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1. Introduction 

Salt stress is one of the most pervasive abiotic constraints 

limiting crop productivity in arid and semi-arid regions, 

where low rainfall, high evapotranspiration, and inadequate 

drainage promote the accumulation of soluble salts in the soil  

 

(Hussain et al., 2025). Excessive soil salinity imposes 

osmotic stress, reducing water uptake, followed by ionic 

toxicity, primarily due to sodium (Na⁺) and chloride (Cl⁻), 

which disrupt cellular homeostasis, compromise membrane 

integrity, and interfere with essential metabolic processes 

Salt stress is a major abiotic constraint limiting crop productivity in arid and semi-arid 

regions. Guar (Cyamopsis tetragonoloba L.), an important industrial and forage crop, 

is highly sensitive to salinity, which adversely affects its physiological and biochemical 

functions. The present study was conducted to evaluate the effectiveness of foliar-applied 

kaolin in mitigating salt stress in guar plants. A pot experiment was performed using 

clay loam soil selected based on its physicochemical properties. Salinity stress was 

imposed by adding a calculated amount of NaCl to the soil, while kaolin was applied 

foliarly at concentrations of 2% and 4%. Physiological attributes including 

photosynthetic rate, stomatal conductance, substomatal CO₂ concentration, 

transpiration rate, and chlorophyll content were measured. Osmolyte accumulation 

(proline and soluble sugars) and antioxidant enzyme activities (SOD, CAT, and POD) 

were also assessed. The results indicated that salinity significantly reduced plant 

physiological performance; however, foliar application of kaolin markedly improved 

photosynthetic rate (1.83-fold), stomatal conductance (24%), substomatal CO₂ 

concentration (11%), and chlorophyll content, while reducing transpiration rate by 54% 

compared to untreated plants under saline conditions. Kaolin treatment enhanced 

osmolyte accumulation, with proline and soluble sugars increasing by (2.56-fold) and 

(1.37-fold), respectively, contributing to improved osmotic adjustment. Additionally, 

antioxidant enzyme activities were significantly elevated in kaolin-treated plants, 

facilitating reactive oxygen species (ROS) detoxification and reducing oxidative damage 

under salt stress. These findings suggest that foliar application of kaolin is an effective 

and sustainable strategy to improve guar growth, physiological efficiency, and 

biochemical resilience under saline environments. 
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(Singh et al., 2022). These physiological disturbances reduce 

stomatal conductance and CO₂ assimilation (Zhang et al., 

2022), impair chlorophyll biosynthesis, compromise 

enzymatic activity, and enhance the production of reactive 

oxygen species (ROS) (Yin et al., 2024). In regions such as 

South Asia, where agriculture is frequently exposed to high 

salinity, sustaining crop productivity is essential not only for 

agronomic viability but also for ensuring food security and 

supporting rural livelihoods (Acharya et al., 2025). 

Guar (Cyamopsis tetragonoloba L.), commonly known as 

cluster bean, is a legume of significant economic and 

agronomic importance. It is cultivated primarily for its 

endosperm, which produces guar gum—a galactomannan 

polysaccharide widely utilized in food processing, 

pharmaceuticals, textiles, and oil and gas industries 

(Alkizwini, 2021). Guar gum possesses unique thickening, 

stabilizing, and emulsifying properties, making it a critical 

raw material in both traditional applications and emerging 

fields such as bioprinting and biodegradable materials. 

Beyond its industrial value, guar plays an important role in 

sustainable agriculture owing to its inherent drought 

tolerance and capacity for biological nitrogen fixation. These 

traits reduce dependence on synthetic fertilizers and allow 

cultivation in low-input farming systems in water-limited 

environments (Koirala, 2024).  

Despite its drought tolerance, guar is highly sensitive to 

salinity. Salt stress adversely affects seed germination, root 

development, and nodule formation, while compromising 

photosynthetic performance through chlorophyll degradation 

and disrupted electron transport. High salinity also impairs 

leaf water relations by inducing stomatal closure and 

reducing turgor, which limits CO₂ assimilation. 

Biochemically, salt-stressed plants accumulate compatible 

solutes such as proline and soluble sugars, while activating 

antioxidant enzymes to mitigate ROS-induced oxidative 

damage (Alalwani et al., 2025). The efficiency of these 

adaptive responses depends on the severity of salinity and the 

plant’s capacity to maintain oxidative and ionic homeostasis. 

