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Introduction 

Salt stress is a major abiotic factor that limits plant growth and 

productivity worldwide. High soil or water salinity causes osmotic 

imbalance, ion toxicity and oxidative damage, leading to impaired 

photosynthesis, nutrient deficiency and stunted growth (1, 2). 

Typical stress symptoms include chlorosis, necrosis and reduced 

leaf area, reflecting reduced photosynthetic efficiency (3). Excess 

sodium (Na+) and chloride (Cl-) disrupt cellular homeostasis, 

damaging membranes and enzymes (4, 5). Osmotic stress restricts 

water uptake and cell expansion, while oxidative stress results 

from overproduction of Reactive Oxygen Species (ROS), which 

damage lipids, proteins and DNA (5). Salinity can reduce leaf area 

by up to 49 %, indicating severe metabolic impairment (6). Ion 

toxicity also interferes with the uptake of potassium (K+), calcium 

(Ca²+) and magnesium (Mg²+), further disturbing metabolic balance 

(4). These physiological disruptions highlight the importance of 

developing salt-tolerant plant varieties for sustainable agriculture. 

 Medicinal plants are integral to traditional and modern 

medicine due to their diverse bioactive compounds. Among 

these, Withania somnifera (L.) Dunal, commonly known as 

Ashwagandha or Indian ginseng, stands out due to its broad 

spectrum of therapeutic properties, including anti-inflammatory, 

anti-stress, antioxidant and immunomodulatory effects (7, 8). 

This perennial shrub, belonging to the Solanaceae family, is 

widely used in Ayurvedic medicine and is increasingly recognised 

in modern pharmacology for its adaptogenic properties, which 

help the body resist physiological and psychological stress (9). 

The root of W. somnifera is particularly valued for its rich content 

of withanolides, a group of steroidal lactones that contribute to 

its medicinal efficacy. These compounds have been shown to 

possess anti-cancer, anti-inflammatory, anti-leishmaniasis and 

neuroprotective properties, making W. somnifera a valuable 

plant in the pharmacological industry (10). Owing to its 

commercial value, W. somnifera cultivation has expanded 

beyond traditional growing regions, making it increasingly 

important to understand environmental factors that influence its 

yield and medicinal quality. 

 Like other medicinal plants, W. somnifera is sensitive to 

salinity, which adversely affects both growth and secondary 

metabolite production. Salt accumulation in soil reduces water 

and nutrient availability, impairing physiological performance. 

Maintaining withanolide biosynthesis under stress is essential to 

preserve its therapeutic efficacy (11). Any reduction in 

withanolide content not only lowers pharmaceutical quality but 

also diminishes the plants’ market value, directly impacting the 

livelihoods of growers and the supply chain of herbal industries. 

Despite its economic and medicinal importance, studies on W. 

somnifera responses to salinity remain limited, hindering its 

sustainable cultivation in salt-affected regions. 
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Abstract  

Salt stress negatively impacts the growth of medicinal plants like Withania somnifera (L.) Dunal, resulting in loss of biomass and usability of its 

therapeutic secondary metabolic compounds, such as withanolides. This study investigates the effects of varying salinity levels (0 mM [control],   
25 mM, 50 mM, 75 mM, 100 mM, 125 mM, 150 mM, 175 mM and 200 mM) on the morphological, growth and physiological parameters of  

W. somnifera. Morphological traits such as shoot length, root length and fresh and dry weight of the plants showed a negative correlation with salt 

stress. The results of biochemical analysis indicate a noticeable decline in chlorophyll a, b and total chlorophyll content, carbohydrate and protein 

levels with increasing salt concentration, while important phytochemicals like proline, phenols and flavonoid content exhibited an increase, 
consequently increasing the antioxidant activity executed by such metabolites as well. Most notably, Withaferin A and Withanolide A, important 

secondary metabolites responsible for the therapeutic properties of the plant, showed conflicting trends, with Withanolide A decreasing but 

Withaferin A increasing with an increase in stress, suggesting differences in the activities of their metabolic pathways under stress. The findings 

highlight the significant impact of salinity on both the growth and medicinal quality of W. somnifera, with the increase in Withaferin A with stress 
indicating an opportunity to explore this trend for achieving higher yield for commercial use in the pharmaceutical industry.   
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 Plants exhibit multiple adaptive mechanisms under 

salinity, such as osmotic adjustment, ion compartmentalisation 

and antioxidant defence activation (12–14). For medicinal plants, 

maintaining secondary metabolite production is especially 

important since these compounds are influenced by 

environmental factors (15). A decline in such metabolites directly 

affects therapeutic efficacy. Previous research has mainly focused 

on food crops such as wheat and barley, whereas medicinal 

species like W. somnifera have received limited attention despite 

their pharmaceutical potential and role in agroecological 

diversification (16–19). Understanding its adaptive and metabolic 

responses to salinity could thus support both environmental 

resilience and the global herbal drug industry. 

 A few studies that do exist on medicinal plants under salt 

stress have shown that secondary metabolite production can be 

significantly affected. For example, research on Mentha piperita 

revealed the MAPK-mediated regulation of essential oil production 

and how it fares under NaCl stress (20). Similarly, in Ocimum 

basilicum L., salinity affected growth parameters quite 

considerably, but some cultivars were found to be better at 

tolerating salinity stress than others (21). However, most research 

addresses short-term responses, overlooking prolonged salinity 

exposure. The influence of salt stress on secondary metabolism 

remains poorly understood. Understanding these effects is 

essential for sustaining the therapeutic potential of medicinal 

plants under adverse conditions. For W. somnifera, understanding 

how salt stress affects the biosynthesis of withanolides and other 

secondary metabolites is vital for maintaining its therapeutic 

potential under adverse conditions. 

 This study investigates the effects of varying NaCl 

concentrations on the morphology, physiology and biochemical 

composition of W. somnifera to address existing research gaps. The 

findings aim to elucidate the plants’ adaptive responses to salinity 

and their implications for medicinal compound production, 

contributing to improved strategies for sustainable cultivation in 

saline environments.  

