
activities, this has recently gotten significantly worse. Global problems have resulted in climatic change, which causes salt and drought stresses that
ultimately decrease plant growth and crops. Also, the increase in temperature that is associated with climate change significantly raises the chances of
drought risk, accelerating the causes of land degradation and deterioration. As a result, massive scientific efforts are underway to improve agricultural
output under a variety of environmental stresses in order to meet rising global food demand. These abiotic stressors, such as salt, drought, cold, and
heat, have a negative impact on the survival, growth dynamics, and yield of many important food crops. One of the major abiotic stressors that affects
plant development and production, especially in arid and semi-arid environments, is salinity stress [1-4].

Salinity limits plants' capacity to utilize water, resulting in a decrease in growth rate as well as alterations in plant metabolic processes. Excessive
salt ion concentrations inhibit plant growth and development by decreasing photosynthesis, respiration, total carbohydrate, fatty acid, and protein
content while raising amino acid levels, particularly proline [5-6].

One of the most crucial processes that is impacted in plants by salinity is photosynthesis. This is a result of salinity's effects on the contents of
chlorophyll (Chl) and carotenoids (Car), as well as PSII and PSI enzyme activity reduction. Salt stress affects photosynthetic enzymes, chlorophyll, and
carotenoid levels. It damages the chloroplast membranes and destroys the structure of these organelles. Moreover, decreasing the rate of Rubisco
carboxylation, and depressing photosystem II (PSII) activity, electron transport, and photophosphorylation activity [7-9].

The negative effects of salt stress on growth, yield and productivity in this popular vegetable have been thoroughly established and salinity led to
adecrease in the number and area of the leaves, total yield, length and diameter of the fruits of squash plants. The species Cucurbita pepo L. is moderately
tolerant to salinity, with limits for irrigation water and saturated extract, at 3.1 and 4.7 dS m-! respectively. However, its response to this abiotic stress
varies according to the plant genotype and developmental stage, environmental factors, intensity and duration of the stress, cultural practices, irrigation
management, and edaphoclimatic conditions [10-11].
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Among the compatible solutes, GB is a particularly effective protectant (osmoregulatory substance) against abiotic stress. Studies of GB have
focused on GB-mediated tolerance to various kinds of stress and at various stages of the life cycle of plants [12]. The exogenous application of GB may
quickly penetrate through leaves and be transferred to other organs, where it can improve stress tolerance. Additionally, the mechanism of foliar
application of GB when applied to leaves is translocated to meristematic tissues, in particular, flower buds and shoot apices, and then translocated to
actively growing and expanding tissues. Thus, it improves the chlorophyll contents, stomatal conductance (gs), relative water content (RWC), water use
efficiency (WUE), and membrane stability, which can cause an enhancement in crop functioning under salt stress conditions [12-15].

The exogenous application of GB has been suggested as an alternative approach to genetic engineering to improve the productivity of crops under
stress conditions. This may make using GB mitigate the negative effects of salt stress on plant development and yield an economically viable solution.
Moreover, exogenous application of GB to leaves or roots has been indicated to increase the tolerance to various stresses of some plant species, including
both non-accumulators and natural accumulators. Therefore, the main objective of this study was to assess the impact of glycine betaine (GB) on growth,
and photosynthetic pigments of squash. Specifically, from this study hold potential significance in the development of sustainable management
approaches for crop production, specifically under salt stress conditions [8,13,16,17].

2. Materials and Methods

2.1. Experimental setup

The study was conducted at King Abdulaziz University Nursery in Jeddah during the summer season of 2022 to evaluate the potential mitigating
effect of glycine betaine foliar application on growth characteristics, and photosynthetic pigment of Cucurbita pepo L. under salt stress. Chemicals used
in the present study such as glycine betaine (98% purity) were obtained from Sigma-Aldrich, USA, and NaCl (99.5% purity) from Honeywell (Fluka),
Germany. Healthy squash seeds (Peru origin) were sown (one seed per pot). pots were filled with peat moss, sand, and vermiculite in a ratio of 1:2:1,
respectively, and supplied with a NPK nutrient solution from the first day to day 15, then salinity treatments were established by adding different
concentrations (0 control, 1000, 2000, 3000 ppm) of NaCl with a half-strength nutrient solution. Glycine betaine foliar sprayings (0 control, 25 mM, and
50 mM) were performed 15 days after sowing and every 10 days. Sprayings were applied in the early morning using a hand-held sprayer and plants
were sprayed thoroughly to cover the leaves. Each solution was supplemented with 0.25% (v/v) Tween-20 as a surfactant. The experimental design
was completely randomized with 12 treatments (4 NaCl concentrations x 3 glycine betaine rates) with 5 replicates. A random sample of three plants
per treatment was tagged at the flowering stage to measure growth characteristics. Five fully expanded leaves (the sixth leaf from top) from each
treatment were used to measure chlorophylls and carotene content.

