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Abstract

This study aimed to investigate the effects of biological fertilizers and salicylic acid under water deficit stress conditions on
the growth and yield of Satureja hortensis L. during two consecutive years (2018-2019 and 2019-2020). This experiment
was performed as a split factorial plot arranged in a randomized block design with three replications. The main factor was
irrigation at three levels (full irrigation, mild, and severe water deficit stress). The sub-factors included biological nitrogen
fertilizer (non-inoculated, inoculated with Azotobacter, inoculated with Mycorrhiza, and inoculated with Azotobacter + Myc-
orrhiza) and salicylic acid (no spray and spray with a concentration of 0.6 mM). Although, water deficit stress decreased the
total dry weight but, inoculated plants had higher total dry weight rather than control under water deficit conditions. The
results showed that the inoculation of Azotobacter and Mycorrhiza decreased the content of total chlorophyll and carotenoids
and increased leaf area and thymol content. Moreover, carvacrol content and essential oil harvest index had the highest value
under a full irrigation regime, and inoculation treatment decreased these values. In contrast, mild water deficit conditions
increased y-Terpine and phenol content, but severe water deficit stress decreased these traits. The highest total chlorophyll
content (3.46 mg g FW™!) carotenoids content (0.22 mg g FW™!), leaf area (649.88 cm), total dry weight (2540.9 kg ha™h),
essential oil content (1.7%), essential oil yield (43.1 kg ha™"), thymol (3.58%), carvacrol content (8.47%) and essential oil
harvest index (1.7%) were achieved in full irrigation and salicylic application. Based on our results, Azotobacter and Myc-
orrhiza can improve the morphological traits of summer savory plants, but in the case of photosynthesis pigments, they
were not helpful. On the other hand, mild water deficit stress increased the thymol, carvacrol, y-Terpine and phenol content,
which means that summer savory plants by improving secondary metabolites, could ameliorate the water deficit damage.
The current study proved beneficial in improving the physiological and morphological traits of summer savory, suggesting
that the application of Azotobacter+Mycorrhiza or salicylic acid application can be a suitable solution to increase plant
tolerance under water deficit conditions.
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Introduction

Medicinal plants have been recognized as valuable resources
for promoting human health and well-being for generations
(Hosseini et al. 2023a). Satureja hortensis L., commonly
known as summer savory, is a herbaceous medicinal and
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aromatic plant belonging to the Lamiaceae family, com-
monly found in Mediterranean regions (Saeedi and Omid-
baigi 2019). The Satureja genus has 12 species in Iran, with
8 exclusives to the country, and the remaining species are
found in regions such as Talesh, Turkmenistan, Caucasus,
south Caucasus, Turkey, and Iraq. These plants are primar-
ily distributed in mountainous regions of northern, north-
western, northeastern, central, and southwestern Iran (Hei-
darpour et al. 2019). The flowering stems and aerial parts
of the savory plant, which are harvested during flowering,
possess several beneficial properties, including a fragrant
smell, digestive, diuretic, carminative, stomach tonic, and
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slightly astringent effects, as well as anti-cold, antidiarrheal,
and anthelmintic effects (Ghojavand et al. 2023).

The growth and productivity of agricultural plants are
often limited by environmental stresses, such as drought
stress, which is especially common in hot and dry areas
around the world (Porudad and Beg 2013). The impact of
drought stress on plant growth has been extensively studied.
It has been observed that increased drought intensity leads to
a reduction in the percentage and speed of germination, as
well as the length of the root and stem of peppermint (Men-
tha piperita L.) (Hosseini et al. 2023b; Keshavarz Mirzamo-
hammadi et al. 2021a). In addition to delaying germination,
drought stress negatively affects various aspects of plant
growth, including the growth of aerial parts and the produc-
tion of dry matter. Water scarcity stress destroys photosyn-
thetic pigments, reduces the amount of leaf chlorophyll, and
ultimately impairs the photosynthetic system (Yousefzadeh
et al. 2023). The reduction of chlorophyll content is likely
due to a decrease in the factors required for chlorophyll syn-
thesis and its breakdown, and under water-deficient condi-
tions, chlorophyll catabolism increases. Plant cell growth is
one of the most sensitive processes affected by water stress,
as turgor pressure is a necessary physiological force for cell
development. When the cell water potential decreases, cel-
lular turgor pressure rapidly declines, causing growth reduc-
tion, closure of stomata, and reduced photosynthesis (Sab-
ourifard et al. 2023). Miranshahi and Sayyari (Miranshahi
and Sayyari 2016) reported that drought stress caused an
increase in the level of tannins, terpenoids, and alkaloids in
summer savory plants. Also, an increase in the concentration
of carotenoids in summer savory under drought conditions
has been reported (Rasouli et al. 2023). Radéacsi et al. (2016)
described that although, monoterpenoid yield per leaf dry
mass did not change significantly but summer savory pro-
duced lower total dry weight, smaller leaf area and shorter
stems and higher carotenoids and more glandular trichomes
on the leaves as the result of lower soil moisture. Radéacsi
et al. (2019) detected that the mild water deficit stress (50%
soil water capacity) caused the highest essential oil (EO)
content of summer savory, while the control (70% soil water
capacity) and severe water stress (30% soil water capacity)
resulted in lower EO accumulation level.

