
iScience

Review

Plant-fungus synergy against soil 
salinity: The cellular and molecular role 
of arbuscular mycorrhizal fungi
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SUMMARY

Arbuscular mycorrhizal fungi (AMF) play a crucial role in disease control by establishing symbiotic relation

ships with plant roots. AMF improve salinity tolerance in plants by regulating the Na+/K+ ratio through selec

tive ion transport and mediate osmotic regulation by inducing the accumulation of osmotic-compatible sol

utes such as glycine betaine and proline to enable plant cells to maintain water content and the metabolic 

balance. AMF can also activate antioxidant defense responses by stimulating enzymes that protect plant 

cells from harmful oxidation and pathological infections. Plant salinity tolerance induced by AMF depends 

on abscisic acid (ABA)-dependent signaling mechanisms, calcium-calmodulin-dependent pathways, and 

reactive oxygen species (ROS)-modulated mitogen-activated protein kinase (MAPK) cascades. Therefore, 

future research should focus on optimizing the production and field efficacy of AMF-based inoculants, 

including their combined use with microbial biostimulants, to support the implementation of sustainable agri

cultural practices.

INTRODUCTION

AMF (arbuscular mycorrhizal fungi) are a kind of soil-dwelling fungi 

that form symbiotic relationships with most terrestrial plants.1

Fungi-plant interaction is one of the most critical components 

affecting the standard plant developmental program and ecolog

ical and farming practices. The cooperation between arbuscular 

mycorrhiza and fungi leads to the most prevalent plant-fungus 

mutualistic relationship, which has been known since the 

Cambrian period.2 Plants establish symbiotic mutualistic associa

tions with AMF in natural and artificial ecosystems: mycorrhizal 

root invasion involves the formation of arbuscules, the fungal struc

tures that interact with intracellular plant roots. The symbiosis al

lows the plant to get essential nutrients like phosphorus and nitro

gen in the form of organic compounds that are usually scarce in 

normal soil conditions or appear in insoluble forms. The nutrient ex

change manifests this symbiosis: the plant transfers carbohy

drates generated during photosynthesis to the fungus. This part

nership is a significant essential component maintaining the 

fluxes of nutrients and energy in the ecosystem; nevertheless, it 

also enriches the ability of the plants and the fungi to survive in 

the ecosystem. AMF play an unprecedented role in natural sys

tems for recycling nutrients and signaling exchange between 

plants.3 This shared mycelial network formed by AMF allows the 

redistribution of soil resources, enhancing the overall productivity 

and resilience of the ecosystem.4 In addition, this system is essen

tial for carbon sequestration, as soil is a sink for atmospheric car

bon, and the presence of AMF enhances carbon sequestration.5 In 

agriculture, the use of AMF for crop management has been consid

ered an essential element that promotes plants’ health and crop 

productivity,6 which can be used in conventional, organic, or inte

grative farming. The plant symbiosis with AMF leads to changes 

throughout the plant, impacting its developmental cycle and 

output performance.7 As awareness grows, there is a boom in 

the commercial production of AMF inoculates, with more and 

more farmers taking advantage of the added value these fungi pro

vide to crop management.8 The phylogenetic records of the plant 

AMF symbiosis go back 400 million years ago. Scientific evidence 

indicates that, during the transition of plants from aquatic to terres

trial life, arbuscular mycorrhizal fungi played a vital role in the pro

cess.9 By inducing plant resistance against abiotic factors, AMF 

can help the plants respond to different environmental cues.10 Sa

line-alkali soils currently affect over 800 million hectares world

wide, representing a serious threat to both ecological balance 

and agricultural productivity due to soil structure degradation, 

nutrient limitations, and yield decline. These problematic soils 
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are most widespread in arid and semi-arid regions of Asia, Africa, 

and Australia.11 AMF establish a symbiotic relationship with plants 

in such a harsh environment to promote their thriving growth 

(Figure 1). Gaining deeper insights into the distribution and func

tional roles of AMF in saline environments is therefore essential 

for designing sustainable agricultural strategies to cope with 

salinity stress. Of the many abiotic stresses that agricultural sys

tems must cope with, the most prevalent is field salinization, which 

significantly threatens cultivable lands worldwide. The world is 

feared to lose around 50% of the arable land to salinization in the 

next 40 years.11 Salt in soil compromises crop yield and water up

take and alters minerals’ normal plant metabolism distribution. 

This review primarily focuses on neutral salt stress, with particular 

attention to sodium chloride, the most prevalent salt in agricultural 

soils. Nonetheless, it is important for future research to also 

explore the effects of alkaline salts such as sodium carbonate 

and sodium bicarbonate, as these compounds pose distinct phys

iological challenges to plants. Another prominent event is the 

imbalance between salt stress and the production of some photo

assimilates and plant circulation. The cell molecular machinery 

that defends the plant by accumulating these toxic ions and/or 

releasing them includes ABC transporters, ion channels, and anti

porters. This review aims to investigate how AMF boost plant salt 

resistance by triggering complex physiological processes and 

biochemical reactions.

