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Abstract. Trehalose (Tre) is an important sugar and acting as osmolyte in stress mitigation. Experiments 

were performed to analyze the positive impact of Tre (1, 5, 10, and 20 mM) supplementation on growth, 

antioxidant system, osmolytes, secondary metabolites, and photosynthetic parameters of 

Trigonella foenum-graecum under salt stress. Treatment of 100 mM NaCl declined growth parameters, 

chlorophyll, and the photosynthetic gas exchange parameters however, Tre supplementation alleviated the 

decline in the attributes considerably at all levels and evident effects were observed at 10 mM Tre. 

Treatment of Tre resulted in reduced hydrogen peroxide, electrolyte leakage, and lipid peroxidation in both 

controls (non-stressed) and NaCl-treated plants. The accumulation of glycine betaine, sugars, proline, and 

trehalose increased by the supplementation of Tre at all levels and caused further increase when added to 

NaCl-stressed plants. The decline in relative water content was alleviated by the Tre supplementation. In 

addition, the application of Tre imparted an apparent augmentation of antioxidant activities. Furthermore, 

the concentrations of ascorbic acid and reduced glutathione increased by the Tre application under normal 

and NaCl stressed plants enabling the antioxidant system to eliminate the free radicals more effectively. 

Salinity increased the total phenols and flavonoids, and Tre application imparted further enhancement in 

their accumulation. The accumulation of sodium in Tre-supplied plants was reduced compared to NaCl-

stressed plants. The effects of Tre were concentration dependent and the most beneficial was 10 mM. 

Keywords: antioxidants, secondary metabolites, osmolytes, photosynthesis, Trigonella foenum-graecum, 

trehalose, salinity 

Introduction 

Salt stress restricts the growth of crop plants and affects their productivity 

significantly. Worldwide the saline polluted soils are increasing, thus raising concerns 

over global sustainable food production. Salt stress occurs due to surplus increase of toxic 

ions like sodium etc. in the soil which results in both ionic and osmotic stress to growing 

plants (Xiao and Zhou, 2023). Salinity stress exerts a wide range of negative effects on 

plant development from germination to yield production. Salinity reduces germination, 

shoot and root growth, mineral uptake, enzyme functioning, photosynthesis etc. therefore 

influencing the overall metabolic functioning and yield of plants (Ahanger et al., 2019; 

Barhoumi et al., 2022). It is established now that the basic reasons for growth and yield 

retardation under salt stress is the oxidative and ionic stress which severely influence the 

metabolism (Shu et al., 2012; Ahanger and Agarwal, 2017; Arif et al., 2020). The 

acclimation of plants to salinity results from the better functioning of tolerance pathways 

which includes the antioxidant mechanism, osmolyte buildup, neutralisation of toxic 

metabolic products like free radicals, the compartmentation of toxic salt ions like Na into 

the vacuole and their less absorption from the soil (Choudhary et al., 2023; Chakraborty 

and Kumari, 2024). The antioxidants can be enzymatic or non-enzymatic which work in 
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coordination to eliminate the toxic radicals and bring relief to plants by preventing 

damage to major processes (Gharsallah et al., 2016; Kapoor et al., 2019; Qin et al., 2024). 

The accumulation of osmolytes is another strategy that helps plants to endure the salt 

stress and show alleviation of the stress (Kumar et al., 2024). Research evidences are 

enough that the innate ability of plants to activate the antioxidant functioning and the 

osmolyte accumulation is associated with their potential to tolerate salt stress (Ahanger 

and Agarwal, 2017; Parwez et al., 2021; Kosar et al., 2021). Greater functioning of the 

antioxidant system and the osmolyte synthesis exclusively contribute to redox 

homeostasis, radical neutralisation, and protection of major cellular strictures under stress 

(Xiao and Zhou, 2023; Azeem et al., 2023; Kumar et al., 2024). More importantly, 

osmolyte accumulation maintains the ionic balance by restricting the entry of toxic salts 

and also contributes to tissue water status (Xiao and Zhou, 2023; Waheed et al., 2024). 

Trehalose (Tre) is a non-reducing sugar found in a diverse range of organisms and 

serves many functions like osmoprotectant, regulation of carbohydrate metabolism, stress 

mitigation, energy storage/source, etc. (Kosar et al., 2019; Raza et al., 2024). Sugars have 

a myriad of important roles in several metabolic processes from germination to the 

reproductive stage throughout the plant life and also share interplay with the 

phytohormones during signalling (Kosar et al., 2019; Hassan et al., 2023). Trehalose is a 

compatible solute which gets accumulated in plants under various stresses like salinity, 

drought, etc. (Chang et al., 2014; Mostofa et al., 2015; Mohanan et al., 2023). 

