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1. Introduction is native to the northern and northeastern regions of Iran
(Jamzad, 2012). In recent years, research has been done to
cultivate and domesticate this herbal plant. The results con-

Humans have utilized medicinal plants to treat diseases N ) ' SUES L0
firm the possibility of its successful rainfed cultivation in

since ancient times. Recently, these plants have attracted
considerable attention from pharmacists as valuable sources ~ aréas with an annual rainfall of more than 450 mm (Yousefi
of effective medicinal compounds with minimal side effects €t al., 2023).

(Dahanayake et al., 2020; Mohammadhosseini et al., 2021; Salt stress (SS) induces both osmotic stress (resulting in

Kazeminia et al., 2022; Nalawade et al., 2022). Species reduced water and nutrient absorption and ionic imbalance)
and oxidative stress (causing a sharp increase in reactive

oxygen species (ROSs)) (Sarker et al., 2020), which disrupt
normal physiological, molecular, and biochemical functions

from the mint family including creeping savory (Satureja
spicigera (C. Koch) Boiss.) are key sources of thymol,

carvacrol, y-terpinene, and p-cymene (phenolic monoter- ) UHeH
penes), which are used in traditional and modern medicine, (Balasubramaniam et al., 2023). Photosynthetic indices

pharmaceutical, aromatherapy, as well as health and food ~ r€ critical indicators of plant tolerance to salt stress (Zhao
industries (Kulak, 2020; Nieto, 2020). Creeping savory et al., 2018). ROS induced by SS interfere with the ab-
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sorption and metabolism of essential nutrients (Sachdev
et al., 2021), destabilize protein-pigment complexes, and
degrade chlorophyll molecules (Zhao et al., 2019), leading
to decreased plant growth and productivity. Recent stud-
ies have shown that SS significantly reduces growth and
photosynthetic characteristics in several medicinal plants,
including Satureja mutica (Yousefi and Karamian, 2025a;
Yousefi and Karamian, 2025b), Satureja hortensis (Moham-
madi et al., 2023), Satureja khuzestanica (Saadatfar et al.,
2023), as well as Pimpinella anisum L., Foeniculum vulgare
Mill., and Trachyspermum ammi L. (Nouripour-Sisakht et
al., 2022).

Phytochemicals play an important role in plant stress tol-
erance and under abiotic stresses, the biosynthesis of sec-
ondary metabolites undergoes various changes (Zhu, 2016).
Salt-induced oxidative stress activates signaling pathways
involved in metabolic reprogramming, which results in
either an increase or decrease in the levels of secondary
metabolites (Ramakrishna et al., 2011).

The effects of salt stress on the quantity and quality of
essential oils (EOs) in several mint family species, includ-
ing Satureja mutica (Rahmati et al., 2024), Mentha suave-
olens (Kiumarzi et al., 2022), Mentha spicata (Ounoki et al.,
2021), Salvia officinalis L. (Kulak, 2020), Thymus vulgaris
and Thymus danensis (Bistgani et al., 2019), and Rosmar-
inus officinalis (Dehghani Bidgoli et al., 2019) have been
well documented. However, to the best of our knowledge,
the effects of salt stress on the essential oil content and
composition, as well as the morpho-physiological traits and
photosynthetic features in creeping savory, have not been
studied. Therefore, this study was conducted to investi-
gate the effects of different salt levels on these attributes in
creeping savory.

2. Experimental

2.1 Experimental design, conditions, and treatments

A completely randomized design (CRD) (greenhouse ex-
periment, n = 3) was conducted at the Research Center
for Agriculture and Natural Resources, Kermanshah, Iran.
Seeds were disinfected with a 0.5% (w/v) sodium hypochlo-
rite solution, washed, and dried. They were then planted in
a peat moss bed and watered by sprinkling. The seedlings
were transferred to plastic pots (one seedling per pot), which
were filled with a mixture of farm soil, sand, and decom-
posed cow manure (Table 1). The plants were kept under
a 17-hour light photoperiod with a light intensity of 300
umol/m?.s (approximately 110 lux) and 7 hours of darkness
(Hernandez-Adasme et al., 2023), with a relative humidity

Yousefi et al.

of 50-60%. Four irrigation treatments (250 mL per pot,
twice a week) were applied, consisting of 0, 50, 100, and
150 mM NaCl (Kumar et al., 2022). After four irrigation
events with NaCl treatments, accumulated salts in the pots
were leached by irrigating with distilled water.