EFFECTS OF SOIL SALINITY ON PLANTS AND THE ROLE 

OF AMF

Soil salinity is a major agronomical problem, depriving plants’ ca

pacity to develop and affecting many agricultural ecosystems.12

The presence of salt in the soil causes osmotic stress due to the 

ability of ions to sequester water. Moreover, excessive salt con

centrations can alter the ionic composition of the soil solution by 

causing precipitation or deposition of nutrients, thereby reducing 

the bioavailability of essential ions such as K+, calcium ion (Ca2+), 

and Mg2+. This phenomenon hampers root absorption capacity 

and impairs nutrient signaling. The Na+, when it enters the plant, in

duces ion toxicity and nutrient imbalances, ultimately leading to 

diminished plant growth or plant death.13 Alongside sodium ions 

(Na+), chloride ions (Cl− ) also play a significant role in ion toxicity 

under neutral salt stress. When present in excess, Cl− tends to 

Figure 1. Diagram summarizing the func

tional mechanisms of AMF in improving 

plant salinity tolerance

accumulate in plant tissues, where it 

can damage cellular membranes, impair 

photosynthetic processes, and disrupt 

nutrient balance—particularly by inter

fering with nitrate uptake and metabolism. 

Plant tolerance to abiotic stress, including 

salinity, is reinforced by AMF, which utilize 

multiple mechanisms to accomplish 

this effect (Figure 2). For example, they 

can degrade 1-aminocyclopropane-1- 

carboxylate (ACC), a precursor to the stress hormone ethylene, 

by the enzyme ACC deaminase present in many microbial ge

nomes. This helps to mitigate the detrimental effects of ethylene 

accumulation and improves plant growth and resilience under sa

line conditions.14 Additionally, AMF can promote the absorption 

and translocation of limited nutrients in many instances, such as ni

trogen, which may be very significant in most saline soils. 

Reversing the nutrient state ensures that the plant can withstand 

salt and protect the metabolic pathways and the expected physi

ological program. AMF support ion homeostasis by sequestering 

toxic ions such as Na+ and Cl− into vacuoles, thereby mitigating 

cytoplasmic toxicity. At the same time, they enhance the uptake 

of essential ions like K+, Ca2+, and Mg2+ by modulating specific 

ion transporters and membrane channels. Notably, AMF influence 

the expression of high-affinity potassium transporters, sodium/ 

proton antiporters (NHX), and salt overly sensitive (SOS) genes, 

thus promoting selective ion transport mechanisms that preserve 

osmotic balance and membrane integrity under saline conditions. 

When the mycorrhizal fungi colonize the root, the fungi use the 

plant as a source of sugar and proline.15 Furthermore, mycorrhizal 

fungi help by improving the soil structure and adhering to soil par

ticles that increase water-holding capacity and nutrient availability, 

thereby indirectly fostering plant growth in saline environ

ments.12,16 Therefore, plant growth conditions improve upon mi

crobial colonization. Having observed the potential of AMF, scien

tists have established a sustainable, eco-friendly tactic to combat 

the unwanted consequences of soil salinity during the last few de

cades. Ongoing work contributes immensely to comprehending 

the intricacies of how plants, fungi, and the soil environment 

interact at the co-microbiome level, which eventually aims to 

develop microbiome-based solutions for agriculture under saline 

conditions.17 Literature has demonstrated that AMF play a signifi

cant role in plant tolerance to saline soils, enhancing general crop 

productivity in salt-stressed habitats. AMF can induce salt-toler

ance mechanisms by improving nutrient procurement and mainte

nance. Mycorrhizal symbiosis plays a vital role in this context 

because, for example, the arbuscular development within the 

root cortical cells of the host plant is crucial. After all, this is where 

the plant-fungus nutrient transfer occurs. For example, the ability 

of AMF to improve phosphorus uptake relies on the development 

of arbuscules inside root cortical cells because this establishes the 

exchange region for plant-fungus nutrient transfers. Studies reveal 
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that AMF increase the expression of membrane-bound phosphate 

transporter PHO1 on the host roots and enhance the phosphorus 

intake in salinity as well.18 Similarly, AMF enhance nitrogen uptake 

by increasing the activity of nitrate transporters and promoting ni

trogen assimilation pathways. One of the key functions of AMF un

der salinity stress is the regulation of potassium (K) and sodium 

(Na) homeostasis. Mycorrhizal plants exhibit increased K+ uptake 

while modulating Na+ accumulation, maintaining a higher K+/Na+ 

ratio critical for cellular function and osmotic balance.19 This is 

achieved through the selective transport of K+ via SKOR channels 

and the exclusion of Na+ via SOS1 transporters in root cells. 