 

Materials and Methods  

Plant material  

Authenticated seeds of W. somnifera (Arka ashwagandha variety) 
were procured from ICAR-Indian Institute of Horticultural  

Research,  Hessaraghatta,  Bengaluru,  India (13°08'04.7" N  77°

29'27.2" E). The collected seeds were surface sterilised with a soap 

solution for 1–2 min and then sodium hypochlorite (NaOCl) for 30 

sec. A final rinse with running distilled water was given to wash off 

any leftover soap and NaOCl. For an initial viability study, seed 

trays were prepared with cocopeat and the seeds were allowed to 

germinate for 10 days. The cocopeat was autoclaved to achieve 

sterility and remove any chance of foreign contamination. When 

the seeds were confirmed to be viable, a proper pot experiment 

was set up with 9 different sets.  

Experimental design  

In March 2024, in the Polyhouse at CHRIST (Deemed to be 

University), Central Campus, Bengaluru, 9 sets of W. somnifera 

were labelled control, 25 mM, 50 mM, 75 mM, 100 mM, 125 mM, 

150 mM, 175 mM and 200 mM, indicating the concentration of 

NaCl stress to be administered to the sets. These were set up 

following a randomised complete block design (RCBD). For each 

set, 3 pots representing 3 triplicates were set up, totalling 27 pots 

for the entire experiment. Each of the pots had 1.5 kg of soil and a 

uniform weight of 2 g, corresponding to approximately 200 counts 

of W. somnifera seeds, was sown in each pot. Salinity stress in each 

set was administered by direct application of different 

concentrations of NaCl solution in double-distilled water into the 

soil, starting from day 10, at an interval of every 5 days, till day 40. 

Pots were irrigated with normal tap water (non-saline) 3 days after 

administration of each saline water treatment. The plant biomass 

was finally harvested on the 45th day. 

Measurement of vegetative growth characteristics  

To evaluate the growth and development of 45-day-old 

germinated seedlings, the length of the shoot, root, number of 

leaves on each sapling and fresh and dry weight of each sapling 

were considered.  After harvest, the plants were gathered and 

cleaned under running tap water to get rid of any dirt or debris 

from the roots. For both the control and test concentrations, the 

average length of shoot and root, the average number of leaves on 

a single plant and the fresh biomass of the plant were considered. 

To measure the lengths of the shoots and roots, a string was used 

to guide along the length of the shoot and root and then the string 

was measured against a standard measuring scale. For fresh 

biomass, a calibrated analytical weighing balance was used (Aczet 

Pvt. Ltd., Bengaluru, India). 

Evaluation of biochemical parameters  

Various biochemical parameters of both the control and 

experimental sets were evaluated, like total chlorophyll content 

(chlorophyll a, chlorophyll b and total chlorophyll), total 

carbohydrate content, total protein content, total proline content 

and antioxidant activity (both enzymatic and non-enzymatic 

activity). 

Total chlorophyll content  

The chlorophyll a and b and total chlorophyll levels were 

measured using a standard 80  % acetone extraction method (22). 

0.1 g of Fresh Weight (FW) of leaf sample was taken in 5 mL 80  % 

acetone, refrigerated overnight and then homogenised and 

centrifuged at 5000 rpm for 5 min. The supernatant was taken and 

the optical densities were measured at 645 and 663 nm 

wavelengths using a spectrophotometer (Shimadzu Corporation, 

Kyoto, Japan). The concentration of chlorophyll (a, b, total) was 

expressed as mg g-1 FW. Determination of chlorophyll a, b and total 

was carried out using the following formulas :  

Chlorophyll  a (mg g-1 FW) = (12.7 × A663 -2.69 × A645) × V/1000 × w                                   

                    (Eqn. 1) 

Chlorophyll b (mg g-1 FW) = (22.9 × A645 – 4.68 × A663) × V/1000 × w                                  

                    (Eqn. 2) 

Total chlorophyll (mg g-1 FW) = (20.2 × A645 + 8.02 × A663) × V/1000 × w                            

                    (Eqn. 3) 

 Where, A645 = absorption value at 645 nm, A663= absorption 

value at 663 nm, V = total volume of filtrate in mL, w = fresh tissue 

weight in g 

Total carbohydrate content  

Carbohydrate estimation was carried out using the method 

followed, namely the phenol-sulphuric acid method (23). A 0.1 g 

sample of fresh leaf was homogenised in 5 mL of 2.5 N HCl, placed 
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in a boiling water bath for 3 hr and then cooled. The cooled crude 

homogenate was neutralised using sodium bicarbonate and 

centrifuged at 1000 g for 10 min. The supernatant thus obtained 

was taken (0.2 mL) and added to 1 mL phenol [2 % (v/v)] and 5 mL 

of sulphuric acid (H2SO4) [96  % (v/v)], while subject to a cold-water 

bath. The absorbance was then measured at 490 nm using a 

spectrophotometer. D-glucose anhydrous (dextrose anhydrous) 

was used to generate a standard graph, which gave the equation: 

y = 0.0942x - 0.0064, R² = 0.9972    (Eqn. 4) 

Total protein content  

The protein estimation assay used the standard Folin-phenol 
Lowrys’ method (24). 0.2 mL of the sample extract made in protein 

buffer saline was taken and made up to 1 mL using distilled water 

and added to 5 mL of alkaline-CuSO4 solution before incubation at 

room temperature for 10 min. Following this, 0.5 mL of Folin-

Ciocalteu reagent was added to the mixture and further incubated 

at room temperature under dark conditions for 30 min. After this, 

absorbance was recorded at 660 nm using a spectrophotometer. 

Bovine serum albumin (BSA) was used as a standard to create a 

reference graph, with the final equation being: 

y = 0.3995x + 0.0107, R2  = 0.9971  (Eqn. 5) 

Total proline content  

With modifications, the acid-ninhydrin method was utilised to 

measure overall proline content in the plant samples (25). 0.1 g of 

leaves was homogenised with 5 mL of 3 % sulfosalicylic acid and 

centrifuged. To 2 mL of the supernatant, 2 mL of 1.25 % ninhydrin 

reagent in glacial acetic acid was added. The mixture was heated 

in a boiling water bath for an hour and then cooled before 

measuring the absorbance at 508 nm using a spectrophotometer. 

