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Abstract

Water scarcity poses significant challenges to sustainable agriculture, and the anticipated increase in the
frequency and severity of droughts due to climate change intensifies these constraints. Therefore, there is an
urgent need to identify eco-friendly approaches to enhance drought tolerance, especially in arid regions, to
ensure global food security, considering the growing world population. This study investigated the
morphological diversity of Arbuscular Mycorrhizal Fungi (AMF) species associated with the rhizosphere of
cultivated tomato (Solanum lycopersicum L.) plants across diverse agroecosystems in twenty locations in Egypt.
The results reveal the presence of five AMF species from the genus Glomus: G. invarmaium, G. xanthium, G.
intraradices, G. mosseae, and G. macrocarpum. The study further explored the impact of mixed inoculation with
the identified G. species on the physiological and morphological performance of tomato plants exposed to
drought stress. The results showed that AMF inoculation significantly improved root colonization under
drought stress. Inoculated plants showed significantly higher shoot and root fresh and dry weights than non-
inoculated controls. AMF-inoculated plants also exhibited higher leaf chlorophyll concentrations and
increased accumulation of stress-related metabolites such as proline, total soluble sugars, and glycine betaine
compared to non-inoculated plants under drought stress. Leaf phosphorus concentration was enhanced in
inoculated plants, whereas lipid peroxidation, indicated by malondialdehyde (MDA) levels, was reduced.
Thermal imaging revealed that AMF inoculation led to lower canopy temperatures, indicating better stress
tolerance. Therefore, AMF inoculation, particularly Glomus species, mitigated the adverse effects of drought
stress on tomato plants, which indicates its potential for improving crop performance under water-limited
conditions. These findings documented the importance of AMF in enhancing drought tolerance in tomato
plants, suggesting that their application could be a viable strategy for sustainable agricultural practices in arid
regions.
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Introduction

Arbuscular mycorrhizal fungi (AMF) are obligate plant symbionts that have significant potential in
producing biostimulants for their host plants (Sun and Shahrajabian, 2023). Currently, almost 300 species
belonging to the AMF are morphologically described worldwide (Madouh and Quoreshi, 2023). AMF are
physically and chemically influenced by soil texture, organic matter, pH, and phosphorus (Bhardwaj and
Chandra, 2018). Several published reports elucidated the impacts of tillage, monocultures, rotations, and host
plants on cultivated crops (Gagliardi ez /., 2023). However, little is known about the diversity of AMF in these
various soil types where monoculture or association crops such as cowpea and tomato are produced.
Accordingly, exploring the morphological diversity of AMF species associated with the rhizosphere of
cultivated crops in diverse agroecosystems is important.

Tomato (Solanum lycopersicum L.) is among the most frequently cultivated and economically significant
crops in the world. Due to its sensitivity to drought stress, the plant requires adequate water to grow and
produce an acceptable yield and quality (Zannat ez 4/, 2023). Drought considerably limits agricultural
sustainability and crop productivity (Ali ez a/., 2021; Galal ez al., 2023; Sedhom ez 4/., 2024). Particularly under
the abrupt climate change in arid regions, drought is a major factor limiting crop productivity (Carvajal ez 4.
2025). Water scarcity has destructive effects on all plant development processes, from seed germination to
physiological maturity (Desoky ez al, 2023; Mousa et al., 2024). Plants have adapted physiological and
biochemical mechanisms to cope with drought stress (Abd-El-Aty ez al., 2024). Accumulation of suitable
osmolytes like proline and soluble carbohydrates and synthesis of free radical scavenging chemicals such as
ascorbate and glutathione have been intensively researched (Kamara e# al., 2022; Selem ez al., 2022). AMF
indigenous to arid areas displays a long-term adaptation to dry soils (Wahab ez 4/, 2023). The AMF G. species
are prevalent in semi-arid environments and thrive under situations of low water supply (Omirou ez 4/.,2013).
Through various strategies, AMF can attenuate drought stress and deleterious effects on plant growth (Pavithra
and Yapa, 2018). It is generally recognized that AMF increases plant nutrient uptake, protects plants from
infections, and buffers against harsh environmental conditions, including drought (Zhang ez /., 2019). AMF
improves seedling survival (Wu ¢ al., 2017), promotes water uptake and transport in the host plant (Ortas e
al.,2021), and changes root morphology to protect host plants from drought stress (Quiroga ez al., 2019). AMF
also produces glomalin-related soil protein (GRSP), which acts as a glue to construct water-stable aggregates by
entangling extraradical hyphae, enhancing soil water-holding capacity, and stabilizing soil structure (Gupta,
2020). AMF reduces membrane lipid peroxidation and membrane permeability and increases osmotic
adjustment chemicals and antioxidant enzyme activity (Bahadur ez 4/, 2019). This occurs due to the
involvement of extraradical hyphae in the process of water absorption by the mycorrhizal roots and concurrent
improvements in the rate of photosynthesis (Li ez a/., 2016). Higher osmolyte accumulation, such as sugars,
proline, and glycine betaine, lowers the cell osmotic potential in AMF-inoculated plants under water stress,
allowing higher water retention (Yooyongwech ez al., 2016).