The use of chemical treatments for plant diseases is often
expensive and associated with side effects. Synthetic drugs
can have faster effects, but they may also have negative and
potentially dangerous consequences, such as creating skin,
lung, or nerve sensitivities. In contrast, natural chemicals
have low concentrations and may not have a rapid effect,
but their consistent use can solve individual problems with-
out significant concerns regarding their consequences. In
recent years, there has been a growing trend towards the
consumption of medicinal plants in many countries (Kes-
havarz Mirzamohammadi et al. 2021b). However, using

chemical fertilizers in their cultivation has been found to
cause environmental pollution and ecological damage,
leading to increased production costs (Keshavarz 2020). To
address these concerns, it is crucial to utilize resources and
ingredients that meet the immediate needs of the plants and
ensure the sustainability of agricultural systems in the long
run (Lermen et al. 2015). Biological fertilizers, which con-
sist of live bacteria or fungi that can fix biological nitrogen
or dissolve and increase phosphate absorption in the soil,
represent a potential solution (Narula et al. 2017). Several
bacterial species, including Azotobacter sp, Azospirillum sp,
Beijerinckia sp, and others, have been identified as effective
agents for promoting root growth and plant performance by
producing various compounds such as B vitamins, biotin,
pantothenic acid, nicotinic acid, as well as hormones such
as auxin and gibberellin (Keshavarz et al. 2021). Mohamed
Toaima et al. (2023) reported that the plant height and total
dry weight of summer savory were increased under biologi-
cal fertilizer rather than organic fertilizer, while the essential
oil content was increased. Differences were not detectable in
the essential oil composition.

Given the significance of soil nutrients and weather con-
ditions in the production of medicinal plants, it is essential
to consider the impact of nutrients on the plant's genera-
tive and vegetative organs, as this can influence the quality
and quantity of the plant's essential oil (Lima et al. 2013).
Studies (Bakhshian et al. 2022; Mirjani et al. 2019; Chen
et al. 2014) have shown that plants colonized with arbus-
cular mycorrhizal fungi showed higher photosynthesis pig-
ments, leaf area meter and essential oil yield. Under drought
stress, arbuscular mycorrhizal fungi inoculation improves
plant growth by increasing root length, leaf area, biomass,
nutrient uptake, and soil structure (Baher et al. 2002; Israel
et al. 2022).

This study presents about the hypothesis that the agro-
nomical and physiological traits of summer savory plants
and the essential oil compositions are affected by water
drought stress, biofertilizer and salicylic acid. We then
hypothesize that biofertilizer inoculation reduces the effects
of water deficit stress. Therefore, this study aims to investi-
gate the growth response, quantity, and quality of essential
oil of summer Savory, an important medicinal plant for vari-
ous hormone applications and biological fertilizers under
water deficit conditions, to determine the optimal fertilizer
treatment for sustainable and efficient production.

Materials and methods
Stud site and plant treatments

This study was conducted in the village of Zaman-Abad,
located in Rey city, Tehran province, Iran. The study site
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is situated at a geographical longitude of 51 degrees and
39 min and a geographical latitude of 35 degrees and 19 min,
with an altitude of 1000 m above sea level. The research was
conducted over a period of two years, from 2018-2019 to
2019-2020. A randomized complete block design (RCBD)
in the form of split factorial plot with three replications was
utilized for the experiment. Before the commencement of the
experiment, soil samples were collected from three different
points at a depth of 30 cm to determine the soil status of the
study area. The collected samples were dried in the oven and
crushed in a mortar. Coarse particles larger than 2 mm were
removed through sieving. Finally, the physical and chemi-
cal properties of the soil were investigated and determined
through laboratory analysis. The soil of the experimental
site was characterized as clay loamy soil, with pH 7.8, E.C.
of 4.6 dS.m™!, 1.28% organic matter, 14.9 ppm of available
nitrogen and 39.6 ppm of available phosphorus. The study
area experiences a semi-arid Mediterranean climate charac-
terized by moderate and cool mountainous conditions. The
region has an average annual precipitation of 210 mm and an
average annual temperature of 26 °C, as illustrated in Fig. 1.