L-proline was used as a reference standard to generate a graph, 

with the equation: 

 y = 1.075x + 0.017, R2 = 0.9952  (Eqn. 6) 

Total phenolic content  

The total phenol content was measured by the Folin-Ciocalteu 
assay (26). In this method, 25 µL of methanolic extract was mixed 

with 25 µL of Folin-Ciocalteu reagent (diluted with distilled H2O in a 

1:1 ratio). The mixture was allowed to stand for 2 min and then       

75 µL of sodium carbonate (Na2CO3) solution (100 g/L) was added 

to the mixture and shaken, before being left to incubate under 

dark conditions at room temperature for 120 min. Following the 

incubation period, the absorbance was measured at 765 nm using 

a spectrophotometer. Gallic acid was used as a standard for 

creating a calibration curve, which gave the equation: 

y = 0.02682x − 0.0056, R2 = 0.9964   (Eqn. 7) 

Total flavonoid content  

The total flavonoid content was measured using the modified 

Aluminium chloride (AlCl3) colourimetric method (26). In this 

method, 50 µL of methanolic extract was mixed with 150 µL of 80  % 

methanol, 10 µL AlCl3 [10 % (w/v)] and 10 µL 1M sodium acetate 

(CH3COONa) and incubated at room temperature for 45 min. Then, 

the absorbance was recorded at 415 nm using a spectrophotometer. 

Quercetin was used as a standard and the calibration curve using the 

same yielded the equation:  

y = 0.0108x − 0.0333, R2 = 0.9977  (Eqn. 8) 

 

 

Antioxidant activity 

Catalase activity: The catalase enzyme activity was analysed by the 

method outlined, with necessary modifications (27). First, an enzyme 

extract was made by dissolving 1 g of fresh sample in a 10 mL ice-

cold 50 mM phosphate buffer (pH 7), centrifuging at 10000 rpm for 10 

min at 4 ºC. The supernatant was taken and a reaction mixture of 1.5 

mL phosphate buffer, 1.2 mL H2O2 and 50 μL of the enzyme extract 

was prepared and the decrease in absorbance at 240 nm was noted 

at 0 min and 3 min intervals. The catalase activity was calculated 

with the following formula: 

 U mg-1 = (A0-A180) × Vt/Ɛ240  × d × Vs × Ct × 0.001 (Eqn. 9) 

 where, (A0-A180) is the difference between the initial and final 

absorbance, Vt is the total volume of the reaction (3 mL) and Ɛ240 is the 

molar extinction coefficient for H2O, at OD240 (34.9 mol-1 cm-1), d is the 

optical path length of the cuvette in cm (1 cm) Vs is the volume of the 

sample in mL (1 mL), Ct is the total protein concentration in the 

sample and 0.01 is absorbance change caused by 1 Unit of enzyme 

per min at 240 nm OD. 

Ascorbate peroxidase enzyme activity 

Ascorbate peroxidase (APX) activity was analysed using the method 

with necessary modifications (28). A crude enzyme extract was 

prepared by dissolving 0.5 g of fresh sample in an extraction buffer 

containing 50 mM phosphate buffer, pH 7.8, before centrifuging at 

15000 g for 12 min at 4 ºC. 0.1 mL of the supernatant thus obtained 

was mixed with 1.2 mL of 50 mM phosphate buffer (pH 7.8), 0.2 mL of 

0.1 mM H2O2, 0.2 mL of 0.5 mM ascorbic acid and 0.2 mL of 0.1 mM 

EDTA. The decrease in absorbance was measured at 290 nm at 0 min 

and 5 min intervals. Based on the extinction coefficient, one unit of 

enzyme activity can be calculated as the amount of enzyme required 

to oxidise 1.0 µmol of ascorbate/min/mg protein. 

Unit activity (U/min/mg) = ΔA290× Vr/ε × Vt   (Eqn. 10)            

 where, ΔA290 is the change in the absorbance/min, Vr is the 

total volume of reaction mixture in mL (1 mL), Vt is the volume of a 

sample taken in mL (0.1 mL) and ε is the extinction coefficient of 

ascorbate = 2.8 mM-1cm-1 

Modified DPPH (2,2-diphenylpicrylhydrazyl) assay 

 The DPPH scavenging method was used after making slight 
modifications (29). An aliquot of 30 µL of the methanolic extract 

was taken and the volume was made up to 3 mL using methanol. 

To this mix, 1 mL of DPPH [0.004 % w/v] was added in dark 

conditions and the resultant mixture was incubated for 30 min in 

the dark. Then, the absorbance was measured at 513 nm using a 

UV-visible spectrophotometer. DPPH activity was expressed in 

percentages. Ascorbic acid in increasing concentrations was used 

as a reference for generating a standard graph, which gave the 

equation: 

y = 0.0052x + 0.0164, R2 = 0.9908  (Eqn. 11) 

Ferric reducing antioxidant power (FRAP) assay 

Ferric reducing antioxidant power (FRAP) assay was performed by 
using the standard method (30). An aliquot of 1 mL of methanolic 

extract was mixed with 2.5 mL each of phosphate buffer (pH 7) and 

potassium ferricyanide (K3[Fe(CN)6]). The mixture was incubated at 

50 ºC for 20 min. 2.5 mL of trichloroacetic acid (10 %) was added to 

the mixture and centrifuged at 1000 rpm for 10 min. The upper layer 

of the solution (2.5 mL) was taken and then mixed with distilled 

water (2.5 mL) and FeCl3 (0.5 mL, 0.1 %). The absorbance was finally 
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measured at 700 nm and the results were expressed as µmol mL-1 

Fe2+ equivalent. 

