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Abstract

Salt stress is one of the most critical limiting factors in plant growth and yield. The endophytic
fungus Serendipita indica stimulates the growth of many plant species, thereby enhancing their
tolerance to abiotic stresses. The effect of S. indica inoculation and foliar application of
gibberellic acid on the morphophysiological traits of two grape cultivars, white seedless and
Turkmen 4, under salt stress conditions in an aeroponic system was investigated. The
experimental treatments included different levels of gibberellic acid (0 and 150 mg/L gibberellic
acid), inoculation with S. indica (non-inoculated and inoculated with the fungus), and two levels
of salinity (0 and 100mM sodium chloride) with three replications. The results showed that
treatment with gibberellic acid and fungal inoculation increased several morphophysiological
indices, including chlorophyll, soluble sugars, proline, phenols, flavonoids, and potassium, in
both grape cultivars. Meanwhile, it decreased the levels of traits such as malondialdehyde,
hydrogen peroxide, and sodium. The results also showed that salt stress reduced the amount of
root dry weight (26%), and increased flavonoids (52%), proline (41%), sodium (5.8 times),
malondialdehyde (41%), and hydrogen peroxide (38%) in both cultivars. Overall, the results
demonstrated that treatment with gibberellic acid and inoculation with S. indica increased
osmolytes such as soluble sugars (37%), proline (38%), and phenol (2%); on the other hand,
oxidative stress was reduced through decreased hydrogen peroxide (34%) and malondialdehyde
(31%) levels. These effects collectively enhanced plant growth and performance under stress
conditions while improving stress tolerance.
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Introduction

Biological methods that utilize beneficial soil organisms and horticultural practices, such as applying plant
growth regulators, play a significant role in promoting tolerance to different abiotic stresses. The endophytic
fungus, Serendipita indica has attracted attention due to its growth-promoting functions, broader host range
compared to mycorrhizal fungi, and ability to be cultured in synthetic media. This fungus has been
successfully utilized to enhance growth and promote tolerance to abiotic stresses in various plants. Given the
significant impact of salinity stress on reducing agricultural productivity and the importance of grapevine
plants, it is of paramount importance to study and develop strategies to mitigate the adverse effects of
salinity stress in grapevine plants. This research aimed to investigate the potential impact of gibberellic acid
application, along with root colonization by S. indica, on salinity stress tolerance in two grape cultivars,
White Seedless and Turkmen 4, in an aeroponic system.

Materials and Methods

This research was conducted as a factorial experiment in a completely randomized design with three
replications. The experimental treatments included two levels of gibberellic acid (0 and 150 mg/L), two
fungal treatments (inoculated and non-inoculated), and two stress levels (0 and 100 mM NaCl). The
experiment was conducted in four tanks, with 12 cuttings (6 of each variety) placed in each tank. In each
tank, three cuttings of each variety were untreated with gibberellic acid. Tank 1 included control samples
without inoculation with fungus and those treated with NaCl. In Tank 2, salinity stress was induced on non-
inoculated plants. Tank 3 included samples inoculated with fungi and exposed to salinity stress. Tank 4
included samples inoculated with fungi under non-stressed conditions. Inoculation with fungus was
performed in two stages: one before transferring the cuttings to the system, and the other after root
emergence, by spraying the fungus spores onto the roots. Control cuttings were treated with distilled water.
Salinity stress was induced by adding a sodium chloride solution to the tanks over a period of four weeks.
Treatment with gibberellic acid was performed in a single step. Sampling was conducted 4 weeks after
stress, and traits such as dry and wet weight of root and shoot, chlorophyll a, b, and total chlorophyll,
carotenoids, phenols, flavonoids, proline, malondialdehyde, hydrogen peroxide, total soluble sugars,
antioxidant enzymes, and sodium and potassium levels were evaluated.

Results and Discussion

The results showed that salinity stress, fungus, gibberellic acid, and their interactions had a significant effect
on the most measured traits. Salinity stress increased the levels of soluble sugars, malondialdehyde, proline,
phenols, and flavonoids, while also increasing sodium levels and catalase activity, but decreased membrane
stability and chlorophyll content. Inoculation with the fungus and gibberellic acid application, as well as their
interactions, had a positive effect on reducing the effects of stress by improving morphophysiological traits.
Several mechanisms have been proposed for the positive impact of the fungus on increasing growth,
including increased cytokinin production and improved transport through the vascular system. Fungal
mycelia increase the absorption surface, thereby enhancing the absorption of water and elements. By
stimulating cell growth and increasing root length, gibberellic acid enables the plant to achieve greater depth
in absorbing water and minerals, thereby better coping with saline conditions. The fungus increases the
levels of carbohydrates, proteins, and proline through certain hexose transporters and affects plant hormone
synthesis. Gibberellin induces qualitative and quantitative changes in the synthesis of specific amino acids,
including proline, by affecting the transcription or translation of specific genes.