Salinity disrupts ion homeostasis by causing an excessive accu

mulation of Na+ in plant tissues, leading to toxicity and nutrient im

balances.20 Increasing potassium uptake is a known molecular 

strategy to counteract the toxicity of sodium.21 Osmotic stress 

associated with salt stress also compromises plant water uptake 

and cell turgor. The osmotic imbalance can also cause a reduction 

in transpiration, increasing the loss of cell turgor. AMF alleviate this 

stress through several mechanisms: exclusion of Na+ ions and 

increased K+ uptake, which protect enzyme activity and help in os

motic regulation and overall plant health. Also, AMF cooperate with 

Ca2+ and magnesium homeostasis, which stabilizes membrane 

integrity and reduces oxidative damage.15,22 AMF colonization 

also improves stomatal conductance and water use efficiency in 

plants exposed to salinity, further enhancing their drought toler

ance. Another effect of salt stress is the increase in reactive oxygen 

species (ROS) levels, which could be responsible for oxidizing 

cellular structures and other essential compounds of the 

plant cells. AMF were shown to ameliorate plants’ antioxidant 

defense systems by up-regulating enzymes like superoxide 

dismutase (SOD), catalase (CAT), and peroxidase, and also 

carotenoid, ascorbate, and other non-enzymatic antioxidants’ 

accumulation.23

CELLULAR MECHANISMS AND PLANT CELL 

INTERACTIONS OF AMF

The symbiosis between plants and AMF is primarily on a cellular 

level since the fungi build intricate networks within the cells in the 

cortical roots of the plant. When AMF develop arbuscules, AMF 

Figure 2. Salinity effects on plants and the 

role of AMF in its mitigation

can interact directly with the plant cell 

and transfer nutrients and carbohydrate 

exchange.24 Low amounts of strigolac

tones from plants activate spore germina

tion and hyphal branching in AMF, leading 

to successful root colonization. The activ

ity of AMF leads to modified expression of 

plant genes that control salt stress re

sponses in addition to genes encoding 

transporter antioxidant enzymes and os

molyte biosynthesis pathways. Recently, 

it has been suggested that the high-affinity 

potassium transporter HAK family could 

have an essential role in this process.25 AMF trigger phytohormone 

balance modifications that cause abscisic acid (ABA), cytokinins, 

and auxins to rise while helping plants adapt to saline environ

ments.26 Once inside the plant root, AMF establish a periarbuscu

lar membrane, derived from the plant’s plasma membrane, which 

encases the fungal arbuscules. This membrane is a critical inter

face for nutrient transfer, where plant phosphate transporters 

and ammonium/nitrate transporters are up-regulated to facilitate 

the uptake of phosphorus and nitrogen from the fungal network.18

At the same time, the fungi receive photosynthetically derived car

bon in the form of lipids and sugars, regulated by plant lipid biosyn

thesis genes such as RAM2, ensuring fungal survival and symbio

sis maintenance.18,27 Beyond nutrient exchange, AMF interaction 

also triggers plant immune responses. The plants benefit from 

induced systemic resistance against pathogens, which develop 

through jasmonic acid and ethylene signaling following mycorrh

ization despite some suppressed defense pathways that assist 

colonization. These signaling pathways are also crucial for plant 

adaptation to salt stress. Jasmonic acid, for instance, promotes 

root development and contributes to maintaining ion homeostasis 

under saline conditions, while ethylene signaling regulates antiox

idant defenses and the transport of Na+ and K+. Research indi

cates that AMF can enhance the expression of salt-responsive 

genes such as NHX and SOS1 through hormone-mediated path

ways, thereby supporting ionic detoxification and preserving os

motic balance under salt stress. Plant resilience increases under 

biotic and abiotic stress situations because the expression of anti

oxidant defense genes and genes for osmotic adjustment and cell 

wall reinforcement becomes elevated through this enhancer func

tion.28 Molecular mechanisms described in the following para

graphs demonstrate how AMF start signal chain reactions inside 

plant cells, activating significant metabolites for salt resistance.29

THE ROLE OF AMF IN GENE EXPRESSION AND THE 

SIGNALING PATHWAYS GOVERNING PLANT STRESS 

RESPONSE

Salinity perturbs the cell mechanisms at the molecular level. 

Therefore, the response involves activating various successive 

mechanisms at plant metabolic, physiological, and molecular 

iScience 28, 113384, September 19, 2025 3 

iScience
Review

ll
OPEN ACCESS



levels. The reactions of these cases have triggered the activation 

of the complex signaling pathways and morphogenic changes 

within the plants regarding their ability to tolerate the salt’s 

adverse effects. In addition, the mycorrhization has a positive 

impact on the plant defense mechanisms.

