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Abstract

Arbuscular Mycorrhizal Fungi are used for soil fertility enhancements and stimulating plant growth in which they association
with other organisms like terrestrial plants. Mycorrhizas create an association between fungi and the roots of plants. Therefore,
the review was made to point out important fungal species involved in fungal plant interaction and their major roles in
agriculture as well as ecosystem. 80% of plants form associations with mycorrhizal fungi. The fungal are used to use their
different organs like chain, arbuscular, vesicle, supportive cells and spore to interact with the other plant/ plat’s organ. The
mycorrhizal fungi can be categorized into two principal classifications based on their anatomical interactions with the roots of
host plants. Arbuscular Mycorrhizal and Ectomycorrhizal fungi utilize two distinct strategies for nutrient acquisition. The main
categories of vesicular arbuscular mycorrhizal associations are linear or coiling and of ectomycorrhizal associations are
epidermal or cortical. The rhizospheric and endophytic microbes promote plant growth as inoculated with crop. AM fungi as an
obligate symbiont share a distinct feature called arbuscules as a site of nutrient exchanges between host and fungi. Arbuscules
developed between cell wall and plasma membrane of root cortical cells and differentiated from plant plasma membrane by
periarbuscular membrane. Arbuscular mycorrhizal fungi (AMF) play an indispensable role in augmenting plant nutrient
acquisition, enhancing plant resilience and tolerance to various environmental stresses, improving soil fertility and structure,
and providing numerous beneficial effects. AMF engage in interactions with other soil microorganisms, such as plant growth-
promoting rhizobacteria, resulting in a synergistic effect that promotes plant growth and offers protection against pathogens
associated with Rhizobia. Both AMF and Rhizobia utilize the same signaling pathways, which facilitate their association with
host plants and enable nitrogen fixation within the soil ecosystem. A positive relationship has been established between AMF
colonization and the diversity of soil microbial communities. Nitrogen-fixing rhizobia, mycorrhizal fungi, and root nodule
symbioses typically exhibit synergistic interactions concerning infection rates and their effects on mineral nutrition and plant
growth, thereby significantly enhancing the status of soil fertility, particularly with respect to soil quality characteristics.
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Arbuscular Mycorrhizal Fungi (AMF) belong to phylum
Mucoromycota and subphylum Glomeromycotina [1]. AMF
are obligate symbiotic soil fungi that form friendly associa-
tions with nearly 80% of terrestrial plant species, including
the agricultural crops [2]. AMF are soil microorganisms that,
providing a direct physical link between soil and plant roots
to facilitate the plant nutrient availability [3]. The term my-
corrhizal is derived from the Greek words for ‘fungus' and
'root’ [4]. Arbuscular mycorrhiza (AM) (Plural mycorrhizae)
is a type of mycorrhiza in which the symbiont fungus (AM
fungi, or AMF) penetrates the cortical cells of the roots of a
vascular plant forming arbuscules. Arbuscular mycorrhiza is
a type of endomycorrhiza along with ericoid mycorrhiza and
orchid mycorrhiza are characterized by the formation of
unique tree-like structures, the arbuscules [72].

The colonization of arbuscular mycorrhizal fungi (AMF)
encompasses a diverse array of woody plant species, includ-
ing both gymnosperms and angiosperms, which comprise
various flowering families as well as certain non-flowering
families [5]. Mostly, these fungi exhibit saprotrophic charac-
teristics, deriving their nutritional needs from decayed organ-
ic matter, while a limited subset of fungi is characterized by
dependence on living organisms for nutrient acquisition,
which may occur through mutualistic or parasitic interactions
[6]. Additionally, some fungi possess the capability to alter
their feeding strategies to either saprotrophic, mutualistic, or
parasitic modes, contingent upon the prevailing environmen-
tal conditions [7]. Mycorrhizal fungi necessitate a symbiotic
association with plant roots to fulfill their life cycle require-
ments; conversely, certain fungi are capable of existing as
free-living entities within natural ecosystems [8].