2.2. Growth and physiological measurements

Plant length and stem diameter were measured using a meter scale and expressed in centimeters (cm). Shoot fresh weights (FW)
and dry weights (DW) of were measured using an analytical balance and expressed in grams (g). Fresh samples were dried using a dry
oven at 70 oC until the weight became constant to record the dry weights. Leaf areas were measured using leaf area-leaf weight
relationship as described by [18]. The leaves surface was carefully washed with distilled water. Ten leaf disks (6 mm) were dried in an
oven at 70 °C for 72 h until constant weight to get disks dry weight (DDW). Total leaf area plant! was calculated using the following
formula:

Total leaf area plant! =[LDW/DDW] x DA
where LDW is the total leaf dry weight (g), DDW is the disk dry weight and DA is the disc area.

Chlorophyll a, b, and carotenoid contents were determined using the dimethyl formamide (DMF) method described by [19-20].
Ten leaf discs (6 mm diameter) were taken from leaf number six of each plant. Leaf discs were stored in separate eppendorf tubes with
1 ml of DMF for more than 48 h in the dark at 4 °C. Chlorophyll a and b contents were measured by the absorption at wavelengths of
647 nm and 664 nm, orderly using a Genesys 10S UV-vis spectrophotometer.

For calculation formulas, the concentration of chlorophyll a and b was calculated according to the following formulas [20]:
Chlorophyll a (Chl a) = 11.65 A664 - 2.69 A647 (x)
Chlorophyll b (Chl b) = 20.81 A647 - 4.53 A664 (xi)

From the sample disc area and the measured chlorophyll, a and b concentrations, chlorophyll a and b contents (pg mm<2) were
calculated using the following formulas:

Chlorophyll a (ug mm2) = (x) / disc area
Chlorophyll b (ug mm-2) = (xi) / disc area
Total Chlorophyll = Chl a + Chl b

Total carotenoids content was determined by measuring the rate of absorption at wavelength of 480 nm via a Genesys 10S UV-vis
spectrophotometer.

Total carotenoids concentration was calculated according to the following formula:

Total carotenoids (car) = [1000A480 - 0.89 (Chl a) - 52.02 (Chl b)] / 245 (xii)

From the sample disc area and the measured total carotenoid concentration, total carotenoids content (ug mm-2) was calculated
using the following formula:

Total carotenoids (pg mm-2) = (xii) / disc area

2.3. Statistical analysis

All data were subjected to an analysis of variance (ANOVA) procedures in Genstat statistical package (version 11) (VSN International Ltd,
Oxford, UK). Difference between means was compared using Duncan's multiple range test.
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3. Results

3.1. Growth characteristics

The statistical analysis revealed significant differences in the FW of leaves that decreased with increasing salinity when compared to the control
(Table 1). The salinity concentration of 3000 ppm showed the highest effect on the FW of leaves at an average of (FW = 16.37 g), while the FW of leaves
in the control treatment was (FW = 31.78 g). Furthermore, the results also showed that there was a significant effect on the FW of leaves when using
GB. The FW of leaves at the treatment of GB50 mM concentration (FW = 25.66 g) was lower than that at the treatment of GB25 mM concentration (FW
= 28.07 g) and higher when compared with the control (FW = 22.75 g).

Aside from the statistical findings, it was clear that the salinity with GB treatments significantly affects the FW of leaves. The greatest impact was
observed on the FW of the leaves under GB25 mM treatment with salt concentration of 1000 ppm (FW = 32.97 g), while GB50 treatment had the least
impact under salinity of 3000 ppm (FW = 16.79 g). Under a salinity of 2000 ppm, there was a noticeable difference between the treatments of GB25 mM
concentration (FW = 27.01 g) and the treatment of GB50 mM concentration (FW = 20.53 g) on the FW of the leaves.

As shown in Table (1), it was observed that there were significant differences in the DW of leaves and the weight decreased with increasing salinity
compared to the control. The salinity concentration of 3000 ppm showed the highest effect on the DW of leaves (DW = 2.690 g) as compared with the
control (DW = 4.151 g). In addition, the results clarified that there was a significant effect on the DW of leaves when using GB. The GB25 mM
concentration had a higher effect on the DW of leaves (DW = 3.864 g) than the GB50 mM concentration (DW = 3.533 g) when compared to the control
(DW = 3.312 g). Meanwhile, the results revealed that the salinity treatments with GB had a significant effect on the DW of leaves. The highest DW of
leaves (4.207 g) was observed under treatment at GB25 mM concentration with a salinity concentration of 1000 ppm, while the lowest DW (2.617 g)
was noticed under treatment at GB50 mM concentration with a salinity concentration of 3000 ppm. Also, there was no significant difference between
treatments at GB50 mM and GBO mM concentrations under a salinity concentration of 3000 ppm on the DW of leaves.