Changes in gene expression upon salt stress

Salt stress causes water loss, ionic imbalance, and the genera

tion of ROS, leading to the cell’s death.30 To counteract these 

adverse effects, plant cells start several biochemical and genetic 

mechanisms in the plant, such as increased potassium uptake 

and sodium extrusion or compartmentalization in the vacuole, 

the synthesis of osmolytes, and the activity of antioxidant de

fenses to respond to stress.31 As a result of the symbiotic living 

that they establish with plants, AMF cause changes at the tran

scriptional level of many genes and promote plant defense 

mechanisms to protect compromised plant physiological func

tions (Table 1).28,32 The plant cell wall is the first line of defending 

the plant against external stressors. Salt stress, however, leads 

to structural modifications in the cell walls. Genes like xyloglucan 

endotransglucosylase-hydrolase and proline-rich proteins pro

mote growth by increasing cell wall flexibility and strength.33

One of the findings is that the AMF up-regulate these cell wall- 

related genes, resulting in conveyance in the durability of the 

cell wall, and finally improve the resistance of plants to 

stress.34,35,36 Stress salinity induces excessive accumulation of 

Na+ ions, disrupting the K+/Na+ ratio and leading to cellular 

toxicity.37 To prevent this, the cell activates genes such as 

high-affinity potassium transporter and NHX (sodium/proton 

antiporter), which serve to either block the entrance of Na+ into 

the cell by increasing the entry of K+ or accumulate Na+ into vac

uoles.38 At this level, AMF prevent the accumulation of Na+ ions 

in the cytoplasm by increasing the expression levels of these 

genes.39,40 In recent years, transcriptomic studies have revealed 

a wide array of novel AMF-inducible genes beyond the classical 

NHX, SOS1, and P5CS (delta-1-pyrroline-5-carboxylate synthe

tase), including those involved in membrane remodeling, detox

ification, and signaling (e.g., aquaporins like ZmPIP2;4, lipid 

transfer proteins, and transcription factors such as MYB and 

WRKY). Some of these genes appear to be mycorrhiza specific 

and show consistent up-regulation under salinity in AMF-colo

nized roots, indicating that AMF symbiosis triggers a distinct 

transcriptional program for salt adaptation. Another problem is 

that water loss is caused by the osmotic effect of salt in the 

soil, which leads to a breakdown of osmotic balance, a decrease 

in cellular turgor, and a slowdown in metabolic processes.41 Wa

ter retention capacity is enhanced by activating genes related to 

the accumulation of osmolytes, such as P5CS (Δ1-pyrroline-5- 

carboxylate synthase), responsible for proline biosynthesis.42

Proline is also vital for maintaining the stability of intracellular 

proteins and membranes.43 The AMF underpin the transactiva

tion of osmoregulatory genes for water balance maintenance. In

hibition of P5CS expression results in reduced proline content, 

but increased proline concentration can be achieved with higher 

P5CS gene activation.44,45

The hormonal response to salt stress

Under stress conditions, plants can rapidly activate complex 

signaling pathways to respond to environmental changes. These 

responses involve, for example, hormone-based signaling path

ways, Ca2+-based signaling mechanisms, and ROS-associated 

signaling networks.52 The most relevant of these phytohormones 

is ABA, responsible for all the transcriptional activation triggered 

by salt stress.53 Under salt stress, ABA levels increase, eliciting 

several signaling cascades.54 The ABA increase causes the 

stoma to close as a compensatory mechanism to prevent water 

and turgor loss.55 This, in turn, leads to increased water retention 

and an increase in the cellular osmotic pressure in the plant cell. 

AMF notoriously affect ABA production, inducing high-speed 

ABA transport from roots to leaves and accelerating stomata 

closure.56 Additionally, AMF can facilitate ABA signaling by 

increasing sucrose non-fermenting-related kinase 2 protein ki

nase activity and, in this way, influence salt stress gene 

expression.51

Table 1. Genes activated by AMF and their functions for stress tolerance

Plant genes Gene categories Functions Reference

XTH (xyloglucan endotransglucosylase- 

hydrolase)

glycosyl hydrolase family 

16 (GH16)

increase in cell wall flexibility 

and strength

Zhang et al.34

PRP (proline-rich proteins) cell wall structural proteins reinforcement of cell wall durability Puccio et al.35

HKT (high-affinity potassium 

transporter)

HKT transporter family ion balance maintenance with 

sequestration of Na+

Porcel et al.46

NHX (sodium/proton antiporter) cation/proton antiporter 

(CPA1) family

sequestration of excess Na+ 

into vacuoles

Roy et al.47

P5CS (Δ1-pyrroline-5-carboxylate 

synthase)

Δ1-pyrroline-5-carboxylate 

synthase family

regulation of proline biosynthesis Guan et al.48

SOS1 (salt overly sensitive 1) plasma membrane Na+/H+ 

antiporter family

regulation of sodium ion efflux Assaha et al.20

LEA (late embryogenesis abundant 

proteins)

