[=

=

REVIEW ARTICLE

ﬁ%@ TRENDS IN CURRENT BIOLOGY
-

» ISSN 2584-2080 (online)
Y . Vol 2(2): 19-33
E! https://doi.org/10.14719/tcb.3236

HORIZON e-Publishing Group
in association with atom e-Publishing  {7.pG

@

Arbascular Mycorrhiza and sustainable agriculture: A green

approach.

Swapan Kumar Chowdhury!*, Mainak Banerjee? & Tanmoy Majumdar®

!Assistant Professor, Department of Botany, Balurghat College, Balurghat, Dakshin Dinajpur, West Bengal, India

2Assistant Professor, Department of Zoology, RKDF University, Ranchi, Jharkhand, India

3SACT:Department of Botany, Balurghat College, Balurghat, Dakshin Dinajpur, West Bengal, India

*Email: chowdhuryswapankr3@gmail.com

ARTICLE HISTORY

Received: 30 December 2023
Accepted: 12 April 2024

Available online
Version 1.0: 30 April 2024

Additional information

Peer review: Publisher thanks
Sectional Editor and the other
anonymous reviewers for their
contribution to the peer review of this
work.

Reprints & permissions
information is available at https://
horizonepublishing.com/journals/
index.php/TCB/open_access_policy

Publisher’s Note: The article
processing was done by atom e-
Publishing, Thiruvananthapuram,
India. Horizon e-Publishing Group
remains neutral with regard to
jurisdictional claims in published
maps and institutional affiliations.

Copyright: © The Author(s). This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License,
which permits unrestricted use,
distribution and reproduction in any
medium, provided the original
author and source are credited
(https://creativecommons.org/
licenses/by/4.0/)

CITE THIS ARTICLE

Chowdhury SK, Banerjee M,
Majumdar T. Arbascular
Mycorrhiza and sustainable
agriculture: A green approach.
Trends in Current Biology. 2024; 2
(2):19-33.
https://doi.org/10.14719/tcb.3236

Abstract

Agriculture is new paradigm, sustainable intensification, focuses back on beneficial
soil microorganisms for their role in reducing chemical fertilizer and pesticide input
and improving plant nutritional and health. More research has been done on
arbuscular mycorrhizal fungi (AMF) because they form symbiotic relationships with
the root systems of most land plants and make it easier for plants to absorb
nutrients by creating extraradical networks of hyphae that spread out from
colonized roots into the soil and serve as supplemental absorbents. Plants are
protected from abiotic and biotic factors by AMF, and they also contribute in
modulating the activity of antioxidant enzymes and secondary metabolites
(phytochemicals), including polyphenols, anthocyanins, phytoestrogens and
carotenoids. The employment of AMF symbionts to enhance the nutritional and
medicinal value of active food items has come under more and more scrutiny in
studies. Despite the wide physiological and genetic diversity of plant species, only a
few AMFs have been used, thus limiting their full exploitation. This review study
concentrates on the results of AMF on plant secondary substance biosynthesis that
can improve health, as well as the standards for choosing the best symbionts to be
utilized as sustainable biotechnological instruments to create food that is healthy
and safe. The main objectives of the articlewas to examine the role AMF plays in
improving soil's physical, biological and chemical properties. Regarding the
information gaps found in this review, a discussion of potential future research is
given. This will improve our understanding of AMF, encourage additional study, and
aid in maintaining soil fertility.

Keywords

nutraceutical value; AMF functional diversity; arbuscular mycorrhizal symbionts;
sustainable agriculture; healthy food; secondary metabolism; gene regulation;
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Introduction

