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Introduction

Drought stress is one of the most common limiting factors for crop production. Due to its detrimental effects
on numerous physiological and biochemical processes, this stress restricts the growth and development of plants.
In this regard, the application of stress modulators (methanol, silicon and humic acid) has been found to enhance
plant growth and grain yield while also increasing its resistance to abiotic stresses. On the other hand, stress
modulators can lessen the effects of stress toxic by reducing malondialdehyde and hydrogen peroxide
accumulation and keeping the effectiveness of the photosynthetic apparatus. Therefore, measurement of traits of
such as antioxidant enzymes activity, chlorophyll content, proline and soluble sugars content, malondialdehyde
content, electrical conductivity are as indicators of plant response to environmental stress. Although, several
strategies have been developed to decrease the effects caused by drought stress on plant growth. But, among
them, the application of stress modulators (methanol, nano silicon, and humic acid) plays a very important role
in yield improvement. The aim of this study was to evaluate the effects of foliar application of stress modulators
(methanol, nano silicon and humic acid) on the activity of antioxidant enzymes, compatible osmolytes,
photosynthetic pigments content and grain yield of wheat in different irrigation regimes.

Materials and Methods

an experiment as factorial was conducted based on randomized complete block design with three replications
in Agricultural and Natural Resources Research Station of Ardabil, Ardabil, Iran, in 2022-2023 growth season.
The treatments were different irrigation regimes (normal irrigation as control; irrigation withholding at 50% of
booting and heading stages) and foliar spraying of stress modulators (foliar spraying with water, foliar spraying
of methanol (25% volume), nano silicon (50 mg.L™?), humic acid (300 mg.L™), foliar spraying of methanol and
silicon, methanol and humic acid, nano silicon and humic, methanol with nano silicon and humic acid). In each
plot, there were six rows with two m long. In this experiment, the wheat cultivar ‘Hiran’ was employed. For this
cultivar, 400 seeds.m is the optimum density. The used nano silicon had an average particle size of less than 30
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nm and the special surface of particles was more than 30 m2.g?. They were product of Nanomaterial US
Research which was provided by Pishgaman Nanomaterials Company of Iran. For a better solution, deionized
water was mixed with nano Si powder and placed on a shaker with ultrasonic equipment (100 W and 40 kHz).
Two phases of period growth, BBCH 21 and 30 were used for the foliar application of nano silicon. In this
study, the activity of antioxidant enzymes (Catalase, peroxidase, and Polyphenol oxidase), compatible osmolytes
(Proline and soluble sugars), photosynthetic pigments content (Chlorophyll a, Chlorophyll b, total chlorophyll,
and carotenoid), H,O,, MDA, protein content and grain yield of wheat were investigated.

Results and Discussion

The result indicated that both application stress modulators (methanol, silicon and humic acid) at irrigation
withholding in booting stage decreased malondialdehyde content (39.79%) and electrical conductivity (31.25%),
but increased activity of peroxidase (4.89%), polyphenol oxidase (7.73%) enzymes, soluble sugars (22.15%),
chlorophyll a (33.48%), chlorophyll b (24.96%), leaf protein content (25.09%) and grain yield (36.21%) in
compared to the no application of stress modulators under irrigation withholding in booting stage.

Conclusion

According to our findings, applying stress modulators (methanol, silicon and humic acid) under water
limitation often reduced this damage by strengthening the defensive mechanisms, particularly antioxidant
enzymes and compatible osmolytes (Proline and soluble sugars). In summary, our results indicated that application of
stress modulators upgrade plant physiology and trigger the cellular defense of wheat plants against severe water
limitation. Therefore, in can be suggested that applying stress modulators as individual and integrated could
enhance grain yield of wheat under water limitation conditions due to improving of physiological and
biochemical characteristics.
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1- Reactive Oxygen Species (ROS)
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Table 4- Analysis of variance of the effects of stress modifiers on activity of antioxidant enzymes and some biochemical traits
of wheat under irrigation different levels