LEA protein family cellular protection from dehydration Magwanga et al.49

MYB (myeloblastosis transcription 

factor)

MYB transcription factor family regulation of gene expression 

of salt tolerance

Zhang et al.50

SnRK2 SnRK (sucrose non-fermenting- 

1-related kinase) family

– Benito et al.51
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One of the significant roles of Ca2+ is as an intracellular second 

messenger.57 Under stress, there is a specific increase in the 

Ca2+ levels within cells due to Ca2+ channels opening on 

the cell membrane,39 causing rapid and transient changes in 

cytosolic Ca2+.58 Such Ca2+ spikes activate calmodulin and 

Ca2+-dependent protein kinases (CDPK) as the primary tar

gets.59 AMF actuate this by helping to exert a more balanced 

and better direction of Ca2+ fluctuations. CDPK activation results 

in the increased activity of stress response genes.60 AMF, hence, 

efficiently regulate the precise time and level of the stress pro

cessing as they mediate the transport of Ca2+ and signaling.28

On the other hand, ROS are also signaling molecules besides 

their toxicity. ROS are produced by stress, mainly by the damage 

caused by the loss of turgor to the mitochondrial and chloro

plastic membrane. ROS activate MAPK (mitogen-activated pro

tein kinase) signaling pathways in the cell, thereby leading to the 

expression of stress response genes.61 AMF operate as a signif

icant cellular ROS balance mediator and accelerate the MAPK 

activation.28 This, in turn, leads to a stress response boost and 

diminishes oxidative damage. Also, AMF trigger the activation 

of the antioxidant response (for instance, SOD, CAT, and ascor

bate peroxidase [APX] activation), so AMF activate ROS scav

enging and activate ROS signaling.62,63 AMF can regulate the 

ROS-dependent phosphorylation of MAPK, influencing plant 

development and stress response. This is how ROS-mediated 

protection is achieved, while ROS detoxification machinery acti

vates the mentioned pathways within the plant.28,52 AMF in

duces plants’ responses to salt stress. AMF limit water loss by 

regulating ABA production and transport, accelerate stress re

sponses by optimizing Ca2+-based signaling pathways, and pre

vent oxidative damage by controlling ROS levels.28,54,64 In addi

tion, AMF’s effects on regulating the signaling cascades, like 

gene overexpression, signal transduction, and regulatory coor

dination, contribute to the function of adaptation mechanisms.32

Hence, this demonstrates that AMF interplay with plants is 

crucial for stress response. So, the effect of AMF can be 

observed at the physiological and transcriptomic levels.

THE ROLE OF AMF IN PLANT BIOCHEMISTRY

Key outcomes such as ROS scavenging and osmotic regulation 

represent essential components of the plant’s adaptive 

response to salinity stress mediated by AMF. AMF establishes 

a mutualistic link with plant cells that alter a variety of biochem

ical reactions not only in roots but throughout the plant.65 When 

plants face salt stress, AMF support is crucial for the antioxidant 

defense system and helps maintain osmotic regulation functions 

by managing the stress with osmotic correction mechanisms. 

Together, these protect plants against the harmful effects of 

ROS and osmotic stress.28,32,63

ROS and cellular effects

Under salt stress, organelles such as mitochondria, chloroplasts, 

and peroxisomes show metabolic imbalances in plant cells, 

thereby producing ROS.66 AMF play an essential role in miti

gating the impact of stress in roots, and, in the case of oxidative 

stress, the decisive role played by AMF is well explained. In this 

context, AMF protect against lipid peroxidation, protein oxida

tion, and DNA damage by mitigating oxidative stress through 

enhanced antioxidant defense mechanisms. These mechanisms 

help stabilize cellular structures, maintain protein functionality, 

and preserve genetic integrity under stress conditions. Under 

oxidative stress conditions, free radicals oxidize lipids in cell 

membranes, leading to lipid peroxidation.67 This modification 

of cell membranes alters their structure and, as a result, in

creases their permeability, which subsequently leads to a wors

ening intracellular environment. AMF can prevent this process by 

proactively mediating free radical scavenging enzymes in the 

plant cells.68 In particular, AMF can exert anti-lipid peroxidation 

activity by enhancing antioxidant mechanisms and preservation 

of structural elements, such as membrane fluidity, leading to bet

ter plant resistance.69 Oxidative stress causes the destruction of 

protein structures that ultimately lead to malfunctions of en

zymes and disrupt the normal course of intracellular metabolism. 