Failure to regulate these physiological and biochemical 

processes often results in reduced yield, compromised seed 

quality, and diminished industrial performance of guar gum, 

underscoring the importance of effective management 

strategies in saline environments. 

In recent years, foliar-applied particle films, particularly 

kaolin, have emerged as a practical and cost-effective 

approach to mitigating abiotic stresses in crops, including 

salinity. Kaolin, a naturally occurring hydrous aluminum 

silicate (Al₂O₃·2SiO₂·2H₂O), forms a reflective, porous film 

on leaf surfaces that reduces leaf temperature, moderates 

radiation load, and stabilizes leaf energy balance without 

significantly restricting gas exchange (Ahmad et al., 2024). 

These physical effects enhance water use efficiency, reduce 

excessive transpiration, and maintain photosynthesis under 

environmental stress (El-Ansary, 2025; Azuara et al., 2023). 

Under saline conditions, kaolin can preserve stomatal 

function, maintain internal CO₂ concentration, improve 

cellular hydration, limit ROS accumulation, and enhance 

antioxidant enzyme activity and osmotic adjustment 

(Abdallah et al., 2019). Its immobility, affordability, and 

environmental safety make kaolin an attractive component of 

integrated salinity management programs that combine 

genotypic selection, optimized irrigation, and soil 

amendments such as gypsum. 

The physiological processes by which kaolin reduce stress 

are complex. Kaolin decreases the extreme stomatal closing 

by reflecting solar radiation and decreasing leaf temperature, 

which helps to sustain a desirable balance between CO2 

assimilation and water loss. This assists in maintaining 

photosynthetic activity and averts metabolic impairments that 

are usually related to salt stress. Moreover, enhanced leaf 

water status facilitates ionic homeostasis, restricts the 

production of ROS, and decreases lipid peroxidation, which 

allows antioxidant enzymes to work more effectively and 

osmotic regulation to be performed at a reduced energetic 

cost. All these cumulative effects underscore the potential of 

kaolin as a viable, sustainable and cost-effective agent to aid 

crop performance under unfavorable environmental 

conditions. 

In spite of these promising qualities, the influence of kaolin 

on the physiological and biochemical performance of salt-

stressed guar has not been fully studied. In particular, its 

effect on chlorophyll retention, photosystem stability, 

stomatal behavior, internal CO2 dynamics, and transpiration 

in salty conditions need to be systematically assessed. 

Moreover, the possible interplay between decreased 

transpiration and nutrient movement is not fully understood, 

and it is not known whether kaolin can potentially inhibit the 

uptake of key cations (including potassium (K+) and calcium 

(Ca2+) or inhibit the toxic accumulation of sodium (Na+). It is 

important to address these uncertainties to come up with 

evidence-based agronomic strategies that would guarantee 

the survival of plants and maintenance of industrial-quality 

guar gum in saline environments. 

Consequently, the current study aimed to investigate the 

effect of foliar-applied kaolin to enhance growth, 

physiological performance, and biochemical resilience of 

guar under salt stress in a systematic manner. The research 

particularly examines the effects of kaolin on stomatal 

control, photosynthetic performance, osmotic adjustment, 

and antioxidant defense systems, which give mechanistic 

understanding of how kaolin improves crop performance in 

saline soils. The study will explain these physiological and 
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biochemical processes to guide specific approaches to 

sustainable production of guar in agroecosystems that are 

influenced by salt, as well as to maintain the stability of the 

yield and quality of the product. 

2. Materials and Methods 

2.1. Experimental Site and Plant Material 

The experiment was carried out in a wire house in the 

Department of Soil Science, Faculty of Agriculture and 

Environment, The Islamia University of Bahawalpur, 

Pakistan, in the 2025 growing season. Average day/night 

temperatures were 32 ± 3°C / 24 ± 2°C. Genetic uniformity 

was achieved by using certified seeds of guar (Cyamopsis 

tetragonoloba L.) that were acquired in the Guar Section, 

Regional Agricultural Research Institute, Bahawalpur. Seeds 

were surface sterilized in 0.1% sodium hypochlorite for 2 

minutes, followed by three thorough rinses with distilled 

water to remove any residual disinfectant or microbial 

contaminants. The seeds were then dried at room temperature 

before sowing. Plastic pots were filled with 10 kg of air-dried, 

sieved (2 mm) soil.  Each pot had five seeds which were sown 

and thinned to three similar plants per pot after emerging. 

