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Introduction

Soil salinity is a major abiotic stress limiting agricultural productivity worldwide, threatening food security
particularly in arid and semi-arid regions where irrigation practices and poor drainage exacerbate salt
accumulation in the root zone. It is estimated that over 800 million hectares of land are affected by salinity, a
figure that continues to rise due to climate change and unsustainable farming practices. High salt concentrations
in the soil disrupt plant water uptake, induce ionic toxicity, and cause oxidative damage, ultimately reducing
crop yields. Breeding crops for increased tolerance to abiotic stresses is very difficult due to the complexity of
inheritance of traits related to tolerance to these stresses, which often involve multiple genes with minor effects
and strong interactions with environmental conditions. Consequently, conventional breeding programs have
made limited progress in developing salt-tolerant crop varieties. In recent years, non-breeding or non-transgenic
approaches such as the use of symbiotic microorganisms in plants have been considered, which has led to
increased tolerance to abiotic stresses and achieved promising results. These beneficial microbes can alleviate
stress effects through various mechanisms, including phytohormone production, nutrient solubilization, and
induction of host defense responses.

Plants have distinct microbial communities in their different organs, including roots, stems, leaves, and seeds,
collectively referred to as the plant microbiome. There is a lot of evidence about the role of the microbiome in
growth, development, response to biotic and abiotic stresses, and increased adaptation to the environment. In
particular, endophytic microorganisms, those that reside within plant tissues, have gained attention as natural
partners that can enhance host resilience. Halophytes, plants naturally adapted to high-salinity environments,
harbor unique microbial communities that have co-evolved with their hosts under extreme conditions. These
halophyte-associated microbes have shown remarkable ability to confer stress tolerance to conventional crops,
but the mechanisms remain poorly understood, limiting their practical application. This study investigated the
potential of Penicillium chrysogenum, an endophytic fungus isolated from seeds of the halophyte Bassia
scoparia, to improve salinity tolerance in maize (Zea mays L.), a globally important cereal crop sensitive to salt
stress. Our research aimed to (1) characterize the salt tolerance of P. chrysogenum under in vitro conditions, (2)
evaluate its effects on maize growth under salt stress, and (3) analyze physiological responses in inoculated
plants, including ion content and photosynthetic performance.

Materials and Methods

The fungal strain was isolated from surface-sterilized B. scoparia seeds collected from saline regions in Iran.
Surface sterilization was performed using ethanol and sodium hypochlorite to ensure that only endophytic
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microorganisms were recovered. Molecular identification was performed using ITS sequencing of the ribosomal
DNA region, and the sequence was compared against public databases to confirm taxonomic affiliation. The
salinity tolerance of the fungus was evaluated on potato dextrose agar (PDA) medium containing NaCl
concentrations ranging from 0 to 4 M, with radial growth measured daily. Maize seeds (cv. Hido) were surface-
sterilized and inoculated with a fungal spore suspension (106 spores/mL) or sterile water for controls. Seeds were
grown under controlled conditions with three salinity levels (0, 30, and 60 mM NacCl) in a growth chamber.
Subsequently, greenhouse tests were conducted under two treatments of 150 mM NaCl and normal irrigation to
evaluate performance under more realistic stress levels. Drought tests were also conducted on plants in the
greenhouse by withholding irrigation for defined periods. Growth parameters including germination rate, root
length, shoot length, and fresh and dry biomass were recorded. lon content (Na*, K*) was determined using
flame photometry, and photosynthetic parameters such as chlorophyll content and net photosynthetic rate were
measured using a portable photosynthesis system. Experiments included laboratory, growth chamber, and
greenhouse trials with five replicates per treatment arranged in a completely randomized design. Data were
analyzed using analysis of variance (ANOVA) followed by Tukey's honestly significant difference test (p <
0.05) for mean comparisons.

Results and Discussion

In this study, an endophytic fungus, identified by ITS sequencing as Penicillium chrysogenum, was isolated
from the seed microbiome of the halophyte B. scoparia. This fungus exhibited optimal growth at 1 M NaCl, with
substantial mycelial development even at 2 M, indicating strong halotolerance superior to many soil saprophytes.
Although it did not significantly affect seed germination percentage or rate, fungal inoculation improved early
seedling growth traits and biomass under both saline and normal conditions, suggesting that the primary benefits
occur after emergence. Greenhouse experiments confirmed its positive effects on shoot and root development
under salt stress, while no beneficial effects were observed under drought conditions, indicating a stress-specific
mechanism rather than a general growth promotion effect.

Interestingly, photosynthetic performance and Na*/K* ratios remained unchanged in inoculated plants
compared to non-inoculated controls, suggesting that the fungus may enhance salt tolerance through mechanisms
such as salt detoxification via osmotic adjustment, enhancement of antioxidant enzyme activity, or production of
fungal metabolites that protect cellular structures, rather than altering ion uptake or transport. Given the fungus’s
native origin from a halophyte host and its potential role in stress adaptation, P. chrysogenum represents a
promising candidate for developing biological solutions to improve crop resilience in saline environments.
Further field trials and molecular studies are recommended to optimize its application, including dose-response
experiments and transcriptomic analysis of host plant responses.

Conclusion

This study demonstrated that Penicillium chrysogenum, an endophytic fungus isolated from the halophyte
Bassia scoparia, can promote maize growth under salt stress. Despite no significant effect on germination rate,
fungal inoculation improved seedling establishment and biomass production in both normal and saline
conditions. The fungus showed strong halotolerance and may enhance salt stress resilience through mechanisms
unrelated to ion uptake or photosynthetic changes, potentially involving detoxification pathways or antioxidant
activity. Given its native origin and efficacy under saline conditions, P. chrysogenum holds potential as a bio-
inoculant for improving crop performance in salt-affected soils. Further field trials and molecular studies are
recommended to better understand and harness its functional mechanisms for agricultural application.

Keywords: Biomass, Halophytes, Osmotic stress, Seed microbiome
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Different letters indicate statistically significant differences (Tukey test, p > 0.05).
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Figure 6- Photosynthetic parameters of maize plants were measured between control and fungus-treated plants under normal
irrigation conditions using a photosynthesimeter
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Introduction

In recent years, application of conservation tillage methods has been widely considered in the world, and the
use of conventional tillage methods has become outdated in some parts of the world. Conservation tillage
systems are usually implemented in arid and semi-arid regions. In semi-arid regions, the key to increasing crop
production is to maximize surface water infiltration. In addition, legumes are the main source of protein in
developing countries, with about twice the protein content of cereals, and are a source of Inexpensive, good-
quality protein and a suitable complement to cereal protein. These plants are very important in low-input farming
systems and have a special place in the rotation of some agricultural systems in the world, especially in dry
regions, and play a significant role in food production in these countries. Therefore, a field experiment was
conducted to evaluate the effects of different tillage systems on nutrient concentrations, root traits, and forage
yield of forage legumes at the research farm of the Lorestan Agricultural and Natural Resources Research and
Education Center, located 8 km southwest of Khorramabad, Iran, during the 2022-2023 and 2023-2024 growing
seasons.

Materials and Methods

This experiment was conducted as a split plot based on a randomized complete block design with three
replications. Tillage methods (conventional, low-tillage, and no-tillage) were considered as the main factor, and
forage legumes (Broujerd landrace faba bean, Lamei cultivar vetch, Grass pea, Barakat and Feyz cultivar faba
bean) were considered as secondary factors. The water required by the plants was supplied by normal rainfall
during the growing season, and no irrigation was performed. Disking, minimum tillage included a chisel plow or
a combined toothed roller cultivator, and no-tillage involved no tillage operations.

Results and Discussion

The results of the analysis of variance showed that the main effect of tillage system and forage legumes on all
measured traits and the interaction effect of tillage x forage legumes on forage yield, root length, root volume,
and the concentration of copper, zinc, and phosphorus elements in aerial parts were significant. Based on the
results of the tillage system x forage legume planting showed that the highest forage dry weight (2820.9 kg ha'')
and copper concentration (50.17 ppm) were observed in the conventional tillage system and Lamei variety vetch.
The highest forage fresh yield (10671.54 and 10581.19 kg ha), root length (33.89 and 33.39 cm) and
phosphorus concentration (0.85 and 0.84%) were observed in the conventional and low-tillage systems and
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Lamei variety vetch. Also low-tillage system and Lamei variety vetch had the highest zinc concentration (50.69
ppm) and root volume (11.74 cm?). The conventional tillage system increased root diameter by 32%, fresh
forage weight by 26%, dry weight by 21%, potassium by 27%, iron by 6%, and manganese by 8% and soil
respiration by 22% compared to the no-till system. Also, the results of comparing the average effect of planting
different forage legumes on measured traits showed that the highest yield, root traits, and nutrient elements were
observed in the Lamei variety vetch.

