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Introduction

Environmental stresses are important factors in reducing agricultural production worldwide. Plants are continuously
exposed to various stresses under natural and agricultural conditions, and water scarcity is the most important limiting
factor for crop yield in most parts of the world. Drought stress can cause morphological, physiological, and
biochemical changes in crop plants. Cytokinin application and foliar application of micronutrients can have beneficial
effects on plant photosynthesis and wheat yield under moisture stress conditions.

Materials and Methods

This study was conducted as a split plot factorial as a randomized complete block design with three replications in
two regions of Karaj and Hamadan during 2019-2020 crop years. Experimental treatments were irrigation regimes
with three levels (irrigation at 40% available moisture discharge throughout the growing season (control), normal
irrigation from planting date to pollination stage and thereafter irrigation at 60% available moisture discharge, normal
irrigation from planting date to pollination stage then stage then cut off with holding irrigation till maturity), as the
main plots. Factorial factor of low-consumption nano-elements with five levels: control (no nano-micronutrients),
zinc, iron, selenium and a combination of three elements), and cytokinin application timing with four levels (control,
flowering stage, milking and flowering stage + milking) were evaluated as a sub-factor. Traits such as grain yield,

biological yield and fluorescence parameters were measured.
Results and Discussion

The results indicate that the effects of irrigation, cytokinin and Nano-micronutrient treatments on the studied traits
were significant, but the interaction effects of these treatments were not significant. Drought stress has an inhibitory
effect on various photosynthetic activities, especially photosystem Il activity, in wheat. In the present study, it was
determined that chlorophyll fluorescence parameters along with chlorophyll content have a special role in
investigating the effects of drought stress on plant photosynthetic systems. Therefore, by applying drought stress, the

rate of transpiration, gas exchange, maximum photochemical efficiency of photosystem Il, maximum fluorescence



(Fm) and photosynthesis rate decreased. However, the use of cytokinin hormone and the combined application of
micronutrients significantly increased the rate of photosynthesis, stomatal conductance, transpiration intensity,
maximum photochemical efficiency of photosystem Il, maximum fluorescence (Fm), minimum fluorescence (Fo),
relative water content of leaf and chlorophyll content. Normal irrigation treatment increased the stable fluorescence
(26.68%) and the variable fluorescence index (24.78%) compared to the normal irrigation treatment until pollination
and then completely stopped irrigation. Zinc + iron + selenium elements improved the stable fluorescence (26.16%)
and variable fluorescence (21.48%) compared to the control treatment. Foliar application of cytokinin at pollination
+ grain milking increased the stable fluorescence (15.34%) and variable fluorescence (20.74%) compared to the
control. Drought stress had an inhibitory effect on various activities of the photosynthetic apparatus, especially the
activity of photosystem 11, in wheat, but the application of micronutrients and the hormone cytokinin reduced the
inhibitory effect. The improvement of photosynthesis by cytokinin and micronutrients under stress may be due to the
effect of these substances in maintaining leaf chlorophyll. It seems that cytokinin and micronutrients have inhibitory
effects on the functioning of the photosynthetic apparatus. According to the results obtained, it can be concluded that
the decrease in the quantum yield of photosystem Il is mainly due to the occurrence of disorder in the chloroplast and
the decrease in chlorophyll also confirms this issue, because chlorophyll fluorescence is directly related to the activity
of chlorophyll in the reaction of photosystems and can be used as a criterion for measuring the efficiency of the

photosystem.
Conclusion

The combined application of nano micronutrients (zinc + iron + selenium) led to an increase in wheat yield compared
to the application of each of them individually, so the combined foliar application of these three elements is
recommended to increase wheat yield. Cytokinin foliar application at the pollination + grain milk stage increased
wheat yield compared to application at other stages, although various sources consider the application of nano
micronutrients and cytokinin foliar application important for water stress tolerance, but the results of the present study
showed that in conditions of low irrigation and stress, these strategies are not recommended to reduce the negative

effects of deficit irrigation.
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Table 1- Meteorological information in Hamadan and Karaj regions

