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ABSTRACT

Objective: As acritical limitation of plant growing, drought stress has always received a lot of attention from botanical researchers.
This study intends to investigate the role of salicylic acid and the Mycorrhiza and Azotobacter bio-fertilizer on Satureja hortensis
L. under drought stress.

Materials and Methods: Salicylic acid and bio-fertilizers have been shown to improve drought tolerance in growing plants. To
evaluate the synergistic effect of salicylic acid, Azotobacter chroococcum bacteria, and arbuscular mycorrhizal fungi under drought
stress (-3.5 atm: W1), (- 6.5 atm: W2), and (-10 atm: W3), a 2-year (2016 to 2018) field experiment was organized based on
split-plot factorial statistical in a randomized complete block design, with three replicates.

Results: The main findings of this study showed that the combinable use of bio-fertilizers and salicylic acid diminished the
disadvantageous effects of drought stress. Co-application of bio- fertilizers and salicylic acid significantly increased chlorophyll a
and b (22% and 31.5%), carotenoid (30.7%) contents, aerial fresh (38.3%) and dry (64.1%) weights, root fresh (55.8%), and dry
(45%) weights, auxin (15%), percentage of essential oil (30.7%) in S. hortensis while it decreased the proline content (48.8%)
under severe stress as compared to the control groups, which confirmed the efficacy of this approach and its role in drought
tolerance.

Conclusion: The results demonstrated that this new suggested treatment could effectively alleviate drought stress symptoms and
improve S. hortensis growth under spreading drought conditions and limited water resources.

Keywords: Arbuscular Mycorrhizal Fungi, Bio-Fertilizers, Drought Stress, Phytohormone, Satureja hortensis

INTRODUCTION sive research is needed on plants with medicinal value and the

application of various treatments.”
Medicinal plants are plants whose quality of materials is far

more important and necessary than their quantity. Therefore, The use of Azotobacter has been considered as a biological
in order to achieve maximum quality, knowledge and aware-  fer(jlizer in agriculture due to its ability to stabilize molecular
ness of the factors affecting the growth and development of  pitrogen in cooperation with plants as well as the production
medicinal plants is very important. Knowledge of environmen- ¢ growth-promoting hormones. In addition to the significant

tal, plant and agronomic factors has an important role in the potential it has shown to improve the growth of host plants,
success of medicinal plants.! Among the factors affecting the  this bacterium has been considered for other reasons such as
growth, development and production of active ingredients of  he wide range of host plants, species diversity, and modulat-
medicinal plants and aromatic plants, the lack of which more o the effects of environmental stresses. It is effective®. There
than other inputs affects the reduction of production. Although ;. uccessful reports of the use of this bio-fertilizer to com-
extensive and comprehensive research has been done on the ef- bat dehydration in plants*. Also, since the global approach in
fect of water stress on crops, the behavior of medicinal plantsin = e production of medicinal plants is effective in improving
such conditions has not been well studied.! To understand the the quantity and quality of material, it seems that the healthy

existence and survival of medicinal plants in arid and semi-arid  pytrition of plants through the use of bio-fertilizers is most in
regions, which also cover a large part of our country, exten-
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line with the objectives of the production of medicinal plants.’
Salicylic acid (SA) is a phenolic compound in plants that is
considered a hormone-like regulator and plays an important
protective role in defense mechanisms against biological and
environmental stresses. Induction of flowering, growth and de-
velopment, ethylene synthesis, orifice closure and respiration
are important roles of SA®. This substance has increased re-
sistance to water shortage in wheat.” In view of the above,
this study intends to investigate the role of SA and the My-
corrhiza and Azotobacter bio-fertilizer on Satureja hortensis
under drought stress.

MATERIALS AND METHODS
Plant Material

In order to study the effect of the application of Azotobacter
(Az), Arbuscular Mycorrhizal Fungi (AMF) and SA on quan-
titative and qualitative properties of savoury (S. hortensis L) in
drought stress conditions of this study in Zamanabad the vil-
lage of Shahr-e Ray (Tehran province) for two cropping years
(2016 and 2017); the crushed randomized complete block de-
sign (RCBD) was performed in three replications. Main plot
of three irrigation levels (soil moisture potential -3.5 atm or
crop capacity (FC), potential of -6.5 atm as medium stress and
potential of -10 atm as severe stress), sub-factors including bio-
logical fertilizers of Az and Mycorrhiza with inoculation levels
with Az strain, combination of seeds with AMF and combined
use of Azotobacter-mycorrhiza (AM) and SA with non-foliar
application and foliar application (with a concentration of 0.6
mM) were assigned. The physical and chemical characteristics
of farm soil are shown in Tables 1 and 2.

