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Introduction

Mycorrhizal symbiosis, particularly arbuscular mycorrhiza, is recognized as one of the most widespread and
beneficial interactions between plants and soil microorganisms and has been extensively studied. This symbiosis
plays a significant role in improving plant nutritional status, enhancing resistance to both biotic and abiotic stresses,
reducing the impact of certain pathogens, and promoting synergistic interactions with other beneficial microbial
communities. Ultimately, these effects contribute to improved crop health and productivity. One of the most
important benefits of this association is the enhancement of plant nutrition. Mycorrhizal plants acquire nutrients
either directly through their roots or indirectly via the hyphal network of symbiotic fungi. The predominance of
either pathway depends on a complex set of biochemical and molecular mechanisms within the common symbiosis
pathway, as well as phosphorus availability, plant phenotypic traits (especially root characteristics), and
environmental conditions. Despite its importance, the degree of mycorrhizal dependency varies among plant
species and cultivars. Mycorrhizal dependency is defined as the extent to which a plant relies on mycorrhizal fungi
to achieve optimal growth or yield. It is determined by the interaction between plant genotype and phenotype in
combination with environmental factors.

Mycorrhizal symbiosis is the result of a complex molecular dialogue between plant and fungus, involving the
exchange of signals at cellular, molecular, and genetic levels. In the early stages of symbiosis, plants secrete
compounds such as strigolactones from their roots, which stimulate spore germination and hyphal branching. This
is followed by fungal signalling molecules, including chito-lipo-oligosaccharides, which act as key signals in the
initiation and regulation of arbuscular mycorrhizal symbiosis. Disruption in this shared signalling pathway can
lead to failure of symbiosis establishment or reduced mycorrhizal dependency.

Under high nutrient conditions, particularly high phosphorus availability, plant secretion of strigolactones is
typically reduced. This illustrates how excess soil phosphorus can interfere with the common symbiosis signalling
pathway and thereby decrease mycorrhizal dependency. The synthesis and secretion of strigolactones are regulated
by the upregulation of genes such as D27, CCD7, CCD8, and MAX1.

Recent advances in plant molecular biology and genetics have identified a set of genes involved in the common
symbiosis pathway that play essential roles in fungal signal recognition, activation of cellular responses, and the
formation of fungal structures such as arbuscules. These genes, including SYMRK, CCaMK, and CYCLOPS, will
be discussed in detail later. Depending on the upregulation or downregulation of these genes in the plant—fungus
symbiotic pathway, a higher or lower degree of mycorrhizal dependency can be expected, respectively.

Materials and Methods
This analytical review integrates findings from researchers in this field by utilizing up-to-date studies on the
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intensity of plant—fungus symbiosis and the degree of mycorrhizal dependency from morphological, physiological,
biochemical, and especially molecular dimensions. These studies are accessible through major international
databases, including Web of Science and Scopus. In addition, Google Scholar provides an open-access platform
for identifying recent publications, while specialized resources such as ScienceDirect, SpringerLink, and Taylor
& Francis offer valuable journal articles, book chapters, and authoritative reference works related to mycorrhizal
dependency and the underlying mechanisms involved, particularly from a molecular perspective.

Results

The results of numerous studies indicate that the establishment of symbiosis between plants and arbuscular
mycorrhizal fungi requires a series of complex physiological, biochemical, and molecular interactions. This
process is initiated by the secretion of Myc-LCO signalling molecules by the fungus, which are subsequently
recognized by specific receptors in plant roots, including SYMRK (DMI2). Following recognition, the common
symbiosis signalling pathway is activated, and the release of calcium ions (Ca?* ) through DMI1 generates
rhythmic calcium oscillations within plant cells. These oscillations function as informational codes that are
decoded by the calcium and calmodulin-dependent protein kinase (CCaMK). The calcium signals are then
translated into molecular responses, leading to the activation of the transcription factor CYCLOPS and the
regulation of symbiosis-related gene expression, ultimately resulting in arbuscule formation. Any disruption or
interruption in this signalling pathway may prevent arbuscule development, particularly in non-host plants. The
degree of plant dependence on mycorrhizal fungi is influenced by a range of factors, including plant, fungal, and
environmental characteristics. Among environmental factors, abiotic stresses such as drought play a critical role.
Under drought conditions, the influx of Caz* into the plant cell cytosol decreases, leading to disturbances in
cellular ion homeostasis. However, the presence of mycorrhizal fungi enhances the expression of calcium-sensing
and signalling genes, including CBLs, CDPKs, and MAPKS, thereby activating Ca?* -dependent signalling
pathways. This process regulates and reinforces the increase in cytosolic Ca2* concentration, which acts as an
important secondary messenger during the establishment and maintenance of mycorrhizal symbiosis. Furthermore,
numerous studies have demonstrated a significant relationship between mycorrhizal dependency and root
morphological characteristics. In general, plant species possessing a magnolioid root architecture exhibit a greater
degree of dependence on arbuscular mycorrhizal fungi than species with non-magnolioid root systems.

