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Introduction

The agricultural sector’s strong dependence on water and energy resources for ensuring food security for the
growing global population amplifies the necessity of enhancing water and energy efficiency in agricultural
products, while simultaneously maintaining the health of society and the environment. Sustainable provision of
water and energy is one of the main challenges to development in all countries. Since the agricultural sector is one
of the largest consumers of water and energy, any disruption in their supply can significantly impact agricultural
production levels. Increasing efficiency and optimizing energy consumption management are key strategies for
mitigating the environmental effects caused by food production processes. This approach not only creates
economic benefits but also plays a crucial role in achieving the long-term sustainability of production systems
through the conservation of fossil resources and reduction of air pollution. Consequently, extensive research has
been focused on energy management. On the other hand, unsustainable use of agricultural inputs such as chemical
fertilizers, pesticides, and fossil fuels leads to serious consequences, including global warming, biodiversity loss,
and degradation of soil and air quality. Therefore, sustainable management of these inputs is essential and
inevitable for maintaining environmental balance and achieving sustainable development. Thus, the challenges of
food security and the need for sustainability of energy resources in modern agriculture have heightened the
importance of assessing energy consumption efficiency. Energy footprint analysis serves as an effective tool for
identifying high-consumption areas and providing managerial and technological solutions to improve energy
efficiency in agricultural production.

Materials and Methods

This research was conducted with the aim of examining the personal characteristics of farmers, analyzing
energy consumption, and assessing energy indicators in the cultivation of three major crops: rice, forage corn, and
potatoes, in the districts of Dorud, Kuhdasht, and Azna, respectively, in Lorestan Province. Data were collected
through questionnaires and face-to-face interviews with farmers and analyzed using statistical methods. The input
energy indicators included chemical fertilizers, fuel, irrigation water, seeds, and human labor. The main sections
of the questionnaires included: (1) general information about the farmer and the farm, such as age, education, work
experience, and land area; (I1) information regarding the amount of input consumption, including human labor,
machinery, chemical inputs, fuel, irrigation water, and seeds; and (l11) information regarding crop yield. The
statistical population consisted of one thousand active farmers involved in rice production (in Dorud), forage corn
(in Kuhdasht), and potatoes (in Azna). To determine the sample size, the Cochran formula was used with a
confidence level of 95% and a margin of error of 7%. To calculate the energy equivalent of inputs and outputs, all
production inputs and outputs were converted to energy equivalents in terms of megajoules per hectare (MJ/ha).
In this research, indicators such as Energy Ratio, Net Energy Yield, Energy Efficiency, and Water Use Efficiency
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were employed.

Results and Discussion

The findings indicated that the majority of farmers were in the age range of 40-50 years, with primary or high
school education, and had a minimum of five years of farming experience. Their predominant crop was forage
corn. The findings indicated that the highest input energy consumption was observed for potatoes, with 123048
MJ ha™ 1, of which fuel energy accounted for 58.17%. It was followed by rice with 121117.09 MJ ha™ t (fuel
energy share: 50%), and forage maize with 98644 MJ ha™ %, where 60.85% of the total energy input was derived
from fuel consumption. After fossil fuels, agricultural machinery, with an average share of 30%, and chemical
fertilizers, with an average of 10%, ranked nex. The energy share of irrigation water in rice was 11236.39 MJ ha™ *
(9.28%), which was significantly higher compared to the other two crops.

Conclusion

Overall, the results revealed that potato had the highest total input energy (123048 MJ ha™ 1) and output energy
(151200 MJ ha™ 1), while forage maize had the lowest input energy (98644 MJ ha™ ).

Keywords: Energy consumption, Energy productivity, Irrigation water, Lorestan province, Nitrogen fertilizer
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Average annual rainfall (mm)
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Average annual evaporation (mm)
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Main agricultural product Rice Fodder corn Potato
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Crop yield (tons/hectare)
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Dominant soil texture
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Table 2- Energy equivalents for the production of rice, potato and corn products

Sy 8551 Jolas e
Title Energy(II\EA%L)uvaIent References
Sl 95 _
Labor energy 1.96 Singh et al., 2004
(Work hour)
o o 31.56 Singh
. etal., 2004
Diesel fuel (Litr) g
Y pwile .
§ 62.70 Singh et al., 2004
Machinery (Hour) ingh et al.,
(P)§9L§) );\e
Seed
ooy 14.70 Singh et al., 2004
Rice
) e 3.60 Singh et al., 2004
Potato
o 14.7 ingh et al., 2004
Com 0 Singh et al., 200
d)‘:‘?j J
Irrigation water 1.02 Singh et al., 2004
(M*)
Py
Pesticide (kg)
"“sul; 238.00 Singh et al., 2004
Herbicide
Al 216.00 Singh et al., 2004
Fungicide
e et d 66.14 Singh et al., 2004
Nitrogen fertilizes
osbiw
Output
&y .
17.80 Singh et al., 2004
Corn "9
e 14.70 Ozkan et al., 2004;
Rice
e 3.60 Ozkan et al., 2004

Potato
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Table 3- Respondents agricultural background

S3o9lis atylw

o) HIKEY

Agricultural background Percentage Count

JLo 0 5l a8

Less than 5 years

Ju Ve b e

Between 5 to 20 years

Jlo Ve 5l i

More than 20 years

Ko
Total

9.8 18
413 78
48.9 92
100 188
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Table 4- Energy consumption in the cultivation of studied crops
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&5 Sy ol Span ol Span olie
Energy &5 &5l vy 5! s 3 &5 5l ey
cons.umption Energy Percentage Energy Percentage Energy Percentage
input consumption of total consumption of total consumption of total
(MJ/ha) (MJ/ha) (MJ/ha)
Ll o
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Y il
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Machinery
OFs s 35
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(oxf 5o
Insecticides
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Seed
S35 S5A S
(e S sl) 121117.10 100.00 98644.25 100.00 123048.66 100.00
Total energy
input
w9 &3 IS
(s S 1) 55000.00 - 406250.00 - 151200.00 -
Total energy
output
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Table 5- Energy consumption of the studied products, broken down by agricultural operation

. pb - . — TS 3 RT3 b
ldas U 37 3 R 5 2 LTS . o yiS i)
. Jypao sl cd 855 i e S
i el o * Seed gre OIF s 9 eoisE,B
Agricultural 4 Machinery Fuel Energy Irrigation Nitrogen J A
Operation Crop Energy Energy Water Fertilizes Labor (o s
Name Energy Insecticides
@x 1881.00 9468.00 - 2239.20 - 3.92 -
Rice
SinpSt N 627.00 3156.00 - - - 7.84 -
Tillage Corn
(i 752.40 3787.20 - - - 5.80 -
Potato
R@i"é’é 250.80 789.00 540.23 3262.48 7252.14 2.94 -
— = 125.40 631.20 489.50 674.35 9372.59 5.88 -
Planting Corn
CARASH 175.50 82060  6660.00  1203.78 7810.00 3.92 -
Potato
@r 37620.00  48865.91 - 5733.69 - 2.52 -
; Rice
ol shey -3
Water = 24076.00  54809.68 - 1352.00 - 5.88 -
; Corn
Pumping o
e 31350.00  65335.89 - 1345.00 - 4.72 -
Potato
@x 94.05 158.00 ; 1.02 - 1.96 1496.16
Rice
e = 156.70 473.40 - 1.53 - 2.94 1506.27
Pesticide Corn
R 250.50 631.20 - 1.22 - 3.53 1745.80
Potato
Er 188.10 1262.40 ; ; ; 357 ;
Rice
— <0 219.40 946.80 - ; - 3.92 ;
Harvesting Corn
R 150.40 1009.20 ; . - 2.00 -
Potato
adllao 3590 Y guase )3 (559) Comnd =1 Jou>
Table 6- Energy ratio of the studied crops
Jgazo (MJ/ha) 63959 $55! (MJI/hA) gy8 558! (855! S
Crop Energy input Energy output Energy ratio
@x 121117.0929 55000 0.45
Rice
61@91; CJ)S
98644.254 406250 4.11

Forage corn

i 123048.66 151200 1.22
Potato
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Table 7- Net energy efficiency in the studied crops

Jopase  (MIha) 39,9 5591 (MIIha) (agys g5 (MI/ha) 5,91 LAl 035L
Crop Energy input Energy output Net energy yield (MJ/ha)
G_;f‘ 121117.0929 55000 -66117.0929
Rice
lbsle <0 98644.254 406250 307605.746
Forage corn
(i 123048.66 151200 28151.34
Potato
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Table 8- Energy productivity of the studied crops

Jpame S99 S35 Jgate 3,8es S318,590 4
Cro (MJ/ha) (kg/ha) (MJ.kg)
P Energy input Crop yield Energy efficiency (MJ.kg)
é_j” 121117.0929 3500 0.02
Rice
SMdole )3
98644.254 30000 0.30
Forage corn
@I 123048.66 42000 0.34

Potato
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Table 9- Water-energy productivity efficiency in the studied crops

Jpame  (MI/ha) g bl of Joleo 55551 (kg/ha) Jomamo 3 ySdas

(kg-MJ) Of & o 1,18

Crop Energy water irrigation Crop yield Water consumption efficiency (kg.MJ)
e 11236.39 3500 0.31
Rice
el <2 1924.63 30000 155
Forage corn
St 2550 42000 16.4
Potato
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Introduction

The common bean is an important legume cultivated by farmers in various regions using low-input practices.
It originated in South and Central America and is now cultivated in all tropical and temperate regions worldwide.
Asia accounts for 43% of global bean production, while the Americas (North, Central, and South America) account
for 29%, and Africa for 26%. Bean seeds, containing approximately 22% protein, are a valuable alternative to
animal protein sources. Iran is an arid and semi-arid country that faces the problem of resource shortages,
especially water. Undoubtedly, modifying consumption patterns as well as optimizing the use of agricultural inputs
will lead to increased food security.