2.2 Morpho-physiological measurements

Leaf fresh weight (LFW) and leaf dry weight (LDW) were
measured using 30 young leaves from each plant. Fresh
leaves were immediately weighed with precision of 0.0001
g to determine LFW. The leaves were immersed in double-
distilled water for 18 hours at 22 °C to achieve full turgor.
After blotting their surfaces dry, the leaves were weighed
again to measure leaf turgor weight (LTW). Subsequently,
the leaves were dried in an oven at 70 °C for 48 hours to
determine LDW. Mean values for LFW and LDW were
calculated.

After harvesting, shoot fresh weight (SFW), shoot dry
weight (SDW), root fresh weight (RFW), and root dry
weight (RDW) were measured. In this relation, shoots
and roots were separately oven-dried at 75 °C for 72 hours
before recording SDW and RDW.

2.3 Photosynthetic indices

Thirty leaves from each plant were covered with an alu-
minum foil and dark-adapted for 30 minutes. The maximum
quantum yield of PSII (Fv/Fm) and photosynthetic perfor-
mance index (PI) were measured using a Hansatech Pocket
PEA (UK) at 695 nm. The photon flux density (PFD) was
set at 400 umol m?2.s7!, and measurements were taken with
a light duration of 5 seconds. The leaf chlorophyll index
(SPAD) was determined using a SPAD-502Plus chlorophyll
meter (Minolta, Japan).

2.4 Essential oil extraction and profiling
2.4.1 EO extraction

EOs were extracted from the aerial parts of the plants us-
ing a Clevenger-type apparatus through water distillation
for 3 hours, following the British Pharmacopoeia (1993).
The EO samples were dehydrated using anhydrous sodium
sulfate (Nap;SQOy,), and the weight of the extracted EOs was
recorded. The EO samples were stored at 4 °C in the re-
frigerator, protected from light with an aluminum foil, un-
til further analysis via gas chromatography (GC) and gas
chromatography-mass spectrometry (GC/MS).

2.4.2 EO Percentage and yield calculation

EO percentage and yield were calculated based on the net
weight of the extracted oils relative to the dry weight of the

Table 1. Culture bed specifications and experiment conditions.

. Soil electric conductivity . Organic carbon Total Phosphor  Total nitrogen
Soil texture | Soil pH
(dSm™) (%) (ppm) (%)
Clay-loam 0.70 7.03 175 138 0.28
Culture bed weight Pots dimensions Photoperiod  Relative Humidity Light intensity
(kg) (cm) (hdh (%) (mMOL m?S)
4.5 17 x 22 17 50-60 300
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plant material (equations (1) and (2), respectively).

EO(%) = [(EO weight(g))/(sample dry weight(g))] x 100
ey

EO yield(g) = EO% x shoot dry weight(g) 2)

2.4.3 GC analysis

EO samples were analyzed using a Thermo-UFM (ultra-
fast model) gas chromatograph equipped with a Chrom-
Card A/D data processor. A non-polar HP-5 (5%-phenyl)-
methylpolysiloxane column (Thermo Fisher Scientific,
Italy) with a length of 10 m and an internal diameter of
0.1-0.4 pm was used.

The temperature program began at 60 °C, ramping up to a
final temperature of 285 °C at a rate of 80 °C per minute.
This final temperature was held for 3 minutes. The detector
was a flame ionization detector (FID) set at 290 °C, and the
injection chamber temperature was maintained at 280 °C.
Helium was used as the carrier gas with an inlet pressure of
0.5 kg cm™.

2.4.4 GC/MS analysis

EO samples were further analyzed using a Varian 3400
GC/MS system, coupled with a Saturn II mass spectrometer
and an ion telephoto system, operated at 70 eV ionization
energy. The column used was a semi-polar DB-5 column
with a length of 30 m, an inner diameter of 0.25 mm, and
a stationary phase thickness of 0.25 um. The head gas
pressure was set at 35 pounds per square inch gauge (PSIG),
with the column temperature programmed to increase from
40 °C to 250 °C at a rate of 4 °C per minute. The injection
chamber temperature was set to 260 °C, and the transfer line
was maintained at 270 °C. Retention indices were calculated
by injecting a series of normal hydrocarbons (C7-C,s), and
EO compounds were identified by comparing their spectra
with established libraries (Adams and R.P., 2017).