Quantification of withanolide content through high-

performance liquid chromatography  

The withanolide content (particularly Withaferin A and 
Withanolide A content) of both the control and experimental plant 

sets was estimated using the method outlined in a previous study 

(31). Methanolic extract of the plants was filtered through a nylon 

microfilter (0.45 µM) and then subjected to HPLC analysis using  

Shimadzu LC 10A (Shimadzu Corporation, Kyoto, Japan) 

instrument equipped with WatersTM  C-18,  25 0mm × 4.6 mm 

column (Waters Corporation, Bengaluru, India) and analysed using 

IRIS Spectral Processing software. Injection volume was set at 10 

µL.  The mobile phase used was a mixture of water and acetonitrile 

(HPLC grade) (30:70, v/v) at a flow rate of 1 mL min-1. The column 

temperature was maintained at 40 °C and detection was carried 

out at 212 nm. The total run time was 8 min. Withanolide A and 

Withaferin A standards, at five different concentrations (0.2, 0.4, 

0.6, 0.8 and 1 mg mL-1) was employed to prepare a standard graph 

to help quantify the withanolides present in the sample. For 

Withaferin A, the standard curve R² value was obtained as 0.9354 

and for Withanolide A, the R²  was calculated to be 0.9235. The  

HPLC  grade  Withanolide  A  and  Withaferin  A (purity-99.3 %) were 

procured from Natural Remedies Pvt. Ltd., Bengaluru, India.  

Statistical analysis 

All of the above data were collected in triplicate and a statistical 

analysis of the readings was carried out using IBM SPSS Statistics 

for Windows, version 29.0.2.0 (IBM Corp., Armonk, N.Y., USA). One-

way ANOVA and post-hoc Duncan’s multiple range test  (DMRT) 

were performed to determine any significant differences between 

control and treatment groups in the various chosen parameters. 

The findings were graphically represented as means ± standard 

error (SE), with alphabetical notation obtained from the groups 

assigned by DMRT.  

 

 

Results and Discussion 

Effect of NaCl stress on vegetative growth parameters 

The present study provides insight into the morphological and 

physiological responses of W. somnifera under increasing NaCl 

stress. As shown in Fig. 1, shoot and root length exhibited a steady 

decline with increasing salt concentration, with the highest values 

recorded in the control (12 ± 0.97 cm) and a marked reduction at 200 

mM NaCl. Interestingly, moderate concentrations (75–125 mM) 

induced slight variations, with root length peaking at 125 mM (6.8 ± 

0.52 cm) before decreasing at higher salinity levels. Correspondingly, 

fresh and dry biomass also declined progressively, as demonstrated 

in Fig. 2, reflecting the cumulative inhibitory effect of salinity on water 

uptake, turgor maintenance and overall vegetative growth. 

 Abiotic stress factors like salinity are known to profoundly 

and negatively affect any plants’ vegetative growth parameters (32). 

Similar growth reductions in W. somnifera indicate that although the 

species can tolerate mild salinity, higher concentrations lead to 

cellular dehydration and suppressed metabolic activity. The limited 

change in leaf number but visible reduction in leaf size suggests a 

regulatory adjustment rather than a complete morphological 

breakdown, possibly due to altered turgor pressure or hormonal 

imbalances affecting leaf expansion. Such changes may serve as 

early adaptive responses to mitigate water loss rather than 

indicators of irreversible damage. 

Effect of NaCl stress on different biochemical parameters 

For all three measurements of chlorophyll i.e., chlorophyll a, b and 
total chlorophyll, the highest values were recorded in the untreated 

control set and the lowest value was seen in the 200 mM NaCl 

treatment set, with a steady downward declining trend from the 

lowest to highest salinity (Fig. 3). Carbohydrate and protein levels 

also showed a similar declining trend from lowest (control) to 

highest (200 mM NaCl) stress, with significant differences between 

sets at p ≤ 0.05 (Fig. 4). The observed decrease in chlorophyll content 

with increasing salinity is consistent with previous studies on various 

plants, where high salt levels led to chlorophyll degradation and 

impaired photosynthesis (1, 2). The significant reduction in 

carbohydrate and protein levels under salt stress aligns with findings 

 

Fig. 1. Effect of NaCl stress on average shoot length and average root length of Withania somnifera.  

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at p  ≤ 0.05, according to DMRT.  
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Fig. 2. Effect of NaCl stress on average fresh weight and dry weight of Withania somnifera. 

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at p ≤ 0.05, according to DMRT. 

Fig. 3. Effect of NaCl stress on chlorophyll a, chlorophyll b and total chlorophyll content of Withania somnifera. 

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at p  ≤ 0.05, according to DMRT.  

Fig. 4. Effect of NaCl stress on carbohydrate, protein and proline content of Withania somnifera.  

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at p ≤ 0.05, according to DMRT.  
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from studies on other medicinal plants, such as Mentha piperita and 

Ocimum basilicum, indicating a common physiological response to 

salinity (20, 21). However, in W. somnifera, the degree of reduction 

was notably sharper, suggesting  increased sensitivity in chlorophyll 

stability. 

 Conversely, proline content, increased with increasing stress 

conditions, with the highest level of proline being observed in the 

200 mM NaCl stress set (Fig. 4). Similarly, the secondary metabolites, 

namely phenolics and flavonoids, showed a steady increase with 

increasing NaCl stress, with the highest concentrations of both being 

observed in the 200 mM NaCl stress set (Fig. 5). This suggests an 

active metabolic reprogramming under stress. These compounds 

are known to participate in ROS scavenging, but in W. somnifera, the 

steep rise in phenolic and flavonoid content at 150–200 mM NaCl 

implies an enhanced antioxidant defence, likely linked to the 

regulation of phenylpropanoid pathways. This is supported by 

existing research that suggests that under salinity stress, plants 

accumulate compatible solutes like proline to combat the ion 

imbalance by decreasing the cytoplasmic osmotic potential and also 

to scavenge ROS (33, 34). In the context of ROS-scavenging, 

secondary metabolites like phenols and flavonoids play a significant 

role, as they have antioxidant properties. Phenolic compounds are 

known for their ability to act as hydrogen donors, which is a key 

mechanism in their antioxidant activity (35). Similarly, flavonoids, 

which are a subclass of phenolic compounds, also exhibit strong 

antioxidant properties (36). The observed accumulation of such 

compounds in this study aligns with the plants’ need to maintain 

redox homeostasis under oxidative stress and also contributes to the 

enhancement of its medicinal potency. 