Accumulation of Tre in plants provides stability to major metabolic pathways and cellular 

structures (Kosar et al. 2019; Mohanan et al. 2023). It also imparts stress tolerance by 

improving the antioxidant and glyoxalase activity, accumulation of other osmolytes, and 

also reduces the accumulation of toxic ions (Mostofa et al., 2015; Li et al., 2023; Zafar et 

al., 2024). Trehalose alleviated the reduction in growth, photosynthesis, and gas exchange 

parameters by maintaining ROS-antioxidant balance in drought stressed rice cultivars 

(Mohanan et al., 2023). Supplementing Tre to cucumber prevented the drought mediated 

inhibition of adventitious root formation through maintenance of ROS and phytohormone 

homeostasis (Li et al., 2014). Therefore, it's evident that Tre has important role in stress 

tolerance of plants. 

Fenugreek (Trigonella foenum-graecum) is important legume crop belonging to 

Fabaceae family which is widely used for culinary and clinical purposes throughout the 

world. It has medical importance as antidiabetic, anticancerous, expectorant, laxative and 

also strengthens immunity and mental health (Singh et al., 2022). The nutritionally and 

pharmaceutically essential bioactive components of fenugreek include trigonelline and 

diosgenin. Fenugreek is a stress sensitive crop and faces several challenges in natural 

habitat which make it tough and challenging to get optimal productivity (Parwez et al., 

2021). Increased salinity in agricultural soil can be one of the factors that can decline the 

productivity of fenugreek to appreciable levels. Applying the beneficial metabolites 

during seedling growth can improve the management practices and also prevent damages 

done by stresses. Therefore, the efficiency of Tre was investigated in reducing the salt 

stress damage. 

Material and methods 

Fenugreek (Trigonella foenum-graecum) seeds were sterilized by keeping them in 5% 

sodium hypochlorite for five minutes. These sterilized seeds were then washed with 

distilled water and dried using sterile tissue paper. These seeds were then sown at uniform 
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depth (3 cm) in pots filled with soil, sand, and vermicompost (4:2:1). All pots were fully 

saturated by applying full strength nutrient solution. The composition of nutrient solution 

used was 3 mM KNO3, 2 mM Ca(NO3)2, 2 mM MgSO4, 1 mM NH4H3PO4, 50 µM KCl, 

25 µM H3BO4, 2 µM MnCl2, 20 µM ZnSO4, 0.5 µM CuSO4, 0.5 µM (NH4)6Mo7O24, and 

20 µM Na2Fe-EDTA (Ahanger et al., 2017). After germinations, the healthy growing 

fifteen seedlings per pot were maintained and irrigated regularly with nutrient solution 

for two weeks. Thereafter, half of the pots were irrigated with normal nutrient solution 

while as other half received Haogland nutrient solution containing NaCl (100 mM) to 

initiate salt stress. At the same time within both groups, trehalose (Tre) treatments in 

different concentrations i.e., 0, 1, 5, 10, and 20 mM was also started. Plants were grown 

for three weeks and monitored regularly. Trehalose was applied once a week. There were 

three pots (one pot is one replicate) for every treatment and all pots were kept in net house 

under natural climate conditions. Three weeks (i.e., five weeks old) after the salinity and 

Tre treatments were started, plants were used for analysing the different physiological 

and biochemical parameters using standard protocols. 

Morphological and growth characteristics 

The measurement of plant height was done using a scale while as the fresh weight was 

noted immediately after harvesting the plants. The plant tissue was dried in oven which 

was set at 60 oC for 48 hours and the dry weight was taken. 

Determination of chlorophylls, carotenoids, and photosynthetic parameters 

The chlorophyll pigments were extracted by macerating the fresh leaf in acetone by 

using a pestle and mortar. Homogenate was centrifuged for 20 min at 3000g and the 

supernatant was read at 480, 645, and 663 nm against blank acetone using 

spectrophotometer (Beckman 640 D, USA) (Arnon, 1949). The portable photosynthetic 

machineLi-6400 (LI-COR Inc., USA) was used to measure the photosynthetic parameters 

like net photosynthesis, transpiration, intercellular CO2 concentration, and stomatal 

conductance. 

Measurement of the activities of antioxidants 

Fresh 2.0 g leaves from each treatment were macerated in ice cold 100 mM extraction 

buffer (pH 7.8) which contained 1% polyvinyl pyrolidine, 1 mM of each PMSF and 

EDTA. After centrifuging the extract at 15,000 g for 10minutes at 4oC, the supernatant 

was used for measuring the activity of antioxidant enzymes. The content of protein in 

supernatant was estimated according to Lowry et al. (1951). 

The activity of guaiacol peroxidase (POD) was measured by the method of Zhou and 

Leul (1998) with slight modification. The reaction mixture contained potassium 

phosphate buffer, 50 µl of the enzyme extract, 1% H2O2, and 1% guaiacol. Optical density 

of the mixture was recorded at 470 nm for 2 minutes. 

