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Introduction. With an average annual rainfall of 240 mm, Iran is classified as an arid country, and more than 40% of
its agricultural lands face water shortages. Drought is one of the most important abiotic stresses and a major factor
limiting crop yield in arid and semi-arid regions. Common bean (Phaseolus vulgaris L.), as one of the most important
sources of plant protein, is highly sensitive to water deficit, with yield reductions of up to 87% having been reported.
Among the main defense mechanisms of plants against drought stress are the accumulation of osmolytes, enhancement
of soluble proteins, and activation of antioxidant enzymes .In this context, salicylic acid plays a crucial role in drought
tolerance by regulating photosynthesis, enhancing the antioxidant system, and reducing oxidative damage, while
rhizosphere growth-promoting bacteria such as Rhizobium contribute to improved plant adaptation to drought through
nitrogen fixation and the production of plant growth hormones. Recent studies have shown that the combined
application of salicylic acid and plant growth-promoting bacteria can have synergistic effects in improving membrane
stability, increasing antioxidant activity, and mitigating the damage caused by stress.

Materials and Methods. The present study was conducted as a field experiment during the 2021-2022 growing season
at the research farm of the University of Tehran (Karaj), on a clay loam soil, using a split-factorial arrangement in a
randomized complete block design with three replications. The treatments included three irrigation levels (100, 60, and
30% of field capacity), two levels of salicylic acid (0 and 0.5 mM), two levels of Rhizobium (non-inoculation and
inoculation with strain R160), and two bean genotypes (Sadri, drought-tolerant, and Yas, drought-sensitive). Seeds
were inoculated with Rhizobium before sowing, and foliar application of salicylic acid was carried out at two stages (15
and 30 days after seedling emergence). Drought stress was imposed one month after sowing, and leaf sampling was
performed two weeks later from the third fully expanded leaf. Biochemical and physiological traits, including
electrolyte leakage, protein content, proline, malondialdehyde, and the activities of antioxidant enzymes (CAT, POD,
APX, GR) were measured according to standard methods. Data were analyzed using SAS 9.4 software, and mean
comparisons were conducted with the LSD test at the 5% probability level. In this study, two common bean (Phaseolus

vulgaris L.) genotypes (Sadri and Yas) were evaluated under drought stress and treatments with salicylic acid and
Rhizobium bacteria. Biochemical and physiological parameters, including protein content, proline, malondialdehyde,
activities of catalase, peroxidase, ascorbate peroxidase, glutathione reductase, and electrolyte leakage, were
investigated.

Results and Discussion. The results showed that drought stress significantly affected all traits, while hormone and
bacterial treatments improved biochemical status and reduced cellular damage. Proline accumulation, as an indicator
of osmotic adjustment, increased with the severity of drought stress; however, the combined application of salicylic
acid and Rhizobium reduced its content, indicating a regulatory role of these treatments in alleviating oxidative stress
and protecting cells. Under stress conditions, especially at severe levels, the Sadri genotype exhibited higher proline
content than the Yas genotype. These findings, consistent with previous studies, highlight the crucial role of proline
accumulation and osmotic adjustment in drought tolerance. Drought stress also increased malondialdehyde content and
electrolyte leakage, which are indicators of membrane damage and oxidative stress, while salicylic acid and Rhizobium
treatments reduced these parameters, reflecting their protective effects on membrane integrity and plant water balance.
These protective effects were more evident in the drought-tolerant Sadri genotype, confirming the role of these factors
in enhancing drought tolerance. Antioxidant enzyme activities, including catalase, peroxidase, ascorbate peroxidase,
and glutathione reductase, increased with drought intensity, and hormone and bacterial treatments further enhanced
these activities. The increase in antioxidant enzyme activities reduced the accumulation of reactive oxygen species and
protected cellular structures, indicating the reinforcement of the plant defense system under water deficit.

Conclusion. Overall, the findings suggest that these physiological and biochemical traits can serve as key indicators
for evaluating drought tolerance in different common bean genotypes. The novelty of this research lies in the

simultaneous evaluation of salicylic acid and Rhizobium bacteria under normal irrigation and drought stress conditions
in two bean cultivars with different levels of drought tolerance. This treatment combination has been rarely addressed
in previous studies and provides an opportunity for a more precise explanation of the physiological and biochemical
mechanisms associated with stress tolerance. The findings revealed that the combined application of salicylic acid and
Rhizobium enhanced and strengthened the antioxidant system. These results highlight the great potential of integrating
hormonal and microbial factors in the sustainable management of drought stress and the development of eco-friendly
strategies to improve the production of beans and other crops.
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Table 2. Results of analysis of variance related to various measured traits of common bean genotypes due to the use of hormonal treatments and under water stress conditions.

