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Abstract

Drought stress is one of the biggest threats to agriculture in different parts of the world,
especially in countries in the Mediterranean climate zone. One of the most natural solutions
for agricultural sustainability is to use fungi that can establish symbiotic relationships with
agricultural products. In this study, the effectiveness of different arbuscular mycorrhizal
fungi that can help reduce drought stress in maize plants was tested. The findings revealed
that arbuscular mycorrhiza fungi inoculation significantly improved both irrigation water use
efficiency (IWUE) and plant biomass under drought stress compared to non-inoculated
controls. Notably, Rhizophagus intraradices and Glomus iranicum showed the highest
enhancements in IWUE and yield. For example, R. infraradices achieved an irrigation water
use efficiency of 16.2 kg/m?® under low drought stress (70% of field capacity) and a yield of
26.9 t ha'. Under moderate drought stress (50% of field capacity), this species maintained
a high IWUE of 16.1 kg m3 and a yield of 18.4 t ha-'. In severe drought conditions (30% of
field capacity), R. intraradices still performed well with an IWUE of 13.5 kg m-3 and a yield
of 10.9 t ha'. Overall, AMF-treated plants exhibited 30-50% higher WUE compared to
controls, with G. iranicum and R. intraradices being the most effective in enhancing drought
tolerance and plant productivity. These results suggest that integrating AMF into maize
cultivation can contribute to sustainable agricultural practices, particularly in regions facing
water scarcity.

Keywords: arbuscular mycorrhizal fungi; water use efficiency; maize; drought stress;
chlorophyll

1. Introduction

Arbuscular mycorrhizal fungi (AMF) are integral components of soil ecosystems, forming
symbiotic relationships with the roots of most terrestrial plants. These relationships are vital
for enhancing plant growth and stress tolerance, primarily through improved nutrient
uptake, disease tolerance, and water relations. In agriculture, AMF are particularly
significant as they contribute to sustainable farming practices by reducing the need for
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chemical fertilizers and enhancing plant resilience to environmental stressors such as
drought (Kaba et al., 2021).

Water is a critical resource for plant growth, and its efficient use is paramount,
especially in regions prone to water scarcity. Water use efficiency (WUE) is a measure of
how well a plant uses available water to produce biomass. AMF can significantly influence
WUE by enhancing water uptake through increased root surface area and improved soil
structure. The hyphal networks of AMF extend beyond the root zone, accessing water from
soil pores that roots alone cannot reach. This extended network not only improves water
uptake but also facilitates better water retention in the soil, thus enhancing the overall WUE
of plants (Duan et al., 2021). In a study conducted by Chen et al. (2025), the effect of
arbuscular mycorrhizal fungi (AMF) on microbiome stability in the maize rhizosphere was
investigated. The study evaluated the impact of AMF species such as Rhizophagus
intraradices (syn. Glomus irregulare, previously misidentified as Glomus intraradices) on
sugar transport, water use efficiency, and abiotic stress tolerance in maize plants under
water deficit conditions. The genes SWEET13, CHIT3, and RPL23A exhibited higher
expression in AMF-inoculated plants, which contributed to improved plant growth under
water stress conditions. In a study by Boomsma and Vyn (2008), the resilience of AMF-
inoculated maize plants to water scarcity was assessed. The research determined that
increased AMF colonization led to higher soluble sugar and proline content in the plants.
Additionally, mycorrhiza-inoculated maize plants exhibited greater biomass and root
development under drought conditions. A study conducted by Oliveira et al. (2022)
demonstrated that the AMF species Rhizophagus clarus enhanced drought tolerance in
soybean plants. This mechanism was reported to function by increasing water uptake
through the root system while reducing water loss at the leaf level. These findings suggest
that AMF applications could similarly confer drought tolerance in maize plants. Several
mechanisms are proposed for how AMF improve plant water use. Firstly, the physical
extension of the root system by the fungal hyphae increases the soil volume explored for
water. Secondly, AMF can alter the root hydraulic properties, enhancing water transport
efficiency. Additionally, AMF can influence the expression of aquaporin genes in roots,
which are proteins involved in water transport across cell membranes (Liu et al., 2023; Ni
et al.,, 2025). Lastly, AMF associations can lead to improved soil aggregation, which
enhances soil water retention and reduces water loss through evaporation (Aminzadeh et
al., 2025).

Maize (Zea mays L.) is a globally important crop, heavily reliant on adequate water
supply for optimal growth and yield. However, water scarcity and drought stress are
significant challenges in maize cultivation, affecting both productivity and sustainability.
The application of AMF in maize cultivation presents a promising strategy to mitigate the
adverse effects of water stress by improving WUE and overall plant health. Previous
studies have shown that AMF-inoculated maize plants exhibit improved growth and yield
under drought conditions, suggesting a potential role of AMF in sustainable maize farming
(Abrar et al., 2024; Li et al., 2025).

In this study, the effects of different AMF species on the water use and WUE of
maize plants under varying levels of drought stress was investigated. By examining the
interactions between AMF and irrigation levels under controlled conditions, this research
seeks to elucidate the potential benefits of AMF applications in enhancing the resilience of
maize to water stress. The specific objectives were: to evaluate the impact of different AMF
species on the water uptake of maize plants, to determine the effect of AMF on the WUE
of maize under different drought stress levels, and to analyze the physiological and
morphological changes in maize roots and shoots induced by AMF under water-limited
conditions.



Gultekin et al. Curr. Appl. Sci. Technol. 2026, Vol. 26 (No. 1), 0265765

Understanding the role of AMF in improving plant water relations is crucial for
developing sustainable agricultural practices, particularly in water-scarce regions. This
research provides insights into the potential of AMF to enhance crop resilience to drought,
thereby contributing to food security and sustainable farming. By identifying effective AMF
species and their mechanisms of action, this study offers practical applications for farmers
and agricultural practitioners aiming to optimize water use and improve crop productivity
under challenging environmental conditions.

2. Materials and Methods
2.1 Site description and experimental design

The study was carried out in 2023 at the Ankara Soil Fertilizer and Water Resources
Central Research Institute within a glass greenhouse. Soils were sieved to 4 mm and
placed in pots at their natural bulk densities. All soils, except those in the control group,
were sterilized in an autoclave to remove existing mycorrhizal fungi prior to pot filling.

