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Abstract

Background and objectives: Among the 16 species of Satureja in Iran, 10 are endemic,
including S. bachtiarica, S. khuzistanica, S. intermedia, S. sahendica, S. isophylla, S. rechingeri,
S. edmondi, S. kallarica, S. atropatana, and S. kermanshahensis. Satureja sahendica Bornm. is
a perennial plant with essential oil widely used in the pharmaceutical, food, health, and cosmetic
industries. Its antiviral properties have also been documented. Drought stress is one of the most
significant environmental challenges for plants, leading to reduced water absorption, stomatal
conductance, transpiration, and photosynthesis, while also disrupting hormonal balance. Plants
adopt various mechanisms to mitigate drought stress, such as increasing osmotic regulators like
sugars, proline amino acids, and proteins. Drought conditions typically decrease chlorophyll
content while increasing carotenoids. Additionally, oxidative stress intensifies under drought,
leading to the accumulation of reactive oxygen species such as catalase, superoxide dismutase,
and ascorbate peroxidase in chloroplasts and mitochondria. Mycorrhizal fungi play a crucial
role in enhancing root absorption, regulating water movement within host plants, and ultimately
improving tissue water uptake and leaf physiology.
Methodology: This experiment was conducted using a split-plot design within a randomized
complete block design (RCBD) with three replications at the Research Institute of Forests and
Rangelands during 2015-2016. The main factor was irrigation treatment, consisting of full
irrigation (control), irrigation interruption at the stem stage (resumed at the budding stage),
irrigation interruption at the budding stage (no irrigation until the end of the flowering period),
and irrigation interruption at the 50% flowering stage (no irrigation until the end of flowering).
The secondary factor was biological fertilizer application, which included no biofertilizer
(control), inoculation with Glomus intraradices, inoculation with Glomus mosseae, and
inoculation with Glomus mosseae + Glomus intraradices. Throughout the growth period,
irrigation was maintained at 80-90% of field capacity, and drought treatments were applied
based on plant morphology. The biofertilizers contained mycorrhizal fungi (Glomus
intraradices and Glomus mosseae) in the form of active fungal structures, including spores,
hyphae, and roots. Before transplanting the seedlings, 10 grams of biofertilizer, containing 400
to 500 active fungal units, was applied to each planting hole.
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Results: The interaction effect of drought stress and mycorrhiza was significant at the 1%
probability level for protein, catalase, superoxide dismutase, peroxidase, chlorophyll a, total
chlorophyll, proline, polyphenol oxidase, soluble sugars, essential oil percentage, essential oil
yield, and flowering shoot yield, while its effect on carotenoid and total phenol was significant
at the 5% level. The results indicated that the yield of p-cymene, y-terpinene, and thymol was
significantly influenced at the 1% level by the triple interaction of year, drought stress, and
mycorrhiza. Mean comparisons revealed that catalase, superoxide dismutase, chlorophyll b,
proline, total phenol, essential oil percentage, and essential oil yield were higher in the second
year. Regarding drought stress, the highest flowering shoot yield was observed under full
irrigation and moisture stress applied at the full flowering stage. Mycorrhizal treatment
comparisons showed that the highest malondialdehyde release occurred in plants without
inoculation and those treated with the combination of Glomus intraradices + Glomus mosseae.
Essential oil analysis revealed that the highest percentage (2.23%) was obtained in the budding
stage treatment with G. mosseae, while the highest essential oil yield (51.78 kg/ha) was
recorded under full irrigation with G. intraradices inoculation. The triple interaction (year X
drought stress x mycorrhiza) analysis showed that in the first year, the highest thymol yield
(74.59%) resulted from full irrigation combined with G. mosseae inoculation.

Conclusion: Therefore, it can be concluded that the application of biological fertilizers
effectively mitigated the effects of drought stress, leading to an increase in both the essential oil
percentage and thymol content.
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Table 1. Combined ANOVA of dehydration stress and mycorrhizal fungi effects on physiological traits of
Satureja sahendica