Effect of NaCl stress on antioxidant activity 

The enzymatic antioxidants, catalase (CAT) and APX showed 

increased activities with rising NaCl concentration (Fig. 6). This 

pattern complements the elevated non-enzymatic antioxidant 

capacity measured through DPPH and FRAP assays (Fig. 7). The 

parallel increase in phenolic and flavonoid levels with both DPPH 

and FRAP values indicates a strong correlation between secondary 

metabolite accumulation and enhanced antioxidant activity, as 

supported by existing literature (37). This relationship supports the 

Fig. 5. Effect of NaCl stress on total phenolic and total flavonoid content of Withania somnifera. 

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at p ≤ 0.05, according to DMRT.  

 

Fig. 6. Effect of NaCl stress on CAT and APX activity of Withania somnifera.  

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at p ≤ 0.05, according to DMRT.  
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hypothesis that W. somnifera adapts to salinity stress through the 

activation of its antioxidant machinery, where phenolics and 

flavonoids act synergistically with enzymes to neutralise ROS and 

stabilise cellular integrity. Compared to prior studies on other 

medicinal plants, the pronounced increase in antioxidant response 

observed here suggests that W. somnifera possesses a robust 

biochemical defence, potentially linked to the same biosynthetic 

machinery that governs withanolide production (38–41). This 

highlights a dual physiological advantage (oxidative protection and 

maintenance of therapeutic metabolites) under saline stress. 

Effect of NaCl stress on withanolide levels 

The quantification of Withaferin A and Withanolide A revealed 

divergent responses to salinity (Fig. 8). In this context, previous 

studies have shown that salinity stress initially increases secondary 

metabolite levels in Solanaceae plants, including Withaferin A in W. 

somnifera, as a defence response (42, 43). However, excessive stress 

shifts energy towards survival, reducing secondary metabolite 

accumulation (42–44). The same instance has been reported in both 

Withaferin A and Withanolide A levels in the current study, 

showcasing a sharp decline under heavy salt stress (beyond 125 

mM). Both compounds increased up to 125 mM NaCl, beyond which 

Withanolide A declined while Withaferin A remained comparatively 

higher. For Withanolide A, although an increase with increasing 

levels of NaCl stress is observed, the highest Withanolide A levels are 

observed in the control set with no stress (Fig. 8). However, another 

important observation is that the levels of Withanolide A were 

highest in the control set, but Withaferin A levels increased with 

increasing salt stress. This suggests that Withaferin A and 

Withanolide A are responding differentially to stress. This can be 

explained by the fact that Withanolide B has been discovered to be 

an early intermediate in the withanolide biosynthetic pathway, 

branching into Withaferin A and Withanolide A. The cytochrome P450 

enzyme WsCYP71B35 is involved in the Withanolide A pathway (44). 

It is plausible to hypothesise that NaCl stress may disrupt 

WsCYP71B35 activity, leading to reduced Withanolide A synthesis 

and increased conversion of Withanolide B into Withaferin A, 

explaining the observed metabolite shifts (44).  

Fig. 7. Effect of NaCl stress on the non-enzymatic antioxidant activity of Withania somnifera as per DPPH and FRAP assays.  

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at  p ≤ 0.05, according to DMRT.  

 

Fig. 8. Effect of NaCl stress on the Withanolide A and Withaferin A levels of Withania somnifera as per FRAP assay. 

Data represented as mean ± SE of triplicate readings. Means with common letters are not significantly different at p ≤ 0.05, according to DMRT.  

 

https://paperpile.com/c/i37T6I/EPjA+3ys1
https://paperpile.com/c/i37T6I/EPjA+3ys1+47PY
https://paperpile.com/c/i37T6I/NlKI
https://paperpile.com/c/i37T6I/NlKI
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Practical and long-term implications 

The observed physiological and metabolic responses of                                    

W. somnifera under salinity highlight its capacity to tolerate 

moderate salt concentrations through biochemical adjustment 

rather than structural resilience. However, sustained exposure to 

high salinity (≥ 150 mM) leads to significant reductions in 

photosynthetic pigments and protein levels, which can compromise 

overall productivity. From an ecological perspective, understanding 

these adaptive limits is critical for expanding W. somnifera cultivation 

into semi-arid and salt-affected soils, particularly in regions where 

land degradation threatens traditional agriculture. Economically, 

these findings underscore the potential to breed or select  

W. somnifera cultivars with enhanced salt tolerance while 

maintaining high withanolide yield. Such efforts could reduce crop 

losses in saline-prone regions and stabilise raw material supply for 

the herbal pharmaceutical industry. Furthermore, integrating 

biostimulant-based strategies or moderate salinity induction could 

be explored as cultivation practices to enhance Withaferin A 

biosynthesis without compromising plant health.  

 

Conclusion  

The present study elucidates the detrimental effects of salt stress 

on the morphological, growth and physiological parameters of W. 

somnifera. Morphological traits, including shoot and root length 

and fresh and dry weight of the plants, were adversely affected, 

indicating overall stunted growth under high salinity conditions. 

Increasing salinity levels led to significant reductions in chlorophyll, 

carbohydrate and protein content, while proline, phenolics and 

flavonoid levels increased as an adaptive response to osmotic 

stress. This, in turn, increased the antioxidant activity of the plants, 

confirmed by both enzymatic and non-enzymatic tests, confirming 

the role of secondary metabolites as osmoprotectants and stress-

response molecules. Most significantly, medically important 

secondary metabolites, namely Withaferin A and Withanolide A, 

showed differential response to salt stress, potentially revealing a 

method to boost withaferin production in W. somnifera for 

therapeutic uses. These findings highlight the critical impact of salt 

stress on the growth and medicinal quality of W. somnifera, a plant 

renowned for its therapeutic compounds.  