Cugb) S50 [PRRURES PR EIRES
28 slacle (222) (o) (o5 5L <3) (o5 b <23)
Cultivation months Humidity Precipitation Maximum Minimum
(%) (mm) temperature (°C) temperature (°C)
oler s Ohen s oler s Olhen s
Hamadan Karaj Hamadan Karaj Hamadan Karaj Hamadan Kargj
e October 40 43 162.2 130.5 18 25 5 7
ol November 39 44 1515 128.5 14 20 1 2
A December 42 45 1415 83 13 18 -2 -1
@ January 43 42 143.5 975 10 14 -4 -3.2
ek February 44 41 117.5 145.2 11 12 -7.5 -35
Lkl March 41 54 1245 105.5 14 133 -1 1
)9y April 38 48 121.2 97 16 155 3 5
Cadigad)| May 42 42 112.6 104.5 16.5 19 9 11
RIRyeS June 43 46 0 0 235 29.3 14 18
SE alond 9 (K520 Sleogad (S0 =T Jga
Table 2- Some physical and chemical properties of soil
dilaio o) (oSl colan pH Slys ol S olge Jem (o2 cél
Region (5o 2 (ot Sk 25 ) (+25) reSeke) oYy Slde) Sk
Electrl_ca_l (PSS (pSokS Organic (PSS (d 2 Soil
cor:jdsuctl_\lllty Nos potasium m%}ter (mg.kg™L) Sodium Texture
(@S.m? (mgkg!)  (mgkgh) %) (meq.I")
Ol 1.14 7.67 7.44 509.12 0.81 13.12 6.83 oy o
Hamadan Clay
loam
oS 2.26 8.07 8.11 411.27 0.19 8.32 7.11 )
Karaj Clay
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Table 3 - Measured components of chlorophyll fluorescence and their corresponding equations

L sl b D85 Aslro
Parameters Abbreviation Equation
ke il 5l Fv Fm-Fo

Variable fluorescence
H posis ogiilsS )5 ST Fv/Fm (Fm-Fo)/Fm

Maximum photochemical quantum yield of photosystem
I

I iisgsd oo  olondond sagilsS oI5 Y(I1) (Fm-Ft)/ Fm”
Effective photochemical quantum yield of photosystem 11
I oitwgid osd wulais olowdigrd p (cogiilsS o]l Y(NPQ) (Ft/ Fm")-(Ft/Fm)
Quantum yield of regulated energy dissipation
i gid o5 pulasts olowdgid pui ogulss” ol Y(NO) Ft/Fm
Quantum yield of non-regulated energy dissipation
losdob pé Ldgels NPQ (Fm-Fm")/ Fm’

Non-photochemical guenching
(Klughammer & Schreiber, 2008).
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Table 4- Analysis variance results of yield traits, leaf relative humidity, chlorophyll index and some

chlorophyll fluorescence parameters of wheat

Mean of Squares

Ol s cl;;: a5
S.0.V. @337 3 Sles 3 Sas Casb Jos kS perls Ol by bl
d.f S5 s «ls &, s Chlorophyll w5 ety 23 4k
Biological Grain RwWC index FO Fm glal
yield yield Fm’
4k Place (P) 1 964.75™  364.977 159.66™ 95.42™ 72.83™ 174.83" 135.79"
aabie 53 LSS 4 13.11 10.84 12.32 16.58 12.43 16.48 4.33
Replication in P
< WLT Irrigation (1) 2 673.94™  419.11™ 167.01™ 117.70™ 53.76™ 208.65™ 367.17"
P xI 2 19.72" 32.70"™ 19.43™ 11.36™ 9.88™  10.74™ 16.59"
L= Error 8 28.70 21.56 21.67 17.93 10.17 12.70 13.18
aej, olie 4 751.19™  358.72" 189.73" 96.88" 69.07" 113.52" 10.14"
Nano-micronutrients (B)
P xB 4 12.70™ 15.74" 5.26™ 8.52" 3.26™ 5.70™ 2.52m
oS sz Cytokinin (C) 3 515.83™  276.30™ 109.56™ 83.66™ 83.34" 74.92" 15.62"
P xC 3 14.61™ 19.47" 8.84" 9.43m™ 6.05" 7.05™ 1.10™
IxB 8 20.73™ 10.53™ 9.23m™ 8.12" 5.81" 3.78™ 2.58™
Px IxB 8 23.84™ 42.11™  13.48™ 11.52m 6.39" 6.09" 3.21m™
IxC 6 15.66™ 38.05™  10.74"™ 12.89™ 5.24" 5.64" 2.33"™
Px IxC 6 16.32™ 2291  12.01™ 11.03™ 7.42" 6.85" 2.18™
BxC 12 19.87™ 15.34"  10.95™ 11.46™ 6.60™ 4,28 1.35™
Px BxC 12 26.40m 19.56™  13.18™ 12.58™ 7.18™ 3.12m 2.67™
IxBxC 24 11.71™ 26.27™  14.58™ 10.73™ 6.27™ 3.58 1.12m
Px IxBxC 24 15.46"™ 23.48™  16.73™ 12.34" 5.90™ 2.97™ 1.19m
L= Error 228 21.19 15.80 12.46 14.94 8.21 10.22 7.89
CV 11.75 13.41 10.49 13.62 10.12 8.43 5.65