Table 1. Physical properties the soil of field.

Texture Clay(%) Silt (%) Sand (%) S.P. (%)

Clay 35.71 37.78 25.51 35.29

S.P.: Poorly graded sand

Measurement of Photochemical Activity
Chlorophyll and Carotenoids

To measure the photosynthetic pigments (e.g., chlorophyll a,
b and total chlorophyll), fully expanded mature leaves were
sampled and dissolved in acetone (80%) and after being cen-
trifuged, the absorbance of each sample was measured using a
spectrophotometer (Perkin Elmer, Lambda 25, UV/VIS Spec-
trophotometer) in wavelengths of 663.2, 646.8 and 470 nm for
chlorophyll a, chlorophyll b and total chlorophyll content, and
according to the following relations the amount of pigments
were calculated based on the pig/g fresh weigh.®

Extraction of Essential Oil

Precisely weighed S. hortensis powder (200 g) was mixed with
distilled water (3000 ml). The mixture was heated, and kept
at a low boil for 4.5 h till the amount of oil in the vessel no
longer increased, and then the heating was stopped. After 1 h,
the volume of essential oil was recorded. The percentage of
essential oil yield was calculated using the formula volume of
essential oil divided by the weight of the sample powder. The
volatile extract obtained was kept at 4 °C after drying with
anhydrous sodium sulphate. The upper yellow oil was used as
the sample for further analysis.

Analysis of Essential Oil

A GCMS-QP2010 Plus Mass Spectrometer (Shimadzu, Kyoto,
Japan), equipped with a DB-5 MS capillary column (30.0 m
x 0.25 mm; film thickness, 0.25 ym) and a mass spectrometry
(MS) detector was used for GC-MS analysis. The injector tem-
perature was 250 °C. The oven temperature was programmed
from 50 °C (1 min isothermal) to 180 °C at a rate of 5 °C/min
and then to 250 °C at a rate of 10 °C/min, and then kept for 6
min. The interface was kept at 280 °C. The mass spectra were
obtained at 70 eV. The sector mass analyser was set to scan from
30 to 550 amu. Helium was used as a carrier gas with a flow rate
of 1 mL/min. Essential oil (0.1 mL) of the sample was injected
(in split mode 20:1). Volatile oil components were calculated as
a relative percentage of the total oil using peak area. Retention
index of all the components were determined by Kovats method
using n-alkanes (C6—C32) as standards. Identification of indi-
vidual constituents was accomplished by comparing their MS
spectra by matching the mass spectral data with those from
the NIST (NIST 08, NIST 08s; National Institute of Standards
and Technology, Gaithersburg, MD, USA), and by compari-
son of their MS spectra and GC retention indices with those
of standard compounds available in the laboratory and also by
comparison with some other relevant references.’

Auxin

In order to measure the amount of auxin (IAA), 1 gr of leaf
tissue from the leaves near the top of the stem (leaf+stem) and
the root was boiled separately in 10 ml of 80% ethanol, and after
grinding, it was passed through filter paper and then an amount
of 1 ml A litre of the obtained extracts was poured into separate
test tubes and 2 ml of Salkowski’s reagent was added to each
test tube. (In order to prepare Salkowski’s reagent, 0.5 M ferric
chloride (FeCls) solution was first prepared. Then, one ml of
this solution was mixed with 50 ml of 35% perchloric acid and
after stirring the mixture, Salkowski’s reagent was prepared).
Then, the tubes were placed in a Bain-Marie at 40-50°C for 15
minutes until the complete reaction and the presence of IAA
in the extract was revealed with a pink colour. At the end, the
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Table 2. Chemical properties the soil of field.

K P Zn Fe OrganicC TotalN H EC
(Available) (Available) (ppm) (ppm) (%) (%) @Sm™
580 8.16 0.37 3.18 1.33 0.09 048 1.02

EC: Electrical conductivity

optical absorbance of the samples was measured at 530 nm by
a Pharmacia LKB-Novaspac spectrophotometer. The amount
of TAA in the samples was calculated using a standard curve
in the range of 0 to 40 mg/L. Pure IAA was used to draw the
standard curve.'”

