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Drought stress represents a considerable risk to global agricultural yield, requiring novel strategies 
to alleviate its detrimental effects on agriculture. This research examines the impact of β-sitosterol 
and glycine betaine on the resilience of Lupinus terms (lupine) plants under drought circumstances 
by enhancing antioxidative defense mechanisms, increasing secondary metabolite synthesis, and 
facilitating osmolyte accumulation. Under drought stress, Lupinus plants showed reduced growth 
and elevated oxidative stress indicators malondialdehyde and H2O2. The combination of β-
sitosterol and glycine betaine significantly enhanced plant development, demonstrated by 
improved photosynthesis and biomass of roots and shoots, with reduced oxidative stress. This 
improvement was ascribed to increased antioxidative enzymes, like catalase, superoxide 
dismutase, peroxidase, glutathione reductase, and ascorbate peroxidase, which jointly decreased 
reactive oxygen species levels and averted oxidative damage. Moreover, β-sitosterol and glycine 
betaine markedly increased the synthesis of osmolytes and secondary metabolites, allowing lupine 
plants to maintain cellular turgor and osmotic equilibrium under drought conditions, hence 
enhancing stress tolerance. In summary, our results provide significant insights into sustainable 
methods for improving crop resistance to drought, with potential agricultural applications to 
mitigate the detrimental impacts of climate change on crops.  
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INTRODUCTION 
Globally, particularly in arid and semi-arid areas, 
water limitation is recognized as one of the most 
detrimental stresses affecting plant environments, 
decreasing plant development and growth (Al-
Mokadem et al., 2023). The extended duration of 
water stress leads to considerable harm and, 
ultimately, the death of plant cells, primarily due to 
the overproduction of reactive oxygen species (ROS). 
This excess reactive oxygen species interferes with the 
scavenging capabilities of the antioxidant defense 
system components. Ongoing or repeated drought 
impacts nearly 45% of the global agricultural 
landscape (Hou et al., 2024).  
ROS are produced in response to various 
environmental stresses, resulting in lipid peroxidation 
and the destruction of nucleic acids and proteins, 
disrupting plant metabolism (Hafez and Fouad, 2020, 
Alzamel, 2025). To mitigate the impacts of ROS, plants 
synthesize antioxidants, including several 
phytohormones, non-enzymatic and enzymatic 
components, and osmolytes, that manage the 
processes for sustaining optimal ROS levels 
(Choudhary et al., 2024). 
The global reduction in water resources for 
agriculture is attributed to a rapidly increasing 
population, the substantial effects of global warming, 
climate change, and various human activities. 
Implementing multiple strategies, including using 
antioxidants and osmolytes, is essential to improve 
plant growth under stress forces. Notable examples 
include β-sitosterol and glycine betaine (Shafiq et al., 
2021). 

Over the past ten years, significant progress has been 
achieved in understanding the regulatory functions of 
phytosterols (including sterols and brassinosteroids) 
in influencing various traits crucial for agriculture, like 
photosynthesis, flowering time, and plant growth, in 
cultivated species. Notably, sterols and 
brassinosteroids have emerged as viable approaches 
to decrease the negative effects of numerous abiotic 
stresses, including heat, drought, and cold, enhancing 
crop productivity under current growth conditions 
(Wei and Li 2020). Phytosterols have recently 
emerged as a novel plant growth regulator, playing a 
significant role in various biological effects and gene 
expression. Their potential as a plant growth-
promoting stimulant under stressful and normal 
conditions has garnered considerable interest (Du et 
al., 2022).  Glycine betaine (GB) represents a prevalent 
quaternary ammonium compound utilized to alleviate 
and adjust to challenging environmental conditions. 
This compound is colorless, metabolically stable, 
water-soluble, and odorless, contributing to its 
effectiveness as an osmoprotectant. By oxidizing GB, 
chloroplasts stabilize their structure, and 
photosystem II retains its functionality under various 
stress conditions (Huang et al., 2020). Many 
researchers have observed that GB can safeguard 
plants against various stresses, like drought 
conditions, metal toxicity, and salinity (Oyebamiji et 
al., 2024). GB boosts several enzymatic and non-
enzymatic antioxidants, which protect cells from 
oxidative stress. Furthermore, the external treatment 
of GB has demonstrated efficacy in mitigating the 
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toxic impacts of numerous abiotic stresses (Badawy et 
al., 2024). 
Lupinus terms (lupine) is grown in several habitats. 
Lupine seeds have been farmed in Egypt since 
antiquity as one of the oldest grain legumes, with 
significant nutritional potential owing to their high oil 
content (10-15%) and protein content (35-45%). 
Egyptians and other nations have consumed its seeds 
as medicinal plants and snacks for millennia. Legumes 
are often regarded as fairly drought-resistant (Sharaf 
et al., 2009). Egypt is cultivating various crops, 
including Lupinus, on newly reclaimed soils despite 
drought affecting most of these soils. Enhancing the 
water stress tolerance of Lupinus is essential for 
augmenting global Lupinus production. Given this 
context, we predicted that the exogenous treatment 
of β-sitosterol and glycine betaine to field-grown 
Lupinus might enhance drought stress tolerance by 
mitigating oxidative damage via the up-regulation of 
tolerance mechanisms. 
MATERIALS AND METHODS 
Experimental procedures 

During the winter of 2023, a Botanical farm at the 
Faculty of Science, Al-Azhar University Cairo, Egypt, 
cultivated healthy lupine seeds (Lupinus termis L.) 
(Giza 2). The seeds were acquired from the Egyptian 
Ministry of Agriculture and Land Reclamation (MALR) 
at Giza, Egypt. Identical-sized and colored seeds were 
selected for uniformity. The seeds were rinsed with 
distilled H2O, sterilized in sodium hypochlorite (1%) 
for two minutes, and subsequently cleaned with 
distilled water. A room-temperature overnight dry 
was performed on the seeds. These were seeded in 
3.0 m × 3.5 m plots, with rows spaced 70 cm apart and 
hills spaced 20–25 cm apart. For soil preparation and 
plant growth, MALR recommends supplying the 
entire dose of nitrogen (N), phosphorus (P), and 
potassium (K) fertilizer. The concentrations of calcium 
superphosphate, ammonium sulfate, and potassium 
sulfate were 359 kg ha−1, 288 kg ha−1, and 124 kg ha−1, 
respectively, during the seed-bed preparation 
process. The soil's attributes are as follows: textured 
sandy loam, 27.56% sand, 25.29% silt, and 45.15% 
clay. To estimate the chemical and physical analyses of 
the soil collected at a depth of 30 cm before planting 
(Table 1). Twenty days after planting, the various 
irrigation levels were implemented. Foliar β-sitosterol 
or glycine betaine concentrations were administered 
55 and 75 days after sowing. The following treatments 
were represented by the plots and divided into nine 
groups. Each treatment contained five replications: 