In this study, experiment was conducted using different species of arbuscular
mycorrhizal fungi (AMF). The Rhizophagus irregularis inoculum was initially cultured using
maize (Zea mays L.) as a host plant through the trap culture technique (Selvakumar et al.,
2016) for its use in the project. It was propagated in a sand mixture in a greenhouse for
four months in association with Zea mays L. This procedure was carried out to facilitate the
use of institute products. The experimental groups used in this study were to ensure an
equivalent dosage to the calculated propagule amount for Glomus iranicum var.
tenuihypharum, and the following calculations were performed. Control Group (MO): This
group did not receive any mycorrhizal inoculum. Glomus spp. (M1, Shubhodaya): The
Glomus spp. inoculum was commercially sourced from the Shubhodaya product, which
contained a mixture of Glomus intraradices and Glomus proliferum with a density of 1x10°
propagules per package. The dosage was calculated to be equivalent to 12.6 propagules,
and 1.26 mg of Glomus spp. inoculum was applied to each 7 kg soil pot, placed 2 cm below
the soil surface along with water in the seedbed. Rhizophagus irregularis (M2): Provided
by the Soil Fertilizer and Water Resources Central Research Institute, this inoculum had a
density of 25 propagules/g. A total of 500 mg of R. irregularis inoculum was applied per 7
kg soil pot. Rhizophagus intraradices (M3): This inoculum, supplied by the institute and
initially cultured with maize (Zea mays L.), had a density of 20 propagules/g. The inoculum,
propagated in the greenhouse for four months, consisted of spores, mycelium, and fine
root segments. A total of 630 mg of R. infraradices inoculum was applied per pot. Glomus
fasciculatum (M4). Commercially obtained from the GROW CARE product, this inoculum
had a density of 60 spores/g. A total of 210 mg of G. fasciculatum inoculum was applied
per 7 kg soil pot. Glomus iranicum var. tenuihypharum (M5): This inoculum was
commercially sourced from the MycoUp® product, which was designed to promote root
development and enhance nutrient uptake efficiency in field crops, vegetables, and
viticulture. The inoculum consisted of spores (120 propagules/g soil), mycelium, and fine
root segments. A total of 105 mg of G. iranicum var. tenuihypharum inoculum was applied
per 7 kg soil pot. All inocula were applied to the seedbed at a depth of 2 cm below the soil
surface along with water.

Corn seeds, specifically the Dekalp DKC5685 maize variety, were surface
sterilized with 5% sodium hypochlorite solution for 10 min before planting, and then rinsed
five times with distilled water. Irrigation was administered to reach field capacity until the
maize developed 3-4 leaves. Beyond this growth stage, irrigation was adjusted to maintain
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soil moisture at 70%, 50%, and 30% of the soil's available water holding capacity. The
results of the soil and irrigation water analysis are shown in Tables 1 and 2, respectively.

Table 1. Some characteristics of the soil used in the greenhouse experiment

Characteristics Value
Organic matter, % 1.11
P, kg da-' 39.30
K, kg da- 143.0
Ca, ppm 7405.0
Mg, ppm 831.0
Zn, ppm 2.08
Mn, ppm 5.24
Fe, ppm 4.76
Texture Clay
Electrical conductivity, dS m! 0.62
pH 7.01
Field capacity, % 32.07
Wilting point, % 17.07
Bulk density, g cm-3 1.29

Table 2. The characteristics of the irrigation water used in the greenhouse experiment

EC Cations (meL™) Anions (meL™")
Boron

PH gsm- Total SAR Class
Y Na* K Ca* Mg*™ CO3 HCO3  CI So04° ppm

753 054 343 013 339 1.65 8.6 0 1.71 3.87 3.01 2.16 0 C2S1

According to the electrical conductivity (EC) and alkalinity measurements, the
water is classified as C2S1. The quality of the irrigation water is considered excellent,
characterized by slight alkalinity and minimal salinity hazard. This makes it suitable for
irrigating a diverse range of crops with minimal risk of accumulating soil salinity or sodicity,
provided that proper drainage systems are in place. Soil moisture levels were monitored
using a gravimetric method to determine irrigation timing. At the beginning of the
experiment, pots were saturated with water. Once the water had ceased leaking from the
pots, their weights were recorded and considered as the field capacity. The study involved
five different arbuscular mycorrhizal fungi (AMF) treatments along with a control group, all
using maize plants. In the selection of AMF species used in the study, those reported to
establish a symbiotic relationship with maize under stress conditions and facilitate water
and nutrient uptake were considered. Rhizophagus irregularis has been found to enhance
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phosphorus uptake, thereby improving maize nutrient utilization, and to exhibit aggressive
root colonization even in low-phosphorus soils (Basiru et al., 2020). The growth and yield
of maize were significantly enhanced by R. irregularis. 1t has been reported that R.
irregularis improves soil resilience against degradation under both cultivated and
uncultivated field conditions while maintaining maize productivity (Basiru et al., 2020).
Glomus iranicum var. tenuihypharum has been shown to enhance drought tolerance,
enabling maize plants to better adapt to arid conditions. Additionally, it has been
demonstrated to improve plant growth even in high-salinity soils, thereby enhancing maize
adaptation capacity. Furthermore, it has been shown to enhance nitrogen, phosphorus,
and potassium uptake in maize, leading to improved growth and yield (Martin et al., 2017).

Three levels of drought stress were applied: 30% of field capacity (no drought
stress), 50% of field capacity (moderate drought), and 70% of field capacity (severe
drought) within the greenhouse environment. Throughout the experiment, pots were
periodically weighed to monitor moisture levels, and irrigation water was added to each
treatment to maintain the predetermined weight levels (Kiran, 2019). The greenhouse
experiment followed a factorial design, comprising 54 pots arranged in randomized plots,
with 3 replications of 6 AMF treatments and 3 drought levels. Trial sub and main topics
were established as follows.

AMF treatments:
* MO: Control treatment
* M1: Glomus spp. (Shubhodaya)
» M2: Rhizophagus irregularis
* M3: Rhizophagus intraradices
* M4: Glomus Fasciculatum
* M5: Glomus iranicum

Drought stress levels:

« |170: Treatment where the soil's available water is maintained at 70% (low drought
stress)

« 150: Treatment where the soil's available water is maintained at 50% (moderate
drought stress)

« 130: Treatment where the soil's available water is maintained at 30% (severe
drought stress)

The experiment was terminated when drought symptoms (withering, wilting, drying
of lower leaves) were clearly visible on the plants.