This study investigated the effects of drought stress,
microbial organisms and salicylic acid on plant growth. The
main factor considered irrigation levels, with a secondary
factor of microbial organisms and salicylic acid, arranged
as factorial in the subplot. The study applied three levels
of water scarcity: The main factor consisted of three irriga-
tion treatments: irrigation at 75% (full irrigation), 60% (mild
water deficit stress), and 45% (severe water deficit stress)
of depletion of the available resource of soil water (Kes-
havarz Mirzamohammadi et al. 2021a) which were applied
at the stage of 4-6 leaves during plant establishment. The
second factor was nitrogen-fixing bacteria (Azotobacter) and
mycorrhizae (Mycorrhiza) as a biological fertilizer factor,
with four levels of application: non-inoculated as control,
seed inoculation with nitrogen-fixing bacteria, seed coating
with mycorrhizae, and seed inoculation with nitrogen-fixing
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Fig. 1 Average monthly air temperature and precipitation during the
period of January—July in 2018-2019 and 2019-2020

@ Springer

bacteria+ seed coating with mycorrhizae (Keshavarz 2020).
The third factor investigated was the foliar application of
salicylic acid solution with two levels of concentration: no
spraying and spraying with a concentration of 0.6 mM (Kes-
havarz et al. 2016). This was applied at the stage of 4—6
leaves and before flowering (85 days after the 4-leaf stage).
Irrigation levels were applied using a tensiometer device
manufactured by Ecomatik Company in Germany (model
EQ15 SN:02385). After calculating the soil moisture poten-
tials, irrigation was applied at three levels of 75% (Control
treatment), 60% (mild stress) and 40% (severe stress) of
depletion of the available resource of soil water 25% (Con-
trol treatment) 40% (mild stress) and 55% (severe stress)
field capacity. To record the soil water content (6v), the Time
Domain Reflectometry (TDR, Model TRIME-FM, Germany)
was used. Before the experiment, the soil water content in
full irrigation soil (100%) was recorded, and the percentage
depletion of field capacity water was determined using the
equation (Keshavarz Mirzamohammadi et al. 2021a) (1):

MAD : FC—6/FC—PWP (1)

where MAD is maximum allowable depletion, FC is the soil
moisture at field capacity, € is the soil moisture measured by
TDR and PWP is the soil moisture at wilting point. Each plot
was irrigated separately by drip irrigation pipes (with drip-
per spacing of 10 cm). Soil moisture was monitored several
times weekly using TDR.

Harvest and parameters analysis

After 100 days of planting (just before flowering), total
chlorophyll content and carotenoids content was determined
using acetone 80% and the content of total chlorophyll con-
tent and carotenoids content were calculated in mg g~! fresh
weight (FW) of the sample (Eq. 2) (Lichtenthaler 1987):

Total chlorophyll : (12.7 X Aggs) — (2.69 X Agys)
Carotenoids : A (0.114 X Agy) — (0.638 X Agys) )

After harvesting (upon careful consideration of the mar-
ginal effect), the leaf area was measured by an electronic
leaf area meter (LI-3100-LICOR, Lincoln, NE, USA).
Then, the plant was air-dried in a shady, well-ventilated
room (20-25 °C) for 7 days until the constant dry matter
was achieved and registered as total dry weight (kg ha™"),
which consisted of total aboveground biomass (Keshavarz
et al. 2018).

The essential oil content (%), essential oil yield (kg
ha™!), and chemical composition of the essential oils for
each sample (leaves and shoot tops) were also recorded
(Hosseini et al. 2023a). The essential oil was extracted from
20 g of dried leaves by hydrodistillation in a Clevenger-type
device for two hours, and the essential oil quantitatively was
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determined by a Hewlett-Packard 6890 gas chromatograph
6890 with an autosampler. The harvest index was also cal-
culated using the following equation (Eq. 3):

Essential oil harvest index

= essential oil yield / total dry weight x 100 3)
Measurement of phenol content was performed using the

Folin-Ciocalteu assay method by Temraz and El-Tantawy

(2008).

Statistical analysis

The data were subjected to statistical analysis using the SAS
software, version 9.2. To determine significant differences
between treatments, the mean comparison was carried out
through the LSD test at a significance level of 5%. XLSTAT
software (2018 version) was used to perform principal com-
ponent analysis (PCA).

Results
Bi-plot results

The results of the PCA showed that at all irrigation levels,
the two components had an eigen value higher than one and
had the highest level of variance. At full irrigation regimes,
the—y-Terpine had the lowest factor load in the first com-
ponent. In contrast, the highest load factor in the second
component was related to the total chlorophyll content. All
traits except essential oil harvest index, y-Terpine and total
chlorophyll content assign the highest load factor in the
first component at mild water deficit stress. In contrast, the
y-Terpine showed the highest factor load in the second com-
ponent. Finally, under severe water deficit stress, all traits
(except the essential oil harvest index) showed the highest
load factor. In contrast, the least load factor was seen in the
carvacrol and essential oil harvest index (Fig. 2).