Conclusion

Overall, the results highlight the importance of selecting appropriate tillage systems and forage legume
species to optimize forage yield and quality. Among the evaluated species, vetch exhibited superior performance
under the environmental conditions of this study. Furthermore, conventional and minimum tillage significantly
influenced forage yield, root characteristics, and nutrient concentrations by altering the soil's physical, chemical,
and biological properties in the Khorramabad region.
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Table 1- Metrological data of temperature and precipitation during the experimental period
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Table 2- Farm soil analysis
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Table 3- Combined analysis of variance of Tillage on forage legumes yield and root traits
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Fresh forage Dry forage Root Root Root -J Root fresh  respiration
yield yield length volume  diameter ~ Rootdry weight
weight
Ju 1 481094.72™ 3235543.74™ 41.31™ 5407 2.18™ 11.38™ 48.60™ 0.18™
Year (Y)
JL"R’;\?’Q 4 1212339.99 2359855.98 2.86 0.04 2.57 0.01 0.21 0.006
55}”&5 2 2207917.12™ 1843998.24™  179.75™  13.25™ 0.90™ 1.80" 26.12™ 0.12™
Tillage (T)
“”’Y“:; e 2,81 1.130 6.23 602 523" 425 140 4,601
a sl 8 710975.81 43543.72 0.17 0.03 0.03 0.10 0.03 0.005
Sldbgle Y oy
Forage crops 4 2317242.81™ 1670838.80""  337.15™ 28.91" 2.61" 2.83" 35.59™ 0.13™
(FC)
Yo x Jle
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Y xFC
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TxFC
SirStx Jl
hdgle Yo x 8 1.01m 5.60" 5.36™ 9.50m 1.94ms 1.27m 4.55M 4.67m
Y xTxFC
Eri)u:; 48 889652.13 36620.44 1.21 0.13 0.09 0.05 0.36 0.0008
St e - 9.4 8.7 4.3 4.0 6.4 10.79 10.1 16.6
C.V (%)

o )d S5 g i slas il zolaw )0 5 bze ¢ )ld xe puE oS Sy 1 g% NS
ns, * and **: are non- significant and significant in probabilitie levels of 5 and 1 %, respectively.
g g p p y
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Table 5- Means comparison of main effect of Year on forage crops some nutrients and root traits
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* Similar letters in each column for each factor are not significantly different based on LSD test (p<0.05).
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Table 6- Mean the main effects Tillage and planting forage crops on some nutrients and root traits
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B, lod Root Root fresh Soil
. diameter weight Root dry N K Fe Mn respiration
Treatmeents weight P
mg CO2 gt dm-
(mm) © (%) (ppm) 09 s
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Tillage
P 2.40%" 6.93¢ 2488 396" 2090° 192.07° 105.92° 0.65°
Conventional
et 1.67° 5.58" 200° 495 23115 18429 98.81° 0.56°
Reduced tillage
Sing St ogk 1.62° 5.16° 1.96 366° 219° 18256° 97.56° 0.51°
No tillage
able Yo,
Forage crops
29 039 ML
Faba bean (Borujerd  1.60% 5.50° 193¢ 3759 2195 182.32°  97.28° 0.55¢
landrace)
e oy Satle 2,522 8.05° 2,758 5288 291° 10843 108.25° 0.68°
Vetch (c.v. Lamei)
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Grass pea
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Barkat)
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Faba bean (c.v. Feyz)
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* Similar letters in each column for each factor are not significantly different based on LSD test (p<0.05).
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Table 7- Combined analysis of variance of tillage on forage crops some nutrients

Slaryo (ke
i lie &l as Mean of squares
SHOAY df Oy ped el e o2 P &9,
N P K Cu Fe Mn Zn
Ju 1 8.41™  0.0008™ 2.38  48.11" 48.10™ 118.08"  225.84"
Year (Y)
l .
JL‘)R);Y”S\) 4 12.45 0.0001 5.50 5.31 1110.79 798.33 523.14
SiSe - - . - - - .
- 2 13.32 0.05 0.69 415.21 828.01 663.29 320.07
Tillage (T)
dj)jjli 'I)j b 2 9.74m 2.15m 4,92" 2.42m8 2.20m 1.38™ 8.35M
a slas 8 0.05 0.0003 0.01 0.86 3.40 7.32 24.38
ladgle Y 4 wx ok ok wx x x x
labsle Y5 4 9.29 0.05 1.69 448.99 1023.17 543.83 145.09
Forage crops (FC)
ledgle iy x Jl 4 1.05" 1.85" 1.89n8 3.93™ 1.52m 2.43™ 7.61M™
Y x FC
labgle Vg X (5555 - = :
hbsle Ngh X g 8 0.37"  0.005™ 0.07™  3.93 9.65 3377  19.35
TxFC
lebgle Ny x (535 B x Jlo 8 3.67m 1.45"M 5.87" 3.66" 1.83m 7.97m 5.45™
YxTxFC
b s
48 0.24 0.0004 0.17 0.71 28.30 23.08 9.78
Error b
et o ; 12.0 26 4.9 22 2.8 4.8 6.8
C.V (%)
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ns, * and **: are non- significant and significant in probabilitie levels of 5 and 1 %, respectively.
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Introduction

Nanotechnology is actually one of the new technologies that has recently entered the agricultural field.
Nanoparticles are atomic or molecular assemblies with minimum dimensions between 1-100 nanometers. One of
the first effects of reducing the size of particles to below 100 nanometers and converting them into nanoparticles
is an increase in surface area to volume, which causes more atoms to be placed on the surface compared to the
volume, and subsequently changes the physical and chemical properties of the particles. In the meantime
Nanosilver is known as a stress factor in plants due to its unique properties such as small size and high specific
surface area, which can cause plant damage by inducing oxidative stress. Increasing of resistance to abiotic
stresses in some plants is done through external application of various organic compounds. In this study, the role
of sodium hydrosulfide (NaHS) and sodium nitroprusside (SNP) in reducing the negative effects of nanosilver on
the physiology, growth and yield of soybean cultivar Williams was investigated.

Materials and Methods

The experiment was conducted at the research farm of the Faculty of Agriculture, Shahrood University of
Technology. The evaluated traits included shoot dry matter, forage yield, chlorophyll a and b contents, relative
water content, plasma membrane stability, flavonoid content, anthocyanin content, and leaf soluble sugar
concentration. The experiment was carried out as a factorial experiment in a randomized complete block design
with three replications with three levels of nanosilver (0, 1.5 and 3 g L?), three levels of NaHS (0, 0.5 and 1
mM) and two levels of SNP (0 and 120 uM) in 1402. After testing, the obtained data was analyzed by SAS
statistical software (version 9.1). The comparison of means was done based on minimum mean difference test
(LSD) at 5 % probability level. The shape of the mold was studied using excel software.

Results and Discussion

The results showed that nanosilver reduced yield, relative leaf water content, and pigment concentration,
while the combined use of NaHS and SNP reduced stress-induced damage by increasing the levels of protectants
such as flavonoid, anthocyanin, and soluble sugars. In the treatment containing 3 g L of silver nanoparticles, 0.5
mM sodium hydrosulfide, and no sodium nitroprusside, the chlorophyll a content of 0.78 mg g* fresh leaf weight
showed the lowest value among all treatments. The highest soluble sugar content was recorded in plants treated
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with 1.5 g L? silver nanoparticles. The amount of flavonoid in plants sprayed with 1.5 g L nanosilver was
significantly increased as the amount of this trait in the application of 0.5 mM and non - consuming sodium
hydrosulfide increased 0.0771 and 0.0769 g.g* fresh weight of leaves and increased 48 percent. he highest
anthocyanin content was observed in the control treatment (0 g L™ nanosilver) and in the 1.5 g L™ nanosilver
treatment in the absence of sodium hydrosulfide. All other treatment combinations significantly reduced
anthocyanin content compared with the control. Nanosilver application reduced plasma membrane stability. The
plasma membrane stability of the control plants was 71.55%, which decreased to 68.9% following application of
1.5 g L nanosilver, however, this reduction was not statistically significant. Increasing the nanosilver
concentration to 3 g L! resulted in a significant decline in plasma membrane stability, with a mean value of
61.6%. The shoot dry matter content in the control plants was 109.6 g m. in the effect of spraying of plants with
1.5 g L nanosilver and non - consumption of sodium nitroprusside and sodium hydrosulfide to 99.5 g.m-2 and
by infecting plants with 3 g L nanosilver with a significant drop of 51.7 g m2. The highest grain yield (420.3 g
m-2) was obtained in the treatment without nanosilver and with the use of 1 mM NaHS, which showed a 36%
increase compared to the control (270 g m).