2.2. Experimental Design 

The experiment was arranged in a completely randomized 

design (CRD) with three replications. Nine treatment 

combinations were established, comprising three salinity 

levels (0, 5, and 10 dS m⁻¹ NaCl), two foliar kaolin 

concentrations (2% and 4% w/v), and their interactions. 

Salinity was imposed by thoroughly mixing the required 

amount of NaCl into the soil, while kaolin was applied as a 

foliar spray following standard procedures for arid-region 

crops. A 2% kaolin application is known to reduce leaf 

temperature, whereas a 4% concentration forms a more 

reflective film that alleviates physiological dehydration under 

high salinity (Faghihi et al., 2025). Soil moisture was 

maintained at approximately 70% of field capacity 

throughout the experiment, and all plants received uniform 

basal fertilization with nitrogen, phosphorus, and potassium 

at 60–40–30 kg ha⁻¹, applied as urea, single superphosphate, 

and sulfate of potash, respectively. 

2.3. Salinity and Kaolin Application 

The salinity was calculated by a standard formula and the 

necessary amount of NaCl was mixed well into the soil and 

then the pots were filled. The physicochemical properties of 

the soil were examined before the experiment. The initial soil 

properties were as follows: electrical conductivity (EC) of 1.3 

dS m-1, which is non-saline to slightly saline; pH 7.8, which 

is moderately alkaline reaction; sodium adsorption ratio 

(SAR) of 3.2 (mmol L-1)1/2, which is low sodicity hazard; 

calcium carbonate (CaCO3) content of 17.5%, which is 

calcareous soil; total nitrogen 367 mg kg-1; available 

phosphorus The interpretation of the experimental results 

took into consideration these properties. The soil was mixed 

well and left to stabilize after two days before sowing. Each 

treatment was prepared as kaolin suspensions by adding 

kaolin powder to distilled water and a little sticking agent to 

maintain uniform adhesion. Foliar application was done by 

spraying with a hand sprayer until the leaves were completely 

covered without any runoff. Sprays were applied at the 15-

day intervals throughout the vegetative and flowering phases 

with the appropriate kaolin concentrations not being 

surpassed. Distilled water containing the sticking agent was 

applied to control plants to ensure even comparison. 

2.4. Physiological Measurements 

The photosynthetic rate, stomatal conductance and 

transpiration rate were recorded at 9:00 to 11:00 a.m. on fully 

expanded leaves using a portable infrared gas analyzer 

(IRGA). Infrared thermometer was used to measure the 

temperature of the leaves. Relative water content (RWC) was 

determined using a slightly modified procedure of 

Weatherley (1950). A SPAD chlorophyll meter was used to 

determine the content of chlorophyll. 

2.5. Biochemical Analysis 

Leaf samples were collected 60 days after sowing for 

biochemical assays. Proline content was determined using the 

acid-ninhydrin method described by Bates et al. (1973), while 

soluble sugars were estimated according to the method of 

Yemm and Willis (1954). Activities of enzymatic 

antioxidants, including superoxide dismutase (SOD), 

catalase (CAT), and peroxidase (POD), were measured 

following standard protocols by Beauchamp and Fridovich 

(1971), Bergmeyer (1973), and Omran (1980). 

2.6. Statistical Analysis 

Analysis of variance (ANOVA) was used to analyze all data 

in the statistics 8.1 software. The Tukey Honest Significant 

Difference (HSD) test was used to compare treatment means 

at a probability level of 5%. OriginPro 2021 software was 

used to conduct correlation analysis between physiological 

and biochemical parameters to assess the relationship 

between measured traits. 

3. Results 

3.1. Growth Attributes 

The data reveals a significant variation in plant growth among 

treatments (Table 1). Shoot length ranged from 10.8 cm to 

51.5 cm, while root length varied between 13.1 cm and 29.2 

cm. The maximum shoot length (51.5 cm) and root length 

(29.2 cm) were recorded under T5, followed closely by T4. 