Analysis variance table

The results indicated that the effect of year was not signifi-
cant on any of the traits (Table 1). In addition, the analysis
of variance showed that the main effects of irrigation, myc-
orrhiza and salicylic acid were significant on all parameters
(Table 1). The interaction between irrigation regimes and
mycorrhiza treatment was also statistically significant on all
traits except leaf area thymol content (Table 1). Also, the
interaction between irrigation and salicylic acid was sub-
stantial on all parameters. It is worth noting that none of

the parameters were affected by two wayhe interaction of
mycorrhiza and salicylic acid andthree-way interaction of
irrigation, mycorrhiza and salicylic acid.

Total chlorophyll and carotenoid content

Based on the mean comparison table (Table 2), plants grown
under full irrigation regime and non inoculated plants had
the highest total chlorophyll content (3.54 mg g~! FW).
Averaged over the mycorrhiza treatment, the total chloro-
phyll content was higher in full irritation regimes rather
than mild (3.25 mg g~! FW) and severe (2.89 mg g~' FW)
water deficit stress. In all irrigation levels, the inoculation
treatments reduced the total chlorophyll content. The low-
est total chlorophyll content was achieved in severe water
deficit stress and inoculation of Azotobacter + Mycorrhiza
with an average of 2.8 mg g~! FW (Table 2). In both irriga-
tion regimes, total chlorophyll content increased in response
to salicylic acid application (Table 3) and the highest and
the lowest total chlorophyll content obtained by full irriga-
tion regimes + 0.6 mM salicylic acid (3.46 mg g~' FW) and
severe water deficit stress + none salicylic acid treatment
(2.83 mg g~! FW). In terms of carotenoids content, there
was no significant difference between inoculation treatments
in full irrigation and mild water deficit stress (Table 2). The
most content of carotenoids was recorded in full irrigation
regimes and none inoculation plants (0.23 mg g~' FW)
which followed by none inoculation plants (0.22 mg g~' FW)
and Azotobacter inoculation (0.22 mg g~! FW) in mild water
deficit stress. At the same time, the lowest (0.17 mg g~! FW)
was observed with those plants that irrigated at 45% FC
and mycorrhiza inoculation treatment (Table 2). Averaged
by irrigation levels, the results showed that none inocula-
tion plants and inoculation with Azotobacter had the highest
carotenoid content. In the case of the interaction of irrigation
regimes and salicylic acid treatment, the maximum content
of carotenoids (0.22 mg g~' FW) was noted in full irriga-
tion and 0.6 mM salicylic acid application. In comparison,
the lowest carotenoids content was observed in severe water
deficit stress and non-salicylic acid application (0.18 mg g~!
FW). Averaged across the irrigation regimes, application of
0.6 mM salicylic acid had the highest carotenoids content
by average of 8.09% rather than no salicylic acid application
(Table 3).

Leaf area and total dry matter

Regardless of salicylic acid, a decrease in water availability
significantly decreased the leaf area of plants. Nonetheless,
the salicylic acid significantly amplified the leaf area in all
irrigation levels (Table 3). The most leaf area was recorded in
plants treated by salicylic acid under full irrigation regimes
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Fig.2 The results of biplot of first and second components based
on principal component analysis under full irrigation (A), mild (B),
and severe (C) drought-stressed conditions. 7Chl total chlorophyll
content, Carts catenoids, LA leaf area, TDW total dry weight, EOC
essential oil contents, EOY essential oil yield, EOHI essential oil
harvest index. T,;: No inoculation+no salicylic acid foliar applica-
tion, T,: No inoculation+0.6 mM salicylic acid foliar application,

(649.88 cm) (Table 3). On the contrary, the minimum value
of leaf area (528.9 cm) was observed in severe water deficit
stress and none salicylic acid application. Although, Azo-
tobacter inoculation treatment had no significant effect on
leaf area, but Mycorrhiza and Azotobacter + Mycorrhiza
increased leaf area compared to none inoculation plants by
1.2% and 0.88% (Table 4). The highest level of leaf area
(612.2 cm) was observed with mycorrhiza treatment, fol-
lowed by Azotobacter + Mycorrhiza (610.2 cm), which was
in the same statistical group (Table 4). In terms of inocula-
tion treatment, the highest leaf area occurred in mycorrhiza
inoculation treatment (612.2 cm), being 1.2%, 1.4% and
0.86% higher than none inoculated Azotobacter inoculation
and Azotobacter + Mycorrhiza inoculation.