The results of the statistical analysis showed that there were significant differences in the FW of plant stems, which decreased with increasing
salinity concentrations compared to the control (Table 1). The salt concentration of 3000 ppm showed the highest effect on the FW of stems (FW =17.32
g) compared to the control (FW = 34.53 g). Moreover, the results clarified that there was a significant effect on the FW of stems when using GB. The FW
of stems at GB25 mM concentration was (FW = 27.57g), which was higher than that at GB50 mM concentration (FW = 26.51 g) and the control (FW =
25.44 g). The highest FW of stems (FW = 33.36 g) was detected with the treatment of GB25 mM under 1000 ppm salt concentration. On the other hand,
the recorded FW of stems (FW =17.21 g) under treatment ata GB 50 mM concentration with a salinity of 3000 ppm was remarkably low. The treatments
at GB25 mM (FW = 24.32 g) and GB50 (FW = 24.11 g) under a salinity concentration of 2000 ppm showed no significant difference in the FW of stems.

The results of the statistical analysis of the DW of plant stems showed a significant difference, which decreased with increasing salinity compared
to the control (Table 1). The saline concentration of 3000 ppm had the greatest impact on the DW of stems (DW = 1.638 g), whereas the control had the
least favourable results (DW =3.792 g). Meanwhile, the results revealed that there was a significant effect on the DW of stems when using GB. On average,
the effect of GB50 mM concentration on the dry weight of stems was lower (DW = 2.636 g) than the effect of GB25 mM concentration (DW = 2.861 g).

Furthermore, the results demonstrated that the salinity with GB treatments had a significant effect on the DW of stems. It was discovered that the
DW of stems has the greatest impact under the treatment effect of GB25 mM at salinity of 1000 ppm with an average DW of 3.823 g, whereas the
treatment effect of GB50 mM at 3000 ppm concentration has the lowest result on the DW of stems (DW =1.650 g).

Table 1. Effect of exogenous spray applications of glycine betaine (GB) on leaf fresh weight (LFW) and dry weight (LDW), stem fresh weight (SFW)
and dry weight (SDW) of squash plants grown under different NaCl concentrations.

Treatments LFW LDW SFW SDW
Salinity (ppm NaCl) GB (8) (8) (8) (8)

0 mM 29.33b 3.93bc 33.90ab 3.56b

0 25 mM 32.93a 4.17abc 34.80a 3.85ab

50 mM 33.08a 4.35a 34.88a 3.96a

0mM 29.46b 3.89¢ 26.97d 2.85¢

1000 25 mM 32.97a 4.21ab 33.36b 3.82ab

50 mM 32.25a 4.15abc 29.85¢ 3.07c

0 mM 19.24cd 2.95d 23.97¢ 1.74de

2000 25 mM 27.01b 4.09abc 24.32e 2.02d

50 mM 20.53c¢ 3.02d 24.11e 1.86de

0 mM 12.97e 2.47e 16.93f 1.51e

3000 25 mM 19.36¢d 2.98d 17.82f 1.75de

50 mM 16.79d 2.62e 17.21f 1.65de

Values are the means of three replicates. Mean values in each column followed by a different lower-case-letter are significantly different by Duncan’s
multiple range test at P < 0.05.

The findings revealed that there were significant differences in the stem diameter when compared to the control and the stem diameter decreased
with increasing salt concentrations (Table 2). The major impact on stem diameter (4.856 mm) was seen at a salt level of 3000 ppm. No significant
difference was observed in stem diameter at a salinity concentration of 1000 ppm (SD = 4.812 mm) and the control (SD = 5.684 mm). However, the
statistical results showed that there was no significant effect on the stem diameter when using GB. The effect of GB25 mM treatment on stem diameter
was relatively higher (SD = 5.478 mm) than the effect of GB50 mM (SD = 5.439 mm) when compared to the control at GBO mM concentration (SD = 5.241
mm). Furthermore, the results also demonstrated that the treatments of salinity with GB have significant differences on the stem diameter. It showed
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that the treatment of GB25 mM at 1000 ppm salt concentration had the highest impact on the stem diameter (5.900 mm), meanwhile, the GB50 mM at
3000 ppm concentration was the lowest impact (SD = 4.852 mm). Also, the effects at the treatments of GB25 mM (SD = 5.17 mm) and GB50 mM (SD =
5.15 mm) under a 2000 ppm salt concentration both showed no significant difference on the stem diameter.

Statistical analysis revealed that there were significant differences in the plant length when compared to the control and these differences
decreased with increasing salt concentrations (Table 2). The salinity concentrations at 1000 ppm (PL = 13.08 cm) and 2000 ppm (PL = 10.49 cm) had
significantly different effects on the plant length, even though the salinity concentration at 3000 ppm had the greatest effect on the plant length (PL =
9.60 cm). However, the results also explained that there was a significant effect on the plant length when using GB. The GB25 mM had the highest effect
on the plant length (PL = 14.58 cm), while there was no significant difference between concentrations of GBO mM (PL = 11.38 cm) and GB50 mM (PL =
11.74 cm) on the plant length. The treatments of salinity with GB had significant differences on the plant length. It was clear that the effect of the
treatment at GB25 mM under a salinity concentration of 1000 ppm had the highest impact on the plant length (PL = 13.99 cm), whereas, at the G50 mM
treatment under a salinity of 3000 ppm the effect was relatively low (PL = 9.58 cm). On the other hand, the effect of the treatments at GB50 mM (PL =
10.72 cm) and GB25 mM (PL = 10.75 cm) under a salinity concentration of 2000 ppm had no significant differences on the plant length.