Proline

Proline content was estimated using ninhydrin reaction.'! A
portion (0.5 g) of shoot was homogenized with 10 mL of 3%
(w/v) sulphosalicylic acid and passed through Whatman filter
paper (no. 2; Whatman, Maidstone, UK). Ninhydrin reagent
(2 mL) (Sigma, St. Louis, Missouri, USA) and glacial acetic
acid (2 mL) were added to 2 mL of the filtered extract. The
mixture was then incubated at 100°C for 1 h and the reaction
was terminated by placing it on ice. The reaction mixture was
extracted with 4 mL toluene and the absorption of chromophore
was measured at 520 nm, against toluene as blank, using the
spectrophotometer. Proline content was calculated using L-
proline (Sigma) as a standard curve. Plants were harvested at
the time of flowering and the samples were dried in the drying at
105 °C up to constancy for the required time and then weighed
to measure dry weight. After determining the dry weight, 10 g
of the leaves and flowering twigs of each sample was sent to the
laboratory. The percentage of essential oil by water distillation
was measured by Clevenger Model SO0HM6. Essential oil yield
was calculated by multiplying the percentage of essential oil by
the dry weight of the vegetative body.

Statistical Analysis

Data analysis with software SAS 9.4 and comparison of the
mean of treatments with least significant difference (LSD) test
was performed at a probability level of 0.05%. Graphs were
drawn using Excel software.

RESULTS
Aerial Fresh Weight (AFW) and Aerial Dry Weight (ADW)

This study showed that AMF, Az, SA, and Az+AMF with SA
had improved AFW and ADW in all irrigation levels. On the
other hand, drought stress reduced AFW and ADW by 40.8%
and 55.4% under the W3 drought than the control (Table 3).
The inoculation with Az+ AMF+0.6 mM SA spraying in every

irrigation regime had the most positive effect on S. hortensis
AFW and ADW compared with control. AFW and ADW plants
sprayed with 0.6 mM of SA in some of the treatments did
not show any significant difference comparing to non-sprayed
plants in the same treatments. Nevertheless, inoculated with
Az+AMF enhanced the AFW and ADW 17.1% and 34.4% at
W1 conditions, while inoculation with Az+ AMF+SA causes in-
creased AFW and ADW 23.6% and 57.3%. Also, under drought
stress conditions (W2 and W3) application of bio-fertilizers, SA
either or together showed no significant difference compared
with the control (13.6 and 8.1 g) for ADW. The highest AFW
(103 g) and ADW (28.8 g) were observed from the inoculation
with Az+AMF and 0.6 mM SA spraying under W1 irrigation
conditions (Table 3).

Root Fresh Weight (RFW) and Root Dry Weight (RDW)

Drought stress diminished the RFW and RDW. The RFW and
RDW decreased under the mild drought stress W2 (24.7% and
22.8%) and severe drought stress W3 (52.6% and 49.2%) as
compared with the control (3.63 and 1.4 g). Under W2 and
W3 conditions, the RFW and RDW indicated a non-significant
difference between means with application Az, AMF, SA, and
compound with SA as compared with the control treatments,
while using of AMF+SA, Az+AMF alone and with SA caused a
significant improvement in the root fresh and dry weight in W1
irrigation conditions. Also, the greatest the root fresh (6.2 g)
and dry (2.2 g) weight was seen in plants treated with Az+ AMF
and sprayed with SA in W1 condition (Table 4).

Chlorophyll and Carotenoid Contents

The results of this work showed various levels of drought (W2
and W3) caused a reduction in the concentration of photo-
synthetic pigments. The lowest chlorophyll a, b, and carotenoid
were obtained in W3 stress, which indicated a decrease of 40%,
39.4%, and 48%, respectively, than W1 irrigation conditions
(Table 5). Moreover, it has been reported that the chlorophyll
decline may be due to the chloroplast disintegration and the
instability of the chlorophyll protein complex. The chlorophyll
a, b significantly enhanced with the application of AMF and
Az+AMF alone or with SA at W1 and W3 watered conditions
in comparison with control groups, but under the W2 situation,
just the Az+ AMF+SA treatment had increased the chlorophylls
a and b contents. Carotenoid was significantly enhanced by the
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Table 3. Comparison of two-year means of aerial fresh weight (AFW) and aerial dry weight (ADW) of Satureja hortensis by different bio-fertilizers and SA

treatments under different irrigation levels.