The maximum and minimum values of total dry weight
were achieved in full irrigation and inoculation with

@ Springer

F1 (65.56 %)

T;: Azotobacter inoculation+no salicylic acid foliar application, T,:
Azotobacter inoculation+0.6 mM salicylic acid foliar application,
Ts: Mycorrhiza inoculation+no salicylic acid foliar application, Tg:
Mycorrhiza inoculation+0.6 mM salicylic acid foliar application,
T;: Azotobacter and Mycorrhiza inoculation +no salicylic acid foliar
application, Tg: Azotobacter and Mycorrhiza inoculation+0.6 mM
salicylic acid foliar application

Azotobacter + Mycorrhiza (2598 kg ha™') and inocula-
tion with Mycorrhiza under severe water deficit conditions
(1961 kg ha™'). Averaged by inoculation treatment, by
increasing water deficit stress intensity, the total dry weight
decreased (Table 2). The highest value of total dry weight
was obtained in full irrigation, which was higher than mild
and severe water deficit stress by 0.93% and 11.85%, respec-
tively. In the case of the interaction of water deficit stress and
salicylic acid application, the results showed that as water
deficit stress decreased, salicylic application increased the
total dry weight. Averaged by salicylic acid application,
there was a decrease of about 0.91% and 11.8% in total dry
weight for mild and severe water limitations compared with
full irrigation. The results showed that spraying salicylic
acid to water-stressed plants increased total dry weight in
all irrigation levels (Table 4). Among the treatments, the
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Table 4 Effect of inoculation treatment on leaf area and thymol on
summer savory (Satureja hortensis L.)

Inoculation treatment Leaf area (cm) Thymol (%)
Non-inoculation 604.8 b 3.34b
Azotobacter 603.5b 3.33b
Mycorrhiza 6122 a 338 a
Azotobacter + Mycorrhiza 610.2 a 3.37a

Significant differences at P <0.05 have been indicated with different
letters

highest total dry weight (2540 kg ha~!) was obtained in
entire irrigation regimes and salicylic acid application.

Essential oil content and essential oil yield

Across all irrigation regimes and inoculation treatments,
the highest essential oil content (1.74%) was achieved in
full irrigation regimes and no inoculation treatment. In con-
trast, the lowest essential oil content (1.31%) was observed
in mycorrhiza inoculation under severe water deficit stress
(Table 2). Although, the essential oil content under full irri-
gation and mild water deficit stress was in a same range,
(averaged by inoculation treatment) but, severe water deficit
stress decreased the essential oil content by 12.5%. In all
irritation levels, the mycorrhiza treatments cause a signifi-
cant reduction in essential oil content. In general, among
three irrigation levels, the essential oil content significantly
decreased in severe water deficit stress. There was no sig-
nificant difference between full irrigation and mild water
deficit stress. Regardless of the irrigation regimes, spraying
the plant with salicylic acid significantly increased the essen-
tial oil content (Table 4). In this regard, the highest essential
oil content was achieved in salicylic acid application under
full irrigation (1.7%) and mild water deficit stress (Table 3).

Thymol content

Although, the essential oil yield under full irrigation and
mild water deficit stress statistically was in the same group,
severe water deficit stress significantly decreased the essen-
tial oil yield. However, at each irrigation level, there was
no significant difference between inoculation treatments
(Table 2). The results showed that (Table 3) essential oil
yield decreased dramatically with decreasing water supply
and salicylic acid increased the essential oil yield in each
irrigation level. However, there was no significant differ-
ence with none salicylic acid application under full irrigation
and mild water deficit stress. Across all irrigation regimes
and salicylic acid application, the highest essential oil yield
(43.1 kg ha™!) as obtained in full irrigation and 0.6 mM
salicylic acid application. In contrast, the lowest essential

oil yield (28.9 kg ha™!) was observed in plants treated by
severe water deficit stress and none salicylic acid applica-
tion (Table 3). Among all irrigation regimes and salicylic
acid applications, the summer savory plants produced higher
thymol under all the full irrigation regimes. In all irrigation
regimes, salicylic acid application increased the thymol con-
tent and the highest and lowest thymol content was achieved
in full irrigation and salicylic acid application (3.58%) and
none salicylic acid application under severe water deficit
stress (2.92%). The content of thymol in salicylic acid had
no significant effect between full irrigation and mild water
deficit stress (Table 3).

Carvacrol content

None inoculation plants grown under full irrigation regimes
(8.66%) and mild water deficit stress conditions (8.46%)
produced the highest carvacrol content (Table 3). Moreo-
ver, the lowest cavacrol content (6.53%) was observed in
plants treated without inoculation ad grown under severe
water deficit stress. It should be noted that carvacrol con-
tent (on averaged across inoculation) decrease 0.99% and
11.9% when plants experienced mild and severe water defi-
cit stress. Averaged over the irrigation levels, the carvacrol
content was higher in non-inoculation treatment compared
to other treatments, and there was no significant difference
between mycorrhiza and Azotobacter + Mycorrhiza treat-
ments (Table 2). As presented, the interaction of irrigation
and salicylic acid was statistically significant on carvacrol
content (Table 1). Under all irrigation levels, salicylic acid
application increased carvacrol content, however, there was
no significant difference between non-salicylic acid appli-
cation under full irrigation (7.61%) and mild water deficit
stress (7.66%) (Table 3). Among the treatments, the highest
and lowest carvacrol content were observed in salicylic acid
applications under full irrigation regimes (8.47%) and none
salicylic acid applications under severe water deficit stress
(6.93%), respectively (Table 3).