The latest approach in agriculture, known as sustainable intensification, is
concentrating attention on the role that beneficial soil microorganisms play in
reducing the use of synthetic fertilizers and pesticides while enhancing plant health
and nutrition [1]. The intensification of agriculture is requisite for production of
food for growing population. Intensification, however, is associated with serious
environmental risks, including climate change, biodiversity loss, land degradation
due to salinization, erosion, compaction, depletion and pollution. Water resources
are being depleted and polluted, production costs are increasing, farmers are
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shrinking, poverty and rural population is also declining
[2]. The massive use of synthetic pesticides and fertilizers
during the green movement has substantially degraded
the quality and condition of our natural assets, especially
the water, air, and soil [3].By controlling nutrition,
hormone  balances, creating growth regulators,
discharging nutrients, and boosting disease resistance,
mycorrhizal fungi play a crucial role in encouraging plant
growth in such a situation. These interactions are essential
for sustainable agriculture due to maintain the
development and growth of plants by biological
mechanisms rather than agrochemicals. Mycorrhizae are
fungi that are present in the soil where plants grow and aid
plants in absorbing nutrients and water. Furthermore,
mycorrhizae can enhance root surface area, allowing
plants to absorb nutrients and water from an extensive soil
volume more effectively [4]. Further study has revealed
that based on the plants in which they are linked; various
mycorrhizal species show a range of reactions [5]. The
potential for modifying the intensity of mycorrhizal fungi
that influence plant-plant interactions will cause
variations in plant growth. The developmental process of
mycorrhizae, that play an important role in giving essential
nutrients to plant life in which they are coupled with, is
interestingly unaffected by fungicides or herbicides.
Arbuscular Mycorrhizal Fungi (AMF), a significant
functional group of advantageous soil bacteria pertaining
to the subphylum Glomeromycotina, are receiving the
attention they rightfully deserve on a global scale.
(Spatafora et. al.,, 2016). Arbuscular mycorrhizal fungi
(AMF) or endomycorrhizae, including fungi belongs to the
recently established phylum Glomeromycota [6]. About
80% of plants which form a mutualistic relationship with
the AMF in soil [7]. Some families are exceptional that
don't show any link, including Chenopodiaceae,
Polygonaceae, Cyperaceae, Amaranthaceae,
Caryophyllaceae, Brassicaceae, and Juncaceae. In
particular, the impacts of abiotic stress such as drought,
nutrient imbalance and temperature regimes on plant
growth finally have decreased crop yield up to 70% [7].
AMF-inoculated plants had a significant increase in
stomatal conductance and hydration, increased
photosynthesis[8,9]and mitigate oxidative stress [10,11].
Numerous studies have also shown that AMF increases
plant tolerance to biotic stress, which in turn promotes
plant growth and production [12,13]. AMF has been
demonstrated to improve certain soil characteristics,
including aggregation of soil, availability of soil nutrients,
microbial activity, soil acidity correction, retention of
water, nitrogen, carbon and phosphorus cycling, in
addition to having an impact on the growth of the plants
and overall productivity [14,15,16]. According to numerous
studies, they are a key component of plants' stress
tolerance mechanisms. This review attempts to
consolidate data on AMF symbiosis, concentrating on the
advantages for soil. AMF's effects on the chemical,
biological, and physical attributes of the soil are initially
considered. It is explained how AMF affects soil
aggregation, availability of nutrients, and the growth of
beneficial soil microbes. The diversity and significance of

these interactions are then considered in connection to
AMF and other soil microorganisms.

Origin and evolution of Mycorrhizal fungi

Genetic studies have shown that the first mycorrhizal
association (about 450 million years ago) was between
some primitive fungus that were presumably aquatic and
algal progenitors of plants (charophycean algae).
However, there is no fossil evidence to support this
hypothesis. The first clear fossil evidence of interaction
between plant and fungus comes from the 407 million
years old Rhynie chert [17-19].Green algae that originated
in the aquatic environment evolved into semi-aquatic
plants and finally terrestrial plants. In the early stages of
these semi aquatic algae invasion (between 490 and 409
million years ago) they faced a harsh environment devoid
of organic matter and containing only mineral nutrients.
Based on all the data gathered, three waves of mycorrhizal
evolution can be distinguished. The first wave symbolizes
the beginning of AM association at the Ordovician Period,
which we have already explored. Spore like structures of
AM fungi was found in substrates which are 50 Myr (million
years) older than the Ordovician Period[20].The second
wave includes the origin of the Orchidaceae, Ericaceae,
plant families with non-mycorrhizal orectomycorrhizal
roots and some N, fixing symbionts which takes place in
the Cretaceous Period [18, 21].The exception to this rule is
the ectomycorrhizal Pinaceae, which emerged in the Late
Triassic or Jurassic Period [8-10].The third wave started in
the Palaeogene Period (65 million years ago) and is still
going on. It includes descendants of plants which recently
acquired traits of roots and are often unstable; these are
known as ‘New Complex Root clades' [16-18]. Changes in
temperature, habitat, and soil complexity can lead to more
specialized root types because this wave is highly
dependent on these factors[22] and mycorrhizal types in
vegetation [20-22]. NCR (New Complex Root) clade plant
share usually found in Australia because the soil there is
very old, deep and highly leached. As time passed, few
plant lineages switched from non-mycorrhizal roots to
ectomycorrhizal roots [15] or from ericoid mycorrhizal
roots to ectomycorrhizal roots to from a balanced
mycoheterotrophy in association [23].