Table 2. Effect of exogenous spray applications of glycine betaine (GB) on stem diameter (SD) and plant length (PL) of squash plants grown under
different NaCl concentrations.

Treatments
SD (mm) PL (cm)
Salinity (ppm NaCl) GB

0 mM 5.63abcd 13.50ab

0 25 mM 5.86ab 13.85a
50 mM 5.95a 13.88a

0 mM 5.35bcde 12.50c

1000 25 mM 5.90ab 13.99a
50 mM 5.81abc 12.77bc
0 mM 5.26cdef 10.00de

2000 25 mM 5.17def 10.75d
50 mM 5.15def 10.72d

0 mM 4.73f 9.50e

3000 25 mM 4.99ef 9.73e
50 mM 4.85ef 9.58e

Values are means of three replicates. Mean values in each column followed by a different lower-case-letter are significantly different by Duncan’s
multiple range test at P < 0.05.

It was observed that the number of leaves decreased as the salinity concentration increased. Statistical analysis revealed a significant difference
in the number of leaves under different treatments (Figure 1). A salinity concentration of 3000 ppm had the highest effect on the number of leaves (NOL
=11.56 leaves), whereas a salinity of 1000 ppm (NOL =15.67 leaves) had no significant difference compared to the control (NOL =16 leaves). There was
a significant effect on the number of leaves when using GB. The GB25 mM concentration (NOL =14.58 leaves) had the most effect on the number of
leaves, but there were no significant differences between the GB25 (NOL =14.58 leaves) and G50 mM (NOL = 14.08 leaves) treatments when compared
to the control GBO (NOL = 13.25 leaves).

Furthermore, the results revealed that the salinity treatments with GB had significant differences on the number of leaves. The treatment at GB25
mM under 1000 ppm salt concentration had the highest impact on the number of leaves, with an average of (NOL = 16.67 leaves), whereas at GB50 mM
under 3000 ppm salinity, the number of leaves was (NOL = 12 leaves). In addition, there was no significant difference in the number of leaves at the
treatment concentration of GB25 mM (NOL = 13.33 leaves) under a salinity concentration of 2000 ppm and under 3000 ppm (NOL = 12.33 leaves).
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Figure 1. Effect of treatments with salinity concentrations (0, 1000, 2000, 3000 ppm) and glycine betaine (0, 25, 50 mM) on number of leaves in squash
plants at (38) DAS.
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The statistical findings clear that there were significant differences in the LA of leaves that decreased with increasing salinity compared to
the control (Figure 2). The salinity concentration of 3000 ppm showed the highest effect on the LA at an average of (LA = 347.2 mm), as compared with
the control (LA = 468.5 mm). In addition, the results also showed that there was a significant effect on the LA of leaves when using GB. The LA at the
treatment of GB50 mM (LA = 442.7 mm) was higher than that at the treatment of GB25 mM concentration (LA = 419.3 mm) when compared with the
control (LA = 366.2 mm).

Aside from the statistical analysis, it was clear that the salinity with GB treatments significantly affects the LA. The greatest impact was observed
on the LA under GB50 mM treatment with salinity concentration of 1000 ppm (LA = 486.9 mm), while GB25 treatment had the least effect under salinity
of 3000 ppm (LA = 349.2 mm). Also, there was a noticeable difference between the treatments of GB25 mM concentration (LA = 483.4 mm) under
salinity of 1000 ppm and the treatment of GB50 mM concentration (LA = 389.1 mm) under 2000 ppm on the LA of the leaves.
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Figure 2. Effect of treatments with salinity concentrations (0, 1000, 2000, 3000 ppm) and glycine betaine (0, 25, 50 mM) on leaf area in squash plants
at (38) DAS.

3.2. Photosynthetic pigments

The results of the statistical analysis showed that there were significant differences in carotenoids by which decreased with increasing salinity
effect compared to the control (Table 3). The salinity concentration of 3000 ppm showed the highest effect on the carotene (carotene = 0.65 pg mm-2),
as compared with the control (carotene = 0.81 pg mm-2). Furthermore, the results also showed that there was a significant effect on the carotenoids
when using (GB). The effect of GB50 mM treatment on carotenoids was relatively higher (carotene = 0.84 pg mm-2) than the effect of GB25 mM (carotene
= 0.79 ug mm-2) when compared to the control at GBO mM concentration (carotene = 0.57 pug mm-2). As well as the results also demonstrated that the
treatments of salinity with GB have significant differences on the carotene. It showed that the treatment of GB50 mM at 1000 ppm salt concentration
had the highest impact on the carotenoids (carotene = 0.86 pg mm-2), meanwhile, the GB25 at 3000 ppm concentration was the lowest impact (carotene
= 0.76 pg mm-2). Also, the effect at the treatments of GB50 mM (carotene = 0.81 pug mm-2) under 2000 ppm and GB25 mM (carotene = 0.79 pg mm-2)
under 1000 ppm salinity concentration both showed no significant difference on the carotene.