M.S.
S.O.V. df. . Superoxide . Chlorophyll Chlorophyll Total .
Protein Catalase . Peroxidase Carotenoids
dismutase a b chlorophyll
Year (Y) 1 1.23"™ 0.009* 8568* 0.001** 0.102"™ 0.322** 0.050™ 0.021"™
Eerror 4 0.19 0.0006* 1920 0.00006 0.014 0.001 0.008 0.003
Dehydration stress
©) 3 22.73** 0.172** 207507** 0.023** 0.519** 0.070** 0.97** 0.04**
Y*D 3 0.009"™ 0.00001™ 15.97™ 0.005** 0.013"™ 0.0003™ 0.002"™ 0.000003™
Error (A) 12 0.75 0.0001 261.86 0.0004 0.017 0.002 0.04 0.001
Myecorrhizal fungi
™) 3 7.40%* 0.13** 369330** 0.054** 0.313** 0.070** 0.73** 0.137**
Y*M 3 0.004"™ 0.000006™ 128.02" 0.000006™ 0.009™ 0.00009™ 0.007™ 0.00001™
D*M 9 1.35%* 0.04** 21382** 0.002** 0.046** 0.010™ 0.096** 0.013*
M*D*Y 9 0.01™ 0.000006™ 148.06"™ 0.0002™ 0.016™ 0.0003™ 0.005™ 0.000003™
Error (B) 48 0.32 0.0005 1224 0.0004 0.014 0.011 0.021 0.004
CV. (%) 18.40 11.40 12.56 19.90 13.32 26.57 10.62 15.79
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M.S.
Proline Total Malondialdehyde  Polyphenol Soluble Essential Essential Flowering
S.O.V. d.f. . . I
phenols oxidase sugars oil oil yield branches
percentage yield
Year (Y) 1 0.240** 9.21** 0.290™ 0.002"™ 0.107™ 3.46™ 28.17"™ 3597029"™
Eerror 4 0.011 0.328 0.024 0.0006 0.026 0.90 4.66 521755
D;:‘g’g?g‘;” 3 1.73%* 2,504 0.690** 0.261%*  0363* 068  12001**  2694710**
Y*D 3 0.00000001™  0.144** 0.0001™ 0.007** 0.001™ 0.11™ 0.65™ 172281"™
Error (A) 12 0.002 0.009 0.086 0.001 0.009 0.26 0.66 62905
Mycorrhizal 1.05%* 7.36% 0.950%* 1.019%  0.076%* 0.41" 6.31%* 1377175%*
fungi (M)
Y*M 3 0.000002™ 0.010™ 0.00™ 0.006** 0.0004™ 0.49™ 2.60** 128651"™
D*M 9 0.272** 0.56* 0.182"™ 0.273** 0.067** 0.86** 7.34%** 1195779**
M*D*Y 9 0.00002"™ 0.20™ 0.071™ 0.0018™ 0.0003"™ 0.24™ 0.73"® 100430™
Error (B) 48 0.008 0.24 0.160 0.001 0.017 0.18 0.62 156593
C.V. (%) 10.64 11.73 22.75 12.48 16.016 25.74 15.74 23.64
e &S o bl sz =Y Jsde aslsl
Continued Table 1. Combined ANOVA of ...
M.S.
SO.V. df p-Cymene y-Terpinene Thymol
Year (Y) 1 2587.63* 126.67™ 1905.75™
Eerror 4 205.27 42.06 33241
Dehydration stress (D) 3 92.64** 2.93™ 130.66**
Y*D 3 282.79** 19.26** 447 .64**
Error (A) 12 3.72 2.36 0.75
Mycorrhizal fungi (M) 3 70.85** 8.54** 148.57**
Y*M 3 30.66** 8.74%* 32.59**
D*M 9 112.10** 31.55** 166.31**
M*D*Y 9 48.03** 7.005** 128.09**
Error (B) 48 243 1.65 0.64
C.V. (%) 5.43 8.288 472
n.s., *, and **: non-significant, significant at 1, and 5% probability levels, respectively.
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Table 2. Means comparison of year effects on some physiological traits of Satureja sahendica

Catalase (unit.mg™

Superoxide dismutase

Chlorophyll b (mg.g°

; 1

Treatment protein) (unitmg™ protein) 'Fw) Proline (Lg.g™ FW)
First year 0.20° 268.98° 0.34° 0.80°

Secend year 0.22° 287.88% 0.46 0.90°%

In each column, means with common letters are in the same statistical group at 5% probability level (Duncan test).
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Table 3. Means comparison of dehydration stress effects on some physiological traits of Satureja sahendica

Chlorophyll b (mg.g™ Malondialdehyde Total yield
Treatment FW) (Lg.g™* FW) (kg.ha)
DO 0.34 1.68® 1800.6®
D1 0.47° 1.89° 1202.5°
D2 0.38" 1.55° 1706.2°
D3 0.41° 1.89% 1986.2°