Experimental 
scheme number 

Description of an experimental 
scheme 

T1 100 % water requirement (WR) 
T2 100 % WR+ β-sitosterol 100 ppm  
T3 100 % WR+ glycine betaine 100 ppm  
T4 75 % WR.  
T5 75 % WR+ β-sitosterol 100 ppm  
T6 75 % WR+ glycine betaine 100 ppm  
T7 50 % WR. 
T8 50 % WR+ β-sitosterol 100 ppm  
T9 50 % WR+ glycine betaine 100 ppm  

 

Table 1. Chemical properties of soil 

Character    
Soil characteristics 
Electrical conductivity (EC) mm hos/cm 1.21 
pH  7.1 
Total soluble salts (TSS, ppm) 772 
Texture grade sandy loamy 
Soluble cations (meq L−1)   
Sodium (Na+) 2.31 
Calcium (Ca++) 2.32 
Potassium (K+) 0.51 
Magnisum (Mg++ 1 
Soluble anions (meq L−1)   
Carbon trioxide (CO3− −) nd‡ 
Hydrogen carbonate (HCO3−) 1 
Sulfate (SO4− −) 0.75 
Chloride (Cl−) 4.24 
†Standard Error; ‡ not detected. 

Biochemical studies 
Photosynthetic Pigments 

The 0.5 g of leaves were ground and centrifuged at 
4500 rpm at 20 °C for 5 minutes in 80% acetone. The 
filtrate was examined at 470, 652, 665, and 750 nm 
wavelengths to quantify chlorophyll-a (Chla), 
chlorophyll-b (Chlb), and carotenoids (Lichtenthaler 
1987). 

Total soluble sugar contents 

Total sugar concentrations were determined by 
Irigoyen et al., (1992) using anthrone and 80% sulfuric 
acid (H2SO4). An optical density of 620 nm was 
measured. 

Determination of Total Soluble Protein  

Following centrifugation for 10 minutes at 10,000 xg 
utilizing Folin-Ciocalteu reagent, the supernatant was 
extracted using cold phosphate buffer (pH 6.5; 0.05 
M) and measured at 700 nm (Lowry et al., 1951). 

Determination of Proline  

Dried lupine leaves were tested for total proline 
(Bates et al., 1973). The compound was extracted 
using sulfosalicylic acid, equal to glacial acetic acid 
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and ninhydrin. Five milliliters of toluene were added 
after cooling and heating to 100 degrees Celsius. 
Spectrophotometers detected toluene layer 
absorption at 528 nm. 

Determination of Phenols  

Phenols were determined by Dihazi et al., (2003), who 
applied the Na₂CO₃ solution and Folin-Ciocalteu 
reagent (FCR). 6.5 ml of 50% methanol and 100 mg of 
dried lupine leaves were combined. After vortexing, 
the samples were allowed to stand at room 
temperature for 95 minutes before centrifuging at 
15,000 xg for 5 minutes. The 765 nm absorbance was 
determined. 

Determination of flavonoid 

Absolute methanol was employed to soak 100 mg of 
dried leaf samples, which were then filtered to obtain 
the extract. After adding 5% NaNO2 (0.3 ml), distilled 
water (4 ml), and 10% AlCl3 (1 ml) to this filtrate, it was 
incubated for five minutes. Following incubation, 
distilled water (2.4 ml) and 4% NaOH. The Zhishen et 
al., (1999) approach measured absorbance at 510 nm. 

Lipid peroxidation (MDA) content  

Lipid peroxidation (MDA) was tested to assess 
oxidized lipids using Du and Bramlage (1992). Recent 
foliage was subjected to maceration with TCA and 
then centrifuged at 12,000 × g. Thiobarbituric acid 
was brought to the supernatant for 30 minutes in 
boiling water. Samples were measured at 532 nm for 
optical absorbance. 

Determination of Relative Water Content 

Leaf discs were measured for fresh weight (FW) and 
then soaked in distilled water for 4 hours at 25 ºC to 
assay the turgid weight (TW). The discs' dry weight 
(DW) was determined after 24 hours at 80 ºC. The 
equation from Barrs and Weatherley (1962) was to 
determine relative water content (RWC). 

RWC = [(FW - DW) / (TW - DW)] × 100 

Reactive oxygen species (ROS): Hydrogen peroxide  

For the extraction of leaf samples, 5% TCA was used 
and centrifuged for 15 minutes at 11,500 × g. After 
mixing phosphate buffer with KI, hydrogen peroxide 
(1 M) was determined at a wavelength of 390 nm. Jabs 
et al., (1996) determined superoxide anion (O2) from 
a K-phosphate buffer. Incubating the extract with 
hydroxylamine hydrochloride began. Following 20 
minutes of incubation, naphthyl and sulfanilamide 
were added, and samples were measured at 530 nm. 

Babbs et al., (1989) were used to compute the 
concentration of hydroxyl radicals (OH). The reaction 
mixture included KH2PO4 buffer, deoxyribose, FeCl3, 
H2O2 (1 mM), 104 μM EDTA, and ascorbate (100 μM) 
in the last 1 mL. Samples were measured at 532 nm. 

Determination Ascorbic acid (AsA) 

The ascorbic acid (AsA) level in fresh leaf extracts of 
lupinus was determined using aqueous sulfosalicylic 
acid, following the methodology defined by Jagota 
and Dani (1982). The reaction mixture was composed 
of Na-molybdate at a concentration of 2%, H2SO4 at 
0.15 N, and Na2HPO4 at 1.5 mM, along with the tissue 
extract. The absorbance was subsequently assessed 
at 660 nm. 

Determination Glutathione  

Determining leaf glutathione (GSH) content was 
conducted following the methodology outlined by 
(Owens and Belcher 1965). The leaf samples were 
homogenized in a 2% metaphosphoric acid solution 
and were centrifugated at 17,000 × g for 10 minutes. 
The absorbance was reported at 412 nm over one 
minute. 

Determination Glycine Betaine  

Fresh lupine leaves were milled in a toluene-water 
solution within a 20 mL test tube. Every tube 
underwent mechanical shaking for 24 hours. After 
filtration, the extract (0.5 mL) and 1 mL of HCl were 
mixed for 90 minutes in ice-cold water (Grattan and 
Grieve 1985). Samples were measured at 365 nm. 