Types and functions of
in rhizospheric soil

fungal biodiversity

Mycorrhizae are divided into two types based on the
structure of their hyphae. The term "ectomycorrhizal
fungi" refers to fungal hyphae that do not invade the
individual cells found within the roots, whereas
"endomycorrhizal fungi" refers to fungal hyphae that
invade the cell membrane and break through the cell wall
(Figure-1) [24]. Heijden and Martin also state that there are
four main  categories of  mycorrhizal  fungi:
ectomycorrhizae,  arbuscular  mycorrhizae,  orchid
mycorrhizae, and ericoid mycorrhizae [25]. Arbutoid
mycorrhizae can be categorized as ectomycorrhizae, while
monotropoid mycorrhizae form a distinct category. In
addition, endomycorrhizae include the arbuscular, ericoid,
and orchid mycorrhizae.
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Figure -1:- Types of Mycorrhiza

The region of soil immediately surrounding a root where
root activity influences the microbial community is known
as the rhizosphere. Soil microbiota contains a variety of
organisms like fungi which are a very important
component of the soil and play a very beneficial role in soil
by decomposing organic matter and promoting element
release by mineralization [26]. The rhizosphere fungal
communities are determined by many factors which
include the root exudates, organic carbon content, and
type of plant [27]. Several studies have found that millions
of species of fungi exist in soil, but that soil diversity is
significantly lower than that in the air[29] which is shown
in figure-2. Very little is known about how agricultural
practices induce selection pressure to change microbial
diversity and its function, even though several studies

have suggested that AMF fungi play a variety of roles in
many ecosystems[30]. A varied sustainable ecosystem's
induction of diversity of microbes and its role and function
are equally little understood[31]. There are several ways to
identify the different types of fungi, such as by looking at
fruiting bodies or using a culture made from soil samples.
Approximate 3000 fungal species was estimated from
different site of 400 Ha area using molecular techniques
when found the diversity of fungal species, which gives a
most accurate data[32]. According to a scientific study,
Basidiomycota, Zygomycota, and Ascomycota were the
three fungi that were most prevalent in the soil samples,
with an average of 4.1%, 13.3%, and 68.7%, respectively
[33].
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Figure -2. Aspects of soil fungal biodiversity
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Life is considered to have emerged on land during
the pre-Cambrian period and is supposed to have been it
colonized by microorganisms, which are phototrophic in
nature and were probably prokaryotic. The late Silurian
periodonce indicated the establishment of terrestrial
plants, despite recent evidence suggesting that they may
have evolved during the Ordovician period. As the
evolution of vegetation continues, the green aquatic algae
evolve into semiaquatic plants and then fully terrestrial
plants, which are the first land plants. Semiaquatic algae
began to colonise land 490 million years back (mya) and
confronted very challenging environmental conditions.
The earliest known example of mycorrhiza is a fossilised
arbuscule from the early Devonian, which dates to about
400 million years back (Mya). Simon noted that the
Ordovician, Silurian, and Devonian periods, specifically
between 462 and 363 Mya, was when arbuscular
mycorrhizal fungus first appeared [32-33]. Their dates
clearly situate them during the emergence of terrestrial
plants. A long time ago, AM fungi established symbiotic
colonies in terrestrial environments, as evidenced by
fossils and genomic research. This implied that fungi and
vascular land plants had a symbiotic relationship.
Mycorrhizal partnerships can take many various forms and
include a wide variety of plant and fungus species. It has
been found that around 80% of plant species and about
92% families of plants [34] form symbiotic association with
Arbuscular mycorrhizal fungus is the member of phylum
Glomeromycota.

-

1. Growth and Mineral Nutrition Improvement ”

Fungal morphology analysis

Fungal morphology analysis depends on the sizes and its
fungal structures. Fungi consist primarily of mycelia (tiny
thread-like structures) that grow from the tips of their
bodies, much like trees do. Because fungi lack a hyphal
septum, they may be distinguished from other organisms.
The spores are the main distinguish forms of fungi. Before
observing their morphologies it is necessary to isolate
specific representative fungi[35]. In general, microscopes
like stereomicroscopes, compound microscopes, and
scanning electron microscopes are used to view fungi. The
development of new image and particle analysis,
micromechanical devices, and morphological data has
also improved [36], allowing researchers to get a more
accurate view of microbe structures.

The growth of mycorrhizae and their interactions with
plants

Mycorrhizae are formed by arbuscular mycorrhizal fungus
after going through a number of developmental phases
(Figure-3). Arbuscular mycorrhizal fungi have been
observed to only sometimes grow hyphae during the
symbiotic stage because host plants are not present. When
root exudates are available, the spores reach the pre-
symbiotic stage after germination, which is characterized
by considerable hyphal branching [19-21]. Moreover,
appressoria are formed if the fungus touches a root
surface before it enters the epidermis. Following symbiotic
colonization, internal arbuscules (tree-like, extremely
branched structures) grow in the root cortical tissue. A

Modification of secondary Metabolites
3. Tolerance to Biotic and Abiotic Stresses