The statistical analysis showed that there were significant differences in the Chlorophyll A that decreased with increasing salinity effect when
compared to the control (Table 3). The salinity concentrations at 1000 ppm (Chll A = 2.26 ug mm-2) and 2000 ppm (Chll A = 2.16 pg mm-2) had
significantly different effects on the Chlorophyll A, even though the salinity concentration at 3000 ppm had the greatest effect on the Chlorophyll A (Chll
A =2.01 pg mm-2). Furthermore, the results also showed that there was a significant effect on the Chlorophyll A when using (GB). The GB50 mM had the
highest effect on Chlorophyll A (Chll A = 2.47 pg mm-2) than the effect of GB25 mM (Chll A = 2.34 pg mm-2) when compared to the control at GBO mM
concentration (Chll A = 1.81 pg mm-2). The treatments of salinity with GB had significant differences on the Chlorophyll A. It was clear that the effect of
the treatment at GB50 mM under a salinity concentration of 1000 ppm had the highest impact on the Chlorophyll A (Chll A = 2.52 ug mm-2), whereas at
the treatment of G25 mM under a 3000 ppm the effect was relatively low (Chll A = 2.29 pg mm2). On the other hand, the effect of the treatments at GB50
mM (Chll A = 2.31 pg mm-2) under salinity concentration of 3000 ppm and GB25 mM (Chll A = 2.30 pg mm-2) under a 2000 ppm had no significant
differences on the Chlorophyll A.

It was observed that Chlorophyll B decreased as the salinity concentration increased. The statistical analysis revealed a significant difference in
the Chlorophyll B under different treatments (Table 3). A salinity concentration of 3000 ppm had the highest effect on the Chlorophyll B (Chll B = 0.80
ug mm-2), whereas a salinity of 2000 ppm (Chll B = 0.86 pg mm-2) and at 1000 ppm (Chll B = 0.90 pg mm-2) had significant difference compared to the
control (Chll B = 0.96 pg mm-2). In addition, the results clarified that there was a significant effect on the Chlorophyll B when using (GB). The GB50 mM
had the highest effect on Chlorophyll B (Chll B = 0.99 pg mm-2) than the effect of GB25 mM (Chll B = 0.94 pg mm-2) when compared to the control at GBO
mM concentration (Chll B = 0.72 pg mm-2). Meanwhile, the results revealed that the salinity treatments with GB had a significant effect on the Chlorophyll
B of leaves. The highest Chlorophyll B (Chll B = 1.01 pg mm-2) was observed under treatment at GB50 mM concentration with a salinity concentration
of 1000 ppm, while the lowest effect (Chll B = 0.91 ug mm-2) was noticed under treatment at GB25 mM concentration with a salinity concentration of
3000 ppm. Also, there was no significant difference between treatments at GB50 mM (Chll B = 0.92 pg mm-2) under a salinity concentration of 3000
ppm and GB25 mM (Chll B = 0.92 pg mm-2) under 2000 ppm on the Chlorophyll B.
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Table 3. Effect of exogenous spray applications of glycine betaine (GB) on carotene, Chlorophyll A (Chl. A) and Chlorophyll B (Chl. B) of squash plants
grown under different NaCl concentrations.

Treatments Carotenoids Chl. A Chl. B
Salinity (ppm NaCl) GB pug mm-2 pg mm-2 pg mm-2
0 mM 0.69f 2.11f 0.84f
0 25 mM 0.82¢ 2.42c 0.97c
50 mM 0.91a 2.65a 1.06a
0 mM 0.61g 1.89¢g 0.76g
1000 25 mM 0.78cde 2.29e 0.94cde
50 mM 0.86b 2.65f 1.01b
0 mM 0.56h 1.79h 0.71h
2000 25 mM 0.77de 2.30de 0.92de
50 mM 0.81cd 2.39cd 0.96cd
0 mM 0.42i 1.43i 0.57i
3000 25 mM 0.76e 2.29e 0.94e
50 mM 0.77de 2.31de 0.92de

Values are means of three replicates. Mean values in each column followed by a different lower-case-letter are significantly different by Duncan’s
multiple range test at P < 0.05.

4. Discussion

The current study indicated that foliar exogenous application of GB treatment significantly increased growth characteristics (e.g., shoot fresh and
dry weights, shoot length and stem diameter, leaf area, and the number of leaves) that were obviously decreased when exposed to different salinity
levels (1000, 2000, and 3000 ppm NaCl) in squash plants. These findings supported previous research that found salt stress reduced leaf area, limited
water absorption, and disrupted metabolic processes [21]. However, the current acceleration of biomass and growth accumulation may result from the
benefits of the foliar application of GB on the photosynthetic process under salinity stress. The treatments of 25 or 50 mM GB significantly increased the
growth characteristics, including shoot fresh and dry weights (Table 1), shoot length and stem diameter (Table 2), number of leaves (Figure 1), as a
result of increased photosynthetic activity and the metabolic product when compared to those of control conditions.