Materials and Methods

The experiments were conducted at the research farm of the Campus of Agricultural and Natural Resources
(34°,19" N, 47°, 50" E and altitude 1320 m) of Razi University in the Kermanshah region, located in western Iran,
over three years from 2021 to 2023. In terms of climatic divisions, this region is located in the temperate
mountainous regions with a Mediterranean climate. The experiments were conducted in a split plot in a randomized
complete block design with three replications. The treatments included irrigation water amount as the main factor
(providing 100% of the water requirement, equivalent to 7300 m® ha? (IR100%), providing 80% of the water
requirement, equivalent to 5840 m3 ha* (IR80%), and providing 60% of the water requirement, equivalent to 4380
m? ha* (IR60%) for 2021. Because the amount of water required by the plant is determined according to climatic
factors, the amounts of irrigation water in each treatment were determined as 6800, 5440, and 4080 m? ha'* for
2022 and 7200, 5760, and 4320 m? ha* for 2023, respectively. Three common red bean cultivars, including Ofogh,
Yaghoot, and Derakhshan, were also considered as secondary factors. The soil water status, leaf area index (LAI),

light absorption, total dry weight (TDW), light use efficiency (LUE), and grain yield (GY) were measured.

Results and Discussion

The soil volumetric water content fluctuated as a function of the amount of water entering the soil (irrigation)
and the amount of water leaving the soil (evaporation from the soil surface and transpiration by the plant). Soil
volumetric water content varied in different irrigation treatments. Regardless of the red bean cultivars, the highest
and lowest soil water content were observed in the IR100% and IR60% treatments during 2021-2023, respectively.
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The volumetric soil water content also varied for the studied red bean cultivars during the experimental period.
Regardless of irrigation treatments, the highest and lowest soil water content were observed for the Ofogh and
Derakhshan cultivars, respectively. The Ofogh cultivar had a shorter growth period than the other cultivars, so it
required less irrigation water. It seems that the Ofogh cultivar absorbed water from the soil more quickly in the
early stages of growth, which led to a sharp decrease in soil moisture content. But at the end of the growing season,
as the air gradually cooled, soil moisture content increased again due to a decrease in water absorption by the
Ofogh cultivar. The Yaghoot cultivar required more irrigation water than the Ofogh cultivar due to its unlimited
growth, and in the middle of its growth period, due to the greater development of leaves in the canopy, it absorbed
more water from the soil, which led to a more severe decrease in soil moisture. The changes in soil water content
for the Derakhshan cultivar were almost similar to the Yaghoot cultivar. Due to the longer growth period of
Derakhshan cultivar compared to other cultivars, more irrigation water was absorbed by this cultivar, which led to
a sharp decrease in soil volumetric water content at the end of the growth period. The results showed that soil
moisture content varied significantly among irrigation treatments and cultivars. Severe water deficit stress reduced
LAI, TDW, and GY. The highest LUE in the vegetative and reproductive stages for the Yaghoot cultivar compared
to other cultivars were 1.36 and 0.54 g MJ, respectively. In 2022, the evaluated traits were higher than in 2021
and 2023, due to the lower average temperature (27°C) during the growing season. Regardless of year, the highest
grain yield (192.5 g m?) belonged to Ofogh cultivar under optimum irrigation conditions, and the lowest grain
yield (80.9 g m) belonged to Derakhshan cultivar in severe water stress conditions.

Conclusion

The results of this study showed a positive effect of irrigation on the light absorption and LUE of common
bean cultivars. Severe water stress reduced the ability of the crop to maintain leaf area during the growth period.
Finally, the reduction in light absorption, LUE, and the length of the bean growth period due to drought stress led
to lower TDW and GY.

Keywords: Grain yield, Leaf area index, Soil volumetric moisture, Water deficit stress
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Figure 1- Temperature changes in Kermanshah during the growth period in 1400 to 1402
(Kermanshah Meteorological Organization. www.kermanshahmet.ir)
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Table 1- Monthly cumulative precipitation (mm) in the Kermanshah region during experiment years
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Figure 2- The effect of different irrigation treatments on the soil water content of red bean cultivars. A: Ofogh,
B: Yaghoot, C: Derakhshan
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Figure 4- The effect of different irrigation treatments on the solar radiation absorption of red bean cultivars. A: Irrigation

60%, B: Irrigation 80%, C: Irrigation 1007,
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Table 3- Variance analysis of red bean grain yield under the influence of irrigation and different cultivars during 1400—
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Irrigation Degree of freedom Mean squares
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100% 2 1167**
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", * and ** show non-significant difference, significant difference at the 5 and 1% probability levels, respectively.
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Table 4- Effects of interaction of irrigation and cultivar on red bean grain yield
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Introduction

Water scarcity, as one of the main challenges in the agricultural sector, especially in arid and semi-arid regions,
has doubled the necessity of optimizing water use in the production of strategic crops such as sugar beet.
Determining an optimal irrigation pattern that can simultaneously meet performance, technical, and economic
objectives requires a comprehensive and multi-dimensional approach. Traditional evaluation methods, which often
focus on one or a limited number of indicators, are unable to provide a complete picture of the trade-offs between
different criteria. In this regard, Multi-Criteria Decision-Making (MCDM) methods, with their capability to
simultaneously and compromisingly evaluate quantitative and qualitative indicators, are considered effective tools
for prioritizing management options. This research aimed to evaluate the effects of different levels of management
allowable depletion (MAD) on functional, technical, and economic indicators in a sugar beet irrigation system.
Given water resource limitations and the need to optimize agricultural water use, determining the appropriate
MAD level can significantly enhance crop productivity and profitability. The study employed the VIKOR
(VlseKriterijumska Optimizacija | Kompromisno Resenje) multi-criteria decision-making method to select the
best irrigation treatment. This investigation was conducted within the context of increasing global water scarcity
and the critical need for sustainable agricultural practices. Efficient irrigation management is paramount for
ensuring food security and the economic viability of farming operations. By systematically analyzing the trade-
offs between water conservation, crop yield, and economic returns under varying soil moisture regimes, this study
provides a comprehensive framework for informed decision-making. The application of the VIKOR method is
particularly suited to this problem, as it facilitates the identification of a balanced compromise solution that
reconciles potentially conflicting objectives inherent in agricultural water management, thereby offering a robust
scientific basis for optimizing sugar beet irrigation strategies in water-limited environments.

Materials and Methods

Integrated Methodology Section (Final Version): This experiment employed a randomized complete block
design (RCBD) to systematically evaluate the impact of irrigation treatments. The study was conducted at the
experimental field of the Soil and Water Research Institute in Karaj, Iran. Three distinct levels of management
allowable depletion (MAD), specifically 40%, 60%, and 80%, were applied as the main treatments, each replicated
four times to ensure statistical reliability and account for field variability. A comprehensive dataset was collected,
encompassing key agronomic and economic indicators: crop evapotranspiration (ETc), root yield, water
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productivity (WP), energy productivity, and relevant economic metrics. For the statistical analysis of the data
derived from the randomized complete block design, analysis of variance (ANOVA) was utilized. This analysis
was conducted to examine the statistical significance of observed differences among the various irrigation
treatments for each measured trait. In cases where the treatment effect was significant, Duncan's multiple range
test at the 5% probability level was used to separate the means. To assess the reliability of the results and investigate
the sensitivity of the final ranking to potential variations in criterion weights or data fluctuations, a sensitivity
analysis based on Monte Carlo simulation was also performed. In this analysis, by introducing controlled random
variations to the input parameters of the VIKOR model, the stability and robustness of the final ranking of the
options were evaluated. The VIKOR multi-criteria decision-making method was subsequently applied to this
integrated dataset. This method was chosen for its proven efficacy in handling complex decisions involving
conflicting and non-commensurable criteria, allowing for the identification of a compromise ranking that best
satisfies all evaluation parameters under the given experimental conditions. The integration of results from the
analysis of variance, mean comparison tests, and Monte Carlo sensitivity analysis with the output of the VIKOR
method provided a robust and multidimensional analytical framework for deriving valid and applicable
conclusions.

Results and Discussion

The results demonstrated that the MAD=60% (T2) treatment optimally balanced root yield, WP, energy
productivity, and benefit-cost ratio, emerging as the superior option. In the first year, this treatment achieved a
VIKOR index (Q=0.2971), a root yield of 36.35 t/ha, and a WP of 5.07 kg/m3. In the second year, it recorded a
VIKOR index (Q=0.1463), a root yield of 45.4 t/ha, and a WP of 5.8 kg/m3, confirming its superiority. To ensure
the reliability of the results, a Monte Carlo sensitivity analysis was performed. This analysis confirmed the stability
of the MAD=60% treatment, with probabilities of 85.94% (first year) and 100% (second year). These findings
indicate that MAD=60% performs consistently under varying conditions.