Conclusion

Overall, the application of NaHS and SNP under nanosilver stress conditions left effective protective effects
and can be suggested as an efficient approach for managing stresses caused by heavy metals in plants.
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Figure 1- Flavonoid standard curve at 300 nm wavelength
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Figure 2- Standard curve of soluble sugar at a wavelength of 485 nm
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Table 2- Analysis of variance (mean of squares) of the effect of silver nanoparticles, sodium hydrosulfide and sodium
nitroprusside on chlorophyll a and b, carotenoids, grain yield and aerial dry matter soybean plant
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: are significant at the 1 and 5 percent levels, respectively.
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Table 3- Comparison of the average effect of the interaction of silver nanoparticles, sodium hydrosulfide and sodium
nitroprusside on some physiological and agronomic traits of soybean plant
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0 0 109.600¢" 270.03 0.9885 0.651b¢
120 70.1001 193.45¢%f 1.011% 0.623
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' 120 115.467¢ 292.02° 0.9021% 0.718%
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120 132.667% 158.48°% 1.0572 0.501%
LSD 5% 9.128 44.858 0.0594 0.0525
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* The presence of a common letter in each column indicates no significant difference.
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Figure 3- Comparison of the average effect of the interaction of silver nanoparticles and sodium hydrosulfide on soybean leaf
carotenoids
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 5- Comparison of the average effect of sodium hydrosulfide levels on the relative soybean leaf water content
(LSD 0.05) sl ooyl sine 33l pas ailis S jiie Gy 392
The presence of a common letter indicates no significant difference (LSD 0.05).
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Table 4- Analysis of variance (mean of squares) of the effect of silver nanoparticles, sodium hydrosulfide and sodium

nitroprusside on relative leaf water content, plasma membrane stability, flavonoid, anthocyanin and leaf soluble sugar
soybean plant
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S.0V uf content Plasma membrane ~ Flavonoid  Anthocyanin | eaf soluble
) stability sugar
IS 2 32.47 10.084 0.000095 0.000218 0.000225
Repetition
sl 2 30.25 481.91%* 0.01245** 0.1508** 0.01057**
Nanosilver (a)
Al gugyed ks 2 116.0522%* 28.65 0.00036 0.0041 0.000058
NaHSs (b) : ' ' ' '
logna i ke 1 16.604 30.066 0.00049** 0.0024 0.000012
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axbxc
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CV (%)

*
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*and ™" are significant at the 1 and 5 percent levels, respectively.



\?OO&MUJD}W‘Tf.\l?‘&lﬁluﬂ)}dw g3y & pal 145

Kumari et ) 595 e Yb sbacdale (5 o9 (Jobw (So,LS0
5 oo oles dsay o ol ydgl oY clals (al., 2009
2 b gl GRS cage Wl o Vb i STy
JLsb slaasss 15 Galdl b el ) 55 (LS (sla sk
sdind U it b glacdale (3 a5 cul olpon S|
ol sl Ly el i YU slacbale js Bl o)l
lomady slize s ROS Lol Glual 5l (S b9 oo
A5 o B A gl Ty LTS o A Wit
Sl sl Jsse 5 oy culi cage Colid 2 g o Grdided

(Mukhopadhyay, 2014) 53,5 o Jsbo ;I

o]
o
<5

B OO~
o O O

=N
o O o

‘ﬁLA.m)l:\ wlas Lg_,l..\:ﬁlg
Cauo (ol g o pd S Jlein] pdaw )3 0,5 Slydgib Lol il
wlie gyl yials cuw 0yas Slydgl (F Jain) 2oy o size
als Gl Sy plewdly slid (g)luly ol 5 plewdl
as oy il pud 3 p, 5 V0 clale b &S dg o )d VY0
93 g5 I gme (g bl Hlai 5l andl a8 58 g LialS oy £A/Y
5 s (it 351 ) ) ) S Y o) )3l (Sogll b
Lo SVE 4o |y Cén ol e g cuily (ol blod )l e
Wlg e 0,835 4 S dilealy lis dasie ilelles (5 JSUS) Sk,
Sorly g el eel g ams Iy 5 15U cos ) Jso slalis
L o Lie oS gials an wly o ol sl ol g alae

ol sl gyl
Plasma membrane stability (%)
w
o

a
0 ] — b
0 1/5 3
o)myb

Nanosilver (g L1)

Lgw S 2 (lowdl (SLAE (5510l 2 0,8 O 393U gobans 1 (ke dunlio -F JSW
Figure 6- Comparison of the average effect of silver nanoparticles surfaces on the stability of the soybean leaf plasma
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 7- Comparison of the average effect of silver nanoparticles and sodium hydrosulfide on soybean leaf anthocyanin
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 8- Comparison of the average effect of silver nanoparticles and sodium nitroprusside levels on soybean leaf
anthocyanin levels
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 9- Comparison of the average effect of sodium hydrosulfide and sodium nitroprusside levels on soybean leaf
anthocyanin
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 10- Comparison of the average effect of silver nanoparticles and sodium hydrosulfide levels on soybean leaf flavonoid
(LSD 0.05) 13l 0 o gxo M3 pae ailis S o B> 3439
The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 11- Comparison of the average effect of sodium hydrosulfide and sodium nitroprusside on soybean leaf flavonoid
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 12- Comparison of the average effect of silver nanoparticles levels on soybean leaf flavonoid
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Introduction

The escalating degradation of water and soil resources, coupled with global warming, population growth, and
climate change, necessitates a reevaluation of food production systems. Corn (Zea mays L.), as the third most
strategic crop worldwide, faces increasing demand due to rising food needs. Optimizing seed yield under varying
environmental conditions is critical, with arbuscular mycorrhizal fungi (AMF) and plant growth-promoting
rhizobacteria (PGPR) playing pivotal roles by enhancing nutrient uptake (e.g., phosphorus and nitrogen) and
improving plant resilience to stresses and pathogens. However, the complex eco-physiological interactions
influencing seed yield remain poorly understood, underscoring the need for advanced modeling tools. Traditional
regression models often fail to capture non-linear and interactive relationships among factors such as
photosynthesis rates, nutrient levels, and plant anatomical traits. Consequently, machine learning models like
Deep Neural Networks (DNN) and Transformers have emerged as powerful alternatives for precision
agriculture. This study aims to identify key features affecting corn seed yield using stepwise regression and
compare eight machine learning algorithms, Enhanced DNN, Transformer, XGBoost, SVM, ANN, ANFIS,
LightGBM, and SVR, to determine the most accurate model for predicting yield and unveiling hidden eco-
physiological relationships.

Materials and Methods

The experiments were conducted over two consecutive years at the research farm of Ferdowsi University of
Mashhad, Iran (latitude 36°15'N, longitude 59°28'E, altitude 985 m), located in the Kashafroud River basin. The
region features a semi-arid climate with an average annual rainfall of 252 mm and a mean temperature of 15°C,
with loamy soil of moderate organic carbon content. The dataset comprised 96 samples and 73 features,
collected over two growing seasons, including plant traits (e.g., leaf chlorophyll content via SPAD index,
nitrogen concentration) and soil characteristics. Of these, 32 were primary features (e.g., photosynthesis rate, leaf
area index, canopy temperature), and 41 were engineered interaction features (e.g., Pmax, Mean_Leaf Area
Index, Canopy Temp, 1_Root Colonization), designed based on domain knowledge of agro-ecophysiology, soil
ecology, AMF, and PGPR. Data were randomly split (random_state = 42) into 70% training (67 samples), 15%
validation (14 samples), and 15% test (15 samples) sets, with standardization applied using StandardScaler.
Feature selection employed stepwise backward regression, reducing 73 features to 13 key variables (e.g., Canopy
Temp_3, % P plant) based on adjusted R2, multicollinearity, and variance inflation factor (VIF). Among the 15
machine learning algorithms evaluated, eight were configured with model-specific architectures, including an
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Adaptive Neuro-Fuzzy Inference System (ANFIS) implemented using TensorFlow-based layers, a Transformer
model with two attention heads, an Artificial Neural Network (ANN) with three hidden layers, and a Support
Vector Regression (SVR) model with a radial basis function (RBF) kernel. Model performance was evaluated
using the coefficient of determination (R?), root mean square error (RMSE), mean absolute error (MAE), and
Willmott's index of agreement (d). In addition, the Shapiro—Wilk test was used to assess the normality of model
residuals.