- AMF

Fungal & Plant
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Figure - 3. An example of how beneficial bacteria and arbuscular mycorrhizal fungus (AMF) affect soil fertility and plant productivity. The life cycle of AMF and
variables influencing its growth are depicted on the left; on the right, mycorrhizal helper (MH) and plant growth promoting (PGP) bacteria are shown cooperating

with AMF.
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separate extra radical mycelium is simultaneously formed
at the same time. It is tempting to hypothesize that
comparable changes occur when cortical cells are
colonize, because the plants which are host of the major
fungi play a major role in regulating the arbuscular
mycorrhizal infection process. It is essential for these
developmental processes for the symbiotic partners to
communicate and exchange signals, as well as to
communicate molecularly between arbuscular
mycorrhizae and the plant. The two nutrient uptake
processes for roots that have mycorrhizae colonisation are
the plant uptake route (PP) and the mycorrhizal uptake

pathway (MP) (Fig. 6). The PP involves nutrient absorption
through the transporter straight from the root epidermis
and root hairs. Mycorrhizal interactions in the MP require
transporters in the extraradical mycelium (ERM) of fungi to
carry nutrients from the Hartig net to the intraradical
mycelium (IRM) in the inner cell walls (shown in the
mycorrhizal interface. The interfacial apoplast is absorbed
by mycorrhiza-inducible plant transporters in the
periarbuscular membrane. The visible fungi represent the
different fungal species that have colonized a single host
root, each of which has a unique capacity for colonization.
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Figure 5. Climate change-related abiotic stresses affecting tree growth in temperate and boreal forests can be alleviated by mycorrhizal fungi. (A) Abiotic stress
caused by climate change affects trees in the form of high temperatures, droughts, salt stress, and flooding. (B) Mycorrhizal fungi (ECM, ectomycorrhizal fungi
and AM, arbuscular mycorrhizal fungi) improve the nutrition and growth of trees (including potassium K+) and help plants adapt to stressful environmental

conditions (such as high salt levels in saline conditions.
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The production of phytochemicals by mycorrhizal
plants

Several studies have demonstrated that the development
of AM symbiosis alters plant physiology and modifies the
primary and secondary metabolism of the host cell [37].
The therapeutic phytochemicals genistein, biochanin A,
daidzein, and formononetin show a preventive action in
degenerative diseases, sesquiterpene lactones,
menopausal symptoms, and osteoporosis [38] which can
inhibit cell proliferation and tumor growth, were produced
in  greater quantities by  mycorrhizal plants
[39].Furanocoumarins (angelicin and psoralen),
pterocarpans (erybraedin C and bitucarpin A), and
Forskolinchemotherapeutic  substances capable of
inducing apoptosis in cancer cell lines of human colon [15-
17]. After mycorrhizal colonisation, the phytochemical
contents of various kinds of aromatic plants and medicinal
plants were examined. According to the findings, basil has
higher concentrations of antioxidant compounds in the
shoots, like as rosmarinic acid, caffeic acid, and essential
oils have [39-41]. Apart from medicinal plants and herbs,
studies on the phytochemical content of mycorrhizal
plants cultivated for human consumption concentrate on
a small number of species, such as maize, strawberry,
onion, pepper, lettuce, artichoke, sweet potato, and
tomato (Table 1). The majority of edible plant product
data are derived from studies of single species of plants,
while only a few studies compare the responses of
cultivars and varieties within the same species. When
compared to plants in the control group, only a few green
and red leaf lettuce varieties had higher levels of
anthocyanins, carotenoids, chlorophyll, tocopherol, and
total phenolics, and they also showed more antioxidant
activity (Table 1). However, different strawberry
mycorrhizae varieties did not show comparable levels of
anthocyanins, anthocyanidins, and vitamin C in fruits
(Table 1).

Given the vast array of new and ancient varieties
that are currently grown throughout the world, which
could be researched and chosen based on their capacity to
create  beneficial compounds upon  mycorrhizal
inoculation, this constitutes a limitation of the studies
conducted thus far. Such a selection would be particularly
important for some vegetable species considered
functional foods, i.e.,, globe artichoke, for its
hepatoprotective, anticarcinogenic, antioxidative and
antibacterial activities, and tomato, for its ability to reduce
the risks of cancer and cardiovascular disease [12-14].
Indeed, when grown on AMF-inoculated plants, artichoke
and tomato demonstrated increased antioxidant activity
and amounts of health-promoting chemicals (Table 1).
These molecules, which are frequently accumulated in
plants' reactions to abiotic and biotic challenges, may be
influenced by plant hormones like ABA or jasmonates,
which may be implicated in long-distance signalling and
the priming of defense responses in mycorrhizal fungi [42-
44].Gene expression studies performed on food plants
(Table 1) and model plant species (Table 1) have shown

that genes encoding key enzymes involved in biochemical
pathways leading to health-promoting secondary
metabolites are differentially expressed [45]. In food
plants, the use of the RNA-Seq technology, allowing
investigations of whole transcripts, revealed that many
genes, belonging to different functional classes, i.e., post-
translational regulation, signaling, transport, stressors
that are biotic and abiotic and hormone metabolism, were
upregulated upon AMF inoculation and differentially
expressed in fruits, leaves and roots, compared with
controls . Unfortunately, the majority of the RNA-Seq data
used to identify the mycorrhizal regulated genes in the
examined plants, including Litchi chinensis, Cucumis
sativus, Oryza sativa, Citrus sinensis, Vitis vinifera, and
Helianthus annuus only come from the roots of these
plants. Next studies should concentrate on the edible
sections of food plants in order to learn more about the
genes governing the production of health-promoting
chemicals, controlled by mycorrhizal symbioses. This is
because different genes may be differentially expressed in
the diverse plant organs (Table -1)

