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Extended Abstract

Background and Objectives: Drought stress is one of the most critical challenges in agriculture,
especially in arid and semi-arid regions. In light of ongoing climate change and prolonged
drought periods, this issue has posed a serious threat to food security, particularly in countries
located in Western Asia. Drought stress severely affects many physiological, enzymatic,
biochemical, and nutritional processes in plants. Among the most important physiological
and biochemical effects of drought stress are disturbances in photosynthesis and the
photosynthetic electron transport chain, intercellular CO, concentration, photosynthetic rate,
stomatal conductance, transpiration rate, excessive production of reactive oxygen species
(ROS), disruptions in plant water potential, and alterations in the regulation and synthesis of
enzymatic, non-enzymatic, and hormonal osmolytes. To cope with the damage caused by
drought stress, plants—alongside appropriate morphological adjustments activate a set of
protective mechanisms (such as increased synthesis of antioxidant metabolites) and
regulatory mechanisms (such as enhancing osmotic regulators) in conjunction with molecular
responses. In fact, upon perceiving stress signals through the roots, the plant increases the
expression of regulatory protein genes such as calcium-dependent protein kinases and
mitogen-activated protein kinases, as well as the expression of genes involved in the synthesis
of osmolytes including proline, glycine betaine, LEA proteins, and soluble sugars. These
responses not only mitigate oxidative stress but also help improve plant water relations. The
defensive mechanisms of plants in symbiosis with arbuscular mycorrhizal fungi are activated
synergistically to counteract drought stress.

Review Methods: Numerous studies have highlighted the pivotal role of soil organisms,
particularly arbuscular mycorrhizal fungi, in alleviating the detrimental effects of drought
stress and mediating the shared defense mechanisms between plants and fungi. These
investigations encompass a wide range of plant responses under drought conditions, both in
the presence and absence of mycorrhizal associations, and are derived from peer-reviewed
journals and reputable scientific databases. This analytical review synthesizes the findings
of researchers in the field, drawing on up-to-date studies on drought stress physiology,
antioxidant metabolism, osmolyte accumulation, and molecular responses, accessed
through major international databases including Web of Science and Scopus. Furthermore,
Google Scholar provided a freely accessible platform for identifying recent publications,
while specialized resources such as ScienceDirect, SpringerLink and Taylor & Francis
offered valuable journal articles, book chapters, and authoritative reference works in the
fields of mycorrhizal symbiosis and soil ecology.
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Results: Under drought stress, plant water relations are disrupted due to a reduction in the
moisture potential gradient between the soil solution and plant tissues. Stomatal closure,
aimed at reducing water loss, is one of the plant’s earliest responses to drought conditions.
This stress not only impairs photosynthetic processes but also leads to excessive production
and accumulation of reactive oxygen species (ROS), resulting in oxidative damage at the
cellular level. To cope with the damaging effects of drought stress, plants along with
appropriate morphological adjustments activate a series of protective mechanisms (such as
enhanced synthesis of antioxidant metabolites), regulatory mechanisms (such as increased
osmotic adjustment), and molecular responses. Numerous studies have shown that
mycorrhizal fungi can participate in these protective and regulatory mechanisms, thereby
enhancing the host plant’s adaptive capacity through various pathways. Mycorrhizal
colonization supports the plant by promoting the synthesis and accumulation of osmotic
regulators and antioxidant compounds, thus providing effective protection under drought
conditions. A reduction in osmotic metabolites is considered a drought avoidance
mechanism, whereas increased accumulation of osmotic regulators and antioxidant
compounds represents a drought tolerance strategy. In the interaction between mycorrhizal
fungi and aquaporins in reducing drought stress in the host plant, several mechanisms are
involved. Among these mechanisms is the upregulation or stabilization of key aquaporin
genes such as PIP1;6, PIP2;1, and PIP2;5. Gene expression regulation—particularly when
mediated by mycorrhizal fungi—constitutes one of the earliest and most important
mechanisms enabling drought tolerance. The interaction between aquaporins and stomata
under drought conditions is coordinated by mycorrhizal fungi in a manner that ensures
optimal water relations depending on the intensity of the drought and the plant’s sensitivity
to it. Upon sensing drought stress through their root system, plants transmit signals to
various organs to adjust cellular processes accordingly. One such response is the synthesis
of osmolytes such as proline, glycine betaine, and LEA proteins, which contribute to
physiological, biochemical, and molecular adjustments that improve osmotic potential,
enhance water relations, maintain cellular homeostasis, and ultimately increase drought
tolerance—particularly in the presence of mycorrhizal fungi. Additionally, mycorrhizal
plants exhibit enhanced synthesis of enzymatic antioxidants such as superoxide dismutase
(SOD) and catalase (CAT), as well as antioxidant-related phytohormones including
gibberellic acids, abscisic acid (ABA), indole-3-acetic acid (IAA), and jasmonic acid (JA).
These compounds, each with distinct and sometimes contrasting physiological roles, act in
a coordinated and synergistic manner to substantially mitigate the detrimental effects of
drought stress on plant growth, nutrition, and physiological performance.