Mean Square <le po (w55
a3
25 2ol e . -3 SawS | ; olaa
=< Ol NS sty SPeSIdEG R adigade 0 ,
T d.f Catalase Peroxidase Polyphenol Oigsd MDA S
oxidase H.,0; EC
Replication ,,$5 2 16~ 759.6™ 412.9™ 0.00163* 0.0256™ 3335™
Irrigation 0] d)L:-!" 2 175.3™ 594.3™ 31857 0.0077 0.0091™ 5025.7
Foliar (F) szt~ 7 38.9" 106.1™* 63.8" 0.0048™ 0.0042"* 1409.1"
application
IXF 14 5.1ms 31.2" 17.77 0.001™ 0.0007™" 219.4"
Error U 46 3.3 12.3 6.8 0.0004 0.0002 100.4
CV (%) oy 6.7 5.6 5.2 6.5 7.8 7.1

o> S5 g gy o] e 3 )5 gime g I3 gixepuE i ey s g 5 NS
ns, * and ** are non-significant, significant at P<0.05 and P<0.01, respectively.
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Table 5- Analysis of variance of the effects of stress modifiers on compatible osmolytes, photosynthetic pigments, and protein
content and grain yield of wheat under irrigation different levels

Mean Square le po (1SSl

e L SR i bades S eyt e
et d A a £ e o
S.0.V. Sl odant Jglme * i *I Swigii)S ey ails

. Chlorophyll ~ Chlorophyll Total : - i
d.f  Proline ggluble a b Chlorophyll Carotenoid  Protein Grain
sugars Yield
)‘_’SJ . 2 5.82" 146.7™ 0.923" 0.444™ 0.231™ 0.0027™ 41" 10854.6™
Replication
(I? ‘”F"I 2 4277 12151" 1.221™ 0.11™ 2.063™ 0.013™ 147 31491.9™
Irrigation
(F) 2k Jsloxe
Foliar 7 2.98™ 672.7" 0.612** 0.14™ 1.137" 0.0059™ 3.8 14168.6™
application
IXF 14 0.45"™ 143.3" 0.086" 0.015" 0.057" 0.0004" 1.17 3570.8"
Error s 46 0.4 69.4 0.042 0.006 0.043 0.0004 0.6 1522.78
CV (%) &l puss oy 85 7.2 8.1 51 5.0 5.7 6.1 8.2

o)) S5 g gy Jleis] e 3 o gime g I3 gixe s i Sy i g 5 NS
ns, * and ** are non-significant, significant at P<0.05 and P<0.01, respectively.
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Table 6- Means comparison of effects of stress modifiers on activity of antioxidant enzymes and some biochemical traits of
wheat under irrigation different levels

Jok oglle 5 , "

sl st WSl e i Sl Sl Judg 5 b Jubo 15 Oron 3 Ses

s ODHg)™  op)*™ RS TPRWS : ) Css Mo )" Jokxe  mggl)a’ (mg gjl W) Sy " ails
-1 2
;:gﬁ'; p(lr’l(w)ltr?IP prgt%in umol.gFW’) umol.gF (us.m) (giFw (Fw Chlorophyll ':;f (g.m_ )
tel H202 (* (W EC Soluble Chlorophyll b (%) Grain

POD (mint sugars a Protein yield

PPD MDA

l1xF1  52.269 4357fg 0.33a-d 0.234a-e 156.5a-f 92.79f 2.425¢c-h 1.465f-i 11.9d 439.4c-f
lixF2  63.61a-f 42.55¢g 0.306a-g 0.209b-h 138.8b-j 101.94c-f 2.673a-g 1.542d-i 12.09cd 481.1a-f
lixFs  58.27d-g 47.48c-g 0.298b-f 0.206b-h 153.5a-g 93.88ef 2.873a-e 1.614b-h 13.69a-c  491.6a-f
lixFs  61.91a-g 49.87b-g 0.325a-d 0.186e-h 128.4e-j 103.29b-f 2.738a-f 1.719a-f 13.22a-d  535.5a-d
lixFs  54.7¢f 45.24e-g  0.256e-g 0.169gh 116.6hij 109.43b-f 2.327d-h 1.879a 14.07ab 572.2ab
lixFs  55.3fg 50.85a-f  0.268d-g 0.212b-h 112.7ij 118.07a-f 3.124ab 1.578c-i 14.16ab 508.3a-e
l1ixF7  65.47a-f 52.88a-d  0.249g 0.167h 118.3hij 117.03b-f 3.018a-c 1.845ab 14.72a 572.2ab
lixFs  56.1e-g 45.31e-g  0.253fg 0.166h 111.2] 122.92bcd  3.215a 1.835a-C 14.25ab  592.2a