One significant category of soil microorganisms that per-
form an essential function in facilitating plant growth by
enhancing the absorption of nutrients and water, as well as
contributing to soil ecosystem processes such as aggregation
and carbon sequestration, is arbuscular mycorrhizal fungi [9,
10]. AMF establish symbiotic associations with the roots of
cultivated plants and primarily exchange mineral nutrients
that limit plant growth for photosynthates [11], thereby opti-
mizing plant access to nutrient-dense soil regions [12] and
exploiting pore spaces that are otherwise unreachable by
roots. AMF significantly improve the efficiency of nutrient
and water utilization in agricultural crops [13]. Mycorrhizal
fungi create a mutually advantageous relationship between
plants and microorganisms [5, 13], wherein the fungus ac-
quires essential nutrients (organic carbon) from the host plant
to facilitate its growth and development [14]. Concurrently, it
aids the plant in the absorption of water and nutrients (nitrate

and phosphate), thereby enhancing stress resilience [7]. The
plant provides the fungus with carbon derived from its fixed
photosynthates, while the fungus supports the plant in ac-
quiring phosphate and other mineral nutrients from the soil
matrix [15, 11]. This reciprocal exchange of nutrients occurs
through highly branched structures known as arbuscules.
Beyond nutritional benefits, mycorrhizal plants also exhibit
heightened resistance to root pathogens and increased toler-
ance to drought conditions [15, 16].

2. Classification of Arbuscular
Mycorrhizal Fungi

The mycorrhizal fungi can be categorized into two princi-
pal classifications based on their anatomical interactions with
the roots of host plants [45]. The initial category consists of
septate fungi, which are classified under Basidiomycota and
Ascomycota are associated with ectomycorrhizas (the hy-
phae of these fungi do not penetrate the cell lumen; rather,
they proliferate in the epidermal cells and envelop the root
tips of the host plants) [46, 51]. The subsequent classification
encompasses arbuscular mycorrhizas, ericoid, and orchid
mycorrhizas, which are classified as endomycorrhizas (the
hyphae infiltrate and proliferate within the cells of plant
roots) [6]. Arbuscular Mycorrhizal (AM) and Ectomycorrhi-
zal (ECM) fungi utilize two distinct strategies for nutrient
acquisition: The main categories of vesicular-arbuscular my-
corrhizal associations (VAM) are ‘linear’ or ‘coiling’, and of
ectomycorrhizal associations (ECM) are ‘epidermal’ or ‘cor-
tical’ [73]. AMF absorb nutrients released by saprotrophic
microorganisms, while ECM fungi mineralize nutrients from
organic substrates, allowing them to directly access certain
forms of organic nitrogen [17]. AM symbionts have been
shown to enhance plant growth more significantly, whereas
ECM symbionts tend to promote the growth of mycorrhizal
fungi more effectively [18]. Mycorrhizas (‘fungus-roots’) are
symbiotic associations between specialised soil fungi and
plants [72], in which seven types of mycorrhizas are recog-
nised, but several are very similar. Vesicular—arbuscular my-
corrhizas (VAM, also called arbuscular mycorrhizas), are the
most widespread type. Ectomycorrhizas (ECM) occur in
certain families of gymnosperms and, dicotyledons and in
one monocotyledon genus. The remaining types of mycor-
rhizas are restricted to specific plant families [72]. ECM fun-
gi include at least 6000 species, primarily of basidiomycetes
with some ascomycetes and zygomycetes, but their diversity
is poorly known in tropical and southern regions [77, 78].
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Table of Structural definitions, roles, host plants and As-