The current study aimed to explore the diversity of G. species in tomato rhizospheres across a range of
agroecosystems, providing new insights into the potential of these species to alleviate drought stress in tomato
plants. Unlike previous studies that focus on a single G. species or limited environmental conditions, this study
investigates the impact of mixed G. inoculation on plant growth, physiological parameters, and stress-related
metabolites under drought stress. This research not only focuses on the effectiveness of AMF in mitigating
water scarcity effects but also emphasizes the practical application of G. species for enhancing crop resilience in
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the context of climate change and water-limited environments. Accordingly, the research was performed to
determine the morphotypes of arbuscular mycorrhizal fungi connected with tomato (S. Jycopersicum L.) in the
Ismailia Governorate, Egypt. This work was prompted by the necessity of accomplishing a long-term goal,
which is to enhance the production of tomato by making use of the wide variety of native arbuscular
mycorrhizal fungi that are connected with tomato rhizospheres.

Materials and Methods

Classification of detected arbuscular mycorrhizal fungi (AMEF) species

Field sample collection

Twenty locations were randomly chosen in the governorate of Ismailia, Egypt, to collect soil cores, which
were combined to provide representative bulk samples. Tomato fields that had been conventionally managed
for several seasons (at least five) were chosen. The soil was obtained from the rhizosphere of growing plants by
excavating to a depth of 10 to 30 centimeters. The samples were taken to the laboratory and stored at 4 °C to
ensure the viability of collected mycorrhizal spores.

Extraction and morphological identification of collected AMF

In a glass container, 200 g of the soil sample were dissolved in 1000 ml of water; allowing heavier particles
to settle. Then the liquid was purred through sieves (mesh size of 500, 250, 45 mm) to remove the organic
matter. After washing in the last sieve, it was transfer it to a Petri dish. At least 15-25 intact spores were
mounted in water or lactic acid on a microscope slide to determine shape and size. A digital computer program
and a light microscope were used for measurements (LIECA model MD502). Spores freshly isolated and
crushed in PVLG or PVLG + Melzer's reagent were measured for spore wall and germination wall thickness.
Spores crushed in water or PVLG were analyzed for spore wall layers or germinal wall layers. The colors were
determined according to Koske (1989).

Mass production of AMF on the host plant

Onion (Alium cepa L.) seedlings were utilized for mass production of AMF spores. Due to their rapid
growth, onions are an ideal host plant for AMF; they develop numerous fine, hairy roots for extensive
sporulation. The ratio of sand to soil utilized as a growing medium was 1:2. To eliminate all microorganisms,
including AMF, the soil was air-dried, passed through a 2-mm screen, and then autoclaved. Mature, viable AMF
spores were collected manually and identified by depositing them on seedling roots in 15 ¢m x 20 c¢m plastic
pots containing 3 kg of the growth substrate. Moreover, 10 mL of AMF inoculum per seedling (containing 400
+ 20 propagules per cell) was administered. Hoagland's nutrient solution (Hoagland and Arnon, 1938) was
used to feed plants in a greenhouse for 3 months. Greenhouse day/night cycles averaged 32/25 °C with natural
light. Tap water was used to water plants.

Measuring AMF root colonization
Roots were soaked in a 10% w/v KOH solution at 90 °C for 10-30 min, then rinsed in tap water and

soaked in 1% HCI overnight. Samples were stained in acidic glycerol with 0.5% trypan blue for 24 hours at
room temperature. The roots were de-stained at room temperature in acidic glycerol (Koske, 1989) .

Greenhouse trial to assess the impact of AMF on tomato plants under drought stress

A greenhouse trial was conducted at Suez Canal University in Ismailia, Egypt (30°37'10.91"N and
32°16'1.33"E). All pots were distributed at random in the greenhouse under natural temperature conditions.
Physiochemical properties of soil and compost used in the present study are presented in Table S1. The AMF
inoculum was applied at a concentration of 5 mL per seedling (containing 250 + 20 propagules per cell) and
20 grams of mycorrhizal onion roots. The tomato plants were evaluated under two irrigation treatments. The
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well-watered (WW) treatment was irrigated once every two days, while the plants were irrigated once every
four days under drought stress (DS) conditions. In the control pots, 0.85% salt solution replaced the AMF
suspension. After the 45-day experiment, the root systems were carefully cleansed with water to remove clinging
soil particles to determine mycorrhizal root colonization percentage, shoot dry weight (g), root dry weight (g),
and physiological parameters of the plants.