Results and Discussion

Stepwise regression yielded a model with an adjusted R? of 58.53% and a predictive R of 51.06%,
identifying 13 features (e.g., Canopy Temp_3, coefficient = 0.2451, p = 0.002). Machine learning results
identified ANFIS (R%z = 0.555), the Transformer model (R2 = 0.545), and ANN (Rz = 0.518) as the top-
performing models, whereas SVM (R2 = 0.325) exhibited the lowest performance. The Nemenyi diagram ranked
ANN first (mean rank = 1.50, Willmott's d = 0.848), followed by the Transformer model, with a critical distance
of 1.11 indicating significant differences (o = 0.05) between the highest- and lowest-ranked models. Taylor
diagrams highlighted the superior performance of the Transformer model (RMSE = 2.834, R2 = 0.545), with
ANFIS and ANN performing similarly. SHAP plots revealed that interactions such as Leaf Area Index—Dry
Matter Yield were among the most influential predictors, while SVR shared nine features with the regression
model. Correlation analysis grouped the features into physiological (e.g., SPAD_Mean) and yield-related (e.g.,
Dry Matter Yield) categories, with strong positive correlations (e.g., SPAD_2 and cob diameter, r = 0.82) and
strong negative correlations (e.g., Canopy Temp Mean and Root Colonization, r = —0.82). Skewed distributions
in KDE plots underscored the need for non-linear models. Force plots (e.g., LightGBM sample) showed features
like Leaf Area Index_Dry Matter Yield (+280.047) driving predictions, while loss curves for Enhanced DNN
indicated effective convergence.

Conclusion

The study suggests that neural network-based models excel in capturing complex eco-physiological
interactions, with canopy temperature and root-nitrogen interactions as key predictors, offering insights for
sustainable corn production despite data size limitations.

Keywords: Arbuscular mycorrhizal fungi, Artificial Neural Network, Eco-physiological interactions,
Feature engineering, Input efficiency, Plant growth-promoting rhizobacteria
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1- Plant Growth Promoting Rhizobacteria (PGPR)
2- Deep Neural Networks (DNN)
3- Transformer
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3- Iterative

4- Multicolinearity

5- Variance Inflation Factor (VIF)

6- Overfitting

7- Underfitting
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Table 2- Feature coefficients with standard errors, p-values, and variance inflation factors for each feature and the model’s
coefficient of determination
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1- Variance Inflation Factor (VIF)
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Table 3- Adjusted and predicted coefficients of determination for the stepwise regression model in predicting corn grain yield
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Figure 1- Matrix of correlation coefficients, kernel density estimation plots, and dendrogram among thirteen features
influencing corn grain yield (Full descriptions of variables shown in table 1)
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Figure 2- SHAP violin plot shows relative importance of 13 features identified via Stepwise Elimination Regression (Full
descriptions of variables shown in table 1)
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1- Model evaluation
2- Model validation
3- Model accuracy
4- Model capacity
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Table 4- Coefficient of determination, root mean square error, mean absolute error, and Willmott’s d index for eight
machine learning models to predict corn grain yield
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Figure 3- Nemeni plot comparing eight machine learning algorithms in predicting corn grain yield
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Figure 4- Taylor diagram comparing eight machine learning algorithms in predicting corn grain yield
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Figure 5- Scatter plot and regression line of predicted versus observed corn grain yield values
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A: ANFIS, B: Transformer, C: ANN, D: SVR, E: LightGBM, F: XGBoost, G: SVM, H: DNN
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Figure 6- SHAP violin plots of the relative importance of the top 20 features identified by the four best algorithms (Full
descriptions of variables shown in table 1)
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Table 5- Common features among the four top machine learning algorithms and the stepwise regression model (by

algorithm)
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Figure 7- SHAP Decision Plots for test samples by the four best algorithms (Full descriptions of variables shown
in table 1)
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Figure 8- Partial dependence plots: A) Interaction of plant nitrogen percentage and specific root length, B)
Interaction of root colonization percentage and plant phosphorus content at the end of the growing season,

C) Interaction of mean maximum photosynthesis rate and leaf area index, D) Interaction of mean canopy
temperature and cob number from the SVR algorithm
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Figure 9- Force plot generated by the Light GBM model (Full descriptions of variables shown in table 1)
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Figure 10- Loss per epoch plot for the enhanced deep neural network model
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Introduction

Biotic and abiotic stresses are among the most significant factors reducing productivity in arid and semi-arid
regions, where water is the primary limiting factor for plant growth. Sorghum possesses several advantageous
physiological characteristics including drought and salinity tolerance, higher water-use efficiency compared to
other forage crops, relatively high yield, desirable forage quality, and suitability for storage as both dry fodder
and silage which make it particularly valuable in these environments. Strategies to utilize saline water effectively
include selecting salt-tolerant cultivars, applying saline water during growth stages of lower sensitivity, and
blending saline and non-saline water to reduce overall salinity. Although sorghum exhibits relative tolerance to
soil and irrigation-water salinity, leaf-area expansion, carbon assimilation, stem elongation, and dry-matter
accumulation are significantly constrained under high salinity.

Materials and Methods

This experiment was conducted over two growing seasons (2019-2020 and 2020-2021) at the Zahak
Agricultural Research Station (Sistan, Iran), using a split-plot arrangement in a randomized complete block
design with three replications. Main-plot treatments were three irrigation-water salinity levels: non-saline (2-3
dS m?, control), moderate (4-6 dS m), and severe (6—-8 dS m=). Sub-plot treatments comprised six promising
forage sorghum genotypes (Pegah, Mansour, Speedfeed, KFS15, KFS16, and KFS17). Based on soil test
recommendations, ammonium phosphate (250 kg ha?) and urea (100 kg ha?) were applied at planting; an
additional 100 kg ha* urea was top-dressed when plants reached 35-40 cm in height. Sowing occurred on 15
March each year. Each sub-plot consisted of six 5-meter-long rows with 50 cm spacing between rows and 6 cm
spacing between plants. At the panicle emergence stage, after removing the two border rows and 0.5 m from
both ends of each plot, samples were harvested from an area of approximately 8 m2. Recorded traits included
days to flowering, plant height, tiller number, stem diameter, leaf number, leaf area, fresh and dry forage yields.

Results and Discussion

The combined analysis of variance revealed that plant height, stem diameter, tiller number, leaf number, leaf
area, protein content, fresh forage yield, and dry forage yield were significantly affected (p < 0.01) by salinity,
genotype, and their interaction. Under non-saline conditions (2-3 dS m), ‘Mansour’ produced the highest fresh
forage yield (146.94 t ha?), leaf area (261 cm?), and protein content (15.03%). The Speedfeed cultivar under
normal irrigation ranked second with a protein content of 14.75%, following Mansour. The lowest protein
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content was observed in lines KFS17 and KFS16, with means of 11.70% and 11.85%, respectively, under high-
salinity irrigation. Protein content declined in all genotypes with increasing salinity; ‘Mansour’ exhibited the
greatest reduction (23.7%). Under severe salinity (6—8 dS m?), ‘Pegah’ maintained superior plant height, stem
diameter, tiller and leaf numbers, and achieved higher fresh forage yield (72.01 t ha) and dry forage yield
(21.30 t hat) yields than the other entries. Fresh forage yields decreased significantly across all genotypes as
salinity rose (p < 0.01); the lowest fresh yield (38.96 t ha'*) was recorded in KFS15 under severe salinity. The
highest dry forage yields under non-saline irrigation were obtained by ‘Mansour’ (38.71 t hal) and KFS17
(38.40 t ha''), whereas the lowest dry forage yield (22.33 t ha?) occurred in KFS16 at 6-8 dS m-.