2.5 Statistical analysis

Data analysis was conducted using IBM SPSS Statistics
26 software. Analysis of variance (ANOVA) and Duncan’s
test were performed at a significance level of p < 0.05. All
graphical representations were generated using Microsoft
Excel.
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3. Results and discussion

3.1 Morpho-physiological traits

Significant differences were observed among the NaCl treat-
ments at the 1% significance level for plant height, leaf
area, fresh and dry weights of leaves, shoots, and roots (Ta-
ble 2). As the NaCl concentration increased, all the studied
morpho-physiological traits exhibited a linear decline, with
either a steep or moderate slope (Fig. 1).
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Figure 1. Trend of changes in the studied morpho-physiological traits in
response to different salt concentrations.

NaCl treatments of 100 and 150 mM resulted in a signifi-
cant reduction in plant height compared to the control. The
tallest plants were recorded in the control group (86.5 cm),
while the shortest plants (65.0 cm) were observed in the 100
and 150 mM NacCl treatments (Fig. 2).

Furthermore, the 100 and 150 mM NaCl treatments sig-
nificantly reduced leaf fresh and dry weight compared to
the control. The highest leaf fresh weight (11.86 g) was
recorded in the control group, while the lowest (8.80 g)
was observed in plants treated with 150 mM NaCl (Fig. 2).
The maximum leaf dry weight (2.32 g) was observed in the
control, while the minimum (1.53 g) occurred under 150
mM NaCl treatment (Fig. 3).

According to our findings, the shoot fresh weight was sig-
nificantly reduced by 100 and 150 mM NaCl treatments.
The highest shoot fresh weight (22.34 g) was recorded in
the control group, while the lowest (11.36 g) was noted in
plants subjected to 150 mM NaCl (Fig. 2). The treatments
of 50, 100, and 150 mM NaCl also caused significant reduc-
tion in shoot dry weight. The maximum shoot dry weight

Table 2. The results of ANOVA for studied morpho-physiological, photosynthetic and phytochemical traits of S. spicigera (C. Koch) Boiss. in the

different NaCl treatments.

Source df PLH LEA LFW  LDW SFW SDW
NaCl 3 654.93**  0.045%*  15.776%* 1.23*%  140.76**  16.39%*
Error 6 39.17 0.001 2.886 0.34 1.09 0.36
CV% 8.82 4.93 15.78 29.23 6.39 11.09

Source df RFW RDW Fv/Fm PI SPAD
NaCl 3 235.09%%  6.94*  0.001"  0.39*% 15.76*

Error 6 2.39 0.111 0.0001  0.182 2.89
CV% 10.12 14.08 0.13 16.93 5.58

*and ** Significant differences at the level of 0.05 and 0.01, respectively; Ns: No significant difference.
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Figure 2. Means comparison (Means + SD): Plant height, leaf fresh
weight, shoot fresh weight and root fresh weight of S. spicigera (C. Koch)
Boiss. in response to different NaCl concentrations, the same letters do
not show significant difference (Duncan test, p < 0.05).

(7.52 g) was recorded in the control, while the minimum
(3.56 g) was seen in the plants treated with 150 mM NaCl
(Fig. 3).

The treatments of 50, 100, and 150 mM NaCl caused signif-
icant reductions in root fresh and dry weights. The highest
root fresh weight (22.50 g) was recorded in the control
group, while the lowest (7.26 g) was observed under 150
mM NaCl (Fig. 2). For root dry weight, the control group
exhibited the maximum value (3.41 g), whereas the mini-
mum (0.92 g) was recorded in the 150 mM NaCl treatment
(Fig. 3).

The leaf area decreased significantly in the plants treated
with 100 and 150 mM NaCl treatments compared to control.
The maximum leaf area (0.72 cm?) was recorded in the
control group, while the minimum (0.52 cm?) was observed

NacCl
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Figure 3. Means comparison (Means + SD): Leaf dry weight, root dry
weight and shoot dry weight of S. spicigera (C. Koch) Boiss. in response
to different NaCl concentrations, the same letters do not show significant
difference (Duncan test, p < 0.05).
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in plants subjected to 150 mM NaCl (Fig. 4).