Measured parameters of the greenhouse trial

A SPAD-502 chlorophyll meter (Minolta Co., Ltd.; Japan) was used to assess chlorophyll concentration
by measuring leaf absorbance in the red and near-infrared areas. Two LEDs emit light at 650 and 940 nm.
When the measuring head is closed, these LEDs light a photodiode detector in sequence. When light travels
through the measuring head of the leaf sample, some is transmitted and transformed into electrical impulses.
SPAD-502 derives a company-defined SPAD value by dividing light transmission intensities at 650 nm by 942

nm. SPAD value indicates leaf chlorophyll concentration. The phenol sulfuric acid technique was utilized to

determine leaf total soluble sugars (Dubious, 1956). This approach used ethanol to homogenize 0.5 g of fresh
leaves. The extract was filtered and treated with five percent phenol and ninety-eight percent sulfuric acid. This
mixture was allowed for one hour before its absorbance at 485 nm was measured using a spectrophotometer.
Proline interaction with ninhydrin was utilized for the colorimetric determination of leaf proline .In a mortar,
leaf tissue (0.5 g) was pulverized and homogenized. The extract was dissolved in 10 ml of 3% sulfosalicylic acid
and centrifuged to remove the leaf tissue. For proline colorimetric determinations, a 1:1:1 solution of proline,
ninhydrin acid, and water is used (Bates ¢z al., 1973). Glycine betaine (GB) was estimated according to Grieve
and Grattan (1983). Dry plant material (0.5 g) was mechanically shaken for 48 h at 25 °C before filtration. 2
N sulfuric acid was used to dilute thawed extracts. Aliquots were chilled in ice water for 1 hour. Add 0.2 mL of
cold potassium iodide-iodine reagent. The materials were frozen for 16 hours and centrifuged at 10,000g for
15 minutes. The supernatant was aspirated, and 9 ml of 1,2-dichloroethane was used to dissolve periodic
crystals. After 2 h, 365 nm absorbance was recorded. Thermal image acquisition of the plots was captured using
an infrared thermal camera Ti-32 (Fluke Thermography; Germany) with a 320 x 240-pixel microbolometer
sensor sensitive in the spectral region of 7.5-13 um. The height of the canopy was around 1 m. Images were
analyzed using the software Ti-32 Pro (Infrared Solutions; United States); emissivity for measurements of
leaves and plant canopies was set to 0.96, and transmission correction was set at 85%. For increased precision,
the range of the auto-adjusted thermal picture was manually set to the level of the shown image to determine
the maximum and minimum temperature of the entire display (Wilcox et Makowski, 2014).

Statistical analysis
The data obtained were subjected to variance analysis. Tukey’s HSD test was applied to compare the
means, with a significance level of P<0.05, using the SPSS Software Version 24.0.

Results

Classification of detected arbuscular mycorrhizal fungi (AMEF) species

Five Glomus (G.) species were isolated and identified based on morphological characteristics of spores,
such as color, shape, size, wall layer, and subordinate hyphae as presented in Table 1. The identified species
were: G. invarmaium, G. xanthium, G. intraradices, G. mosseae, and G. macrocarpum (Figure 1). The
microscopic investigation revealed that the proportion of onion roots infected with the AM fungus ranged
between 80 and 95 percent (Figure 2).



Said AF ez al. (2025). Not Bot Horti Agrobo 53(2):14382

Impact of AMF on tomato plants under drought stress

Root and shoot traits

Microscopically, root colonization was identified in all AMF inoculations, while no mycorrhizal

colonization was detected in non-inoculated control plants (Figure 3). Without stress treatment, AMF

inoculation plants reached 82% at harvest time, which was the highest colonization, followed by 66% for

inoculated plants under drought stress. The water shortage led to a considerable reduction in the colonization
intensity (Figure 3). The shoot and root fresh and dry weights of inoculated plants with AMF were significantly
higher than those of non-inoculated plants under drought stress conditions (Figure 3). The highest values were

assigned for inoculated plants with AMF under well-watered conditions, followed by non-inoculated plants

with AMF under well-watered conditions and inoculated plants with AMF under drought stress conditions.

On the other hand, non-inoculated plants with AMF under drought stress conditions exhibited the lowest

value of the shoot and root fresh and dry weights.

Table 1. Morphological characterization of AMF spores isolated from soil samples
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Figure 1. Morphology of spores from detected arbuscular mycorrhizal fungi at 400x magnification:
G. invermaium (A), G. xanthium (B), G. intraradices (C), G. mosseae (D), G. badium (E)
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Figure 2. Alium cepa roots infected with AMF showing typical structures of AMF within the root at 200x
magnification. AR - arbuscular, V - vesicle and H - hypha
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Figure 3. Impact of inoculation with AMF on root traits and shoot traits of tomato plants under well-
watered and drought stress conditions. WW-AM: non-inoculated plants with AMF under well-watered
conditions; DS-AM: non-inoculated plants with AMF under drought stress; WW+AM: inoculated plants
with AMF under well-watered conditions; DS+AM: inoculated plants with AMF under drought stress
conditions. The bars above columns denote standard deviation. Different letters differ significantly

according to Tukey’s HSD test (p < 0.05)
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Physiological parameters