2.2. Irrigation

Irrigation was performed at field capacity level for all pots until seed emergence occurred
and the plants reached the 3-4 leaf stage. After this phase, subject-specific irrigation
treatments were initiated. For this purpose, the pots were monitored daily, and their weights
were measured. Irrigation amount for each treatment were calculated according to
equation (1) and irrigation water use efficiency (IWUE) was calculated by using equation

).
I= FCw- (FCw-WPu) x Ic ()
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Where; I: irrigation amount (I), FCw: pot field capacity weight (g), WPw: pot wilting point
weight (g), Ic: coefficient related to irrigation treatment (30 %, 50%, 70%).

IWUE= Y/ | (2)
In the equation: IWUE: irrigation water use efficiency (kg m=3), Y: fresh crop weight (kg ha™)

In the study, changes in plant yield at different irrigation levels under different
mycorrhizal treatments were calculated with the following equations;

Yl=Yc-Ya 3)

Where, YI: yield increased by irrigation, Yc: crop yield in control treatment, Ya: crop yield
in actual treatment.

IWP= (Y/1) x100 )

In the equation, IWP: irrigation water productivity (kg m=), Y: yield (kg m=), I: irrigation
amount (mm).

WP= (YI/1) x100 (5)
Where, WP: Water productivity (kg m3)

Mycorrhizal dependency was calculated for the maize by using the following
formula (Raya-Hernandez et al. 2020):

crop fresh yield (M +) — crop fresh (M —)
crop fresh (M +) x

MD (%) = 100 (6)

Where, MD represents mycorrhizal dependency, for M+ (inoculated) and M- (not
inoculated) plants.

2.3. Statistical analysis

The data obtained from the study were analyzed with JMP v.17 computer software. ANOVA
test was applied for variance analysis, while Tukey's multiple comparison test was applied
for statistical differences between treatments.

3. Results and Discussion

3.1 Irrigation

In the greenhouse study, the amounts of irrigation water given to the subjects and the
irrigation water use efficiency calculated based on the plant green mass weight are
presented in Figure 1 and Figure 2. Across all mycorrhizal treatments, irrigation at 50%
field capacity was roughly 30-31% less than at 70% field capacity, and irrigation at 30%
field capacity was about 50-51% less than at 70% field capacity. This indicates that there
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Figure 1. Irrigation amount according to treatments
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Figure 2. Irrigation water use efficiency according to treatments
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was a consistent pattern of reduction in irrigation volume as the percentage of field capacity
decreased, which was true for all mycorrhizal treatments observed.

In the absence of any mycorrhizal applications, as represented by MO (the control
group), there was a noticeable decrease in IWUE as the amount of irrigation water was
reduced. This suggested that plants utilized water less efficiently when provided with less
irrigation. The highest IWUE in the MO group was observed at the S70 irrigation level (1.44
kg m3), and the lowest at the S30 level (0.52 kg m3). Mycorrhizal treatments generally
exhibited higher IWUE values compared to the control group (MO), indicating that
mycorrhizal applications might enhance the water use efficiency of plants. Upon examining
individual mycorrhizal treatments, M5 (Glomus iranicum) showed the highest IWUE at the
S70 irrigation level with a value of 2.03 kg m3, suggesting that this species of mycorrhiza
most effectively improved water use efficiency. Moreover, M5 consistently achieved high
IWUE values across different irrigation levels. M3 (Rhizophagus intraradices) stood out
with the highest IWUE value of 1.98 kg m at the S50 irrigation level and also showed
increased efficiency compared to the control group at other irrigation levels. The treatment
M2 (Rhizophagus irregularis) also exhibited prominence, particularly at the S50 and S70
irrigation levels, with high IWUE values. In conclusion, mycorrhizal applications appeared
to enhance the water use efficiency of plants, and this enhancement varied depending on
the type of mycorrhiza and the level of irrigation. The highest water use efficiency was
typically observed at higher irrigation levels, particularly with the application of G. iranicum
(M5). A general decline in IWUE was noted with the reduction of irrigation levels across all
mycorrhizal treatments, but this decline was less pronounced compared to the control
group (MO0). This suggested that mycorrhizal applications may aid in more efficient water
usage by plants even under conditions of water stress. The effect of AMF applications on
IWUE depends on the structure of the symbiotic relationship. Significant irrigation water
use efficiency can be observed when the symbiotic structure formed between the plant and
AMF reaches an optimal level at a certain stress condition. Indeed, in this study, the
prominent mycorrhizal species M3 and M5 exhibited significant differences in IWUE
compared to the control treatments. In the 130 treatment, M3 and M5 AMF applications
resulted in an IWUE increase of 142.5% and 63.7%, respectively, compared to the control.
In the 150 treatment, these increases were 156.3% and 107.2%, while in the 170 treatment,
IWUE increased by 33.7% and 40.9%, respectively. The highest IWUE values were
achieved particularly under moderate drought stress (150), indicating that the most effective
symbiotic relationship was established under this drought condition.

Abrar et al. (2024) found that AMF-inoculated plants exhibited not only increased
biomass but also improved water use efficiency under drought conditions, which is
consistent with the observed improvements in IWUE. Li et al. (2025) reported that AMF
colonization enhanced plant growth and biomass under water-limited conditions,
potentially through mechanisms that improved water uptake and conservation. Wu et al.
(2024) found that AMF colonization increased plant water use efficiency by enhancing root
water uptake capacity. Their study on different plant species under drought stress indicated
that AMF treatments could lead to a higher IWUE, aligning with findings where AMF-treated
maize showed increased IWUE at reduced irrigation levels. Our study emphasizes the role
of AMF in modulating physiological mechanisms that conserve water, such as stomatal
conductance and transpiration rates. The data provided in the research, when compared
with existing literature, underscores the beneficial role of AMF treatments in enhancing
plant growth and water use efficiency under drought stress conditions. This highlights the
potential of AMF inoculation as a sustainable agricultural practice to improve crop
resilience to water scarcity.
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3.2 Water productivity