Treatment AFW (g) ADW (g)
Bio-fertilizers SA (mM) W1 W2 W3 W1 W2 W3
Non-inoculation 0 83.3¢f  712¢h 4937 1834-F 136/ 8.1¢
0.6 85.7b-¢  7qp7d-h 5381 186/ 146" 106M
Azotobacter (Az) 0 87.50-d  732d-h  goh-j 186¢f 153¢h 106"
g g 0.6 §7.50-d  737d-h gy h-j 21.1b-¢ 53¢ h 1k
: 0 g8.7a-d 753d-h  g13h-j 216P4 169" 11.15h
Mycorrhiza (AMF) 06 95.5 a-c 7874-8 6528 94 a=c 17.1 492 12.187¢
. . . 0 97.7 ab 79.549-8 655871 2469 1734~ 131/
Co-inoculation with Az+AME — ¢ 103 4 80.3°7¢ 6288 2884 17.89-¢ 13377

Means followed by the same letter in each column are not significantly different according to the LSD test (p=0.05). Control: W1
(Field capacity); Medium stress: W2 (6.5 atm); Severe stress: W3 (10 atm); SA: Salicylic acid.

Table 4. Comparison of two-year means of root fresh weight (RFW) and root dry weight (RDW) of Satureja hortensis by different bio-fertilizers and SA treatments

under different irrigation levels.

Treatment RFW (g) RDW (g)
Bio-fertilizers SA (mM) W1 W2 W3 W1 w2 W3
Noninoculation Control 3.634-8 273 fJ 1.727 14048 1.08 8-/ 0.71 %
0.6 3774f 279/ 1.9%J 1.42¢<f 1.08 8-J 0.83 /k
Azotobacter (A2) 0 3.85 de 2.79 /i 2321 1.48 <-¢ 1157 0.920k
Zotobacler (Az 0.6 3884de  282f4  235hi  155ce  123ei 95Nk
) 0 4,27 <d 3.18 ¢-h 2.38h-J 1.63 <4 1.26 4-i 0.95 h-k
Mycorrhiza (AMF) 0.6 5.02 be 34348 241M0  178¢ 12841 096 hk
. . ) 0 5.37ab 3.48 48 2.62 87 2.10 @b 1.33 4k 1 h-k
Co-inoculation with Az+AMF ) o 6204 35148 2688) 2274 133d:h 1038k

Means followed by the same letter in each column are not significantly different according to the LSD test (p=0.05). Control: W1
(Field capacity); Medium stress: W2 (6.5 atm); Severe stress: W3 (10 atm); SA: Salicylic acid.

application of AMF+SA and Az+AMF alone or with SA at W1
conditions (Table 5). The highest mean of the carotenoid (0.35
mg g~ ') was achieved in the W1 irrigation level and integrated
application of Az+AMF and SA. Under the W2 irrigation con-
dition, integrated application of Az+AMF with SA had a sig-
nificant effect on carotenoid content compared to the control,
but under W3 drought stress application of bio-fertilizers and
SA showed no significant effect between treatments (Table 5).

Proline

The results of the analysis of 2-year data showed the impact
of drought stress, bio-fertilizers, SA, and their interaction was
significant on the proline content. As shown in Table 6, with
rising drought stress, the amount of proline improved. Out-
comes revealed that Az+AMEF treatments decreased the proline
content under well-watered and water deficiency situations. As

a result, the highest proline content (47.7 pg g~ ') was obtained
under W3 conditions. This treatment showed 15.8% increases
compared to the control treatment (40.9 ng g~ ).

Auxin

As shown in the results of Table 6, the interaction between
treatments on IAA content was significant. [AA content of the
S. hortensis plants was reduced in W2 and W3 stress situa-
tions, while we achieved a higher IAA content in all treatments
inoculated with Az+AMF.

Essential Oil

The result of our study showed plants inoculated with any
of the bio-fertilizers alone or together improved the quantity
of essence percentage under all irrigation conditions. Plants
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Table 5. Comparison of two-year means of chlorophylls and carotenoid contents of Satureja hortensis by different bio-fertilizers and SA treatments under different
irrigation levels.