Inoculated plants exhibited considerably higher leaf chlorophyll concentration than non-inoculated
controls under both irrigation treatments. Mycorrhization of tomato plants generated a rise in leaf chlorophyll,
which was always significantly greater than in non-mycorrhizal plants under stressful conditions (Figure 4A).
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Figure 4. Impact of inoculation with AMF on leaf chlorophyll concentration (A), proline content (B),
total soluble sugars (C), glycine betaine (D), leaf phosphorus concentration (E), and malondialdehyde,
MDA (F). WW-AM: non-inoculated plants with AMF under well-watered conditions; DS-AM: non-
inoculated plants with AMF under drought stress; WW+AM: inoculated plants with AMF under well-
watered conditions; DS+AM: inoculated plants with AMF under drought stress conditions. The bars
above columns denote standard deviation. Different letters differ significantly according to Tukey’s HSD
test (p < 0.05)
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The highest leaf proline concentration was observed under stress conditions, with a declining trend
under well-watered conditions. As a result of drought stress, the proline concentration in the leaves of
inoculated plants was higher than that of non-inoculated plants under drought stress conditions (Figure 4B).
Likewise, the stressed plants contained more total soluble sugars than those that were grown under well-
watered conditions. The inoculated plants exhibited higher total soluble sugars in leaves than non-inoculated
plants under drought stress (Figure 4C). A considerable increase in the amount of glycine betaine was
accumulated under drought stress. The accumulation of glycine betaine was higher in inoculated plants than
in non-inoculated controls under drought stress conditions (Figure 4D). The leaf phosphorus concentration
ofinoculated plants with AMF was considerably higher than that of non-inoculated plants under drought stress
conditions (Figure 4E). The highest values were assigned for inoculated plants under well-watered conditions,
followed by non-inoculated plants under well-watered conditions and inoculated plants under drought stress
conditions. On the other hand, non-inoculated plants with AMF under drought stress conditions exhibited
the lowest values of leaf phosphorus concentration. The largest quantity of lipid peroxidation, as shown by the
malondialdehyde (MDA) assay, was under drought stress without inoculation. Under the AMF application,
the quantity of MDA was reduced compared to the non-inoculation control (Figure 4F).

Thermal images and canopy temperature

There were differences in the canopy temperature between the studied treatments (Figure 5). Readings
of canopy temperature were observed to be greater in the non-inoculated plants than in inoculated plants under
different water treatments. In particular, non-inoculated plants exhibited higher canopy temperatures under
drought stress conditions than inoculated plants. Notably, inoculation with AMF substantially impacted
tomato canopy temperature compared to non-inoculated control plants under drought stress conditions.

Discussion

Glomus (G) species, the dominant arbuscular mycorrhizal fungi (AMF) in neutral to alkaline
agriculturally significant soils, play a vital role in various ecosystems by enhancing plant growth and
development through improved nutrient uptake (Fall et al., 2022). In this study, several G. species associated
with tomato plants grown across different locations in the Ismailia Governorate, Egypt, were identified. Their
physiological and morphological benefits were evaluated under drought stress conditions.

Likewise, several published reports have elucidated the presence and dominance of G. species in the crop
rhizosphere (Bansal ez al., 2012; Jie ez al.,2013; Islam ez al. 2022; Cheng ez al. 2024). The present study assessed
the beneficial impacts of five identified G. species on tomato plants, particularly focusing on their responses to
drought stress.

Drought stress significantly reduced AMF colonization in tomato roots. This decline is attributed to
inhibited spore germination, reduced hyphal growth, and limited hyphal distribution under water-deficient
conditions (Bahadur ez 4/., 2019). Since most of the energy for AMF hyphal development is derived from plant
photosynthesis, drought-induced reductions in photosynthetic activity can decrease carbohydrate availability
to the roots, thereby affecting colonization (Mathur ez 4/., 2019).

In the current study, five AMF species were examined for their ability to enhance drought resistance in
tomato plants. Inoculation with AMF significantly improved morphological and physiological parameters
compared to non-inoculated controls under drought stress.

Drought conditions normally inhibit root system development, reduce shoot growth, and overall plant
performance. However, AMF inoculation mitigated these negative effects, enhancing root biomass, root
length, and root branching. In addition, inoculated plants showed better shoot growth performance under
drought conditions.
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Figure 5. Thermal images and canopy temperature of non-inoculated tomato plants under well-watered
conditions (A), non-inoculated plants under drought conditions (B), inoculated plants under well-watered
conditions (C), and inoculated plants under drought conditions (D)

Photosynthetic pigments are crucial indicators of plant health under abiotic stress (Desoky ez a/., 2021;
Morsi et al., 2023). In this study, drought stress led to a significant reduction in chlorophyll concentrations in
leaf tissue. Conversely, AMF-inoculated plants under drought stress exhibited significantly higher chlorophyll
levels, likely contributing to improved photosynthetic efficiency (Vafadar e al, 2014). Improving the
expression of photosynthetic pigments is essential for sustaining plant growth and productivity under
environmental stress (Ozturk ez /., 2021; Mansour et 4l., 2021).
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Under drought conditions, plants undergo osmotic adjustments involving solutes like proline, sugars,
proteins, and glycine (Desoky et al,, 2020; Ozturk ez 4/, 2021). AMF symbiosis enhances the plant's ability to
perform these adjustments, as inoculated plants accumulated higher concentrations of these osmolytes (Zou ez
al., 2021). Increased leaf proline content under water deficit suggests that proline contributes to osmotic
regulation during drought (Desoky ez 4/, 2023). Higher proline levels in AMF-inoculated plants may thus
correlate with greater drought tolerance. Abdelmoneim ez al. (2014) reported a similar trend, with significantly
higher proline concentrations in inoculated plants compared to non-inoculated ones.

