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Introduction

Drought, as an environmental crisis, not only impacts ecosystems but also poses risks to human activities and
has significant negative effects. The occurrence of intermittent and prolonged droughts, along with significant
fluctuations in climate, exacerbates water scarcity, particularly in surface water resources; thus, groundwater
resources play a key role as a vital source for supplying water for various consumption needs.

Groundwater drought is one of the serious and increasing challenges that has been acutely felt in recent years.
Climate change and increasing water demand in agricultural and industrial sectors has led to increase dextraction
from groundwater sources, significantly affecting many plains and groundwater resources in the country, resulting
in severe depletion. This has consequently led to water crises and recurrent droughts. Therefore, understanding the
relationship between drought and the status of groundwater resources is crucial. This issue not only impacts
agriculture and food security but also has negative effects on public health, the economy, and the environment.
For this reason, proper and sustainable management of these resources in the face of drought challenges is essential.

Materials and Methods

The examination of hydrogeological droughts and the monitoring of groundwater levels is essential for
providing appropriate solutions for the protection and management of water resources.

In the present study, the Groundwater Resource Index (GRI) was used to assess groundwater drought in the
Qazvin Plain. Additionally, to explore the relationship between the GRI and the Standardized Precipitation Index
(SPI) across different time scales, the correlation coefficient between the two indices was calculated. Subsequently,
the GRI was localized within the plain by analyzing its values across various monitoring wells.

Results and Discussion

The high correlation between the GRI index and the SPI drought index over a 48-month timeframe indicated
that groundwater resources in the Qazvin plain were influenced by both wet and dry weather phenomena, with a
time lag of approximately three to six months before meteorological drought translated into groundwater drought.
Eslamian et al. (2009) also reported a three-month time lag for the effects of drought on the groundwater resources
of the Qazvin, Buin Zahra, and Hamadan plains in their research .
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Conclusion

The localization study of the GRI index in the Qazvin Plain region concluded that the index is highly responsive
for assessing and evaluating groundwater drought. It effectively identified wet and dry years and showed a strong
alignment with the behavior of the groundwater table. The analysis of drought during the years from 1996-2001
also illustrated that the impacts of drought continued into subsequent years on groundwater resources, and
according to the GRI index, the decline in groundwater levels persisted in later years. This was evident even with
increased precipitation in 2002 and thereafter, where we continued to witness declines and the ongoing trend of
groundwater drought.
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Table 2- Different Levels of Drought and Flooding Based on GRI and SPI Values
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Spi-6  Spi-9
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013 0.14 0.18 0.24
-0.12 -0.12  0.09 0.10
-0.11  0.00 0.12 0.11
-0.13  0.02 0.14 0.11
011 0.17 0.15 0.21
011 0.17 0.15 0.21

Spi-12  Spi-18 Spi-24  Spi-48

0.28 040 nolag
0.28 0.41 lag 1
0.22 0.51 lag 2
0.44** 0.54** lag 3
0.48** 0.57** lag4
0.53** 0.61** lag5
0.53** 0.61** lag6

78R aws 3 I3 e *F
**: significant at the 99% level
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Table 4- Decline Rate of Selected Wells in the Qazvin Aquifer
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Introduction

Water scarcity is a major challenge in Iran, with annual rainfall averaging 235 to 260 mm, only a third of the
global average. Wheat, a staple crop in Iran, faces severe yield reduction under drought conditions. Utilizing
biofertilizers like plant growth-promoting rhizobacteria (PGPR) and arbuscular mycorrhizal (AM) fungi could
help enhance water use efficiency (WUE) and vyield in such environments. However, the effectiveness of
biofertilizers varies based on several factors, including the type of biofertilizer (bacterial or fungal), the strain or
species used, and the formulation (solid or liquid). Despite the established benefits of both PGPR and AM fungi
in enhancing drought tolerance and WUE, there is a lack of comparative studies that examine the specific
performance of bacterial versus fungal biofertilizers and their formulations under varying levels of water stress.
Thus, the objectives of this study are as follows: 1) to identify the most suitable type of biofertilizer (bacterial or
fungal) for improving wheat yield and WUE under drought conditions in Mashhad's climatic conditions; 2) to
determine the effect of ACC deaminase enzyme on the efficiency of PGPR in enhancing wheat yield and WUE;
3) to compare the performance of AM fungal biofertilizers in two formulations (powder and liquid) and between
single-species and multi-species inoculants.

Material and Methods

The experiment was conducted as a split-plot design with three replicates, where irrigation levels constituted
the main plots, and biofertilizer treatments formed the subplots. The irrigation treatments included full irrigation
(100% of wheat’s water requirement), mild drought stress (85%), and severe drought stress (65%). The biofertilizer
treatments were: no biofertilizer (F1), serving as a control; Pseudomonas fluorescens producing ACC-deaminase
(F2); P. fluorescens without ACC-deaminase (F3); AM fungi (Rhizophagus irregularis) in liquid form (F4); and
(5) AM fungi (R. irregularis, Funneliformis mosseae, and Claroideoglomus etunicatum) in powdered form (F5).