These treatments also produced the highest shoot dry weight 
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(6.26 g) and root dry weight (2.12 g). Compared with the 

control, T5 showed a substantial increase in vegetative growth 

and biomass accumulation. In contrast, T8 and T3 exhibited 

markedly reduced growth. The minimum shoot length (10.8 

cm) was observed in T8, representing nearly an 80% 

reduction compared with T5. Root length was lowest in T3 

(13.1 cm), indicating strong growth suppression under stress 

conditions. Overall, growth parameters showed a declining 

trend under salinity stress, whereas kaolin-treated plants 

maintained comparatively higher values.  

3.2. Physiological Responses 

 Physiological attributes varied significantly across 

treatments (Table 2). SPAD chlorophyll value ranged from 

25.1 to 46.2 SPAD units. The highest SPAD chlorophyll 

value was recorded in T5 (46.2 SPAD), which correlates 

directly with its superior biomass accumulation. Conversely, 

T3 exhibited the lowest chlorophyll content (25.1), suggesting 

a breakdown of photosynthetic pigments under that specific 

treatment. High-performing treatments (T4 and T5) showed 

maximum relative water content (RWC) 84–85% and the 

highest membrane stability index (MSI) 80–82%. 

respectively. This indicates that these treatments helped the 

plants to maintain cellular turgor and structural integrity. An 

inverse relationship was observed between growth and 

proline accumulation. The highest proline contents were 

found in T9 (7.42) and T8 (7.02), while the lowest levels were 

found in T1 (2.08) and T4 (2.42) respectively. This represents 

more than a threefold increase under stress conditions.

Table 1. Effect of salinity and kaolin on the growth performance of Guar under salt stress 

Treatment Shoot length (cm) Root Length (cm)  Shoot Dry Weight (g) Root Dry Weight (g) 

T1 47.4±0.53b 25.2±1.16bc 5.74±0.07b 1.89±0.05ab 

T2 34.3±0.46e 18.9±0.78ef 4.35±0.05e 1.31±0.02cde 

T3 15.5±0.44g 13.1±0.98h 3.09±0.04h 0.92±0.08f 

T4 50.2±0.44a 27.5±0.17ab 6.05±0.05a 2.02±0.14ab 

T5 51.5±0.51a 29.2±0.20a 6.26±0.05a 2.12±0.02a 

T6 38.4±0.51d 21.5±0.20de 4.88±0.04d 1.49±0.07cd 

T7 43.5±0.40c 23.1±0.82cd 5.18±0.04c 1.65±0.07bc 

T8 10.8±0.23h 15.5±0.20gh 3.58±0.04g 1.05±0.08ef 

T9 19.2±0.38f 17.2±0.20fg 3.88±0.02f 1.18±0.10def 

HSD Value 2.1918 3.2049 0.2229 0.3851 

 

 

Table 2. Effect of salinity and kaolin on the physiology of Guar under salt stress 

Treatment SPAD Chlorophyll Value Relative Water 

Contents (%) 

Membrane Stability 

Index (%) 

Proline Contents 

(µmol g-1 FW) 

T1 42.2±1.59ab 82±0.61b 77±0.64b 2.08±0.02i 

T2 33.9±1.25de 70±0.51e 64±0.68e 4.85±0.04f 

T3 25.1±0.68g 57±0.64h 51±0.51h 6.48±0.04c 

T4 43.6±0.37ab 84±0.26a 80±0.40a 2.42±0.02h 

T5 46.2±0.78a 85±0.23a 82±0.17a 2.62±0.02g 

T6 37.5±0.69cd 74±0.38d 68±0.46d 5.42±0.04e 

T7 39.2±0.78bc 77±0.23c 71±0.25c 5.82±0.04d 

T8 28.2±0.71fg 63±0.40g 56±0.44g 7.02±0.04b 

T9 30.9±0.69ef 65±0.35f 58±0.25f 7.42±0.04a 

HSD Value 4.4830 2.1215 2.2551 0.1645 
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3.3. Reactive Oxygen Species 

The data (Figure 1A-C) illustrates the levels of three Reactive 

oxygen species (ROS), Hydrogen Peroxide, Superoxide 

Anion, and Hydroxyl Radical across nine different 

treatments. One of the major indicators of oxidative stress in 

plants is ROS accumulation, especially when plants are under 

salinity stress. The observed differences between treatments 

are due to differences in the intensity of stress and the 

efficiency of treatments applied to reduce oxidative damage. 