Similarly, drought conditions led to increased accumulation of total soluble sugars in tomato plants.
AMEF application further enhanced glycine betaine content under stress. Soluble sugars also serve as signaling
molecules that activate regulatory pathways and influence growth and the translocation of photosynthetic
products during abiotic stress (Khan ez 4/, 2019). Abdelmoneim ez al. (2014) also observed that AMF
significantly enhanced concentrations of sucrose, fructose, and glucose in trifoliate orange, and glucose in
Ephedra foliate under drought conditions.

Glycine betaine helps protect cell membranes from drought-induced damage and contributes to osmotic
balance (Mansour ez al., 2023). These findings suggest that AMF mitigate water stress by improving the
accumulation of key osmolytes, including proline and glycine betaine.

Malondialdehyde (MDA) is a marker of lipid peroxidation and cellular damage. In the present study,
AMF-inoculated tomato plants exhibited significantly lower MDA levels compared to non-inoculated
controls. These findings are consistent with earlier reports indicating that AMF colonization helps reduce
MDA concentration (Beltrano and Ronco, 2008). Lower MDA levels reflect less damage to cell membranes,
suggesting that AMF effectively protect plants against oxidative stress and contribute to enhanced drought
tolerance.

While the results clearly demonstrate the potential of AMF inoculation to enhance drought tolerance
in tomato plants, some practical limitations hinder widespread application. One major challenge is the cost of
AMF inoculants, which may be prohibitive for small-scale farmers, particularly in developing regions.
Scalability is another concern, as effective AMF use depends on factors such as inoculant availability,
compatibility with local soil conditions, and technical knowledge for proper implementation.

Although AMF show great promise for improving crop resilience under abiotic stress, further research
is essential to optimize inoculation protocols, lower costs, and ensure their practical viability in diverse
agricultural systems. Addressing these challenges will be key to unlocking the full potential of AMF in
sustainable agriculture

Conclusions

Water shortage displayed devastating effects on all evaluated morphological and physiological
parameters. However, the inoculation with AMF significantly alleviated the destructive impacts of water stress
by enhancing the concentration of chlorophyll, proline, MDA, glycine betaine, total soluble sugars, and leaf
phosphorus of tomato. The positive impacts of inoculation with AMF were reflected in the shoot and root
fresh and dry weights of inoculated tomato plants were significantly higher than those of non-inoculated
controls under drought stress conditions. Additionally, canopy temperature was greater in the non-inoculated
plants than in inoculated plants under different drought stress. As a result, the inoculation with AMF
significantly positively influenced tomato plants compared to non-inoculated control plants under drought
stress conditions.

11



Said AF ez al. (2025). Not Bot Horti Agrobo 53(2):14382

Authors’ Contributions

Conceptualization AF.S, KM.A. N.K and O.M.G; methodology, A.F.S, N.K and O.M.G; software,
AF.S, KM.A and O.M.G; validation, A.F.S, KM.A, N.K and O.M.G; investigation, A.F.S, KM.A. N.K and
O.M.G; resources, A.F.S, KM.A, N.K and O.M.G,; data curation, A.F.S, KM.A, N.Kand O.M.G.; writing—
original draft preparation, A.F.S, KM.A, and O.M.G. and T.M.A; writing—review and editing, A.F.S, K M.A.
N.K and O.M.

All authors have read and agreed to the published version of the manuscript.

Funding

Princess Nourah bint Abdulrahman University Researchers Supporting Project number

(PNURSP2025R402), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia

Acknowledgements

The authors gratefully acknowledge the Faculty of Agriculture, Suez Canal University, Egypt, for its
support in conducting this research. They also extend their sincere appreciation to the Researchers Supporting
Project (PNURSP2025R402) at Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

Availability of Data and Materials

The data are available from the corresponding author upon reasonable request

Conflict of Interests

The authors declare that there are no conflicts of interest related to this article.

References

Abd-El-Aty MS, Kamara MM, Elgamal WH, Mesbah MI, Abomarzoka EA, Alwutayd KM, Mansour E, Abdelmalek IB,
Behiry SI, Almoshadak AS (2024). Exogenous application of nano-silicon, potassium sulfate, or proline enhances
physiological parameters, antioxidant enzyme activities, and agronomic traits of diverse rice genotypes under water
deficit conditions. Heliyon 10(5):e26077. https://doi.org/10.1016/j.heliyon.2024.¢26077

Abdelmoneim TS, Moussa TA, Almaghrabi OA, Alzahrani HS, Abdelbagi I (2014). Increasing plant tolerance to drought
stress by inoculation with arbuscular mycorrhizal fungi. Life Sciences Journal 11(1):10-17.