Conclusion

The study demonstrated significant genotypic differences in the response of forage sorghum to irrigation
water salinity. Although all measured traits declined with increasing salinity, 'Mansour' performed best under
non-saline conditions, whereas 'Pegah’ exhibited greater tolerance under moderate and high salinity by
maintaining higher biomass production and crude protein content. These findings suggest that selecting
genotypes based on their salinity tolerance can optimize forage yield and quality in salt-affected environments.
Given the increasing salinity of irrigation water in the Sistan region, the cultivation of 'Pegah’ represents a
practical and resilient strategy for sustaining forage production and supporting local livestock systems.

Keywords: Dry forage, Fresh forage, Leaf number, Protein content, Plant height
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Table 3- Mean comparison of agronomic traits of forage sorghum cultivars and lines under saline conditions
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* Similar letters in each column indicate the absence of significant differences (Duncans multiple rang test 5%).
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Figure 1- Interaction effects of salinity and cultivar on: plant height (a), stem diameter (b), tiller number (t), leaf number (p),
leaf area (g), protein percentage (d), fresh forage yield (h), and dry forage yield (y). Cultivars: V1: KFS15, VV2: Mansour, V3:

Speedfeed, V4: Pegah, V5: KFS17, V6: KFS16. Salinity levels: S1: 2-3 dS m, S2: 4-6 dS m™, S3: 6-8 dS m™ irrigation water
salinity
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Figure 2- Dendrogram resulting from cluster analysis of forage sorghum genotypes under salinity levels: normal (a),
moderate (b) and severe (c). The genotypes 1. KFS15, 2. Mansour, 3. Speedfeed, 4. Pegaah, 5. KFS17, and 6. KFS16
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Introduction

Forage sorghum (Sorghum bicolor (L.) Moench), a drought-tolerant Cs crop, is increasingly vital for
sustainable livestock feed production in arid and semi-arid regions like Iran, where climate change and water
scarcity threaten agricultural productivity. Despite its resilience, the limited availability of high-quality seeds
hampers its widespread adoption. Plant growth regulators (PGRs), such as Medax Top (containing mepiquat
chloride and prohexadione calcium), offer a promising approach to enhance grain yield and seed quality by
modulating plant growth and assimilate allocation. This study aimed to evaluate the effects of Medax Top foliar
application on grain yield, seed quality, and physiological traits of two open-pollinated forage sorghum cultivars
under water-limited conditions, providing insights into optimizing seed production for sustainable agriculture.

Materials and Methods

A two-year field experiment (2023-2024) was conducted at the Seed and Plant Improvement Institute, Karaj,
Iran, using a factorial split-plot of treatment arrangement in complete randomized block design with three
replications. Main plots comprised factorial combination of Medax Top doses (0, 0.5, 1, and 2 L ha) and
application timings (3-4 and 6-8 leaf stages), while subplots included two sorghum cultivars (Mansour and
Behesht). The trial was established in a semi-arid climate (265 mm annual rainfall, 14°C mean temperature) with
drip irrigation. Measured traits included leaf SPAD-value, leaf area index (LAI), grain yield, seed germination
percentage, grain starch, total carbohydrates, soluble sugars, and forage yield. Data were analyzed using SAS
9.1, with means compared via LSD’s test (P < 0.05) after confirming variance homogeneity across years.

Results and Discussion

Medax Top application significantly influenced physiological and agronomic traits. As the application rate of
Medax Top increased, leaf SPAD -value, grain yield, grain starch content, carbohydrates, soluble sugars and
seed germination percentage significantly increased. However, these positive changes were accompanied by a
reduction in LAI and forage yield. Foliar application at the 3-4 leaf stage, compared to the 6-8 leaf stage,
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significantly increased starch content and grain yield while decreasing forage yield. Application at the 3-4 leaf
stage yielded higher grain production (2976 kg ha) than the 6-8 leaf stage (2723 kg ha?), likely due to reduced
competition between vegetative and reproductive sinks in early development duration. The 2 L ha* of Medax
Top maximized grain yield and germination percentage, alongside enhancing SPAD-value and carbohydrate
content, reflecting improved photosynthetic efficiency and assimilate storage. However, forage yield decreased
by 34% at this dose, indicating a shift in resource allocation from vegetative to reproductive growth. The
Mansour cultivar demonstrated significant superiority over the Behesht in terms of starch content, carbohydrates,
soluble sugars, and forage yield, showcasing superior genetic potential. The maximum grain soluble sugar
content (6.88%) was observed in the Mansour cultivar with a ModaxTop application rate of 2 L ha* in the first
year, while the highest grain yield (4542 kg hat) was achieved in the same cultivar with a dose of 1 L ha* in the
second year. Lower doses (0.5-1 L ha?) better supported forage production, balancing vegetative biomass
retention.

Conclusion

This study demonstrated that foliar application of Medax Top effectively improved grain yield and seed
quality in open-pollinated forage sorghum cultivars. A rate of 2 L ha™' applied at the 3—4 leaf stage was
identified as the optimum treatment for seed production, particularly in the 'Mansour' cultivar. In forage
production systems, however, lower application rates are recommended to minimize reductions in biomass.
Overall, a foliar application of Medax Top at 2 L ha™! is recommended to maximize seed yield and quality,
whereas an applicationrate of 1 L ha™' is more suitable for combined seed and forage production. These findings
highlight the potential of plant growth regulators to optimize sorghum production according to specific
production objectives, seed, forage, or both, in water-limited environments, thereby enhancing agricultural
resilience and food security.
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Table 2- Combined analysis of variance for the studied traits in forage sorghum as affected by year, dose and time of
application of Medax Top, and cultivar

5L ! |
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O ydS alio @2 ot P y e T s Gl Ses (5 dil)
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ij;:;ej’za) 3 63.39™  1.31™ 135.20™ 203.40™ 6.96" 148.49™ 21762652"  144140304™
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‘“C')‘\‘;”E;/“;"’ : 5.3 75 7.6 7.6 8.6 42 8.8 71
. V. 0

2o K g guy Jleis] pdaw j3 )13 ime g I gimepuf o iy en 9w NS
ns, * and **: non-significant, and significant at 1% and 5% probability levels, respectively.
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Table 3- Main effects of year, dose and time of application of Medax Top, and cultivar on the studied traits in forage

sorghum
e Slgsme Slyow
diwlis . Sad o, > Slos 5 Sdos
] oasls o SLOyapg S o . .
i lojl s Jole g & &ld 4 Jolo M o ile &l adgle
; S » ; w Seed Grain For
Experimental factors : Leaf Grain Total arai Soluble eed ral orage
SPAD ea starch otal grain sugar ~ germination yield yield
area - ontent carbor;ydrates content  Ppercentage  (kgha')  (kgha')
index (%) (%) (%)
‘Y 40.03a* 5.15a 65.89a 71.83a 5944 94.46 a 2344 b 15529 a
Jl 2023
Year \Fey
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L S ¥-f
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* In each column and for each factor, the means followed by the same letter are not significantly different (P<0.05) according to the
LSD test.
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Table 4- Interaction effect of dose and application time of Medax Top on the soluble sugar content and grain yield of forage

sorghum
o sid cloe s s S
Treatment SJslb}; SeaS 7:“'[ C‘: °_° ol
R : R oluble sugar conten rain yie
55’“ 5.3 LS)AM ")Lo)’ og y_l
e (%0) (kg ha)
Dosage Timing
Spt-¥
s 3-4 leaf 5.39e* 1650 e
- S5
Control 6-8 leaf
S YF 5.39e 1672 e
o )3 1 o 3-4 leaf
- 5.62d 2869 ¢
0.5L hat SrFA
6-8 leaf q q
S YF 5.67 2297
i ) G 3-4 leaf
- 6.14b 3502 b
1.0L hat SrFA
6-8 leaf
S t¥ 6.01c 3048 ¢
S > 1) ¢ 3-4 leaf
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6-8 leaf 6.64 a 3872 a

KRy (P<0.05) &b gxe AMBILSD 090}1 bl gt s 5> Syie By (s sl ko #
* Means followed by the same letter in each column are not significantly different (P<0.05) according to the LSD test.
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Table 5- Interaction effect of Medax Top application dose and cultivar on starch and carbohydrate content of grain and
forage yield of forage sorghum
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Sy 1) 90 Mansour
-1 o
2.0L ha e 68.96 a 7550 b 10926 g
Behesht