 3.3.1. Hydrogen Peroxide (µmol g-1) 

Treatment T3 showed maximum accumulation (15.51) of 

H2O2, indicating maximum oxidative stress or a specific 

triggering mechanism in this treatment. Elevated hydrogen 

peroxide levels are commonly associated with membrane 

lipid peroxidation and disturbance in cellular redox 

homeostasis under stress conditions. However foliar 

application of kaolin at higher level of NaCl stress T8 (12.35) 

and T9 (10.67) showed significantly more accumulation of 

H2O2 compared to the control. This suggests that under severe 

salinity, the protective effect of kaolin might be partially 

limited due to excessive ionic toxicity and osmotic 

imbalance. Its minimum value was recorded in T5 (4.6) and 

T4 (4.97) respectively, suggesting these treatments may have 

an inhibitory or antioxidant effect on H2O2 production. The  

reduced accumulation in these treatments indicates improved 

antioxidant defense and better physiological stability. 

3.3.2. Superoxide Anion (µmol g-1 FW) 

The maximum superoxide anion (10.2 µmol g-1 FW) was 

observed in T3, followed by T8 (8.5 µmol g⁻¹ FW) and T9 (7.8 

        

                                             

Figure 1. Effect of salinity and kaolin on reactive oxygen species in Guar cultivation under salt stress, Data are presented 

as mean ± SE. Different lowercase letters above the bars indicate significant differences between treatments at p < 0.05 

according to HSD Tukey Multiple Range Test. 
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µmol g⁻¹ FW). A similar trend to hydrogen peroxide indicates 

consistent oxidative pressure under these treatments. The 

values are generally lower in magnitude than H2O2, which is 

expected, as O2
- is rapidly dismutated into H2O2 by enzymes 

such as SOD. This enzymatic conversion plays a crucial role 

in regulating superoxide toxicity but may contribute to 

increased hydrogen peroxide levels. Treatment T5 (2.8 µmol 

g⁻¹ FW) and T4 (2.93 µmol g⁻¹ FW) showed the least 

superoxide radical accumulation. Lower superoxide content 

in these treatments reflects reduced electron leakage and 

enhanced ROS scavenging efficiency, indicating improved 

stress tolerance. 

3.3.3. Hydroxyl Radical (nmol g-1 FW) 

The concentration of hydroxyl radicals is significantly lower 

(ranging from 0.45 to 1.55 µ mol g-1 FW) compared to the 

other two parameters, reflecting the highly reactive and short-

lived nature of hydroxyl radicals. T3 exhibited the highest 

radical damage potential (1.55 µmol g⁻¹ FW), suggesting a 

high rate of the Fenton reaction occurring in this treatment. 

T1, T4, and T5 showed minimum levels (0.45–0.52 µmol g⁻¹ 

FW), indicating minimal oxidative damage under these 

conditions.  

3.4. Gaseous Exchange Attributes 

There was a high level of differences in the gas exchange 

parameters across all the treatments (Figure 2A-D). Salt 

stress causes damage to the photosynthetic machinery as is 

directly indicated by the photosynthetic rate. Photosynthetic 

rate with T5 indicated the highest value, which was far better 

than any other treatment. T4 was the next, best treatment. T3 

showed the lowest photosynthetic rate, so this treatment was 

extremely stressful or limiting in the case of the plant.   T5 

recorded the highest rate of transpiration at 5.67 and T3 the 

lowest rate of transpiration at 2.37, which was very low when 

compared to the other groups. T4 (5.33) and T5 (5.67) were 

the only ones that had an increase in transpiration than T1 

(5.0) All of the treatments T2, T3, T6, T7, T8, and T9 showed a 

reduction in the transpiration rate relative to T1. These results 

are similar to the visual patterns of the bar graphs, which 

proved that T5 was the treatment with the highest 

physiological activity in the exchange of water vapor, and T3 

was the most constrained. In line with the data on 

transpiration, T5 recorded the greatest stomatal conductance 

of 0.41. T8 (0.15) and T3 (0.16) had the lowest values, which 

implied that these treatments produced the highest level of 

stomatal closure. Only the T4 (0.35) and T5 (0.41) had 

improved conductance with respect to T1 (0.33). There was a 

significant variation in the intercellular CO2 level (Ci) among 

the nine experimental treatment groups. These values had a 

minimum of 172 in treatment T3 and a maximum of 269 in 

treatment T5, which showed that gas exchange parameters are 

largely affected by treatment conditions. The maximum Ci 

was observed in treatment T5 (269), then there was T4 (255) 