In the conducted study, water productivity versus maize mass yield was evaluated
according to both mycorrhiza and water stress treatments. Accordingly, the water
productivity values obtained are given in Table 3. The findings from this study clearly
demonstrate the positive effects of arbuscular mycorrhizal fungi (AMF) applications on the
irrigation water productivity (IWP) and overall productivity (WP) of maize plants.
Specifically, the applications of R. intraradices (M3) and G. iranicum (M5) yielded
remarkable results. The Rhizophagus intraradices (M3) application resulted in the highest
yield (26.9 t ha') and IWP value (16.2 kg m=) under low water stress conditions (170).
Additionally, a positive WP value (3.72 kg m3) was recorded under these conditions. These
results indicate the potential of R. intraradices to optimize water use and plant growth. As
water stress increased (150 and 130), the IWP values for this mycorrhiza species remained
relatively high at 16.1 kg m= and 13.5 kg m3, respectively, while the WP values decreased
to -2.04 kg m and -12.09 kg/m3. This suggests that R. intraradices can enhance water
efficiency even at lower water levels. Similarly, the Glomus iranicum (M5) application also
showed high yield (26.1 t ha™') and IWP value (15.6 kg m) under 170 conditions, along
with a positive WP value (3.24 kg m). This highlights the beneficial effects of G. iranicum
on water use efficiency and plant performance. Under moderate (150) and severe (130)
water stress conditions, the IWP values were 13.2 kg m= and 9.0 kg m™3, respectively, while
the WP values were -4.68 kg m™ and -16.31 kg m3. These findings demonstrate that G.
iranicum can improve water productivity even under high water stress.

Rhizophagus irregularis and R. intraradices are widely used species among
arbuscular mycorrhizal fungi (AMF) and these species have been proven to be beneficial
in many agricultural systems (Aguégué et al., 2021; Jie at al., 2022; Huang et al., 2024).
However, the Rhizophagus irreqularis and R. intraradices strains used in this study were
locally isolated and compared with commercially available G. iranicum var. tenuihypharum,
Glomus spp. and G. fasciculatum. The use of AMF in maize cultivation has been previously
investigated in different studies (Kazadi et al., 2022; Fall et al., 2023). However, the
originality of this study lies in the fact that it directly compared the performance of a locally
isolated R. intraradices strain with a commercial AMF strain. Compared to
previous studies, the effects of both AMF species on plant growth, water use and nutrient
uptake were examined in detail and directly compared in this study. The results of this
study are consistent with other studies in the literature that reported the ability of AMF
applications to enhance water use efficiency in plants under water stress conditions. For
example, Xiao et al. (2023) reported that mycorrhizal fungi improved plant water uptake
and enhanced plant growth under water stress conditions. Similarly, Duan et al. (2021)
noted that AMF positively affected plant water relations and water use efficiency, increasing
plant tolerance to water stress. Kaba et al. (2021) also demonstrated that AMF improved
plant nutrient uptake, making plants more resistant to water stress. These findings suggest
that AMF applications are an effective method for improving water use efficiency in
agriculture. In regions with limited water resources, AMF applications can ensure more
efficient water use and maintain plant productivity.
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Table 3. Water productivity according to the experimental treatments

1 2 3 4 5 6 7
Y | Yl IWP WP
Treatments (tha™) (mm) (tha™) (kg m~) (kg m™)
Mycorrhiza Irrigation (3-3a) (3/4)7100 (5/4)™100
170 (control)  20.7 b-d 166.5 - 124 -

MO 150 10.6 h-+j 115.3 -10.1 9.2 -8.76
130 53k 81.7 -15.4 6.5 -18.80

170 24.3 a-b 168.4 3.6 14.5 2.15

M1 150 13.0 f-1 116.8 -7.8 11.1 -6.65
130 5.7k 82.9 -15.1 6.8 -18.18

170 23.5a-c 168.4 2.8 14.0 1.66

M2 150 16.4 d-f 116.0 -4.3 14.2 -3.70
130 8.4 1-k 821 -12.4 10.2 -15.05

170 269a 166.1 6.2 16.2 3.72

M3 150 18.4 d-e 114.5 -2.3 16.1 -2.04
130 10.9 g-j 81.0 -9.8 135 -12.09

170 19.6 c-e 169.1 -1.1 11.6 -0.67

M4 150 13.3 f-h 116.8 -7.4 114 -6.32
130 6.4 j-k 82.5 -14.3 7.8 -17.35

170 26.1a 167.6 54 15.6 3.24

M5 150 15.3 e-g 116.0 -5.4 13.2 -4.68
130 7.4 j-k 81.7 -13.3 9.0 -16.31

170: irrigation at 70% of field capacity, 150: irrigation at 50% of field capacity, 130: irrigation at 30% of
field capacity, MO: Control, M1: Glomus spp. (Shubhodaya), M2: Rhizophagus irregularis, M3:
Rhizophagus intraradices, M4: Glomus Fasciculatum, M5: Glomus iranicum, Y: yield, YI: yield
increased by irrigation, IWP: irrigation water productivity, WP: Water productivity, Letters (a to k):
indicate statistically significant groups

3.3. Mycorrhizal dependency

In the study, the effect of different mycorrhiza applications on plant yield under each water
stress condition is given in Figure 3 as mycorrhizal dependency. When analyzing the
graphs showing mycorrhizal dependency under different drought stress conditions, it was
observed that the M3 application provided the highest mycorrhizal dependency in all
conditions. This indicates that M3 was the most efficient AMF in establishing a symbiotic

10
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Figure 3. Mycorrhizal dependency according to treatments

relationship with plants and maintained its effectiveness across different water levels. The
M5 application also demonstrated generally high dependency percentages, making it the
second most effective AMF option after M3. While M1 and M2 applications exhibited a
moderate effect, The M4 application stood out with its negative impact, particularly at the
S70 level. This suggests that M4 may not be suitable for plant growth under certain
irrigation conditions. In conclusion, M3 and M5 applications appeared to be the best
mycorrhizal options for establishing a strong symbiotic relationship with maize across all
drought stress levels. Chandrasekaran (2024) reported that under moderate drought
stress, AMF increased plant water use efficiency, contributing positively to plant growth.
The results of this study support the notion that AMF optimized water use under this stress
level, enhancing growth (Duan et al., 2024). In severe drought stress (130), M3 (51.0%)
exhibited the highest dependency, with M2 (36.0%) and M5 (27.6%) also showing high
values. Wu et al. (2023) found that AMF can improve plant performance even under severe
drought stress.