Conclusion

The study concludes that MAD=60% is the optimal irrigation strategy for sugar beet cultivation under normal
water resource conditions, excelling in functional, technical, and economic performance. These findings can guide
farmers and policymakers in improving water management and crop efficiency.
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Table 3- Input and output energy coefficients
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Table 5- Analysis of variance for quantitative and qualitative traits of sugar beet (first year)
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(Sources of variation) (Degrees of freedom)

MS
(Block) s, 3 0.04 26.10 1.68
(Treatment) ,los 2 0.36" 133886/80 ™ 222.63™
(Error) s 6 0.06 99.42 2.37
CV% 4.95 1.45 4.43
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MS: Mean Squares
ns, **, and * indicate non-significant, significant at 1%, and significant at 5% levels, respectively
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Table 6- Comparison of mean quantitative and qualitative traits of sugar beet based on Duncan’s
test at the 5% level (first year)
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Table 7- Analysis of variance for quantitative and qualitative traits of sugar beet (second year)

S o &3l51 4y adyy & (5590 50 X yuad ady ) 3 Ses
(Sources of variation) (Degrees of freedom) Root water productivity E’\\//laspotranspiration Root yield
(Block) <L 0.11 39.15 2.30
(Treatment) ;Lo 2.41™ 169018.42 ™ 203.20™
(Error) las 0.08 74.40 2.52
CV % 4.68 1.18 3.73
Slaye 1Ske :MS
Lo gy 5 Se g 33 e 5 G pas Bpee 4 T NS

MS: Mean Squares
ns, **, and * indicate non-significant, significant at 1%, and significant at 5% levels, respectively
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Table 8- Comparison of mean quantitative and qualitative traits of sugar beet based on
Duncan's test at the 5% level (second year)

s adyy <l 559042 E%— il Ay 3,5as
I Root water productivity Evapotranspiration Root yield
Treatment (kg m?) (mm) (ton har?)
T1 5.24c 909.70 a 47.68 a
T2 5.80b 782.20 b 4540 a
T3 6.78 a 507.40 ¢ 34.35a
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Figure 3- Monte Carlo simulation of VIKOR scores (Year 1)
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Introduction

Background and objectives: Drought stress is one of the most significant abiotic stressors, recognized as a
major constraint on agricultural plant growth and productivity worldwide. It adversely affects soil physicochemical
properties and plant physiological processes, altering soil microbial dynamics. Drought stress reduces crop yields
and degrades soil health in arid and semi-arid regions, where water scarcity is a critical challenge. Plant growth-
promoting rhizobacteria (PGPR) have emerged as a sustainable and eco-friendly strategy to enhance plant
resilience against abiotic stresses, including drought. These beneficial microorganisms improve nutrient uptake,
stimulate phytohormone production, and enhance stress tolerance mechanisms in plants, thereby mitigating the
negative impacts of water deficit. Considering that most of the regions of Iran are located in arid and semi-arid
climates and taking into account the advantages of plant growth-promoting rhizobacteria in reducing stress
compared to other physical and chemical methods, this research investigated the effect of plant growth-promoting
rhizobacteria on reducing drought stress in the tomato plant and biological characteristics of the soil.

Materials and Methods

A greenhouse experiment was conducted in a randomized complete block design (RCBD) with four
replications. Experimental treatments included four levels of drought stress (40, 60, 80, and 100% of FC) and five
bacterial strains: B19 (Lysinibacillus sphaericus), B60 (Bacillus sp.), B103 (Lysibacillus sp.), B124
(Achromobacter sp.), and GB03 (Bacillus subtilis). A control treatment (without bacteria and drought stress) was
also considered. To apply the treatments, 4 kg pots were prepared using soil passed through a 4 mm sieve. Nutrient
Broth (NB) medium was used for cultivation to enhance the bacterial population. The bacteria were grown under
controlled conditions at 30°C with continuous shaking at 120 rpm for 36 hours to ensure optimal growth. After
incubation, a bacterial suspension with a concentration of 10° CFU/mL was prepared in sterile distilled water.
Tomato seedlings' roots were then immersed in this suspension for 20 minutes to ensure proper colonization before
being transplanted into the potted soil. A control treatment (non-inoculated seedlings) was also included in the
experiment for comparative analysis. To ensure the establishment of the plants, all the pots were irrigated for 3 to
4 weeks. The desired drought stress was applied during the cultivation period by measuring soil moisture using
the gravimetric method. In this method, the weight of the pots was measured every day, and irrigation was
performed immediately after the soil moisture decreased. This method of applying treatments continued daily for
three months. The greenhouse temperature was 25°C and the lighting period was 12 hours. The characteristics of
the number of flowers, fresh weight of the aerial part and roots, stomatal resistance, fresh weight of the fruit, and
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the amount of the free proline content of the leaves were measured. In addition, soil biological characteristics,
including organic carbon mineralization, microbial biomass carbon, substrate-induced respiration (SIR), and
metabolic quotient (qCO) after plant harvesting, were determined in the soil. Before performing the analysis of
variance (ANOVA), the normality of the data was tested. In this study, Duncan's 5% probability level test was
used for mean comparisons, Excel software was used for graphing, and SAS 9.4 was employed for data analysis.

Results

The results of this study showed that all five bacterial strains used caused significant increases in the fresh
weight of the shoot, the number of flowers, and the fruit weight. The amount of free proline in the leaves increased
significantly compared to the control treatment (no inoculation). The results showed that the value of stomatal
resistance had a significant decrease compared to the control treatment (no inoculation). Also, the used strains
improved the quality of soil biological characteristics, so that basal respiration, substrate-induced respiration (SIR),
and microbial biomass carbon had a significant increase, but the metabolic quotient (qCO2) showed a significant
decrease compared to the control treatment (no inoculation). Among the five strains used, three strains, B19, B60,
and B103 showed the greatest effect in reducing the effects of drought stress.

Conclusion

Various stressful conditions, including the moisture stress prevailing in Iran's agriculture, cause a decrease in
the growth and yield of agricultural products; therefore, the use of inoculants containing microorganisms, including
plant growth-promoting rhizobacteria, whose activity has been proven to improve stress conditions, is essential.

Keywords: Metabolic quotient, Microbial biomass carbon, Microbial respiration, Proline, Yield
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Table 1- Physical and chemical characteristics of the soil

SR saly Jlade
Characteristics Unit Value
Sampling depth (s b pdiges Gos cm 0-30

Soil Texture SBocdl oS - Silty Clay Loam
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Na S Jloxe g meq L 0.14
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joy b Slebu )3 gy Sojlal S oo drula |) S slaess)
bod 5 s Ly b 03 plosil acibianugs Sl clacSys g9y 1 5
Bates et al., ) Sy l3l gy Jlade g ogee 55 ()59 Ml gy
OBLS il ) ey 0 culS S 53 605 (6,50l (1973
oS «an can ¢ly (Anderson, 1982) S 5gyShe i
Gad)) abls g p8g )l b (3] g) 4 (2950 035 Cums
(SIR) wzXlyy uas 9 (Horwath & Paul, 1994) (54, V-
oS Cpmizmed SAS (g pSojlul (Alef & Nannipieri, 1995)
ool Cawddy glaodls> L (Suman et al., 2006) (CO)  SJgslio
odls 39 Jloys 905l cmodly uib)ly 43550 51 B b duunlxo
g 53 S 903l 31 eSlie Al (slyy Baiods il )3 05 pl]
5 45 03lizl ST 13805 5l b lsg0d sy (6l g duoyd B Jlazs]

3,5 o3latwl SAS 9.4 ,158le 5 5l aedly Jdow (sly i e

P9S8 (55193530 9 S35 98 90 slaS g
oS Aoy g 2l e § Ojs 2 ilejl sl b
9 6xSL blie ol Bl sl osd o3ls LG Y Jgas 53 (S84 65
Diine alsd (i3 5 e » deyd ) Jlais] paw > Suid i
$O39 cnye (Y Joio) cadlis olS 4y 5 559 2 5056 Jg 392