 The observed physiological responses to salinity stress 

suggest a common pattern of stress adaptation seen in other 

medicinal plants as well. However, the reduction in key 

biochemical components essential for the plants’ medicinal 

properties highlights the potential threat to the production and 

efficacy of W. somnifera in saline environments. Developing salt-

tolerant cultivars through genetic and biotechnological 

interventions is imperative for sustaining their cultivation and 

ensuring their therapeutic value. Future research should aim to 

dissect the molecular mechanisms governing salt tolerance in W. 

somnifera and conduct long-term field studies to translate 

laboratory findings into practical cultivation strategies. By 

addressing these challenges, we can enhance the resilience of W. 

somnifera to salinity stress, thereby supporting its continued use in 

traditional and modern medicine.   

 

 

 

Acknowledgements  

The first author is indebted to the Centre for Research, CHRIST 

(Deemed to be University), for providing an institutional stipend. 

The authors are indebted to the HoD, Department of Life 

Sciences, CHRIST (Deemed to be University), for providing us 

with the infrastructure to carry out the necessary experiments.   

 

Authors' contributions 

AS conceptualised the design of the study, carried out the 

biochemical analysis of the plant samples, performed the 

statistical analysis and drafted the manuscript. PN conceptualised 

the design of the study, critically evaluated and edited the 

manuscript for corrections. All the authors read and approved the 

final manuscript.  

 

Compliance with ethical standards 

Conflict of interest: Authors do not have any conflict of interest 

to declare.   

Ethical issues: None 

Declaration of generative AI and AI-assisted technologies in 
the writing process  

During the preparation of this work, the authors used Grammarly 

Pro to check for spelling and grammatical errors. After using this 

service, the authors reviewed and edited the content as needed 

and take full responsibility for the content of the publication.  

 

References 

1. Xiao F, Zhou H. Plant salt response: perception, signaling and tolerance. Front 
Plant Sci. 2022;13:1053699. https://doi.org/10.3389/fpls.2022.1053699 

2. Zahra N, Al Hinai MS, Hafeez MB, Rehman A, Wahid A, Siddique 

KHM, et al. Regulation of photosynthesis under salt stress and 
associated tolerance mechanisms. Plant Physiol Biochem. 

2022;178:55–69. https://doi.org/10.1016/j.plaphy.2022.03.003 

3. Hnilickova H, Kraus K, Vachova P, Hnilicka F. Salinity stress affects 
photosynthesis, malondialdehyde formation and proline content in 

Portulaca oleracea L. Plants (Basel). 2021;10(5):845. https://
doi.org/10.3390/plants10050845 

4. Huang L, Wu DZ, Zhang GP. Advances in studies on ion transporters 

involved in salt tolerance and breeding crop cultivars with high salt 
tolerance. J Zhejiang Univ Sci B. 2020;21(6):426–41. https://

doi.org/10.1631/jzus.B1900510 

5. Liu J, Fu C, Li G, Khan MN, Wu H. ROS homeostasis and plant salt 
tolerance: plant nanobiotechnology updates. Sustainability. 

2021;13(6):3552. https://doi.org/10.3390/su13063552 

6. Tanveer K, Gilani S, Hussain Z, Ishaq R, Adeel M, Ilyas N. Effect of salt 
stress on tomato plant and the role of calcium. J Plant Nutr. 2020;43

(1):28–35. https://doi.org/10.1080/01904167.2019.1659324 

7. Dar NJ, Ahmad M. Neurodegenerative diseases and Withania 
somnifera (L.). J Ethnopharmacol. 2020;256:112769. https://

doi.org/10.1016/j.jep.2020.112769 

8. Tandon N, Yadav SS. Safety and clinical effectiveness of Withania 
somnifera (Linn.) Dunal root in human ailments. J Ethnopharmacol. 

2020;255:112768. https://doi.org/10.1016/j.jep.2020.112768 

9. Mukherjee PK, Banerjee S, Biswas S, Das B, Kar A, Katiyar CK. 
Withania somnifera (L.) Dunal - modern perspectives of an ancient 

Rasayana from Ayurveda. J Ethnopharmacol. 2021;264:113157. 
https://doi.org/10.1016/j.jep.2020.113157 

https://plantsciencetoday.online
https://doi.org/10.3389/fpls.2022.1053699
https://doi.org/10.1016/j.plaphy.2022.03.003
https://doi.org/10.3390/plants10050845
https://doi.org/10.3390/plants10050845
https://doi.org/10.1631/jzus.B1900510
https://doi.org/10.1631/jzus.B1900510
https://doi.org/10.3390/su13063552
https://doi.org/10.1080/01904167.2019.1659324
https://doi.org/10.1016/j.jep.2020.112769
https://doi.org/10.1016/j.jep.2020.112769
https://doi.org/10.1016/j.jep.2020.112768
https://doi.org/10.1016/j.jep.2020.113157


9 

Plant Science Today, ISSN 2348-1900 (online) 

10. Singh A, Raza A, Amin S, Damodaran C, Sharma AK. Recent 

advances in the chemistry and therapeutic evaluation of naturally 
occurring and synthetic withanolides. Molecules. 2022;27(3):886. 

https://doi.org/10.3390/molecules27030886 

11. Sangwan NS, Sangwan RS. Secondary metabolites of traditional 
medical plants: a case study of ashwagandha (Withania somnifera). 