Method of van Rossum et al. (1997) was used to assay the activity of superoxide 

dismutase. The reaction mixture components were phosphate buffer, methionine, 

riboflavin, nitroblue tetrazolium, sodium carbonate, EDTA, and enzyme. The samples 

were incubated under light for 15 minutes and the absorbance was taken at 560 nm. 

The activity of ascorbate peroxidase was measured using the method of Nakano and 

Asada (1981) and the change in optical density was measured at 290 nm for 2 minutes. 
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Method of Carlberg and Mannervik (1975) was adopted to measure the activity of 

Glutathione reductase and the reaction mixture contained phosphate buffer, oxidised 

glutathione and NADPH. Change in the optical density was measured at 340 nm for 

2 min. 

Non-enzymatic antioxidants 

The content of ascorbic acid was estimated by the method of Mukherjee and 

Choudhuri (1983). Plant tissue was extracted in 6% trichloroacetic avid and the extract 

was centrifuged for 10 minutes. The supernatant was boiled in water bath for 15 minutes 

after adding thiourea and dinitrophenylhydrazine. After cooling the sample, sulphuric 

acid (80%) was added and the optical density was taken at 530 nm. Calculation was 

carried from the standard curve of ascorbic acid. Method described by Ellman (1959) was 

used for estimation of reduced glutathione. The plant tissue was extracted in phosphate 

buffer and centrifuged at 10000g for 10 minutes. The supernatant was mixed with 5, 5-

dithiobis-2-nitrobenzoic acid and after 10 minutes the optical density of the samples was 

taken at 412 nm. Standard curve of reduced glutathione was for calculation. 

Measurement of lipid peroxidation 

Fresh plant tissue was homogenised in 1% trichloroacetic acid and extract was 

centrifuged for 10 minutes at 10000 g. One mL supernatant was mixed with 4 mL 

thiobarbituric acid and incubated at 95oC. Samples were cooled and centrifuged again at 

5000 g for 5 minutes. The absorbance of the supernatant was taken at 532 and 600 nm 

according to Heath and Packer (1968). 

Estimation of hydrogen peroxide 

Method of Velikova et al. (2000) was used for estimation of hydrogen peroxide. Fresh 

100 mg leaf was extracted in 0.1% trichloro acetic acid and the homogenate was 

centrifuged at 10,000 gfor 10 minutes. Thereafter, potassium phosphate buffer (pH 7.0) 

and the potassium iodide were added to supernatant and the absorbance of mixture was 

taken at 390 nm. 

Measurement of electrolyte leakage 

Method described by Dionisio-Sese and Tobita (1998) was used to measure the 

electrolyte leakage in all treatments. The percent EL of the leaves was calculated using 

following formulae I: 

 

 EL (%) =  
ECb− ECa

ECc− ECa
 X 100 (Eq.1) 

 

where; 

ECa = electrical conductivity at room temperature, 

ECb = electrical conductivity at 50 oC, 

ECc = electrical conductivity at 100 oC. 

Measurement of relative water content and osmolytes 

The relative water content (RWC) of leaves was measured according to Smart and 

Bingham (1974). Among the osmolytes, proline, trehalose, glycine betaine and sugars 
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were estimated. For the extraction of soluble sugar content tissue was extracted in ethanol 

and the homogenate was centrifuged at 5000g for 20 minutes. Then the sugars were 

determined using anthrone reagent and glucose was used as standard (Shields and Burnet, 

1960). Proline in plant tissue was extracted by homogenising the tissue in 3% 

sulphosalicylic acid and the extract was centrifuged at 3000g. Supernatant, glacial acetic 

acid and nihydrin reagent were incubated in boiling water bath for one hour and samples 

were cooled on ice. Proline was separated from cooled samples using toluene. Optical 

density was taken at 520 nm (Bates et al., 1973). 

Content of trehalose was estimated by the method described by Li et al. (2014). The 

plant tissue was extracted in ethanol and the homogenate was centrifuged at 11500 g for 

20 minutes. The collected supernatant was dried and re-suspended in water. Then 200 μL 

of this solution was mixed with 300 μL of 0.2 N H2SO4 and boiled for ten minutes 

followed by cooling on ice. Thereafter, 200 μL of sodium hydroxide was added and again 

incubated in boiling water bath. Samples were cooled and anthrone reagent (2 mL) was 

added and samples were again kept incubated in boiling water bath for ten minutes. 

Thereafter, samples cooled on ice and the absorbance was recorded at 630 nm. 

Calculation was carried using standard curve of trehalose. 

The content of glycine betaine was estimated using method of Grieve and Grattan 

(1983). The plant material was extracted in distilled water for 24 hours and 2 N H2SO4was 

added to extract. To 0.5 mL aliquot was added cold potassium iodide-iodine reagent and 

were gently stirred. Samples were kept at 4 oC for sixteen hours followed by 

centrifugation at 10000 g for 15 minutes. Thereafter, deionized water and 1, 2-di-

chloroethane were added and the optical density of the lower layer was taken at 365 nm. 