b sze B U8B NS o)y gy 9 <SG sllad Jloanl b ) e s )5 a6 g
ns: not significant,* and **: significant at 5% and 1% levels of probability, respectively.
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Table 5- Results of comparison of average yield traits, leaf relative humidity, chlorophyll index and some chlorophyll
fluorescence parameters of wheat

balas SidsmaNas abs Sl i lugby J85 pels pulosh pulosh ats Gl
treatments Biological Grain &£, Chlorophy!ll Ry i glsl s
yield yield RWC index F F =
- - 0 m
(ton.ha?) (ton.ha®) (%) m
bz place
olas Hamadan 27.582 10.832 70.652 34.86° 21.692 9.65% 55.722
¢S Kargj 22.46° 8.97° 63.47° 27.52° 17.80° 7.43 51.67°
Irrigation LT
I1 26.482 11.292 74,532 34.792 23.752 10.422 58.492
I2 23.05P 8.73° 68.81° 25.54P 16.93° 8.38" 43.17°
I3 17.84¢ 6.61° 52.94¢ 19.28° 14.26° 6.64° 48.72¢
&z 3, Micronutrients
Zinc+ Iron+Selenium 29.012 11.782 72.432 33.972 22.87° 9.612 57.242
w:;l.w&aﬂé”
<3, Zinc 26.18° 10.23° 66.89° 29.48° 21.56° 7.75° 52.82°
=T lron 25.95P 10.51° 62.45° 32.85P 20.31° 7.94P 52.35P
pske Selenium 25.42° 9.02¢ 59.33¢ 26.734 20.45° 7.38° 52.98°
aaLz Control 18.54¢ 7.63¢ 51.72° 18.10¢ 15.68° 6.03¢ 48.27¢
oS s Cytokinin
Flowering stage + 28.422 12.25? 73.212 31.522 22.612 10.11° 52.482
Milking development
Ol éﬁ.ﬂdm\.\f
O (g s 4> o MilKing 25.73° 10.31° 66.45° 28.49P 20.28P 8.62° 50.69°
W 4> . Anthesis 21.96° 8.66° 61.84¢ 22.67¢ 17.95¢ 6.84¢ 48.15¢
aaLz Control 17.58¢ 7.14¢ 57.20¢ 19.34¢ 15.63¢ 6.32¢ 47.37¢

(o i sl Jlaol b oS3 (gesl) it o ime g5 86 S ne By gyl Sla Sl Julo 2 sl g 52 2 0
Means with similar letters in each column and each factors are not significantly different at 5% probability level.
Gl oIS o o] 31 dmr 5 Lblod S 6 Jloys (5l s o ytnd B Cagloy a5 o3 5455 (ol ol 31 an 5 (SLisles,S b Jlei ()bl 2 canli il
l;: Normal irrigation .I,: Normal irrigation from planting date to pollination stage and irrigation at 60% available moisture discharge afterward 5.
Normal irrigation in from planting date to pollination stage then with holding cut off irrigation
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Table 6- Analysis variance results of other chlorophyll fluorescence parameters of wheat

S i s PR Mean of Squares
SOV wolyT o el S = = b el
d.f ERYY P UL SIS eSS eSS r
Ft Fv Py il 53 (il 5 et oledgs