35,05 (P<0.05) (g,l> sixo SMSILSD O}A)‘T ooboly gt yp > Sytie Bg e )y sla 1, Sle #
* Means followed by the same letter in each column are not significantly different (P<0.05) according to the LSD test.
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Table 6- Interaction effect of year, dose and application time of Medax Top on the soluble sugar content and grain yield of
forage sorghum
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* Means followed by the same letter in each column are not significantly differentns (P<0.05) according to the LSD test.
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Introduction

Lentil is the third most important legume in the cold-season legume family. Legumes, as the second most
important food source after cereals, account for about 613000 hectares of the annual cultivated area of crops in
Iran. In terms of cultivated area, lentil is in third place among legumes after chickpeas and beans, and the
provinces of Hamedan, Lorestan, Kerman, Fars and Bushehr are the main centers of production of this plant.
Crop growth simulation models can play an important role in allowing farmers and planners to make decisions
about the feasibility of systems (crops and technologies). These useful tools greatly facilitate the optimization of
crop production and management strategies. Crop growth models also provide a useful tool in researches to
simulate potential growth and yield. The aim of this study was to calibrate and validate the SSM-iCrop2 model
for simulation of growth and yield of lentil in order to investigate the effect of sowing date and different
irrigation under Kermanshah and Azna regions using the sub models associated with phenology, dry matter
production and distribution and the changes in leaf area.

Materials and Methods

This study was conducted at Agricultural and Natural Resources, Razi University and in a leading farmer's
farm in the Azna region. The SSM-iCrop2 model was used. This model has been tested and proved for a wide
range of crops. This model requires limited and easily available input information. In order to collect the
necessary information for model calibration and evaluation, experiments were conducted using a split factorial
design with three replications in 2022 and 2023. In this way, one experiment was conducted to extract the
parameters required for model calibration under the Kermanshah region in 2022, and then two other experiments
were conducted to extract the information required to model validation under the Kermanshah and Azna regions
in 2023. Treatments included supplementary irrigation (no irrigation, one irrigation at flowering stage, and two
irrigations at flowering and seed filling stages) as the main factor, sowing date (February 17, March 21, March
20 for Kermanshah, March 6, 16, and 24 for Azna), and cultivar (Bile Savar, Kimia, and Gachsaran) as
secondary factors. Measured data of phenological development stages and grain yield were used to evaluate the
model. Model evaluation indices included linear regression fitting between observed and simulated data and their
comparison with the slope of the 1:1 line, root mean square error (RMSE), normalized root mean square error
(nNRMSE), mean error of approximation (MBE), and Wilmot's agreement index (d).

Results and Discussion

Authors retain the copyright. This is an open access article distributed under Creative Commons
BY Attribution 4.0 International License (CC BY 4.0).
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The model calibration results indicated appropriate accuracy of the plant parameter values used in the model
structure, which led to very accurate prediction of growth and yield characteristics. The evaluation results
showed acceptable accuracy of SSM-iCrop2 in simulating the process of changes in developmental stages and
grain yield of cultivars in the studied treatments. The RMSE value of the developmental stage from sowing to
physiological maturity in Kermanshah for the cultivars Bileh Savar, Kimia and Gachsaran was 2.5, 2.5 and 3.4
days, respectively, and in Azna it was 12.9, 12.5 and 11.8 days, respectively. The RMSE value of grain yield in
Kermanshah ranged from 1.4 to 2.15 and from 4 to 7 g m2 in Azna. Several studies have been conducted on the
evaluation of the SSM-iCrop2 model in simulating grain yield in different crops. Among them is the research on
soybean by Nehbandani et al. (2015), who reported satisfactory results regarding the model evaluation. They
stated that this model can be used to determine the most suitable sowing and harvesting dates, grain yield, and
other phenological stages of soybean.

Conclusion

The results indicated that the SSM-iCrop2 model accurately estimated the phenological development and
grain yield of lentil cultivars. Despite variations in sowing dates and irrigation regimes, the model successfully
simulated lentil growth and yield using a relatively small number of input parameters. Model evaluation
demonstrated that SSM-iCrop2 can accurately simulate the developmental stages and grain yield of lentil in the
Kermanshah and Azna regions. Based on these findings, the model is suitable for predicting lentil growth and
yield and can be applied to studies assessing lentil performance under diverse climatic conditions and
management practices.

Keywords: Grain yield, Parameterization, Phenology, Simulation
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Table 1- Soil physical and chemical traits in the region of experiment
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DUL: volumetric soil water content at drained upper limit, SAT: volumetric soil water content at saturation, CN: curve number, LL: soil
water content in soil layer L at lower limit of plant and DRAINF: drainage factor
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Figure 1- Average of minimum and maximum monthly temperatures and cumulative precipitation during the lentil growing
season in Kermanshah and Azna
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Table 2- Characteristics of the studied cultivars
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Cultivar  Growth period (Day) Yield potential (kg ha') 100-seed weight (g)
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bl 90-110 1200 5
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Table 4- Attributes used in model calibration
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1- Root mean square error
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Figure 2- The results of calibration: comparison of simulated and measured values of number of days from sowing to anthesis

date and to physiological maturity (A: Kimiya, B: Bilehsavar, C: Gachsaran), grain yield and total dry weight of lentil
cultivars (D: Kimiya, E: Bilehsavar, F: Gachsaran) in different sowing dates and different irrigation
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Figure 3— Regression analysis between simulated and measured values of phenological stages (days from planting to
flowering and days from planting to physiological maturity), as well as the evaluation results of the SSM-iCrop2 model

indices under different planting dates and irrigation treatments in the climatic conditions of Kermanshah. A: Kimiya
cultivar, B: Bilihsavar cultivar and C: Gachsaran cultivar.
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Figure 4— Regression analysis between simulated and measured values of phenological stages (days from planting to
flowering and days from planting to physiological maturity), as well as the evaluation results of the SSM-iCrop2 model

indices under different planting dates and irrigation treatments in the climatic conditions of Azna. A: Belehsavar cultivar, B:
Kimiya cultivar and C: Gachsaran cultivar
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Figure 5- Regression analysis between simulated and measured values of lentil grain yield and the results of SSM iCrop2
model evaluation indices in Kermanshah climatic conditions. A, B and C: Belehsavar under different irrigation treatment

conditions and sowing dates. D, E and F: Kimiya cultivar under different irrigation treatment conditions and sowing dates.
G, H and I: Gachsaran cultivar under different irrigation treatment conditions and sowing dates
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Figure 6- Regression analysis between simulated and measured values of lentil grain yield and the results of SSM iCrop2
model evaluation indices in Azna climatic conditions. A, B and C: Belehsavar cultivar under different irrigation treatment

conditions and sowing dates. D, E and F: Kimiya cultivar under different irrigation treatment conditions and sowing dates.
G, H and I: Gachsaran cultivar under different irrigation treatment conditions and sowing dates
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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 experiment based on a randomized complete block design
with three replications in two regions, Karaj and Hamadan, during the 2019-2020 growing seasons. Irrigation
regimes, including three levels—(i) irrigation at 40% available soil moisture depletion throughout the growing
season (control), (ii) normal irrigation from planting to the pollination stage followed by irrigation at 60%
available soil moisture depletion, and (iii) normal irrigation from planting to the pollination stage followed by
irrigation cutoff until maturity—were assigned to the main plots. The factorial sub-factors included low-
consumption nano-elements at five levels (control, zinc, iron, selenium, and a combined application of the three
elements) and cytokinin application timing at four levels (control, flowering stage, milking stage, and flowering
+ milking stages). Measured traits included grain yield, biological yield, and chlorophyll fluorescence
parameters.

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 I,
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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 II, 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 Il, 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.

