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Introduction

Wheat (Triticum aestivum L.) is a strategic global crop, vital for food security, providing approximately 20-
25% of the world's caloric intake and a significant share of dietary protein. With the global population projected
to reach 9.6 billion by 2050, the implementation of sustainable agricultural practices has become imperative to
meet escalating food demands without exacerbating environmental degradation. Traditional farming, heavily
reliant on chemical fertilizers and pesticides, has led to soil and water pollution, threatening ecosystem health
and human safety. In this context, soil microorganisms, particularly arbuscular mycorrhizal fungi (AMF), play a
pivotal role in sustainable production by enhancing nutrient cycling and improving the bioavailability of
essential elements such as nitrogen and phosphorus. Nitrogen is a major yield-limiting factor in wheat
production, with peak demand during tillering, heading, and grain filling stages. However, conventional nitrogen
sources like urea are prone to leaching in light soils, contaminating groundwater. Bio-fertilizers and plant
growth-promoting rhizobacteria (PGPR) offer a sustainable and eco-friendly alternative to chemical fertilizers,
improving both targeted plant nutrition and soil physicochemical properties. Furthermore, plant hormones, such
as cytokinins, act as chemical messengers and are crucial in mediating plant responses to environmental stresses.
Cytokinins regulate key processes, including cell division, chlorophyll synthesis, delay of senescence, and
ultimately, yield enhancement. The Pishgam wheat cultivar, developed for cultivation under normal and limited
irrigation in Iran's cold climates, has shown promising performance. However, limited information exists on its
response to co-application of mycorrhizal fungi and cytokinin hormones. Therefore, this study was conducted to
investigate the effects of different inoculation levels of mycorrhizal fungi, urea fertilizer, and cytokinin foliar
application on the yield and yield components of irrigated Pishgam wheat.
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Materials and Methods

The experiment was carried out during the 2022-2023 cropping season at the research farm of Islamic Azad
University, Mahabad Branch, West Azerbaijan, Iran. The study was arranged as a factorial experiment based on
a Randomized Complete Block Design (RCBD) with three replications. The experimental factors included: first,
mycorrhizal organic fertilizer (containing mycorrhizal fungi) at three levels (2, 4, and 6 kg per 100 kg of seed);
second, urea fertilizer from a urea source at three levels (0, 50, and 100 kg per hectare); and third, cytokinin
foliar application (6-benzylaminopurine) at three stages (no application, application at flowering stage—Zadoks
code 55, and application at the beginning of grain filling stage). The Pishgam cultivar seeds were disinfected
with 70% ethanol and sodium hypochlorite, then inoculated according to the treatment groups. Soil analysis
indicated a loamy clay texture, a neutral to weak alkaline pH, negligible urea, and sufficient levels of phosphorus
and potassium. Seeds were planted at a depth of 4 cm with a density of 180 kg.ha*. Urea fertilizer was applied in
two splits: one-third at planting and the remaining two-thirds at the beginning of stem elongation and before
flowering. A 3 mM cytokinin solution was prepared and applied at a rate of 1.5 liters per plot using a hand
sprayer, with Tween 20 added as a surfactant. Standard weed, pest, and disease management practices were
uniformly applied. At physiological maturity, plants from a one-square-meter area per plot were harvested.
Measured traits included plant height, flag leaf length, spike length, number of fertile spikes per square meter,
number of grains per spike, thousand-kernel weight, biological yield, grain yield, and harvest index. Data were
subjected to analysis of variance (ANOVA) using SAS software (version 9.4), and mean comparisons were
performed using Duncan's Multiple Range Test at a 5% probability level.

Results and Discussion

The analysis of variance revealed that the interaction effects between the factors were highly significant. The
interaction between mycorrhizal fungi and urea fertilizer significantly influenced flag leaf length, spike length,
number of spikes per square meter, and biological yield. Similarly, the interaction between mycorrhizal fungi
and cytokinin application had a significant effect on plant height, flag leaf length, grain yield, and harvest index.
Furthermore, the interaction between urea fertilizer and cytokinin application timing significantly affected spike
length, number of spikes per square meter, thousand-kernel weight, grain yield, and harvest index. The highest
grain yield (approximately 12 tons.ha™) was achieved with the combined application of 4 kg.ha* mycorrhiza, 50
kg.ha* urea, and cytokinin spraying at the flowering stage. This combination outperformed the control and other
treatments, highlighting a strong synergistic effect. The results demonstrated that mycorrhizal inoculation,
particularly at 4 kg.ha%, significantly enhanced nutrient uptake, especially phosphorus, leading to improved
photosynthetic capacity and longer flag leaf duration. Cytokinin application, especially at the flowering and
grain filling stages, effectively delayed senescence, increased the number of fertile tillers, and improved grain
filling efficiency. The combination of these treatments allowed for a substantial reduction in urea fertilizer input
by 50% (from 100 to 50 kg.ha') without any compromise in yield, underscoring the role of bio-fertilizers and
growth regulators in enhancing nutrient use efficiency. The improvement in yield components, including spike
length, number of spikes per unit area, and thousand-kernel weight, was directly linked to better resource
allocation and reduced oxidative stress under the integrated management approach.