Treatment Chlorophyll a Chlorophyll b Carotenoid
(mgg) (mgg™') (mgg™")
Bio-fertilizers SA (mM)
Non-inoculation Control 054-f 0.38 ¢ 0.254-f
0.6 0.51 ¢-¢ 0.44f 0.25 4/
Azotobacter (Az) 0 0.55%4 0.41 ¢ 0.27 ¢-€
w1 0.6 0.56 ¢-€ 0.43 ¢4 0.27 ¢-¢
Mycorrhiza (AMF) 0 0.56 @< 0.43 -4 0.28 <-4
0.6 0.58 @b 0.45 be 0.30 b¢
Co-inoculation with Az+AMF 0 0.6 ¢b 0.48 @b 0.33 @b
0.6 0.61 054 0.35
Non-inoculation Control 0.43 8-J 0.33 17 0.19 &h
0.6 0.45 1 0.33 h-J 0.19 &h
Azotobacter (Az) 0 0.45 f1 0.35 8 0.2 8"
0.6 0.46 ¢-" 0.35 8 0.21 /-8
w2 Mycorrhiza (AMF) 0 0.48 €8 0.35 81 0.22 /-8
0.6 0.48 ¢8 0.36 /" 0.23¢8
Co-inoculation with Az+AMF 0 0.48 €8 0.36 /" 0.23 €8
0.6 0.54f 0.38 €8 0.25 4-f
Non-inoculation Control 033 % 0.23! 0.13¢
0.6 0.38 /- 0.25! 0.13¢
Azotobacter (Az) 0 0.38 /¥ 0.25! 0.141
0.6 0.38 /K 0.26 ¥ 0.15¢
W3 Mycorrhiza (AMF) 0 0414 0.3 7% 0.15¢
0.6 041 0.314 0.16 "
Co-inoculation with Az+AMF 0 041 0.314 0.17 "
0.6 0.41 "7 0.33 -7 0.17 "

Means followed by the same letter in each column are not significantly different according to the LSD test (p=0.05). Control: W1
(Field capacity); Medium stress: W2 (6.5 atm); Severe stress: W3 (10 atm); SA: Salicylic acid.

Table 6. Comparison of two-year means of proline and auxin (IAA) of Satureja hortensis by different bio-fertilizers and SA treatments under different irrigation
levels.

Treatment Proline (pg g~! FW) IAA (pg g~ ' FW)
Bio-fertilizers SA (mM) Wi W2 w3 Wi w2 w3
Non-inoculation Control 40.9 ¢ 455°b 4774 0.854f 08278 0.808
0.6 40.6 ¢ 443 b 45.1°b 0.87 ¢-¢ 0.854-f 0.83¢8
Azotobacter (Az) 0 35.2 de 36.54 402 ¢ 0.89 @4 0.87 ¢-¢ 0.83¢8
0.6 33.9¢f 35.84 39.5¢ 0.90 -4 0.88 b4 0.854-f
) 0 30.1 1 31.4 8" 33.8¢f 0.90 @4 0.89 4 0.87 <€
Mycorrhiza (AMF) 0.6 2881 3038 327f¢ 0934 09pad (.89 ad
. . ) 0 25.5k 27.0 /% 28.7 1 0.93 ab 0.92 @€ 0.90 @4
Co-inoculation with Az+AME ) o 21" 233mn 2441m (954 0934b  (92ac

Means followed by the same letter in each column are not significantly different according to the LSD test (p=0.05). Control: W1
(Field capacity); Medium stress: W2 (6.5 atm); Severe stress: W3 (10 atm); SA: Salicylic acid.
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sprayed with the SA and inoculated with Az+AMF showed the
highest percentage of essence 29.2%, 29.7% and 30.7%, re-
spectively under well-watered and stress conditions (W2, W3)
compared to control. However, the application of SA with every
of Az, AMF, or by their combination significantly enhanced the
percentage of the essence under all of the irrigation levels com-
pared to the plants treated with SA alone. Therefore, the highest
percentage of essence (1.8 v/w) was induced by spraying 0.6
mM of SA+Az+AMF together as inoculation at W3 drought
(Figure 1).