Saline conditions significantly impact the morpho-
physiological characteristics of plants, particularly in salt-
sensitive species (Pandit et al., 2024). These reductions
are attributed to osmotic stress, nutrient imbalance, and
oxidative stress caused by high salinity levels (Atta et al.,
2023). In the present study, 50, 100, and 150 mM NaCl
treatments significantly reduced the fresh and dry weights of
leaves, shoots, and roots. These findings are consistent with
the previous studies demonstrating that salinity negatively
affects plant growth traits, including reductions in plant
height, leaf area, and shoot and root biomass in various plant
species such as S. mutica (Yousefi and Karamian, 2025b),
Pimpinella anisum L., Foeniculum vulgare Mill., and Tra-
chyspermum ammi L. (Nouripour-Sisakht et al., 2022), and
broccoli (Ali et al., 2022). Similar observations have been
made in Satureja khuzestanica (Saadatfar et al., 2023), and
Amaranthus cruentus (Menezes et al., 2017).

3.2 Photosynthetic traits

Significant differences were observed among the NaCl treat-
ments at the 5% of significance level for photosynthetic
index and chlorophyll index (Table 2). Accordingly, it was
concluded that Fv/Fm significantly not affected by any of
the NaCl treatments (Table 2, Fig. 4).

Our observations revealed that the 50 mM NaCl treatment
significantly increased the photosynthetic index (PI) com-
pared to the control, whereas the 150 mM NaCl treatment
caused a significant reduction (Fig. 4). The highest PI value
(3.18) was recorded under the 50 mM NaCl treatment, while
the lowest PI value (2.47) was observed in plants exposed
to 150 mM NacCl (Fig. 4). Additionally, the 150 mM NaCl
treatment resulted in a significant decrease in the chloro-
phyll index (SPAD) compared to the control. The maximum
chlorophyll index (33.67) was recorded in the control group,
whereas the minimum (29.31) was achieved under the 150
mM NaCl treatment (Fig. 5).

NaCL

Oo0mM B30 mi B100mM B150 mh

Leaf area
(cmz)

Fv/Fm (value) Pl (value)

Figure 4. Means comparison (Means £ SD): Leaf area, maximum quan-
tum yield of PSII (Fv/Fm) and photosynthetic index (PI) of S. spicigera
(C. Koch) Boiss. in response to different NaCl concentrations, the same
letters do not show significant difference (Duncan test, p < 0.05).
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Figure 5. Means comparison (Means + SD): Chlorophyll index (SPAD
value) of S. spicigera (C. Koch) Boiss. in response to different NaCl
concentrations, the same letters do not show significant difference (Duncan
test, p < 0.05).

A decline in chlorophyll content under saline conditions is a
well-documented response to salt stress. This adverse effect
is primarily attributed to oxidative stress induced by ROS,
which damage chloroplasts and disrupt chlorophyll biosyn-
thesis(Li et al., 2024; Wang et al., 2024). ROS also cause
osmotic imbalances, reduce cellular CO; levels, and disrupt
photosystem II (PSII), leading to diminished photosynthetic
efficiency (Hameed et al., 2021; Sachdev et al., 2021; Wang
etal., 2024).

In the present study, both SPAD value and photosynthetic in-
dex showed a limited increase in plants-treated with 50 mM
NaCl, however they were significantly reduced by 150 mM
NaCl. Hussain et al. (2020) stated that moderate salinity im-
proved photosynthetic performance due to stress-resistance
mechanisms such as osmotic adjustment and activation of
antioxidant enzymes, while high salinity sharply reduced
it. Similar effects of salinity on photosynthetic traits have
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been reported in S. mutica (Yousefi and Karamian, 2025a),
citrus (Othman et al., 2023), wheat (Shah et al., 2017), and
tomato (Zushi et al., 2017).