Effect of Organic and Inorganic Fertilizer and its Role
in AM Diversity

Although the application of manure and fertilizers to
agricultural soil affects its organic substances, nutrient
content, amount of humic acid, soil aggregation, microbial
diversity, and pH, and many other crucial aspects of the
soil, the response of the AMF community to fertilization
depends on the quantity or dose of fertilizers applied to
the soils. Mycorrhizal fungi being symbiotic remain in
association with plants and play a crucial role in
mobilization of minerals. Diversity of mycorrhizal fungi
dependents on the presence of different nutrients sources
of soilthat affects the communities of soil fungi. However,
application of P fertilizers resulted in a considerable
decrease in the rate of mycorrhizal colonisation, arbuscule
colonisation, and density of hyphal length rather than a
major change in the mycorrhizal community's structure
[66].

Impact of AMF on amending the physical, chemical, and
biological properties of soil

Arbuscular Mycorrhizae fungi improve the structure of the
soil. These mycelia or hyphae are capable of forming
sturdy soil aggregations. Glomalin, a glycoprotein
produced by the extramatrical mycelia of mycorrhizal
fungi, serves as a long-term soil binding agent [67]. This
glomalin is a hydrophobic, heat-tolerant, or thermo-
tolerant substance that can withstand the warm soil
temperature. Glomalin's hydrophobic properties confer on
soil aggregates water resistance, and senescent mycelia
generate the most of this chemical. Moreover, the
structure of the soil is formed by the decomposition dead
mycelia and the mycelia network continually regenerates
[68]. These strategies all lower the dangers of soil
compaction and increase soil fertility [49]. The longevity of
glomalin in the soil and the impact of anthropological
practices like bush burning on soil glomalin are also
unknowns, though.
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Plant