In each column, means with common letters are in the same statistical group at 5% probability level (Duncan test).
DO- Full irrigation, D1- Stopping irrigation during the stem formation stage (restarting irrigation from the budding stage), D2- Stopping irrigation during the budding stage
(no irrigation until the end of flowering period), and D3- Stopping irrigation at the 50% flowering stage (no irrigation until the end of flowering period).
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Table 4. Means comparison of mycorrhizal fungi effects on some physiological traits of Satureja sahendica

_1 -
Treatment Chlomp?\lll\ll)b (mg.g Ma(lsgzl_?lgw)yde Flowering branches vyield (kg.ha?)
MO 0.45°% 1.95° 1784.8°
M1 0.32° 1.51° 1868.6°
M2 0.42 1.69% 1327.1°
M3 0.40° 1.87® 1715

In each column, means with common letters are in the same statistical group at 5% probability level (Duncan test).
MO- No use of biological fertilizer, M1- Inoculation with Glomus intraradices, M2- Inoculation with G. mosseae, and M3- Inoculation with G. mosseae + G. intraradices.
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Table 5. Means comparison of year x dehydration stress effects on some physiological traits of Satureja

sahendica
Treatment Peroxidase (unit.mg™ Total phenols (ug.g*  Polyphenol oxidase (unit.mg™
protein) FW) protein)
Y1*D0 0.088° 3.455¢ 0.178¢
Y1*D1 0.131%® 4.02° 0.267°
Y1*D2 0.115° 3.96° 0.44°
Y1*D3 0.052¢ 4.25" 0.187¢
Y2*D0 0.061¢ 4.06° 0.196¢
Y2*D1 0.143 4.85° 0.273°
Y2*D2 0.124%® 4.557% 0.377°
Y2*D3 0.097¢ 4.7 0.182¢

In each column, means with common letters are in the same statistical group at 5% probability level (Duncan test).

Y1- First year and Y2- Second year; DO- Full irrigation, D1- Stopping irrigation during the stem formation stage (restarting irrigation from the budding stage), D2-
Stopping irrigation during the budding stage (no irrigation until the end of flowering period), and D3- Stopping irrigation at the 50% flowering stage (no irrigation until the
end of flowering period).
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Table 6. Means comparison of year x mycorrhizal fungi effects on some physiological traits of Satureja sahendica

Treatment Polyphenol oxidase (unit.mg™ protein) Essential oil yield (kg.ha™)
Y1*MO 0.566° 26.586™
Y1*M1 0.089¢ 24.143
Y1*M2 0.111¢ 17.839°
Y1*M3 0.302° 21.885"
Y2*MO 0.507° 30.370°
Y2*M1 0.096¢ 415812
Y2*M2 0.118¢ 25.199"
Y2*M3 0.307° 42.506°

In each column, means with common letters are in the same statistical group at 5% probability level (Duncan test).
Y1- First year and Y2- Second year; MO- No use of biological fertilizer, M1- Inoculation with Glomus intraradices, M2- Inoculation with G. mosseae, and M3- Inoculation
with G. mosseae + G. intraradices.
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Table 7. Means comparison of dehydration stress x mycorrhizal fungi effects on some physiological traits of
Satureja sahendica

Protein Catalase Superoxide  Peroxidase  Chlorophyll Total Carotenoids
Treatment (Mo.g* (unitmg®  dismutase  (unitmg® a(mg.g®  chlorophyll  (mg.g®FW)
FW) protein) (unitmg™ protein) FW) (mg.g*
protein) FW)