Mean Squares

Sources of Variation df Perog&ifiase Cat?l?se Malondialdehyde Proline Protein
activity activity content content content
Replication 2 0.828 "¢ 0.076 "¢ 0.017 ¢ 4.724 " 35.892 1
Irrigation 2 2723.309 ™ 2224348 ™ 981.896 ™" 6067.664 ™ 131.458 "¢
Error (Main plot) 4 2.271 0.937 0.099 3.223 29.152
Hormone 1 549.862"" 61.069" 284.638""" 1779.747° 1272372
Bacterium 1 802.202"* 38.257" 126.378"" 38.848"" 5644.466""
Genotype 1 0.595 " 2.359 " 13.622" 39.490" 285.642"
Irrigation * Hormone 2 161.172"" 245.054™ 97.557"" 1086.331°"* 963.039""
Irrigation * Bacterium 2 307.819"" 61.972"" 49.200"" 58.018" 172.641™
Irrigation * Genotype 2 0.977 7.458™" 1.827™ 9.530" 78.050 "¢
Hormone * Bacterium 1 342.266™" 32,943 4.159" 21.592" 3244.744™
Hormone * Genotype 1 5.640 " 0.903 "¢ 1.557° 0.220 " 60.129 "¢
Bacterium * Genotype 1 0.006 "* 0.734 " 3.071° 0.039 "¢ 126.014"
Irrigation * Hormone * Bacterium 2 193.622"" 0.166 " 8.312" 74.006""" 1093.499""
Irrigation * Hormone * Genotype 2 2.356 " 3.018" 0.147 9.909" 97.951"
Irrigation * Bacterium * Genotype 2 0.413 s 0.325 ™ 0.926"" 234218 93.026"
Hormone * Bacterium * Genotype 1 1.637 s 0.0006 ™ 1.908"" 4.453 " 138.016"
Irrigation * Hormone * Bacterium * 2 3.097 " 0.075 " 1.891" 3.892 1 117.342"
Genotype
Second error (Sub-plot) 42 2.96 0.842 0.068 2.776 25.137

Coefficient of Variation - 10.97 3.03 2.24 4.59 7.70
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Table 3. Results of analysis of variance related to various measured traits of common bean genotypes due to the use of hormonal and bacterial

treatments under water stress conditions.

Mean Squares

Ion Glutathione Ascorbate
Sources of Variation df Peroxidase
Leakage reductase -
Activity
Replication 2 1.676 "¢ 1.685"™¢ 8.753 "¢
Irrigation 1713.015" 784.209"" 1556.414™
First error (Main plot) 1.156 1.016 2.247
Hormone 1 1543.701"" 341.020™ 611.360™"
Bacterium 1 878.466™ 116.656™ 386.468"
Genotype 1 28.718"" 29.120"" 0.534 s
Irrigation * Hormone 2 404.662™" 4.228 "% 89.652""
Irrigation * Bacterium 2 290.543"" 2.922 s 45.567°"
Irrigation * Genotype 2 8.519™ 0.690 ™ 0.844 s
Hormone * Bacterium 1 495.034™ 0.004 " 221.329™
Hormone * Genotype 1 28.380"" 0.059 " 0.856 ™
Bacterium * Genotype 1 46.355"" 1.162 " 8.735 s
Irrigation * Hormone * Bacterium 2 171.911™ 6.020" 140.333™
Irrigation * Hormone * Genotype 2 8.683" 0.629 "* 6.327 "¢
Irrigation * Bacterium * Genotype 2 8.620™ 0.695 " 5.009 ™
Hormone * Bacterium * Genotype 1 16.062" 0.492 " 1.675"
Irrigation * Hormone * Bacterium * Genotype 2 10.701°* 3.059 s 0.950 ™
Second error (Sub-plot) 42 1.359 1.395 3.818
Coefficient of Variation 5.88 7.06 13.43
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Figure 1. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on protein content in common bean. Irrigation was
applied at three levels: Control (i) (90% field capacity), 60% field capacity (i), and 30% field capacity (i3). The common bean genotypes
included Yas (gl) and Sadri (g,). Bacterial treatment was applied at two levels: Non-inoculated (b;) and inoculated with bacterial isolate (b).
Hormone treatment consisted of two concentrations: 0 mM (h;) and 0.5 mM salicylic acid (h,). Different letters indicate significant
differences based on the LSD test at the 1% probability level.
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Figure 2. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on proline content in common bean. Irrigation
was applied at three levels: Control (i;) (90% field capacity), 60% field capacity (i,), and 30% field capacity (i3). Bacterial treatment was