Evaluated

Host plant organ phytochemicals AMF Effect References
Phenolic compounds
Total phenols, total Acaulosporalongula )] [46]
. Leaves flavonoids and
Anadenanthera colubrina (Vell.) Brenan total tannins
Gigaspora albida ? [46]
. . Phenols, flavonoids 2
Cucumis sativus L. Leaves and lignin F. mosseae )] [47]
Leaves R. intraradices @) [48]
Cynara cardunculus L. var. scolymus F. and t‘P hggoli antcj it
flowers  antioxidantactivity
F. mosseae ™ (48]
Glomus mix @) [49]
Fragaria x ananassaDuch Fruits Flavonoids R. intraradices ? [49]
Fragaria x ananassavar. Selva Fruits Anthocyanin Glomus sp. ? [50]
R. intraradices ? [51]
Anthraquinone F. mosseae @) [50]
. uino
Hypericum perforatumL. Shoots derivatives Mix
(Funneliformisconstrictum,F.
) [52]
geosporum, F. mosseae and
R.intraradices)
R. fasciculatus ™ [52]
Lactuca sativa L. var. Longifolia Leaves Soluble phenols
Commercial inoculant (F. ) 52]
mosseae and R.intraradices) ’
L. sativa L. var. Capitata Leaves Anthocyanins R. fasciculatus ? [52]
Libidibia ferrea (Mart. ex Tul.) . . 7
L.P.Queiroz var. ferrea Leaves Total flavonoids G. albida @) [53]
A. longula ? [53]
Glomus etunicatum @) [54]
Total fl id G. albida [53]
otal flavonoids
L ferrea Leaves and total tannins A. longula (54]
. Dave and Tarafdar
C. etunicatum 0 (2011)
MyracrodruonurundeuvaAllema ™o G. albida 0 [54]
Fassiflora alataCurtis Leaves Total phenols and G. albida @) Oliveira et al. (2014)
total flavonoids ’ : ’
Salvia officinalis L Leaves Total phenols and R. intraradices () Geneva et al. (2010)
: total flavonoids ’ ’
Lea\ijes F. mosseae ) [54]
Vitis vinifera L. var. shahroudi sa’]cgm Quercetin R. fasciculatus ?) (53]
tissues . i
R. intraradices )] [53]
Leaves F. mosseae 0 [54]
V. vinifera L. and Total phenols R. fasciculatus 0 [55]
roots
R. intraradices 0 [55]
Mix of the three species ? Geneva et al. (2010)
R. fasciculatus (? [55]
Chlorophytum borivilianum Tuber Saponins
R. intraradices )] [56]
F. mosseae ? [56]
. . . F. mosseae ? [52]
Helianthus annuus cv. Alester Seeds Fixed oil
C. etunicatum 0 [52]
Inula ensifolialL. Shoots Thymol derivatives R. intraradices 0 [51]
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Table 2: Effect of AM fungi on different plant pathogen
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AM fungi Pathogen type Effect References
: - - Growth of Citurs macrophylla inoculated with tristeza virus
G. etunicatum Cltgtsutrrslitrezoas\:\r/?rsu 2nd (T-3isolate) and Citursurgosevirus(CLRV-2) was not reduced by virus [92]
g infection in mycorrhizal plants
G. intraradices Tobacco mosaic virus Higher incidence and severity of necrotic lesion in mycorrhizal than in (93]
’ non mycorrhizal plants
AM fungi P. solanacearum Disease decrease in eucalyptus seedlings injected with AM fungi [94]
G. mosseae,
G. etunicatum, AM fungi significantly increased plant growth and reduced
G. fasciculatum Phytophthora Capsici disease severity in pepper but G. mosseae reduced disease [95]
Gigaspora severity to a greater extent
margarita
G. fasciculatum F. oxysporum f. sp. Ciceris Reduced the disease severity in chickpea [96]
. . . Combined application of G. intraradices with P. alcaligenes
G. intraradices M. phaseolina and B. pumilus caused a greater reduction in the root-rot of chickpea [96]
G. mosseae " G. mosseae was most effective in reducing disease symptoms
G. intraradices P. parasitica produced by P. parasitica on tomato [97]
G. fasciculatum
G. constrictum
G. mosseae M. incoanita Individually all AM fungi reduced nematode reproduction but [92]
G. intraradices ’ 9 the greatest reduction was caused by G. fasciculatum on chickpea
Acaulosporasp.
Sclerocystissp
. . : . Combined use of AM fungus with Pseudomonas straita and
G. intraradices M. incognita Rhizobium caused greater increase in chickpea growth (95]
G. fasciculatum M. incognita Reduced nematode population on tomato [98]
: . Reduced the no. of galls and egg sacs on tomato cv. ‘Hildares’
G. intraradices M. hapla but bio control of nematode was not achieved in cv. ‘Tiptop (88]
G. fasciculatum M. incognita Reduced galling and nematode population on brinjal [99]
G. mossede P. syringae Neither growth of tomato nor percentage VA infection was [100]

negatively affected by pathogenic bacteria
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AMF's impact on ameliorating soil chemical properties

Arbuscular Mycorrhizae Fungi symbionts are known to
play a crucial role in the development of soil's primary
biogeochemical cycles (C, P, and N). In this condition, the
development of mycorrhizal occurmore effectively.
Phosphorus is a crucial component that effect on
availability of AMFs past phosphorus. It is present in a
variety of substances, including as adenosine triphosphate
(ATP), nucleotides, phospholipids, certain enzymes, and
coenzymes [50].According to research by Gianinazz and
teammates, the accumulated P in soils can support crop
output worldwide for about 100 years. The P is typically
found as inorganic orthophosphate that has been
adsorbed to soil cations. Consequently, the presence of
iron (Fe), calcium (Ca), and aluminium (Al) oxides
influences the availability of P in soil. These oxides fix
phosphorus as tricalcium phosphate [Cas(POa)],
aluminium phosphate (AlPos) and iron phosphate (FePO.)
[69]. Therefore, only a small proportion (<1%) of the legacy
P is available to plants [70]. Before P from the reservoir to
be absorbed by plants in the soil, it must first be
hydrolyzed. The soluble P that plants need for their
physiological processes is supplied by AMF. Basically, it
accelerates the chemical processes and biological
interactions that convert P into forms that are bioavailable
[71]. Recent research, however, has shown that AMF are
unable to disperse phosphatases into the soil [72]; instead,
they attract bacteria called PSB, or Phosphate Solubilizing
Bacteria, which are capable of producing phosphatase.
The phosphatase hydrolyzes phosphoric acid monoesters
into P ions and molecules with free hydroxyl groups in
order to liberate P from organic or inorganic
orthophosphate [38]. AMF exuded fructose increases the
production of phosphatase, which is also stimulated by
the double inoculation of R. irreqularis and Rahnella
aquatilis, resulting in better solubilization of inorganic P
[73]. Moreover, AMFs increase the effectiveness of rock
phosphate fertilizers (RPs), which are ineffective. RP has
low effectiveness. This is because when fertilizer is added,
only a portion is available to the plants, and the remainder
is changed into an insoluble form(Billah et. al., 2019). AMF
converts the insoluble P into soluble forms by producing
acids throughout their metabolic processes [74]. If P can
cause AMF to start a root infection, this is not fully
understood. The ammonium form of nitrogen will only be
partially absorbed by plants that prefer nitrogen in the
form of nitrate (NOs). Ammonium ions (NH*# nitrates
(NOs), and amino acids are all forms of nitrogen that the
AMF mycelium may take [75]. Nitrogen must be accessible
for local transporters to be working in the AMF hyphae.
AMF's Impact on the Soil Carbon Cycle and Arbuscular C
Sequestration Fungi that form mycorrhizae are crucial to
the global C cycle. Mycorrhizal roots have been shown to
increase the demand for carbon sinks. The host plant
meets this C requirement using the C fixed during
photosynthesis [76, 77]. It is well known that AMF
enhances soils' capacity to absorb small amounts of trace
elements, such as iron (Fe), magnesium (Mg), calcium (Ca),
copper (Cu), zinc (Zn), manganese (Mn), potassium (K) and
cobalt (Co) [78].