Estimation of flavonoids 

Method described by Zhishen et al. (1999) was followed for the estimation of 

flavonoids. Dried 100 mg of the plant sample was homogenised in 3 mL methanol and 

the homogenate was subjected to centrifugation for ten minutes at 10000 g. Supernatant 

was collected and 1 mL supernatant was taken from each tube was made to 4 mL using 

distilled water. Thereafter, 5% NaNO2 and 10% AlCl3were added and allowed to stand 

for 5 minutes followed by addition of NaOH. Optical density was taken at 510 nm and 

quercetin was used as standard. 

Total phenols 

The extraction of phenols was done by macerating dry powdered 100 mg plant tissue 

in ethanol for three hours at room temperature with constant shaking. Extract was 

centrifuged at 10000g for 10 minutes and the supernatant was reacted with 1 mL Folin–

Ciocalteu reagent. After incubation of three minutes at room temperature, 1 mL of 

Na2CO3 was added to all samples and subsequently incubated at room temperature for 

1 h in dark. After that, the optical density was taken at 765 nm and the content of phenol 

was expressed as gallic acid equivalent (Singleton and Rossi, 1965). 

Estimation of sodium 

Plant tissue was digested in acid (sulphuric acid, nitric acid and perchloric acid) and 

digested samples were diluted using distilled water. The content of sodium was estimated 

using flame photometer. 
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Statistical analysis 

For performing the statistical analysis of the data one-way analysis of variance 

(ANOVA) was used followed by Duncan’s Multiple Range Test (DMRT). The values are 

mean (±SE) standard error of three replicates in each group. Different letters on bars 

signify the significant difference at P ≤ 0.05. 

Results 

The salinity stress resulted in decline of 35.76%, 54.00% and 55.09% in shoot length, 

fresh weight and dry weight. Treatment of Tre caused increase in these attributes with 

increasing concentration and the highest increase in shoot length, fresh and dry plant 

weight was reported in 10 mM Tre treatment. When Tre was applied to NaCl stressed 

plants the decline was mitigated. Compared to NaCl treated plants all concentrations of 

Tre resulted in mitigation of the decline. Contrary to the NaCl treated plants, highest 

increase in shoot length, fresh weight and dry weight was 32.80%, 56.74% and 45.52% 

in plants treated with NaCl + 10 mM Tre. Other concentrations of Tre also mitigated the 

decline (Figure 1A-C). 

 

  

 

 

Figure 1. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on (A) 

shoot length, (B) shoot fresh weight and (C) shoot dry weight of Trigonella foenum-graecum 

with and without salt stress (100 mM NaCl). Data is mean (±SE) of three replicates and the 

different letters on bars depict the significant difference at P<0.05 

 

 

Sodium (Na) increased by 112.23% in NaCl treated plants however, Tre treatment 

resulted in reduced accumulation of Na. Contrary to NaCl treated counterparts, the Na 

declined by 6.92% in NaCl + 1 mM Tre, by 17.24% in NaCl + 5 mM Tre, by 25.29% in 

NaCl + 10 mM Tre and by 16.33% in NaCl + 20 mM Tre (Figure 2). 
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Figure 2. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on the 

sodium content of Trigonella foenum-graecum with and without salt stress (100 mM NaCl). 

Data is mean (±SE) of three replicates and the different letters on bars depict the significant 

difference at P<0.05 

 

 

Supplementing the Tre to normal and salinity stressed plants resulted in enhanced 

accumulation of the osmolytes like glycine betaine, sugars and proline as well as the Tre 

levels. Compared to control, NaCl stress caused an increase of 95.04%, 127.22%, 

132.30% and 48.76% in glycine betaine, sugars, proline and trehalose content. In 

unstressed plants, glycine betaine and sugars showed highest increase of 71.07% and 

48.59% respectively in 10 mM Tre treatment while as proline and trehalose showed 

highest increase of 69.89% and 155.37% due to 20 mM Tre when compared to control. 

When the Tre was applied to NaCl stressed plants it also resulted in increased 

accumulation of osmolytes. The maximum increase in glycine betaine, sugars, proline 

and trehalose content was 216.52%, 208.52%, 263.50% and 107.43% respectively in 

NaCl + 10 mM Tre treatment over the control. Increase in their accumulation was 

concentration dependent and after 10 mM a decline was observed due to 20 mM Tre 

(Figure 3A-D). The RWC reduced by 35.74% due to NaCl while as increased by 3.30%, 

4.57%, 5.01% and 0.059% due to 1, 5, 10 and 20 mM Tre. Decline in RWC was mitigated 

by Tre treatment and compared to NaCl treatment the increase of 8.91% in NaCl + 1 mM 

Tre, 15.37% in NaCl + 5 mM Tre, 24.78% in NaCl + 10 mM Tre and 9.66% in NaCl + 

20 mM Tre was observed in RWC (Figure 3E). 

