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The present study aimed to investigate the physiochemical responses of Thymus vulgaris L. to 
salinity stress and was arranged in a two-factorial experiment based on a completely randomized 
design (CRD) with three replications under floating hydroponic conditions. The effect of salinity 
stress at three levels of 0, 100, and 200 mM NaCl for seven different time courses of 0, 6, 12, 24, 48, 
72, 96, and 120 h on 3 months garden thyme plant (4 months after seed cultivation and 3 months 
after transplanting in hydroponic system) was investigated. The results showed that different 
concentrations of NaCl and different times of salinity stress had no significant effect on the fresh mass, 
while photosynthetic pigment content and DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical scavenging 
activity were significantly decreased under high concentrations of sodium chloride and 72–120 h 
after salt stresses. In addition, the increase of salinity stress (100 and 200 mM) in 72–120 h treatment 
significantly increased compatible osmolytes, such as proline content. On the other hand, the activity 
of non-enzymatic antioxidants, such as phenolics and flavonoids under salt stress treatment with 
concentrations of 100 and 200 mM sodium chloride in the floating hydroponic system during 72–120 h 
showed significant increases. In general, it can be concluded that high concentrations of sodium 
chloride in floating hydroponic systems can cause significant adverse effects on the physical and 
biochemical properties of the garden thyme plant.
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Salinity is one of the major abiotic stresses that affect plant growth and productivity1. Approximately 1125 million 
hectares of land around the world are affected by salinity stress2. The morphological, physiological, biochemical, 
and metabolic characteristics of plants are affected by salt stress3–5. Additionally, salt stress leads to oxidative 
stress through increasing reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide (O2

·−), 
and hydroxyl radicals (OH−)6–9.

In various ways, plants can protect the defense barriers against salinity stress from the destruction of cells 
and tissues, including morphological, physiological, biochemical, and molecular responses10,11. In addition, it 
has been determined that enzymatic and non-enzymatic antioxidants are made against the excessive production 
of ROS caused by the accumulation of salt around the root and inside the plant structure, and on the other 
hand, membrane lipid peroxidation can be the cause of salinity tolerance in plants12. Antioxidants such as 
phenolic compounds play a role in ROS scavengers under salt stress13. One of the other defense ways of plants 
against biotic and abiotic stresses is the release of volatile organic molecules14. Researchers revealed that high 
concentrations of salt stress lead to the accumulation of proline, total soluble sugar, and total soluble protein. 
Also, under NaCl stress, the levels of antioxidants, including phenolics and flavonoids increase15.

The Thymus genus is mainly found in the Mediterranean, Asia, Southern Europe, and North Africa. A wide 
difference in the essential oil composition and morphological characteristics of different thyme ecotypes has 
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been observed, but the most important feature of all these ecotypes is their moderate smell and sometimes 
balsamic and spicy taste16. The economic importance of this plant is increasing in North America, Europe, and 
North Africa17–19. Garden thyme (Thymus vulgaris L.) is one of the most important members of the Lamiaceae 
and is widely spread in different regions of the Mediterranean and Asia. It has been widely used medicinally since 
ancient times20. Garden thyme, like other medicinal plants, is used in the chemical, cosmetic, food, perfumery, 
and pharmaceutical industries because it contains aromatic substances and essential oils. In addition, thyme 
essential oil is recognized as one of the top ten most widely utilized essential oils globally for food preservation 
purposes16. Also, large companies producing herbal medicines have realized that due to their anti-inflammatory 
and expectorant properties, they widely produce thyme syrups along with honey, ginger, etc. There are also many 
reports that these herbal medicines are used to treat coughs caused by viral infections, such as COVID-1921,22 
and SARS-CoV-223, which have spread in recent years.

Salt stress negatively affects the growth, physiological, biochemical, and essential characteristics of medicinal 
plants, especially garden thyme. Previous studies showed that the high salinity of the nutrient solution decreased 
photosynthetic pigments in different plants24–28. Also, an increase in EC and pH of the nutrient solution 
decreased growth characteristics, relative water content, and the photosynthetic apparatus by disrupting 
chlorophyll metabolism, inducing oxidative stress, and prompting plastid degradation in different plants29–38.

Despite its economic and medicinal importance, the physiological and biochemical responses of T. vulgaris 
to salinity stress in hydroponic systems remain underexplored. Thus, the present study aimed to investigate the 
physiological and biochemical actions of garden thyme under salt stress at different time crouse. Ultimately, it 
will be determined whether the timing of salt stress application in a hydroponic system has an impact on the 
physiological and biochemical traits of garden thyme.