sociations of Micorrhizal fungi with host plants

ategory Definition Role Host plants
Arbuscular Associations formed withinroots that  Nutrient Most families of
mycorrhizas (AM)  usually have arbuscules and often acquisition for vascular plants and
have vesicles plant (P, K, N, etc.) some bryophytes
Ectomycorrhizas Associations with a hyphal mantle Nutrient Certain families or
(EM) enclosing short lateral roots and a acquisition for genera of flowering
Hartig net of labyrinthine hyphae that  plant (N, P, etc.) plants and some
penetrate between root cells gymnosperms (some
host AM also)
Orchid Associations where coils of hyphae Nutrient Orchidaceae
mycorrhizas (pelotons) penetrate within cells in a acquisition for
root or stem in the plant family plant (N, P, etc.)
Orchidaceae
Ericoid Coils of hyphae within very thin roots  Nutrient Ericaceae
mycorrhizas (hair roots) of the Ericaceae acquisition for
plant (N, P, etc.)
Subepidermal Hyphae in cavities under epidermal Expected to be Thysanotus spp.
mycorrhizas cells, only known from one Australian  plant nutrient (Laxmaniaceae)

mAanacrant oonne

1imtaln

Figure 1. Types of mycorrhizal association. Desert truffles: phylogeny, physiology, distribution and domestication. Source: - Roth-Bejerano,

et al., 2014.

3. Arbuscular Mycorrhizal Fungi
Interaction Mechanisms with Plant
Roots

Plant and soil associated microbiomes with plant growth-
promoting traits could be utilized as biofertilizers and bi-
opesticides from crops growing under the abiotic stress con-
dition and natural conditions for agricultural sustainability
[19, 20]. These plant growth-promoting microbes have three
domains, like archaea, bacteria and eukarya [21]. The rhizo-
spheric and endophytic microbes promote plant growth as
inoculated with crop [21]. AM fungi as an obligate symbiont
share a distinct feature called arbuscules as a site of nutrient
exchanges between host and fungi [19]. Arbuscules devel-
oped between cell wall and plasma membrane of root corti-
cal cells and differentiated from plant plasma membrane by
periarbuscular membrane [22]. Mycorrhizal fungi typically
have more consistent growth patterns in plants than do para-
sitic or endophytic fungi, due to regulation by root features
resulting from plant-fungus coevolution [72].

The main morphological structure of AMF is Arbuscules,
vesicles, auxiliary cells, hyphae and spores which perform
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diverse function [19]. Extraradical hyphae as a root exten-
sion provide large surface area for the absorption of water
and nutrients from soil solution. These nutrients and water
transported to the intraradical hyphae and plants in exchange
with photosynthetic fixed carbon. Another important charac-
teristic of AMF is their spore production ability with single
or multiple layers and size ranges from 22 to 1050 pum in
diameter [23]. AMF spores contain very unique characteris-
tics and structures such as subtending hypha, sporiferous
saccule, sporogenous cell, pregermination structures, peridi-
um, cicatrix or pedicel, and these structures are important or
good morphological identification study at species level [24,
25]. AMF have a great genomic distinction size of 16.54mb
in rhizophagus intraradices to 1058.4mb in racocetra gregaria
[26]. Host plants actively accommodate AMF by creating a
tube-like intracellular infection structure called pre-
penetration apparatus which requires cellular symbiosis-
specific gene expression [27].

4. Arbuscular Mycorrhizal Fungi for
Plant Nutrient and Water
Enhancements
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AMF play a crucial role in enhancing plant nutrition ac-
quisition, increasing plant tolerance and resistance against
stresses, improving soil fertility and structure, and having
numerous beneficial advantages [5]. Large quantities of
Glomus geosporum spores were observed in saline soils,
indicating that AMF can thrive in saline soils. AMF interact
with other microbes in the soil, e.g., plant growth-promoting
rhizobacteria (PGPR) with the synergistic effect of AMF and
PGPR in enhancing plant growth and protection against
pathogens [28]. Nitrogen (N) fixation in the soil is carried by
Rhizobia [29]. Different conducted studies documented that;
AMF and Rhizobia share the same signalling pathway, which
triggers their association with plants [29]. A positive correla-
tion exists between AMF colonization and soil microbial
diversity [30]. N, fixing rhizobia, the mycorrhizal fungi and
root nodule symbioses are typically synergistic both with
regard to infection rate and their impact on mineral nutrition
and growth of the plant [31]. AMF contribute to an increased
nutrient status in the mycorrhizosphere; by decomposing
organic N compounds, plants may have a greater benefit
through additional nitrogen provided through N, fixation
[31]. Mycorrhizal fungi always associate with the roots of
higher plants [32], certainly over 90% of plant species, in-
cluding forest trees, wild grasses and many crops, in which
they improve the nutrient status of their host plants, influenc-
ing mineral nutrition, water absorption, growth and disease
resistance [32, 33]. In a co-existing situation, the plant pro-
vides carbon to the fungi by transferring carbohydrates [34].
Arbuscular mycorrhiza Fungi can be beneficial to plants de-
pends on climatic situations. A plant with AMF has an ad-
vantage over those that lack this association [35] and has
more resistance to diseases [36, 37]. AMF are easily adapted
to various habitats and a range of hosts. Their role in protect-
ing plants during various stresses such as drought and heat is
instrumental [38].