Additionally, the reduction in lipid peroxidation can be attributed to gibberellin's role in destroying reactive
oxygen radicals. This may reduce the content of superoxide and hydrogen peroxide radicals by influencing
the activity of free radical scavenging enzymes. The effect of the fungus on reducing ROS production is one
of the reasons why membrane stability is higher in inoculated plants under stress conditions. The fungus and
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gibberellic acid may play a crucial role in eliminating reactive oxygen species by enhancing the activity of
antioxidant enzymes, which is consistent with their effects on carotenoid levels, membrane stability, and
malondialdehyde content. This demonstrates that these plants reduce the detrimental effects of salinity stress
more than control plants.

Conclusion

Based on the results, inoculation with the endophytic fungus and treatment with gibberellic acid increased
chlorophyll, phenol, potassium, and catalase levels, while decreasing hydrogen peroxide, malondialdehyde,
and sodium levels. This positively affected tolerance to salt stress in both cultivars, with the White Seedless
variety showing more improvement than Turkmen 4. Overall, the results indicated that fungus inoculation
had a greater effect than gibberellic acid in both cultivars. Future research could investigate the molecular
mechanisms of PGRs and the effect of fungi on salt stress tolerance in grapes. This knowledge is crucial for
ensuring sustainable grape cultivation under changing environmental conditions.
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Table 1- Variance analysis of the effect of salinity, gibberellic acid and inoculation with S. indica on the shoot and root dry weight,
photosunthetic pigments and total soluble sugars of grapes-white seedless.

Sources of variation DF RootDryW. Leaf Dry W.  Total Chlorophyll Carotenoid Totgluzg:gble
Fungus (A) 1 22.36 "™ 0.499 s 0.725 "™ 0.004 ns 24587
Salinity (B) 1 3.504 ns 0.007 ns 3.59™ 0.003 s 44,39 s

Gibberellic acid (C) 1 1.054 0.191m 0.014 s 0.016 ™ 14.85 "

AxB 1 13.756 ™ 1.793 " 323" 0.036 " 4,59
AxC 1 3.398 M 0.205 M 4,208 0.338 ™ 11.39
BxC 1 0.592 " 0.385 M 193" 0.027 s 34.27 "M
AxBxC 1 5.387 M 10.507 s 0.44 s 0.001 " 9.2
Error 16 0.963 7.34 0.413 0.011 125
C.V. - 13.84 9.41 43.4 20.72 17.15

RO NWRTY. PR dw‘da.w)bd)\ékslxﬂ})‘.)&@}uﬁr.&&%;@%‘éi}i—}%‘ns
ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Table 2- Variance analysis of the effect of salinity, gibberellic acid and inoculation with S. indica on the shoot and root dry weight,
photosunthetic pigments and total soluble sugars of grapes-Torkaman 4.

Sources of variation DF  RootDry W.  Leaf Dry W.  Total Chlorophyll Carotenoid Totglu:g:l;ble
Fungus (A) 1 9.03 ™ 211 2.25™ 0.064 ™ 43.929 "
Salinity (B) 1 19.52 ™ 3.88 ™ 0.149 ™ 0.191 ™ 411.93™
Gibberellicacid (C) 1 1.9m 0.558 1 0.753 " 0.47™ 0.25 ™

AxB 1 7.85M™ 0.36 ™ 0.095 " 0.0001 ™ 0.035 "

AxC 1 0.258 ™ 0.829 " 0.01m 0.079 ™ 12.746 ™

BxC 1 2.04m 1.025 ™ 119" 0.003 ™ 8.485 M
AxBxC 1 0.001 " 0.395 " 0.211 " 0.025™ 3.55 ™