I>xF1  58.15d-g 50.13b-g 0.324a-d 0.256ab 138.7b-j 99.44hi 2.327d-h 1.396hi 12.66b-d  395ef
I2xF2  64.18a-f 4757c-g 0.348ab 0.236a-e 132.7¢-j 106.11f-i 2.247e-h 1.503e-i 11.9d 432.7c-f
I2xFs  62.61a-g 50.7a-f 0.333a-c 0.228a-f 143.6a-i 108.21e-h 2.461c-h 1.547d-i 12.09cd 452.2b-e

I2xFs  63.61a-f 54.05a-d 0.318a-e 0.217b-h 153.2a-g 114.82¢-g 2.77a-f 1.513e-i 12cd 465b-f
I2xFs  54.79fg 46.05d-g 0.28c-g 0.229a-f 125.1f+j 126.39%a-c 2.181f-h 1.59b-h 13.22a-d  543.3a-c
I2xFs  55.92e-g 46.55d-g  0.304a-g 0.189d-h 131.4f-] 125.23a-c 2.52b-h 1.678a-g 12.09cd 520.5a-d
I2xF7  66.88a-e 48.4c-g 0.279c-g 0.204b-h 135.5¢-] 120.59b-e 2.794a-f 1.759a-e 13.03a-d  507.7a-e
I2xFs ~ 59.25c-g 49.3b-g 0.316a-f 0.178f-h 122.4g-i 128.83ab 2.98a-d 1.782a-d 13.31a-d  456.1b-f

IsxF1  66.54a-e 53.02a-e  0.363a 0.274a 174.7a 113.28c-g 1.956h 1.354i 10.12e 380.5f
IsxF2  60.25b-g 47.66c-g 0.296b-g 0.249a-c 164a-c 122.26bcd 2.049gh 1.472f-i 11.81de 497.7a-f

IsxF3  70.91ab 55.41abc  0.34a-c 0.211b-h 161.1a-d 126.87abc 2.21f-h 1.633a-h 12.28cd 450b-f
IsxF4  70.72ab 57.2ab 0.334a-c 0.245a-c 170.2ab 118.7b-f 2.744a-f 1.437g-i 12.28cd 413.3d-f

IsxFs  65.15a-f 51.48a-f 0.315a-f 0.222a-¢ 146.2a-h 119.69b-f 2.362d-h 1.626a-h 12.56b-d  460b-f
IsxFg  67.95a-d 53.58a-d  0.32a-d 0.22b-g 148.1a-h 123.05bcd 2.296e-h 1.553d-i 12.28cd 461.1b-f
IsxF7  72.4a 58.56a 0.297b-g 0.242a-d 158.3a-¢ 109.83d-h 2.574a-h 1.644a-h 11.72de 455.5b-f
IsxFs  69.8a-c 57.12ab  0.292b-g 0.196¢-h 133.1c-j 138.38a 2.611a-g 1.692a-g 12.66b-d  518.3a-e

wnld glyied o b (o2l Jslore <o ias Fo 9 F7 Fo Fs Fa Fs P2 Fi oz jy S OME 5 5 alitao y Jolpe )3 3kl e (JolS o)l s I3 g 12
5 Joilie (bl Jalore (ysSeluogil g Jsilio il slome (52 1o )5 o To o) Sl Sooged 2 5 p)5 oo B) (1Sl o so> 210y Y0) Jgilie 130 Jolone

sl Soge 9 (p5ebewogil b Jgilio (8L Jglone ] S 5 (y5Slissil (oS Jolre gl Spogen
B85 (S5 G905l ol g & e (5o stne (5led BT 5 o )3 e By o L (gl Silie
11, 12 and I3 are full irrigation, irrigation withholding in heading and booting stages, respectively. F1, F2, F3, F4, F5, F6, F7 and F8

are foliar application with water as a control, foliar application of methanol (25% by volume), nano silicon (50 mg.L"%), humic acid

(300 mg.L1), foliar application of methanol and nano silicon, methanol and humic acid, nano silicon and humic acid, foliar
application of methanol with nano silicon and humic acid, respectively.