Conclusion

The findings of this research conclusively show that the integrated application of mycorrhizal fungi (at an
optimal rate of 4 kg.hal), reduced urea fertilizer (50 kg.ha?), and cytokinin foliar spraying at critical
reproductive stages (flowering and early grain filling) can significantly enhance the yield and yield components
of Pishgam wheat. This management strategy works through multiple mechanisms: improved nutrient and water
uptake via expanded root systems mediated by mycorrhizae, enhanced photosynthetic activity and delayed leaf
senescence induced by cytokinins, and more efficient allocation of photo-assimilates to the grains. The study
successfully demonstrates that it is possible to replace a significant portion of chemical urea fertilizer with
organic amendments and growth regulators, thereby promoting a more sustainable and environmentally friendly
wheat production system without sacrificing productivity. For achieving high and stable yields in wheat
cultivation under similar agro-climatic conditions, it is highly recommended to adopt this integrated approach
using 4 kg.ha mycorrhizal seed inoculation, 50 kg/ha urea application, and cytokinin foliar spray at the
flowering stage.
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Table 4- Mean comparison of mycorrhizal fungus and urea fertilizer treatment combinations for the studied traits of wheat

0950k 2,8 29! 355 P2 S 2 sk A Job Al 3l S5glem 3,5 es
Mycorrhiza fungi (kg.100 Urea Flag leaf Spike length  Number of spikes  Biological yield
(kg™ of seeds (kg.hah) length (cm) (cm) (spikes.m™) (g.m?)
0 18.66¢" 7.77¢ 464.44° 2092.1e
2 50 19.05b¢ 8.05bcd 504.78M 2197.1%
100 19.78be 7.19¢d 544 56% 2464.6%
0 18.50¢ 7.664 557.11% 2220de
4 50 19.07%° 8.612 566.89?2 2302.3bcd
100 22.062 8.622 550.672 2398.93¢
0 20.28P 7.744 462.22°¢ 2260.3¢cde
6 50 19.58bc 8.202be 543.56% 2562.12
100 19.48be 8.382b 568.22% 2524.92

Gl doyd iy g ) I gime BT WL gty > calisee gy
* Means within each column followed by different letters are significantly different at the 5% probability level (p < 0.05).
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Table 5- Comparison of average treatment combinations of mycorrhizal fungi and cytokinin foliar sprays on wheat traits

l}.i,,s.;_lo @B _ S gl o2 Sy Jeb Al Job aily 3 ,Slos Culld g et b
Mycorrhiza fungi COvtokini Flag leaf length ~ Spike length  Grain yield Harvest index
((kg.100 kg™ of seeds ytokinin (mm) (cm) (g.m?) (%)
wb‘bbm ot 18.77¢c* 7.68d 936.7e 43.66cd
No foliar spray
GMJ_S 19.53bc 7.82cd 941.2de 40.15d
2 Flowering
Seed filling 19.20bc 8.23abc 1028.7¢cd 46.20c
stage
tbsbre oo 20.68ab 7.97bcd 1140.3ab 59.37a
No foliar spray
GMJ_S 21.68a 8.66a 1227.8a 51.80b
4 Flowering
Seed filling 19.64bc 8.27ab 1196.3a 46.26¢
stage
tbusbee oo 19.330c 8.21bc 919.7¢ 51.53cd
No foliar spray
22 21.33a 8.16bc 1088bc 42.76cd
6 Flowering
Seed filling 18.70c 7.95bcd 1005.2cde 39.16d
stage

ol doyd iy s ) 5 gime BMEA] WL gty > alisee By 5
* Means within each column followed by different letters are significantly different at the 5% probability level (p < 0.05).
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Table 6- Comparison of average treatment combinations of urea fertilizer levels and cytokinin foliar spray on wheat traits

5! oS 5l o Jgb Al lass &y 3 Slos &l 15 39 Cuild g et Wi
Urea c "toki"nin Spike ien th (cm) Number of  Grain yield Thousand-grain  Harvest index
(kg.ha'?) y P Y spikes (g.m?) weight (g) (%)
wrilsle o 7.710 500.44° 870.3¢ 47.77¢ 47.14%°
No foliar spray
0 FIUMJ_s 7.57¢ 5452.332 935,79 49.66% 39.344
owering
b “‘M‘“ e 7.89cde 521.11% 1014.8¢d 49.66% 44.93°¢
Seed filling stage
wrilidsbre os 8.04bc 489.89b 1003.3¢ 51,208 45.70%
No foliar spray
50 Flghjed'sn 8.40% 579.89? 12052 49.77% 50.68%
wering
wb “M’J doye 8.40% 533.44 1083.6%¢ 490c 44.76°
Seed filling stage
wodsbre o5 8.080cd 496.33° 1075.90¢ 50.33% 51.722
No foliar spray
100 Flghjed'sn 8.672 569.332 11792 49.11P¢ 44.69¢
wering
b 2 doye 8.16™ 517.89% 1116.3% 49,22 41,93«

Seed filling stage

Gl doyd i g ) I gime M WL gty > caliseo gy
* Means within each column followed by different letters are significantly different at the 5% probability level (P < 0.05).
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