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ABSTRACT

The rapid growth of human population on globe and reduction in agricultural land exerts huge pressure on crop
productivity, food security and soil health; specially, in developing countries. Improper land management with
excessive dependency on chemical fertilizers and agrochemicals to secure productivity tolls on human health,
environment, biodiversity and sustainability. The utilization of arbuscular mycorrhizal fungi (AMF) as bio-
fertilizer and in consortia with other beneficial microbes has become an increasing area of research in agricul-
ture and life sciences. Former investigations revealed the positive influence of AM in nutrition, growth, yield of
crops, soil quality increasing biological soil fertility and pathogen resistance. AMF symbionts are highly bene-
ficial in plant abiotic stress tolerance. Along with other beneficial rhiozobacteria AM is almost substitute of
chemical fertilizers in modern sustainable organic agricultural systems. But conventional agriculture in most
countries is beyond to reach these benefits of AM. The issues which hinder the utilization also contradict to
sustainability to some degrees. The present review highlights on the issues of hindrances in applicability of AM to
the agricultural fields focusing on the mode of functions, maintaining soil and environmental sustainability;
interactions with other biofertilizers and impact of various agrochemicals and agro-practices including tillage
and crop rotation. The procedures to avail the full benefit of AM in agricultural field for sustainable system are

discussed here.

1. Introduction

Agricultural practices in upcoming decades in the 21st century is
going to face tremendous challenges to produce enough healthy food to
cater the global population due to unstable economy, climate change,
and biodiversity degradation (FAO, 2020; Zhao et al., 2017). The hiking
of prices of inorganic fertilizers will continue to rise globally and the
demand for chemical fertilizers in is conventional agro-productivity is
rising continuously, which has a direct impact on production cost
increment and high energy consumption. Moreover, it is quite disap-
pointing that, the yield of maximum major crops has been declining in
respect to the ever-increasing human population (FAO, 2020; Grassini
et al., 2013; Zhao et al., 2017). About 30 years before, our country was
accustomed to traditional organic based or integrated agricultural
practices with organic manure, organic control or biocontrol with
predator animals, integrated fishery etc. and a sustainable agriculture as
well as ecosystem with sound biodiversity. Within these years the sce-
nario changed to high input chemical dependent agriculture destroying
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soil sustainability with impact on water and environment too, inviting
health hazards. Fertilizers compensate the need of nutrients in soil for
optimum growth of plant. The dose of fertilizer application must be
balanced to the nutrient deficiency in soil and according the require-
ment of the particular crop (Selim, 2020).

In conventional agricultural practices this logic is over ruled and
fertilizers are used in doses higher than actually required to boost up the
yield within short time. The high yielding varieties demands quick
supply of nutrients and chemical control (Singh and Singh, 2017). Most
portion of the applied fertilizer remain unavailable to plants, leading soil
toxicity, deterioration of soil quality, loss of beneficial soil microflora,
leaching of toxic elements to water table and run off to water resources;
ultimately leading to human health issues and loss of sustainability in
whole ecosystem (Meena et al., 2020; Prashar and Shah, 2016). All these
result in huge loss of biodiversity is realized with time. This type of
practice initiates short-term increment of yield but the long-term
negative effects promoted on ecological issues, directly challenge
healthy food security (GSDR, 2019; Godfray and Garnett, 2014;. All
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these affect the nutrient cycle governed by soil microflora to release
inorganic elements in soluble form, available to plants; will ultimately
hamper production in near future. In an ecologist’s view, shifting from
low input well balanced near natural system to high energy input near
synthetic system is merely wastage of energy and leading to in verge of
misbalance.

Most developed and developing countries are now opting for organic
food production, consumption and import. Developing countries are
also adopting organic farming for export and profit. In the recent past
few years, public awareness has been developing related to the negative
impacts on ecological diversity, safe food, environment, and economy
because of on modern agriculture (Willer et al., 2020). Therefore, the
concept of sustainable agricultural management is emerging in, where
enough crop production is possible without any ecological and health y
damage (Andres and Bhullar, 2016; Pretty and Bharucha, 2014).
Organic agriculture is an alternative biological agro-systematic way that
maintains cost-effective and environment-friendly secure food produc-
tion. Shifting from high input conventional agriculture to organic
farming should never balance in yield overnight. Organic manure is
processed and utilized in presence and function of various soil microbes.
Organic farming with suitable microbial consortia for particular envi-
ronment, soil conditions and crop are vital for yield replacement in
successive years (Alori and Babalola, 2018; Santos et al., 2019); and to
maintain long-term soil fertility and safe, high-quality food productivity
(Bender and van der Heijden, 2015; Philippot et al., 2013).

Application of arbuscular mycorrhizal fungi (AMF) as bio-
inoculation could be an effective alternative, facilitate major benefit in
long term soil fertility, plant nutrition, and protection, has a promising
potency in sustainable agriculture (Cavagnaro et al., 2015; Thirkell
et al., 2017). Mycorrhiza is the important mutualistic association be-
tween the two kingdoms, Plantae and Fungi. Arbuscular mycorrhizae
(AM), the common endotrophicsymbiont, are taxonomically and func-
tionally diverse (Lee et al., 2013) and members of the monophyletic
phylum, Glomeromycota Spatafora et al., 2016), are present in more
than 90% of land plants (Davison et al., 2015). They form two unique
structures: a finely branched hyphal tip arbuscules for nutritional ex-
changes; and a balloon like vesicles for storage of nutrients within the
plant root cortical cells of the host (Pepe et al., 2016). AMF may use as a
biocontrol agent also to protect the host plant diseases against soil-borne
pathogens (Veresoglou and Rillig, 2012).