The 25 mM exogenous application of GB was the most effective in all growth characteristics except the leaf area of the studied plant, which was
shown to be enhanced at 50 mM in this study. Our results on squash growth characteristics were in harmony with those of, who concluded that
exogenous GB application increased dry and fresh weights of roots and shoots in maize and safflower plants grown under salt stress. Also, the foliar
application of GB improved production, water absorption, nutrient uptake, and their translocation into growing plant parts. This might encourage
the development and growth of biomass and more leaves. [8,22-24]. These results were supported by, who showed a significant increase in stomatal
conductance values of tomato, maize, and eggplant, respectively, when GB was administered as a foliar spray to salt-stressed plants [25-27]. According
to higher turgor pressure in stomatal guard cells may result in increased stomatal conductance in salt-stressed plants induced by GB foliar treatment.
demonstrated that exogenous application of GB to salt-stressed maize plants enhanced growth, leaf water content, net photosynthesis, and the apparent
quantum yield of photosynthesis. The exogenously applied GB increased the proportions of water bound in the cell owing to its hydrophilic
characteristic, which in turn improved the turgor pressure in guard cells and led to an increase in stomatal conductance. However, the increased yield
by GB application during salt stress might be attributed to availability of water by GB in plant tissue, leading to enhanced solubility of nutrients in tissue
cells, which allowed the squash plant to maximize its metabolic processes and photosynthetic compounds [15,26,28,29].

As reported in the current work, salinity stress can have negative effects on both the efficiency of photosynthetic activity and the production of
photosynthetic pigments [30]. However, foliar feeding of GB significantly improved the chlorophyll and carotenoid contents of squash leaves grown
under salinity stress conditions. Exogenous application of 25- or 50-mM GB significantly enhanced photosynthetic pigments compared to stress-free
controls (Table 3), with exogenous application of 50 mM GB being the most effective in this investigation. The preservation of endogenous water
availability may be the cause of the increase in photosynthetic pigments caused by GB treatment. Additionally, by stabilizing the activity of proteins
under salinity stress, GB can defend the photosynthetic apparatus. These increases in chlorophyll and carotenoid contents are consistent with authors
who reported that GB treatment on plants grown under salt stress led to an increase in photosynthetic pigments [31-32]. This is also consistent with
the previous reports [33-38].

5. Conclusions

This study revealed that using glycine betaine at different concentrations could improve plant growth and development and increase
photosynthetic rates in plants grown under salt stress. Treatments with glycine betaine increased the development of shoot fresh and dry weights, shoot
length and stem diameter, leaf area, and leaf number of squash plants, which were considerably decreased when subjected to a range of salt stresses.
Exogenous treatments of 50 mM GB significantly increased squash leaves' chlorophyll and carotenoid contents under salt-stress conditions.

Author Contributions

Conceptualization, E.H.A. (Esraa H. Alharbi), R.S.J. (Rewaa S. Jalal), and S.M.H. (Saad M. Howladar); investigation, E.H.A. (Esraa H. Alharbi), R.S.]. (Rewaa
S.Jalal), and S.M.H. (Saad M. Howladar) ; data curation, E.H.A. (Esraa H. Alharbi), and S.M.H. (Saad M. Howladar); formal analysis, E.H.A. (Esraa H. Alharbi),
R.S.J. (Rewaa S. Jalal), and S.M.H. (Saad M. Howladar); methodology, E.H.A. (Esraa H. Alharbi), and S.M.H. (Saad M. Howladar) ; resources, E.H.A. (Esraa
H. Alharbi), R.S.J. (Rewaa S. Jalal), and S.M.H. (Saad M. Howladar) ; software, E.H.A. (Esraa H. Alharbi), and S.M.H. (Saad M. Howladar) ; writing—original
draft, E.H.A. (Esraa H. Alharbi), and S.M.H. (Saad M. Howladar) writing—review and editing, E.H.A. (Esraa H. Alharbi), and S.M.H. (Saad M. Howladar).
All authors have read and agreed to the published version of the manuscript.



E. H. Alharbi et al. Labyrinth: Fayoum Journal of Science and Interdisciplinary Studies 1 (2023) 3; 1-8

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work
reported in this paper.

References

[1] Sofy, M. R., Elhawat, N., & Alshaal, T. (2020). Glycine betaine counters salinity stress by maintaining high K*/Na* ratio and antioxidant defense via
limiting Na* uptake in common bean (Phaseolus vulgaris L.). Ecotoxicology and Environmental Safety, 200, 110732.

[2] Magsood, M. F., Shahbaz, M., Arfan, M., Basra, S., & Ahmed, M. (2021). Presowing seed treatment with glycine betaine confers NaCl tolerance in quinoa
bymodulating some physiological processes and antioxidant machinery. Turkish Journal of Botany, 45(1), 1-14.