The most impressive feature is that AMF have a supporting ca

pacity to raise plant anti-oxidative defense systems and, most 

importantly, help stabilize biomolecules.70 This improvement 

has been demonstrated by the ability of plants to bind AMF, 

strengthening the anti-oxidative capacity, which is an environ

ment for pathogens’ growth. Such a mechanism defends pro

teins from oxidation by halting protein degradation. AMF are 

thought to repair these damages by increasing the activity of en

zymes such as glutathione peroxidase and SOD.63 DNA is an 

essential macromolecule in the body, but free radicals also 

cause irreversible oxidative damage to its structure. Most of 

these alterations usually damage the DNA, leading to mutations, 

disruption of plant development, and the death of cells. AMF act 

as an antioxidant by promoting the biosynthesis of redox en

zymes in the plant roots. Hence, the symbiosis with AMF pre

vents DNA damage.71 Besides, AMF have been identified as a 

key factor in treating damaged DNA by regulating the activity 

of select genes, which are closely linked to oxidative DNA 

damage.72

Enzymatic antioxidants

AMF enhance the activity of antioxidant enzymes to reduce 

oxidative stress by boosting ROS-scavenging capacities in 

plants.73 AMF aid this process by supporting the antioxidative 

response in different parts of the plant. They convert superoxide 

radicals (O2
− ) into hydrogen peroxide (H2O2), providing the pri

mary method of spurring oxidation-reduction reactions.74

AMF-enriched SOD activity, especially within the chloroplast 

and mitochondria,75 ensures that ROS produced by the cells’ 

metabolism, which is their site of energy production, are neutral

ized; thus, it supports the energy metabolism. In peroxisomes, 

the CAT decomposes hydrogen peroxide into water and oxygen, 

preventing harmful effects.76 CAT maintains the integrity of cell 

membranes primarily by limiting lipid peroxidation.77 Increased 

CAT activity under the influence of AMF provides metabolic bal

ance in cells by rapidly and effectively reducing ROS accumula

tion.70 Furthermore, APX, which detoxifies H2O2 with the help of 

ascorbate, plays a critical role in the clearance of ROS formed in 

chloroplasts, especially during photosynthesis.78 By increasing 

APX enzyme activity, AMF maintain photosynthetic efficiency 

and support plant growth.79 The glutathione reductase (GR) 

plays a vital role in maintaining redox balance by increasing the 
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reduced glutathione (GSH) level in cell.44 GSH plays a central 

role in ROS scavenging and regeneration of other antioxidants. 

AMF enhance plant resistance to oxidative stress by increasing 

GR activity.80

Non-enzymatic antioxidants and cellular functions

AMF are not only a mechanism to remove ROS but also help the 

plant to synthesize various non-enzymatic antioxidants.81 An 

example is that in chloroplasts, the production of ascorbate 

(vitamin C) is enhanced by AMF, increasing the cell capacity to 

detoxify ROS.82 Ascorbate, in this regard, plays a crucial role 

in the detoxification of H2O2 and protects the photosynthetic or

ganelles.76 GSH removes the cytoplasmic ROS and has a coor

dinating role in preventing the alteration of proteins under oxida

tive stress.83 At the same time, GSH plays a prominent role in 

the biosynthesis of other antioxidants. AMF prevent the lipid per

oxidation mechanism by increasing the tocopherol (vitamin E) 

level in the chloroplast membrane.84 In addition, tocopherols 

neutralize the harmful radicals responsible for cellular stress, 

thus protecting the membrane from damage.85 Finally, AMF 

can help to reduce ROS in the cell by increasing the amount of 

flavonoids and other phenolics from the biosynthesis route. 