1.1. How AM benefit plants? why we need to take the challenges in AMF
application?

AM fungi are the most prevalent in soil that promotes essential agro-
ecosystem benefits in organic farming systems (Berruti et al., 2016;
Cavagnaro, 2014). AMF symbiosis is probably more favorable in con-
servative and sustainable agriculture to having the potentiality of major
beneficial functions are like, (1) increase of plant growth and nutrition
by gaining more nitrogen (N), phosphorus (P), and other less mobile
nutrients, (2) increase water uptake and water holding capacity that
initiate drought tolerance, (3) increase tolerance to other abiotic stresses
such as, soil salinity, heavy metal toxicity, etc., (4) overcome biotic
stresses and offering bioprotection against pathogen, (5) improve soil
quality (6) Enhance plant vigor and yield. These multifunctional options
may employ AM association towards agricultural sustainable intensifi-
cation (Garnett et al., 2013).The graphical abstract (Graphical abstract)
indicates the role of AM in the above mentioned criteria.

To comprehend the role of AM in sustainability, we need firstly to
know the physiological functioning of this symbiosis. AM symbioses
with its host in exchange of upto 30% host photosynthates; in turn of
which it offers the above functions (Kiers et al., 2011).

1.1.1. Nutrient and water absorption mechanism
There are two modes of absorption for nutrients and water by AM
fungi. After germination in asymbiotic phase, hyphal morphogenesis
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occurs in the availability of root exudates released by host plants
(Coelho et al., 2019; The germling hyphae, while elongate and grow in
branching pattern, come in physical contact with the host roots, grow
inter-cellularly with the help of appressoria by penetrating in root cells
starts and produces arbuscules within the root cortex (Berruti et al.,
2016; Giovannini et al., 2020). Rapidly spreading extracellular hyphal
network gain a high absorbing capacity and surface-volume, increase
uptake and translocation of water and essential nutrients mainly phos-
phorus and nitrogen (Baum et al., 2015), with the activity of nutrient
transporter genes present in the hyphae (Casieri et al., 2013). Hyphal
diameter is less than 100 times than finest roots and 10-20 times lesser
than root hairs. In drought condition when soil hydraulic potential is
much low to be absorbed by root or root hairs, easily lifted by hyphae
(Augé et al., 2015). Moreover these extraradical hyphae are capable to
enter and procure nutrient and water from finer soil crevices beyond the
entry of roots (Piischelet al., 2020); extensive mycelia network increase
absorptive surface much more than root system and again this mycelia
mat help to retain soil moisture also (Auge et al., 2015). Root system
funetions exhaust the nutrient from root depletion zone. Quick absorp-
tion from beyond root depletion zone by extensive mycelia network is
the major mechanism of this symbiosis (Kobae, 2019; Johri et al., 2015).
It has been observed that AM extraradical hyphae can extend upto 50 m
in rhizosphere and translocation of phosphate as polyphpsphate gran-
ules through the hyphae by 3P labeled phosphate (Chiu and Paszkow-
ski, 2019;Sato et al., 2019). As AM hyphae takes over the function of
root hairs, in mycorrhizal plants they became obsolete. Physiologically
too AM boost up and modify plant growth regulator functions to produce
more tertiary as they roots and induce enlargement of root cortical cells
as they colonize in cortex only (Gutjahr et al., 2013). The Fig. 1 depicts
the nutrient and water absorption of AM.

By chemical function to some degree AM solubilize phosphate by
secretion of acid and alkaline phosphates and organic acids to miner-
alize nutrients and release (Sato et al., 2015). The uptake of nutrients
especially P, also depends upon plant —fungal physiology. The trans-
location rate of nutrients depends on loading and unloading process
through extracellular hyphae and cortical arbuscles. Plant requirement
of nutrients together influences the whole process of uptake. AMF spe-
cies, strains and environment too have a role (Cao et al., 2020).AMF has
a key role in phosphate uptake particularly in P deficient soils by
mobilizing P from rock phosphate (Etesami et al., 2021). Hyphae can
decompose larger organic molecules (Bunn et al., 2019; Begum et al.,
2019). Nitrogen transfer from organic matter to plant tissues through
the AMF hyphae was evidenced to increase the plant biomass (Thirkell
et al., 2016). The AM hyphal network is also able to uptake potassium
(Zhao et al., 2015) and other important micronutrients like Mg, Zn, Cu,
Ca, S, Na, Mn, B, Mo and Fe, essential for plant growth (Hajiboland et al.,
2015). AMF involvement in nutrient cycling ensures adequate nutrient
availability (Johnson et al., 2015) in infertile or less fertile soil.