Salt stress resulted in increased hydrogen peroxide, electrolyte leakage and lipid 

peroxidation which were reduced by the treatment of Tre. Compared to control, NaCl 

increased hydrogen peroxide, electrolyte leakage and lipid peroxidation by 151.72%, 

124.23% and 75.38% respectively. When Tre was given to NaCl stressed plants, these 

parameters reduced and the highest decline of 30.95%, 31.48% and 29.97% in hydrogen 

peroxide, electrolyte leakage and lipid peroxidation was in NaCl + 10 mM Tre treatment 

compared to NaCl treatment. In control plants, the treatment of Tre resulted in declined 

hydrogen peroxide, electrolyte leakage and lipid peroxidation in a concentration 

dependent manner up to 10 mM, and at 20 mM an increase was observed. The decline in 

hydrogen peroxide, electrolyte leakage and lipid peroxidation was 29.82%, 29.34% and 

35.58% respectively due to 10 mM Tre as compared to the control plants (Figure 4A-C). 
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Figure 3. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on (A) 

glycine betaine, (B) sugars, (C) proline, (D) trehalose and (E) relative water content of 

Trigonella foenum-graecum with and without salt stress (100 mM NaCl). Data is mean (±SE) of 

three replicates and the different letters on bars depict the significant difference at P<0.05 

 

 

The content of chlorophylls and carotenoid pigments decreased by 55.55% and 

33.14% in NaCl treated plants. In normal plants the treatment of Tre caused increase in 

pigments. As compared to control, chlorophylls and carotenoids increased by 5.55% and 

10.37% in 1 mM Tre, by 19.84% and 24.85% in 5 mM Tre, by 32.53% and 36.65% in 

10 mM Tre and by 11.90% and 21.97% in 20 mM Tre treated plants. When Tre was 

supplied to NaCl treated plants it resulted in mitigation of the decline at all concentrations. 
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Contrary to NaCl treated plants, highest increase of 53.57% in chlorophylls and 35.26% 

in carotenoids was observed in plants treated with NaCl + 10 mM Tre (Figure 5A and B). 

 

  

 

 

Figure 4. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on (A) 

hydrogen peroxide, (B) electrolyte leakage and (C) lipid peroxidation of Trigonella foenum-

graecum with and without salt stress (100 mM NaCl). Data is mean (±SE) of three replicates 

and the different letters on bars depict the significant difference at P<0.05 

 

 

  

Figure 5. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on (A) total 

chlorophyll and (B) carotenoids of Trigonella foenum-graecum with and without salt stress 

(100 mM NaCl). Data is mean (±SE) of three replicates and the different letters on bars depict 

the significant difference at P<0.05 

 

 

Salt stress reduced photosynthesis, transpiration, stomatal conductance and 

intercellular CO2 concentration however, Tre treatment resulted in increase in these 

attributes. The decrease caused by NaCl stress in photosynthesis was 39.33%, 
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transpiration was 48.36%, stomatal conductance was 43.66% and intercellular CO2 was 

31.49% as compared to control. Treatment of Tre to NaCl stressed plants imparted 

mitigation of this decline. Contrary to NaCl stressed counterparts, greater increase in 

photosynthesis, transpiration, stomatal conductance and intercellular CO2 concentration 

was 51.52%, 52.83%, 54.16% and 36.03% respectively observed in plants grown with 

NaCl + 10 mM Tre. Though the effect was concentration dependent, 10 mM Tre increased 

the parameters most evidently. In normal plants, the highest increase in photosynthesis, 

transpiration, stomatal conductance and intercellular CO2 concentration was 52.58%, 

40.55%, 52.62% and 36.63% respectively by the treatment of 10 mM Tre, nevertheless, 

other concentrations also imparted increase in these parameters (Figure 6A-D). 

 

  

  

Figure 6. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on (A) net 

photosynthesis, (B) intercellular CO2 concentrations, (C) transpiration rate and (D) carotenoids 

of Trigonella foenum-graecum with and without salt stress (100 mM NaCl). Data is mean (±SE) 

of three replicates and the different letters on bars depict the significant difference at P<0.05 

 

 

Highest increment of the activities of enzymes of antioxidant system was exhibited by 

plants raised with Tre in normal and NaCl stress conditions. NaCl treatment resulted in 

increase of 110.76% in SOD, 115.46% in POD, 69.49% in APX and 74.86% in GR 

contrary to the control. Trehalose treatment to NaCl stressed plants resulted in further 

increase of the activities and reaching the highest increase of 181.53%, 200.21%, 

113.06% and 118.26% for SOD, POD, APX and GR in NaCl + 10 mM treated plants as 

compared to control. In unstressed plants, Tre supplementation increased the activities of 
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these enzymes in concentration dependent manner upto 10 mM and at 20 mM decline in 

their activities started.The highest increase of 38.46%, 58.01%, 34.92% and 30.47% was 

observed in SOD, POD, APX and GR respectively in 10 mM Tre treated plants as 

compared to control (Figure 7A-D). 