D0*MO 1.72 0.1 305.25° 0.115% 1.02% 1.16 0.398°
DO*M1 1.71f 0.08' 58.88/ 0.038" 0.75° 1.098" 0.368°
DO*M2 1.77° 0.1 205.54%" 0.091% 1% 1.108" 0.376°
DO*M3 1.70f 0.098' 139.88' 0.055%" 1128 1.118" 0.388°
D1*MO 4,742 0.48 361 0.225° 1.14° 1.838° 0.586°
D1*M1 2.96% 0.14" 147" 0.075" 0.78° 1.118" 0.378°
D1*M2 4.50% 0.28° 288.83f 0.145° 0.075%® 1.768% 0.568?
D1*M3 3.85™ 0.29° 191" 0.096° 0.94° 1.635"¢ 0.408°
D2*M0 3.72 0.27% 589° 0.185° 1.142 1.608"™ 0.548°
D2*M1 2.87° 0.19¢ 138.7' 0.045" 0.78° 1.233° 0.358"
D2*M2 3.58%¢ 0.23° 2428 0.135™ 1.07® 1.601°% 0.538°
D2*M3 3.67%¢ 0.21% 190.83" 0.113% 0.94° 1.505% 0.398°
D3*M0 4.52% 0.45° 547.41° 0.115% 0.72¢ 1.485% 0.536°
D3*M1 1.93" 0.25% 325.5%f 0.04" 0.65¢ 1.12 0.348°
D3*M2 3.43%¢ 0.1' 391° 0.09° 0.69¢ 1.516% 0.526°

D3*M3 3.31% 0.1' 333.17% 0.053%" 0.68° 1.415% 0.406"
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Continued Table 7. Means comparison of dehydration stress X mycorrhizal fungi effects ...

Treatment Proline Total Polyphenol Soluble Essential Essential Flowering
(ng.g* phenols peroxidase sugars oil (%) oil yield  branches yield
FW) (Mg.g FW)  (unitmg™ protein)  (ug.g” FW) (kg.ha™) (kg.ha™)
DO*MO 0.59" 3.93" 0.42° 0.74% 1.29%f 30.74%° 2383.32%
DO*M1 0.57" 3.66° 0.097¢ 0.70°f 1.97%¢ 51.78° 2589.22°
DO*M2 0.59" 3.73° 0.117¢ 0.56" 1.43"f 11.819" 777.12"
DO*M3 0.58" 3.7° 0.107° 0.73% 1.85%° 27.08°" 1452.87°%
D1*MO0 1.35° 5.42° 0.747° 1.14° 1.73*¢ 22.01%" 1282.85™
D1*M1 0.62" 3.88> 0.097¢f 0.96™ 1.03f 8.24" 1001.80%"
D1*M2 0.65%" 4.235™ 0.127¢ 1.1® 1.38%f 14.65™" 1001.879"
D1*M3 0.65%" 4.193" 0.107° 0.72° 1.89%¢ 29.11%° 1523.46%f
D2*MO 0.88° 5.423% 0.553° 0.89% 1.4 20.77°" 1498.05%f
D2*M1 0.73% 3.83% 0.077' 0.79% 1.91%¢ 38.37" 1975.72°
D2*M2 0.79° 3.9% 0.097¢ 0.84%¢ 2.23° 35.57°% 1560.6%
D2*M3 0.75% 3.87" 0.897° 0.81%% 2.09% 27.1bc 790.57°%
D3*M0 1.8° 5.418" 0.417° 0.81%% 2.08%° 40.91% 1975.08"
D3*M1 0.8' 3.878" 0.097f 0.76% 1.7%® 33.03"¢ 1907.52°*
D3*M2 1.25° 4,253 0.116°" 0.81%%¢ 1.24% 24,0279 1968.88"
D3*M3 1.05° 4.358° 0.103°f 0.76% 1.65%f 35.47°% 2093

In each column, means with common letters are in the same statistical group at 5% probability level (Duncan test).

DO- Full irrigation, D1- Stopping irrigation during the stem formation stage (restarting irrigation from the budding stage), D2- Stopping irrigation during the budding stage

(no irrigation until the end of flowering period), and D3- Stopping irrigation at the 50% flowering stage (no irrigation until the end of flowering period); MO- No use of

biological fertilizer, M1- Inoculation with Glomus intraradices, M2- Inoculation with G. mosseae, and M3- Inoculation with G. mosseae + G. intraradices.
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Table 8. Means comparison of year x dehydration stress x mycorrhizal fungi effects on essential oil main
compounds percentage of Satureja sahendica

Treatment p-cymene p-cymene y-terpinene y-terpinene Thymol Thymol
(First year) (Second year) (First year) (Second year) (First year) (Second year)