25 290 3 s oy cr 5 pse (plulid jslaiods (pizxen
ol 515 ol adg) Sl &0 il ey Wt o 5 oS
Bacillus megaterium (P2) Jolis oL, SL alis oy s o
Lysinibacillus sphaericus (B19) Bacillus sp. (B60)
Bacillus subtilis (GB03) Pseudomonas geniculate (B11)
Lysibacillus Bacillus pumilus (INR7) Bacillus sp. (D4)
5 Stenotrophomonas maltophilia (B71) sp. (B103)
JolS slaSsh 4 LJB > Achromobacter sp. (B124)
SuiS iy el g8 Clio BAd oy p 1SS b (ol
9 SySojlilole 3l o ady Jobo g dBlu glas)) cauty; g 4Bl
sals laeds olS wby Lilial o 31 o de s sladsguw
L35 Sl 5y
Cuwglio sl o Cotin claalis ias obj)l lp aldl jo
(il SIS clocSsl 2o B 53 o9 inlej] oSS
Jol (otalegl (slaloss 13 o SIS Ll 3 5 1,5 ez b
9 (4550 Cagby 203 Ve g Ar Fo Fr) (Suid 5 v e
Lysinibacillus ) cowe agw zo Jols obiSh jlos yid
Lysibacillus sp. B103 Bacillus sp. B60 sphaericus B19
(Bacillus subtilis GB03 5 Achromobacter sp. B124
OBl (Ll ol g (68l il ) ol Jlog olyenay
Sk 5 (SaS oot dgme 53 CSe Sladgw Sl (58> (wyp
oS 5l imgn cul > ccdle @ald ] jhwgg ol pia
o3lisl 392 0 g SU gy &85 5l &S 9)8 o8 (K 34255
Flas SB a8k ¥ L b lils dajles Jlasl gly i
WA g g 0 03 youe (5 ke Jue
ooliiwl NB (gine ¢S lamo 5l (68b Cumes Liljél (6ly
ol )5 Ble a3 ¥ glod b yglsSSl S )0 a8 cusS
~dw | 8,8 ploul el Y8 Giedy g 4ddd 40 490 Ve oy
e ST 3 V<Y CRUMI I3 b genilooges 55k sl
P AR Yo sl (SpensS oL laatyy g ab esle] il
Amirietal., ) Bas cuiS LS S g el JI8 gmilasgu
3 olseb! (i a8 )5 L > il p> 5 aalis Lo (2018
phate ©)god din oz Cded; A olod 0lS oSl
losoyy ol (SUS GE5 @) ol 5l ey S35 )l
205 Jlasl dopd Ver gAs Fo Fr Lol asyj0 cud )b calises
9l SIS 4 5ygbas S0 (s (S gy & dyje Cudil
g BAb (S jy disle VY iSaj g ol gldl jl pw SB
Codyls S ) Cugh) lysas Sid g Ggbye S g BB

1- Nutrient Broth
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Eziz et al.,) 35 b bLS ol cbcwd jI S
cely o i & Wlea)S BIF 55,5 o Saimeg (2017
(Wl QLS )3 3590 (0l 9 39800 oS 53 (lgn pluil 159 ials
Cunl 025 ()15 (i) e 9 45 gl ey IS bgus 295
dlesl 4 ady) 3485 oloS Llys cou (Farooq et al., 2012)
d9dice 15 5 obS S 5 5 g o )3 9wl lals S
(Kou et al., 2022)

oS U5 Slas g oge 5 iy » elel slojles b
5 5ySL blite il 3l casl oad ooy LI Y Jods 10 (S840 S
9 0545 ogun 5 (jg p e ) Jlats] gaw > (Suis i5
391 b gime o pd iy o] pdaw > (55,8455 olS IS sl
o905 (139 URIBl cage (s ySh dgw gy o 38 (Y Jgi2)
e &S 5oty A5 (gl pas) dald Jloss ply )3 (K325
Bacillus sp. B60 jles &y bgsype (A5 13 2,5 5Y/++) 0500 (59
2 PS5 Wee) g (jg (mpieS g 45yje Cugby 2oy Vev
Sy deyze Cugb)y dopd T 1 3 sald leg 4 bgye (S
(7 Jg)

Lo Gladgw 4 bgpe (WIS 0 p)5 TF/00) oloa plul
o> Ve v Cugbsy 4o Lysibacillus sp. B103 4 sphaericus B19
@ bogrpe (5 WV/0+) 2lg plail 5 (59 (S g 4230 Cugb)
Cugb)y 20> ¥ Cugb; )3 (8L il pac) Gialojl Sals o
Jop ¥e  Sid pdaw > L. sphaericus B19 4w dg dc e
3 il 38l 8o )3 AT 1) 5 (5 Cunslys i ds)je Cash,
5 059 e LiblS coge (Suid i oS ol i gl
ddaie sla iagh gl sl sl (55,8456 olS > olsa plul
ol (SitS G5 4 G olS lga piSe il Cawles Sl
Slyo a8 conlools lis alagly cpl jo ubioee  ddg} culled pols
O 53 5 05 By 5 e 5 bl SRl badije) Sl (Sis i5
sl Sbplsl 59 il el ggdge (nl g 0 o5 5 Fiwgd
Saharan & ) |y g o)l,lews -(Yadav et al., 2020) 345 o0 oLS
I g olen pluil 5 g Sis 59 LialS JJ> (Nehra, 2011
9 3655 Jl S5l slatens) ladjg) (b dtey (LS ba ok
2 Se 695 i Gl g srwgid Sl o 53 g (3%
ol L b BRI S ol 0 olal ol il ez
RS b oo Gl ady) Sl e olse slacand Ay ugb,
O olS (2lgn pluil 5 390 00 9) ol alga (slaciend I an

NP (S59en5ed 9 (Njlei90 S S Hg 2 S8l g (SWS GET SWsled uilyly 4 jed Y Jgsa
Table 2- Variance analysis of drought stress and bacterial inoculation treatments on morphological and physiological
characteristics of tomato

©lapo (a0ke
Mean of squares

Sources of variation led Il 5 39 Ay B 03

oy 39 JS Sl Slajey Cwglie Sy alil gy

Shoot wet weight Root wet weight Fruit weight Flower No. Stomatal resistance Leaf-free proline

l .
I 3 11.50 * 7.00 ** 36.60 ns 3.50 ** 52.70 ** 0.32 ns
Rep
5t 5 377.00 ** 22.00 ** 561.40 ** 21,30 ** 284 ** 6.50 **
Bacteria
i 3 401.00 ** 16.00 ** 15.20ns  60.30 ** 2232 ** 13.50 **
Drought
eI 15.00 ** 0.61ns 227.00 * 1.20 ** 93.70 ** 1.10 **
Bacteriax Drought
2ol ells
el 72 3.50 1.00 44.50 0.41 6.60 0.36
Error
oS oy
G ataty 9.50 7.50 8.80 10.50 12.50 7.80

CV (%)

s I e BMEBINS g 4ly ixe doyd gy 5 SO o )3 b ity ¥ g*F
**and * significant at 1% and 5% and ns, not significant respectively
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Table 3- Comparison of average morphological and physiological characteristics of tomato under drought stress and
bacterial inoculation treatments

o S8 Hlow
LS Clio Sbs IS Bacterial strain .
Plant characteristics Drought b Lysinibacillus  Bacillus s Lysibacillus  Achromobacter BaCI[Igs
stress ysinit p- Ly subtilis
Control Sphaericus B19 B60 sp.B103 sp. B124 GBO03
Pl 5 5 40% FC  12.50] 23.00 de 19.30 fg 18.50 fg 14.20 ij 18.50 fgh
60% FC 13.00 j 23.50 de 20.50 ef 23.60 de 16.40 hi 20.50 ef
sl 80% FC  16.00 hi 26.60c 23.00 de 27.20 be 17.20 ghi 23.40 de
Shoot Wet Weight (g/pot)  100% FC  16.20 hi 34.50 a 29.60 b 3450 a 23.00 de 24.80 cd
40% FC  14.00¢ 18.00 g 16.00 g 15.00 g 16.00 g 16.50 g
090 ()39 60% FC  16.00g 38.00 bcde 19.00 g 17.00 fg 18.00 g 23.00 efg
Fruit Weight (g/pot) 80% FC 18.00 g 40.00 bed 32.00 cdef ~ 32.00 cdef 20.00 fg 29.00 defg
100% FC  25.00 fg 49.00 abc 62.00 a 45.00 bcd 41.00 bcd 27.00 fg
40% FC 3.00k 3.20k 3.20k 3.20k 3.70 jk 5.00 hi
U3 slass 60% FC 3.20k 5.50 fghi 4.50 ij 3.50k 470i 6.50 def
No. of flower 80% FC 3.50k 6.20 efg 5.20 ghi 5.00 hi 6.50 def 8.50 ab
100% FC  5.20 ghi 8.00 bc 7.00 de 7.50cd 7.00 de 9.00a
i conlie 40%FC  87.00a 63.00 cde 64.00 cd 74.00 b 75.00 b 65.00 c
S1009) =5 60% FC  60.00 def 46.00 m 59.00 efgh 53.00 ijkl 59.00 efg 57.00 fghi
Stomatal resisance 80% FC 57.00 fghi  54.00 hijk 50.00 kim  57.00 fghi 56.00 fghi 55.00 ghij
sec) (mmol/m 100% FC 53.00ijkl  51.00 jkim 39.00n  51.00 jkim 49.00 Im 49.00 Im
40% FC  2.20 ghi 4.80 ab 520 a 3.70 cd 3.80 cd 530a
Syl gy 60% FC 1.90 hi 3.60 cd 3.60 cde 3.60 cde 3.50 cde 4.00 bc
L eaf-free pro|ine (umo|/g) 80% FC 1.80i 3.30 cdefg 3.30 cdefg 3.30 cdef 3.40 cdef 3.10 cdefg
100% FC 1701 3.20 cdefg 3.20 cdefg  3.10 cdefg 3.20 cdefg 3.00 cdefg

)5 a0y3 O Jlosinl o 3 (6 I3 ime BB 4SSl 9051 a5l wliie g (gl (o pSile gty 4
In each column, means with similar letters are not significantly different in probability level of 5%, from the Duncan's multiple range

tests.