Materials and methods
Plant material, growth conditions, and salt treatments
The experiment was conducted in the growth chamber and research laboratories of medicinal plants and the 
Horticulture Department of Arak University, Iran in 2024. Seeds of garden thyme obtained from Pharmasaat Co. 
of Germany were planted in a seed tray filled with perlite medium. After 1 month, the seedlings were planted in 
small plastic pots with perlite medium. These small pots were placed in the holes of the floating systems. After 
transferring the plants to the floating systems, the nutrient solution of Hoagland and Arnon’s39 (EC: 2.5 ds m−1, 
pH: 7) was used. The nutrient solution of Hoagland and Arnon’s contained: 5 mM KNO3, 5 mM Ca(NO3)2, 
2 mM MgSO4, 1 mM KH2PO4, 7 μM MnCl2, 0.7 μM ZnSO4, 0.8 μM CuSO4, 0.8 μM Na2MoO4, 25 μM Fe-
EDDHA, and 2 μM H3BO3. The nutrient solution (pH 6.7 ± 0.1, EC 2.1) was renewed every week. Deionized 
water was used for nutrient preparation. The floating system consisted of 63 square plastic containers measuring 
25 × 30 × 30  cm3, each floating on a styrofoam measuring 25 × 30 × 30  cm3, and four plants planted in each 
container. All culture containers were connected to the air pump (HAILA, model: ACO-388 D) through holes 
and the nutrient solution was continuously aerated. After transplanting, the effect of salt stress of NaCl (Merck 
Co., Germany) in three levels (0, 100, and 200 mM NaCl) and eight time-course of salt stress (0, 6, 12, 24, 48, 
72, 96, and 120 h) were studied on garden thyme based on prior studies. Acetic acid (CH3COOH) and sodium 
hydroxide (NaOH) were used to control and adjust the pH of the nutrient solution.

Growth chamber condition was set at a temperature of 25/15 °C (day/night) and a light condition of 16/8 h 
(day/night) with same photosynthetically active radiation (PAR) 250 ± 10 μmol m−2 s−1 and humidity 55–65% 
(Fig. 1). The EC and pH were monitored with portable pH meter (Fisherbrand™ accumet™ AP115 Portable pH 
Meter Kit) and portable EC meter (HI9033 EC Meter, Setare Arsh Aria company), respectively, daily during the 
cultivation process. After 3 months of transplanting the seedlings to the hydroponic system, the physiological 
and biochemical properties of garden thyme were measured. The formal identification of the specimens was 
performed by Dr. Hossein Salehi-Arjmand. A herbarium voucher specimen with sediment number TV-3321 
has been donated to the public available herbarium of the Faculty of Agriculture and Natural Resources of Arak 
University, Iran.

Measurement of physiological and biochemical properties
Photosynthetic pigments
For the measurement of photosynthetic pigments, the method of Porra40 was used. In this method, the random 
sampling of 0.25 g of leaf mass of three mature leaves of each plant and three replications were selected and 
then extracted with 80% acetone and centrifuged at 350 rpm for 10 min. The extraction of chlorophyll from the 
selected leaves was read using a spectrophotometer (model T80 UV/VIS PG Instruments Ltd) at wavelengths of 
646.6 and 663.6 nm. Lichtenthaler41 method was used to assay of total carotenoid at the wavelength of 470 nm.

	

Total Chl = [(12.25 × OD663.6) − (2/22 × OD646.6)] × [V/W]
Chl a = [(76.17 × OD646.6) + (7.34 × OD663.6)] × [V/W]
Chl b = [(OD646.6 × 20.31) − (OD663.9 × 91.4)] × [V/W]
Car = (1000 OD470 − 3.27 [chl a] − 104 [chl b]) /227)

OD: read absorbance V: the volume of acetone used W: sample mass (g).

The relative water content
To measure the relative water content of the leaves, the method of González and González-Vilar42 was used. For 
this purpose, after applying the salt stress, the youngest fully developed leaves were randomly sampled from 
the point of growth of the plants. After sampling, the fresh weight of the leaves was immediately measured with 
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a digital scale with an accuracy of 0.0001. Then, the leaves were immersed in distilled water for 24 h at room 
temperature and low light to calculate the saturation weight. After this period, the samples were quickly and 
accurately measured with dry paper towels and their saturated weight. Then, the leaves were dried in an oven 
at 75 °C for 48 h and weighed again, and the relative water content of the leaves was calculated through the 
following equation:

	
RWC% = FW − DW

TW − DW
× 100

where FW: fresh weight, DY: dry weight, and TW: turgid weight.

Electrolyte leakage
For the measurement of electrolyte leakage, the method of Shi et al.43 was used. In this method, from the leaves 
of the plants under stress treatment, 10 equal-sized square pieces were prepared separately from the young 
fully expanded leaves from three plants per three replicates and were placed in 50 mL glass vials, to remove 
electrolytes released during leaf disc excision rinsed with distilled water. Vials were then filled with 40 mL of 
distilled water and allowed to stand in the dark for 24 h at room temperature. The electrical conductivity (EC1) 
of the bathing solution was determined at the end of the incubation period. Vials were heated in a temperature-
controlled water bath at 95 °C for 20 min and then cooled to room temperature and the electrical conductivity 
(EC2) was again measured.

	
EL% = EC1

EC2 × 100

where EC1: primary electrical conductivity and EC2: second electrical conductivity.