DO*MO 25.391k 40.11° 13.40M 15.55%" 52.38° 34.10°
DO*M1 30.7% 38.32¢ 16.51%f 14.88" 43.89' 35.92°
DO*M2 9.41° 31.45% 11.45¢ 13.35M 74.59% 45124
DO*M3 21.78™ 37.79° 19.89% 17.85"¢ 50.53 35.4%
D1*MO 23.434 35.64% 19.29%¢ 16.02%¢ 45,124 38.48"
D1*M1 17.68° 38.84%° 16.87° 13.56%* 55.32¢ 38.01"
D1*M2 23.58M 44 45° 14.44H 10.45' 55.49" 36.66
D1*M3 22.69K™ 36.73% 18.16" 14.86" 50.08°" 39.65™
D2*MO 25.19'k 26.30M 16.48%f 14.96" 51.21° 50.79%
D2*M1 25.99™ 31.76° 16.07%9 16.90°" 49.29%" 40.92™
D2*M2 24,31 34.65% 20.76° 15.90%" 46.19% 39.56™
D2*M3 28.099" 38.27" 14.79" 12.52" 47.15" 39.15"
D3*M0 28.149" 29.27F" 17.06°" 14.51" 46.72 47.46"
D3*M1 11.80™ 30.44% 16.75% 15.53°" 57.48° 44.19'
D3*M2 23.02/¢ 19.68™ 19.53% 11.33¢ 44,924 61.97°
D3*M3 28.54" 29.16"" 15.49°" 2.03" 48.34" 50.75%

In each column, means with common letters are in the same statistical group at 5% probability level (Duncan test).

DO- Full irrigation, D1- Stopping irrigation during the stem formation stage (restarting irrigation from the budding stage), D2- Stopping irrigation during the budding stage
(no irrigation until the end of flowering period), and D3- Stopping irrigation at the 50% flowering stage (no irrigation until the end of flowering period); MO- No use of
biological fertilizer, M1- Inoculation with Glomus intraradices, M2- Inoculation with G. mosseae, and M3- Inoculation with G. mosseae + G. intraradices.
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Table 9. Correlation between physiological traits of Satureja sahendica
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 0.68** 1 1 1 1 1 1 1 1 1 1 1 1 1
3 0.45**  0.52** 1 1 1 1 1 1 1 1 1 1 1 1
4 0.54**  0.59** 0.51** 1 1 1 1 1 1 1 1 1 1 1
5 0.13ns 0.20* 0.06™ 0.53** 1 1 1 1 1 1 1 1 1 1
6 0.45**  0.41** 0.40** 0.46** 0.21* 1 1 1 1 1 1 1 1 1
7 0.65**  0.61** 0.41** 0.62** 0.30* 0.51** 1 1 1 1 1 1 1 1
8 0.61**  0.55** 0.56** 0.66** 0.33* 0.39* 0.62** 1 1 1 1 1 1 1
9 0.55**  0.61** 0.70** 0.32* 017" 0.41** 0.39* 0.48** 1 1 1 1 1 1
10  0.54**  0.65** 0.67** 0.50** 0.21* 0.51** 0.45** 0.55** 0.64** 1 1 1 1 1
11 0.31* 0.39* 0.34* 0.37* 0.10™ 0.44** 0.34* 0.33* 0.43**  0.32* 1 1 1 1
12 0.30*  0.44** 0.34* 0.61** 0.29** 0.24* 0.35* 0.27* 0.30* 0.39* 0.22* 1 1 1
13 0.59** 047+ 0.22* 0.46** 0.25* 0.38* 0.44** 0.51** 0.24*  0.41** 0.20* 0.25* 1 1
14 0.10™ 0.17" -0.06™ 0.007™ 0.02™ 0.05™ 0.08™ 0.03™ 0.12® 011" 0.10™ 0.14™ -0.05™ 1

15 002" 0.01™ -0.05™ -0.19™ -0.20* 0.04™ -0.04™ 01" 0.16™  0.06™ 0.004™ 0.06"™ -0.16™ 0.77** 1
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Continued Table 9. Correlation ...
Trait Essential oil Essential oil ~ Flowering branches p-c(yerYI)e ne y-tezfé?ene Tr(]ilg; ol
percentage (14) yield (15) yield (16)
14 1
15 0.77** 1
16 0.15"™ 0.70** 1
17 0.32* 0.36* 0.29* 1
18 0.07"™ -0.04"™ -0.13™ -0.01™ 1
19 0.36* -0.45** -0.41** -0.63** 0.05™ 1

n.s., *, and **: non-significant, significant at 1, and 5% probability levels, respectively.
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Figure 1. Means comparison of biofertilizers effecs on proline content of Satureja sahendica
Means with common letters are in the same statistical group at 5% probability level (Duncan test).
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