Means with similar letters in each column are not significantly different at P<0.05 (*) and P<0.01 (**), respectively based on Tukey

test.

o adtas (i (B (5 Jg2) 29300 sl eo0pglle
ol ol (5See J3Sge (2l oy (g yien Conols
o JsSg0 o (g « St g5 (slasgad BlbI 5 O (clo JgSUse
sl oS 59 laggn Ol 3o)bo (ol §l g 205 olie
ol 31 o L 5 sl clilne Conge 5 ol ialS |y clus 5
(Hadi et al., 2016) >4 loS
slaasss GiSL L 8 Gl (3L gbre duy oo slaiay
J9a) (1 1 slop 3l llad 3500 abalgay (5S] Jlud
mdliedpglle lyme 5 (59,0 sy GialS s fF

da wlgdy (£ Jois) ..\_3.%.\]16.)‘_’)9“@ Slgze Lials 5l iz

4 s dy o Cavpimo Ll e Jglia il Jobro
L Jple s ol camuid (Y Joaz) 09 (Slgione (il
=0 cpdgyw w0l cled iols sl as ;e LS 5 pH Lials
ORIP ) Sy > o gead Caled 5 g 00 it ST )S
ol @l 53 &S 5y ogMe Mg e (g gead AR
Hadi, ) Jslow slié (ebotumes )l cblis aile age sl i
aS a5l acsh ol ) en 4 (Seyed Sharifi, & Namvar, 2016

s o (8 Jgin) Sl colan (talS & e jol (ren
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OIS Ol S5 Lawgi 35 aplie bt (5 Jgia) M ials
OhlSan 5 desl Liwly ol > (Teixeira et al., 2022) ol oud
Gk 3l el 0,LS w3l elsl (Ahmed et al., 2023)
23) B3l slacusal s 5 SapnsST 5l clb s
i l)b 35 gy rizmen g 0lS ) (gl sloaiB g g
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Table 7- Means comparison of effects of stress modifiers and irrigation different levels on activity of catalase enzymes,
proline and photosynthetic pigments content of wheat

s OD pg protein min’) ™ ;¥ (mg g'lFW) “odey  Total (Mg gl FW) ™ JS Judg,l5 (mg g FW) **.\..35,.:33,15
Catalase (* Proline Chlorophyll Carotenoid
I 24.75¢ 6.98b 4.484a 0.386a
12 26.22b 7.66a 4.131b 0.362b
Is 29.99a 7.75a 3.902¢c 0.339¢
F1 25.6b 6.48c 3.641f 0.332d
F2 24.72b 7.25bc 3.829¢f 0.333d
F3 26.31b 7.13bc 4.113cde 0.349d
Fa 30.19a 7.45b 4.307bc 0.352cd
Fs 25.49b 7.55b 3.988de 0.362bcd
Fe 26.42b 7.79ab 4.25bcd 0.386ab
Fz 30.14a 7.54b 4.545ab 038abc
Fs 27.03b 8.5a 4.705a 0.403a

wnld glyied o b (o2l Jslre o ias Fo o F7 Fo Fs Fa Fs P2 Fi oz jy S O 55 5 alitas y5 Jolpe )3 )lal e (JolS o)l s I3 g l2
9 e o3l Jplone 35Sl 5 Jpie (ol Jolona (5 53 25 o T +) el Sangad (52 13 35 o D) 95l (o3 2003 YB) i o3k Jybos
Sl Szt 5 o9Sekioglb b Jsiio (3l Jslomo sl Saged 5 5Seliussis (B Jsloxo gl Spagen
D)5 (S5 G905l ol g o & e (5o stme (le] BB 5t 50 )3 e By o L (gl Silie
11, 12 and I3 are full irrigation, irrigation withholding in heading and booting stages, respectively. F1, F2, F3, F4, F5, F6, F7 and F8
are foliar application with water as a control, foliar application of methanol (25% by volume), nano silicon (50 mg.L"1), humic acid
(300 mg.L1), foliar application of methanol and nano silicon, methanol and humic acid, nano silicon and humic acid, foliar
application of methanol with nano silicon and humic acid, respectively.
Means with similar letters in each column are not significantly different at P<0.05(*) and P<0.01 (**), respectively based on Tukey

SoolS Lo (53 iz 351 Iy 52 Lol (o)l 4y
ot | el Saogd g (pSulewgils (Joilio plys )87 a5
o (Snp ig e 2 e 955 MO) w20 S dgn Slyie
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(Riaetal., 2023
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