 

  

  

  

Figure 7. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on the 

activity of (A) superoxide dismutase (B) guaiacol peroxidase, (C) ascorbate peroxidase, (D) 

glutathione reductase, (E) ascorbic acid and (F) reduced glutathione of Trigonella foenum-

graecum with and without salt stress (100 mM NaCl). Data is mean (±SE) of three replicates 

and the different letters on bars depict the significant difference at P<0.05 
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Trehalose treatment increased ascorbic acid and reduced glutathione in both growth 

conditions. Contrary to control, an enhancement of 53.39% and 52.20% was recorded in 

ascorbic acid and reduced glutathione due to NaCl. Highest increase in ascorbic acid was 

94.92% and reduced glutathione was 88.89% in plants grown with NaCl + 10 mM Tre 

over the control. In normal plants, all concentrations of Tre applied caused increase in 

ascorbic acid and reduced glutathione although highest values were recorded in 10 mM 

Tre (Figure 7E and F). 

Trehalose application resulted in increase of the flavonoids and phenols accumulation. 

Contrary to control, total flavonoids and total phenols increase by 7.54% and 5.12% in 

1 mM Tre, by 17.92% and 8.87% in 5 mM Tre, by 27.35% and 16.05% in 10 mM Tre 

and by 7.54% and 2.72% in 20 mM Tre applications. Salt stress caused an increase of 

49.05% in flavonoids and 67.27% in phenols over the control plants. Trehalose treatment 

imparted further increase in NaCl stressed plants exhibiting the highest increase of 

86.79% and 121.60% in NaCl + 10 mM Tre treatment contrary to control (Figure 8A and 

B). 

 

  

Figure 8. Effect of different concentrations of trehalose (0, 1, 5, 10 and 20 mM Tre) on the 

activity of (A) flavonoids and (B) phenols of Trigonella foenum-graecum with and without salt 

stress (100 mM NaCl). Data is mean (±SE) of three replicates and the different letters on bars 

depict the significant difference at P<0.05 

 

 

Discussion 

The salt concentrations are increasing in soil and this result in conversion of 

agricultural land into unproductive land. This increases the pressure on global food 

security therefore to adapt new management techniques which can help plants to counter 

the undesirable effects of excess salts. Accretion of osmolytes is a natural potential of 

plants to counter the stresses therefore in this study the effect of applied Tre was 

investigated on some physiological and biochemical parameters. Different concentrations 

of Tre applied resulted in increased growth of the Trigonella foenum-graecum. Salt stress 

has been reported to reduce the growth of plants by impeding the root growth, water 

uptake, nutrient assimilation, phytohormone metabolism and cell division and 

proliferation (Arif et al., 2020). Similar to these results, the decline in growth 

characteristics by NaCl has been observed by others (Gharsallah et al., 2016; Taibi et al., 

2016; Soliman et al., 2020). Increased accumulation of sodium, reduced water content 

and restricted photosynthesis can be suggested as possible reasons for the growth 

reductions in salt stressed fenugreek. The exogenous supplementation of Tre was 
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affective in increasing the growth and also in mitigating the salinity damage. At 10 mM, 

Tre has the maximal impact and increased growth and dry weight relatively better than 

other concentrations. Earlier, Sadak et al. (2019) has also observed mitigation of growth 

parameters in Triticum aestivum by Tre treatment. In rice, treatment of Tre alleviated the 

decline in shoot length and shoot fresh and dry weight (Abdallah et al., 2016). This 

improvement in growth parameters by the Tre treatment can be due to increased water 

content and reduced sodium accumulation. In present study the effect of 10 mM Tre was 

more apparent as compared to other concentrations. Trehalose application reduced the 

accumulation of sodium which contributed to lessen the negative effects of salinity. The 

exclusion and selective uptake of toxic ions like sodium is regulated by the proficient 

activity of transport proteins and channels which mediate selective uptake of ions 

(Mansour et al., 2003; Saddhe et al., 2021). External supply of Tre reportedly alleviated 

the damaging impact of salinity in Catharanthus roseus by declining the uptake and build 

up of Na while as increasing potassium causing significant decline in Na/K ratio. All the 

concentrations of trehalose used reduced the Na ion accumulation which can also 

contribute to growth improvement by cutting down the ill effects of excess Na 

accumulation. In Citrullus lanatus, exogenous Tre application has been observed improve 

K/Na ratio by lessening the Na ion accumulation within tissues (Yuan et al., 2022). 