y-Terpine

Averaged over inoculation treatments, mild and severe
water deficit stress increased the y-Terpine by 20.25% and
15.82%, respectively related to full irrigation conditions.
The mycorrhiza inoculated plants treated by mild water
deficit stress obtained the highest y-Terpine, and it was
16.82% (Table 2). Averaged over the irrigation regimes,
the y-Terpine value was higher in Mycorrhiza inoculation,
followed by Azotobacter + Mycorrhiza, which was in the
same range. It should be noted that inoculation levels were
not significant on y-Terpine under full irrigation or severe
water deficit stress. Under mild and severe water deficit
stress, salicylic acid-treated plants exhibited an increase
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in y-Terpine value (Table 3). Under mild and severe water
deficit stress, salicylic acid-treated plants exhibited an
increase in y-Terpine value (Table 3). Across all irrigation
regimes and salicylic applications, summer savory plants
produced higher y-Terpine values under mild and severe
water deficit stress (Table 3). In all irrigation regimes,
application of salicylic acid increased the y-Terpine con-
tent and the highest and lowest y-Terpine content were
observed in salicylic application under mild water deficit
stress (16.6%) and none salicylic acid application under
full irrigation regimes (12.2%).

Phenol content

Although, mild water deficit stress increased the phenol
content but severe water deficit stress decreased this trait
(Averaged by inoculation treatment). Meanwhile, the phe-
nol content in full irrigation plants had the lowest phenol
content (Table 2). The highest phenol content was achieved
with none inoculated plants under mild water deficit stress
(0.719 mg GAE g~' DW). Moreover, there was not signifi-
cant difference between Azotobacter and Mycorrhiza inoc-
ulation under mild water deficit stress. The lowest phenol
content was observed with none inoculated plants under full
irrigation plants (0.3 mg GAE g~! DW). Although, Azoto-
bacter and Mycorrhiza inoculation individually increased
the phenol content but, there was not significant difference
between none inoculation and Azotobacter + Mycorrhiza
inoculation treatment. Salicylic application had no signifi-
cant effect on phenol content under full irrigation regimes.
However, under mild and severe water deficit conditions,
the application of salicylic acid significantly increased
phenol content (Table 3). The maximum content of phenol
was observed in salicylic acid treated plants under mild and
water deficit stress (0.70 GAE g~! DW).

Essential oil harvest index

The highest essential oil harvest index was achieved in
non-inoculated plants grown under full irrigation regimes
(1.74%) and mild water deficit stress (1.70%) (Table 2).
The none inoculation and Azotobacter inoculation treat-
ment under mild and severe water deficit conditions was
in the same statistical group. Salicylic acid application
increased the essential oil harvest index in all irrigation lev-
els (Table 3). Indeed, the highest essential oil harvest index
yielded in the salicylic acid application under full irrigation
regime (1.7%) and mild water deficit stress (1.66%), which
statistically was in the same level.

@ Springer

Discussion

The results of the analysis variance table revealed that
the combination of biofertilizers, salicylic acid and water
deficit stress had a significant effect on the photosynthe-
sis pigments. Studies conducted on Corianderum sativum
L. have shown that the use of biological fertilizers leads
to an increase in yield and the determination of essential
oil content and their composition due to higher chloro-
phyll content (Azoz et al. 2016). Yousefzadeh et al. (2023)
emphasized the significant role of these fertilizers in the
development of the leaf area of plants. Furthermore, Kes-
havarz and Khodabin (2019) reported that the increase
in the irrigation interval from two to ten days resulted in
a noteworthy decrease in the number of leaves in beans
(Phaseolus vulgaris L.). Facerbaher et al. (2016) con-
ducted a study to examine the effects of water deficit stress
on Savory, specifically the leaf area index and total dry
weight. Their findings indicate that under the highest stress
conditions, there was a significant reduction in the number
of lateral branches.

Similarly, Ekren et al. (2012) demonstrated a negative
correlation between the number of lateral branches and
dry weight of purple basil (Ocimum basilicum L.) under
stress conditions. The hormonal effect induced by nitrogen
fixers (Azotobacter) on plants may result in changes in
the morphology traits of the inoculated plants (Essahibi
et al. 2018). Specifically, stem thickness, the number of
branches and leaves, and the number of flowering branches
may increase. Additionally, this hormonal effect may facil-
itate the growth of the plant's aerial portion by increasing
root growth and thereby improving access to water supply
and nutrients (Keshavarz et al. 2016).