and T1 (242). Such treatments were the highest data of the 

dataset. The minimum Ci was recorded in T3 (172) and T8 

(192). T3 Ci was about 36% of the highest value in T5. T2, T6, 

T7, and T9 had moderate levels of treatment with the values 

varying between 201 and 235. In particular, T6 (222) and T7 

(235) retained values close to the overall value of the study 

sample.  

3.5. Antioxidant Activity 

The activities of key enzymatic antioxidants, including 

catalase (CAT), peroxidase (POD), and superoxide dismutase 

(SOD), were significantly influenced by the various 

treatments (Figure 3A–C). Overall, all three enzymes 

followed a similar trend across the treatment groups, reaching 

their maximum values in treatment T7. CAT activity showed 

significant variation among the treatments (Figure 3A). The 

lowest activity was recorded in T1 (9.3). Activity increased 

progressively through T2 and T3 before declining in T4 and 

T5. A substantial and significant increase was observed 

starting from T6, with T7 exhibiting the highest CAT activity 

(29.1), which was significantly higher (p < 0.05) than all 

other treatments. Activity levels in T8 and T9 remained 

elevated compared to the control but were significantly lower 

than the peak observed in T7. Similarly, POD activity was 

significantly enhanced by the treatments (Figure 3B). T1 

showed the minimum POD activity. While moderate 

increases were noted in T2 and T3, the activity increased 

markedly in the later treatment groups. T7 reached the 

maximum POD activity (33.5). Interestingly, T6 and T9 

showed comparable levels of POD activity. SOD activity 

followed a consistent pattern with the other antioxidant 

enzymes (Figure 3C). The activity in T1 was approximately 

19.5. A significant upward trend was observed as the 

treatments progressed, with a sharp increase from T5 to T6. 

The maximum SOD activity was recorded in T7 (43.8). 

Treatments T6 and T9 showed high levels of activity with no 

statistically significant difference between them, while T8 

showed a slight but significant decrease compared to T7 and 

T9.  

3.6. Soluble sugar contents 

The use of various treatments greatly changed the accretion 

of soluble sugars (Figure 3D). The results showed that there 

was a fluctuating yet overall upward trend in the 

concentration of sugar in the groups with the highest 

concentration being recorded in the last stage of treatment. 

The minimum level of soluble sugar was observed in the 

control group (T1, ~13). A sharp and significant rise was 

observed through T2 and T3, with T3 attaining a local 

maximum of about 22.7. There was significant decrease in 

the soluble sugar concentration in T4 (15.2) as compared to 

T3, then slight but significant increase in T5 (16.9). Since T6,  
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the soluble sugar content showed a pronounced and positive 

upward trend with a value of 20.8 in T6 and increasing to 24.3 

in T7. Treatment T9 (30.6) had the highest soluble sugar 

content, and this was significantly higher (p < 0.05) than the 

other treatment groups.  

3.7. Pearson correlation 

The Pearson correlation (Figure 4) results between various 

plant attributes showed that proline contents and reactive 

oxygen species were negatively correlated to the plant 

growth, physiological and gas exchange parameters.  The 

chlorophyll contents were positively correlated with leaf 

stomatal conductance (r = 0.86). The rate of transpiration had 

a negative relationship with proline contents (0.63).  The 

activities of SOD, POD and CAT were positively correlated 

with water use efficiency, which showed that there is a 

relationship between antioxidant defense and efficient water 

use. Physiology and gas exchange properties were 

significantly and positively related to total plant biomass, 

which indicates that the combination of these factors 

influenced the overall performance of plants in various 

treatments.  