Trehalose itself is an important osmolyte that accumulates in cells so as to prevent the 

negative effects of adverse growth conditions including stresses. It was observed that 

exogenous Tre caused substantial increment in the accumulation of tissue compatible 

metabolites like glycine betaine, sugars and proline. These compatible osmolytes are 

having very beneficial function in defending cells from the damaging impact of stresses 

like excess salinity (Kumar et al., 2024; Chakraborty and Kumari, 2024). Osmolytes bring 

respite to plants from stresses by maintaining cellular turgor, redox homeostasis, 

eliminating excess accumulated radicals, protecting enzyme functioning, fine tuning 

physiological mechanisms and crosstalk with phytohormones (Choudhary et al., 2023; 

Kumar et al., 2024; Chakraborty and Kumari, 2024).The accretion of glycine betaine, 

proline, sugars and trehalose has been reported to increase in plants grown on excess NaCl 

(Chang et al., 2014; Mostofa et al., 2015; Ahanger et al., 2019; Soliman et al., 2020; 

Ferdosi et al., 2022). Similar to the results of this study, trehalose treatment to salt stressed 

rice increased proline and also the endogenous trehalose accumulation (Mostofa et al., 

2015). In Cucumis sativus, it has been reported that exogenous Tre triggered the 

accumulation of other sugars and trehalose resulting in improved radical scavenging and 

growth under drought stress (Li et al., 2023). Similarly, Razzaq et al. (2024) have also 

observed increased glycine betaine and proline in Zea mays grown on chromium. 

Mohanan et al. (2023) have also reported increased trehalose accumulation in drought 

stressed rice after exogenous Tre supplementation reflected in improved chlorophyll and 

photosynthesis. Increase in the levels of sugars and free amino acids following external 

Tre supplementation in Catharanthus roseus was observed to be associated with 

improved growth, photosynthetic gas exchange parameters and salt stress mitigation 

(Chang et al., 2014). The positive influence of this increased osmolyte accumulation due 

to applied Tre on the growth parameters, chlorophyll synthesis, photosynthesis, and 

enzyme activity was also evident in this study. Further studies can be very helpful in 

understanding the role of exogenous Tre in mitigating salt stress in Trigonella foenum-

graecum. Increased accumulation of the osmolyte compounds in Tre treatments also 

improved the RWC thereby reflecting in maintenance of cellular water concentrations 
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and also protecting the major cellular processes from salinity mediated negative influence 

(Chang et al., 2014; Sadak, 2019; Samadi et al., 2019; Mohanan et al., 2023). 

The external supplementation of Tre accrued the total phenols and the flavonoids in 

both normal and NaCl treated plants. The plant metabolites regulate several 

developmental and defence mechanisms including the tolerance to stresses (Kumar et al., 

2023). These metabolites act as antioxidants, osmolytes and also contribute to regulation 

of stress signalling (Kumar et al., 2023; Saini et al., 2024). Salt stress caused increase in 

phenols and flavonoids. Improved accumulation of phenols and flavonoids by the salinity 

stress has been reported in several plant species by others as well (Ahanger et al., 2019; 

Benjamin et al., 2019; Soliman et al., 2020). Increased synthesis of secondary compounds 

may protect plant cells from the ionic and oxidative stresses through their ability to bind 

toxic ions causing reduction in their impact on the structure and function of cytoplasmic 

components (Sytar et al., 2018). Trehalose resulted in improved build up of metabolites 

and which may help in protecting the seedlings from the salt stress by helping in radical 

scavenging and improving the functioning other related mechanisms. Trehalose 

treatments increased phenols in Raphanus sativa and sunflower under drought (Shafiq et 

al., 2015), Zea mays under chromium (Razzaq et al., 2024), and quinoa (Sadak et al., 

2019) and wheat (Sadak, 2019) under salt stress. Similarly, Samadi et al. (2019) has 

observed increased flavonoids in Tre treated strawberry plants reflecting in improved 

growth. Greater phenol and flavonoid accumulation due to external Tre supplementation 

results in greater radical scavenging efficiency in stressed Zea mays (Ali et al., 2012). 

Salt stress caused significant decline in the chlorophyll pigment synthesis and the gas 

exchange characteristics of fenugreek however, applied Tre proved beneficial by 

improving the parameters most consciously at 10 mM concentrations. In corroboration to 

these results, salt stress reduced the chlorophyll pigments, photosynthesis and other 

stomatal parameters of photosynthesis in other crop plants like Dianthus caryophyllus 

(Kwon et al., 2019), wheat (Ahanger et al., 2019), soybean (Soliman et al., 2020), 

Oenanthe javanica (Kumar et al., 2021) and Avicennia marina (Barhoumi et al., 2022). 

The chloroplast development and chloroplast ultrastructure are negatively influenced by 

salt stress (Lu et al., 2023) which can directly influence the photosynthetic parameters 

and the chlorophyll synthesis. In stress plants the chlorophyll synthesis goes down due to 

increased activity of degradation enzymes and considerable decline in the synthesising 

ones (Turan and Tripathy, 2015). Treatment of Tre proved beneficial in increasing the 

chlorophyll pigments and the photosynthetic gas exchange which can help in growth 

enhancement through higher carbon metabolism. Earlier, in drought stressed rice 

(Mohanan et al., 2023) and chromium stressed Zea mays (Razzaq et al., 2024) has also 

observed the mitigation of the reduction in chlorophyll and the photosynthetic gas 

exchange by Tre application. Similarly, exogenous Tre application to Catharanthus 

roseus resulted in mitigation of decline in photosynthesis and gas exchange parameters 

(Chang et al., 2014). Trehalose reduced the toxic radical buildup which lead to improved 

chlorophyll synthesis and the photosynthetic performance of Trigonella foenum-

graecum. 