Proline content
The method of Paquin and Lechasseur44 was used to measure proline content with ninhydrin reagent. For 
this measurement, 0.50 g of fully developed leaves were homogenized in 5 mL of 95% ethanol in a Chinese 
mortar and then the resulting solution was transferred into a Falcon tube. After that, the prepared solution 
was centrifuged (Elektromag M 4815 PR) at 3500 rpm for 10 min. Then, for the determination of proline at a 
wavelength of 515 nm, a spectrophotometer (Thermomac UVS901) device was used. Standards were prepared 
with l-proline at: 0, 31.25, 62.5, 125, 250, and 500 (mg L−1) concentrations (y = 0.0196x + 0.0211; R2 = 0.9804).

Total phenolic compounds
To measure the total phenolic compound content, the method of Singleton and Rossi45 was used. The basis 
of work in this method is the reduction of Folin reagent by phenolic compounds in an alkaline environment 

Fig. 1.  Thymus vulgaris plants exposed to different salt stress levels and different applying times of salt stress in 
this study.
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and the creation of a blue complex that shows the maximum absorption at the wavelength of 765  nm 
with a spectrophotometer at a wavelength of 765  nm. The standard curve was prepared with gallic acid 
(y = 0.0256x + 0.085, R2 = 0.996).

Total flavonoid content
The method of Atanassova et al.46 was used to determine total flavonoid content. Aluminum chloride (AlCl3) 
was used for extraction, and quercetin was chosen as a standard. Briefly, to measure the total flavonoid content, 
1 mg of the crude extract was diluted with 4 mL of water in a 10 mL volumetric flask. After that, 5% sodium 
nitrate (NaNO3) solution (0.3 mL) and then 10% aluminum chloride (0.3 mL), and 1.0 M NaOH (2 mL) were 
added to the flask. Then, 2.4 mL of water was added to the flask and mixed with high precision. All test steps were 
repeated three times for each sample. Finally, the absorbance of the mixture was read at a wavelength of 533 nm. 
Total flavonoid content values were determined as quercetin equivalent (QE) mg/g extract weight. Quercetin 
was used to draw the standard curve (y = 0.0194x + 0.0007, R2 = 0.993).

DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical scavenging activity
The method of Barros et al.47 was used to measure radical scavenging activity in the plant tissue extracts. The 
absorbance at 517 nm was selected to determine the reduction of DPPH radicals. The radical scavenging activity 
was calculated as a percentage of DPPH discoloration using the following equation:

	 DPPH radical scavenging % = [(A0 − A1) /A0] × 100

where A0 is the absorbance of the DPPH solution and A1 is the absorbance of the sample.

Statistical analysis
A two-factorial experiment based on a completely randomized design (CRD) with three replications was 
arranged for this study. The SAS software version 9.4 was used to analyze the obtained data (SAS Institute, Cary, 
NC, USA). To test the statistical analysis of data, a two-way ANOVA model was used. Also, to determine the 
specific differences between group means, Duncan’s multiple-range test was used as a post hoc test. Furthermore, 
differences were considered significant at a 0.05 probability level. Multivariate analysis of variance was performed 
using XLSTAT software (Addinsoft, New York, USA).