Ali MM, Mansour E, Awaad HA (2021). Drought tolerance in some field crops: State of the art review. In Mitigating
Environmental Stresses for Agricultural Sustainability in Egypt. Springer Nature Switzerland AG pp 17-62.
https://doi.org/10.1007/978-3-030-64323-2_2

Bahadur A, Batool A, Nasir F, Jiang S, Mingsen Q, Zhang Q, Pan J, Liu Y, Feng H (2019). Mechanistic insights into
arbuscular mycorrhizal fungi-mediated drought stress tolerance in plants. International Journal of Molecular

Sciences 20(17):4199. https://doi.org/10.3390/ijms20174199

12



Said AF ez al. (2025). Not Bot Horti Agrobo 53(2):14382

Bansal M, Kukreja K, Dudeja SS (2012). Diversity of arbuscular mycorrhizal fungi prevalent in the rhizosphere of different
crops grown in the university farm. African Journal of Microbiology Research 6(21):4557-4566.
bttps://doi.org/10.5897/ajmr12.222

Bates LS, Waldren RP, Teare ID (1973). Rapid determination of free proline for water-stress studies. Plant and Soil
39(1):205-207. htips://doi.org/10.1007/BF00018060

Beltrano J, Ronco MG (2008). Improved tolerance of wheat plants (Z7iticum aestivum L.) to drought stress and rewatering
by the arbuscular mycorrhizal fungus Glomus claroideum: Effect on growth and cell membrane stability. Brazilian
Journal of Plant Physiology 20:29-37. https://doi.org/10.1590/S1677-04202008000100004

Berruti A, Lumini E, Balestrini R, Bianciotto V (2016). Arbuscular mycorrhizal fungi as natural biofertilizers: let’s benefit
from past successes. Frontiers in Microbiology 6:1559. https://doi.org/10.3389/fmicb.2015.01559

Bhardwaj AK, Chandra KK (2018). Soil moisture fluctuation influences AMF root colonization and spore population in
tree species planted in degraded entisol soil. International Journal of Biosciences 13(3):229-243.
http://dx.doi.org/10.12692/ijb/13.3.229-243

Carvajal MA, Quiroz M, Alaniz AJ, Vergara PM, Valenzuela-Aguayo F, Hidalgo-Corrotea C (2025). The global land-
water-climate nexus of drought-tolerant succulent plants for bioenergy in abandoned croplands and arid marginal
lands. Journal of Environmental Management 379:124747. https://doi.org/10.1016/j.jenvman.2025.124747

Cheng Y, Chen K, He D, He Y, Lei Y, Sun Y (2024). Diversity of arbuscular mycorrhizal fungi of the rhizosphere of
Lycium barbarum L. from four main producing areas in Northwest China and their effect on plant growth. Journal
of Fungi 10:286. https://doi.org/10.3390/j0f10040286

Desoky ESM, Alharbi K, Rady MM, Elnahal AS, Selem E, Arnaout SM, Mansour E (2023). Physiological, biochemical,
anatomical, and agronomic responses of sesame to exogenously applied polyamines under different irrigation
regimes. Agronomy 13(3):875. https://doi.org/10.3390/agrononmy 13030875

Desoky E-SM, Mansour E, El-Sobky E-SE, Abdul-Hamid MI, Taha TF, Elakkad HA, ... Yasin MA (2021). Physio-
biochemical and agronomic responses of faba beans to exogenously applied nano-silicon under drought stress
conditions. Frontiers in Plant Science 12:637783. https://doi.org/10.3389/fpls.2021.637783

Desoky E-SM, Mansour E, Yasin MA, El Sobky E-SE, Rady MM (2020). Improvement of drought tolerance in five
different cultivars of Vicia faba with foliar application of ascorbic acid or silicon. Spanish Journal of Agricultural
Research 18:16. https://doi.org/10.5424/sjar/2020182-16122

Fall AF, Nakabonge G, Ssckandi J, Founoune-Mboup H, Apori SO, Ndiaye A, Badji A, Ngom K (2022). Roles of
arbuscular mycorrhizal fungi on soil fertility: Contribution in the improvement of physical, chemical, and
biological properties of the soil. Frontiers in Fungal Biology 3:723892.
hitps://doi.org/10.3389/ffunb.2022.72389

Gagliardi L, Sportelli M, Fontanelli M, Sbrana M, Luglio SM, Raffaclli M, Peruzzi A (2023). Effects of conservation
agriculture  practices on tomato yield and economic performance. Agronomy 13(7):1704.
https://doi.org/10.3390/agronomyl3071704

Galal AA, Safhi FA, El-Hity MA, Kamara MM, Gamal El-Din EM, Rehan M, ... Mansour E (2023). Molecular genetic
diversity of local and exotic durum wheat genotypes and their combining ability for agronomic traits under water
deficit and well-watered conditions. Life 13:2293. https://doi.org/10.3390/life1 3122293

Grieve CM, Grattan SR (1983). Rapid assay for determination of water soluble quaternary ammonium compounds. Plant
and Soil 70(2):303-307. hitps://doi.org/10.1007/BF02374789

Gupta MM (2020). Arbuscular Mycorrhizal Fungi: The Potential Soil Health Indicators. In: Soil Health. Soil Biology
59:183-195. hitps://doi.org/10.1007/978-3-030-44364-1_11

Hoagland DR, Arnon DI (1938). The water-culture method for growing plants without soil. Circular. California
Agricultural Experiment Station 347:1-39.