Thymol Content

Results of the analysis of the data showed that the effect of
drought stress, fertilizers Az and AMF, spraying of SA and
their interaction on Thymol content was significant. Plants in-
oculated with any one of the bio-fertilizers alone or together,
their Thymol content has been statistically increased compared
to the control treatment. Drought stress increased the content
of thymol. The W3 drought conditions enhanced the content
of thymol by 20.5% compared to control. However, the appli-
cation of Az, AMF, or their combination showed an increased
Thymol content under all irrigation regimes. Furthermore, SA
spray increased the content of Thymol 16.4%, 15% and 5.6%,
respectively at W1, W2 and W3 levels of irrigation, however,
this increase wasn not significant in the W3 irrigation level.
Also, SA had a significant effect on Thymol content in non-
inoculated and inoculated plants with either the combination
of Az+AMF, just Az, or just AMF in all irrigation treatments.
Based on the mean comparison, the highest Thymol content
(4.71%) was obtained by the combination treatment (Az+AMF
+ SA) at W3 drought and the lowest (3.5%) was in untreated
plants (control) in W1 irrigation level (Figure 2).Thymol Con-
tent Results of the analysis of the data showed that the effect
of drought stress, fertilizers Az and AMF, spraying of SA and
their interaction on Thymol content was significant. Plants in-
oculated with any one of the bio-fertilizers alone or together,
their Thymol content has been statistically increased compared
to the control treatment. Drought stress increased the content
of thymol. The W3 drought conditions enhanced the content
of thymol by 20.5% compared to control. However, the appli-
cation of Az, AMF, or their combination showed an increased
Thymol content under all irrigation regimes. Furthermore, SA
spray increased the content of Thymol 16.4%, 15% and 5.6%,
respectively at W1, W2 and W3 levels of irrigation, however,
this increase wasn not significant in the W3 irrigation level.
Also, SA had a significant effect on Thymol content in non-
inoculated and inoculated plants with either the combination
of Az+AMF, just Az, or just AMF in all irrigation treatments.
Based on the mean comparison, the highest Thymol content
(4.71%) was obtained by the combination treatment (Az+AMF
+ SA) at W3 drought and the lowest (3.5%) was in untreated
plants (control) in W1 irrigation level (Figure 2).

Carvacrol Content

The results presented in (Figure 3) show significant effects
of the irrigation treatments and inoculated with Az+AMF,
as drought stress W3 increased carvacrol content 77.1%. As
well as plants treated with Az, AMF and the combination of
Az+AMF had greater carvacrol content in all irrigation lev-
els W1, W2 and W3 compared with control. Foliar applica-
tion of SA in non-inoculated plants under W1 irrigation treat-
ment was not statistically significant on carvacrol content, while
spraying SA revealed significant enhancement under W2 and
W3 conditions. However, under all irrigation treatments, car-
vacrol content in plants treated with either the combination of
SA and Az+AMF increased. Therefore, the highest carvacrol
content (38.5%) was achieved in plants inoculated with the
Az+AMF+SA under W3 drought stress.

DISCUSSION

Drought stress had adverse effects on the studied traits of the
S. hortensis medicinal plant, the application of SA and microor-
ganisms improved these adverse effects of stress. Drought stress
reduced the morphological characteristics of the S. hortensis
medicinal plant. It reported the drought stress diminished RDW
and ADW in two Thymus species but, inoculation with AMF
in low and intense drought stress enhanced the 7. daenensis
species root and shoot dry weight.!> The influence of drought
stress on decreasing the ADW and RDW of plants can be related
to that water shortage, lowers the absorption, transferring, and
utilization of nutrients, which results in a decline in carbon stor-
age and biomass.'3 It has been reported that the seedlings of va-
lerian inoculated with AMEF, Az, and combination of Az+ AMF
had higher ADW and RDW under good and deficit irrigation
conditions than the corresponding non-inoculation seedlings
that is in line with this result.'*

The treatment with bio-fertilizers can counteract the drought
stress influences on plant production, particularly at severe
drought stress. It is recognized as a positive impact of bio-
fertilizers on improving plants’ nutritional conditions under
stressful environments conditions. Plant growth promoting
Rhizobacteria have a key role in stimulating the nitrogen up-
take and the effectiveness of it in the functioning of photo-
synthesis and plant growth.!> It was found that the use of
PGPR increased microbial activity because they can produce
an exo-polysaccharide, which leads to improved soil physical
and chemical conditions such as soil structure, soil aggregation,
and soil penetrance following improved soil moisture-holding
capacity.'® It reported improvement of the components of yield
and productivity in wheat using the application of PGPR (soil
application) alongside SA (foliar spraying) that might be by col-
laboration with IAA and/or cytokinin synthesis, the stimulation
of cell division, and photosynthesis.!” It has been reported in
the plant (Valeriana officinalis L.) that rising drought stress
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caused decreasing RDW, while bio-fertilizers enhancement the
RDW than in the control (without bio-fertilizers). The PGPR
stimulated the root growth by improving the nutrient condi-
tions, increasing microbial activity, and influencing other use-
ful symbiotic relationships.!® It has been reported that the plant
(Scutellaria integrifolia L.) inoculation with AMF can cause an
impressive root growth and increment the power of the plant to
overcome difficult conditions such as phosphorus deficiency.!
Furthermore, increased RDW of the marjoram plant inoculated
with bacteria was attributed to increment lateral roots and root
nutrients sorption capacity.*