Error 16 2.72 1.535 0.163 0.001 10.14

C.V. - 27.87 34.42 25.01 5.17 17.8

el A2 y3 0 ) db\@&)}&)\}&})b&&)&(.\&%iA{%ke'ﬁje'n‘gns
ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Figure 2- The interaction effects of (A) fungus x gibberellic acid, (B) fungus x salinity, (C) salinity x gibberellic acid on total
chlorophyll in white seedless and (D) salinity x gibberellic acid in Turkmen-4 (treatments: SO: OmM sodium chloride, S1: 100mM
sodium chloride, GO: 0 mg I gibberellic acid, G1: 150 mg I* gibberellic acid, PO: non-inoculated and P1: inoculated with S. indica).
Values are means of three replicates. Means sharing a common letter are not significantly different at the 5% probability level
according to Duncan test.
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Figure 3- The interaction effects of (A) fungus x gibberellic acid on carotenoid content in white seedless and (B) the interaction
effects of salinity x gibberellic acid x fungus in Turkmen-4 (treatments: SO: OmM sodium chloride, S1: 100mM sodium chloride, GO:
0 mg I gibberellic acid, G1: 150 mg I'* gibberellic acid, PO: non-inoculated and P1: inoculated with S. indica). Means sharing a
common letter are not significantly different at the 5% probability level according to Duncan test.
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Table 3- Variance analysis of the effect of salinity, gibberellic acid and inoculation with S. indica on proline, phenol, flavonoids,
malondialdehyde and hydrogen peroxide of grapes-white seedless.

Sources of variation DF Proline Phenol Flavonoids MDA H202
Fungus (A) 1 281.87 ™ 3347.42* 897376  9.35™ 1.14™
Salinity (B) 1 48.65 ™ 17.78 ™ 133.48 ™ 14.78 3137

Gibberellic acid (C) 1 4,56 0.355 "™ 339.75 ™ 0.829 ™ 0.081"

AxB 1 7.16 M 82.95 293.58 ™ 0.109™  0.683 ™
AxC 1 0.508 ™ 4.36™ 6592.2 " 1.27 0.05~
BxC 1 1171 356.5 ™" 1608.72 ™ 6.26 ™ 0.146 ™
AxBxC 1 176" 698.7 ™" 610.24 ns 0.038"™  0.018 "™
Error 16 32.59 58.64 638.625 2.59 0.011
C.V. - 26.5 18.97 18.76 25.21 7.6

RGO IRWREY PR dw’-‘cld‘ﬂ)éé)‘éw})‘b@aﬂ\:}ju:r-\;%‘::;4{9'&9'&}9'&‘“3
ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Table 4- Variance analysis of the effect of salinity, gibberellic acid and inoculation with S. indica on proline, phenol, flavonoids,
malondialdehyde and hydrogen peroxide of grapes-Torkaman-4.

Sources of variation DF Proline Phenol Flavonoids MDA H202
Fungus (A) 1 108.33 ™ 42" 9094.04 16.04 ™ 1.64™
Salinity (B) 1 219.07 * 249.29 ™ 4456.19 ** 8.64" 1.00 ™

Gibberellic acid (C) 1 58.18 ™ 329.7™ 6764.3™ 1.042 s 0.028 s

AxB 1 18.15™ 12.77 ™ 3141 1.224 ™ 0.06 ™
AxC 1 42118 42,691 1080.5 " 0.034"  0.002"
BxC 1 11.69 ™ 0.98 ™ 0.493 ™ 0.395 "™ 0.016 "™
AxBxC 1 553" 31.39 ™ 427.06 ™ 0.15" 0.004 s
Error 16 45.82 18.52 371.08 1.358 0.028
C.V. - 27.87 9.2 15.88 26.03 13.03

RGNS P dl.«.‘.‘:-\C]aujéé)\é&))‘b@a&}wr.w%;@%L‘%'.%}%‘.sgﬂs
ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Figure 4- The interaction effect of different salinity, gibberellic acid and fungus treatments on the phenolic content of white seedless
grape leaves (treatments: SO: OmM sodium chloride, S1: 100mM sodium chloride, GO: 0 mg I gibberellic acid, G1: mg I*
gibberellic acid, PO: non-inoculated and P1: inoculated with S. indica). Means sharing a common letter are not significantly different
at the 5% probability level according to Duncan test.
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Figure 5- Interaction effects of (A) fungus x gibberellic acid and (B) salinity x gibberellic acid on total flavonoid content in white
seedless (treatments: SO: OmM sodium chloride, S1: 100mM sodium chloride, GO: mg I gibberellic acid, G1: mg I gibberellic acid,
PO: non-inoculated and P1: inoculated with S. indica). Means sharing a common letter are not significantly different at the 5%