1.1.2. AM in plant protection from biotic and abiotic stress

1.1.2.1. Abiotic stress. AM show a wide range of tolerance for abiotic
factors, hence they are distributed and active worldwide in almost all
ecosystems, soil conditions and environment; though the distribution,
tolerance and efficacy vary with AM species and strains (Aguilera et al.,
2015; Barbosa et al., 2017). It was well documented that, mycorrhizal
inoculation with different AM species to plants under low or high tem-
perature stress and different nitrogen level (Liu et al., 2013) able to
reduce temperature stress and increase P content compared to non-AM
plant (Liu et al., 2016; Hu et al., 2015; Mathur et al., 2018; Zhu et al.,
2017). Zhu et al. (2015) showed that AM symbiosis increased glutamate
oxaloacetate transaminase and glutamate pyruvate transaminase activ-
ities of maize plants under low temperature stress. AM symbiosis in-
creases plant tolerance to alkalinity stresses and can withstand and
alleviate stress in low pH acidic soil which restricts plant growth
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Fig. 1. Schematic representation of brief function of arbuscular mycorrhizal fungi (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 for plant; In contrast, right side (B) the zone around the plant root with extensive
AM network (mycorrhizosphere) represents the extended absorptive surface for nutrient and water for plant; In the rightmost part of the figure representing the
comparative exploration pattern of plant root and the fungal hyphae into the soil (C). 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).

(Muthukumar et al., 2014). They promote osmotic adjustment under
drought (Auge et al., 2015), and salinity stresses (Al-Karaki, 2013);
salinity (Bothe et al., 2010) and heavy metals (Forgy, 2012). Application
of AM in agriculture in water stressed or mined area and other waste
places or convert these areas to agriculture field may be possible by
reclamation with AM. As AM capture the hazardous elements within its
mycelial mat though efficiency is species and strain dependent (Leal
et al., 2016).

1.1.2.2. Biotic stress. AM increases the host plant resistance to pests and
soil-borne diseases (Cameron et al., 2013; Poveda et al., 2020; Ver-
esoglou and Rillig, 2012). They mainly increase host tolerance against
root affecting nematodes and fungi present in the rhizosphere (Poveda
et al., 2020; Schouteden et al., 2015). The AMF mediated bio control
involves in direct competition with the pathogen for nutrients in
rhizoplane and rhizisphere (Poveda et al., 2020; Santoyo et al., 2021}
AM produce polysaccharides and phenolic compounds bound to cell
walls which thicken the cell wall creating a mechanical barrier resistant
to the entry of root pathogen to the host tissue of. Some AMF produces
antifungal and antibacterial antibiotics resulting in pathogen resistance
(Cameron et al., 2013). AM also indirectly induces host defense system
by plant-mediated mechanisms to reduce the damage caused by
soil-borne plant pathogen (Cameron et al., 2013); enhancing the toler-
ance of plant roots (Pieterse et al., 2014).

1.1.3. Role of AM in soil sustainability

Not merely in nutrient and water uptake, AMF has an important role
in the improvement of soil structure and quality (Madhya, 2016), as
external hyphal network promote soil aggregation by creating a skeletal
structure in the mycorrhizosphere (Mardhiah et al.,, 2016). AMF
improve soil structure by releasing various proteinaceous and non-

proteinaceous organic compounds; the most effective protein glomalin
to bind soil particles and these aggregates remain stable after six months
of disappearance of the network. Arbuscular mycorrhization improves
the soil organic matter content and water-holding capacity (Bitterlich
et al., 2018; Zhang et al., 2019), which helps to maintain the conser-
vation of the soil ecosystem. The extended hyphae play a crucial role to
overcome water deficit in dry soil and reduce evaporation (Jayne and
Quigley, 2014).

1.1.4. AM benefit in agriculture

The AM symbiosis is the potential component for sustainable agri-
cultural systems as they have found positive effects on host plant
nutrition, mineral cycling, and growth (Chahal et al., 2020; Thirkell
et al.,, 2017).The symbiosis also increases chlorophyll, carotenoids,
phenolics, etc. (Baslam et al., 2011; 2013). The early enhancement in
chlorophyll and growth provides plant vigor and reproductive health
boosting the yield. Improvement of growth and productivity of plants by
the application of AM inocula has been established (Elbon and Whalen,
2015). Several recent works have been conducted with different crops
like tomato, rice, wheat, maize, yam, potato etc. have shown the positive
influence of plant growth and productivity (Hijri, 2016; Hu et al., 2014;
Luetal., 2015; Sabia et al., 2015). Moreover, the food quality of the crop
in terms of antioxidants, flavonoids, vitamin C, etc. enhance by AMF
colonization has been reported (Hart et al., 2015; Lu et al., 2015). AM
may be used as a potential amendment to improve soil fertility, crop
productivity, and yield quality as well as the revival of agro-ecosystem
(Chen et al., 2018; The utilization of the beneficial effect of AM inocu-
lated farming enhancing the plant growth and product quality of their
hosts may be incorporated as sustainable agricultural systems (Bardgett
and van der Putten, 2014). They also increase the formation of the
nodule in leguminous plants and also free nitrogen fixation (Wang et al.,
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2018). The AMF has potential use as a biofertilizer and replaces the
fertilizer requirements of crop production. Therefore, a reduction in the
need for chemical fertilizer takes place. AM plants produce phyto-
chemicals like, carotenoids, flavonoids, etc., that reduce oxidative
damages, beneficial for human health (Sbrana et al., 2014).