Some of the PGPR, which produce Rhizobiotoxin via di-
minishing ethylene production in the plants, enhanced root
growth.?? The proper ratio between nitrogen and phosphorus
improves root yield too, and has a useful result on plant growth.

Since the role of Az has been proven in incrementing the solv-
ability of phosphorus from inorganic insoluble compounds,
thus, Az can provide a correct level between nitrogen and phos-
phorus by producing suitable hormones or decreasing ethylene.
It can lead to increment root and plant growth.?! Foliar spray of
SA leads to stimulation of root and shoot growth, and as well
as strengthened the effect of PGPR on root and shoot growth.??
Therefore, PGPRs can sustain plant grow under drought stress
circumstances. SA, by cooperation in absorption and translo-
cation of essential elements in the plant, caused an increasing
plant growth.?? Besides, foliar spray of SA acts as a cofactor in
adjusting the physiological attributes, thus enhancing leaf wa-
ter content and photosynthetic processes that lead to improved
root hairs performance to uptake water and raise plant growth.
As aresult, it was observed that the application of PGPR with
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Figure 3. Comparison of two-year means of carvacrol content Satureja hortensis by different bio-fertilizers and SA treatments under different irrigation levels. The
letters a-m indicate that the same letter in each column are not significantly different according to the LSD test (p=0.05). Control: W1 (Field capacity); Medium

stress: W2 (6.5 atm); Severe stress: W3 (10 atm).

SA was effective in alleviating the detrimental effects of water
deficit and improving the nutritional situation of plants.>*

Decreased chlorophyll content under the water deficit condi-
tion agrees with other findings.?* The reduction of chlorophyll
a and b concentration may be related to the oxidative burst
induced through drought stress, which can decompose these
pigments via producing oxygen radicals in cells.”> About this
context, it was reported that application of the PGPR, SA, or
their combination in wheat plants mitigated significantly inju-
rious impacts of water deficiency.>* In plants inoculated with
PGPR, SA helped to improve the physiological attributes and
photosynthetic activity via raised CO, assimilation rates be-
cause of enhanced stomata conductance, RWC and photosyn-
thetic pigment concentrations under water shortage.® Besides,
increased chlorophyll concentration in leaves using PGPR alone
or with SA could be related to higher accessibility of nutrients
and improved organic matter in the Rhizosphere.?

Carotenoid concentration enhancement under water defi-
ciency, in addition to protecting the photosynthetic apparatus,
probably improved the cells’ defensive system, therewith de-
creasing the destruction induced via oxidative stress.”” On this
subject, a reduction was seen in carotenoid contents in the thy-
mus species under drought stress conditions,'?> but AMF with
inoculation increased its contents, which is in line with our
result. PGPRs could stimulate the manufacture of carotenoids
via activating the plastidial methylerythritol phosphate (MEP)
pathway as the precursor for the synthesis of carotenoids.?®
Thus, enhancing the carotenoid concentration stimulates de-
fence mechanisms activated with these PGPRs to ameliorate
plant endurance to stress status.?’

The use of bio-fertilizers in severe drought stress can be more

efficient in reducing proline accumulation, in comparison with
non-treated plants.'# Proline acts as an essential signalling part
against drought stress to stimulate mitochondria performing
and change cell replication, increasing the expression of special
recovery genes related to drought stress.’° Increasing proline
content helps to sustain membrane structure by protecting the
cell redox potential and diminishing the reactive oxygen species
(ROS) level through reducing lipids peroxidation.?!