Arbuscular mycorrhizal fungi (AMF) mitigate this effect by regulating root
physiology and enhancing the expression of genes such as SWEET13, CHIT3, and
RPL23A. These genes respectively improve sugar transport, reduce oxidative stress, and
support protein synthesis, thereby sustaining plant growth. In AMF-infected plants, root
water uptake increases, water loss decreases, and stress management is optimized.
Consequently, AMF is considered a crucial symbiotic organism that enhances plant
drought tolerance (Chen et al., 2025). The benefits of AMF in mitigating drought stress
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occur through both direct and indirect mechanisms. Indirect effects include improved
mineral nutrition, support for osmoregulation, reduction of oxidative stress levels, and
increased root hydraulic conductivity (Quiroga et al., 2019; Madouh and Quoreshi, 2023).
Additionally, the hyphal network formed by AMF plays a role in stabilizing soil aggregates,
regulating soil porosity, and binding soil particles, thereby improving water retention (Zhang
et al., 2022b). This process helps maintain hydraulic continuity around the roots during
desiccation and limits the formation of air gaps, reducing water loss. Recent studies have
revealed that AMF actively participates in the direct transfer of water to plant roots (Abdalla
et al., 2023). AMF hyphae can transport water through air pockets in the soil and extract
water from small pores that roots cannot reach, enhancing plant water uptake capacity.
This feature is particularly beneficial in arid soil conditions, facilitating access to water and
improving plant tolerance to water stress. Moreover, under edaphic stress conditions, AMF
helps maintain hydraulic continuity between roots and soil, ensuring sustained water
uptake. Specifically, it minimizes the decline in soil matrix potential near the root surface,
allowing plants to continue water absorption even under drought conditions (Abdalla &
Ahmed, 2021).

In this study, R. intraradices and G. iranicum were identified as the AMF species
that established the most effective symbiotic relationships with maize plants. These
species are reported in the literature to be more effective than other AMF species due to
their specific mechanisms of action. Study fundings similarly indicate that certain AMF
treatments increase plant dependency under severe drought conditions. However, some
treatments like M1 (5.3%) and M4 (16.5%) showed lower dependency values, suggesting
that the effect of AMF can vary depending on the fungal and plant species involved
(Puschel et al., 2021). The mechanisms by which AMF enhance plant performance under
drought stress are varied. AMF increase plant water use efficiency by improving root
hydraulic conductivity and stomatal conductance (Erice et al., 2024). Additionally, AMF are
known to enhance root growth and root surface area, which improves water and nutrient
uptake (Xiao et al., 2023). AMF also increase antioxidant enzyme activities and osmolyte
accumulation in response to water stress (Li et al., 2019). These findings indicate that
mycorrhizal dependency varies significantly with drought stress levels and AMF
treatments. Compared to other studies, the results confirm the beneficial effects of AMF on
plant water use and growth (Hamedani et al., 2022).

3.4. Chlorophyll content analysis under different AMF treatments and
irrigation levels

Chlorophyll values measured from plants in each mycorrhizal treatment under different
drought stresses are presented in Figure 4. Under low drought stress (S70) condition, the
highest chlorophyll values were observed with M3 (22.1) and M2 (21.7) AMF treatments.
All AMF treatments at this irrigation level showed higher chlorophyll content compared to
the control group (MO). Under S50 (moderate drought stress) condition, the highest
chlorophyll value was recorded with M3 (19.6) AMF treatment. The M4 treatment showed
a lower chlorophyll value (15.3) compared to other treatments, indicating that some AMF
treatments are less effective under moderate drought stress. Under severe drought stress
condition, the highest chlorophyll value was observed with M3 (15.6) AMF treatment.
Chlorophyll content is a critical indicator of a plant's photosynthetic capacity and overall
health (Al-Gaadi et al., 2024; Shah et al., 2019; Zhang et al., 2022a). Higher chlorophyll
content enables plants to perform more photosynthesis, leading to better growth and yield.
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Figure 4. Chlorophyll content under different AMF and irrigation treatments

Numerous studies have confirmed that AMF treatments increase chlorophyll content and
promote plant growth (Turhan, 2021; Rasouli et al., 2023). Under drought stress, AMF
treatments have been shown to enhance water use efficiency and drought tolerance in
plants (Chandrasekaran, 2024). Certain AMF species, such as M2 and M3, appear to be
more effective under various stress conditions (Kaba et al., 2021; Wahab et al., 2023).
These findings suggest that AMF treatments, especially under low and moderate drought
stress, enhance chlorophyll content, thereby supporting plant health and growth. However,
under severe drought stress, some AMF treatments may be less effective.

4. Conclusions

The results of this study underscore the significant role of arbuscular mycorrhizal fungi
(AMF) in enhancing the water use efficiency and growth performance of maize (Zea mays
L.) under drought stress conditions. With the application of AMF, particular species like
Rhizophagus intraradices and Glomus iranicum demonstrated a marked improvement in
both irrigation water use efficiency (IWUE) and overall plant productivity. These findings
are consistent across various levels of drought stress, highlighting the potential of AMF as
a sustainable agricultural practice in water-limited environments.

AMF-treated maize plants exhibited higher IWUE compared to the control group,
with the most significant improvements observed under higher irrigation levels. This
suggests that AMF can optimize water utilization in maize cultivation, making it a valuable
strategy for improving crop resilience to water scarcity. The enhancement in plant growth
and yield was particularly notable with R. intraradices and G. iranicum, which achieved the
highest productivity and efficiency metrics across different irrigation treatments. The study
also revealed higher chlorophyll content in AMF-inoculated plants indicated enhanced
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photosynthetic capacity and overall plant health, contributing to better growth and yield
outcomes under drought stress. Moreover, the dependency of maize on mycorrhizal
associations was more pronounced under severe drought conditions, with AMF treatments
providing critical support in maintaining plant water relations and mitigating drought stress
effects. These findings align with existing literature on the beneficial impacts of AMF on
plant water use efficiency and stress tolerance, further validating the efficacy of AMF in
sustainable agriculture.