2. Interactions with other biofertilizers

AM has binary treatments towards soil microflora; with pathogenic
soil microflora they act antagonistically, but with plant growth pro-
moting rhizomicrobes (PGPR) they act positively towards a synergistic
action benefiting both plant and PGPR, these organisms mostly help
mycorrhizae too, are also known as Mycorrhizae Helper organism
(MHO)(Pérez-de-Luque et al., 2017;Jie et al., 2015; Raklami et al.,
2019). These mycorrhizae invite theseassociated ‘mycorrhiza helper’
bacterial communities living in surrounding mycorrhizosphere, root and
spores surface, and extraradical hyphae by cellular signaling mecha-
nism, promote their growth (Xu et al., 2019). In vice versa MHO also
help in plant growth by establishing mycorrhizal symbiosis, improving
nitrogen fixation, and phosphate solubilisation. Mycorrhiza helpers also
can increase spore germination of AM species. PGPR have also been
shown to cause better colonization, increase in root mass, sporulation of
AMF and in dual inoculation boost up the plant growth (Raklami et al.,
2019) and greater viability of mycelia. Some mycorrhiza associate
bacteria form siderophores, and antibiotics and release phytohormones
improve plant growth and root formation (Rouphael et al., 2015;
Vacheron et al., 2013): Mycorrhizal hyphae extract nitrogen and
transport it from soil to plant through nitrogen reductase mechanism.
But in considerable low N-status of soil this mechanism could not be
effective. Dual inoculation with N fixers may be effective substitute for N
and P fertilizers. Dual or triple inoculation of AM with N fixer and P
solubilizer bacteria was found to increase plant alkaloid, growth, chlo-
rophyll content, N, P, K significantly (Vardafar et al., 2014); while single
inoculations of either AM or PGPR is not so effective (Nanjundappa
et al., 2019). The combined inoculations in different combinations of
PGPR and AM species has been found to increase yield, growth, biomass,
growth promoting hormones, soil NPK content and soil sustainability
(El Shawah et al., 2021; Nanjundappa et al., 2019; Raklami et al., 2019;)
and pathogen resistance (Perez-de-Luque et al., 2020) of different crops
in last decades.

3. Hindrances to utilize AMF in agriculture

In conventional agrochemical based agriculture all the above
mentioned benefits of AM are beyond utilization as this practice hinders
the symbiosis and efficacy of AM. High concentration of major fertil-
izers, specially phosphate and nitrogen; fungicides and pesticides,
intensive tillage, crop rotation with nonmycorrhizal crops hampers AM
association, diversity and activity. Hence in agricultural field the di-
versity and population of AM flora and root colonization is altered and
poor compared to adjacent natural soil (Mbuthia et al., 2015). How
different agriculture related management impact negatively is repre-
sented in graphical figure.

3.1. Impact of fertilizers and doses

The high P concentrations in plant induced by high P-fertilization in
soil is found responsible for inhibition of mycorrhizal symbiosis (Bal-
zergue et al., 2013). At high P fertilizer application, plant can up take
enough phosphorous without sharing its carbohydrate (Garcia-Caparros
etal., 2021;Kiers et al., 2011; M. Willmann et al., 2013). The P—fertilizer
application decreases the supply of soluble carbohydrate in roots;
absence of signal carbohydrates reduces the appresoria formation and
fresh infection (Garcia-Caparros et al., 2021; Lopez-Raez et al., 2017).
AM colonization, specially, arbuscle formation and active P transfer to
plants is reduced in high P content in soil (Kobae et al., 2016). AM fungi
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demands carbon source from plant in exchange of phosphate. The ex-
istence and activity of AM depends on cooperation of both partners; and
plant itself choose the most compatible and efficient strains by parti-
tioning more resources with them (Kiers et al., 2011; Arguello et al.,
2016). The plant Fungal Pi: H+ symporter (PT) gene produced in
extraradical mycelia, responsible for P uptake (Sawers et al., 2017). PT4
gene trigger symbiotic Pi uptake in low soil P condition and is involved
in root architecture responses to low Pi (Volpe et al., 2016). The func-
tional PT genes in both plant and fungi are responsible for arbuscle
formation, longevity and P transfer, in high soil P; these are inactivated
leading to AM parasitic nature (Gutjahr and Parniske, 2017). In high P
content in soil, plant exudates less strignolactone to modulate the
symbiosis nature (Lopez-Raez et al., 2017) and allocate less resource to
inefficient AM that are mostly parasitic burden, though plant species
vary in their ability to cut off resources (Balzergue et al., 2013).The host
plant’s P requirement and level of soil available P will also influence the
extent of plant response to mycorrhizae. The P use quotient of the plants
decreased as the amount of P applied increased, and the P use efficiency
index increased at low P levels and decreased at high P levels. The
highest mycorrhizal efficiency was observed when the soil contained
between 7.8 and 25 mg kg-1 of P. (Balota et al., 2012).

Many nitrogen fertilizers have been reported to decrease coloniza-
tion in field and pot experiments (Getman-Pickering et al., 2021). Low to
medium level increases the AM colonization and sporulation; plant
growth and root formation. Higher-level nitrogen fertilizer application
reduces AM colonization in plants (Lin et al., 2020). More than optimum
potassium concentration, root exudation is decreased and soluble car-
bohydrates get accumulated in cortex, signaling for AM is hampered.
The root of onion in conventional agriculture with mainly mycelial
colonization only (Fig. 2).The root of Abelmoschus esculentus in compost
based cultivation with agrochemicals is with vesicles and spore (left),
though colonization intensity is visibly low(Fig. 3).