Ol aals (Branson et al., 1967) 595 o oLS 3,Slas ¢ glis)|
OBl 290 i de)je Cagb) 103 B0 5 VO 031l 4y (gl
NOrjo et ) Cusl odds o> ¥o/5+ 5 YA+ ol 4y olS 5 Shas
oialS Lol Jelss Sy adyy LyeS il (al, 2001
My s bulps el (Sis blpd 0 (S5,84065 5 Slee
S oYU oY 4 b bl w5, 5 S o Iy iolS ndidy,
(Egeaetal., 2022) 555 .0 dgdx0
J P BB &5 4 alS 15y S e clag xSl eolizl
s s B Sslr (S5 G5 Lald o Jpaee SialS
b il il ol olol y o9de 5,8k il
olBl cage (S A lulyd > a8y S glag Sl
b (SyddnsS 0 oS (glaigSa tuml odds ey &Y guaseo 3 Slas
29d 9> 5 pAS D g ediod Yo U Ve 0 ) 50 ciopd YA dgis
O (el () 20l Hloss 4 s 3)Shes alél a0 s ¥

olas o ine il el iy b o gl 55T a3

Jalee) I8 olaws o i &S (g sbody Wilosds sl 4 Cows 5
o Bacillus subtilis GBO3 (5,iSL jles 4 bayyo (455 5
(o2 > JS ¥+ +) U5 5ad (a8 g 4o Cagboy Lop> Ve
Cusby 203 ¥o 5 3 (8 gl pas) 2ol Jlo 4 bgape
,» Bacillus subtilis GB03 (¢ xSU jlog (¥ Jsdo) 29 dc o
2lo g 28l5 Jloi b1y (g)ld gime ST gngbo) Ciliseo (sl s
S oss el S5 3 sS (cladigy 5ol )l ls (oo oy
Stads J5 4,500 d5gw ,le> 51 5345 Bacillus subtilis GBO3
"SS5 (215 0)93 )3 )L Sl am Canyd (S5 8425 olS

2 2908 4 g psboy il o slue Ol 39108 4y 050 (655
olS ) (Sasby i 53 9o S (Bi) o (IS P
S by S ol Gy o5 (655 ol SojbarS
ol g il Il Carge Y pl & wbioe LRl 29
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Syiwgiy S Sl g g o (635,84 pol Hialejl )
(cs14559) Croglie ialS) (slasje) colin (uljl el a3y S e
o 9y (Manafietal., 2012) o, Sen g Bl Guios )> .0
S5l 3 85 05 IS (St 5 Lylyd cod jap
Ol Ols 3900 g0 RNIZODIUM i 5l 05y S oo (6 b,
ol yol ol 33,5 Sy s sy (slsime I3l g ol Lausss
@B L presd wsle b giGYsb cae gln bajy, w5
9 )l b Bl ol 3 )Slas Coled 3 9 3,5 bl st
95 1 Lawyp ,» (Jabbari & Khaleghnezhad, 2014) sl 5l
2956 olS p ad) Syme yhwni) sl Sl g pomgiy g
4 Cod (SWiB IS5 Candy ) 1G9y Colin &5 1035 ()18
Rostamikia ) o),Ken ¢ LS aiwy .cusly ials 1oy AN gl
iy oS ) o S i byl o a8 sl ol (etal., 2016
L Bacillus subtilis 4 Pseudomonas putida ¢Sk 455 42
Colin 5y oy Giwgd ey COrylus avellana oLS
cely ol et 5 sl 4l Lildl O Gy IS o (glas,
15530 oS alom (slapliil 3 Shas  A5lgts (6,51 claylog b oA

7Sk il § (Sid 15 Jlite SV Jodo bl 4 429 L
A5 bt (Sl g olie » de)s Sy Jlain] s 5
gl oS 5 o gy ke i Gl el (K5 p
4§USLOJ0)‘LMJ®LJ QL“L;P&“’9L£)75L3 sldgw b onds
S b 6pSL sladgw b odd mdl GlalS > odgn Ol
J5095550 OV ) S 32 )3 303l g calé liee oyt (¥ Jo2)
s L > B subtilis GBO3 ages b leg &) bsye (5,5 5
Sy ol gy ke plie (pieS g dey5e Caghy Loy ¥
5 (578 il (ig) Sald slos 4 bgsyo (255 Jge9)See VV+)
(¥ J9a2) 292 4250 Cugloy wop3 N+

Cunglie )3 (code B (Jobw o 9 0900 0 Odon &S
bylyd o S o ) il & Cud e glacdl (gjom!
5 Jisiew 50 dsl Seoligls 51l gy s ol 35S
2 oan ol WSl Bl LS la sk cudy S
Ll )3 09 bl Joloo (1903 & ol 295 b a8ly oo Jgjgiem
oo 5 e JEI 5551y oizgs nSolil 4 gy o
@ Fosly 5l odon x5 JB (Sis S lalyd codolS &S
(Trovato et al., 2019) wb o Js! Jgjgim

Lum ) @y » (Sid (i klpd cod gy clale )8
A5 Jab 4 (Khan et al., 2015) 5,84555 (et al., 2014
&S Slals cplply ol odd (5158 50 (Anjum et al., 2012)
Oiar 5 (S @lie jl ool ke S oo )18 (Sid AT o

» «(Najafvand et al., 2007; Zahir et al., 2004) cusl 0435,5
S e oS 5 1) Spme gl 8b 35
S g oo o Suid i bl s o (Echinacea purpurea L.)
dox ol clapserse Lol case s Sl ol &
axs yd oS (Vikram, 2007) Seb o oS 5 sl Sy
Cle g o yws (Galleguillos et al., 2000) ads, s, o,
I, (Narula et al., 2000) 59y 5 youwd dlox I olie ol
Go 40 b 5 olaws g glasyl Liolidl Coge ass ;0 5 o0l yinl3al
olS 5> by oxalBl slacg iSh 3 )8 50> (g 5> gdie
@ DIFA T ab olaw cudly  (Sid i bylud o @)
Sloysss 3 il b 5l Vsl & ams il sas FAS/VS
Mohammadi ) cuwl 039 (5558 (213 polic Ll g 0y calize
J(etal., 2015

Ol (gl Cunglie f5sm 2 (oialol sloslost uilsly 42328
s doyd Sy Jloiol o 53 (6551 g (St jless b orimd
Caghy do ¥ b\ ee g ) (S8 a5 Gl L (Y Jpss)
ol eolatwl ol lis ag5 5l dulj8l Wey (sldjey Cuglie s yio
"9y Cuaglie (IS el A8y S e (5 yhwgi) ST dgw iy
(F Joi2) ab (oo olS o (Sl calin (i) o
(4636 32 @y po 2 5o YU+ +) sl Congliio (20l (it
doyd Voo (S iy Bacillus sp. B60 aygw 4y bgiye
& e oo AV ) Gl Canglio (ppin § 4250 Cago)
Caghy 3oy B 5 53 (el pis) anls o & bgype (456
@ barpe (lje) Colin jlade opjidin 6505 (J)le 4 09 4550
g Bacillus sp. B60 4, 4.

Sl G Il () Cunglio pliee pole adlllas o
b Yoo o8 Liws 3)Sdas olyj slaiss 5 0,8 Ly (il
S 55l (8L ey (0D ey doxd ) Swgd lalS
ogMe (Mafakheri et al., 2010) cul Loy cao SYebo b b0
2o g bl Wl o oSt 31 )3 59 0 e el 2
Slapabs (61,5 S Llgh o a5 WS dgdsmo |y rogee j3  oliE lge
=W (Sanchez-Rodriguez et al., 2010) xS fiseo |y Gollao
(Mohammadian et al., 2001) . |,\Kea 5 bdgerme ciliiss
2opd Sy aw )3 gy Cueglie o (Susko) w51 &S ol L
OB Sl 3 gy Caglie jlMde (pin g Cal Iine
Sl ad osalie oS (6lo] e )3 el e (o e8 y (SUiS
OS5 g8 oS Ldges 5,158 (Banik et al., 2016) ) Ken 4
el uojuw (b ol g oaé Bilel dlsye g3 > Sis
Coglio 3 o gine (Bl 5 Sy Ol Jruilly )3 o stae StalS
22,5 e oSl S,
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.(Nahidan & Nourbakhsh, 2009) sas . i3l 55

(S oSS 2 35 oo F+7) S5 a5l 5 (s
o Voo Suis 55y Bacillus sp. B60 4gu b audy )y gedls 5
0/0) SB aeSily s (pyieS g A odalde deyie Cugb,
2SS Lady) @il e sl )3 365 (S p)SlS e S ke
plo b &S 05 (605050l deyie Cugby do gy Fro Siis WS
Jsiz) il (gl gl ady) @i (ot (SuiS S5
(450 Cugly dop3 Fr) (Sid (15 (p pdiy 53 &S Sl (0
Iy i «Caunslys dygu oy yine lisay L. sphaericus B19 4 g
Apd il SB e SelS s 008 Lo YVIAY & (aals jlews) 0/0
5 03958 Sl ST 59)0mm 355 > (YL bl agw
Martinez-Sergio & ) 5l bl 5 jaud by M
.(Jenny, 2018; Naureen et al., 2017

ol Jd opl s e i iol8l byl > 4SSl yuiis ials
il g Ll Il (29)Sue Jlb Cumer (St SRl L oS
3 S fpl )5 gySue clled als 5 i 3 olS s,
Ui (89 1 &S (6500 b o (Boyerahmadi et al., 2010)
AP o)l (Sas 15 4 ool calu ol bk b & )9
oge (gyed S Wb las (Gollar et al., 2008) -, Ken 4
23,5 Ha culS cod SB Al S b Sxe Lials

b oS o ol Jued 5l sjoml oS sl jiw By ) 395
Tourajzadeh) wiles Laas 1y 395 (slo Joluo (yuil}ygr jLid wiilgny
(etal., 2024