In addition, the Fv/Fm ratio, a key indicator of PSII effi-
ciency, increased non-significantly in S. spicigera plants
treated with 50 mM NaCl; however, it declined non-
significantly in plants treated with 100 and 150 mM NaCl.
This result is consistent with the report of Hnilickova et
al. (2021), which showed that in purslane plants treated
with 100 mM NaCl, the maximum quantum efficiency of
photosystem II (Fv/Fm) remained unchanged compared
to the control, whereas plants exposed to 300 mM NaCl
exhibited a significant decrease in Fv/Fm.

3.3 Essential oil content and profile
3.3.1 Essential oil percentage

The EO percentage showed a significant difference between
NaCl treatments (Table 3). As shown in Fig. 6, 50 and 100
mM NaCl treatments significantly increased the essential
oil percentage compared to the control, while the 150 mM
NaCl treatment caused a significant reduction. The highest
essential oil percentage (3.75%) was obtained under the
100 mM NaCl treatment; however, the lowest (2.11%) was
recorded in plants treated with 150 mM NaCl (Fig. 6). The
results demonstrated that moderate salinity (50-100 mM
NaCl) increased essential oil yield in S. spicigera, whereas
high salinity (150 mM NaCl) significantly reduced it. This
aligns with findings from other studies showing that mod-
erate salinity enhances EO biosynthesis in aromatic plants,
including S. mutica (Rahmati et al., 2024), Origanum onites
(Stefanakis et al., 2024), and Achillea millefolium L.. High
salinity (> 150 mM NaCl) disrupts glandular hair devel-
opment and diverts metabolic resources from secondary
metabolite production to stress management pathways (Sar-
moum et al., 2019; Assaf et al., 2022). These effects are
particularly evident in the Lamiaceae family, where high
NaCl levels decline EO production (Stefanakis et al., 2024).

Table 3. EO profile of S. spicigera (C. Koch) Boiss. planted under different NaCl treatments.

. . . . Range (%)
Chemical classification Chemical name RT RI Formula
Min. Max.
Terpinene-4-ol 258 1146.53 CjoH;3O0 0.12 0.75
Monoterpene Myrcene 1.16  986.46 CioHig 1.38 2.00
o-Terpinolene 1.65 1054.11 CioHig 0.11 0.54
Carvacrol 4.07 128996 CjpH;4O 19.65 29.11
. Thymol 396 1281.22 CjoH140 23.66 36.69
Phenol monoterpenoids
Methyl ether thymol 332 122497 C11Hi0O  0.48 1.55
Methyl ether carvacrol  3.60 1250.81 C;;H;cO 042 0.86
. . «-Pinene 0.87  931.13 CioHig 0.47 1.20
Bicyclic monoterpenes
trans-Caryophyllene  5.33  1376.02  C;sHyy 0.11 1.52
Ketonic monoterpene «-Thujone 0.84 92438 CjgH;cO 0.34 1.09
Isometric monoterpene v-Terpinene 1.63 1051.59 CjgHye 10.39  17.68
Sesquiterpenes 3-Bisabolene 6.42 149357 CisHy4 0.09 0.29
Benzene alkyl p-Cymene 1.36  1014.15 CioHi4 13.48 2747

* RT: Retention Time; RI: Retention Index.
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Figure 6. The chromatogram of EO compounds of S. spicigera (C. Koch) Boiss.

It should be noted that the effect of salt on yield and essen-
tial oil chemicals is highly dependent on the plant species.
According to Karim et al. (2025), the essential oil content of
thyme (Thymus X citriodorus) peaked in unstressed plants
(0.45 mL/100 g dry weight), while its levels decreased in
response to mild and severe salinity stress.

3.3.2 Essential oil profile

The EO chemical composition identified by GC and GC/MS
has been presented in Table 3. The main EO compounds
were y-Terpinene, p-cymene, thymol and carvacrol (Fig. 6).
As seen, significant differences were observed among NaCl
treatments at 1% level of significant for essential oil per-
centage, and the concentrations of metyle ether thymol,
additionally significant differences were seen at 5% signifi-
cant level for o-pinene, 3-bisabolene, trans-caryophyllene,
terpinolene, p-cymene, thymol and carvacrol (Table 4).
The compounds of x-pinene, 3-bisabolene, terpinene-4-
ol, methyl ether thymol, methyl ether carvacrol and trans-
caryophyllene showed a significant decrease in plants
treated with 150 mM NaCl compared to control. «-
Terpinolene showed a significantly decrease only in plants
treated with 150 mM NaCl (Table 4).