In conclusion, the application of AMF represents a promising approach to enhance
maize cultivation in drought-prone areas. By improving water use efficiency and promoting
plant growth under water-limited conditions, AMF can significantly contribute to the
sustainability and productivity of agricultural systems facing water scarcity challenges.

5. Acknowledgements

This research was funded by the General Directorate of Agricultural Research and
Policies (Project no: TAGEM/TSKAD/B/22/A9/P3/5442) and carried out at Ankara Soll
Fertilizer and Water Resources Central Research Institute. The authors are grateful for
their support.

6. Authors’ Contribution

RG: Lead writer, Review & editing, Methodology. CG: Project administration. TY: Project
administration CS: Laboratory analysis. KA: Project administration

7. Conflicts of Interest

The authors declare no competing interests.

ORCID

Rohat Gultekin https://orcid.org/0000-0001-9834-4765
Ceren Gorgisen "= https://orcid.org/0000-0002-8348-1094
Tugba Yeter "= https://orcid.org/0000-0002-0586-1366
Caglar Sagun "= https://orcid.org/0000-0001-8821-3972
Kadri Avag "' https://orcid.org/0000-0001-6025-123X

References

Abdalla, M., & Ahmed, M. A. (2021). Arbuscular mycorrhizal symbiosis enhances water
status and soil-plant hydraulic conductance under drought. Frontiers in Plant Science,
12, Article 722954. https://doi.org/10.3389/fpls.2021.722954

Abdalla, M., Bitterlich, M., Jansa, J., Puschel, D., & Ahmed, M. A. (2023). The role of
arbuscular mycorrhizal symbiosis in improving plant water status under drought. Journal
of Experimental Botany, 74(16), 4808-4824. https://doi.org/10.1093/jxb/erad249

Abrar, M., Zhu, Y., Rehman, M. M. U., Batool, A., Duan, H.-X., Ashraf, U., Ageel, M., Gong,
X.-F., Peng, Y.-N., Khan, W., Wang, Z.-Y., & Xiong, Y.-C. (2024). Functionality of
arbuscular mycorrhizal fungi varies across different growth stages of maize under
drought conditions. Plant Physiology and Biochemistry, 213, Article 108839.
https://doi.org/10.1016/j.plaphy.2024.108839

14


https://orcid.org/0000-0000-xxxx-xxxx
https://orcid.org/0000-0000-yyyy-yyyy
https://orcid.org/0000-0000-yyyy-yyyy
https://orcid.org/0000-0000-yyyy-yyyy
https://orcid.org/0000-0000-yyyy-yyyy
https://doi.org/10.1016/j.plaphy.2024.108839

Gultekin et al. Curr. Appl. Sci. Technol. 2026, Vol. 26 (No. 1), 0265765

Aguégué, R. M., Assogba, S. A, Salami, H. A. A., Koda, A. D., Agbodjato, N. A., Amogou,
O., Sina, H., Salako, K. V., Adjovi, N. R. A., Dagbénonbakin, G., Kakai, R. G.,
Adjanohoun, A., & Baba-Moussa, L. (2021). Organic fertilizer based on rhizophagus
intraradices: Valorization in a farming environment for maize in the South, Center and
North of Benin. Frontier in Sustainable Food Systems, 5, Article 605610.
https://doi.org/10.3389/fsufs.2021.605610

Al-Gaadi K. A, Tola, E., Madugundu, R., Zeyada, A. M., Alameen, A. A., Edrris, M. K,
Edrees, H. F., & Mahjoop, O. (2024). Response of leaf photosynthesis, chlorophyll
content and yield of hydroponic tomatoes to different water salinity levels. PLoS ONE,
19(2), Article e0293098. https://doi.org/10.1371/journal.pone.0293098

Aminzadeh, A., Dorostkar, V., & Asghari, H. R. (2025). Soil structural stability improvement
using arbuscular mycorrhizal fungi and biochar in water repellent and non-water repellent
soil. Soil Use and Management, 41, Article e70024. https://doi.org/10.1111/sum.70024

Basiru, S., Mwanza, H. P., & Hijri, M. (2020). Analysis of arbuscular mycorrhizal fungal inoculant
benchmarks. Microorganisms, 9(1), Article 81. https://doi.org/10.3390/microorganisms9010081

Boomsma, C. R., & Vyn, T. J. (2008). Maize drought tolerance: Potential improvements
through arbuscular mycorrhizal symbiosis? Field Crops Research, 108, 14-31.
https://doi.org/10.1016/j.fcr.2008.03.002

Chandrasekaran, M. (2024). The role of arbuscular mycorrhizal fungi in refining plant
photosynthesis and water status under drought stress: a meta-analysis. Plant, Soil
and Environment, 70(8), 502-508. https://doi.org/10.17221/27/2024-PSE

Chen, Y., Sun, C.,Yan, Y., Jiang, D., Huangfu, S., & Tian, L. (2025). Impact of arbuscular mycorrhizal
fungi on maize rhizosphere microbiome stability under moderate drought conditions.
Microbiological Research, 290, Article 127957. https://doi.org/10.1016/j.micres.2024.127957

Duan, H.-X., Luo, C.-L., Zhou, R., Zhao, L., Zhu, S.-G., Chen, Y., Zhu, Y., & Xiong, Y.-C.
(2024). AM fungus promotes wheat grain filling via improving rhizospheric water &
nutrient availability under drought and low density. Applied Soil Ecology, 193, Article
105159. https://doi.org/10.1016/j.aps0il.2023.105159

Duan, H.-X,, Luo, C.-L., Zhu, S.-Y., Wang, W., Naseer, M., & Xiong, Y.-C. (2021). Density-and
moisture-dependent effects of arbuscular mycorrhizal fungus on drought acclimation in
wheat. Ecological Applications, 31(8), Article e02444. https://doi.org/10.1002/eap.2444

Erice, G., Cano, C., Bago, A., Ruiz-Lozano, J. M., & Aroca, R. (2024). Contrasting
regulation of Phaseolus vulgaris root hydraulic properties under drought and saline
conditions by three arbuscular mycorrhizal fungal species from soils with divergent
moisture regime. Journal of Soil Science and Plant Nutrition, 24, 2934-2945.
https://doi.org/10.1007/s42729-024-01719-8