IIW”“):A W"‘}:é;}n ou\_zv—._.lé.‘.'v' a-\.&.}r_léﬁ NPQ

Fv/Fm I L L =
YD)  ynpg) Y (NO)
ik Place (P) 1 946.83" 2251.8™ 1.02" 0.94m 0.26™ 0.15™ 1.88™
wilate 55 S5 4 1467  105.72 1.67 0.33 0.45 0.13 5.96
Replication in P
<, T Irrigation (1) 2 863.64™ 3264.7" 8.35™ 2.56™ 0.73" 0.48" 16.23"
P xI 2 32.80"  137.82™ 5.02" 0.12m 0.001" 0.12m 3.17™
L= Error 8 21.76 97.63 2.01 0.56 0.21 0.30 4.22
dae g, olie 4 058.17" 1823.4™ 3.90" 1.72" 1.18" 0.91" 10.73"
Nano-micronutrients
(B)
P xB 4 16.70™  110.79™ 0.16™ 0.34"™ 0.007" 0.027m 1.22m
oS w Cytokinin (C) 3 313.73™ 2138.1" 4.98™ 1.66™ 0.97™ 0.82" 9.75"



P xC 3 8.14™  111.35™ 0.24" 0.13™ 0.005" 0.63™ 0.92™
IxB 8 46.78™  91.70™ 0.57™ 0.008" 0.006" 0.018m 1.01™
Px IxB 8 15.09™  126.18™ 0.84" 0.14m 0.002" 0.014" 1.07m™
IXxC 6 19.05™  97.32™ 0.72" 0.21" 0.003"™ 0.011™ 1.24m
Px IxC 6 32.80™  84.15™ 0.30" 0.09m 0.005™ 0.008" 1.18™
BxC 12 18.64™  114.97™ 0.61" 0.03m™ 0.0004" 0.006" 1.02"™
Px BxC 12 15.12™  101.74"™ 0.95™ 0.02m 0.002" 0.009" 0.97m
IxBxC 24 17.64™  95.63™ 0.68" 0.007™ 0.0006" 0.005™ 1.25™
Px IxBxC 24 21.23™  89.04" 0.23™ 0.009" 0.0008"™ 0.007m 1.73m™
L= Error 228 16.84 91.67 1.18 0.42 0.10 0.16 2.34
CV 8.43 10.83 8.96 5.32 7.20 6.17 7.46
S gme 1B NS oy gy 5 S slad Jlaisl b o ine cug s a3 g e
ns: not significant,* and **: significant at 5% and 1% levels of probability, respectively
PS5 Jdg IS (gl hol,b polw (ke A liio mls -V Jgua
Table 7- Results of comparison of other chlorophyll fluorescence parameters of wheat
Lales ol 6 ol 6 Sl s s b gl
treatments Sl B @b IS 2 eSS 7 eSS P
Ft Fv S Segbedd gledsd bt gleds
(..1..._..»}:5 “ ;':‘“‘:“”j” ol r:]d.? oS r:.la..'v' NPQ
1 Y (1) Il 3 I e 3
Fv/Fm
Y (NPQ) Y (NO)
4l place
Jlaes Hamadan 487.65%  1958.432 0.862 0.422 0.342 0.162 2.262
s Karaj 454.31°  1768.79° 0.872 0.45? 0.332 0.172 2.352
Irrigation ¢, LT
I1 542,712  2163.382 0.892 0.35°¢ 0.37°¢ 0.15° 2.40°
I2 497.26°  1946.74° 0.86° 0.41° 0.43b 0.218 3.18°
I3 428.39° 1733.67° 0.76° 0.522 0.542 0.23? 4,352
sdxe , Micronutrients
Zinc+ Iron+Selenium 550.432  2179.84?2 0.872 0.31° 0.38¢ 0.16°¢ 1.85°¢
f}:‘“*‘&né})
sy ZInc 483.38°  1963.04° 0.81° 0.42° 0.43° 0.21b 2.41°
o1 Iron 511.07° 1942.55° 0.82b 0.39°¢ 0.44b 0.22b 2.340
p seikes Selenium 467.81¢  1926.87° 0.80° 0.45P 0.45° 0.21° 2.28P
4Lz Control 436.28° 1794.39° 0.72¢ 0.532 0.512 0.262 3.042
oS s Cytokinin
Flowering stage + Milking  516.94* 2123.64*  0.87° 0.29¢ 0.35° 0.16° 2.48°
& it a8 development
RV
Odé (¢ a5 Al . Milking 492.35%  2190.212 0.862 0.34¢ 0.36° 0.17° 2.34b
AU 4> o Anthesis 456.28°  1743.69° 0.76° 0.42° 0.492 0.232 3.572
4Lz Control 448.17°  1758.72¢ 0.75b 0.50? 0.48¢2 0.252 3.61°