Antioxidant enzyme activities 

Terminal buds and the first and second fully grown 
leaves from the plant apex were collected to test 
antioxidant enzymes such as catalase (CAT), 
peroxidase (POX), superoxide dismutase (SOD), 
ascorbate peroxidase (APX), glutathione reductase 
(GR), and phenylalanine ammonia-lyase (PAL). Fresh 
plant tissue weighing 0.5 g was homogenized in 3 mL 
of TRIS buffer containing EDTA-Na (1 mM) and 
polyvinylpyrrolidone at 0–4°C. Homogenates 
underwent centrifugation at 10,000 × g for 20 minutes 
at 4 °C. The UV-160A spectrophotometer (Shimadzu, 
Japan) was measured at 25 °C. CAT was measured, 
and POX was measured by Vetter et al., (1958). 
Beauchamp and Fridovich (1971) measured SOD 
activity. The reduced absorbance at 265 nm was used 
to measure ascorbate peroxidase (APX) activity. GR 
activity was assayed by measuring NADPH oxidation 
at 340 nm for 1 minute (Jung et al., 1993). The enzyme 
reaction mixture Phenylalanine ammonia-lyase (PAL) 
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included 40 mM L-phenylalanine, 100 mM Tris-HCl, 
and a 1 ml enzyme aliquot at pH 8.8. After 30 minutes 
at 37 °C, 50 μL of 4 M HCl was added to stop the 
reaction. A UV spectrophotometer measured at 290 
nm (Goldson et al., 2008).  

Estimation of Hormone Content 

The phytohormones (indole acetic acid (IAA), 
gibberellic acid (GA3), and abscisic acid (ABA)) were 
measured by Knegt and Bruinsma (1973). Using 80% 
cold MeOH at 4 ºC, a 5-gram sample was extracted 
overnight in darkness. The residue was dissolved in 
phosphate buffer (0.1 M) at -18 °C for 24 h. The 
extract was centrifuged at 17000 ×g at 4 °C. Repeated 
partition extract against diethyl ether removed the 
organic phase. Diethyl ether partitioned and ejected 
the aqueous phase twice when 5 N HCl reached pH 
2.5. Next, MeOH–acetic acid (2%) mobile phase and 
1.0/min flow rate separated endogenous plant 
hormones (IAA, GA3, ABA) in the C18 sep-pack 
cartridge reversed-phase HPLC. 

Estimation of Mineral Ion Contents 

Phosphorus (P), potassium (K+), and nitrogen (N) were 
assessed using dried powdered tissues. P was 
determined, K+ was evaluated with a flame 
photometer, and N was estimated using a micro-
Kjeldahl apparatus (Sen Tran et al., 1988). 

Statistical analysis  

All measured parameters were tested for significance 
using the analysis of variance (SPSS 27). Before doing 
the variance analysis, all data were validated for 
variance homogeneity. A comprehensive data analysis 
was performed, and notable differences between 
groups were assessed at P ≤ 0.05 using Fisher's 
multiple range test. 

RESULTS 
Morphological characteristics 

Results in Figure 1 demonstrate that drought stress at 
a water requirement (75 %, 50% WR) significantly 
reduced the growth parameters of Lupinus plants 
(shoot length (29.37%, 54.65%), root length (31.38%, 
45.14%), the number of leaves plant (40.86%, 
73.12%), shoot fresh (34.60%, 59.80%), and dry 
weight (45.75%, 77.83%) plant, and root fresh 
(54.32%, 79.86%), and dry weight (43.32%, 72.73) 
plant, compared to the control. Nevertheless, 
exogenously applied β-sitosterol and glycine betaine 
notably raised all growth parameters (glycine betaine 
recorded better enhancements) compared to the 
control plants. The foliar treatment of β-sitosterol and 

glycine betaine to drought-stressed plants 
significantly influenced the growth parameters of 
Lupinus, with comparable results to plants cultivated 
under full irrigation without treatment. The 
exogenous treatment of β-sitosterol or glycine 
betaine alleviated the detrimental impacts of water 
deficit stress on Lupinus growth, as proven by the 
significant enhancement in β-sitosterol and glycine-
treated Lupinus plants subjected to water deficit 
compared to that irrigation 75 %, 50% WR. 

Chlorophyll contents 

Results in Figure 2 demonstrate a decrease in the 
content of chl a, b, carotenoids, and total pigments in 
Lupinus leaves at different water irrigation compared 
to control plants (100% WR). Conversely, drought 
duress resulted in a significant increase in carotenoid 
content. Compared to stressed plants, the content of 
chl a, b, carotenoids, and total pigments increased 
significantly when treated with β-sitosterol or glycine 
betaine. The most significant rise was noticed in 
plants applied with glycine betaine, followed by β-
sitosterol. 

Osmolytes content  

Osmolytes content (Total soluble sugar, protein, 
proline, phenols, and flavonoids in shoots of Lupinus 
plants rose under different water irrigation (75 %, 50% 
WR) as compared with untreated plants (100 % WR) 
(Figure 3). Compared to the control plant, applied 
with β-sitosterol or glycine betaine significantly 
affected sugar, protein, proline, phenols, and 
flavonoid content, irrigated at 100% WR. Moreover, 
sugar, protein, proline, phenols, and flavonoid 
content were significantly raised in plants treated 
with β-sitosterol or glycine betaine compared with 
moderate and severe drought stress. 

ROS indicator, MDA, and RWC 

Data in Figure 4 revealed that MDA, H2O2, O2, and OH 
content significantly increased in plants under 
different water irrigation compared with non-
stressed. The most pronounced decreases were 
observed in the glycine betaine treatments, followed 
by plants treated with β-sitosterol. In addition, the 
RWC in the leaves of Lupinus plants significantly 
decreased under different water irrigation methods 
when compared with non-stressed plants. 
Furthermore, applying β-sitosterol and glycine 
betaine to foliar spray resulted in significant increases 
in the relative water content in the stressed and non-
stressed lead plants compared to control and stressed 
plants.  
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Figure 1. Effect of β-sitosterol and glycine betaine on morphological 
characters a) shoot length, b) root length, c) the number of leaves, 
d) fresh weight of shoot, e) dry weight of shoot, f) fresh weight of 
root, and g) dry weight of root of Lupinus termis L. plant under 
drought stress. Each value is a mean of 3 replicates ± standard error 
of means. Different lower-case letters are significantly different by 
post-hoc-Tukey's. T1: 100% WR, T2: 100% WR+ β-sitosterol 100 
ppm  , T3: 100% WR+ glycine betaine 100 ppm  ,T4: 75% WR, T5: 75% 
WR+ β-sitosterol 100 ppm , T6: 75% WR+ glycine betaine 100 ppm  
, T7: 50% WR. T8: 50% WR+ β-sitosterol 100 ppm, T9: 50% WR+ 
glycine betaine 100 ppm. 