Access to nutrient resources, especially nitrogen, can
significantly affect the morphological and physiologi-
cal characteristics of plants. Given that photosynthesis
is a critical process for plant growth and development,
nitrogen availability can directly influence the photosyn-
thetic rate per unit of leaf area. Additionally, increasing
the availability of other nutrients can stimulate vegetative
growth in plants (Abdollahi Mandoulakani et al. 2017).
However, the chlorophyll and carotenoids content in mild
water deficit significantly was as same as full irrigation.
It seems that the population of photosynthesis pigments
increased in mild drought conditions due to shrinkage of
leaf area and resulted in higher photosynthesis pigments
density per unit of area. The antioxidant activity of carot-
enoids (which is known as a non-enzymatic antioxidant)
is determined by their chemical structure. Specifically, the
presence of hydroxyl groups on the B ring, on the 3rd car-
bon, enhances their antioxidant properties (D’Andrea et al.
2015). A study conducted on peppermint revealed that an
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increase in the utilization of nitrogen fertilizer resulted
in the maximum development of stems and leaves in this
plant (Keshavraz et al. 2018), which is consistent with the
current study. Hence, based on these findings, it can be
inferred that the higher leaf area observed in this study is
also congruous with the aforementioned explanations. The
negative impact of stress on plant growth and physiology
is primarily caused by factors such as the photosynthe-
sis system, nutrient absorption, and nitrogen metabolism.
The growth and development of a plant are heavily reliant
on cellular division, growth, and differentiation. Among
these, cell growth is particularly susceptible to drought-
induced stress. In the case of water deficit stress, there is a
reduction in leaf surface area, which consequently results
in reduced carbon fixation during the growing season. This
reduction in leaf surface area also causes a shift in the pat-
terns of water and nitrogen consumption, ultimately lead-
ing to the biosynthesis of secondary metabolites (Farooq
et al. 2013).

It is important to note that the effects of mycorrhizal fungi
and plant growth-promoting bacteria depend remarkedly on
the percentage of colonization, their species, and the plant
species involved. Therefore, it is crucial to study the local
fungi and bacteria that coexist with the plants in the same
habitat. Any increase in the leaf area can lead to an increase
in essential oil production because of increased leaf oil gland
density and monoterpenes and/or sesquiterpene biosynthesis
(Farouk and Omar 2020). It seems that the population of
essential oil glands decreased in drought-induced plants due
to the shrinkage of leaf area resulting in lower gland density
per unit of area (Hemmati et al. 2018). The use of biological
fertilizer has been shown to significantly enhance the total
dry weight, resulting in a higher essential oil.

Biofertilizers enhance plant growth and biomass pro-
duction by gradually providing nutrients to plants. The
findings of this study are consistent with previous research
conducted on savory medicinal plants by Kapoor et al.
(2017) and Kaushal and Wani (2016), which demonstrated
that biofertilizers increased total dry weight higher than
economic yield, resulting in lower harvest index in inocu-
lated plants. In a study conducted on Khuzestan savory
plants, it was found that the application of nitrogen posi-
tively impacted the plant's biological performance to a cer-
tain extent. However, increasing the amount of nutrients
led to a decrease in amount of some secondary metabo-
lites, which varies depending on factors such as the type of
plant, fertilizer effectiveness and soil moisture status (Sab-
ourifard et al. 2023). The total dry weight of dill plants
was also affected by different nitrogen treatments, with
the highest performance observed in the 250 kg urea ha™"
(Khan et al. 2012). Nitrogen is crucial in providing plants
with their nutritional needs, which leads to proper nutri-
tion and significant improvements in vegetative growth,

leaf surface durability, and the production of photosyn-
thetic materials, ultimately enhancing overall biologi-
cal performance. The availability of nitrogen in the soil
leads to increased photosynthesis, resulting in rapid plant
growth and significant biomass production. In addition,
using nitrogen in agriculture increases the uptake of other
essential elements, such as phosphorus and potassium
(Mandal et al. 2015). Therefore, the absence of adequate
nitrogen negatively affects various processes, reducing
photosynthetic efficiency and ultimately decreasing total
dry weight. When plants suffer from nitrogen deficiency,
growth and development are impeded due to reduced chlo-
rophyll levels and Rubisco enzyme activity, resulting in an
overall decline in plant performance.