Colonized plants by AMF displays enhanced phosphorus
(P) absorption, with nearly 80% of the plant's P uptake oc-
curring at lower concentrations within the soil solution com-
pared to non-mycorrhizal inoculated plants [39, 40]. The
AMF establishes an extraradical mycelium (ERM) network
that efficiently explores the soil environment to acquire nu-
trients [41, 42], facilitating access to more soluble phosphate
forms [43, 44] and enhancing plant nitrogen (N) uptake [45].
Furthermore, the symbiosis leads to improved acquisition of
various other soil nutrients like copper (Cu), iron (Fe), potas-
sium (K), zinc (Zn), calcium (Ca), and sulfur (S), particularly
beneficial in nutrient-deficient soils [45-47]. Growth and
nutrient absorption of maize indicated that the presence of
two AMF, namely Funneliformis mosseae and F. versiforme,
resulted in enhanced plant growth in comparison to plants
without fungal inoculation [47]. Among the two fungi, F.
mosseae exhibited the highest effectiveness. Furthermore,
the application of a commercial AMF inoculant on maize
plants led to enhancements in plant growth, yield, and phos-
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phorus uptake in both plots with no fertilization and plots
with phosphorus fertilization [46]. Plant productivity is low
when soil factors inhibit mycorrhizal fungi populations (fun-
gicides, disturbance, pH, salinity, waterlogging, temperature,
etc.) [74, 75]. Fungus productivity is decreased by factors
that harm plants (herbicides, pollution, disturbance, etc.) [76].

5. AMF for Plant Nutrient and Water
Absorption Mechanisms

There are two approaches of absorption for nutrients and
water by AMF. After germination in asymbiotic phase, hy-
phal morphogenesis occurs in the availability of root exu-
dates released by host plants [47, 48]. The germling hyphae,
while elongate and grow in branching pattern, come in direct
contact with the host roots, grow inter-cellularly through
appressoria by penetrating in root cells starts and produces
arbuscules within the root cortex [49, 50]. Then the extracel-
lular hyphal network gains a high absorbing volume and sur-
face-volume, increase uptake and translocation of water and
essential nutrients mainly phosphorus and nitrogen [51], with
nutrient transporter genes present in the hyphae [52]. Hyphal
diameter is less than 100 times than finest roots and 10-
20times lesser than root hairs [47]. In conditions of drought,
when the soil hydraulic potential is significantly low for ab-
sorption by root hairs, it can be readily transported with the
assistance of AMF hyphae [53]. Additionally, these hyphae
located outside the roots have the ability to penetrate and
acquire nutrients and water from tiny soil gaps that are inac-
cessible to the roots [54]. The extensive network of mycelia
further enhances the absorptive area far beyond that of the
root system, and these mycelia mats also contribute to the
retention of soil moisture [53]. The primary function of the
root system is to deplete nutrients from the zone surrounding
the roots [47]. Quick absorption from beyond root depletion
zone by extensive mycelia network is the major mechanism
of this symbiosis [55, 56]. The AM extraradical hyphae can
extend upto 50m in rhizosphere and translocation of phos-
phate as polyphpsphate granules through the hyphae [57, 58].
Physiologically, monophosphates of AM enhances and alters
the functions of plant growth regulators to stimulate in-
creased formation of tertiary roots, and promoting the expan-
sion of cortical cells in the root as they establish colonization
specifically within the cortex [59]. A potential species of
AMF enhances the plant growth and also used to mitigate
abiotic stresses such as drought, through different mecha-
nisms. Gigaspora decipiens, Glomus mosseae fungal species
enhanced the plant growth, chlorophyll content [60], Arbus-
cular mycorrhizal fungal species increased the uptake of
minerals [61], Rhizophagus intraradices species Enhanced K,
N, and P uptake [62], and also Funneliformis geosporus spe-
cies enhanced water usage efficiency [63] to mitigate the
drought stress during a drought season.
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Figure 2. Function of AMF: Function of AMF: At the left portion (A), the zone around the plant root without AM colonization represents the
limited absorptive surface area for nutrient and water; B:- zone around the plant root with extensive AM network (mycorrhizosphere) repre-
sents the extended absorptive; C:- The comparative exploration pattern of plant root and the fungal hyphae into the soil. Plant root with
larger diameter unable to access through fine pores into the soil particles, AMF hyphae being finer able to explore through finer soil pores (i)