It has been revealed that T. aestivum that has a higher po-
tential for accumulate proline shows higher percentages of
endurance.’? Also, the lowest proline content (22.1 g g~ ')
was related to treatment inoculation with Az+ AMF+SA. This
treatment showed 45.9% decreases compared to the control.
A similar observation reported that water stress statistically
enhanced proline in two Thymus species but, all treatments in-
oculated with AMF resulted in reduced proline in every level
of water stress.'? The results of other research studies stated
that plants treated with the combination of PGPR and SA sig-
nificantly decreased the proline accumulation and brought the
amounts near to the irrigation control treatment.>* Although the
S. hortensis plants were in water deficiency conditions (W2)
and treated with Az+AMF or combination (Az+AMF+SA) did
not show statistically significant differences regarding proline
content compared to W1 treatments that were similar with the
Hafez et al.?* results. Besides, application SA on plants under
stress conditions and inoculation with Az+AMF caused sig-
nificant decreases of proline than non- application of SA (27
and 28.7 g g~ ). The Synergistic effects between PGPR and
SA decreased the proline accumulation under water shortage
situations due to the osmotic regulation, scavenging ROS and
sustaining the integrity of subcellular constructions in plant
cells, moderating of the adverse effects of water shortage.>*
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Lowering IAA content under stress may result from dimin-
ished IAA synthesis or a raise in the destruction of IAA by
stimulating the activity of the oxidase enzyme.>> However, PG-
PRs with leak phytohormone in the soil can moderate the en-
dogenous levels of phytohormone IAA.!' Results exhibited that
with rising drought stress levels, the IAA content decreased,
which was similar to the previous report by Khan, et al.3* The
highest content of IAA (0.95 pg g~! FW) was obtained with
the use of Az+AMF and SA under irrigation W1 conditions,
and the lowest content of this trait (0.80 pg g~! FW) was re-
lated to the treatment of non-inoculation under W3 irrigation
condition. Khan et al.3? reported that spraying of SA was also
efficient and improved the IAA content in both the shoot and
rhizosphere. The application PGPR, SA, and their combined
treatment raised the IAA significantly.>®> When plants were in-
oculated with AZ+AMF, AMF alone, and with SA, Az+SA
under stress conditions showed no significant difference com-
pared to plants under the W1 conditions. All the treatments
have ameliorative results, but the treatment with SA exhibited
a lessened influence in this context, which could be due to
the fundamental difference between the PGPR and SA in the
biosynthesis or modulation of phytohormones. In general, IAA
production is due to the direct operation of PGPR on crops,
that enhances the number of root and absorption surface area
of the plant. Therefore, under drought stress follows efficient
absorption of nutrients and water by plant roots.>® High levels
of IAA are produced via the intermediate indole-pyruvic acid
pathway.” The presence of the ipdC gene in the bacteria gives
it the capacity to provide enough contents of IAA that could be
utilized for plant growth increment.

Previous studies have proved that carvacrol, thymol, and their
precursors, p-cymene, and - terpinene are the main components
of the S. hortensis 0il.° As well as the concentrations of car-
vacrol and thymol in Iranian accessions of S. hortensis are
deficient. Although the essential oil content and its composi-
tion in S. hortensis is genetically controlled, but variations in
phytochemical characters have different origins.*’ Biosynthesis
of essential oil components is relevant to producing valuable
terpenes that can be considered a defensive response to differ-
ent stresses.*! It has been reported that environmental factors
such as water stress and inoculation with biofertilizers could
significantly influence the biosynthetic pathway and accumu-
lation of natural compounds. As well as was demonstrated that
with the use of AMF or rhizobacteria, the production of valu-
able terpenes in the plant would also be altered.* Mohammadi
et al.*? reported that inoculation of S. hortensis with certain P,
fluorescens Migula strains can significantly increase the plant
biomass and some essential oil yields under water stress con-
ditions.

CONCLUSION

The findings of this work demonstrated that the percentage and
composition of the essential oil in S. hortensis increased signifi-
cantly under W2 and W3 treatments, while decreased plant FW
and DW, chlorophylls and carotenoid contents, and IAA. Ap-
plication of these rhizobacteria and fungi in soil and spraying
SA improved the growth and tolerance of plants under stress
by increasing proline, carvacrol, and thymol. The improved
growth in response to biofertilizers inoculation at each level of
irrigation could be ascribed to the biosynthesis IAA, thereby
regulating root development and defence system metabolism to
improve drought-tolerance.
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