Plant resistance relies on phenolic compounds, antioxi-
dants, and polyamines. These mechanisms are present in
plant tissues and owe their efficacy to these metabolites'
phenolic group and skeletal structure (Nasiri et al. 2018).
With free hydroxy groups attached to the aromatic ring,
these compounds can absorb free radicals, reducing oxida-
tive damage and safeguarding cellular structures from the
adverse effects of aridity (Nogués et al. 2015). Polyphe-
nols, phenolic compounds, are capable of interacting with
membrane phospholipids via hydrogen bonds with the polar
heads of phospholipids during oxidative stress. This interac-
tion causes the compounds to accumulate on the inner and
outer surfaces of the membrane, thus protecting the mem-
brane from harmful molecules and preserving its fluidity and
integrity (Rezaee et al. 2013). The current study represents
a significant difference in the amount of polyphenols among
all treatment levels that received biofertilizer and salicylic
acid compared to the control treatment. In response to stress-
ful conditions, plants activate enzymatic and non-enzymatic
antioxidant systems, with non-enzymatic compounds includ-
ing tocopherols, carotenoids, and phenolic compounds (Kes-
havarz and Khodabin 2019). This study found that water
deficit stress caused an increase in the amount of phenolic
compounds in the plant. Generally, the synthesis of phenolic
compounds is dependent on the activity of enzymes involved
in their metabolism, which can increase under stress con-
ditions. The rise in phenols may also reflect anatomical
changes induced by stress, such as an increase in cell wall
stability and the creation of a physical barrier against stress
interfering in lignin biosynthesis. The content of phenolic
compounds can be increased by using biofertilizers and sali-
cylic acid in treatments, likely due to their role in enhancing
the activity of the enzyme Alanine Ammonialyase (PAL)
and thus increasing the synthesis of phenolic compounds.
Hormonal and environmental conditions strongly influence
the activity of this enzyme and its role in controlling total
phenolics has been documented in previous studies (Adil
et al. 2017). For instance, in experiments on olive trees under
water deficit stress, it was observed that the activity of PAL
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enzyme and the amount of phenol in the whole olive fruit
decreased as irrigation increased (Aymen and Cherif 2013).

Averaged by salicylic acid application, the amount thymol
and y-Terpine were the highest in mild drought stress, indi-
cating that the mild stress conditions increased these com-
pounds but severe stress condition decreased their values.
The biosynthesis of essential oils is depend on the metabolic
pathway which happens inside the plant organ and is related
to photosynthesis assimilate availability (Xu et al. 2016).
Change in LAI, related to sunlight quality has the greatest
impact on oil manufacturing from exogenous primary pre-
cursors (Ku and Lin 2013). The carvacrol content decreased
under water deficit stress compared with a full irrigation
regime. This might be related to the lower availability of
essential elements like nitrogen or improvement in the cation
exchange capacity of the soil, which could decrease nutrient
leaching and lead to a higher total dry weight and phyto-
chemical concentration in plants (Xie et al. 2018).

Biosynthesis of secondary components is affected by
stressful conditions. Singlet oxygen is one of the results of
stress conditions which can have harmful effects on proteins
cell membranes, and nucleic acid (Keshavarz 2020). Second-
ary metabolites protect the plant against oxidative stress by
entering singlet oxygen into the regenerative phase (directly)
or by chelating of iron (indirectly) (Keshavarz and Khodabin
2019). The current results demonstrate that the combined
application of biofertilizers under water deficit conditions
yielded the highest total phenol and essential oil com-
pounds suggesting that secondary metabolites are a diverse
and abundant group of natural compounds that possess free
radical scavenging properties. y-Terpine and thymol content
were stimulated under mild water-deficit stress regime, while
the carvacrol content reduced slightly when the plants were
treated by water deficit stress. It seems that deficit irrigation
can be used to change the essential oil profile of summer
savory (Satureja hortensis L.). It appears that many factors,
including climate and ecological conditions together with
agricultural practices, could influence the composition of
essential oil. Moreover, in drought conditions, better soil
properties due to biofertilizer and/or plant growth regula-
tors addition can have a positive effect on oil profile which
contributes to their beneficial effects on enzyme activity and
metabolism.

Conclusion

In conclusion, the higher content of total chlorophyll
and carotenoid content was achieved in none inoculation
plants under all irrigation levels. However, plants treated
by limited irrigation consistently resulted in less essen-
tial oil content and oil yield than plants in the entire irri-
gation regimes. Among the inoculation treatments, the
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Azotobacter + Mycorrhiza had the highest leaf area and
thymol content. In all irrigation regimes, summer savory
plants resulted in higher y-Terpine and phenol content.
Despite the irrigation, in the leaf area, the total dry weight
and essential oil harvest index increased in the application
of salicylic acid. In the case of the carvacrol content, sali-
cylic acid-treated plants under full irrigation regimes had the
highest value. It may be concluded from this study that high
water shortage stresses limited leaf area potential, but the
range of thymol and y-Terpine slightly changed through the
irrigation regimes. Water deficit stress declined the value of
leaf area and total dry weight, while inoculation treatments
alleviated these traits in stress conditions and increased in
full irrigation treatments. Although, total chlorophyll and
carotenoids content decreased by water stress treatments
compared to full irrigation treatment, but the application
of Azotobacter and Mycorrhiza did not help to alleviate the
stress injury. Based on our results Azotobacter and Myc-
orrhiza can improve the morphological traits of summer
savory plants, but in the case of photosynthesis pigments,
they were not helpful. On the other hand, mild water deficit
stress increased the thymol, carvacrol, y-Terpine and phenol
content, which means that summer savory plants by improv-
ing secondary metabolites, could ameliorate the water deficit
damages.
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