Soil biological properties and the impact of AMF

Impact of AMF and biological characteristics of the soil the
presence of microorganisms in soil is one of its most
important characteristics. For several biochemical
reactions and essential ecological processes, soil functions
as an ongoing biological reactor. These advantageous
interactions increase the uptake of nutrients by plants,
biological control of root infections, plant tolerance to
biotic stimuli, and soil fertility [79]. AMF communities
regulate numerous soil microbial interactions and affect
the rhizosphere's physicochemical environment [80,81].
Table 1 provides examples of interactions between AMFs
and other microorganisms. However, these interactions
are influenced by other factors, including phosphorus and
nitrogen availability [82]. Nonetheless; there is a dearth of
knowledge and open questions that require a response.
How soil microorganisms may hamper or totally inhibit the
activities and functioning of AMF? What is the role of AMF
in the trophic chain? To put it another way, are AMFs
susceptible to parasitism or predation by soil
microorganisms? A study on the relationships between
AMF and free native nematodes and how they affect the
growth of cereal crops under water stress is also required.

Role of AM fungi in nutrient acquisition andagriculture
sustainability

Mycorrhizal fungi are essential for improving the
availability of nutrients that are not mobile and diffuse.
Due to the greater surface area of fungal hyphae on the
surface of their external roots compared to roots without
mycorrhizae, plants with mycorrhizae are better able to
assimilate inorganic nutrients [83]. The increase in the
plant's absorption of phosphorus is the main advantage of
mycorrhizae. Ammonia is believed to be the most
predominant form of nitrogen absorbed via fungal-
encoded AMT1 family transporters, such as GintAMT1
characterized by Glomus intraradicies [84]. AM symbiosis
may have an effect on crop quality by enhancing macro-
and micronutrients and improving plant nutrition [72].

Soil Aggregation and Soil Stabilization

AM fungal mycelial network can have a binding action on
the soil and improve soil structure. Glomalin, a
hydrophobic, "sticky," proteinaceous material secreted by
AM fungus, is another factor in soil stability and water
retention. According to them, a thick hyphal network and
glomalin secretion act together to stabilise soil
aggregates, which enhances the structural stability and
quality of the soil [85].

Abiotic Stress Alleviation

In many parts of the world, especially in arid and semi-arid
regions, major problems with mineral depletion, drought,
salinity, heavy metals, or heat exist. Managing agricultural
systems to improve soil quality and crop productivity in
harsh edaphoclimatic conditions will be of utmost
importance to the agricultural sector [86]. AM fungi have
long been known to have the potential to increase plant
tolerance in abiotic stress conditions [87]. These
substances help to reduce the osmotic potential, which in
turn lowers the leaf water potential. Because of their lower
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potentials, plants are able to sustain high levels of organ
hydration and turgor, which support total cell
physiological activity, particularly that of the apparatus of
photosynthesis [88]. By producing more antioxidant
molecules that scavenge ROS and boost the activity of
antioxidant enzymes, AM plants are better able to
withstand oxidative stress brought on by drought or
salinity [89]. AM root colonization, which can enhance root
growth, architecture, and hydraulic features, can lead to
the development of a highly effective root system for water
and nutrient uptake. several mycorrhizal fungal strains,
including Glomus intraradices, Glomus mosseae, and
several Glomus sp., may withstand heavy metal stress are
important fungi [90]. Heavy metals are mostly
accumulated in fungal hyphae as well as in arbuscules.
The ability of fungal hyphae to attach to metals results in
the immobilization of numerous heavy metals. In addition
to increasing Pi uptake by roots, AM fungi also have a
buffering effect on the uptake of cadmium, which lessens
the harmful effects of cadmium on plant growth [91].