3.2. Other agrochemicals

The use of agrochemicals is now an essential part of technology
dependent modern agriculture. The need is increasing as most high
yielding crops are more susceptible to diseases than their wild varieties.
Though these agrochemicals have more or less negative effects on soil,
environment and human health none like to compromise with crop
production. Both systemic and non-systemic fungicides are used to
control, leaf, seed and soil borne pathogen; most have detrimental ef-
fects on AM spore germination, colonization, extraradical hyphal
growth, sporulation (Buysens et al., 2015) and efficacy in P uptake by
phosphatase activity (Channabasava et al., 2015; Zocco et al., 2011).

Fig. 2. The root of onion in conventional agriculture with mainly mycelial
colonization only.
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Fig. 3. The root of Abelmoschus esculentus in compost based cultivation with
agrochemicals is with vesicles and spore (left), though colonization intensity is
visibly low.

Both fungicides effect the growth of AM dependent crops, by blocking
the nutrient transfer mechanisms particularly in nutrient deficient dry
soil. Supply of phosphate fertilizer at higher rate may help the host to
overcome the adverse effect without depending on AMF 9Lanfranco
et al., 2018). Organophosphate insecticides and nematicides like
chloropeniphos, carbaryl, diazinon, ethoprop, malathione and para-
thione are generally neutral with little or no effect on mycorrhizal
colonization (Amareshappa et al., 2015). Most fungicides are detri-
mental to AM in field recommend dose, some neutral, some inducing at
low dose (Buysens et al., 2015; Rivera-Becerril et al., 2017; Rodri-
guez-Morelos et al., 2021). AM have the ability of phytoremediation of
heavy metals, hence they are capable to withstand in low doses of Cu, Hg
containing fungicides; but high doses are detrimental (Hage-Ahmed
et al., 2019; Hildebrandt et al., 2007; Jakobsen et al., 2021). In different
studies fungicides were found to affect root colonization (Calonne et al.,
2012; Helander et al., 2018), spore germination (Buysens et al., 2015),
transport of phosphorus from fungus to plant (Zocco et al., 2011),
anastomosis formation (de Novais et al., 2019) and sterol biosynthesis
pathway (Calonne et al., 2012); significantly correlated with doses.

Azoxystrobin is a systemic fungicide, belongs to the class of
methoxyacrylates, worldwide used fungicide against several fungal
diseases of many edible crops (Zhang et al., 2019b). Flutolanil is a sys-
temic phenyl benzamide fungicide, used against diseases caused by
Basidiomycota in crop plants (Zhao et al., 2019).

Fenpropimorph is a morpholine of broad-spectrum considered as a
sterol biosynthesis inhibitor (SBI),active in low concentrations applied
to control Blumeria (powdery mildew) and Puccinia (cereal rust) species
in cereals (Stenzel and Vors, 2019). Pencycuron is a phenylurea fungi-
cide of contact, which is highly specific to Rhizoctonia solani.

Systemic fungicides AllegianceTM FL, Apron Maxx® RTA®, Vitaflo®
280, Crown ® Trilex® AL, when applied as seed pretreatment in pea and
chick pea, restricted mycorrhizal colonization, host growth and P uptake
to different levels in absence of disease pressure. In contrast, fungicides
Agrox® FL and Thiram 75WP had minimal effects on mycorrhizal
colonization, host growth and P uptake. Though sporulation and glo-
malin production were not significantly affected by fungicides at an
early host growth stage, the AMF community structure in host roots was
significantly altered in response to Agrox® FL, AllegianceTM FL, Apron
Maxx® RTA®, and Trilex® AL as revealed by pyrosequencing-based
analysis of fungal 18S rRNA. These results indicate that the suppres-
sive effects of seed applied fungicides on AMF development depend on
specific fungicide-AMF interaction (Jin et al., 2013). It exhibits its
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fungicidal activity by Azoxystrobin was found detrimental for 2 AM
fungi Gigaspora sp. MUCL 52,331 and Rhizophagus irregularis at 2 mg L ~
! while fenpropimorph stimulated R. irregularis at low and inhibited at
high concentration. Flutolanil and pencycuron did not impact any of the
2 AM fungi (Rodriguez-Morelos et al., 2021). Pencycuron at 0.01 mg L ~
10.02 and 2 mg L ~ 'did not impact the extraradical mycelial develop-
ment or root colonization, but higher conc. affected both colonization
and sporulation Buysens et al. (2015). Though soil application of
azoxystrobin inhibited root colonization of Glomeraceae members
(Vuyyuru et al., 2018), foliar application of azoxystrobin not affect AM
root colonization (Campos et al., 2015). Benomyl, Bavistin, Captan and
Mancozeb were tested on association of R. fasciculatus with Panicum
miliaceum L.The results of this study showed significant (P < 0.05)
higher AM colonization, spore density, plant growth and grain yield
treated with Captan compared to other fungicides and untreated con-
trols. Benomyl showed most adverse effect in all parameters measured in
inoculated plant (Channabasava et al., 2015).