applied at two levels: non-inoculated (b;) and inoculated with bacterial isolate (b,). Hormone treatment consisted of two concentrations: 0
mM (h;) and 0.5 mM salicylic acid (h,). Different letters indicate significant differences based on the LSD test at the 1% probability level.
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Figure 3. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on proline content in common bean. Irrigation was
applied at three levels: Control (i;) (90% field capacity), 60% field capacity (i»), and 30% field capacity (i3). The common bean genotypes

included Yas (g;) and Sadri (g;). Hormone treatment consisted of two concentrations: 0 mM (h;) and 0.5 mM salicylic acid (h,). Different
letters indicate significant differences based on the LSD test at the 1% probability level.
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Figure 4. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on malondialdehyde (MDA) content in common
bean. Irrigation was applied at three levels: Control (i) (90% field capacity), 60% field capacity (i), and 30% field capacity (i3). The

common bean genotypes inc

luded Sadri (g;) and Yas (g;). Bacterial treatment was applied at two levels: Non-inoculated (b;) and inoculated

with bacterial isolate (b,). Hormone treatment consisted of two concentrations: 0 mM (h,) and 0.5 mM salicylic acid (h,). Different letters
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indicate significant differences based on the LSD test at the 1% probability level.
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Figure 5. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on electrolyte leakage in common bean. Irrigation
was applied at three levels: Control (i1) (90% field capacity), 60% field capacity (i), and 30% field capacity (i3). The common bean
genotypes included Yas (g;) and Sadri (g;). Bacterial treatment was applied at two levels: Non-inoculated (b;) and inoculated with bacterial
isolate (b,). Hormone treatment consisted of two concentrations: 0 mM (h,) and 0.5 mM salicylic acid (h,). Different letters indicate

significant differences based on the LSD test at the 1% probability level.
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Figure 6. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on catalase enzyme activity in common bean.
Irrigation was applied at three levels: Control (i;) (90% field capacity), 60% field capacity (i,), and 30% field capacity (i3). The common bean

genotypes included Yas (g;) and Sadri (g,). Bacterial treatment was applied at two levels: Non-inoculated (b;) and inoculated with bacterial
isolate (b,). Different letters indicate significant differences based on the LSD test at the 1% probability level.
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Figure 7. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on peroxidase enzyme activity in common bean.
Irrigation was applied at three levels: Control (i) (90% field capacity), 60% field capacity (i»), and 30% field capacity (i3). Bacterial
treatment was applied at two levels: Non-inoculated (b,) and inoculated with bacterial isolate (b,). Hormone treatment consisted of two

concentrations: 0 mM (h,) and 0.5 mM salicylic acid (h,). Different letters indicate significant differences based on the LSD test at the 1%
probability level.
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Figure 8. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on ascorbate peroxidase enzyme activity in common
bean. Irrigation was applied at three levels: Control (i) (90% field capacity), 60% field capacity (i), and 30% field capacity (is). Bacterial
treatment was applied at two levels: Non-inoculated (b,) and inoculated with bacterial isolate (b,). Hormone treatment consisted of two

concentrations: 0 mM (h;) and 0.5 mM salicylic acid (h,). Different letters indicate significant differences based on the LSD test at the 1%
probability level.
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Figure 9. Comparison of the mean effects of irrigation, hormone, bacteria, and genotype on glutathione reductase enzyme activity in
common bean. Irrigation was applied at three levels: Control (i,) (90% field capacity), 60% field capacity (i), and 30% field capacity (is).
Bacterial treatment was applied at two levels: Non-inoculated (b)) and inoculated with bacterial isolate (b,). Hormone treatment consisted of

two concentrations: 0 mM (h,) and 0.5 mM salicylic acid (h,). Different letters indicate significant differences based on the LSD test at the
1% probability level.
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