Alleviation of Biotic Stresses Plants are attacked by
various organisms ranging from fungi, bacteria, viruses
and nematodes. The establishment of the arbuscular
mycorrhizal (AM) symbiosis with plant host is able to
reduce the attack of different insect pest and pathogen. It
is well acknowledged that AM symbioses lessen the harm
that soil-borne pathogens inflict. Several studies have
shown a decrease in the frequency and/or severity of
illnesses like root rot or wilting brought on by a variety of
fungi, bacteria, and oomycetes like Aphanomyces
Phytophthora, and Pythium as well as bacteria like Erwinia
carotovora. Several mechanisms have been proposed to
explain the protection extended by AMF to host plants
against attack by pathogens. Several different types of
mechanisms, such as increasing root thickenings and
producing chemical changes, have been proposed to
explain how mycorrhizal mediated biotic stress tolerance
by host plants. According to Khan et al. (2009), AM plants
have been discovered to have significant levels of amino
acids, particularly arginine. Mycorrhizal symbiosis causes
the host plant to go through amazing physiological
changes.

Carbon Sequestration and AM Fungi In exchange for
host photosynthetic carbon (C), AM fungi carry out a
variety of ecological tasks that almost invariably improve
the fitness of hosts at all scales, from the individual to the
community [101]. A well-known method of AM fungi
sequestering C in soil is by transferring photosynthates
from the host plants to intraradical hyphae of the fungus
and then to extraradical hyphae [102]. Glomalin may
indirectly affect soil carbon storage by stabilising soil
aggregates, as evidenced by the close association between
the amount of glomalin in soil, hyphal length, and soil
aggregate stability [59]. Also, it is increasingly clear that
the AM symbiosis can promote the production of plant
secondary metabolites that are crucial for enhancing a
plant's resistance to biotic and abiotic stressors or
advantageous to human health due to their antioxidant
activity (Adolfsson et. al., 2017). Plants grown in the field
were found to have up to 50% more Zn in shoots and fruits
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than mutant plants with reduced mycorrhizal colonisation
(mc)[103].

Challenges of AMF application:

Mycorrhiza associations like AMF seems to have huge
benefits such as increasing soil fertility, plant growth, crop
yielding capacity, stress resistance etc. but sometimes
they can beless beneficial than their actual potential. To
find out the actual potential and benefits of mycorrhizal
fungi, large scale field trials must be done and then
suitable AM combinations for different plants should be
chosen. There is a significant problem associated with
indigenous AMF in soils. Native and new mycorrhizal fungi
compete with each other if new AMF are introduced into
the soil. These native mycorrhizas might occasionally take
over and produce better effects than the new ones. Also,
according on their geographic locations, the same
mycorrhizal species may have varied results (Fierer et. al.,
2007). To solve this problem, indigenous mycorrhizal
strains should be isolated toproduce inoculum and then
they should be reintroduced to the field in large scale
(Kour et. al., 2020).

Conclusion and future prospective

There is no doubt that arbuscular mycorrhizal fungi are
one of the most important soil organisms. AMFs assist
plants in absorbing water, consuming nutrients, and
fending off biotic and abiotic stresses. Our finding of the
underlying mechanisms is still limited, despite the fact
that the importance of AMF in enhance soil fertility has
long been recognized. Many studies have simultaneously
looked at how AMF impacts the physical, chemical, and
biological properties of the soil. In order to comprehend
the role of AMF symbiotic interactions with crops in
enhancing the physical, chemical, and biological features
of the soil, the current review gives a complete explanation
of the existing data. The synthesis of glomalin, which
encourages the storage and flow of soil carbon and
heightens soil stability, is one of the mechanisms we
highlighted for how AMF influences soil fertility. AMF's
advantageous interactions with other soil microbes, such
Phosphate  Solubilizing  Bacteria, which  produce
phosphatase enzyme and mineralize organic Phosphate,
were also highlighted. In the future, researchers should
examine some aspects of this relationship that affect how
AMF performs in soil. Future studies should use molecular
methods, such as transcriptomic, gnomonic, and the
creation of fungal mutants, to examine the regulation of N
and its uptake from the soil during AMF symbiosis. The role
of glomalin in enhancing carbon sequestration efficiency
from a variety of climatic conditions and soil types needs
to be further investigated in order to hasten its application
in addressing soil degradation issues made worse by
current climate disturbances. It is crucial to evaluate the
accumulation and longevity of glomalin in soil fertility
indices under various climatic, agrarian, and management
situations. The effects of AMF on soil basal respiration are
also being explored. It is difficult to understand how AMFs
function in soil due to their obligate biotrophic nature.
Hence, more field studies on how plant biodiversity affects
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AMF diversity and operation are required. All these
research topics should be based on new approaches, such
as recent methodological advances in physiology,
molecular biotechnology, and agroecology integrated into
both laboratory and field conditions. Such actions are
crucial for our ability to launch a fresh "green revolution"
that is in line with the conditions needed to achieve a
sustainable development that is rooted in agricultural
production.
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