3.3. Tillage

Tillage may physically crash the AM spores and soil disturbances
destroy the hyphal network in soil, which in turn reduces the root
colonization (Brito et al., 2012) Disruption of colonised root fragments
and hyphal networks reduce the volume of extractable soil by AM. The
disruption of extra - radical mycelia hampers the AM mediated
P-transfer to plants especially in tillage in early season (Sile et al.,
2015). The shifting of soil layer also changes the existing suitable con-
ditions for AMF species. Tillage systems move the surface applied fer-
tilizer and weed plant residue downward the top soil enhancing
decomposition and release of nutrients. In contrast, in no tillage and
reduced tillage, slow rate of decomposition rate (Brennan et al., 2013).
Tillage may also add soil porosity that enhances microbial activity
(Navarro-Noya et al., 2014). But reduced tillage was noticed to improve
soil aggregation, increase the amount of soil organic carbon (SOC) in the
surface layer, moisture content and reduce erosion (Wang et al., 2018).
Percentage of macro-aggregates (0.25-2 mm) (Qin et al., 2017), SOCs in
small macro-aggregates and micro-aggregates and SOC in bulk soil were
positively related with the percentage and biomass of soil AM fungi (Lu
et al., 2018). Conservation tillage stimulates AMF colonization to a
greater extent (Higo et al., 2020). The increased soil microbial com-
munities and increased AM diversity and richness (Lu et al., 2018; Ohl
and Koch, 2018) can play important roles in soil aggregation, soil carbon
sequestration, and soil nutrition; water use efficiencies; and influence
crop yields (Palm et al., 2014).In early colonization stage, the direct
effects of the conventional tillage systems are related to physical
disruption of the extra radical mycelium network resulting AM activity
in nutrient and water uptake and glomalin related soil aggregate for-
mation (Brito et al., 2012) and bioprotection against soil pathogens
(Patanita et al., 2020). However, long-term no-till treatment could
decrease the soil AM fungal propagules because of the higher soil bulk
density, and the lower C utilization efficiency of soil organisms
(Schluter et al., 2018). The differences in soil properties, climatic con-
ditions and the duration of no-till treatment also matters.

3.4. Other agriculture practices

Long fallow and crop rotation with non-mycorrhizal crops affect
severely on AMF community, propagule density and activity. In crop
rotations, colonised root and hyphae are important source of inoculum
for the next crop (Brito et al., 2012; Muneeret al., 2020). Hence, fallow
period, inclusion of non-host species affect the AMF propagule density
and abundance (Higo et al., 2015), which adversely affect successive
crop yield. In paddy cultivation, waterlogged soil hinders AM activity, as
AM cannot grow in wet soil (Vallino et al., 2014), but after tillage AM
may be applied; for upland paddy no such problem.
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3.5. AM inocula preparation, host-strain, soil- strain compatibility

Preparation of AM inocula, specially, with effective species or strain
and isolation of that is tiresome and time consuming. Unlike other mi-
crobial biofertilizer, they are not easily isolated in culture media or mass
cultured for large-scale production within a short period. Being obligate
symbiont, AM need host to grow in soil, hydroponics or aeroponics. All
the process needs well equipped laboratory and glasshouse and skilled
person and knowledge to avoid contamination. In developing countries
there are surely limitations. But beyond this, differential efficacy of AM
with crops (Higo et al., 2015), cultivars (Chu et al., 2013), soil type
(Aguilera et al., 2014, 2017) with/and AM strains (Cruz-Paredes et al.,
2017) persists. AM though has no such specificity for host, preference for
host and soil condition matters (Kim et al., 2017). During application
this matches are also needful to avail better production. Hence, after a
century’s extensive research, we are still to prepare a checklist of AM
strain-crop/cultivar-soil utilize the datasets for benefit by motivating
farmers and least organizations in some countries are interested in the
hard-work to serve large scale production with application guidance.

4. Way out to utilize AM in agriculture
4.1. Fertilizer maintenance

Application of slow releasing fertilizer have an inducing effect on AM
colonization and activity i.e. rock phosphate as easy but unconventional
alternative source of phosphate to inorganic P fertilizer, can promote
mycorrhizal growth and activity (Bender et al., 2015; Thirkell et al.,
2017). Growth of AM colonized plants with rock phosphate was higher
than non-AM plants with double dose of super phosphate. Low to me-
dium level of nitrogen increases the AM colonization and sporulation;
plant growth and root formation. Nitrogen supply at initial stage,
sometimes offer a potential benefit in establishment of mycorrhizae
(Getman-Pickering et al., 20213.

AM work better even reduced fertilizer doses uses (Jarosz et al.,
2021). Zoe et al. (2021) found that low to moderate dose of fertilizer
application, specially, organic fertilizer compared to inorganic,
increased AM mediated plant growth and biocontrol ability. Even
without mycorrhizal application biomass decreased under increasing P
supply, while in low P application induced root branching to procure
soil more P (Garcia-Caparrds et al.,, 2021). Mycorrhizae mediated
biomass increase is evident at low levels of fertilization and at high
levels of fertilization biomass is decreased. Mycorrhizae also increase
resistance to herbivores at medium levels of fertilization, but no effect to
low and high levels of fertilization was noticed. Mycorrhizae improved
resistance most strongly when plants were fertilized with a phosphorus
rich organically derived fertilizer (Zoe et al., 2021). Besides increasing
the absorptive surface and procure more nutrients and phosphates by
hyphal network physically, mycorrhizae adopt some biochemical pro-
cesses that involve to dissolve of insoluble phosphates and primary
minerals by organic acids and mineralize P from organic sources directly
by release of acid phosphatase (Sato et al., 2015). Some species can also
hydrolyze organic P compounds (Li et al., 2020). Mycorrhizae stimulate
bacteria that live in the mycorrhizosphere by sharing some of the
photosynthate oozed by the plant (Azcon-Aguilar and Barea, 2015).
Mycorrhizae may act in a consortium with other rhizospheric microor-
ganisms (Schneider et al., 2019) and increase phosphate mineralization
with help of those bacteria (Battini et al., 2017). These consortia may
influence the mobilization of both inorganic and organic P into the soil
solution P pool. Some modifications in conventional agricultural man-
agement practices towards integrated eco-friendly approach, such as
avoiding over-fertilization, applying beneficial soil microorganisms and
mycorrhizae helper bacteria which solubilise and enhance P uptake can
move us toward more efficient P use, even lessen P toxicity in soil and P
leaching to water table (Battini et al., 2017).
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4.2. Conserve tillage