Islam M, Al-Hashimi A, Ayshasiddeka M, Ali H, El Enshasy HA, Dailin DJ, Sayyed RZ, Yeasmin T (2022). Prevalence of
mycorrhizae in host plants and rhizosphere soil: A biodiversity aspect. PLoS One 17(3):e0266403.
https://doi.org/10.1371/journal.pone.0266403

Jie W, Liu X, Cai B (2013). Diversity of rhizosphere soil arbuscular mycorrhizal fungi in various soybean cultivars under
different continuous cropping regimes. PLoS One 8(8):¢72898. https://doi.org/10.1371/journal.pone.0072898

Kamara MM, Rehan M, Mohamed AM, El Mantawy RF, Kheir AM, Abd El-Moneim D, ... Behiry SI (2022). Genetic
potential and inheritance patterns of physiological, agronomic and quality traits in bread wheat under normal and

water deficit conditions. Plants 11:952. https://doi.org/10.3390/plants11070952

13



Said AF ez al. (2025). Not Bot Horti Agrobo 53(2):14382

Khan N, Bano A, Babar MA (2019). Metabolic and physiological changes induced by plant growth regulators and plant
growth promoting rhizobacteria and their impact on drought tolerance in Cicer arietinum L. Plos One
14(3):0213040. https://doi.org/10.137 1/journal.pone.02 13040

Koske RE (1989). A modified procedure for staining roots to detect VA mycorrhizas. Mycological Research 92:486-505.
https://doi.org/10.1016/50953-7562(89)80195-9

Li T,Sun Y, Ruan Y, Xu L, Hu Y, Hao Z, ... Wang Y, Yang L (2016). Potential role of D-myo-inositol-3-phosphate
synthase and 14-3-3 genes in the crosstalk between Zea mays and Rhbizophagus intraradices under drought stress.
Mycorrhiza 26(8):879-893. https://doi.org/10.1007/s00572-016-0723-2

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

Mansour E, El-Sobky ESE, Abdul-Hamid MI, Abdallah E, Zedan AM, Serag AM, ... Desoky ESM (2023). Enhancing
drought tolerance and water productivity of diverse maize hybrids (Zea mays) using exogenously applied
biostimulants under varying irrigation levels. Agronomy 13(5):1320.
https://doi.org/10.3390/agronomy13051320

Mansour E, Mahgoub HA, Mahgoub SA, El-Sobky E-SE, Abdul-Hamid MI, Kamara MM, ... Desoky E-SM (2021).
Enhancement of drought tolerance in diverse Vicia faba cultivars by inoculation with plant growth-promoting
rthizobacteria ~ under  newly  reclaimed  soil  conditions. Scientific ~ Reports 11:24142.

https://doi.org/10.1038/5s41598-021-02847-2

Mathur S, Tomar RS, Jajoo A (2019). Arbuscular mycorrhizal fungi (AMF) protects photosynthetic apparatus of wheat
under drought stress. Photosynthesis Research 139:227-238. https://doi.org/10.1007/s11120-018-0538-4

Morsi NA, Hashem OS, El-Hady MAA, Abd-Elkrem YM, El-Temsah ME, Galal EG, Gad KI, ... Mansour E (2023).
Assessing drought tolerance of newly developed tissue-cultured canola genotypes under varying irrigation regimes.
Agronomy 13(3):836. https://doi.org/10.3390/agronomy13030836

Mousa AM, Ali AM-G, Omar AE, Alharbi K, Abd El-Moneim D, Mansour E, Elmorsy RS (2024). Physiological,
agronomic, and grain quality responses of diverse rice genotypes to various irrigation regimes under aerobic
cultivation conditions. Life 14:370. https://doi.org/10.3390/life 14030370

Omirou M, loannides IM, Ehaliotis C (2013). Mycorrhizal inoculation affects arbuscular mycorrhizal diversity in
watermelon roots, but leads to improved colonization and plant response under water stress only. Applied Soil
Ecology 63:112-119. https://doi.org/10.1016/j.apsoil.2012.09.013

Ortas [, Rafique M, Cekig F (2021). Do Mycorrhizal Fungi Enable Plants to Cope with Abiotic Stresses by Overcoming
the Detrimental Effects of Salinity and Improving Drought Tolerance? In: Symbiotic Soil Microorganisms,
Springer pp 391-428. https://doi.org/10.1007/978-3-030-51916-2_23