and absorb water from lower water potential (ii).

6. Arbuscular Mycorrhizal Fungi (AMF)
for Stress Tolerance

Arbuscular mycorrhizal fungi (AMF), can mitigate the ef-
fects of biotic and abiotic stresses, offering an important com-
plementary measure to protect crop yields [64]. Studies have
shown that AMF help in alleviating the negative effects of
heat stress in many plants, although relevant information on
AMF legume interaction is limited. Under heat stress, the abil-
ity of plant roots to absorb water and nutrients reduces [65].
AMF improve plant tolerance to heat mainly through en-
hancement of water and nutrient uptake, which in turn im-
proves plant growth and yield under heat stress [66]. This is
evident from higher water use efficiency, water holding capac-
ity, and relative water content in AMF-inoculated maize (Zea
mays) grown at 40<C [66, 67]. Meanwhile, AMF-inoculated
asparagus (Asparagus officinalis) accumulated more of the
macronutrients nitrogen (N), phosphorous (P), and potassium
(K), and micronutrients such as calcium (Ca), magnesium
(Mg), and iron (Fe) than non-AMF plants under heat stress
[68]. In the model legume plant M. truncatula, a night temper-
ature elevated by 1.53<C negatively affected growth. Inocula-
tion with the AMF Rhizophagus irregularis mitigated the ef-
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fects of heat stress and enhanced M. truncatula growth in
terms of biomass, flower and seed number, leaf sugar, shoot
zinc, and root phosphorus contents. While the mechanisms
have not been reported for any legume species, AMF have
been associated with improved photosynthetic capacity, sto-
matal conductance, and transpiration rate in heat-stressed
maize inoculated with a mixed AMF culture of R. irregularis,
Funneliformis mosseae, and F. geosporum [68]. The improved
photosynthesis in AMF-inoculated plants could be attributed
to protective effects from the symbiotic fungi against oxidative
damage caused by high temperature. Under heat stress, mycor-
rhizal plants often exhibit enhanced activities of various anti-
oxidant enzymes [69]. AMF Septoglomus deserticola and S.
constrictum ameliorated heat stress-associated oxidative dam-
age in tomato (Solanaceae lycopersicum) by reducing the lev-
els of lipid peroxidation and H,O,, while elevating the antioxi-
dant enzyme activities in root and leaves [70]. This dynamic
symbiosis plays a critical role in successful plant performance,
that AMF help to ameliorate plant responses to abiotic and
biotic stressors [71]. It has been reported that mycorrhizal as-
sociations help plants increase nutrient uptake during water-
stressed conditions by increasing hydraulic conductivity in
roots [79].
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Abbreviations

AMF Arbuscular Mycorrhizal Fungi
AM Arbuscular Mycorrhizal

ECMF  Ectomycorrhizal

VAM Vesicular-arbuscular Mycorrhizal
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