S ) slagS5s

i i blae 1 as ol lis Woeals uily,ly 4 5o gols
203 S Jlail a3 S s sla S 2 555k il 5
OiblS S uas o S 85 il L (P Jaas) wb b gime
Sy Srbmghy S Sk dge g IS o Ll 08 g
S Olee oy 4 (6 yglody b S i 138l C g0 D)
L. Achromobacter sp. B124 claasw 4 by, Sk
doyd Ve (Siis i > Bacillus sp. B60 4 sphaericus B19
3081 (53 5 o OIY +) S o ol (27505 5 46530 g
2 (Sl il pas) als Jlog & bgrye (SB p55kS 55 ()8
(0 J9i2) 392 4o 30 Cugb) w0 p3 ¥ (Suid 5

b 5 glgl cov S 0 suw) s Sy Hials el
9 Syl Jousil (Rl 4 (Sa 5 g ()98 A5 dlex ]
Vafadar et al., ) caol osd o3y Cows ol (sloyes oo
P (S il e SB s Ghals ase > (2017
W 53 5 Bgd e Sl 4rlxal e 5 0395 balpd (5o
0395 j 9 i .(ZeNg et al., 2013) wb o Lials S yuais
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Table 4- Analysis of variance on the effect of drought stress and bacterial strains on soil biological characteristics

©lapo (aS0be
Oyt 2alio Mean squares
Sources of variation Sl was WSSl gy gudiS (9550 8395 Cuunnd § (3355 SIglio pws

Basal respiration Substrate-induced respiration Microbial Biomass Carbon Metabolic quotient

S 3 0.51 ** 1398.00 ns 511.50 ns 0.0002 ns
Rep
st 5  1239.00 ** 708317.00 ** 559223.00 ** 0.04 **
Bacteria
2 3 3084.00 ** 122720.00 ** 742915.00 ** 0.01*
Drought
Us“f XSt g5 13340 % 45732.00 ** 42159.00 ** 0.002 **
Bacteriax Drought
losl ollas
e & 72 2.40 93.70 76.80 0.0006
Error
oS o g
S RO 15.80 1450 22.40 2.30
CV (%)

s Yl ize BMEBINS 5 )b me duoyd iy 9 S o )d Cud a™ g

**k

**and * significant at 1% and 5% and ns, not significant, respectively
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Rezaie ) s, 5 JSls, (Jafari et al., 2013) 555 0 (29,500
lop Ve a Vel cogly uals b ol olis (& Raiesi, 2016
e GRS (295w 0395 ()8 9 SB (bl cde)fe Cugh
Arunachalam &) pYblg)l o pYblgl .asél b
ol b izl > 595 (gla oy 43 55 (Arunachalam, 2000
bise Gl (29,500 0395 ()5 S Cagb)
) asyie cugb)y wopd Feo b (Suid A5 > Sglie puS
(St i Gl b0 Jeds) cdl Lialel o<V a4y o/ L5
Sl 4C0s aom 3 b il S lils 51, sl
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4 e SB g 55 (938 D90 yioS ] Ssilie (S
PSSyt Ab SB > (05)She 0355 () ojlul il
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2 dow opl (0 Jasa) ob olaid] agd @ | ojluil oy iy S
D9 Py Sladigw e (Suid (A golaw den
055 G U iy S 039y 0 s gty )
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Table 5- Mean comparison on the effect of drought and bacterial strains interactions on soil biological factors

) . o SASL ey
SB ) SR i3 Bacterial strain
3? ;L:é?é?,?slﬁi Drought b L)s/:)'t?;;?iccllljlsus Bacillus  Lysibacillus sp. Achromobacter sp. B_af;illus
stress Control B19 sp. B60 B103 B124 subtilis GB03
S a5 40% FC 5.20j 12.48d 14.36 bc 6.93 hi 11.90d 5.90 ij
T 60% FC 7.10 hi 13.24 cd 148D 10.11e 12.00d 6.10 ij
Basal respiration 80% FC  7.70 gh 16.86 a 14.96 b 10.20 e 15.10b 8.40 fy
(mg C-COzkkg) 10006 FC  9.20 ef 16.92a 1655a 12.44d 17.00a 10.17 ¢
as Sy s 40% FC 550 p 27.83d 20.17¢g 7.300 12.80 jk 10.80 Im
Substrate-induced 60% FC 8.25no 3117¢ 22.00 f 15.58i 18.30h 12.75 jk
respiration 80% FC  19.17 mn 31.25¢ 2597 e 16.50 hi 20.39 fg 12.80 jk
(mg Cl/kg) 100% FC ~ 11.00 kI 34.83b 40.30 a 17.40 hi 25.67e 13.75j
(295550 0355 Caus (pyS 40% FC 84.40 k 296.00 hij 448.00 fg 398.00 gh 237.00 ij 348.00 ghi
Microbial biomass 60% FC  114.00 k 593.00de  646.00 de 613.00 de 348.00 ghi 367.00 ghi
carbon 80% FC  224.00j 599.00de  844.00 ab 685.00 cd 412.00 fg 548.00 ef
(mg/kg) 100% FC  228.00j 775.00 bc 909.00 a 696.00 cd 846.00 ab 896.00 a
40% FC 0.06 a 0.04c 0.03d 0.02e 0.05b 0.02e
SIglie S 60% FC 0.06 a 0.02e 0.02e 0.02e 0.03d 0.02e
Metabolic quotient 80% FC 0.03d 0.01f 0.01f 0.01f 0.04c 0.02e
100% FC 0.04 c 0.02e 0.01f 0.03 ij 0.02 e 0.01f

)5 00,3 O Jlossl a3 (gl ime BMB] 5SSl yg05T a5l wlie g (s (slapSile e ya 4
In each column, means with similar letters are not significantly different in probability level of 5%, from the Duncan's multiple
range tests.
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Introduction

Cadmium (Cd) contamination of soils is a serious environmental concern due to its persistence, high mobility,
and toxicity, posing significant risks to food security and ecosystem stability. The transfer of Cd into the food
chain through contaminated crops can lead to severe human health disorders. Phytoremediation has been
recognized as an environmentally friendly and cost-effective strategy for the remediation of Cd-contaminated soils.

Forage sorghum (Sorghum bicolor L.) is considered a promising species for phytoremediation because of its
extensive root system, rapid growth rate, adaptability to stress conditions, and high biomass production. However,
its phytoremediation efficiency may be restricted by limited Cd bioavailability in soil and metal-induced growth
inhibition. Biological approaches such as plant growth-promoting bacteria (PGPB), including Pantoea

agglomerans and Pseudomonas fluorescens, can improve plant performance under Cd stress through mechanisms
such as siderophore production, phytohormone synthesis, phosphate solubilization, and stimulation of antioxidant
defense systems. Arbuscular mycorrhizal fungi (AMF) enhance root absorption capacity via extensive hyphal
networks and may regulate metal distribution and stabilization in the rhizosphere. In addition, chemical chelators
such as Na-EDTA can increase Cd solubility and availability for plant uptake, although their application may raise
environmental concerns, including potential metal leaching. Although the individual effects of PGPB, AMF, and

EDTA on Cd-contaminated soils have been widely reported, information regarding their interactive effects on
forage sorghum under Cd stress remains limited. Therefore, this study aimed to evaluate the individual and
combined effects of PGPB, AMF, and Na-EDTA on growth traits and Cd phytoremediation efficiency of forage
sorghum grown in Cd-contaminated soil.

Materials and Methods

The experiment was conducted in the summer 2024 in a greenhouse at Razi University, Kermanshah, Iran, at
the geographical coordinates 34°29'19” N latitude and 47°05'53" E longitude. Clay loam soil (pH 7.95, EC 0.435
dS m™, organic carbon 1.326%) was collected from a nearby field, air-dried, sieved (2 mm), and mixed with sand
(2:1 ratio). Soil was spiked with 40 mg kg™ CdSO, and equilibrated for one month. A factorial completely
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randomized design with four replicates was applied across 48 pots (26 cm diameter, 30 cm height). Treatments
included: (1) PGPB at three levels (control (no bacteria inoculation), P. agglomerans 6 g kg™ seed, Ps. fluorescens
7 mL kg™ seed); (2) AMF at two levels (control (no mycorrhizal inoculation), 30 g kg™ seed); and (3) Na-EDTA
at two levels (control (zero), 3 mg kg™ soil). Seeds were inoculated with sugar-water solution (2%) for solid
inoculants, followed by Ps. fluorescens, dried, and sown (10 seeds/pot, thinned to 5 plants). Na-EDTA was applied
post-emergence. Irrigation was maintained at field capacity, and plants were harvested 93 days after sowing at the
onset of the reproductive stage. Measured traits included aerial and root biomass (oven-dried at 80°C for 48 h),
plant height, leaf area (ImageJ), Cd concentrations in plant tissues and soil (acid digestion and atomic absorption
spectrometry), translocation factor (TF = shoot Cd/soil Cd), root bioconcentration factor (BCF = root Cd/soil Cd),
and tolerance index (TI = treated aerial biomass/control aerial biomass). Data were analyzed using SAS 9.4 with
ANOVA and Duncan’s test (P < 0.05).