Conclusion: Plants employ complex antioxidant defense systems to mitigate the damaging
effects of drought stress, relying on both enzymatic and non-enzymatic metabolites.
Arbuscular mycorrhizal fungi substantially strengthen these defenses by enhancing ROS
scavenging, stabilizing photosynthetic and redox processes, and improving osmotic
adjustment, nutrient uptake, and the expression of drought-responsive genes. This symbiosis
effectively contributes to ROS homeostasis and reduces oxidative damage, thereby
improving plant resilience under water-limited conditions. Despite recent advances in
molecular biology that have clarified elements of ROS signaling, antioxidant pathways, and
hormonal crosstalk, many aspects of plant-mycorrhiza interactions under drought remain
unresolved. Continued research using modern biotechnological approaches is essential for
uncovering these mechanisms and developing more drought-tolerant crops that can support
future global food security.
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Figure 1. In the left image, an aquaporin pore is shown within the lipid bilayer of the cell plasma membrane, along
with the movement of water molecules through this pore; and in the right image, the crystallographic structure of the
aquaporin protein is illustrated, which consists of a chain of its constituent amino acids (Nadian, 2025).
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Table 1. Production of some important reactive oxygen and nitrogen species during metabolic processes.
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Figure 2. Major Reactive Oxygen Species and Their Production Pathways (Adapted from Kozlov, et al., 2024)
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Figure 3. Production of Free Radicals under Drought Stress and Their Deleterious Effects on Biomolecules (Adapted
from Smirnoff and Arnaud, 2019)
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Table 2. Comparison of Proline Content in Mycorrhizal (M) and Non-Mycorrhizal (NM) Plants under Drought Stress
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Table 3. Below the synthesis and accumulation of proline in different plants in interaction with some plant hormones
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Figure 5. Reduction in leaf water potential (A) under drought stress and increase in leaf water potential (B) under the
antagonism of two hormones, abscisic acid, ABA (increased synthesis), and ethylene (decreased synthesis), mediated

(by aquaporin channels under drought stress conditions (modified from Wilkinson and Davies, 2010
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Table 4. Activity of some antioxidant enzymes (umol/min/mg protein) in the root of Red Silk Cotton tree (Bombax

ceiba), mycorrhizal (M) by Rhizophagus irregularis and non-mycorrhizal (NM) under drought stress (Li, et al. 2022.(

S35 LS Ay
Myecorrhizal plant root

S350y oS Al
Mycorrhiza-enriched plant

s luST ad s 3T Culled
Activity of antioxidant

root enzymes
33.2a 17.704 U gaund STy gu
02.59, 02.05y SYBK
22.58, 19.63, Sy ol oSl
29.01, 19.23, S99, oyesligls
25.23, 17.84y KW
83.65, 50.15, STy esb4lS
29.66, 12.81, S 3, Sl g)4smd
06.30, 03.49, 893, @by gSulg imsgige

L3S oLl 0T a4 VU s a8 5 sbolen VB o 5T s
s b Oiasde LSl 5l 6K i ol B
53 Js Ol e ks 0581 dShe 5 Ol g 13
5 VB lan 3T e dlad (3 THIs6 L olelasls oS
4 e oS ol e b Uy AT s
et als b 5 055 deusl, Chle Jals

.(Sepahvand et al., 2021) 535 o 55l4.S]

03 85900 LS 5l ol gililST oleds

L-r‘“ﬁjwjgc" Sz b e L Ol Ll oLS
U o gd o e Olije oS 4l (5205500 O sl 5 518
T @ oS 53 (Sa 5l (A6 05 ds Sy
oeha sl laslelS ay; sad s sl Lis )

b 5l anslS e e duluST pl Sleds Sl s 5

2 Celtis Caucasica L.

! Efflux



FUs LS g5l 5 s sladnl 5 glSTy 1 St S5 4 g8 g, —elS slagaly /TP

Choww 19025 1093 Al 4o § i Cuow gnad 1 Jgl dls yo 13YGE M)“ b pioSod 51 33 (59900 dwnS | A 3597 o 9 Jolpo = S
wesud b A (] 55 00 SUBH e (2! Chownd Ay (45950 S Ty Jlai! 1 gl dls w43 (Campomanes, et al., 2015) !,
Feud b cdge yob w3l ol o (b o (Hisd2) UL 0 51 cawiuand Baawgs 42 (559,348 3pmuST 5 O-H (0l digig
Sy 550 Jog0 SO b Jol S 55 1090 dls 3o 43 Cuwrl las bl g s (S Tg ot (S S ) awly as 23lo (y3] o gmo
Cunidg 43 Toaze YU o0 351 (5T JgS050 5 0l 4 o Jaad 9 (1o dpma T JolS (aud (8 (pads 0313 STy (39,000
35,500 3 Cowl gud sl dmw (2] (ggi0 oS 395 Jloyi g 3
Figure 6 - Stages and pathway of hydrogen peroxide decomposition in interaction with the enzyme catalase: First
stage: left image and Second stage: right image (Campomanes, et al., 2015). In the first stage: Binding of hydrogen
peroxide to the distal end of the heme, near the ferric iron center. Deprotonation of the O-H of hydrogen peroxide by
the histidine of the catalase enzyme (His42), during which the enzyme’s iron temporarily reaches a valence of 4. This
intermediate (Compound I) is highly reactive and unstable. In the second stage: Compound I reacts with another
molecule of hydrogen peroxide, completely neutralizing the hydrogen peroxide and converting it to water and an
.oxygen molecule, while the catalase enzyme returns to its original, normal state containing ferric iron
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