Conservation agriculture practices involving minimal soil distur-
bances and retention of crop residue (>30%) is being increasingly
practiced worldwide, and recognized to enhance soil health by opti-
mizing key soil attributes. Conservation tillage and application of
organic manure can protect survivability and inoculation, improving
soil aggregation and P uptake (Bottinelli et al., 2017; Wilkes et al.,
2021). Tillage had no significant effect (P > 0.05) on crop yields after
four crop cycles (Somasundaram et al., 2018).

4.3. Choice of crop, cultivar, cover crop, rotation

Choosing of highly mycotropic crops/ cultivars and crops with root
architecture efficient in accessing sufficient P and forming active sym-
biosis with AMF is needed (Berruti et al., 2016). Avoiding crop rotation
by nonmycorrhizal families as Brassicaceae; Amaranthace or Brassica-
ceae family releasing fungistatic compounds in soil, or growing
mycorrhizal cover crops after these crops before next cropping may be
beneficial (Karasawa et al., 2012; Njeru et al., 2014). It has been sug-
gested that domestication may have decreased the ability of plants to
respond positively to AMF in high soil P. Martinz-Robles et al. (2018)
found both wild and domesticated species of 27 crops were benefited
similarly by AMF at low Pi conditions. At high P conditions, response of
14 pairs of wild varieties to AMF was not differed much, whereas it
strongly reduced growth in domesticated species. Hence, it is evident
that, domesticated crop able to avail mycorrhizal benefit in low soil P
concentration only.

Though AM fungi have no specificity for host, host preference till
present (Bainard et al., 2014; Torrecillas et al., 2012; Higo et al., 2016),
that also vary with, geographical distribution and land use. Though
contrasting, the AM flora in different host may response similarly to soil
Phosphorous gradient. Crop rotation may influence AM function posi-
tively with a highly mycotrophic crop of Fabaceae or Poaceae family,
though AM species composition may vary with plant species and may
take some time to be replaced (Higo et al., 2010, 2015), next mycotropic
crop surely avails benefit (Isobe et al., 2014) with reduced requirement
of phosphorus application; than fallow land without vegetation (Jemo
et al., 2014).

4.4. AM inocula- host —soil compatibality

The native flora of AMF of upland ecosystem has been found to be
very efficient and responsive to upland rice. Crop rotation with rice was
found to uplift soil P content and native AM inocula (Maiti et al., 2012).
Though AMF are not able to survive in wetland habitat generally,
practice of application of AMF is negligible in lowland rice cultivation,
but some species as Glomus etunicatum, G. mosseae and G. intraradices
were found to perform very well, increasing P uptake and root coloni-
zation under flooded condition both in high- and low-fertility soil,
promoting the nutrient acquisition in rice and increase yield (Wata-
narojanaporn et al., 2013). Glomus intraradices enhanced growth
response, photosynthetic efficiency, and antioxidative responses of rice
plant in drought stress also (Ruiz-Sanchez et al., 2010).

Host-fungi compatibility is also a factor, the intraspecific strain di-
versity impact on efficiency of AM; differential responses of host culti-
vars to AM also exist. There are plenty variations of cultivars genotypes
showing differential behavior with environments (Chu et al., 2013). The
molecular mechanisms of plant determining fungal performance are
almost unknown and may be related to the amount of carbohydrates and
lipids shared. It was found the expression pattern of monosaccharide
transporter genes from the AMF, Rhizophagus irregularis in intraradical
vs. extraradical hyphae depended on the host plant (Ait Lahmidi et al.,
2016); amount of Pi uptake. Biomass gain was also correlated to
exraradical mycelial mass indicating a complex genotype—environment
interaction (Sawers et al. (2017). Some studies on molecular diversity in
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roots have shown differences between AM community composition
associated to wheat and N-fixing crops (Bainard et al., 2014; Higo et al.,
2016). AM community composition associated to wheat also varied with
the growing season, P fluxes and degree of fertilization (Bainard et al.,
2014; Qin et al., 2015). Dominant AM species varied in conventional
(Funneliformis spp.) and organic systems (Claroideoglomus spp.) also (Dai
et al.,, 2014); indicating variation of AM efficiency with fertilizers,
specially P (Cruz-Paredes et al., 2017).