4. Discussion 

A significant limiting factor on the growth and productivity 

of guar is salt stress. In the current research, moderate salinity 

led to a significant decrease in biomass, whereas high salinity 

led to a major decrease in plant growth because of chlorosis, 

necrosis, and slowed metabolic activity. Shoot and root 

length, and dry matter accumulation were significantly lower 

       

        

Figure 2: Effect of salinity and kaolin on gas exchange parameters in Guar cultivation under salt stress, Data are 

presented as mean ± SE. Different lowercase letters above the bars indicate significant differences between treatments at 

p < 0.05 according to HSD Tukey Multiple Range Test. 
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in T3 (10 dS m-1) and T8 (high salinity + kaolin), which means 

that the excess of Na+ and Cl- ions interfere with cellular 

homeostasis, inhibit water uptake, and limit nutrient 

allocation. Conversely, the growth of foliar kaolin 

application (T4 and T5) in non-saline conditions enhanced the 

growth of the shoot and root, which indicates its stimulatory 

role in plant development in the absence of stress. The results 

indicate that kaolin does not only protect plants in salty 

conditions but also improves overall growth performance by 

means of better leaf microclimate and photoprotection. 

Kaolin served as a good antitranspirant, which reduced heat 

load and alleviated the visual effects of salinity stress. T4 and 

T5 treatments had greater chlorophyll contents, relative water 

content (RWC) and membrane stability index (MSI) and this 

demonstrates its importance in maintaining photosynthetic 

efficiency and cellular integrity. The higher chlorophyll 

content with kaolin application promoted light capture, which 

was converted to high photosynthetic rates and biomass 

growth. On the other hand, salinity (high) in the absence of 

kaolin (T3, T8) led to low SPAD values, low RWC, and low 

MSI, which is indicative of oxidative damage and osmotic 

stress. These findings are aligned with earlier studies that 

salinity affects the biosynthesis of chlorophyll, interferes 

with turgor and senescence (Angon et al., 2022). 

Osmotic adjustment was observed by the accumulation of 

proline, which rose with high salinity (T8, T9) and was used 

as a measure of the intensity of stress. The negative 

correlation that was found between proline concentrations 

        

         

Figure 3. Effect of salinity and kaolin on enzymatic antioxidants and soluble sugar contents in guar cultivation under salt 

stress. Data are presented as mean ± SE. Different lowercase letters above the bars indicate significant differences among 

treatments at p < 0.05 according to Tukey’s HSD multiple range test. 
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and growth indicates that plants that are highly stressed use 

more energy in defense mechanisms instead of synthesizing  

biomass. Plants treated with kaolin and low salinity (T4, T5) 

had lower levels of proline, which showed a decrease in the 

physiological pressure. On the same note, soluble sugars 

were elevated during stress, as compatible solutes to stabilize 

cellular osmotic equilibrium. Kaolin treatments showed a 

moderate increase in sugars, which implies that kaolin 

suppresses the necessity of a wide osmotic adjustment due to 

the preservation of water status. These osmoprotective 

systems play a vital role in protecting metabolic activity and 

maintaining constant carbon assimilation in salinity. The 

accumulation of reactive oxygen species (ROS) such as 

H2O2, superoxide, and hydroxyl radicals was more 

pronounced under salinity stress, especially in T3 and T8, 

which validates oxidative stress. The plants treated with 

kaolin (T4 and T5) had a much lower ROS level, which is an 

indirect antioxidant effect due to the preservation of water 

relations and the alleviation of stomatal stress. The protective 

effect of kaolin was also facilitated by the further 

improvement of antioxidant enzyme (SOD, CAT, POD) 

activity in T6 and T7, which assisted plants to eliminate ROS 

and reduce lipid peroxidation. These findings indicate that 

kaolin enhances the resilience of plants both mechanically 

(reflective film) and physiologically (increased enzyme 

activity), which is in line with the prior results (Brito et al., 

2019). These trends were reflected in gaseous exchange 

attributes. The photosynthetic rate, stomatal conductance, 

transpiration rate, and intercellular CO2 (Ci) were all 

optimized at T4 and T5, which proved that kaolin inhibits 
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Figure 4. Pearson correlation analysis among biomass (BM), water use efficiency (WUE), superoxide anion (SA), hydroxyl 

radical (HR), hydrogen peroxide (HP), and soluble sugars (SS). Asterisks indicate levels of significance: *p < 0.05, **p < 

0.01, and ***p < 0.001. 
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stomatal closure by reducing the temperature of leaves and 

vapor pressure deficit. This equilibrium between CO2 

absorption and water conservation enhanced water use 

efficiency and metabolic performance. Salinity levels in the 

absence of kaolin, however, caused extreme stomatal 

limitation and decreased gaseous exchange, which 

underscores the stress-induced inhibition of carbon 

assimilation. Photosynthesis is probably maintained during 

kaolin application by a combination of increased light 

reflectance and better leaf hydration, which enables more 

favorable energy balance and photosynthetic efficiency 

(Bartczak et al., 2025). A mechanistic overview of kaolin-

mediated enhancement of physiological and biochemical 

resilience in guar under salt stress is shown (Figure 5). 