Fall, A. F., Nakabonge, G., Ssekandi, J., Founoune-Mboup, H., Badji, A., Ndiaye, A,
Ndiaye, M., Kyakuwa, P., Anyoni, O. G., Kabaseke, C., Ronoh, A. K., & Ekwangu, J.
(2023). Combined effects of indigenous arbuscular mycorrhizal fungi (AMF) and NPK
fertilizer on growth and yields of maize and soil nutrient availability. Sustainability,
15(3), Article 2243. https://doi.org/10.3390/su15032243

Hamedani, N. G., Gholamhoseini, M., Bazrafshan, F., Habibzadeh, F., & Amiri, R. (2022).
Yield, irrigation water productivity and nutrient uptake of arbuscular mycorrhiza
inoculated sesame under drought stress conditions. Agricultural Water Management,
266, Article 107569. https://doi.org/10.1016/j.agwat.2022.107569

Huang, T., Xie, K., Zhang, Z., Zhang, Q., Li, Y., Lin, S., Zhou, J., Chen, J., & Li, X. (2024).
The colonization of the arbuscular mycorrhizal fungus Rhizophagus irregularis affects
the diversity and network structure of root endophytic bacteria in maize. Scientia
Horticulturae, 326, Article 112774. https://doi.org/10.1016/j.scienta.2023.112774

15


https://doi:10.3389/fsufs.2021.605610
https://doi:10.3389/fsufs.2021.605610
https://doi.org/10.1371/journal.pone.0293098
https://doi.org/10.1111/sum.70024
https://doi.org/10.3390/microorganisms9010081
https://doi.org/10.1016/j.fcr.2008.03.002
https://doi.org/10.17221/27/2024-PSE
https://doi.org/10.1016/j.micres.2024.127957
https://doi.org/10.1016/j.apsoil.2023.105159
https://doi.org/10.1002/eap.2444
https://doi.org/10.1007/s42729-024-01719-8
https://doi.org/10.3390/su15032243
https://doi.org/10.1016/j.scienta.2023.112774

Gultekin et al. Curr. Appl. Sci. Technol. 2026, Vol. 26 (No. 1), 0265765

Jie, W., Yang, D., Yao, Y., & Guo, N. (2022). Effects of Rhizophagus intraradices on soybean yield
and the composition of microbial communities in the rhizosphere soil of continuous cropping
soybean. Scientific Reports, 12, Article 17390. https://doi.org/10.1038/s41598-022-22473-w

Kaba, S. J., Abunyewa, A. A., Kugbe, J., Kwashie, G. K. S., Ansah, E. O., & Andoh, H. (2021).
Arbuscular mycorrhizal fungi and potassium fertilizer as plant biostimulants and
alternative research for enhancing plants adaptation to drought stress: Opportunities for
enhancing drought tolerance in cocoa (Theobroma cacao L.). Sustainable Environment,
7(1), Article 1963927. https://doi.org/10.1080/27658511.2021.1963927

Kazadi, A. T., Lwalaba, J. L. W., Ansey, B. K., Muzulukwau, J. M., Katabe, G. M., Karul,
M. |, Baert, G., Haesaert, G., & Mundende, R.-P. M. (2022). Effect of phosphorus and
arbuscular mycorrhizal fungi (AMF) inoculation on growth and productivity of maize
(Zea mays L.) in a tropical ferralsol. Gesunde Pflanzen, 74, 159-165.
https://doi.org/10.1007/s10343-021-00598-8

Kiran, S., (2019). Effect of vermicompost applications on some morphological,
physiological and biochemical parameters of lettuce (Lactuca sativa var. crispa) under
drought stress. Notulae Botanicae Horti Agrobobotanici Cluj-Napoca, 47(2), 352-358.
https://doi.org/10.15835/nbha47111260

Li, F., Deng, J., Nzabanita, C., Li, Y., & Duan, T. (2019). Growth and physiological responses
of perennial ryegrass to an AMF and an Epichloé endophyte under different soil water
contents. Symbiosis, 79(2), 151-161. https://doi.org/10.1007/s13199-019-00633-3

Li, J., Zhou, L., Chen, G., Yao, M., Liu, Z., Li, X., Yang, X,, Yang, Y., Cai, D., Tuerxun, Z., Li,
B., Nie, T., & Chen, X. (2025). Arbuscular mycorrhizal fungi enhance drought resistance
and alter microbial communities in maize rhizosphere soil. Environmental Technology
and Innovation, 37, Article 103947. https://doi.org/10.1016/j.eti.2024.103947

Liu, M.-Y,, Li, Q.-S., Ding, W.-Y., Dong, L.-W., Deng, M., Chen, J.-H., Tian, X., Hashem, A., Al-
Arjani, A-B. F., Alenazi, M. M., Abd-Allah, E. F., & Wu, Q.-S. (2023). Arbuscular
mycorrhizal fungi inoculation impacts expression of aquaporins and salt overly sensitive
genes and enhances tolerance of salt stress in tomato. Chemical and Biological
Technologies in Agriculture, 10(1), Article 5. https://doi.org/10.1186/s40538-022-00368-2

Madouh, T. A., & Quoreshi, A. M. (2023). The function of arbuscular mycorrhizal fungi
associated with drought stress resistance in native plants of arid desert ecosystems:
A review. Diversity, 15(3), Article 391. https://doi.org/10.3390/d15030391

Martin, F. F., Molina, J. J., Nicolas, E. N., Alarcon, J. J., Kirchmair, M., Garcia, F. J., Garcia,
A. J. B., & Bernal, C. (2017). Application of arbuscular mycorrhizae Glomus iranicum
var. tenuihypharum var. nova in intensive agriculture: A study case. Journal of
Agricultural Science and Technology B, 7, 221-247.