(o> gy sllos JlazsT b (5315 y503]) At o sino Coglis 1815 S jntio B> (gl (slagySibe ol yo (sl 5 (gt 2 5
Means with similar letters in each column and each factors are not significantly different at 5% probability level.
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l;: Normal irrigation .I,: Normal irrigation from planting date to pollination stage and irrigation at 60% available moisture discharge afterward ;.
Normal irrigation in from planting date to pollination stage then with holding cut off irrigation
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FYINY) olowdgd o (9ol (103 FY/O) Il wiuupmogid o0t waall (oloondgd pué (cogilsS (LIS ho)> YE/M) I pisuogis
leondgd agilsS LIS Sial3El 1ald e 55 S g slajlos e 3 5 posibut al + (g, pais dw plg Jlo 4 s o)
lordd it (oogilsS (LS (10)d YVNF) I o gid ol ulaid oliondisd joé (ooglsS (ol (03 VTV I i g
03)5 sl 55 St (Shgloee Sl 4 G (000 YV/OF) (oliondisd o (o390l (ao)d OFIYO) I piugurgid ol lais
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PSSy 55 po 4y ool a5 ol (Ko FVIFM p3lie yialS o FO ial3sl sl oyl (5 y20 )3 58,5 )15 > 4 lacawMyg IS
o5 | aguogd & 1] piaogsd 1 oS U] & ol ) oains Lis & amo o 20lS |y STy 55 00 & (5,0 JUis) oblgs & sl
S 03 e oL ol () 8 g a1 L (il GtalS sl (S8 25 ol 4l EalS g a8,8 )3 (S5 G5 b
(Sandoval et al., 2024; x5,ls ¢yt o9 Cosis el 4 ool > 4 b Joboo 4o )3 g 3,5 Lié (gylul p (ogllaals ).ub S S
Lol QA 5 19,5801 Jli] pae 5aim3Lis yol ol 4 Wb o Lial3dl slislyé QB gazs (Suid a5 byl > Thakur et al., 2025)
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Table 8- Correlation of studied traits

n=120
NPQ Y (NO) Y(NPQ) Y (I Fv/IFm Ft Fy Fm Fm Fo Chl.l RWC BY GY
NPQ 1 0.80™ 0.82™" 0.78"  -0.64™ -0.80™ -0.53" -0.69" -0.80™ -0.85™ -0.74™ -0.74™ -0.74™ -0.85™
Y (NO) 1 0.84™ 0.81™ -0.71™ -0.63" -0.41™ -065™ -0.75" -0.58" -0.68™ -0.68™ -0.68™ -0.74™
Y(NPQ) 1 0.85™ -0.80™ -0.75™ -0.62™ -0.70™ -0.77" -0.71™ -0.73™ -0.73™ -0.73™ -0.71"
Y (1) 1 -0.69™ -0.66™ -0.61™ -0.68™  -0.60" -0.69™ -0.77" -0.77 -0.77" -0.75"
Fv/Fm 1 0.31 0.27 0.42 0.50 0.31 0.41 0.26 0.30 0.67"
Ft 1 0.35 0.35 0.47 0.27 0.34 0.28 0.44 052
F. 1 0.34 0.31 0.30 0.40 0.30 0.35 0.43
= 1 0.40 0.28 0.38 0.50 0.40 0.37
= 1 0.24 0.39 0.33 0.27 0.28
m
Fo 1 0.42 0.28 0.39 0.40
ChL.I 1 0.88™ 0957  0.90™
RWC 1 087" 0.84™
BY 1 0.97"
GY 1

bl oo I gime gt CaoMe ey dlasl g oy iy 5 S gllad Jlainl b o xe cudyd g
Unsigned numbers are not significant,* and **: significant at 5% and 1% levels of probability, respectively.
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So3am 3,Shes BY s 5 Slas :GY o5y s gy RWC ( Jidg IS (a3l ‘ChLT caies” il yold FO ety il ol (FIM (gl edls )3 ity (uibiojold FM™ ¢ il el gl P ¢ pize  uibis,gls FV
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crge o) oy BB Cagh ailss 003 ¥+ lul Ly ol (3311 Jdo)lS (slgime 5 (g Cashoy (o) aizaS” il j5lé
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