Results and discussion
Photosynthetic pigments
The results showed that the increase in salinity stress in garden thyme plants decreased photosynthetic pigment 
content. The concentration of 100 mM sodium chloride at 96 and 120 h significantly decreased photosynthetic 
pigments (Table 1). On the other hand, the results showed that the more the intensity of salinity stress and the 
duration of salinity stress increase, the less amount of chlorophyll remains in garden thyme plants and this can 
be caused by the destruction and loss of photosynthetic pigments and receptors. The reduction of light pigments 
decreases the production of carbohydrates in plants (Table 1). The maximum damage of photosynthetic pigments 
occurred under 200 mM sodium chloride and at 96 and 120 h of salt stress. Total chlorophyll content was also 
affected by varying levels of salinity stress and application times. When the salinity stress increased up to 100 mM 
compared with the control level, the plants had less decrease in chlorophyll content (Table 1). The results of this 
experiment showed that salinity stress with an intensity of 100 mM and more can cause a significant decrease in 
the carotenoid content, so treating with 100 and 200 mM sodium chloride concentrations for 96 and 72 h can 
generally cause a significant decrease in the carotenoid content and reduce photosynthesis in these plants. On 
the other hand, destroying the photosynthetic apparatus provides the basis for the production of reactive oxygen 
species, which are responsible for the deterioration of plant structures (Table 1). According to the researchers’ 
findings, the decrease in the chlorophyll content under salinity stress and the increase in the duration of the 
stress in hydroponic conditions is mainly due to the decrease of aminolevulinic acid synthase (ALA), an enzyme 
that catalyzes the synthesis of Daminolevulinic acid as the first common precursor in the biosynthesis of 
chlorophylls48. Also, scientists believe that in the early days of salinity stress, the contribution of chlorophyllase 
in chlorophyll degradation is moderate, but with the increase of salinity stress, other complementary pathways 
of chlorophyll degradation should be considered49. In this research, it was also found that increasing the 
salinity stress to 200 mM sodium chloride and applying the salinity stress for more than 48 h in the hydroponic 
environment caused a significant decrease in the content of photosynthetic pigments, which can be related to 
the destruction of chlorophylls with chlorophyllase enzyme. Salt stress can trigger ultrastructural changes, but 
in general, the main purpose of these changes is the destruction of chloroplast49. Gururani et al.50 found that 
salinity stress potentially affects the photosynthetic electron transport chain, resulting in increased production 
of reactive oxygen species (ROS) in cells. Under these conditions, oxidative light damage and light inhibition 
are created in plants. In the current research, it was also found that the increase in salinity stress (200  mM 
sodium chloride) and the duration of applying more stress (more than 48 h) caused a decrease in the content 
of photosynthetic pigments, which can be related to the destruction of the photosynthetic electron transport 
chain. Researchers believe that under severe salinity stress conditions, stomatal and non-stomatal limitations 
lead to a reduction in photosynthetic rate51. It has been reported that the increase in salinity stress in T. vulgaris 
and T. daenensis33 and various plant species of the Lamiaceae family (Mentha spicata L., Origanum dictamnus 
L., Origanum onites L.)28, caused a decrease in the content of photosynthetic pigments, which is consistent with 
the results of the present study. The decrease in chlorophyll content under salinity stress may be the result of 
ion absorption disorders with a simultaneous decrease in photosynthesis and respiration of medicinal plants28.
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The relative water content (RWC)
The results showed that the relative water content of leaves was influenced by different concentrations of 
salinity stress and the duration of stress in hydroponic conditions. The high concentration of sodium chloride 
in the hydroponic environment and the increase in the stress time caused a significant decrease in the relative 
water content of the leaves so the use of a concentration of 100 mM sodium chloride for 96 and 120 h at a 
concentration of 200 mM sodium chloride caused a decrease in leaf relative water content. The reasons for this 
decrease can be the destruction of the roots and the inability to absorb and transfer water and nutrients to the 
aerial parts of the plants. Decreasing in relative water content causes the leaves to lose their moisture, and in 
this way, the leaves become dry, then, the absorption of light in the plants is also reduced, and the plants would 
be destroyed in the case of more treatment under stressful conditions (Table 1). Also, results showed that leaf 
RWC was lower in plants under high concentrations of sodium chloride (200 mM and severe salt stress) and 
longer exposure times to salinity stress (more than 48 h) than in control plants (treated with distilled water). 
The results of this study were consistent with the findings of Dalton et al.52. These researchers found that the 
sharp decreases in RWC could be due to the high concentration of Na+ in plants and on the other hand delaying 
the osmotic adjustment of the tolerance threshold of garden thyme plants. On the other hand, it seems that the 
relative content of leaf water is an important and efficient indicator for the water status and the adaptive trait of 
thyme plants to the surrounding environment, since it was related to a preadjustment in some plants tolerant to 
NaCl implementation53. Also, Emami Bistgani et al.33 found that exposure to 90 mM NaCl caused a significant 
decrease in the relative water content of leaves of T. vulgaris and T. daenensis, and in this way, damage to plant 
structures and osmotic stress occurs. In another study, it was found that the increase in salinity stress decreased 
the relative water content of the leaves of the rocket30. Since there is a correlation between the relative content 
of leaf water and the osmotic potential30, it can be stated that the osmotic potential in the conditions of salinity 
stress is considered a factor of osmotic adaptation against stress and also one of the defense strategies against 
abiotic stress, such as salinity and drought stress54. Under salt stress conditions, osmotic regulation involves net 
accumulation in a cell in response to stress conditions. In this condition, the osmotic potential decreases, but the 
water inside the cells is absorbed to maintain the turgor of the cells under stress conditions55.

Salt stress (mM) Time-course (h) Fresh mass (g)
Chlorophyll a (mg/g 
FW)

Chlorophyll b (mg/g 
FW)

Total chlorophyll 
(mg/g FW)

Carotenoid (mg/g 
FW)

RWC 
(%)