 

 

 

 

Figure 2. Effect of β-sitosterol and glycine betaine on Chlorophyll 
contents a) chlorophyll a, b) chlorophyll b, c) carotenoids, d) total 
pigment of Lupinus termis L. plant under drought stress. Each value 
is a mean of 3 replicates ± standard error of means. Different lower-
case letters are significantly different by post-hoc-Tukey's. T1: 100% 
WR, T2: 100% WR+ β-sitosterol 100 ppm  , T3: 100% WR+ glycine 
betaine 100 ppm  ,T4: 75% WR, T5: 75% WR+ β-sitosterol 100 ppm  
, T6: 75% WR+ glycine betaine 100 ppm  , T7: 50% WR. T8: 50% WR+ 
β-sitosterol 100 ppm, T9: 50% WR+ glycine betaine 100 ppm. 

Determination of Stress Response Factors  

The drought markedly increased ascorbic acid, 
glutathione, and glycine betaine (Figure 5). 
Nonetheless, applying β-sitosterol and glycine 
betaine to drought-stressed plants significantly raises 
glutathione, ascorbic acid, and glycine betaine levels 
compared to the stressed plants.  

a) 

b) 

c) 

d) 

e) 

f) 

g) 

a) 

b) 

c) 

d) 
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Figure 3. Effect of β-sitosterol and glycine betaine on a) Total 
soluble sugar, b) Total soluble protein, c) proline, d) phenols, and e) 
flavonoids of Lupinus termis L. plant under drought stress. Each 
value is a mean of 3 replicates ± standard error of means. Different 
lower-case letters are significantly different by post-hoc-Tukey's. T1: 
100% WR, T2: 100% WR+ β-sitosterol 100 ppm  , T3: 100% WR+ 
glycine betaine 100 ppm  ,T4: 75% WR, T5: 75% WR+ β-sitosterol 
100 ppm  , T6: 75% WR+ glycine betaine 100 ppm  , T7: 50% WR. T8: 
50% WR+ β-sitosterol 100 ppm, T9: 50% WR+ glycine betaine 100 
ppm. 

 

 

 

 

 

Figure 4. Effect of β-sitosterol and glycine betaine on a) lipid 
peroxidation, b) relative water content, c) H2O2, d) O2, and e) OH of 
Lupinus termis L. plant under drought stress. Each value is a mean 
of 3 replicates ± standard error of means. Different lower-case 
letters are significantly different by post-hoc-Tukey's. T1: 100% WR, 
T2: 100% WR+ β-sitosterol 100 ppm  , T3: 100% WR+ glycine betaine 
100 ppm  ,T4: 75% WR, T5: 75% WR+ β-sitosterol 100 ppm  , T6: 75% 
WR+ glycine betaine 100 ppm  , T7: 50% WR. T8: 50% WR+ β-
sitosterol 100 ppm, T9: 50% WR+ glycine betaine 100 ppm. 

a) 

b) 

c) 

d) 

e) 

a) 

b) 

c) 

d) 

e) 
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Figure 5. Effect of β-sitosterol and glycine betaine on a) ascorbic 
acid, b) glutathione, c) glycine betaine, of Lupinus termis L. plant 
under drought stress. Each value is a mean of 3 replicates ± 
standard error of means. Different lower-case letters are 
significantly different by post-hoc-Tukey's. T1: 100% WR, T2: 100% 
WR+ β-sitosterol 100 ppm  , T3: 100% WR+ glycine betaine 100 ppm  
,T4: 75% WR, T5: 75% WR+ β-sitosterol 100 ppm  , T6: 75% WR+ 
glycine betaine 100 ppm  , T7: 50% WR. T8: 50% WR+ β-sitosterol 
100 ppm, T9: 50% WR+ glycine betaine 100 ppm. 

Enzymatic antioxidants 

The antioxidant enzymes (POX, SOD, CAT, GR, APX, 
PAL) were significantly elevated in the shoots of 
Lupinus plants subjected to different water irrigation. 
Furthermore, all treatments assist the plant in 
mitigating different water irrigation by enhancing the 
accumulation of antioxidant enzymes compared to 
control plants (100% WR) (Figure 6). The glycine 
betaine treatment substantially enhanced antioxidant 
enzymes relative to unstressed and stressed plants.  

Hormonal contents  

Drought stress decreased the IAA and GA3 contents 
compared to control plants (100% WR) (Figure 7). 
Exposure to moderate and severe drought 
significantly increases the ABA contents compared to 
control plants. In addition, β-sitosterol or glycine 
betaine stimulated the activities of the hormonal 
contents (IAA, GA3, and ABA). Lupinus plants 
increased with the foliar treatment of glycine betaine 
exhibited the highest IAA (55.56%, 61.54%) and GA3 
(30.40%, 32.29%) while significantly increasing the 
ABA (46.67%, 35.71%) contents in comparison to 
plants grown with moderate and severe drought 
stress, respectively. 

Mineral contents 

Compared to the non-drought-stress plants, drought 
stress decreased the Lupinus seed's N, P, and K 
amounts (Figure 8). Nevertheless, compared to plant 
irrigation with control plants (100% WR), applying β-
sitosterol or glycine betaine considerably increased 
Lupinus Plants' N, P, and K contents (Figure 8). 
Compared to plants grown under different water 
irrigation, the exogenous application of glycine 
betaine showed the most effective treatment effect. 

DISCUSSION  

Plants in semi-arid and arid areas experience drought 
or water deficit stress when the water supply to roots 
is restricted owing to elevated transpiration rates and 
increased temperatures. Our findings indicated that 
moderate to severe drought stress reduced lupinus 
development. Due to drought stress, comparable 
outcomes have been shown in the decreased 
development of lupinus, faba bean, and soybean 
plants (Zhou et al., 2024). The dysregulation of 
elongating cells, which arises from the disruption of 
water transport from the xylem to these cells, 
decreased levels of growth-promoting hormones, and 
compromised processes of cell elongation, mitosis, 
and expansion during cell division, may be the cause 
of the drought-induced reduction in plant growth. 
(Riaz et al., 2023). 

Global climate change induces drought stress 
episodes. Consequently, new management will be 
necessary to address this issue using antioxidant 
chemicals. The application of β-sitosterol or glycine 
betaine to lupinus plants resulted in enhanced 
growth. Numerous studies indicate that foliar 
application of β-sitosterol in crops like wheat might 
mitigate severe drought stress effects on plant 
development  by  improving  the  antioxidant  system  

a) 

b) 

c) 
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Figure 6. Effect of β-sitosterol and glycine betaine on a) Superoxide 
dismutase, b) catalase, c) peroxidase, d) ascorbate peroxidase, e) 
glutathione peroxidase and f) Phenylalanine ammonia-lyase of 
Lupinus termis L. plant under drought stress. Each value is a mean 
of 3 replicates ± standard error of means. Different lower-case 
letters are significantly different by post-hoc-Tukey's. T1: 100% WR, 
T2: 100% WR+ β-sitosterol 100 ppm  , T3: 100% WR+ glycine betaine 
100 ppm  ,T4: 75% WR, T5: 75% WR+ β-sitosterol 100 ppm  , T6: 75% 
WR+ glycine betaine 100 ppm  , T7: 50% WR. T8: 50% WR+ β-
sitosterol 100 ppm, T9: 50% WR+ glycine betaine 100 ppm. 