probability level according to Duncan test.
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Figure 6- The interaction effects of (A) salinity x gibberellic acid, (B) fungus x salinity and (C) fungus x gibberellic acid on the
amount of hydrogen peroxide in white seedless (treatments: SO: OmM sodium chloride, Si: 100mM sodium chloride, Go: mg I
gibberellic acid, G1: mg I'* gibberellic acid, PO: non-inoculated and P1: inoculated with S. indica). Means sharing a common letter are
not significantly different at the 5% probability level according to Duncan test.
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Figure 7- The interaction effect of different salinity, gibberellic acid and fungus treatments on catalase activity of white seedless
(treatments: So: OmM sodium chloride, S1: 100mM sodium chloride, Go: mg I gibberellic acid, G1: 150 mg I gibberellic acid, Po:
non-inoculated and P1: inoculated with S. indica). Means sharing a common letter are not significantly different at the 5% probability
level according to Duncan test.
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Table 5- Variance analysis of the effect of salinity, gibberellic acid and inoculation with S. indica on antioxidant enzymes, sodium

and potassium content of grapes-white seedless.

Sources of variation DF CAT POD APX Sodium Potassium
Fungus (A) 1 0.002 ™ 0.0001 ™ 0.002 " 9.18 ™ 31.62 ™
Salinity (B) 1 0.001 ™ 0.00005 " 0.004 s 102.7 ™ 271

Gibberellic acid (C) 1 0.002 ™ 0.0004 ™ 0.001 s 13.72™ 0.818 ™

AxB 1 0.001 "™ 0.0001 ™ 0.001 s 6.77™ 5.25 ™
AxC 1 0.002 ** 0.0001 "s 0.001"  0.002"s 3.92™
BxC 1 0.005 ** 0.0001 "s 0.004™ 1234 434"
AxBxC 1 0.001 "~ 0.0006 " 0.003 s 453™ 1.7
Error 16 0.0001 0.0001 0.002 0.143 0.092
C.V. - 30.27 20.46 10.19 9.6 5.3

RO NWRTY. PR JWICLM,adjl;@m,,b&m;;,L&:rx%;@s%a%}a%‘ns

ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Table 6- Variance analysis of the effect of salinity, gibberellic acid and inoculation with S. indica on antioxidant enzymes, sodium

and potassium content of grapes -Torkaman-4.

Sources of variation ~ DF CAT POD APX Sodium Potassium
Fungus (A) 1 0.003 "™ 0.002 s 0.009 ™ 22.83™ 17.32 ™
Salinity (B) 1 0.041 s 0.002 s 0.0001 ™ 95.16 ™ 59.19 ™

Gibberellic acid (C) 1 0.01m 0.002 s 0.0001 ™ 0.193m 3.94™

AxB 1 0.009 s 0.001ms 0.001ms 17.59 ™ 0.302"
AxC 1 0.005 ™ 0.001m 0.001 " 0.343 ™ 0.175m
BxC 1 0.006 " 0.001ms 0.004 s 6.05™ 0.008 s
AxBxC 1 0.001 " 0.001m 0.003 ™ 2.001 ™ 0.105m
Error 16 0.013 0.001 0.003 0.172 0.237
C.V. - 16.64 17.2 27.75 7.5 4.97

el Ao y30 9) JL&\&»JJ&)\J&N})‘)&NQ}Wr..\.cxf.;j?q{%leeiej%:e

ns, *, **: Non significant and significant at 5% and 1% probability levels, respectively
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Figure 8- The interaction effect of different salinity, gibberellic acid and fungus treatments on sodium content of (A) white seedless
and (B) Torkaman-4 leaves (treatments: So: 0OmM sodium chloride, S1: 100mM sodium chloride, Go: mg I gibberellic acid, Gi: mg I
1 gibberellic acid, Po: non-inoculated and P1: inoculated with S. indica). Means sharing a common letter are not significantly different

at the 5% probability level according to Duncan test.
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Fig 9. The interaction effect of different salinity, gibberellic acid and fungus treatments on potassium content of white seedless leaves
(treatments: SO: OmM sodium chloride, Si: 100mM sodium chloride, Go: mg I gibberellic acid, Gi: mg I gibberellic acid, Po: non-
inoculated and Pa: inoculated with S. indica). Means sharing a common letter are not significantly different at the 5% probability

level according to Duncan test.
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