Hoagland nutrient 
solution

0 40.6a 1.77a–c 0.66c–f 2.43a–g 135.6c–g 70.0ab

6 40.6a 1.69a–c 0.66c–f 2.43a–g 135.6c–g 67.0bc

12 40.6a 1.61a–e 0.63d–f 2.24b–g 138.7c–f 61.5b–e

24 39.8a 1.87ab 0.77a–f 2.65ab 143.7c–e 67.9b

48 39.8a 1.58a–e 0.61d–f 2.20c–g 120.4e–i 66.9bc

72 39.8a 1.47b–e 0.62d–f 2.10fg 122.2e–i 69.0b

96 38.9a 1.60a–e 0.58ef 2.19d–g 132.6d–h 77.2a

120 38.9a 1.65a–d 0.88ab 2.53a–f 130.4d–h 68.3b

100 mM NaCl

0 40.6a 1.86ab 0.81a–d 2.54a–e 156.1a–c 70.0ab

6 40.6a 1.89a 0.73a–f 2.63abc 149.8b–d 66.2bc

12 40.6a 1.83a–c 0.73a–f 2.46a–g 132.6d–h 56.3d–g

24 39.8a 1.76a–c 0.65c–f 2.41a–g 130.3d–h 68.1b

48 39.8a 1.81a–c 0.78a–e 2.60a–d 150.3b–d 66.9bc

72 39.8a 1.77a–c 0.63d–f 2.43a–g 131.3d–g 63.7b–d

96 38.9a 1.42b–e 0.68b–f 2.16e–g 120.4e–i 63.8b–d

120 38.9a 1.27de 0.63d–f 2.08g 11.8.8f–i 57.5d–f

200 mM NaCl

0 40.6a 1.77a–c 0.93a 2.54a–f 176.2a 68.7b

6 40.6a 1.79a–c 0.74a–f 2.72a 170.9ab 62.4b–d

12 40.6a 1.66a–d 75a–f 2.23b–g 124.1e–i 62.4b–d

24 39.8a 1.23ef 0.81a–d 2.04g 135.6c–g 59.1c–e

48 39.8a 1.67a–c 0.86a–c 2.43a–g 137.1c–g 53.6e–h

72 39.8a 0.91fg 0.74a–f 1.65h 114.4g–i 56.3d–g

96 38.9a 0.78g 0.65c–f 1.54h 110.1hi 48.8gh

120 38.9a 0.79g 0.56f 1.44h 101.7i 46.1h

Time (T) ns ** ** ** ** **

Salt stress (S) ns ** ** ** ** **

T*S ns ** ** ** ** **

Coefficient of 
variation (CV) 9.57 13.19 16.13 9.69 8.99 7.16

Table 1.  The effect of different times-course of applying salinity stress on physiological and biochemical 
traits of Thymus vulgaris in the hydroponic system. Different letters indicate significant differences (p ≤ 0.05) 
between treatment groups according to Duncan’s test.
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Electrical leakage
Electrical leakage was affected by different concentrations of salinity stress and stress application times (Table 2). 
It was also found that increasing the duration of salinity stress in the concentration of 100 mM sodium chloride 
caused an increase in electrical leakage from the leaves of the treated plants. Also, it was found that the use of 
severe stress of 200 mM sodium chloride caused more than 60% of electrical leakage after 24 h of applying stress 
to 120 h. High electrical leakage causes the destruction of plants because it causes the cell membrane to rupture, 
and the performance of the plants decreases if stress duration increases, the plants will dry and die. Researchers 
believe that high electrical leakage may be due to the accumulation of certain ions in the salt stress conditions, 
which causes nutritional imbalance in plant tissues and structures. For instance, Na+ has potentially toxic effects 
on membrane permeability because this element can be distributed within cells and between different tissues and 
organs, thereby increasing EL56. Increasing the Na+ in plants causes more severe damage to lipid peroxidation 
and membrane damage57. In addition, researchers believe that the increase in salinity stress levels in many plants 
causes an increase in the levels of cellular free radicals, which is largely related to damage to the membrane 
caused by electrical leakage58. Emami Bistgani et al.33 reported that the increase in salinity stress caused an 
increase in EL in T. vulgaris and T. daenensis, which is consistent with the results of the present research due to 
the salinity stress and the increase in the duration of the stress. High salt stress disrupts the electron transport 
chain, which leads to oxidative damage in plants. Excess energy produced during electrochemical reactions can 
be dissipated through the Mehler reaction, leading to excessive production of ROS (such as H2O2). H2O2 and 
EL are the damage markers associated with a series of free radical production reactions that can damage cellular 
structures and macromolecules, unbalance cellular redox potential, and reduce membrane fluidity, leading to 
electrolyte leakage and It dries quickly. Membranes are the most sensitive to oxidative stress and are a suitable 
indicator of stress tolerance59.

Salt stress (mM) Time-course (h) Electrolyte leakage (%)
Proline content (mg 
g−1 FW))

Phenol content (mg gallic 
acid/100 g dry plant)

Flavonoid content 
(quercetin equivalents/g)

DPPH radical 
scavenging activity 
(% inhibition of 
DPPH radical)