These substances not only act as any other antioxidants but 

also provide plant resistance against attack caused by plant 

pathogens as a regular part of plant defense mechanisms.86

Osmotic regulation and ion homeostasis

AMF help to maintain intracellular water potential by promoting 

the accumulation of proline, glycine betaine, and soluble sugar 

within plant tissues.87 Proline not only retains water in the cells 

but also conveys energy by checking the structure of the mito

chondria and preventing protein denaturation. Glycine betaine 

is an amino acid derivative with a protective role, impacts mem

brane stability and enzyme activities, and thus makes plants 

more resistant to adverse conditions. Plants under salt stress 

suffer a loss of turgor pressure, which negatively affects the 

metabolic processes. To avoid this kind of scenario, AMF trigger 

two mechanisms by which the cellular metabolism should be 

maintained, and the homeostasis of the cells should remain suf

ficient. AMF help to stabilize osmotic pressure by regulating ion 

accumulation in vacuoles.88 This increases intracellular water 

retention and cell resistance to water loss. In particular, the stor

age of Na+ and Cl− ions in vacuoles reduces ion toxicity in the 

cytoplasm and supports the sustainability of cellular meta

bolism.70 AMF also increase the existing Na+/H+ antiporters in 

plant meristematic cells, which control the increase of Na+ in 

the plant cells. AMF also promote the accumulation of K+, which, 

in turn, helps to keep the Na+/K+ balance low, thus avoiding so

dium toxicity.80 Altogether, this results in an increased efficiency 

of the enzymatic reaction and, therefore, provides a basis for 

maintaining the metabolic processes. AMF increase resilience 

by promoting the synthesis of structural proteins and polysac

charides in the cell wall.89 This increases the resistance of cells 

to external stresses and prevents cell deformations due to loss 

of turgor. In particular, regulating structural components such 

as pectin and cellulose promotes plant growth under stress con

ditions by increasing cell wall flexibility.90 The role of AMF in 

maintaining cellular turgor is not limited to preventing plants 

from water loss but also has an essential effect in maintaining 

ion homeostasis and metabolic balance.70,80 This increases 

the resilience of plants to abiotic stress conditions while ensuring 

the sustainability of crucial processes such as growth and pro

ductivity. In conclusion, AMF’s symbiotic relationship with plants 

offers unique biochemical mechanisms to mitigate oxidative 

stress’s effects and optimize osmotic balance. Effects such as 

strengthening antioxidant defense systems, ROS scavenging, 

osmolyte accumulation, and maintenance of ion balance 

enhance plant resilience to abiotic stress conditions and support 

productivity. These biochemical effects of AMF offer a promising 

strategy for sustainable agricultural practices. AMF also maintain 

high water pressure by inducing genes related to water trans

port. In this case, the AQP genes are responsible for water trans

port. Plasma membrane intrinsic proteins and tonoplast intrinsic 

proteins are key to regulating in-plant cell turgor.31

APPLICATIONS OF AMF IN SALINE SOILS

AMF applications in agricultural practices offer several contribu

tions, such as improving soil health, supporting plant growth, 

and increasing environmental sustainability. Many scientific 

studies have endorsed several products formed by different 

AMF species and tested their efficacy, which has been proven 

in different agricultural conditions (Table 2).91 AMF inoculation im

proves agricultural productivity by directly applying it to seeds, 

roots, or soil. In this process, selecting AMF species suitable for 

specific plant species and local soil characteristics is critical for 

optimum benefit.92 For example, it was studied that Rhizophagus 

irregularis inoculation on drought-tolerant plant Elaeagnus angus

tifolia can enhance activities of CAT, phosphatase, urease, and 

saccharase in rhizosphere soil. Moreover, the inoculated root cells 

Table 2. Efficiency of several AMF species on salt stress

AMF species Combination with other treatments Target plant Reference

Rhizophagus irregularis co-inoculation with plant growth-promoting 

rhizobacteria (PGPR)

tomato (Solanum lycopersicum) Dastogeer et al.98

Funneliformis mosseae combination with organic biostimulants wheat (Triticum aestivum) Rouphael et al.95

Funneliformis mosseae co-inoculation with PGPR maize (Zea mays) Ain et al.99

Rhizoglomus irregulare combination with compost wheat (Triticum durum) Ikan et al.100

Glomus mosseae – chickpea (Cicer arietinum L.) Kundu et al.101

Glomus versiforme co-inoculation with PGPR rapeseed (Brassica napus L.) Afrangan et al.102

Diversispora eburnea combination with biochar maize (Zea mays) Sun et al.94
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showed the presence of more organelles, greater integrity, and 

lower sodium concentrations under salt stress.93 Several research 

studies have investigated using AMF inoculants to enhance plant 

growth and mitigate salt stress in combination with other environ

mental contaminants. For instance, Zarei and collaborators inves

tigated the effects of Claroideoglomus etunicatum on maize plants 

under salt stress and boron contamination. The findings under

lined that, despite abiotic stress, the colonization rate of AMF 

did not decrease. Moreover, the inoculation revealed significant 

increases in plant biomass, K+/Na+ ratio, and sodium and copper 

concentrations but reduced root boron concentrations and 

increased ion leakage.94 AMF also have an essential place in inte

grated farming systems, constituting a valid tool for improving soil 

health and crop performance, especially in saline soils. When inte

grated with sustainable agricultural practices such as intercrop

ping crop rotation, the productivity of both soil ecosystems and 

crops can be increased. Furthermore, combining AMF with 

organic matter, biochar, and biostimulants significantly increases 

the colonization rates and AMF efficacy. It has a supportive role in 

the performance of AMF, especially in salinity-dominated soil con

ditions (Table 2).95 A case study performed by Slimani et al. re

veals the advantages of using intercropping with alfalfa and co- 

inoculating AMF and plant growth-promoting rhizobacteria to 

improve the growth, yield, nutritional quality, and soil fertility of 

barley (Hordeum vulgare).96 Emerging agricultural technologies 

also provide tools to support AMF applications: remote sensing, 

soil health diagnostics, and data-based analysis methods within 

precision agriculture enable AMF applications to be targeted 

more effectively. Especially in fields where salinity is variable, 

these technologies allow AMF to be applied in a way that 

provides optimum benefit.97 Thus, the use of AMF in agricultural 

systems has the potential to be ecologically and economically 

sustainable.