Keywords: Chlorophyll index, Leaf relative humidity, Micronutrients, Steady fluorescence, Variable
fluorescence
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Table 1- Meteorological information in Hamadan and Karaj regions

sk, FHb s yiSTan lod J3las
CuiS ol Humidity Precipitation Maximum temperature (C) Minimum temperature (C)
Cultivati ” (%) (mm)
ultivation months
olea  gS plea S Olsed s Olsed s
Hamadan Karaj Hamadan Karaj Hamadan Karaj Hamadan Karaj
e 40 43 1622 1305 18 25 5 7
October
T
o 39 44 151.5 128.5 14 20 1 2
November
o
» 42 45 1415 83 13 18 -2 -1
December
< 43 42 1435 97.5 10 14 -4 -3.2
January
ook 44 41 1175 145.2 11 12 -7.5 -3.5
February
|
_— 41 54 1245 105.5 14 133 -1 1
March
92 38 48 121.2 97 16 15,5 3 5
April
€2 42 42 112.6 104.5 16.5 19 9 11
May
b 43 46 0 0 235 203 14 18
June
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Table 2- Some physical and chemical properties of soil
dlie SepSleds ‘;’gﬁ‘ ”‘:"’ 1 3l d Ty
Region EC (dS m) (mg k;"l) (ma.kg?) Organic matter (%) (mg kg?) (meg I) Texture
A
oo 1.14 767 744 509.12 0.81 13.12 6.83 ) o9
Hamadan Clay loam
e 2.26 807 811 411.27 0.19 8.32 7.11 =
Karaj Clay
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Table 3- Measured components of chlorophyll fluorescence and their corresponding equations

b as W T Aslee
Parameters Abbreviation Equation
Lo
e ol Fv Fm-Fo
Variable fluorescence
I it ogoleS 118" i8]
. o9 o3l a8 sl Fv/Fm (Fm-Fo)/Fm
Maximum photochemical quantum yield of photosystem Il
Effective photochemical quantum yield of photosystem 11
l W?ﬁ °'\~’r‘>~|ﬁ“ L;'l*wﬁ‘s)‘& u‘?“"?g (S")K Y(NPQ) (Ft/ Fm’)_(FUFm)
Quantum yield of regulated energy dissipation
Quantum yield of non-regulated energy dissipation
st sise NPQ (Fm- Fm’)/ Fmy’

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

Ol o (wilo
Mean of squares
a4 . . :
Ol i 23lio e 5 ,Slos 5 ,Slos Cugb, S5 0 W ol
ggg W13 ) . . "’” owilwygls il gl S Qi
e d.f ‘5‘.'.)9"9'3 &l [ J:-"SJS oS oiond / . T
Biological Grain Sy Chlorophyll - - sl >
. . - FO Fm
yield yield RWC index Fm’
ailaio o - o o . . o
1 964.75 364.97 159.66 95.42 72.83 174.83 135.79
Place (P)
aglaio 4o 1,SG
o ’5‘ 4 13.11 10.84 12.32 16.58 12.43 16.48 4.33
Replication in P
L
. ‘5’_"' 2 673.94™ 419.11* 167.01™ 117.70™ 53.76™ 208.65™ 367.17™
Irrigation (1)
P xI 2 19.72m 32.70 " 19.43™ 11.36™ 9.88M 10.74™ 16.59™
(ks 8 28.70 21.56 21.67 17.93 10.17 12.70 13.18
Error
Seh) pe 4 751.19™  358.72"  189.73" 96.88" 69.07" 113,52 10.14°
Nano-micronutrients (B)
P xB 4 12.70m 15.74m 5.26M 8.562" 3.26M 5.70m 2.52m
“"“S ’“‘” 3 515.83" 276.30"  109.56™ 83.66™ 83.34" 74.92" 15.62"
Cytokinin (C)
P xC 3 14.61™ 19.47m 8.84M 9.43™ 6.05" 7.05M 1.10m
IxB 8 20.73™ 10.53™ 9.23™ 8.12™ 5.81™ 3.78™ 2.58m
Px IxB 8 23.84™ 42.11" 13.48™ 11.52m 6.39™ 6.09m 3.21™
IxC 6 15.66" 38.05" 10.74m 12.89m 5.24n 5.64" 2.33m
Px IxC 6 16.32™ 22.91m 12.01™ 11.03™ 7.42™ 6.85M 2.18m
BxC 12 19.87m 15.34m 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™
IXxBxC 24 11.71m 26.27™ 14.58" 10.73™ 6.27" 3.58m 1.12™
Px IxBxC 24 15.46™ 23.48™ 16.73™ 12.34m 5.90" 2.97" 1.19™
s 228 21.19 15.80 12.46 14.94 8.21 10.22 7.89
Error
u"‘g\jp 11.7 134 105 13.6 10.1 8.4 5.6

o dze BB NS o gy 9 S slad Jlaisl b jlo pixe i ey i g
* and **: significant at 5% and 1% levels of probability, respectively. ns: not significant.

Pyl + oyl + g9y yaic 4w plgi o il (slaagy polic
J89)lS e Ld 5 a0 ¥/ ¥ S (il Cugb) gm0
35 S g (Bl Jgdoe )0 0 el 4y s oy AV/SY
s Ssby Gal58l s &l (08 (60l + SLiBled S jlogs
b 4 s o pd FY/AY Ldg,lS° a3l g o pd YV/AA Sy
Jedg )5 Jlade yia Jidg)lS s o5 cutly dr g5 b (B Joix) 235
Ol |y Jdg)ls e ale Sl tesd a sl S ced et |,
0 Sy Jdo s lade U oYL (Siuwed die pl .l 0
o 9 48 ) Sl Sdglio 9 (5551 s s S Filogi

Ll (65y5WsS &Y gamee

Jadg s padld 9 8 p (o S
Jleinl L S gt Bl g siogy polis )l cadlato i
oiine Jedg )l (el 5 Sy (o Cagby g doyd S llad
95 1 o Cagh) (ke dunlio ol b Gollae (F Jgio) 15
Oed 33 oD YEIFY 5 3o 0 WWYY (o gy Jubg ST sl
5 S e Cagby o Sitd iS Jlesl b g g8 5l it
adss o Fe d ll jles cdl ialS Jdg IS jasls
St (s Cmgboy Gl g (Jlo ) o piod JB Cugbs,
ool Hlos 4 Cuns 3o )d A /FY Lo )lS jadls g o yd ¥o/VA
lajles 3 glal JolS glad ol 5l g GLEBles S Jloys

YAA



YA o pusS Judg IS il yold o asLis p pgaides 9 (59 cpT S gioms (bl Jolomo S5 oyl S0 g iy 3

P55 Jidg IS (il jold (S pad Ll (B 2 g gl ad Ll oSy (oo Cupgh 3 Slos Sl (ke Ao gl -0 Jgaa
Table 5- Results of comparison of average yield traits, leaf relative humidity, chlorophyll index and some chlorophyll

fluorescence parameters of wheat

3y8os 38 Cugb, oA W T e
S5 31 ’ omilwygls il gl
Lo 2599w il & ; Judo IS s 4> dipdig
. . . P und %29 . ..
Treatments Biological Grain * B
- - RwWC Chlorophyll gL
yield yield (%) index Fo Fm
(tha?) (t ha®) Fm
Place
ghon 27.58% 10.832 70.65?2 34.862 21.692 9.652 55.722
Hamadan
g . 22.46° 8.97° 63.47° 27.52° 17.80° 7.430 51.67°
Karaj
4.5)L:€1
Irrigation
I 26.48?2 11.292 74.53?2 34.792 23.752 10.422 58.492
I2 23.05° 8.73v 68.81° 25.540 16.93° 8.38v 43.17°
I3 17.84°¢ 6.61°¢ 52.94°¢ 19.28¢ 14.26° 6.64° 48.72¢
lie )
Micronutrients
; o]
et ot sy 29.01° 11787 72.43¢ 33.972 22.87¢ 9.61¢ 57.240
Zinc + iron + selenium
Zd'j) 26.18° 10.23P 66.89° 29.48°¢ 21.56° 7.75° 52.820
inc
I"’“I 25.95P 10.51° 62.45°¢ 32.85° 20.310 7.940 52.35°
ron
*’9*'“}“ 25.420 9.02¢ 59.33¢ 26.73¢ 20.45° 7.38° 52.98°
Selenium
aald 18.54¢ 7.634 51.72¢ 18.10¢ 15.68¢ 6.03¢ 48.27¢
Control
Cytokinin
oM b (RO
Flowering stage + milking 28.422 12.252 73.212 31.522 22.612 10.112 52.482
development
O S e 25.73° 10.31b 66.45° 28.49° 20.28° 8.62b 50.69°
Milking
§ >
T . ” 21.96° 8.66° 61.84°¢ 22.67°¢ 17.95¢ 6.84°¢ 48.15¢
Anthesis
aald 17.584 7.144 57.20d 19.344 15.634 6.32°¢ 47.37¢
Control
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* Means with similar letters in each column and each factors are not significantly different at 5% probability level.
ol JolS @b o 5l am g (Uil ) S U Jloy (g bl s o pwyiand B cagy adss aop £+ )3 (o)l o1 5l aw g SLidled S 6 Jloy ()bl 212 walis :la
I1: normal irrigation, I2: normal irrigation from planting date to pollination stage and irrigation at 60% available moisture discharge

afterward, 1s: 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

Ol o (b
Mean of squares
i, . .
PSlas - "5{ UL 21,8
. axyd . O - "