Ni, Y., Bao, H., Zou, R., Wang, Y., Xie, K., Cheng, B., & Li, X. (2025). Aquaporin ZmPIP2;
4 promotes tolerance to drought during arbuscular mycorrhizal fungi symbiosis. Plant
and Soil, 508, 1-20. https://doi.org/10.1007/s11104-024-06778-5

Oliveira, T. C., Cabral, J. S. R., Santana, L. R., Tavares, G. G., Santos, L. D. S., Paim, T.
P., Muller, C., Silva, F. G., Cosya, A. C., Souchie, E. L., & Mendes, G. C. (2022). The
arbuscular mycorrhizal fungus Rhizophagus clarus improves physiological tolerance
to drought stress in soybean plants. Scientific Reports, 12(1), Article 9044.
https://doi.org/10.1038/s41598-022-13059-7

Pischel, D., Rydlova, J., & Vofiskova, A. (2021). The role of mycorrhizal networks in
improving drought tolerance of intercropped plants. Journal of Experimental Botany,
72(2), 540-554. https://doi.org/10.1093/jxb/eraa491

Quiroga, G., Erice, G., Aroca, R., & Ruiz-Lozano, J. M. (2019). Arbuscular mycorrhizal symbiosis
modifies root hydraulic properties and aquaporin gene expression under drought stress.
Plant Cell and Environment, 42(8), 2439-2457. https://doi.org/10.1111/pce.13572

16


https://doi.org/10.1038/s41598-022-22473-w
https://doi.org/10.1080/27658511.2021.1963927
https://doi.org/10.1007/s10343-021-00598-8
https://doi.org/10.15835/nbha47111260
https://doi.org/10.1016/j.eti.2024.103947
https://doi.org/10.1186/s40538-022-00368-2
https://doi.org/10.1007/s11104-024-06778-5
https://doi.org/10.1038/s41598-022-13059-7
https://doi.org/10.1093/jxb/eraa491
https://doi.org/10.1111/pce.13572

Gultekin et al. Curr. Appl. Sci. Technol. 2026, Vol. 26 (No. 1), 0265765

Rasouli, F., Amini, T., Skrovankova, S., Asadi, M., Hassanpouraghdam, M. B., Ercisli, S., &
Micek, J. (2023). Influence of drought stress and mycorrhizal (Funneliformis mosseae)
symbiosis on growth parameters, chlorophyll fluorescence, antioxidant activity, and
essential oil composition of summer savory (Satureja hortensis L.) plants. Frontiers in
Plant Science, 14, Article 1151467. https://doi.org/10.3389/fpls.2023.1151467

Raya-Hernandez, A. |., Jaramillo-Lopez, P. F., Lopez-Carmona, D. A., Diaz, T., Carrera-
Valtierra, J. A., & Larsen, J. (2020). Field evidence for maize-mycorrhiza interactions in
agroecosystems with low and high P soils under mineral and organic fertilization.
Applied Soil Ecology, 149, Article 103511. https://doi.org/10.1016/j.aps0il.2020.103511

Selvakumar, G., Kim, K., Walitang, D., Chanratana, M., Kang, Y., Chung, B., & Sa, T.
(2016). Trap culture technique for propagation of arbuscular mycorrhizal fungi using
different host plants. Korean Journal of Soil Science and Fertilizer, 49(5), 608-613.
https://doi.org/10.7745/kjssf.2016.49.5.608

Shah, S. H., Angel, Y., Houborg, R., Ali, S., & McCabe, M. F. (2019). A random forest
machine learning approach for the retrieval of leaf chlorophyll content in wheat.
Remote Sensing, 11(8), Article 920. https://doi.org/10.3390/rs11080920

Turhan, A. (2021). Interactive effects of boron stress and mycorrhizal (AMF) treatments on
tomato growth, vyield, leaf chlorophyll and boron accumulation, and fruit
characteristics. Archives of Agronomy and Soil Science, 67(14), 1974-1985.
https://doi.org/10.1080/03650340.2020.1818724

Wahab, A., Muhammad, M., Munir, A., Abdi, G., Zaman, W., Ayaz, A., & Reddy, S. P. P.
(2023). Role of arbuscular mycorrhizal fungi in regulating growth, enhancing
productivity, and potentially influencing ecosystems under abiotic and biotic stresses.
Plants, 12(17), Article 3102. https://doi.org/10.3390/plants12173102

Wu, C., Bi, Y., Zhu, W., & Xue, C. (2024). Optimizing water use strategies in arid coal
mining areas: the synergistic effects of layered soil profiles and arbuscular mycorrhizal
fungi on plant growth and water use efficiency. Environmental and Experimental
Botany, 221, Article 105722. https://doi.org/10.1016/j.envexpbot.2024.105722

Wu, L., Zheng, Y., Liu, S., Jia, X., & Lv, H. (2023). Response of Ammodendron bifolium
seedlings inoculated with AMF to drought stress. Atmosphere, 14(6), Article 989.
https://doi.org/10.3390/atmos 14060989

Xiao, X., Liao, X,, Yan, Q., Xie, Y., Chen, J., Liang, G., Chen, M., Xiao, S., Chen, Y., & Liu,
J. (2023). Arbuscular mycorrhizal fungi improve the growth, water status, and nutrient
uptake of Cinnamomum migao and the soil nutrient stoichiometry under drought stress
and recovery. Journal of Fungi, 9(3), Article 321. https://doi.org/10.3390/jof9030321

Zhang, H., Ge, Y., Xie, X., Atefi, A., Wijewardane, N. K., & Thapa, S. (2022a). High
throughput analysis of leaf chlorophyll content in sorghum using RGB, hyperspectral,
and fluorescence imaging and sensor fusion. Plant Methods, 18(1), Article 60.
https://doi.org/10.1186/s13007-022-00892-0

Zhang, S., Meng, L., Hou, J., Liu, X., Ogundeji, A. O., Cheng, Z., Yin, T., Clarke, N., Hu,
B., & Li, S. (2022b). Maize/soybean intercropping improves stability of soil aggregates
driven by arbuscular mycorrhizal fungi in a black soil of northeast China. Plant and
Soil, 481(1), 63-82. https://doi.org/10.1007/s11104-022-05616-w

17


https://doi.org/10.3389/fpls.2023.1151467
https://doi.org/10.1016/j.apsoil.2020.103511
https://doi.org/10.7745/kjssf.2016.49.5.608
https://doi.org/10.3390/rs11080920
https://doi.org/10.1080/03650340.2020.1818724
https://doi.org/10.3390/plants12173102
https://doi.org/10.1016/j.envexpbot.2024.105722
https://doi.org/10.3390/atmos14060989
https://doi.org/10.3390/jof9030321
https://doi.org/10.1186/s13007-022-00892-0
https://doi.org/10.1007/s11104-022-05616-w