Results and Discussion
Both irrigation levels and biofertilizer types had significant impacts on root colonization, yield, and WUE.

©2025 The author(s). This is an open access article distributed under Creative Commons
B Attribution 4.0 International License (CC BY 4.0).

https://doi.org/10.22067/jsw.2025.90176.1440



https://jsw.um.ac.ir/
mailto:sajjadhosseini1369@gmail.com
https://doi.org/10.22067/jsw.2025.90176.1440
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/jsw.2025.90176.1440
https://orcid.org/0000-0001-6201-5943
https://orcid.org/0000-0001-6570-9430
https://orcid.org/0000-0001-5442-9513

VP syl 20998 ) ojlos ¥ ke (S g o @, VA

Reducing irrigation from 100% to 85% and 65% of crop water requirements significantly reduced root colonization
across all treatments. Among the bacterial treatments, only P. fluorescens producing ACC-deaminase (F2) showed
a significant positive effect under severe drought (65% irrigation). This treatment increased grain yield by 9%,
biological yield by 7%, and WUE by 6.8% compared to the control (F1). The presence of ACC-deaminase likely
contributed to mitigating the effects of drought-induced ethylene, promoting better root growth and nutrient uptake
under water stress. In contrast, P. fluorescens without ACC-deaminase (F3) did not significantly improve yield or
WUE, emphasizing the importance of ACC-deaminase in promoting drought tolerance. Fungal biofertilizers
outperformed bacterial treatments in grain and biological yield, as well as WUE. Under severe drought, powdered
AM fungi (F5) increased grain yield by 26% and biological yield by 21% compared to the control, and WUE based
on grain yield improved by 26%. This superior performance of AM fungi, particularly in powdered form, can be
attributed to their ability to enhance nutrient and water uptake under drought conditions. These findings
corroborate earlier studies that demonstrated AM fungi's ability to improve crop yield and WUE under drought
stress by enhancing water uptake, nutrient availability, and improving the plant's physiological responses, such as
maintaining cell membrane stability and increasing antioxidant activity. The powdered formulation of AM fungi
(F5) showed greater effectiveness than the liquid form (F4). The higher colonization rates and performance in
yield improvement may be due to the inclusion of multiple fungal species in the powdered form. The performance
differences between the liquid and powdered AM fungi formulations may also be influenced by the physical
properties of the biofertilizer since powdered inoculants are most effective when applied to the seeds of grasses
like wheat and barley, as the structure of these seeds allows for better adhesion of the powder.

Conclusion

In conclusion, among the bacterial biofertilizers, only P. fluorescens producing ACC-deaminase significantly
enhanced plant performance under severe drought, underscoring the importance of ACC-deaminase in alleviating
drought stress. However, fungal biofertilizers, especially in powdered form, were more effective overall in
improving yield, biological productivity, and WUE under varying levels of water stress. This research confirms
that the application of AM fungi can serve as an effective strategy for improving wheat yield and increasing WUE
in the climatic conditions of Mashhad. Overall, the observed differences in the effectiveness of these biofertilizers
suggest that the appropriate selection of both type and formulation of biofertilizers can significantly contribute to
managing water stress and improving crop production.

Keywords: Arbuscular mycorrhizal fungi, Drought stress, Irrigation levels, Microorganisms, PGPR
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Figure 1- Average, maximum, and minimum monthly temperatures, along with total monthly precipitation at experimental
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Table 2- Analysis of variance (ANOVA) for the studied properties
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Figure 2- The interaction effect of irrigation levels and biofertilizers on root colonization percentage of wheat
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 3- The interaction effect of irrigation levels and biofertilizers on 1000-seed weight
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant’s water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 4- The interaction effect of irrigation levels and biofertilizers on grain yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:
P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 5- The interaction effect of irrigation levels and biofertilizers on biological yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 6- The interaction effect of irrigation levels and biofertilizers on harvest index
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 7- The interaction effect of irrigation levels and biofertilizers on water use efficiency based on grain yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant’s water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Figure 8- The interaction effect of irrigation levels and biofertilizers on water use efficiency based on biological yield
Different letters indicate significant differences between treatments at p< 0.05. Error bars represent standard deviation. 65% WR,
85% WR, and 100% WR correspond to 65%, 85%, and 100% of the plant's water requirement, respectively. F1: No biofertilizer, F2:

P. fluorescens with ACC-deaminase, F3: P. fluorescens without ACC-deaminase, F4: AM fungi in liquid form, and F5: AM fungi in
powder form.
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Introduction