O s galio ) - Y 1,5 098y o98lgS .
s & oolil omleygs uilw ol o 2 o gid o n o n sigels
S0V Sls T lonigdpl  (oloawigid pd -

d.f sl % o Lo 958 gul
. Pl W . s )-’90 bw o ove DW sen ‘-?"'““ -
Ft Fv gl A o NPQ
I 0 AN | PO S RN
Fv/Fm v (i) Y (NPQ) Y (NO)
oo 1 946.83™ 2251.8™ 1.02m 0.94ns 0.26" 0.15" 1.88™
Place (P)
e s 1S5
‘“Jf“’ 2 ’s‘ 4 14.67 105.72 1.67 0.33 0.45 0.13 5.96
Replication in P
L
. & 2 863.64™ 3264.7 8.35™ 2.56™ 0.73" 0.48" 16.23™
Irrigation (1)
P xI] 2 32.80™ 137.82™ 5.02" 0.12m 0.001™ 0.12m 3.17m
s
Error 8 21.76 97.63 2.01 0.56 0.21 0.30 4.22
Sliey polis
Nano-micronutrients 4 958.17" 1823.4™ 3.90 1.72* 1.18" 0.91" 10.73"
(B)
P xB 4 16.70" 110.79™ 0.16" 0.34m 0.007m™ 0.027m 1.22"
"“Sw 3 313.73" 2138.1™ 4,98 1.66™ 0.97" 0.82" 9.75"
Cytokinin (C)
P xC 3 8.14"s 111.35™ 0.24" 0.13m 0.005™ 0.63"™ 0.92m
IxB 8 46.78™ 91.70™ 0.57" 0.008™ 0.006™ 0.018™ 1.01m
Px IxB 8 15.09™ 126.18"™ 0.84m 0.14m 0.002ns 0.014ns 1.07m
IxC 6 19.05™ 97.32"™ 0.72™ 0.21m 0.003ms 0.011"s 1.24m
Px IxC 6 32.80™ 84.15™ 0.30" 0.09" 0.005™ 0.008™ 1.18m
BxC 12 18.64" 114.97™ 0.61" 0.03m 0.0004"s 0.006M™ 1.02"
Px BxC 12 15.12" 101.74™ 0.95" 0.02ms 0.002m 0.009m™ 0.97"
IXxBxC 24 17.64" 95.63™ 0.68" 0.007m™ 0.0006" 0.005M™ 1.25"
Px IxBxC 24 21.23™ 89.04m 0.23" 0.009m™ 0.0008" 0.007m 1.73"
El::; 228 16.84 91.67 1.18 0.42 0.10 0.16 2.34
C.vV 8.4 10.8 9.0 5.3 7.2 6.2 7.5

P gixe il 81 NS (o iy 9 S sllad Jlainl b o gime i gy 1 g
*and **: significant at 5% and 1% levels of probability, respectively, ns: not significant.
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Table 7- Results of comparison of other chlorophyll fluorescence parameters of wheat
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Ft Fv o 953 ¥ * * NPQ
I [ JPCES I | IFCTWESC I | PO
Fv/Fm Y (I1) Y(NPQ) Y (NO)
Place
-
olen 487.65%" 1958.43¢2 0.862 0.422 0.342 0.162 2.262
Hamadan
E’S_ 454.31b 1768.79° 0.872 0.452 0.332 0.172 2.352
Karaj
d)L:J."
Irrigation
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 0.212 3.18°
I3 428.39°¢ 1733.67° 0.76°¢ 0.522 0.542 0.232 4,352
30},
Micronutrients
. -]
posibet o2l sy, 550.43°  2179.847 0.870 0.31° 0.38° 0.16° 1.85¢
Zinc+ iron+selenium
;_9) 483.38¢ 1963.040 0.81° 0.420 0.43° 0.21° 2.41°
inc
]
Iu"’ 511.07° 1942.55P 0.82° 0.39¢ 0.440 0.22° 2.340
ron
F%;_lw 467.814 1926.87° 0.80° 0.45° 0.45° 0.21° 2.280
Selenium
aald 436.28¢° 1794.394 0.72¢ 0.532 0.512 0.262 3.042
Control
Cytokinin
oMb bt 2 S
Flowering stage + 516.942 2123.642 0.872 0.29¢ 0.35° 0.16° 2.480
milking development
O S e 492350 2190.21° 0.867 0.34¢ 0.360 0.175 2.34b
Milking
g 41?’“ 456.28P 1743.69° 0.76° 0.42° 0.492 0.232 3.572
Anthesis
aald 448.17° 1758.724 0.75° 0.502 0.482 0.252 3.612
Control

(32> iy slas Jlassl b (oSSl (y90]) ditds 53 ime glis 4316 S jtie Bgy> syl (o opSile Jolo o (clp g cygia o j0 %
* Means with similar letters in each column and each factors are not significantly different at 5% probability level.
ol JolS @b o 5l am g (Uil ) S U Jloy (g bl s o pwyiand B cagoy adss ao > £+ )3 (o)l o1 5l aw g SLidled S 6 Jloy ()bl 212 walis :la
11: Normal irrigation, l2: Normal irrigation from planting date to pollination stage and irrigation at 60% available moisture discharge
afterward, 13: Normal irrigation in from planting date to pollination stage then with holding cut off irrigation
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Table 8- Correlation of studied traits

n=120

'\('QP (NYO) Yg\)‘P Y(l) FwFm  F F Fon Frm Fo  Chll RWC BY  GY
NPQ 1 080" 082" 078 064 080" 053 069 080" 08" 074" 074 074 08"
Y (NO) 1 084™ 081" 071" -063° -041" -065" 075"  -058" -0.68" -068" -0.68" -0.74"
Y(NPQ) 1 085" -080" 075" -062" -0.70" 077" 071" -073" 073" 073" -0.71°
Y (1) 1 -069” 066" -061" -0.68" -0.60" -0.69" -077" 077" 077" -0.75"
Fy/Fm 1 031 027 042 050 031 041 026 030 067"

R 1 035 035 047 027 034 028 044 052

Fo 1 034 031 030 040 030 035 043

For 1 0.40 028 038 050 040 037

Fm 1 024 039 033 027 028

Fo 1 042 028 039 040
Chl.| 1 088" 095" 090"
RWC 1 087" 084"
BY 1 o097

GY 1

Wbl oo I ime s 1Mo ey dlasel 5 lopd iy 9 S5 lad Jlainl b o pire (e 1 g e
* and **: significant at 5% and 1% levels of probability, respectively, Unsigned numbers: are not significant,

Yl gt sty olordsiyé o5ty (LS Y (NPQ) dl piususgtd o0 s olbondgid i caglsS’ a5 :Y (NO) st (bgels NPQ
iy (il ygld M il il gl it uibis gl FV ] sy (ooglsS’ ()8 iShas FVIFM 1 st S50 olordgid og5lss 115 (1)
Soidgm 3ySlee BY iy 5 Shas :GY oSy (i gy RWC ¢ g IS (a3l :ChILT caieS” juiloyold FO ety il gl :FM glisl s )
NPQ: non-photochemical quenching, Y (NO): unregulated non-photochemical quantum efficiency of photosystem I1, Y (NPQ):

regulated non-photochemical quantum efficiency of photosystem I1, Y (I1): effective photochemical quantum efficiency of
photosystem I, Fv/Fm: maximum quantum efficiency of photosystem Il, Fv: variable fluorescence, Ft: steady-state fluorescence,
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“Fm: maximum fluorescence at saturation, Fm: maximum fluorescence, FO: minimum fluorescence, Chl.I: chlorophyll index, RWC:
leaf relative humidity, GY: grain yield, BY: biological yield.
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