Hoagland nutrient 
solution

0 50.6fg 2.84c 9.1b–d 16.9fg 32.3bc

6 60.6fg 3.8c 8.7de 19.5b–e 36.9a

12 51.9fg 2.5d 10.1ab 19.6b–e 37.3a

24 49.9fg 3.4c 9.9a–c 19.3b–e 36.1ab

48 49.2fg 3.2c 9.0b–d 15.6g 35.6ab

72 53.8e–g 3.4c 8.8c–e 16.8fg 30.2c

96 51.3fg 3.03c 9.0c–e 17.9d–f 29.8c

120 52.7fg 3.7c 8.7de 17.6ef 31.4c

100 mM NaCl

0 47.6g 1.3d 7.9ef 16.9fg 30.5c

6 51.1fg 1.03d 9.18b–d 18.8c–f 31.4c

12 51.6fg 2.03d 10.5a 20.3bc 31.4c

24 54.0e–g 3.4c 9.1b–d 19.7b–e 37.4

48 50.1fg 3.06c 8.1d–f 19bcd 37.7a

72 54.2ef 3.82c 10.9a 19.6b–d 36.6a

96 62.7d 3.49c 10.9a 20.9ab 38.2a

120 58.2de 3.67c 11.0a 22.7a 35.8ab

200 mM NaCl

0 50.6fg 1.04d 4.6h 16.9fg 21.8d

6 52.6fg 2.03d 6.2g 16.8fg 20.8d

12 55.0ef 1.9d 6.4g 17.9d–f 14.3e

24 59.5de 2.5d 7.2fg 17.6ef 24.5d

48 69.2a 3.7c 9.0c–e 17.8ef 24.2d

72 68.0a 3.8c 9.1b–d 18.8c–f 32.3bc

96 65.1ab 4.9b 9.1b–d 19.1b–e 37.1a

120 72.3a 6.07a 9.1b–d 20.3bc 32.6bc

Time (T) ** ** ** ** **

Salt stress (S) ** ** ** ** **

T*S ** ** ** ** **

Coefficient variance 5.43 18.45 6.57 5.99 6.64

Table 2.  The effect of different times of applying salinity stress on physiological and biochemical traits of 
Thymus vulgaris in the hydroponic system. Different letters indicate significant differences (p ≤ 0.05) between 
treatment groups according to Duncan’s test.
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Proline content
Proline content was affected by experimental factors (Table 2). The results showed that increasing the 
concentration of sodium chloride at different times of stress caused an increase in the proline content. Increasing 
the stress period for more than 24  h in hydroponic conditions caused a significant increase in the proline 
content. The 96 and 120 h after salt stress led to the highest proline content in the treated plants. The increase of 
compatible osmolytes, such as proline in stressful conditions makes plants able to withstand stress and suffer less 
damage. On the other hand, these osmolytes reduce the production of reactive oxygen species in plants, and with 
the increase in salinity stress, these compatible osmolytes also increase to prevent damage to plants from harmful 
agents59. Researchers found that proline accumulation is related to salinity tolerance in plants, and the reason for 
this is the efficiency of these compounds in reducing oxidative stress60. In addition, proline has other different 
roles in plants, which can reduce leaf water potential, increase water absorption, and reduce transpiration to 
maintain cell turgor pressure61. With these interpretations, proline accumulation at higher salinity levels is 
different depending on the plant species34. Azeem et al.59 found that the increase in salinity stress increased the 
content of proline in various plant species of the Lamiaceae family (Mentha spicata L., Origanum dictamnus L., 
and Origanum onites L.)28, which is consistent with the results of the present investigation. Organic osmolyte 
accumulation effectively helped osmotic regulation, maintaining rigidity, and protecting cellular metabolism 
from salt toxicity62. As reported in different plant species, proline accumulation and soluble sugar content 
indicate their active involvement in osmotic regulation and salt tolerance of Moringa48,63. These compounds 
protect and stabilize enzymes and proteins, reduce oxidation of lipid bilayers, act as free radical absorbers and 
cellular redox balancers, provide sites for carbon and nitrogen storage, and play a role in regulating cytosolic 
pH64. Moreover, these compounds participate in stress signaling and modulating gene expression under stressful 
conditions65.

Phenol and flavonoid contents
The phenol content was affected by experimental factors. The increase in sodium chloride concentration at 
different times of application of salinity stress caused an increase in phenolic compounds (Table 2). Also, the 
maximum phenol content was observed under the treatment of 100 mM sodium chloride concentration and 
72–120 h after salt stress. The content of phenolic compounds in the concentration of 200 mM was lower than 
the concentration of 100 mM sodium chloride. The results also showed that at the level of 200 mM salt stress 
and from 48 to 120 h after salt stress, the content of phenolic compounds increased significantly. The increase of 
phenolic compounds is a non-enzymatic antioxidant barrier against damage caused by reactive oxygen species 
and prevents cell destruction against damage caused by salt stress.