In: Ramawat K, editor. Plant Cell Monographs. Berlin, Heidelberg: 
Springer; 2014. p. 325–67. https://doi.org/10.1007/978-3-642-41787-

0_11 

12. Muchate NS, Nikalje GC, Rajurkar NS, Suprasanna P, Nikam TD. 
Plant salt stress: adaptive responses, tolerance mechanism and 

bioengineering for salt tolerance. Bot Rev. 2016;82(4):371–406. 
https://doi.org/10.1007/s12229-016-9173-y 

13. Ahmad R, Hussain S, Anjum MA, Khalid MF, Saqib M, Zakir I, et al. 

Oxidative stress and antioxidant defense mechanisms in plants 
under salt stress. In: Hasanuzzaman M, Hakeem KR, Nahar K, 

Alharby HF, editors. Plant abiotic stress tolerance: agronomic, 
molecular and biotechnological approaches. Cham: Springer; 2019. 

p. 191–205. https://doi.org/10.1007/978-3-030-06118-0_8 

14. Arif Y, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced 
physiological and biochemical changes in plants: an omic approach 

towards salt stress tolerance. Plant Physiol Biochem. 2020;156:64–
77. https://doi.org/10.1016/j.plaphy.2020.08.042 

15. Salim AA, Chin YW, Kinghorn AD. Drug discovery from plants. In: 

Ramawat KG, Merillon JM, editors. Bioactive molecules and 
medicinal plants. Berlin, Heidelberg: Springer; 2008. p. 1–24. https://

doi.org/10.1007/978-3-540-74603-4_1 

16. Munns R, James RA, Läuchli A. Approaches to increasing the salt 
tolerance of wheat and other cereals. J Exp Bot. 2006;57(5):1025–43. 

https://doi.org/10.1093/jxb/erj100 

17. Hasan H, Ali M, Javaid A, Liaqat A, Hussain S, Siddique R, et al. 
Cellular mechanism of salinity tolerance in wheat. In: Ozturk M, Gul 

A, editors. Climate change and food security with emphasis on 
wheat. London: Academic Press; 2020. p. 55–76. https://

doi.org/10.1016/B978-0-12-819527-7.00004-2 

18. Zhu J, Fan Y, Shabala S, Li C, Lv C, Guo B, et al. Understanding 
mechanisms of salinity tolerance in barley by proteomic and 

biochemical analysis of near-isogenic lines. Int J Mol Sci. 2020;21
(4):1516. https://doi.org/10.3390/ijms21041516 

19. Abdelrady WA, Ma Z, Elshawy EE, Wang L, Askri H, Ibrahim Z, et al. 

Physiological and biochemical mechanisms of salt tolerance in 
barley under salinity stress. Plant Stress. 2024;11:100403. https://

doi.org/10.1016/j.stress.2024.100403 

20. Li Z, Wang W, Li G, Guo K, Harvey P, Chen Q, et al. MAPK-mediated 
regulation of growth and essential oil composition in a salt-tolerant 

peppermint (Mentha piperita L.) under NaCl stress. Protoplasma. 
2016;253(6):1541–56. https://doi.org/10.1007/s00709-015-0915-1 

21. Caliskan O, Kurt D, Temizel KE, Odabas MS. Effect of salt stress and 

irrigation water on growth and development of sweet basil 
(Ocimum basilicum L.). Open Agric. 2017;2(1):589–94. https://

doi.org/10.1515/opag-2017-0062 

22. Rajalakshmi K, Banu N. Extraction and estimation of chlorophyll 
from medicinal plants. Int J Sci Res. 2015;4(11):209–12. https://

doi.org/10.21275/v4i11.NOV151021 

23. Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric 
method for determination of sugars and related substances. Anal 

Chem. 1956;28(3):350–56. https://doi.org/10.1021/ac60111a017 

24. Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein 
measurement with the Folin phenol reagent. J Biol Chem. 1951;193

(1):265–75. https://doi.org/10.1016/S0021-9258(19)52451-6 

25. Bates LS, Waldren RP, Teare ID. Rapid determination of free proline 
for water-stress studies. Plant Soil. 1973;39(1):205–07. https://

doi.org/10.1007/BF00018060 

26. Sembiring EN, Elya B, Sauriasari R. Phytochemical screening, total 

flavonoid and total phenolic content and antioxidant activity of 
different parts of Caesalpinia bonduc (L.) Roxb. Pharmacogn J. 

2017;10(1):123–27. https://doi.org/10.5530/pj.2018.1.22 

27. Senthilkumar M, Amaresan N, Sankaranarayanan A. Estimation of 
catalase. In: Plant-microbe interactions: Springer protocols 

handbooks. New York (NY): Springer US; 2021. p. 113–15. https://
doi.org/10.1007/978-1-0716-1080-0_28 

28. Senthilkumar M, Amaresan N, Sankaranarayanan A. Estimation of 

ascorbate peroxidase (APX). In: Plant-microbe interactions: Springer 
protocols handbooks. New York (NY): Springer US; 2021. p. 119–21. 

https://doi.org/10.1007/978-1-0716-1080-0_30 

29. Blois MS. Antioxidant determinations by the use of a stable free radical. 
Nature. 1958;181(4617):1199–200. https://doi.org/10.1038/1811199a0 

30. Chung IM, Ali M, Praveen N, Yu BR, Kim SH, Ahmad A. New polyglucopyranosyl 
and polyarabinopyranosyl fatty acid derivatives from the fruits of Lycium 

chinense and its antioxidant activity. Food Chem. 2014;151:435–43. https://

doi.org/10.1016/j.foodchem.2013.11.061 

31. Praveen N, Murthy HN. Production of withanolide-A from 
adventitious root cultures of Withania somnifera. Acta Physiol Plant. 
2010;32(5):1017–22. https://doi.org/10.1007/s11738-010-0489-7 

32. Tuteja N, Peter Singh L, Gill SS, Gill R, Tuteja R. Salinity stress: a major 
constraint in crop production. In: Tuteja N, Gill SS, Tuteja R, editors. 
Improving crop resistance to abiotic stress. Weinheim: Wiley-VCH; 

2012. p. 71–96. https://doi.org/10.1002/9783527632930.ch4 

33. Pottosin I, Velarde-Buendía AM, Bose J, Zepeda-Jazo I, Shabala S, 
Dobrovinskaya O. Cross-talk between reactive oxygen species and 

polyamines in regulation of ion transport across the plasma 
membrane: implications for plant adaptive responses. J Exp Bot. 