 

 

 

Figure 7. Effect of β-sitosterol and glycine betaine on a) indole 
acetic acid (IAA), b) Gibberellic acid (GA3), c) Abscisic acid (ABA) of 
Lupinus termis L. plant under drought stress. Each value is a mean 
of 3 replicates ± standard error of means. Different lower-case 
letters are significantly different by post-hoc-Tukey's. T1: 100% WR, 
T2: 100% WR+ β-sitosterol 100 ppm  , T3: 100% WR+ glycine betaine 
100 ppm  ,T4: 75% WR, T5: 75% WR+ β-sitosterol 100 ppm  , T6: 75% 
WR+ glycine betaine 100 ppm  , T7: 50% WR. T8: 50% WR+ β-
sitosterol 100 ppm, T9: 50% WR+ glycine betaine 100 ppm. 

and osmoprotectant metabolism (Elkeilsh et al., 
2019). The exogenous treatment of glycine betaine 
mitigates drought stress by promoting plant growth 
by activating antioxidant mechanisms, reducing 
oxidative damage, and enhancing the expediting 
proline accumulation and synthesis of compatible 
solutes, thereby improving photosynthesis and yield 
characteristics (Haque et al., 2024). 

Exposure of lupinus plants to different irrigation of 
drought stress-induced oxidative stress, decreasing 
chlorophyll content. This may result from pigment 
photooxidation and chlorophyll degradation. 
Comparable outcomes are documented in Vicia faba 
and common bean plants. Plants react to drought 
conditions  by  shutting  stomata  to  minimize  water  

a) 

b) 

c) 

d) 

e) 
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Figure 8. Effect of β-sitosterol and glycine betaine on a) nitrogen 
(N), b) phosphorus (P), and c) potassium (K) of Lupinus termis L. 
plant under drought stress. Each value is a mean of 3 replicates ± 
standard error of means. Different lower-case letters are 
significantly different by post-hoc-Tukey's. T1: 100% WR, T2: 100% 
WR+ β-sitosterol 100 ppm  , T3: 100% WR+ glycine betaine 100 ppm  
,T4: 75% WR, T5: 75% WR+ β-sitosterol 100 ppm  , T6: 75% WR+ 
glycine betaine 100 ppm  , T7: 50% WR. T8: 50% WR+ β-sitosterol 
100 ppm, T9: 50% WR+ glycine betaine 100 ppm. 

loss, decreasing carbon transport, and diminishing 
ATP synthase and Rubisco activity (Haghpanah et al., 
2024). Lupinus plants' photosynthetic pigments 
increased after antioxidant treatment. Antioxidants 
may increase pigment synthesis by reducing 
chlorophyllase activity and increasing chlorophyll 
biosynthetic gene expression. β-sitosterol is 
significant in photosynthesis and proline synthesis. β-
sitosterol can neutralize ROS induced by water stress 
and may reduce lipid peroxidation, thereby 
preserving chlorophyll content and promoting plant 
growth (Elkeilsh et al., 2019).  

In addition to protecting photosynthetic activity, 
exogenous glycine betaine interacts with enzymes to 
maintain protein structure and activity. In Lupinus 
plants, total soluble sugar, proline, phenol, and 
flavonoid concentrations rise under different 
irrigation of drought conditions. Antioxidant 
treatment mitigates the negative impact of drought 
stress. Proteins are essential molecules for all cellular 
functions. Drought leads to decreased protein 
synthesis, likely attributable to reduced polysomal 
complexes in tissues with diminished water content, 
reducing plant growth and crop yield (Sallam et al., 
2019). ROS generation induced amino acid oxidation 
and could disrupt protein structure under drought 
stress. Due to a reduction in photosynthesis during 
drought stress, soluble protein levels have declined. 
Consequently, drought conditions lead to a decrease 
in photosynthesis, which in turn reduces or halts 
protein synthesis (Jarin et al., 2024). Proteolysis 
resulted in a gradual reduction in protein content 
during periods of water deficiency in plants, with the 
released amino acids utilized for osmotic adjustment. 
This indicates a potentially slow recovery of this 
parameter, likely due to the reliance of proteins on the 
synthesis of other nitrogen compounds. The findings 
align with those of Nalina et al., (2021). In plants, 
exogenous glycine betaine protects proteins by 
adhering to protein surfaces, thereby preventing ROS-
induced damage to native proteins and membranes 
(Haque et al., 2024). The exogenous treatment of GB 
enhances endogenous proline levels, thereby 
reducing cell osmotic potential and facilitating water 
uptake, ultimately promoting plant growth. Proline 
mitigates drought-induced oxidative stress by 
lowering H2O2 concentrations and enhancing the 
antioxidant defense mechanisms (Urmi et al., 2023).   

Under different irrigation conditions of drought 
conditions, ASA and GSH levels increased with the 
treatment of β-sitosterol and GB. Furthermore, under 
drought stress, applying glycine betaine elevated the 
content of ASA and GSH in pea plants (Osman 2015). 
This may serve as a preventive mechanism, as 
elevated GSH levels have been demonstrated to 
inhibit free radicals and effectively decrease oxidative 
damage. GSH is essential for regenerating the water-
soluble antioxidant AsA via the ASC-GSH cycle, which 
may enhance AsA levels during drought stress (Altaf 
et al., 2022). 

This research found that drought stress exposure in 
Lupinus led to increased hydrogen peroxide 
production, adversely affecting membrane structural 
integrity and resulting in lipid peroxidation. Ramzan et 
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al., (2023) demonstrated that drought treatment 
caused membrane damage in mustard cultivars, 
leading to changes in membrane function. Song et al., 
(2024) showed that treatment with glycine betaine 
decreased ROS production, leading to a notable 
reduction in lipid peroxidation within the membrane. 
This study confirmed the role of protection. Glycine 
betaine enhances the membrane structures of 
lupinus under drought and non-drought conditions. 
Numerous studies have established that soil drought 
induces membrane damage by developing lipid 
peroxidation and ROS. The antioxidant enzymes (PAL, 
GR, CAT, POX, SOD, and APX) significantly increased in 
the Lupinus plants subjected to different irrigation of 
drought stress. To mitigate oxidative damage and 
resistance to drought, plants employ both enzymatic 
defenses (GR, CAT, SOD, and PAL) and non-enzymatic 
antioxidant defenses (Altaf et al., 2022). 