Ozturk M, Turkyilmaz Unal B, Garcfa-Caparrés P, Khursheed A, Gul A, Hasanuzzaman M (2021). Osmoregulation and
its actions during the drought stress in plants. Physiologia Plantarum 172(2):1321-1335.
https://doi.org/10.1111/ppl.13297

Pavithra D, Yapa N (2018). Arbuscular mycorrhizal fungi inoculation enhances drought stress tolerance of plants.
Groundwater for Sustainable Development 7:490-494. https://doi.org/10.1016/j.gsd.2018.03.005

Quiroga G, Erice G, Ding L, Chaumont F, Aroca R, Ruiz-Lozano JM (2019). The arbuscular mycorrhizal symbiosis
regulates aquaporins activity and improves root cell water permeability in maize plants subjected to water stress.
Plant, Cell & Environment 42(7):2274-2290. https://doi.org/10.1111/pce.13551

Sedhom YS, Rabie HA, Awaad HA, Alomran MM, ALshamrani SM, Mansour E, Ali MM (2024). Genetic potential of
newly developed maize hybrids under different water-availability conditions in an arid environment. Life 14:453.
https://doi.org/10.3390/life 14040453

Selem E, Hassan AA, Awad MF, Mansour E, Desoky E-SM (2022). Impact of exogenously sprayed antioxidants on physio-
biochemical, agronomic, and quality parameters of potato in salt-affected soil. Plants 11(2):210.

https://doi.org/10.3390/plants11020210
Sun W, Shahrajabian MH (2023). The application of arbuscular mycorrhizal fungi as microbial biostimulant, sustainable

approaches in modern agriculture. Plants 12(17):3101. https://doi.org/10.3390/plants12173101

Sylvia DM, Williams SE (1992). Vesicular-arbuscular mycorrhizae and environmental stress. Mycorrhizae in Sustainable
Agriculture 54:101-124. https://doi.org/10.2134/asaspecpub54.c5

Vafadar F, Amooghaie R, Otroshy M (2014). Effects of plant-growth-promoting rhizobacteria and arbuscular mycorrhizal
fungus on plant growth, stevioside, NPK, and chlorophyll content of Stevia rebaudiana. Journal of Plant
Interactions 9(1):128-136. https://doi.org/10.1080/17429145.2013.779035

14



Said AF ez al. (2025). Not Bot Horti Agrobo 53(2):14382

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

Wilcox J, Makowski D (2014). A meta-analysis of the predicted effects of climate change on wheat yields using simulation
studies. Field Crops Research 156:180-190. https://doi.org/10.1016/j.fcr.2013.11.008

WuH, Zou Y, Rahman MM, Ni Q, Wu Q (2017). Mycorrhizas alter sucrose and proline metabolism in trifoliate orange
exposed to drought stress. Scientific Reports 7(1):1-10. https://doi.org/10.1038/srep42389

Yooyongwech S, Samphumphuang T, Tisarum R, Theerawitaya C, Cha-Um $ (2016). Arbuscular mycorrhizal fungi
(AMF) improved water deficit tolerance in two different sweet potato genotypes involves osmotic adjustments via
soluble sugar and free proline. Scientia Horticulturae 199:133-141.

https://doi.org/10.1016/j.scienta.2015.11.002
Zannat A, Hussain MA, Abdullah AHM, Hossain MI, Saifullah M, Sathi FA, Alshallash KS, Mansour E, ElSayed Al

Hossain MS (2023). Exploring genotypic variability and interrelationships among growth, yield, and quality
characteristics in diverse tomato genotypes. Heliyon 9:¢12897. https://doi.org/10.1016/j.heliyon.2023.e18958

Zhang S, Gan Y, Xu B (2019). Mechanisms of the IAA and ACC-deaminase producing strain of Trichoderma
longibrachiatum T6 in enhancing wheat seedling tolerance to NaCl stress. BMC Plant Biology 19:22.
https://doi.org/10.1186/s12870-018-1618-5

The journal offers free, immediate, and unrestricted access to peer-reviewed research and scholarly work. Users are
OPEN ¢7% ACCESS| allowed to read, download, copy, distribute, print, search, or link to the full texts of the articles, or use them for any
other lawful purpose, without asking prior permission from the publisher or the author.
License - Articles published in Notulae Botanicae Horti Agrobotanici Cluj-Napoca are Open-Access,
distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) License.

BY © Articles by the authors; Licensee UASVM and SHST, Cluj-Napoca, Romania. The journal allows the author(s) to

hold the copyright/to retain publishing rights without restriction.

Notes:

»  Material disclaimer: The authors are fully responsible for their work and they hold sole responsibility for the articles published
in the journal.

»  Maps and affiliations: The publisher stay neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

»  Responsibilities: The editors, editorial board and publisher do not assume any responsibility for the article’s contents and for
the authors’ views expressed in their contributions. The statements and opinions published represent the views of the authors
or persons to whom they are credited. Publication of research information does not constitute a recommendation or
endorsement of products involved.

15