CONCLUSIONS AND FUTURE PERSPECTIVES

Soil salinity is a complex problem that poses serious threats to 

agricultural production. About 20% of irrigated land worldwide 

faces salinity problems, complicating efforts to ensure food se

curity.103 High concentrations of soluble salts exert osmotic 

pressure on plant root systems, limiting water and nutrient up

take. Furthermore, the accumulation of toxic ions (e.g., Na+ 

and Cl− ) directly affects photosynthesis and other vital metabolic 

processes, resulting in yield losses.104 Traditional salinity man

agement strategies rely on methods such as drainage and soil 

conditioners. However, these methods are costly, water-inten

sive, and environmentally unsustainable. Therefore, the search 

for environmentally friendly and sustainable alternative solutions 

has increased. AMF have emerged as critical biological agents 

with the potential to enhance plant resistance to salinity by es

tablishing symbiotic relationships with plants.105 The ability of 

AMF to promote plant growth, as previously described, by main

taining ion balance and improving soil structure through symbi

otic relationships, has been supported by research.65,105,106

These approaches can bridge the gap between basic research 

and applied agricultural strategies. Future applications of AMF 

have great potential for biotechnological innovations and inte

gration into large-scale agricultural systems.33,107

Future advancements in this field include the identification of 

novel mycorrhiza-inducible genes through omics technologies, 

as well as the engineering of improved AMF strains or host plants 

to enhance symbiotic efficiency under saline conditions. Equally 

crucial is the large-scale production of high-quality AMF inocu

lants tailored to diverse soil types and environmental settings. 

To facilitate widespread adoption, supportive policies and dedi

cated farmer training programs will play a key role. Educational 

initiatives, government incentives, and increased awareness of 

the benefits of AMF-based strategies can help integrate these 

symbionts into both conventional and sustainable agricultural 

systems. In parallel, further research is needed to evaluate the 

long-term ecological impacts of AMF applications, particularly 

their interactions with native soil microbiota under salinity stress. 

Field-based validation and multi-season trials will be essential to 

translate laboratory findings into effective, real-world microbial 

consortia for agriculture. In conclusion, AMF offer a sustainable 

and environmentally friendly approach to managing saline soils 

and improving crop productivity. By combining integrated 

research, scalable technologies, and supportive policy frame

works, AMF hold great potential to reshape saline agriculture 

into a more resilient and productive system.
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(2024). Arbuscular mycorrhizal technology in sustainable agriculture: 

Current knowledge and challenges in agroforestry. In Mycorrhizal symbi

osis and agroecosystem restoration, pp. 173–195. https://doi.org/10. 

1007/978-981-99-5030-0_8.

iScience 28, 113384, September 19, 2025 11 

iScience
Review

ll
OPEN ACCESS

https://doi.org/10.1016/J.SCIENTA.2015.09.002
https://doi.org/10.1080/03650340.2023.2242692
http://refhub.elsevier.com/S2589-0042(25)01645-1/sref102
http://refhub.elsevier.com/S2589-0042(25)01645-1/sref102
http://refhub.elsevier.com/S2589-0042(25)01645-1/sref102
http://refhub.elsevier.com/S2589-0042(25)01645-1/sref102
http://refhub.elsevier.com/S2589-0042(25)01645-1/sref102
http://refhub.elsevier.com/S2589-0042(25)01645-1/sref102
https://doi.org/10.3389/FPLS.2020.588550/PDF
https://doi.org/10.1007/S00572-024-01165-5
https://doi.org/10.1016/J.SAJB.2023.05.038
https://doi.org/10.1016/J.SAJB.2023.05.038
https://doi.org/10.1007/s44372-025-00252-x
https://doi.org/10.1007/S11756-023-01479-3
https://doi.org/10.1007/S11756-023-01479-3
https://doi.org/10.1007/978-3-319-96190-3_2
https://doi.org/10.1093/JXB/ERQ251
https://doi.org/10.1007/s13593-011-0029-x
https://doi.org/10.3390/AGRONOMY13092439
https://doi.org/10.1007/978-981-99-5030-0_8
https://doi.org/10.1007/978-981-99-5030-0_8

	Plant-fungus synergy against soil salinity: The cellular and molecular role of arbuscular mycorrhizal fungi
	Introduction
	Effects of soil salinity on plants and the role of AMF
	Cellular mechanisms and plant cell interactions of AMF
	The role of AMF in gene expression and the signaling pathways governing plant stress response
	Changes in gene expression upon salt stress
	The hormonal response to salt stress

	The role of AMF in plant biochemistry
	ROS and cellular effects
	Enzymatic antioxidants
	Non-enzymatic antioxidants and cellular functions
	Osmotic regulation and ion homeostasis

	Applications of AMF in saline soils
	Conclusions and future perspectives
	Author contributions
	Declaration of interests
	Declaration of generative AI and AI-assisted technologies in the writing process
	References