Treatment with glycine betaine resulted in synergistic 
effects and enhanced enzymatic antioxidants in 
Lupinus plants. Patade et al., (2014) similarly reported 
increased APX activity in sugarcane by applying 20 
mM glycine betaine. Additionally, the application of 
glycine betaine to foliage wheat plants enhanced the 
activities of CAT, SOD, and POX. Enhanced activity of 
CAT, SOD, and POX can effectively neutralize the 
detrimental effects of ROS (Hasanuzzaman et al., 
2020). SOD is the primary enzyme responsible for 
scavenging ROS, converting superoxide radicals (O2) 
into molecular oxygen (O2) and water (H2O). APX and 
CAT modified the commutation of H2O2, a potent and 
harmful oxidizing agent, to O2 and H2O. Shemi et al., 
(2021) demonstrated that glycine betaine treatment 
resulted in significant variations in APX activity in 
maize plants subjected to drought stress. The 
application of exogenous β-sitosterol and glycine 
betaine increased GR activity, suggesting its potential 
role in the recycling and enhancement of endogenous 
GSH levels (Haque et al., 2024). Exogenous glycine 
betaine increased GR activity in the lupinus plants. 
Thus, GSH protects enzymes and structural protein 
groups containing sulfhydryl from oxidation and 
stabilizes the structure of biological macromolecules. 
Enhanced GSH levels promote the AsA-GSH cycle, 
raising the amount of AsA and improving the activity 
of APX, PAL, and GR. These enzymes remove ROS due 
to their glycine betaine effects (Altaf et al., 2022). 
Several studies indicate that drought- and heat-
resistant plants have a higher GSH content due to 
increased GSH synthesis and/or degradation. 
Exogenous glycine betaine has demonstrated greater 
efficacy than AsA in enhancing the activities of GR, 

APX, and SOD alongside elevated GSH and AsA 
contents. Exogenous glycine betaine stimulates the 
AsA-GSH cycle (Hasanuzzaman et al., 2020). 

Under drought stress, endogenous phytohormones 
like IAA and GA3 decreased, whereas ABA levels 
increased with higher drought concentrations. Liu et 
al., (2024) reported analogous findings, noting a rise 
in ABA in response to drought, while IAA exhibited a 
reduction. The increase in ABA levels inhibits soybean 
growth and plant development during drought stress 
and triggers stomatal closure, which affects 
photosynthesis. ABA is crucial for synthesizing and 
aggregating osmoprotectants, including proline and 
dehydrins, in response to dehydration caused by 
drought stress and generating reactive oxygen species 
(Riyazuddin et al., 2022). Applying glycine betaine to 
Lupinus plants under drought stress resulted in the 
highest levels of IAA and GA3. 

In contrast, ABA levels were minimized compared to 
control plants subjected to stress. This was followed 
by treatment with β-sitosterol. Glycine betaine 
increased the expression of ABA and IAA in wheat 
seedlings subjected to drought stress. Aldesuquy 
(2014) demonstrated that drought stress significantly 
decreased GA3 and IAA levels in wheat plants. Applied 
with glycine betaine increased IAA and GA3 content 
compared to drought-stressed plants  . The correlation 
between drought stress and nutrient deficiencies is 
well established. The interaction between drought 
levels and treatment significantly enhanced K, N, and 
P foliar uptake. The administration of glycine betaine 
enhanced micronutrient absorption in drought 
conditions. Potassium is a critical plant 
macronutrient, essential for stomatal function, cell 
expansion, enzyme activity, osmoregulation, and 
neutralizing non-diffusible negatively charged ions 
(Sofy et al., 2022). Phosphorus (P) concentrations 
decrease rapidly under drought stress due to the 
precipitation of phosphate ions with Ca+ ions, 
rendering them inaccessible to plants. P is an essential 
nutrient characterized by its mobility and potential to 
become obstructed in the phloem due to drought 
stress. Manganese and potassium interact 
synergistically. Manganese activates dehydrogenase 
and decarboxylase, essential for nitrogen 
metabolism, photosynthesis, and nitrogen absorption 
(Al-Mokadem et al., 2022). 

CONCLUSION 

Drought stress negatively impacts chlorophyll 
production, protein levels, and the development of 
Lupinus species. The adverse effects of drought 
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conditions on plants with antioxidants have been 
markedly diminished by the upregulation of an 
antioxidant protection system, enabling the swift 
neutralization of ROS and thus averting oxidative 
damage to membranes and proteins. The delivery of 
glycine betaine led to the upregulation of antioxidant 
enzymes and proline production in stressed plants, 
potentially protecting cellular membranes from 
damage induced by excessive ROS created under 
drought stress. The greatest notable enhancements 
were seen in plants subjected to glycine betaine 
treatment.  

DECLARATIONS 

Ethics approval and consent to participate 

REFERENCES  

Al-Mokadem, A.Z., Alnaggar, A.E.-A.M., Mancy, A.G., Sofy, 
A.R., Sofy, M.R., Mohamed, A.K.S.H., Abou Ghazala, 
M.M.A., El-Zabalawy, K.M., Salem, N.F.G., Elnosary, 
M.E. (2022). Foliar application of chitosan and 
phosphorus alleviate the potato virus Y-induced 
resistance by modulation of the reactive oxygen 
species, antioxidant defense system activity and gene 
expression in potato. Agronomy, 12(12), 3064. 

Al-Mokadem, A.Z., Sheta, M.H., Mancy, A.G., Hussein, H.-
A.A., Kenawy, S.K.M., Sofy, A.R., Abu-Shahba, M.S., 
Mahdy, H.M., Sofy, M.R., Al Bakry, A.F. (2023). 
Synergistic effects of kaolin and silicon nanoparticles 
for ameliorating deficit irrigation stress in maize plants 
by upregulating antioxidant defense systems. Plants, 
12(11), 2221. 

Aldesuquy, H.S. (2014). Glycine betaine and salicylic acid 
induced modification in water relations and 
productivity of drought wheat plants. Journal of Stress 
Physiology & Biochemistry, 10(2), 55-73. 

Altaf, M.M., Diao, X.-p., Wang, H., Khan, L.U., Rehman, A.U., 
Shakoor, A., Altaf, M.A., Farooq, T.H. (2022). Salicylic 
acid induces vanadium stress tolerance in rice by 
regulating the AsA-GSH cycle and glyoxalase system. 
Journal of Soil Science and Plant Nutrition, 22(2), 1983-
1999. 