The maximum percentage of «-thujone (0.73%), o-

pinene (1.07%), terpinene-4-ol (0.59%), methyl ether thy-
mol (1.36%), methyl ether carvacrol (0.79%) and trans-
caryophyllene (0.42%) was observed in the control (Fig. 7-
Fig. 9). while the maximum myrcene percentage (1.88%)
was recorded in in plants treated with 100 mM NaCl and
the maximum [3-bisabolene (0.25%) in plants treated with
50 mM NaCl (Fig. 7, Fig. 8 and Fig. 9).

Thymol levels significantly and carvacrol non-significantly
were increased in the plants treated with 50, 100, and 150
mM NaCl. However, p-cymene percentage (significantly)
and y-terpinene percentage (non-significantly) were de-
creased in the NaCl-treated plants compared to control
(Fig. 10). The highest thymol percentage (34.81%) was
observed under the 150 mM NaCl treatment, while the
lowest (23.83%) was recorded in the control (Fig. 10).
The lowest carvacrol percentage (23.83%) was observed
in plants treated with 150 mM NaCl, while the highest
(27.99%) was recorded in the control (v). p-Cymene lev-
els significantly and y-terpinene (non-significantly) were
reduced in plants treated with 100 and 150 mM NaCl com-
pared to the control (Fig. 10). The highest percentage of
p-cymene (22.63%) was obtained in control and the highest
y-terpinene (15.58%) was observed in plants treated with
50 mM NaCl (Fig. 10).

Table 4. The results of ANOVA for EO percent and EO profile of S. spicigera (C. Koch) Boiss. planted under different NaCl treatments.

Metyl ether

S.0.V. df EO percent «-Thujone «-Pinene Myrcene  [3-Bisabolene  Terpinene-4-ol
thymol
NaCl 3 1.07%%* 0.05" 0.105* 0.05" 0.01* 0.05" 0.47%%*
Error 8 0.035 0.034 0.025 0.025 0.001 0.034 0.023
Ccv 1.15 5.99 3.12 1.40 0.51 8.58 241
Methyl ether trans- . .
S.0.vV. df o-Terpinolene  p-Cymene  y-Terpinene Thymol Carvacrol
carvacrol Caryophyllene
NaCl 3 0.035" 0.36* 0.05% 47.49* 7.18" 43.77* 13.15%
Error 8 0.012 0.074 0.01 5.626 2.739 7.047 4.377
Ccv 1.85 8.41 2.92 27.46 16.52 24.26 17.96

* and ** Significant differences at the level of 0.05 and 0.01, respectively and Ns: No significant difference.
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Figure 7. Means comparison (Means & SD): Essential oil, x-thujone, x-pinene, and myrcene content of S. spicigera (C. Koch) Boiss. in response to
different NaCl concentrations, the same letters do not show significant difference (Duncan test, p < 0.05).
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Figure 8. Means comparison (Means + SD): 3-bisabolene, terpinen-4-ol, and methyl ether thymol content of S. spicigera (C. Koch) Boiss. in response to
different NaCl concentrations, the same letters do not show significant difference (Duncan test, p < 0.05).
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Figure 9. Means comparison (Means £ SD): Methyl ether carvacrol, trans-caryophyllene, and terpinolene content of S. spicigera (C. Koch) Boiss. in
response to different NaCl concentrations, the same letters do not show significant difference (Duncan test, p < 0.05).
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Figure 10. Means comparison (Means £ SD): p-Cymene, y-terpinene, thymol and carvacrol content of S. spicigera (C. Koch) Boiss. plants in response
to different NaCl concentrations, the same letters do not show significant difference (Duncan test, p < 0.05).

Consistent with the results of Karim et al. (2025) that re-
ported fluctuations in EO compounds in Thymus X citri-
odorus, EO compounds in Satureja spicigera, also showed
significant fluctuations in response to salinity, indicating
stress-induced adjustments in secondary metabolism related
to their defense roles. These findings provide comprehen-
sive insights into how Satureja spicigera modulates growth
and biochemical pathways under abiotic stress.