[3] Ding, Z., Kheir, A. M,, Alj, O. A, Hafez, E. M., EIShamey, E. A,, Zhou, Z,, ... & Seleiman, M. F. (2021). A vermicompost and deep tillage system to improve
saline-sodic soil quality and wheat productivity. Journal of Environmental Management, 277,111388.

[4] Koca, H., Bor, M., Ozdemir, F., & Tiirkan, 1. (2007). The effect of salt stress on lipid peroxidation, antioxidative enzymes and proline content of sesame
cultivars. Environmental and experimental Botany, 60(3), 344-351.

[5] Munns, R. (2002). Comparative physiology of salt and water stress. Plant, cell & environment, 25(2), 239-250.

[6] Jouyban, Z. (2012). The effects of salt stress on plant growth. Technical Journal of Engineering and Applied Sciences, 2(1), 7-10.

[7] Estaji, A, Kalaji, H. M., Karimi, H. R., Roosta, H. R., & Moosavi-Nezhad, S. M. (2019). How glycine betaine induces tolerance of cucumber plants to
salinity stress?. Photosynthetica, 57(3).

[8] Alasvandyari, F, & Mahdavi, B. (2018). Effect of glycine betaine and salinity on photosynthetic pigments and ion concentration of
safflower. Desert, 23(2), 265-271.

[9] Hasanuzzaman, M., Inafuku, M., Nahar, K., Fujita, M., & Oku, H. (2021). Nitric oxide regulates plant growth, physiology, antioxidant defense, and ion
homeostasis to confer salt tolerance in the mangrove species, Kandelia obovata. Antioxidants, 10(4), 611.

[10] Alasheebi, S. A, Al Gehani, I. A., Kalifa, A. M., & Hamad, A. A. (2020). Effect of Humic Acid on Vegetative and Reproductive Growth of Squash (Cucurbita
pepo L.) under Saline Stress Conditions. The Libyan Journal of Agriculture, 25(1-2).

[11] Souza, M. W. D. L., Torres, S. B, Oliveira, F. D. A. D., Marques, L. C. D. S., Pereira, K. T., & Guimaraes, LT (2020). Saline-water irrigation and plant
growth regulator application on zucchini fruit yield and quality. Revista Brasileira de Engenharia Agricola e Ambiental, 24, 679-684.

[12] Shaddad, M. A. K. (2010). Salt tolerance of crop plants. Journal of stress physiology & biochemistry, 6(3), 64-90.

[13] Kaya, C., SONMEZ, 0., Aydemir, S., & DIKILITAS, M. (2013). Mitigation effects of glycine betaine on oxidative stress and some key growth parameters
of maize exposed to salt stress. Turkish Journal of Agriculture and forestry, 37(2), 188-194.

[14] Annunziata, M. G., Ciarmiello, L. F., Woodrow, P., Dell’Aversana, E., & Carillo, P. (2019). Spatial and temporal profile of glycine betaine accumulation
in plants under abiotic stresses. Frontiers in plant science, 10, 230.

[15] Rady, M. O., Semida, W. M., Abd El-Mageed, T. A., Hemida, K. A., & Rady, M. M. (2018). Up-regulation of antioxidative defense systems by glycine
betaine foliar application in onion plants confer tolerance to salinity stress. Scientia Horticulturae, 240, 614-622.

[16] Mékel4, P., Peltonen-Sainio, P., Jokinen, K., Pehu, E., Setél4, H., Hinkkanen, R., & Somersalo, S. (1996). Uptake and translocation of foliar-applied
glycine betaine in crop plants. Plant science, 121(2), 221-230.

[17] Rahman, M. S., Miyake, H., & Takeoka, Y. (2002). Effects of exogenous glycine betaine on growth and ultrastructure of salt-stressed rice seedlings
(Oryza sativa L.). Plant Production Science, 5(1), 33-44.

[18] Semida, W. M., Abd El-Mageed, T. A,, Mohamed, S. E., & El-Sawah, N. A. (2017). Combined effect of deficit irrigation and foliar-applied salicylic acid
on physiological responses, yield, and water-use efficiency of onion plants in saline calcareous soil. Archives of Agronomy and Soil Science, 63(9),
1227-1239.

[19] Moran, R, & Porath, D. (1980). Chlorophyll determination in intact tissues using N, N-dimethylformamide. Plant physiology, 65(3), 478-479.

[20] Wellburn, A. R. (1994). The spectral determination of chlorophylls a and b, as well as total carotenoids, using various solvents with
spectrophotometers of different resolution. Journal of plant physiology, 144(3), 307-313.

[21] Parida, A. K., & Das, A. B. (2005). Salt tolerance and salinity effects on plants: a review. Ecotoxicology and environmental safety, 60(3), 324-349.
[22] Nazia, K., Khalid, N., Khalid, H., Bhatti, K. H., Siddiqi, E. H., & Agsa, T. (2014). Effect of exogenous applications of glycine betaine on growth and
gaseous exchange attributes of two maize (Zea mays L.) cultivars under saline conditions. World Applied Sciences Journal, 29(12), 1559-1565.