Results and Discussion

Shoot and root biomass as well as tolerance index were not significantly affected by treatments, indicating that
Cd stress likely overshadowed the growth-promoting effects of biological amendments and that sorghum’s
intrinsic tolerance mechanisms played a dominant role. Na-EDTA significantly increased plant height by 12%

compared with the control, suggesting that chelation reduced Cd toxicity and improved growth conditions. The
interaction between bacteria and Na-EDTA significantly influenced leaf area. Single inoculation with Pantoea
agglomerans or Pseudomonas fluorescens (without EDTA) increased leaf area by approximately 25.5% compared
with the control, likely due to enhanced phytohormone production and nutrient availability. However, the addition
of EDTA reduced this positive bacterial effect, possibly because of nutrient imbalance or microbial competition.

The most pronounced phytoremediation response was observed under the combined application of Pseudomonas
fluorescens and Na-EDTA. This treatment increased Cd concentration in shoots by 91% and in roots by 73.8%
relative to the control. Simultaneously, soil bioavailable Cd decreased by 44.7%, confirming substantial Cd
extraction from the soil. The translocation factor increased more than three-fold, and root bioconcentration factor
increased by 216.7%, demonstrating enhanced Cd uptake and internal transfer capacity. AMF showed limited

influence on BCF but reduced Cd translocation to shoots, suggesting a stabilizing role in the rhizosphere and partial
immobilization of Cd, consistent with its protective function under heavy metal stress.

Conclusion

The combined application of Pseudomonas fluorescens and Na-EDTA markedly enhanced Cd
phytoremediation efficiency in forage sorghum by increasing Cd uptake, root accumulation, translocation to
shoots, and depletion of bioavailable soil Cd. While biomass production was not significantly altered,
improvements in plant height, leaf area, TF, and BCF indicate enhanced functional performance under Cd stress.

Single bacterial inoculation primarily improved leaf development and physiological potential, whereas AMF
moderated Cd transfer to aerial parts through rhizospheric stabilization. Overall, integrating biological inoculants
with controlled chelator application represents a promising strategy for optimizing phytoremediation of Cd-
contaminated soils. Future research should evaluate long-term field performance, different contamination levels,
and environmental safety aspects associated with chelator use.
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Figure 1- Comparison of the main effect of Na-EDTA treatment on plant height of (Sorghum bicolor L.) grown in cadmium-

contaminated soil
(Control: No Na-EDTA), S2: Na-EDTA treatment)
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Table 3- Analysis of variance (ANOVA) of the effect of experimental treatments on morphological and physiological traits of
Sorghum bicolor L. in cadmium-contaminated soil

Olayo (uile
CAJOVES I VIS o3l an yd Mean squares
S.0.V Df e plailodgiCum ;  dudy 03¢5 Sy gy gli5 Sy o
Shoot biomass Root biomass Plant height Leaf area
AL 2 0.10192 0.01548 323.6 13926
Bacteria
l"”"”g*'hf 1 0.00691 0.00792 4.6 5106
Mycorrhiza
EDTA N
Na-EDTA 1 0.13700 0.00035 1136.4 20
l}*f’iﬁuxd’g‘* . 2 0.02053 0.03264 3.6 3464
Bacteria x Mycorrhiza
ED_TAX“S"SQ 2 0.28292 0.01140 424.0 56693*
Bacteria x Na-EDTA
e 1 0.02400 0.00250 13.3 7001
Mycorrhiza x Na-EDTA
EDTA shlors 5L 2 0.00489 0.01175 298.1 4027
Bacteria x Mycorrhiza x Na-EDTA
b= 36 0.10013 0.07160 201.0 14725
Error
7o) Sy oy
() s a2 10.62000 14.65000 174 17.11

(%) CV

Lo o[o) gV D Jlain] aw )3 I gxe g )l pmepet ol Sy ma g i at (Codle oy
ns, « «and = indicate non-significance and significance at the probability level of 5, 1 and 0.01%, respectively.
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Figure 2- Comparison of the mean effect of bacterial treatment x Na-EDTA on the leaf area of Sorghum bicolor L. in

cadmium-contaminated soil
Control (No Bacteria and No Na-EDTA), B1 (No Bacteria), B2 (Pantoea agglomerans Bacteria), B3 (Pseudomonas fluorescens

Bacteria), S1 (No Na-EDTA), S2 (With Na-EDTA).
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Figure 3- Comparison of the mean effects of combined treatments of bacteria with sodium EDTA and mycorrhiza on the
cadmium concentration in the aerial parts of Sorghum bicolor L. in cadmium-contaminated soil
Control in figure a (No bacterial and no Na-EDTA), Control in figure b (No mycorrhizal), B1 (No bacteria), B2 (Pantoea
agglomerans Bacteria), B3 (Pseudomonas fluorescens Bacteria), S1 (No Na-EDTA), S2 (With Na-EDTA), M2 (with mycorrhiza).
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Figure 4- Comparison of the mean effect of bacterial treatment x Na-EDTA and bacterial treatment x mycorrhiza on
cadmium concentration in the roots of Sorghum bicolor L. in cadmium-contaminated soil
Control in figure a (No bacterial and mycorrhiza), Control in figure b (Bacterial and no Na-EDTA), B1 (No bacteria), B2 (Pantoea
agglomerans Bacteria), B3 (Pseudomonas fluorescens Bacteria), S1 (No Na-EDTA), S2 (With Na-EDTA), M1 (No mycorrhiza), M2
(with mycorrhiza).
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Figure 5- Comparison of the mean effects of treatments with bacteria, sodium EDTA, and mycorrhiza on the concentration of
bioavailable cadmium in cadmium-contaminated soil for Sorghum bicolor L.

Control in figure a (No bacterial and no Na-EDTA), Control in figure b (No mycorrhizal), B1 (No bacteria), B2 (Pantoea

agglomerans Bacteria), B3 (Pseudomonas fluorescens Bacteria), S1 (No Na-EDTA), S2 (With Na-EDTA), M1 (No mycorrhiza), M2
(with mycorrhiza).
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Figure 6- Comparison of the mean effects of combined treatments of bacteria with sodium EDTA and mycorrhiza with
sodium EDTA on the translocation factor in Sorghum bicolor L. in cadmium-contaminated soil
Control in figure a (No bacterial and no Na-EDTA), Control in figure b (No mycorrhizal and no Na-EDTA), B1 (No bacteria), B2
(Pantoea agglomerans Bacteria), B3 (Pseudomonas fluorescens Bacteria), S1 (No Na-EDTA), S2 (With Na-EDTA), M1 (No
mycorrhiza), M2 (with mycorrhiza).
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Figure 7- Comparison of the mean effect of bacterial treatment x mycorrhiza, bacterial treatment x Na-EDTA, and
mycorrhizal treatment x Na-EDTA on the root bioaccumulation factor in Sorghum bicolor L. in cadmium-contaminated soil
Control in figure a (No bacterial and no mycorrhiza), Control in figure b (No bacterial and no Na-EDTA), Control in figure ¢ (No

mycorrhizal and no Na-EDTA), B1 (No bacteria), B2 (Pantoea agglomerans Bacteria), B3 (Pseudomonas fluorescens Bacteria), S1
(No Na-EDTA), S2 (With Na-EDTA), M1 (No mycorrhiza), M2 (with mycorrhiza).
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Table 4- Analysis of variance (ANOVA) of the effect of experimental treatments on cadmium concentration and phytoremediation
indices of Sorghum bicolor L. in cadmium-contaminated soil
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(%) CV 11.59 20.36 20.29 22.4 21.01 11.07
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ns, *, ** and *** indicate non-significance and significance at the probability level of 5, 1 and 0.01%, respectively.
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Introduction

The Hyrcanian region, one of the richest forest ecosystems in Iran, is characterized by dense and diverse
vegetation that plays a fundamental role in environmental sustainability, regulation of biogeochemical cycles, and
support of biodiversity. However, in recent years, increasing human pressures and unsustainable land-use practices
have led to the degradation of parts of the Caspian forest ecosystems and a substantial reduction in vegetation
cover in some areas. In this context, fine roots, due to their crucial role in nutrient cycling and high sensitivity to
land-use changes, together with coarse roots because of their structural functions, and soil enzymes as sensitive
indicators of land management, are considered effective tools for assessing the impacts of land-use change on
ecosystem functioning. Therefore, this study aimed to investigate the effects of vegetation degradation and
restoration on root characteristics and soil enzyme activities in the Caspian region.