Actinobacteria are one of the most abundant microbial groups in soil and play a crucial role in preserving
ecosystems. They are among the soil microbial groups capable of releasing phosphorus from low-soluble or
insoluble phosphorus sources, which enhances plant growth. Their application in agricultural systems is
recognized as an environmentally friendly strategy to limit the negative effects of chemical inputs and improve
the availability of nutrients, especially phosphorus, in the rhizosphere. Additionally, humic acid, as an organic
growth stimulant, plays an important role in improving soil fertility and biological communities, and its
combined use with actinobacteria increases the efficiency of fertilizer use, particularly phosphorus-based
fertilizers. Therefore, the aim of this research was: (i) to screen the phosphorus solubilization potential of
actinobacteria isolates at different incubation times, (ii) to investigate the effect of adding humic acid on the
phosphorus solubilization capacity actinobacteria isolates under laboratory conditions, and (iii) to monitor the
impact of selected actinobacteriun isolate and humic acid, at various phosphorus fertilizer levels, on soil
phosphorus content, plant phosphorus uptake, and some biochemical properties of the soil.

Materials and Methods

In this study, five actinobacteria isolates, collected and purified from various agricultural, orchard, and rangeland
ecosystems of Golestan Province, were screened based on their morphological characteristics. These strains were
utilized for screening purposes. To prepare fresh cultures of the actinobacteria isolates, they were subcultured on
solid yeast extract-malt extract agar medium. The effects of incubation time and the application of humic acid on the
phosphate solubilization ability of the actinobacteria isolates were then investigated. This experiment was conducted
in a factorial arrangement within a completely randomized design, with the following factors. To examine the effect
of the selected superior actinobacterium isolate and its interaction with different phosphorus levels and humic acid
application, a factorial pot experiment was conducted in a completely randomized design. The experimental factors
included a mineral phosphorus source at three levels (control, 20 kg, and 40 kg of phosphorus per hectare from
monoammonium phosphate), Streptomyces inoculation at two levels (control and inoculation with the selected
isolate), and humic acid application at two levels (control and 2 mg per kg). The experiment was carried out on
maize (Single Cross 704) with three replications. For seed preparation, a sufficient number of healthy maize seeds
were selected and surface sterilized by immersing them in alcohol for 30 seconds. They were then exposed to 5%
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sodium hypochlorite for 2 to 3 minutes, followed by rinsing eight times with sterile distilled water. To prepare the
microbial inoculum, the selected superior isolate was grown in yeast extract-malt extract medium at an appropriate
(107 CFU/mL). The seeds were then placed in pots, and one milliliter of the Streptomyces suspension was applied to
the seeds for inoculation. At the end of the experiment, the phosphorus content in the soil and plant, as well as the
soil biochemical responses were measured.

Results

Based on the results obtained from this study, the application of humic acid led to an increase in microbial
biomass and enhanced phosphorus release by actinobacteria isolates under laboratory conditions. As the
incubation period extended from 7 to 14 days, the solubility of phosphate showed an increasing trend. The
results showed that the highest phosphorus content in the soil was associated with the combined application of a
high phosphorus level (40 mg per kg) along with humic acid and Streptomyces inoculation. Analysis of
microbial biomass phosphorus revealed that the highest level was related to the treatment combining the highest
level of phosphorus fertilizer and humic acid. According to the findings related to phosphatase enzymes, the
combined application of the Streptomyces treatment, humic acid, and phosphorus resulted in an increase in the
levels of these enzymes. Additionally, the results of microbial respiration in the soil indicated that the combined
treatment of Streptomyces and the highest level of phosphorus fertilizer enhanced microbial respiration in the
soil. The phosphorus content in the plants under the combined treatments of Streptomyces, humic acid, and
phosphorus showed that the integration of Streptomyces inoculation and humic acid was effective in improving
soil phosphorus availability and led to an increase in the phosphorus content of the plants. The results of this
study showed that inoculation with the selected Streptomyces isolate, along with the combined application of
humic acid, enhanced the efficiency of phosphorus fertilizer utilization, making it more readily available to the
plant.

Conclusion

In general, the results of current study revealed that the simultaneous application of humic acid and
Streptomyces inoculation led to an increase in the availability of phosphorus in the soil and the phosphorus
content in the plants, as well as an improvement in the biochemical responses of the soil. However, field

experiments are necessary to confirm its effectiveness.

Keywords: Actinobacterium, Microbial biomass phosphorus, Microbial respiration, Phosphatase
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Table 1- Physical and chemical properties of soil
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EC: electrical conductivity; P,..: available phosphorus; K,,: available potassium; N,,: available nitrogen
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Figure 1- The Interction of time and humic acid application on phosphorus release by the studied isolates
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Table 2- Analysis of variance for the effect of experimental treatments on measured soil parameters and plant phosphorus
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Figure 2- The interactive effect of Streptomyces, humic acid and phosphorus fertilizer on soil available phosphorus
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Figure 3- The interactive effect of phosphorus fertilizer and humic acid on microbial biomass phosphorus levels
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