Kaolin’s reflective properties contributed to these benefits by 

decreasing leaf temperature and excessive radiation, reducing 

the risk of photoinhibition, and preserving the function of 

photosystems. Improved energy balance allowed plants to 

allocate more resources toward growth and osmotic 

regulation rather than stress defense alone. Consequently, the 

C/N ratio remained more stable, facilitating carbon fixation 

and structural development even under challenging 

conditions. Shoot and root dry matter became maximal with 

kaolin application, likely due to increased cell division and 

elongation, promoting higher structural development. 

Similarly, kaolin applications improved MSI, indicating 

reduced electrolyte leakage and enhanced cellular protection 

under stress. In treatments with higher salinity, MSI declined 

(T3 = 51%, T8 = 56%), whereas lower salinity with kaolin 

maintained higher MSI (T7 = 71%), demonstrating the 

combined effect of kaolin and reduced ionic stress on cell 

stability. Proline and soluble sugar accumulation under 

salinity highlighted the biochemical adjustments required for 

osmotic balance and ROS scavenging. Kaolin reduced 

excessive proline accumulation under low salinity, 

suggesting that the plants required less energy for stress 

mitigation, enabling greater growth. Conversely, T8 and T9 

displayed higher proline and sugar levels, reflecting the 

physiological pressure of salinity and the plant’s adaptive 

response to maintain metabolic activity.  

 

Figure 5. Mechanistic overview of kaolin-mediated resilience in guar under salt stress. Kaolin reduces leaf temperature, 

maintains stomatal function and water status, enhances chlorophyll and antioxidant activity, regulates osmolytes, and 

mitigates ROS, supporting growth under salinity. 
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Collectively, salt stress severely limits guar growth by 

inducing osmotic imbalance, ion toxicity, ROS 

accumulation, and disruption of photosynthetic machinery. 

Foliar application of kaolin mitigates these effects by: (i) 

reducing leaf temperature and transpiration, (ii) improving 

relative water content and membrane stability, (iii) enhancing 

photosynthetic efficiency, (iv) modulating osmolyte 

accumulation, and (v) supporting antioxidant defense 

mechanisms. Treatments T4 and T5 consistently showed 

superior performance, highlighting kaolin as a practical, low-

cost, and effective strategy to enhance physiological and 

biochemical resilience in guar under both saline and non-

saline conditions. These findings demonstrate that integrating 

kaolin into management practices can sustain growth, 

improve water use efficiency, and maintain plant vigor in 

arid, salt-affected environments.  

5. Conclusion 

Salinity has an adverse influence on the growth, 

physiological performance and biochemical processes of 

guar. Kaolin applied as foliage increases photosynthesis by 

eliminating reactive oxygen species (ROS) by improved 

antioxidant activity and compatible solutes accumulation. 

Kaolin also enhances the usage of water by regulating the leaf 

temperature which promotes the ideal stomatal behavior 

leading to decreased ROS production. Consequently, plants 

have an increased tolerance to salt stress especially with 

moderate salinity whereby physiological systems are not 

resistant. On the practical management side, kaolin is a low 

cost and simple to apply remedy applicable in both 

smallholder and commercial cultivation systems. It is most 

advantageous when used with coinciding applications at the 

time of high radiation levels as well as the sensitive growth 

phases, including vegetation growth, flowering, and pod set. 

The effective dose can be different with the type of crop, but 

in guar, 4% (w/v) kaolin suspension is the most effective one, 

but additional optimization of results based on the canopy 

density and local microclimate can improve the results. In 

general, the experiment shows that foliar application of 4 

percent kaolin is very beneficial to guar in terms of growth, 

physiological, and biochemical performance during salt 

stress. It lowers the concentration of ROS, boosts the level of 

chlorophyll, and lessens water stress, thus improving the 

general condition and performance of the plant. 
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