Alzamel, N. (2025). In Vitro Influence of Drought on Some 
Biochemical, metabolic, and physiological reactions in 
callus induced from Vitex agnus-castus. Egyptian 
Journal of Botany, 65(1), 182-190. doi: 
10.21608/ejbo.2024.291590.2853. 

Babbs, C.F., Pham, J.A., Coolbaugh, R.C. (1989). Lethal 
hydroxyl radical production in paraquat-treated 
plants. Plant Physiology, 90(4), 1267-1270. 

Badawy, A.A., Alamri, A.A., Hussein, H.-A.A., Salem, N.F.G., 
Mashlawi, A.M., Kenawy, S.K.M., El-Shabasy, A. (2024). 
Glycine betaine mitigates heavy metal toxicity in Beta 
vulgaris (L.): an antioxidant-driven approach. 
Agronomy, 14(4), 797. 

Barrs, H.D., Weatherley, P.E. (1962). A re-examination of 
the relative turgidity technique for estimating water 

deficits in leaves. Australian journal of biological 
sciences, 15(3), 413-428. 

Bates, L.S., Waldren, R.P.A., Teare, I.D. (1973). Rapid 
determination of free proline for water-stress studies. 
Plant and soil, 39, 205-207. 

Beauchamp, C., Fridovich, I. (1971). Superoxide dismutase: 
improved assays and an assay applicable to acrylamide 
gels. Analytical biochemistry, 44(1), 276-287. 

Choudhary, A., Sharma, S., Kaur, H., Sharma, N., Gadewar, 
M.M., Mehta, S., Husen, A. (2024). Plant system, 
abiotic stress resilience, reactive oxygen species, and 
coordination of engineered nanomaterials: A review. 
South African Journal of Botany, 171, 45-59. 

Dihazi, A., Jaiti, F., Zouine, J., El Hassni, M., El Hadrami, I. 
(2003). Effect of salicylic acid on phenolic compounds 
related to date palm resistance to Fusarium 
oxysporum f. sp. albedinis. Phytopathologia 
mediterranea, 42(1), 9-16. 

Du, Y., Fu, X., Chu, Y., Wu, P., Liu, Y., Ma, L., Tian, H., Zhu, B. 
(2022). Biosynthesis and the roles of plant sterols in 
development and stress responses. International 
Journal of Molecular Sciences, 23(4), 2332. 

Du, Z., Bramlage, W.J. (1992). Modified thiobarbituric acid 
assay for measuring lipid oxidation in sugar-rich plant 
tissue extracts. Journal of Agricultural and Food 
Chemistry, 40(9), 1566-1570. 

Elkeilsh, A., Awad, Y.M., Soliman, M.H., Abu-Elsaoud, A., 
Abdelhamid, M.T., El-Metwally, I.M. (2019). 
Exogenous application of β-sitosterol mediated 
growth and yield improvement in water-stressed 
wheat (Triticum aestivum) involves up-regulated 
antioxidant system. Journal of plant research, 132, 
881-901. 

Goldson, A., Lam, M., Scaman, C.H., Clemens, S., Kermode, 
A. (2008). Screening of phenylalanine ammonia lyase 
in plant tissues, and retention of activity during 
dehydration. Journal of the Science of Food and 
Agriculture, 88(4), 619-625. 

Grattan, S.R., Grieve, C.M. (1985). Betaine status in wheat 
in relation to nitrogen stress and to transient salinity 
stress. Plant and Soil, 853-9. 

Haghpanah, M., Hashemipetroudi, S., Arzani, A., Araniti, F. 
(2024). Drought Tolerance in Plants: Physiological and 
Molecular Responses. Plants, 13(21), 2962. 

Hafez, R., Fouad, A. (2020). Mitigation of Genotoxic and 
Cytotoxic Effects of Silver Nanoparticles on Onion Root 
Tips using some Antioxidant Scavengers. Egyptian 
Journal of Botany, 60(1), 133-145. doi: 
10.21608/ejbo.2019.13390.1321. 

Haque, M.S., Hossain, K.S., Baroi, A., Alamery, S., Attia, K.A., 
Hafez, Y.M., Hussain, M.T., Uddin, M.N., Hossain, M.A. 
(2024). Foliar application of abscisic acid and glycine 
betaine induces tolerance to water scarcity in wheat. 
Plant Growth Regulation, 1-17. 

Hasanuzzaman, M., Bhuyan, M.H.M.B., Zulfiqar, F., Raza, A., 
Mohsin, S.M., Mahmud, J.A., Fujita, M., Fotopoulos, V. 
(2020). Reactive oxygen species and antioxidant 
defense in plants under abiotic stress: Revisiting the 



Marzouk et al., 2025 
 

 

 

Egypt. J. Bot. Vol. 65, No.3 (2025) 612 

crucial role of a universal defense regulator. 
Antioxidants, 9(8), 681. 

Hou, M., Li, Y., Biswas, A., Chen, X., Xie, L., Liu, D., Li, L., Feng, 
H., Wu, S., Satoh, Y. (2024). Concurrent drought 
threaten wheat and maize production and widen crop 
yield gaps in the future. Agricultural Systems, 
220104056. 

Huang, S., Zuo, T., Ni, W. (2020). Important roles of glycine 
betaine in stabilizing the structure and function of the 
photosystem II complex under abiotic stresses. Planta, 
251(2), 36. 

Irigoyen, J.J., Einerich, D.W., Sánchez-Díaz, M. (1992). 
Water stress induced changes in concentrations of 
proline and total soluble sugars in nodulated alfalfa 
(Medicago sativa) plants. Physiologia plantarum, 
84(1), 55-60. 

Jabs, T., Dietrich, R.A., Dangl, J.L. (1996). Initiation of 
runaway cell death in an Arabidopsis mutant by 
extracellular superoxide. Science, 273(5283), 1853-
1856. 

Jagota, S.K., Dani, H.M. (1982). A new colorimetric 
technique for the estimation of vitamin C using Folin 
phenol reagent. Analytical biochemistry, 127(1), 178-
182. 

Jarin, A.S., Islam, M.M., Rahat, A., Ahmed, S., Ghosh, P., 
Murata, Y. (2024). Drought stress tolerance in rice: 
Physiological and Biochemical Insights. International 
Journal of Plant Biology, 15(3), 692-718. 

Jung, K., Kühler, S., Klotzek, S., Becker, S., Henke, W. (1993). 
Effect of storage temperature on the activity of 
superoxide dismutase, catalase, glutathione 
peroxidase, glutathione reductase and glutathione S-
transferase in rat liver and kidney homogenates. 
Enzyme and Protein, 47(3), 149-155. 