The beneficial effects of added Tre were marked as significant decline in the lipid 

peroxidation, hydrogen peroxide and electrolyte leakage. Salt stress increases the 

accumulation of toxic radicals and causes the membrane damage which mediates 

electrolyte leakage and similar reports in other crop plants are available (Taibi et al., 2016; 

Soliman et al., 2020; Kumar et al., 2021; Lu et al., 2023). Excess accumulated radicals 

prove dangerous for the metabolism and cellular structures. Salinity stress increased the 
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hydrogen peroxide and peroxidation, and the damaging effects were apparent as damage 

to chloroplast structure (Shu et al., 2012; Lu et al., 2023). Trehalose imparted decline in 

radical accumulation and also protected membrane damage which was reflected as 

reduced lipid peroxidation and electrolyte leakage. Mostofa et al. (2015) and Samadi et 

al. (2019) also observed reduced radicals in Tre treated rice and strawberry respectively 

under salt stress. Reduced reactive species accumulation and lipid peroxidation after the 

application of Tre has been also reported in Raphanus sativus (Shafiq et al., 2015) and 

Zea mays (Razzaq et al., 2024) grown in water deficit and chromium stress. Decline in 

the electrolyte leakage by Tre application has been observed by Mohanan et al. (2023) in 

drought stressed rice. This declined radical accumulation and the oxidative damage in Tre 

supplied seedlings can be ascribed to greater antioxidant system functioning which was 

clearly evident. Though all levels of Tre caused boosted the antioxidant enzymes, 

however, 10 mM Tre proved much impactful. To lessen the harm caused by salinity plants 

increase the activities of antioxidant enzymes and comparable observations have been 

reported earlier in several crop species (Taibi et al., 2016; Ahanger et al., 2019; Soliman 

et al., 2020; Kumar et al., 2021; Lu et al., 2023). Greater functioning of antioxidant system 

is correlated with the better stress tolerance and improved protection to metabolism. The 

activities of antioxidant enzymes including superoxide dismutase, guaiacol peroxidase, 

ascorbate peroxidase and glutathione reductase showed increase owning to the treatment 

of Tre. Similar to these results, Mostofa et al. (2015) and Samadi et al. (2019) have also 

reported increase in the antioxidant enzyme activities by the application of Tre in rice and 

strawberry lessening the oxidative damage of salt stress. Li et al. (2023) has observed 

significant augmentation of the activities and the transcript levels of antioxidant enzymes 

easing the effects of drought in Cucumis sativus. Greater antioxidant functioning confers 

the lesser accumulation of toxic radicals and defending the chief pathways of metabolism 

like photosynthesis, electron transport chain etc. (Kapoor et al., 2019). Greater 

antioxidant functioning in Tre supplied seedlings reduces the oxidative effects on growth 

and photosynthesis (Zafar et al., 2024; Elkelish et al., 2024). In addition, the accumulation 

of ascorbic acid and glutathione was increased in Tre treated plants which further 

strengthens the radical scavenging system so that tolerance against salinity is increased. 

Both ascorbic acid and glutathione are the key components of antioxidant system, redox 

buffer and also neutralise the radicals individually (Hasanuzzaman et al., 2020). Increased 

ascorbic acid and glutathione in Tre supplemented seedlings can improve the functioning 

of pathways like ascorbate-glutathione cycle which is aimed to neutralise hydrogen 

peroxide. Earlier, increase in ascorbic acid and glutathione by the application of Tre has 

been reported in rice (Mostofa et al., 2015), Raphanus sativa (Shafiq et al., 2015) and Zea 

mays (Razzaq et al., 2024) grown under salt, drought and chromium stress. Further 

improvement in the functioning of antioxidant enzymes and the accumulation of non-

enzymatic antioxidant in Tre supplied seedlings confirms its valuable role in mitigating 

the adverse influence of salinity on fenugreek growth. 

Conclusion 

The growth restriction and decline in photosynthesis triggered by salinity was 

alleviated by the Tre supplementation at all levels, more conspicuously at 10 mM. 

Exogenously supplied Tre regulated the osmolyte and the secondary metabolite 

accumulation contributing to alleviation of undesirable effects of salt stress on water 

relations, enzyme functioning and photosynthesis. Moreover, the reduced accumulation 
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of Na ions and the augmented functioning antioxidant system confers the alleviation of 

oxidative effects of salinity by Tre in Trigonella foenum-graecum. Further research can 

be fruitful to know the exact mechanisms using omic approaches. 
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