Different concentrations of sodium chloride and different times of salinity stress had a significant effect 
on the flavonoid content (Table 2). Increasing sodium chloride concentration caused an increase in flavonoid 
content. The application of salinity stress with concentrations of 100 and 200 mM sodium chloride after 72 h 
affected the biochemical characteristics of the plants, including phenolic compounds. Applying 100 and 200 mM 
salt stress after 72–120 h increased the content of phenolic compounds in garden thyme. The flavonoid content 
under 100 mM sodium was higher than the concentration of 200 mM sodium chloride. The increase in salinity 
stress decreases the tolerance of plants to stress, and in this way, fewer contents of antioxidant compounds are 
synthesized in plants, in case of an increase of more than 200 mM, the plant will face severe stress and eventually, 
it will turn into the death of the plant. The researchers reported that the increase in salinity stress caused an 
increase in phenolics and flavonoids in T. vulgaris and T. daenensis plants33,66, which agreed with the results 
of the present study. Moderate salinity stress through increasing the content of total phenolic compounds can 
cause normal tolerance to salinity in different plants67. It has been found that salt stress caused an increase in 
phenolics and flavonoids of red pepper68. Also, Awika and Rooney69 concluded that the amount of production of 
these compounds in plants depends on genetics and environment. Phenolics and flavonoids act as antioxidants 
in plants and protect the internal structures of plants against various environmental stresses. The consequence 
of abiotic stresses is the production of harmful ROS, which causes damage to plant cells and tissues70. It has 
been found that the main role of phenolics and flavonoids is to inhibit oxidative stress and scavenge the 
reactive oxygen species (ROS), such as reactive superoxide anion radical (O2

·−), singlet oxygen (O2), hydrogen 
peroxide (H2O2), and hydroxyl radical (·OH)71,72. In addition, the increased activity of antioxidant enzymes and 
compounds, such as phenol and flavonoid indicate the integrated participation of enzymatic and non-enzymatic 
antioxidant components in the regulation of ROS under salt stress conditions in thyme plants under hydroponic 
conditions59.

DPPH radical scavenging activity
The results showed that the content of DPPH radical scavenging activity was affected by different concentrations 
of sodium chloride and different times applying salinity stress (Table 2). Increasing salinity stress increased 
DPPH radical scavenging activity. Applying salinity stress at concentrations of 100 and 200 mM sodium chloride 
increased DPPH radical scavenging activity after 96 and 120 h after applying the stress. Also, it was found that 
the concentration of 200  mM sodium chloride after 24–120  h of salinity stress caused a significant increase 
in the DPPH radical scavenging activity of the garden thyme plant. Kaur et al.73 found that the DPPH radical 
scavenging activity of chickpea seedlings increased with increasing salinity stress, which agrees with the findings 
of the present research. It has been found that increasing the salinity stress up to 100 mM increased DPPH 
inhibition in the Kenaf (Hibiscus cannabinus L.) plant15. In the present study, the DPPH inhibition increased 
significantly with increasing salinity stress and the duration of stress (Table 2). Damage caused by free radicals 
is associated with many diseases and as a treatment, antioxidants have shown a strong effect against them59. 
Therefore, the increase in antioxidant activity and levels of bioactive phytochemicals can be used to increase 
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the medicinal potential of garden thyme against biotic and abiotic stresses. Also, Azeem et al.59 found that the 
activity of antioxidant compounds in the Moringa medicinal plant increased with increasing salinity stress.

Correlation and multivariate analyses
The correlation plot (Table 3, Fig. 2) shows the correlations between fresh mass, physiological, and biochemical 
characters. There were positive and significant correlations between carotenoid, flavonoid, antioxidant, 
chlorophyll a, chlorophyll b, and total chlorophyll in the control level and 100 mM salinity stress. Also, the 
relative content of leaf water showed positive and significant correlations with the content of phenolic compounds 
and proline. Also, in these two salinity levels, the content of total chlorophyll showed positive and significant 
correlations with the content of chlorophylls a and b. At the level of 200 mM sodium chloride (severe stress), 
most of the physiological and biochemical traits showed positive and significant relationships with each other, 
but these traits did not show significant correlations with the fresh weight (Fig. 2). Moreover, heatmap could 
classify the treatments, where two distinguished clusters were obtained for the employed treatments. As shown 
in Fig. 2, fresh weight, electrical leakage, and relative water content of leaves were placed in one cluster in all 
salinity stress treatments and salinity application times (Fig. 3). Agglomerative hierarchical clustering (AHC) 
dendrogram showed that application of 100 mM sodium chloride for 72, 96, and 120 h and 200 mM salinity 
stress intensity for 48, 72, 96, and 120 h were placed in one cluster based on physiological and biochemical traits, 
while other salinity stress treatments and the durations of applying salt stress were placed in a cluster (Fig. 4).

The correlation finding is particularly important because proline content and electrolyte leakage are 
recognized as key biomarkers for assessing plant stress response mechanisms. Proline is an amino acid that 
protects against environmental stresses, such as drought, salinity, and cold. Electrolyte leakage, on the other 
hand, is a measure of cell membrane integrity, which can be compromised under stress conditions28,48.

The strong correlation (r = 0.74, p < 0.01) indicates a significant relationship between proline accumulation 
and cell membrane damage. This finding provides valuable insights into the ability of plants to respond to stress 
conditions. For instance, the relationship between high proline content and low electrolyte leakage helps us 
understand how plants adapt to stress and which conditions contribute to greater stress tolerance63.