Conclusions

Although many plant species can establish symbiosis with mycorrhizal fungi, the degree of dependency and
effectiveness of this association varies considerably. These differences are largely determined by the complexity
of signalling pathways and the regulation of symbiosis-related genes. A deeper understanding of the underlying
molecular and cellular mechanisms is essential for improving mycorrhizal symbiosis, although significant
challenges remain in its practical application.
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Figure 1- Upper image: a single spore showing a germ tube (the first cytoplasmic protrusion emerging from the spore and
representing the initiation of hyphal growth), lower image: a spore producing multiple germ tubes, middle image: a spore

community of yellow-colored spores accompanied by germ tubes and hyphal branching of Rhizophagus irregularis (Tanaka et
al., 2022)
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Figure 2- Biosynthetic pathway of strigolactones in plants
(this figure is based on data extracted from previous studies, including Alder et al., 2012 and Yoneyama, 2019).
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Figure 4- Plant roots with different architectures and structural characteristics
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Figure 5- Phosphorus transfer by arbuscular mycorrhizal fungi to the host plant

In the absence of mycorrhizal fungi or low mycorrhizal dependency, the phosphorus depletion zone becomes more extensive (Smith
& Read, 2008).
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Figure 6- The degree of plant mycorrhizal dependency on arbuscular mycorrhizal fungi as influenced by root architecture
and structural characteristics

The thickness of the white band surrounding the plant root represents the extent of phosphorus depletion (uptake). Greater

phosphorus depletion around non-mycorrhizal plant roots (thicker white band) indicates that phosphorus uptake is mainly carried out

by the plant root itself, whereas lower phosphorus depletion around mycorrhizal plant roots (thinner white band) indicates

phosphorus uptake from regions beyond the root depletion zone,

primarily through the extraradical hyphae of mycorrhizal fungi (http://mycorrhizas.info/methods.html).
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Table 1- Mycorrhizal dependency (MD) of different plant species (Eo & Eom, 2009)
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Plant species Plant  Mycorrhizal dependency (%)
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Allium tuber s> 0y 90.1
Solanum melongena ksl -16.5
Capsicum annuum ~ Jals o 92.8
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Figure 7- The common symbiotic signaling pathway in mycorrhizal, non-host, and non-mycorrhizal plants

The symbol

indicates that messaging has been carried out, while x indicates that messaging has been stopped (The diagram was

created and edited in Microsoft Word using tables and the specialized software Bluebeam Revu x64 - Version 21.1).
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Figure 8- Molecular pathway of salinity (Na* ) stress reduction mediated by various transporters
Upregulation of the involved genes can prevent sodium entry into plant biological processes by facilitating its efflux in mycorrhizal
plants. According to the figure, Na* is perceived by GIPC sphingolipids in the plasma membrane, whose biosynthesis is mediated by
MOCAL, leading to the activation of Ca2* channels and consequently an increase in cytosolic Caz* influx (The diagram was created
and edited in Microsoft Word using tables and the specialized software Bluebeam Revu x64 - Version 21.1) .
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Table 1- The percentage of mycorrhizal dependency in different plant species under drought stress conditions
It should be noted that some of the plant dependency values were calculated by the author based on data extracted from published

studies.
oL 57,395 &, stlptssee (ool &
Plant AM fungus Mycorrhizal Reference
9 dependency (%)
Phaseolus vulgaris R. intraradices 34.7 Auge, 2001
Sorghum bicolor L.) Speedfid R. intraradices 50.1 Nadian, 2011
Sorghum bicolor L.) SKF2 R. intraradices 62.0 Nadian, 2011
Wheat F mossae 103 Al-Karaki & Al-Raddad
Triticum durum L. ' ’ (1997)
Rosa damascena Mill - 75.2 Abdel-z?)lfgn etal.,
Poncirus trifoliata L. Rhizophagus irregularis 61.0 Zhang et al., 2024
Poncirus trifoliata L. Rhizophagus irregularis 25.3 Yinetal., 2024
Ephedra foliate Fuqnellformls_mosseae_+ 29.1 Al-Arjani et al., 2020
Rhizophagus irregularis
Allium porrum L. Rhizophagus irregularis 714 Ghasemzj(c))lfgr etal,
Allium ampeloprasum ssp. . . . Ghasemjokar et al.,
Persicum (Shadegan) Rhizophagus irregularis 78.8 2016
Allium ampeloprasum ssp. . . . Ghasemjokar et al.,
Persicum (Esfahan) Rhizophagus irregularis 73.6 2016
Citrus aurantifolia Rhizophagus irregularis 59.1 Haghlgggtlnz!a etal.,
Citrus macrophylla Wester Rhlzophqgus |!'regular|s * 15.7 Navarro et al., 2026
Funneliformis mosseae
Cleopatra’ mandarin Rhizophagus irregularis + 9.1 Navarro et al., 2026

Funneliformis mosseae
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Figure 9- Mycorrhizal symbiotic signaling pathway under drought stress, involving increased synthesis of Whirlyl and BES1

proteins, upregulated expression of CBL, CDPK, and MAPK genes, activation of the Ca?* signaling system, and
consequently enhanced plant resistance to drought stress
(The diagram was created and edited in Microsoft Word using tables and the specialized software Bluebeam Revu x64 - Version

21.1).
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