2014;65(5):1271–83. https://doi.org/10.1093/jxb/ert423 

34. Gharsallah C, Fakhfakh H, Grubb D, Gorsane F. Effect of salt stress 
on ion concentration, proline content, antioxidant enzyme activities 

and gene expression in tomato cultivars. AoB Plants. 2016;8:plw055. 

https://doi.org/10.1093/aobpla/plw055 

35. Kumari L, Sharma MC. GC-MS analysis and antioxidant potential of 
petroleum extract of seeds of Psoralea corylifolia. J Adv Sci Res. 
2023;14(7):41–46. https://doi.org/10.55218/JASR.202314706 

36. Hassanpour SH, Doroudi A. Review of the antioxidant potential of 
flavonoids as a subgroup of polyphenols and partial substitute for 
synthetic antioxidants. Avicenna J Phytomed. 2023;13(4):354–76. 

37. Babeanu C, Ciobanu A. Total phenolic, total flavonoids content and 
antioxidant activity in fruits of four plum (Prunus domestica L.) 
cultivars. Ann Univ Craiova Chem Ser. 2021;27(2):45–52. https://

doi.org/10.52846/AUCCHEM.2021.2.05 

38. Ali R, Gul H, Rauf M, Arif M, Hamayun M, Husna H, et al. Growth-
promoting endophytic fungus (Stemphylium lycopersici) ameliorates salt 

stress tolerance in maize by balancing ionic and metabolic status. Front 
Plant Sci. 2022;13:890565. https://doi.org/10.3389/fpls.2022.890565 

39. Zamljen T, Medic A, Hudina M, Veberic R, Slatnar A. Salt stress 
differentially affects the primary and secondary metabolism of peppers 
(Capsicum annuum L.) according to the genotype, fruit part and salinity 

level. Plants (Basel). 2022;11(7):853. https://doi.org/10.3390/
plants11070853 

40. Francini A, Sodini M, Vicario G, Raffaelli A, Gucci R, Caruso G, et al. 
Cations and phenolic compounds concentrations in fruits of fig 
plants exposed to moderate levels of salinity. Antioxidants (Basel). 

2021;10(12):1865. https://doi.org/10.3390/antiox10121865 

41. Sadeghi A, Razmjoo J, Karimmojeni H, Baldwin TC, Mastinu A. 
Changes in secondary metabolite production in response to salt 

stress in Alcea rosea L. Horticulturae. 2024;10(2):139. https://
doi.org/10.3390/horticulturae10020139 

42. Li X, Wang S, Guo L, Huang L. Effect of cadmium in the soil on 
growth, secondary metabolites and metal uptake in Salvia 

https://doi.org/10.3390/molecules27030886
https://doi.org/10.1007/978-3-642-41787-0_11
https://doi.org/10.1007/978-3-642-41787-0_11
https://doi.org/10.1007/s12229-016-9173-y
https://doi.org/10.1007/978-3-030-06118-0_8
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.1007/978-3-540-74603-4_1
https://doi.org/10.1007/978-3-540-74603-4_1
https://doi.org/10.1093/jxb/erj100
https://doi.org/10.1016/B978-0-12-819527-7.00004-2
https://doi.org/10.1016/B978-0-12-819527-7.00004-2
https://doi.org/10.3390/ijms21041516
https://doi.org/10.1016/j.stress.2024.100403
https://doi.org/10.1016/j.stress.2024.100403
https://doi.org/10.1007/s00709-015-0915-1
https://doi.org/10.1515/opag-2017-0062
https://doi.org/10.1515/opag-2017-0062
https://doi.org/10.21275/v4i11.NOV151021
https://doi.org/10.21275/v4i11.NOV151021
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1016/S0021-9258(19)52451-6
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/BF00018060
https://doi.org/10.5530/pj.2018.1.22
https://doi.org/10.1007/978-1-0716-1080-0_28
https://doi.org/10.1007/978-1-0716-1080-0_28
https://doi.org/10.1007/978-1-0716-1080-0_30
https://doi.org/10.1038/1811199a0
https://doi.org/10.1016/j.foodchem.2013.11.061
https://doi.org/10.1016/j.foodchem.2013.11.061
https://doi.org/10.1007/s11738-010-0489-7
https://doi.org/10.1002/9783527632930.ch4
https://doi.org/10.1093/jxb/ert423
https://doi.org/10.1093/aobpla/plw055
https://doi.org/10.55218/JASR.202314706
https://doi.org/10.52846/AUCCHEM.2021.2.05
https://doi.org/10.52846/AUCCHEM.2021.2.05
https://doi.org/10.3389/fpls.2022.890565
https://doi.org/10.3390/plants11070853
https://doi.org/10.3390/plants11070853
https://doi.org/10.3390/antiox10121865
https://doi.org/10.3390/horticulturae10020139
https://doi.org/10.3390/horticulturae10020139


AKASH & PRAVEEN  10     

https://plantsciencetoday.online 

miltiorrhiza. Toxicol Environ Chem. 2013;95(9):1525–38. https://

doi.org/10.1080/02772248.2014.887717 

43. Abdel-Farid IB, Marghany MR, Rowezek MM, Sheded MG. Effect of 
salinity stress on growth and metabolomic profiling of Cucumis 
sativus and Solanum lycopersicum. Plants (Basel). 2020;9(11):1626. 

https://doi.org/10.3390/plants9111626 

44. Shilpashree HB, Narayanan AK, Kumar SR, Barvkar V, Nagegowda 
DA. The cytochrome P450 enzyme WsCYP71B35 from Withania 

somnifera has a role in withanolides biosynthesis and defence 

against bacteria. Physiol Plant. 2024;176(1):e14180. https://
doi.org/10.1111/ppl.14180  

 

 

 

 

 

 

 

Additional information 

Peer review: Publisher  thanks Sectional Editor and the other anonymous 
reviewers for their contribution to the peer review of this work. 

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy 

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations. 

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is 
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics, 
NAAS, UGC Care, etc 
See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting 

Copyright: © The Author(s). This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution and reproduction in any medium, provided the 
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/) 

Publisher information:  Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited, 
Thiruvananthapuram, India. 

https://plantsciencetoday.online
https://doi.org/10.1080/02772248.2014.887717
https://doi.org/10.1080/02772248.2014.887717
https://doi.org/10.3390/plants9111626
https://doi.org/10.1111/ppl.14180
https://doi.org/10.1111/ppl.14180
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