The observed correlation coefficient between proline content and electrolyte leakage (r = 0.74) indicates 
a strong and statistically significant relationship between these two variables (p < 0.01). Proline is a crucial 
component of the osmoregulation mechanisms developed by plants in response to abiotic stress, playing key 
roles in maintaining osmotic balance at the cellular level, mitigating the damage caused by reactive oxygen 
species (ROS), and stabilizing protein structures. On the other hand, electrolyte leakage increases as a result of 
cell membrane damage under stress conditions and is considered an indicator of membrane integrity loss. In 
this context, the significant relationship between high proline content and increased electrolyte leakage is an 
important finding regarding the stress response mechanisms of plants28,63.

Such correlations play a critical role in agricultural applications by informing strategies for improving stress 
tolerance and plant breeding. For example, selecting genotypes with high proline accumulation or identifying 
appropriate cultivation methods may offer practical applications for enhancing plant resilience under stress 
conditions.

Principal component analysis (PCA)
The vector size shows the effect of each attribute and the direction of the vector depends on the values of PC1 
and PC2. PCA summarizes the changes of 11 characteristics during three levels of salinity stress concentration 
A: no stress, B: 100 mM sodium chloride salt stress, and C: 200 mM sodium chloride salt stress. In non-stressed 
conditions, the PCA explained 69.8% of the total variation of the three levels of salinity stress (Fig. 5). This value 
was 64.8% and 79.94% for 100 and 200 mM sodium chloride salinity treatments, respectively (Fig. 5). Most of 
the variations were explained by the first component (PC1). Regardless of the direction of effect, flavonoids, 
carotenoids, and total chlorophyll in non-stress conditions, flavonoid, phenol, and antioxidant capacity at 

Trait Phenol Flavonoid Proline

DPPH radical 
scavenging 
activity

Chlorophyll 
a

Chlorophyll 
b

Total 
chlorophyll Carotenoid

Relative 
water 
content

Electrical 
leakage

Fresh 
mass

Phenol 1

Flavonoid 0.798** 1

Proline − 0.379* − 0.393* 1

DPPH radical 
scavenging activity 0.805** 0.759** − 0.493** 1

Chlorophyll a 0.723** 0.689** − 0.624** 0.771** 1

Chlorophyll b − 0.084 0.002 0.093 0.037 − 0.037 1

Total chlorophyll 0.677** 0.669** − 0.579** 0.758** 0.959** 0.247* 1

Carotenoid − 0.266* − 0.188 0.503** − 0.186 − 0.100 0.016 − 0.093 1

Relative water content 0.458** 0.376* − 0.631** 0.565** 0.575** − 0.076 0.537** − 0.425** 1

Electrical leakage − 0.681** − 0.712** 0.743** − 0.771** − 0.658** 0.193 − 0.584** 0.389* − 0.737** 1

Fresh mass − 0.156 − 0.224 0.121 − 0.188 − 0.094 0.268* − 0.016 − 0.084 0.349* 0.078 1

Table 3.  Correlation matrix between the physiological and biochemical traits of Thymus vulgaris treated with 
different concentrations of salt stress and different times of applying salt stress.
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100 mM salt stress, and carotenoids at 200 mM sodium chloride level have the largest contribution in the first 
main component (PC1). Relative water content and fresh weight at the control level, fresh weight, relative leaf 
water content, and electrical leakage at the level of 100 mM salinity stress, and total chlorophyll, relative leaf 
water content, and chlorophyll b have the largest effect in the second main component (PC2) (Fig. 5).

Conclusions
Salinity has harmful effects on the photosynthetic system of medical plants as it is known that salinity diminishes 
the photosynthesis rate by disrupting chlorophyll metabolism, inducing oxidative stress, and prompting plastid 
degradation. This decline can be attributed to the adverse effects of ion absorption disturbances on chloroplast 
development and the protein translation machinery within plastids. This research was designed to investigate 
salinity stress with different concentrations of sodium chloride and different times of applying salinity stress 
in garden thyme grown in the hydroponic system. The results showed that the increase of salinity stress in 
the hydroponic system in different periods of applying salinity stress can cause irreparable damage to the 
physiological and biochemical characteristics of garden thyme plants in hydroponic conditions. The increase 
in antioxidant activity and levels of bioactive phytochemicals can be used to increase the medicinal potential 
of garden thyme against biotic and abiotic stresses. Therefore, regulating the concentration of nutrients and 
optimizing the EC and pH of the nutrient solution in hydroponic systems are among the most important factors 
for growing medicinal plants, including garden thyme.

Fig. 2.  The size and color intensity of the squares are proportional and consistent with the Pearson correlation 
coefficient at p < 0.05 in Thymus vulgaris. Red squares indicate positive and significant correlations, while 
blue squares indicate negative correlations. Pearson’s correlation coefficient for variables on the vertical and 
horizontal axis is on the correlation scale from − 1 to 1. *Also indicates values that are statistically different at 
p < 0.05.
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Fig. 4.  Agglomerative hierarchical clustering (AHC) dendrogram shows the progressive grouping of the 
obtained data under experimental treatments in Thymus vulgaris.

 

Fig. 3.  Heatmap chart shows the clustering of employed treatments in rows and measured traits in columns in 
Thymus vulgaris.
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Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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