[23] Garcia-Caparrés, P., Llanderal, A., Hegarat, E., Jiménez-Lao, M., & Lao, M. T. (2020). Effects of exogenous application of osmotic adjustment
substances on growth, pigment concentration, and physiological parameters of Dracaena sanderiana Sander under different levels of
salinity. Agronomy, 10(1), 125.

[24] Yildirim, E., Ekinci, M., Turan, M., Dursun, A., Kul, R., & Parlakova, F. (2015). Roles of glycine betaine in mitigating deleterious effect of salt stress on
lettuce (Lactuca sativa L.). Archives of Agronomy and Soil Science, 61(12), 1673-1689.

[25] Mékela, P., Jokinen, K., Kontturi, M., Peltonen-Sainio, P., Pehu, E., & Somersalo, S. (1998). Foliar application of glycine betaine—a novel product from
sugar beet—as an approach to increase tomato yield. Industrial Crops and Products, 7(2-3), 139-148.

[26] Yang, X., & Lu, C. (2005). Photosynthesis is improved by exogenous glycine betaine in salt-stressed maize plants. Physiologia Plantarum, 124(3),
343-352.

[27] Abbas, W., Ashraf, M., & Akram, N. A. (2010). Alleviation of salt-induced adverse effects in eggplant (Solanum melongena L.) by glycine betaine and
sugar beet extracts. Scientia horticulturae, 125(3), 188-195.

[28] Nawaz, K., & Ashraf, M. (2010). Exogenous application of glycine betaine modulates activities of antioxidants in maize plants subjected to salt
stress. Journal of Agronomy and Crop Science, 196(1), 28-37.

[29] Blum, A. (2017). Osmotic adjustment is a prime drought stress adaptive engine in support of plant production. Plant, cell & environment, 40(1), 4-
10.

[30] Maxwell, K., & Johnson, G. N. (2000). Chlorophyll fluorescence—a practical guide. Journal of experimental botany, 51(345), 659-668.

[31] Hoque, M. A, Banu, M. N. A,, Okuma, E., Amako, K., Nakamura, Y., Shimoishi, Y., & Murata, Y. (2007). Exogenous proline and glycine betaine increase



E. H. Alharbi et al. Labyrinth: Fayoum Journal of Science and Interdisciplinary Studies 1 (2023) 3; 1-8
NaCl-induced ascorbate-glutathione cycle enzyme activities, and proline improves salt tolerance more than glycine betaine in tobacco Bright
Yellow-2 suspension-cultured cells. Journal of plant physiology, 164(11), 1457-1468.

[32] Sakr, M. T., El-Sarkassy, N. M., & Fuller, M. P. (2012). Osmo regulators proline and glycine betaine counteract salinity stress in canola. Agronomy for
Sustainable Development, 32, 747-754.

[33] Semida, W.M.; Abd El-mageed, T.A.; Abdalla, R.M.; Hemida, K.A,; Howladar, S.M.; Leilah, A.A.A.; Rady, M.0.A. Sequential Antioxidants Foliar
Application Can Alleviate Negative Consequences of Salinity Stress in Vicia faba L. Plants 2021, 10, 914, doi:doi.org/10.3390/plants10050914.

[34] Desoky, E.M.; El-maghraby, L.M.M.; Awad, A.E.; Abdo, A.L; Rady, M.M.; Semida, W.M. Fennel and ammi seed extracts modulate antioxidant defence
system and alleviate salinity stress in cowpea ( Vigna unguiculata ). Sci. Hortic. (Amsterdam). 2020, 272, 109576,
doi:10.1016/j.scienta.2020.109576.

[35] Rady, M.0.A.; Semida, W.M.; El-mageed, T.A.A.; Hemida, K.A.;; Rady, M.M. Up-regulation of antioxidative defense systems by glycine betaine foliar
application in onion plants confer tolerance to salinity stress. Sci. Hortic. (Amsterdam). 2018, 240, 614-622, doi:10.1016/j.scienta.2018.06.069.

[36] Semida, W.M.; Abd El-Mageed, T.A.; Hemida, K.; Rady, M.M. Natural bee-honey based biostimulants confer salt tolerance in onion via modulation of
the antioxidant defence system. J. Hortic. Sci. Biotechnol. 2019, 94, 632-642, doi:10.1080/14620316.2019.1592711.

[37] Semida, W.M.; Abd El-mageed, T.A.; Abdelkhalik, A.; Hemida, K.A.; Abdurrahman, H.A,; Howladar, S.M.; Leilah, A.A.A;; Rady, M.0.A. Selenium
Modulates Antioxidant Activity , Osmoprotectants , and Photosynthetic Efficiency of Onion under Saline. Agronomy 2021, 11, 855,
doi:doi.org/10.3390/agronomy11050855.

[38] Rady, M.M.; Semida, W.M.; Hemida, K.A.; Abdelhamid, M.T. The effect of compost on growth and yield of Phaseolus vulgaris plants grown under
saline soil. Int. J. Recycl. Org. Waste Agric. 2016, 5,311-321, d0i:10.1007/s40093-016-0141-7.