Materials and Methods

The study area is located in Kelarabad district, western Mazandaran Province, Iran. Seven different land-use
types were selected in the study area, including (1) natural forest, (2) degraded forest, (3) afforestation with Alnus
subcordata C. A. Mey., (4) afforestation with Acer insigne Boiss, (5) mixed afforestation with Alnus subcordata
C. A. Mey.— Acer insigne Boiss., (6) afforestation with the non-native coniferous species Sequoia sempervirens
(D. Don) Endl., and (7) prairie. For each vegetation type, three one-hectare sample plots (100 x 100 m) were
established. Within each plot, soil samples were collected from the four corners at three depths (0-10, 10-20, and
20-30 cm) using a 30 x 30 cm sampling frame. Consequently, a total of 36 soil samples were collected from each
habitat. Simultaneously, root samples were collected from the 0-30 cm depth within the same sampling units,
resulting in 12 root samples per habitat, which were then transported to the laboratory. After transfer to the
laboratory, root traits and soil properties were determined using standard analytical methods. All statistical
analyses were performed using SPSS software (version 22). In addition, principal component analysis (PCA) was
conducted using PC-ORD software to examine the relationships among vegetation cover, root characteristics, and
soil enzyme activities across different soil depths.

Results and Discussion

The results of the assessment of root and soil ecochemical characteristics across the studied habitats indicated
that the highest fine-root biomass and coarse root biomass occurred in the natural forest habitat. Specifically,
coarse root biomass (482.38 kg ha™ 1) and the concentrations of carbon (40.72%), nitrogen (0.51%), phosphorus
(2.64%), potassium (1.56%), calcium (0.77%), and magnesium (0.42%) in fine roots were higher in the natural
forest than in the other habitats. In contrast, the highest carbon-to-nitrogen ratios of both coarse roots (91.92) and

Authors retain the copyright. This is an open access article distributed under Creative Commons
Ev Attribution 4.0 International License (CC BY 4.0).

https://doi.org/10.22067/jsw.2026.97791.1526


https://jsw.um.ac.ir/
mailto:yahya.kooch@modares.ac.ir
https://doi.org/10.22067/jsw.2026.97791.1526
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/jsw.2026.97791.1526
https://orcid.org/0000-0002-8511-5661
https://orcid.org/0000-0003-3965-9665

VP8 ke o oslos Fe alr (S g ol ag i Qe

fine roots (89.27) were observed in the degraded forest habitat. Regarding soil enzyme activities, the highest
activities of acid phosphatase (420.58 pg PNP g~ 1 h™ 1), arylsulfatase (310.58 ug PNP g~ t h™ 1), and invertase
(198.08 ug glucose g~ 1 3 h™ 1) were recorded in the natural forest habitat at the 0—10 cm soil depth. The highest
urease activity (33.84 ug NH, * -N g~ 12 h™ 1) was observed in the Alnus subcordata-restored habitat. Across all
studied habitats, enzyme activities decreased with increasing soil depth, reaching their lowest values in the deeper
soil layers.

Conclusion

The available evidence suggests that land degradation and land-use change, through reductions in vegetation
quantity and diversity, can alter soil biological processes and lead to changes in root characteristics and soil enzyme
activities. Because these biological indicators play a crucial role in regulating nutrient cycling and maintaining soil
quality, understanding their responses to forest degradation and restoration is particularly important, especially in
temperate ecosystems. The results of this study demonstrated that natural forest and restored forest habitats,
characterized by higher soil enzyme activities, greater root biomass, and more favorable soil ecochemical
conditions, exhibited superior biological performance compared with degraded and prairie habitats. Overall, the
findings indicate that soil biological indicators—particularly root traits and soil enzyme activities—are sensitive
and effective tools for evaluating the success of vegetation restoration and detecting the impacts of degradation in
forest ecosystems of the Hyrcanian region. Therefore, the application of these indicators can provide a robust
scientific basis for soil quality monitoring and the development of sustainable restoration and management
programs in this region.
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2 lyg, Dominant species Physiographic characteristics
Habitat Wyl i S
Altitude (m) Slope (%) Aspect
b [ Carpinus betulus L. (143 n/ha) 105-111 14 Jles
Natural Forest Parrotia persica C.A. Meyer. (91 n/ha) North
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Total organic C

e 20062 0000 26331 0000 1753  0.057
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Table 4- The effect of different habitat on root characteristics

bmg) °‘§"&.’.9)
ads,y S ady ) o5 Habitat ady)y SHg ) &y Habitat
Root properties  Roottype oo 1z & s3 5= Root properties Roottype F ,lade (5,5 dxo
’ P value Ftest P value
05 16.905 0.000 LB 19516 0.000
Fine root Fine root
2555 adyyCadyd 40873 0.000 s “0=S® 5319 0.000
Biomass Coarse root Phosphorus Coarse root
i) S5 49,567 0.000 “00  a3049 0,000
Total root Total root
05 34.378 0.000 LR 10658 0.000
Fine root Fine root
o gy 26.460 0.000 - SOmS 1947 0084
Carbon Coarse root Potassium Coarse root
adyy JS 49.507 0.000 “od 9575 0,000
Total root Total root
3 16593 0.000 SR 3939 0,002
Fine root Fine root
03975 A 7.711 0.000 el M2 9855 0.000
Nitrogen Coarse root Calcium Coarse root
adoy JS 22.549 0.000 “d JS 4.310 0.001
Total root Total root
k) 22320 0947 w6523 0.000
Fine root Fine root
97 & S S Ayl 3.030 0.193 rie 0S92 3706 0.003
C:N ratio Coarse root Magnesium Coarse root
iy 5 13.142 0.742 “05 10505 0,000
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Total root
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Figure 2. Mean (£ standard error) root properties (0-30 cm) different land uses
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Table 5- The effect of different habitats and depth on soil enzyme characteristics

Dms) S (Gos ng) X (Gos
SB o 3T srdasiio Habitat Depth HabitatxDepth
Enzyme characteristics F ;lade (g b dae F jlae b dae F o laie (5,5 do
F test P value F test P value F test P value
3oy 71275 0000 30209 0000 1715  0.065
Urease
. Sl 32.764 0.000 76.302 0.000 3.414 0.000
Acidphosphatase
}waJﬁ)"
42.000 0.000 68.597 0.000 5.869 0.000
Arylsulfatase
39! 38.540 0.000 56.389 0.000 7.653 0.000
Invertase
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Figure 3. Mean (+ standard error) soil ecochemical activitie sunder different land uses



VoY ()55 pimasS] )3 S sl 35T s lgy 9 adisy Gaasive g ool 2 puid 13l iz es 9 5y

Table 6- Correlation of soil enzyme and root properties with PCA components

Ay y g SB sraasin D80 Jol jom 09 yeoe Ay y g SB shraasuin L) Jol yex0 293 y5w
Soil and root properties  Abbreviation Axisl Axis2 Soil and root properties Abbreviation Axisl Axis 2
ol sand 0.396™  -0.122 D) CRP -0.556™ -0.079
Sand Coarse root phosphorus
“‘l““ Silt 0.003 -0.041 A Wt’*z CRK -0.403™ -0.248"
Silt Coarse root potassium
o Clay -0.427" 0.177 b )3 ol i CRCa -0.688™ 0.074
Clay Coarse root calcium
s Moist -0.188 0.018 LSy e CRMg -0.495™ 0.096
Moisure Coarse root magnesium
pH 0.497%  0.024 ) o ol MeanCR -0.827" 0.255"
pH Root carbon
SE sl e EC 0335 0.302" ) 039 el MeanNR -0.810™  -0.400™
EC Root nitrogen
Se s C 0533% 0472 WO esfeedoSle yeanenR 0158 0.901"*
C Root C.N ratio
039 N 0.765%  -0.086 ) b e MeanPR 0.816™ -0.023
N Root phosphorus
D397 & 00 Connd CIN 0407  0.216" a2y peeliy Ol MeanKR -0.721" -0.029
CIN Root potassium
S of FRC -0.725" 0143 k) el 05k MeanCaR  -0.530™ 0.241"
Fine root Carbon Root calcium
A Odsr FRN -0.717 -0.199 ) e O e MeanMgR -0.732™ 0.228"
Fine root Nitrogen Root magnesium
AR 0395 & O S FRCIN 0168  0.422" R 0095 FRB -0.669™ 0.031
Fine root C.N ratio Fine root biomass
MR FRP 0.780%  0.056 e 355 CRB -0.452™ 0.037
Fine root phosphorus Coarse root biomass
|k el FRK -0.679"  0.094 S 25 TRB -0.625™ 0.042
Fine root potassium Tootal root biomass
i el FRCa -0.484™  0.268" losgl g5 Urea -0.669™ 0.067
Fine root calcium Urease enzyme
o MR FRMg 0.610"  0.236" el 5 Acidph -0.860" -0.041
Fine root magnesium Acidphosphatase enzyme
Ay o CRC 0.736" 0274 gl 51 Aryl -0.833" 0.0390
Coarse root Carbon Arylsulfatase enzyme
et Ole CRN 0641 -0.539" gl ! Invert -0.780" -0.150
Coarse root Nitrogen Invertase enzyme
At UJsi @ 0F S cpoyy 0112 0812

Coarse root C:N ratio

ns: non-significance, *: significance at the 5% probability level, **: significance at the 1% probability level

() isize pas) NS (P <o/+N) s (P <+/-0) %
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Figure 4. The relationship between different habitats with soil, root and biocemical in principal component analysis (PCA).
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