Knegt, E., Bruinsma, J. (1973). A rapid, sensitive and 
accurate determination of indolyl-3-acetic acid. 
Phytochemistry, 12(4), 753-756. 

Lichtenthaler, H.K. 1987. Chlorophylls and carotenoids: 
pigments of photosynthetic biomembranes. In: 
Methods in enzymology. Elsevier. p. 350-382. 

Liu, J., Carriquí, M., Xiong, D., Kang, S. (2024). Influence of 
IAA and ABA on maize stem vessel diameter and stress 
resistance in variable environments. Physiologia 
Plantarum, 176(4), e14443. 

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J. 
(1951). Protein measurement with the Folin phenol 
reagent. J biol Chem, 193(1), 265-275. 

Nalina, M., Saroja, S., Chakravarthi, M., Rajkumar, R., 
Radhakrishnan, B., Chandrashekara, K.N. (2021). 
Water deficit-induced oxidative stress and differential 
response in antioxidant enzymes of tolerant and 
susceptible tea cultivars under field condition. Acta 
Physiologiae Plantarum, 431-17. 

Osman, H.S. (2015). Enhancing antioxidant–yield 
relationship of pea plant under drought at different 
growth stages by exogenously applied glycine betaine 
and proline. Annals of Agricultural Sciences, 60(2), 389-
402. 

Owens, C.W.I., Belcher, R.V. (1965). A colorimetric micro-
method for the determination of glutathione. 
Biochemical Journal, 94(3), 705. 

Oyebamiji, Y.O., Adigun, B.A., Shamsudin, N.A.A., Ikmal, 
A.M., Salisu, M.A., Malike, F.A., Lateef, A.A. (2024). 
Recent advancements in mitigating abiotic stresses in 
crops. Horticulturae, 10(2), 156. 

Patade, V.Y., Lokhande, V.H., Suprasanna, P. (2014). 
Exogenous application of proline alleviates salt 
induced oxidative stress more efficiently than glycine 
betaine in sugarcane cultured cells. Sugar Tech, 1622-
29. 

Ramzan, T., Shahbaz, M., Maqsood, M.F., Zulfiqar, U., 
Saman, R.U., Lili, N., Irshad, M., Maqsood, S., Haider, 
A., Shahzad, B. (2023). Phenylalanine supply alleviates 
the drought stress in mustard (Brassica campestris) by 
modulating plant growth, photosynthesis, and 
antioxidant defense system. Plant Physiology and 
Biochemistry, 201, 107828. 

Riaz, M.W., Yousaf, M.I., Hussain, Q., Yasir, M., Sajjad, M., 
Shah, L. (2023). Role of lignin in wheat plant for the 
enhancement of resistance against lodging and biotic 
and abiotic stresses. Stresses, 3(2), 434-453. 

Riyazuddin, R., Nisha, N., Singh, K., Verma, R., Gupta, R. 
(2022). Involvement of dehydrin proteins in mitigating 
the negative effects of drought stress in plants. Plant 
cell reports, 41(3), 519-533. 

Sallam, A., Alqudah, A.M., Dawood, M.F.A., Baenziger, P.S., 
Börner, A. (2019). Drought stress tolerance in wheat 
and barley: advances in physiology, breeding and 
genetics research. International journal of molecular 
sciences, 20(13), 3137. 

Sen Tran, T., Giroux, M., Fardeau, J.C. (1988). Effects of soil 
properties on plant-available phosphorus determined 
by the isotopic dilution phosphorus-32 method. Soil 
Science Society of America Journal, 52(5), 1383-1390. 

Shafiq, S., Akram, N.A., Ashraf, M., García-Caparrós, P., Ali, 
O.M., Latef, A.A.H.A. (2021). Influence of glycine 
betaine (natural and synthetic) on growth, metabolism 
and yield production of drought-stressed maize (Zea 
mays L.) plants. Plants, 10(11), 2540. 

Sharaf, A.E.M., Farghal, I.I., Sofy, M.R. (2009). Response of 
broad bean and lupin plants to foliar treatment with 
boron and zinc. Australian Journal of basic and applied 
sciences, 3(3), 2226-2231. 

Shemi, R., Wang, R., Gheith, E.-S.M.S., Hussain, H.A., 
Hussain, S., Irfan, M., Cholidah, L., Zhang, K., Zhang, S., 
Wang, L. (2021). Effects of salicylic acid, zinc and 
glycine betaine on morpho-physiological growth and 
yield of maize under drought stress. Scientific Reports, 
11(1), 3195. 

Sofy, A.R., Mancy, A.G., Alnaggar, A.E.A.M., Refaey, E.E., 
Mohamed, H.I., Elnosary, M.E., Sofy, M.R. (2022). A 
polishing the harmful effects of Broad Bean Mottle 
Virus infecting broad bean plants by enhancing the 
immunity using different potassium concentrations. 
Notulae Botanicae Horti Agrobotanici Cluj-Napoca, 
50(1), 12654-12654. 



β-sitosterol and glycine betaine: a powerful duo for enhancing Lupinus drought resistance 
 

 

 

Egypt. J. Bot. Vol. 65, No.3 (2025)  613 

Song, X., Kong, F., Liu, B.-F., Song, Q., Ren, N.-Q., Ren, H.-Y. 
(2024). Lipidomics analysis of microalgal lipid 
production and heavy metal adsorption under glycine 
betaine-mediated alleviation of low-temperature 
stress. Journal of Hazardous Materials, 480, 135831. 

Urmi, T.A., Islam, M.M., Zumur, K.N., Abedin, M.A., Haque, 
M.M., Siddiqui, M.H., Murata, Y., Hoque, M.A. (2023). 
Combined effect of salicylic acid and proline mitigates 
drought stress in rice (Oryza sativa L.) through the 
modulation of physiological attributes and antioxidant 
enzymes. Antioxidants, 12(7), 1438. 

Vetter, J.L., Steinberg, M.P., Nelson, A.I. (1958). Enzyme 
assay, quantitative determination of peroxidase in 

sweet corn. Journal of agricultural and food chemistry, 
6(1), 39-41. 

Wei, Z., Li, J. (2020). Regulation of brassinosteroid 
homeostasis in higher plants. Frontiers in Plant 
Science, 11, 583622. 

Zhishen, J., Mengcheng, T., Jianming, W. (1999). The 
determination of flavonoid contents in mulberry and 
their scavenging effects on superoxide radicals. Food 
chemistry, 64(4), 555-559. 

Zhou, C., Mughal, N., Zhang, X., Chen, J., Shoaib, N., Wang, 
X., Yong, T., Yang, F., Liu, W., Wu, X. (2024). Soybean 
plants enhance growth through metabolic regulation 
under heterogeneous drought stress. Agricultural 
Water Management, 303, 109029. 

 