The production of specific EO components varies under
salinity stress. In the present study, thymol increased signif-
icantly with different salinity levels, so that the maximum
thymol content was achieved at 150 mM NaCl. This is con-
sistent with findings in Plectranthus amboinicus and Thy-
mus pannonicus (Etri et al., 2024). No significant change
was observed for y-terpenine and carvacrol percentage due
to different salinity treatments, as observed in Origanum
vulgare (Azimzadeh et al., 2023) and Thymus pannonicus
(Etri et al., 2024). p-Cymene content declined significantly
in the plants treated with 100 and 150 mM NaCl concen-
trations, corroborating results in Plectranthus amboinicus
(Azimzadeh et al., 2023) and Satureja hortensis L. (Najafi
etal., 2010).

The effect of salinity on specific volatile terpenoid com-
pounds, such as thymol and carvacrol, varies depending
on the plant species and the concentration of salt (Tsusaka
et al., 2019). Stefanakis et al. (2024) confirmed that 150
mM NaCl significantly alters the composition of EOs in
various species of the Lamiaceae family. However, Ounoki
et al. (2021) reported that the EO composition of spearmint
remained unaffected under 150 mM NaCl stress.

The biosynthesis of the terpenoid compounds like carvacrol
and thymol is influenced by the plant’s genetics and environ-
mental conditions (Hu et al., 2024). Carvacrol and thymol
help the plant cope with stressors such as drought, salinity,
and high temperatures (Cheng et al., 2020). The biosyn-
thesis of carvacrol and thymol (two important phenolic
compounds with antimicrobial and antioxidant properties)
in plants primarily occurs through the phenylpropanoid and

terpenoid pathways. Geranyl pyrophosphate is converted
to y-terpinene by the enzyme monoterpene synthase. y-
Terpinene is then converted to p-cymene by the enzyme
y-terpinene dehydrogenase. p-Cymene is hydroxylated by
a cytochrome P450 oxidase enzyme, such as CYP71D178,
and is transformed into carvacrol. Carvacrol is then con-
verted into thymol by the enzyme carvacrol methyltrans-
ferase (Crocoll, 2011).

Salinity stress triggers gene expression changes in terpenoid
biosynthesis pathways, including the methylerythritol phos-
phate (MEP) pathway, which produces phenolic monoter-
penes like thymol and carvacrol (Crocoll, 2011; Morshedloo
et al., 2017).

The report of Azimzadeh et al. (2023) which shows that
the key enzymes such as y-terpinene synthase (Ovtps2)
and cytochrome P450 monooxygenases (e.g., CYP71D180),
involved in thymol synthesis, are upregulated under mod-
erate salinity, support the present results regarding the in-
crease of y-terpinene and thymol in S. spicigera under saline
conditions. While the amount of carvacrol increased non-
significantly or remained constant, the amount of thymol
showed a prominent increase.

4. Concluding remarks

This study highlights the dual effects of salinity on S. spi-
cigera. Moderate salinity (50-100 mM NaCl) can enhance
EO yield and promote the biosynthesis of key compounds
like thymol and carvacrol, while high salinity (150 mM
NaCl) disrupts these processes. The findings underscore the
potential of controlled salinity to optimize EO production in
aromatic plants. In addition, the results highlight the com-
plex and concentration-dependent effects of NaCl on both
the physiological and biochemical responses of S. spicigera.
Moderate salinity (50 mM) appears to stimulate photosyn-
thetic activity, while higher salinity (150 mM) adversely
affects these parameters. Furthermore, the salinity treat-
ments significantly influenced the composition of secondary
metabolites, with varying impacts on terpenoid compounds

2588-3631[https://doi.org/10.57647/tpr.2025.0903.16]


https://doi.org/10.57647/tpr.2025.0903.16

Yousefi et al.

such as thymol, carvacrol, and [3-pinene. Moreover, the in-
crease in essential oil production at moderate salinity levels
and the shift in terpenoid composition under high salinity
suggest that plants can adapt to salt stress by altering their
metabolic pathways, which may offer potential for enhanc-
ing essential oil production in saline environments. These
findings are the first report on the effect of salinity stress
on the essential oil chemicals of creeping savory. Future
studies need to optimize salt concentration to increase thy-
mol levels in this plant, without reducing plant biomass and
essential oil yield.
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