Soil-AM strain compatibility is also a major criterion for effective AM
application, variation of soil conditions also determine the effective AM
species for same crop (Ricardo et al., 2011). Aguilera et al. (2014, 2017)
found Acaulospora and Scutellospora are the dominant genera by
analyzing spore morphology in an acidic soils under continuous wheat
cropping, while, Castillo et al. (2016a) found a prevalence of Acaulo-
spora and Claroideoglomus in acidic soils. Hence, application of just some
AM inocula in any soil for any crop may not work from which we
generally conclude about efficacy of AM inocula. The growth response of
a single host crop species may differ with different AM fungal species,
and similarly, the same AM fungal isolate can result in different growth
responses with different plant species or cultivars or genotypes (Castillo
et al., 2016b). Soil conditions were found to control the native AM
dominance and affectivity in rhizosphere as noticed in rice field in
Ghana by Rhizophagus and Glomus or Scutellospora and Acaulospora
(Sarkodee-Addo et al., 2020).

4.5. Disease control measures

From previous chapter, it is noted that Captan, Flutolanil and Pen-
cycuron have very low impact on AMF Buysens et al. (2015). Though
soil application of Azoxystrobin inhibited root colonization of Glomer-
aceae members, foliar application is safe (Vuyyuru et al., 2018). Alter-
native use of similar less harmful fungicides or low doses may be
practiced. Some fungicides have positive effect on infection and sporu-
lation of AM fungi. Most pesticides or herbicides have neutral, near
neutral or positive effect on AM at reduced doses which may be useful in
inocula production too (Hage-Ahmed et al., 2019; which is surely a fa-
cility to utilize. Actually in AM species community if less difference is
noticed in conventional and organic or low input agricultural practices,
but efficacy differs, and G.claroideum largely adjusted species found by
Vestberg et al. (2011).

Use of biological or integrated disease control, reducing use of fun-
gicides and pesticides, specially, those negatively affect AM, adopt to use
neutral or inducing pesticides, lower doses, foliar spray should be
effective. In past years, AMF have been reported to decrease the inci-
dence of several fungal pathogens in primary agriculture crops like
potato (Jung et al., 2012); against Fusarium oxysporum (Jie et al., 2015)
and many other pathogens. Inoculation with Rhizophagus irregularis in
potato plants reduced symptoms of potato virus Y (PVY) (Maffei et al.,
2014). Application of biocontrol microorganisms including plant
growth-promoting bacteria (e.g., Pseudomonas and Bacillus spp.) with
AMF can boost up the partial resistance to pathogens by several mech-
anisms such as induced systemic resistance (ISR) and
mycorrhiza-induced resistance (MIR), respectively (Cameron et al.,
2013).

From these discussion its evident though specific consortia prepa-
ration, maintenance and applications for different requirements in large
scale demands some external assistance and administration facility; and
farmers awareness to step out is also necessary, but logically AM benefit
may be fully and easily availed in agriculture field by following several
protocols of — (1) Limiting NPK, specially P fertilization, or use slowly
releasing P substitute (2) Using organic manure and integrated control
mechanism (3) Using reduced doses of fungicides and non-affecting
neutral or inducing fungicides (4) Limiting tillage or application
inocula after tillage (5) Avoid fallowing lands (6) Application of suitable
consortia of AM along with MHO. The effects also vary with timing of
application of fertilizer or fungicides. Most pesticides or herbicides have
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neutral, near neutral or positive effect on AM at reduced doses
(Hage-Ahmed et al., 2019; Qi et al., 2020), which is surely a facility to
utilize. AM strains from low phosphate zone are more sensitive to high
P-fertilization or P-rich agricultural land and become pathogenic or
parasite. Hence, in order to avoid the negative effect and avail the
mycorrhizal benefit for any crop, the plant available P and P-fixing ca-
pacity of soil is to be studied. Data on mycorrhizal dependency of the
crop at different P-level could certainly provide extra facility to decide
level of phosphate suitable of availing maximum mycorrhizal benefit.

Then to avail full benefit of AM, we need to switch off from con-
ventional high chemical input agriculture to organic or integrated
farming based culture as Permaculture or sustainable dairy cropping
systems (SDCS), that uses soil testing to recommend the appropriate
fertilizer dose with attempt to synchronize nutrient availability and
demand of crop. Dairy processing sludge is also a good replacement for
nitrogen and phosphorus (Ashekuzzaman et al., 2020). To reduce the
use of synthetic pesticides, the integrated pest management (IPM) is
adopted in these means. SDCS include diverse crop rotations to increase
natural biological control. Maintenance of cover crop is beneficial to add
nutrients and enhance biofertilizer and biocontrol population for suc-
cessive crops (Schipanski et al., 2013). Maintaining a highly mycotropic
cover crop may actually reduce the allelopathic effects of mustards on
next crop and AMF is important to maintain AMF populations (Barto
etal., 2010). The system is almost entirely no-till which is less disruptive
to natural enemy populations. Organic agriculture with
mycorrhizae-microbial consortia gradually suppresses pathogens by
bio-control (Lu et al., 2018; Nepomuceno et al., 2019). Actually in a
nutshell, AM is a complete package if we can use it properly and simply
providing its above mentioned working environment. The production of
AM is not as simple as other biofertilizers surely but can sustain pro-
longed in integrated cropping system or permaculture (Symanczik et al.,
2017) or agro-silviculture (Dierks et al., 2021). Mixed native inocula
from highly mycotropic graminaceous/ fabaceae plant rhizospere soil
mass directly or permaculture soil or rhizosperic soil of same plant may
be used as low cost non-labbased effective inocula (Symanczik et al.,
2017). Biofertilizer production bodies may guide for inocula for crop,
soil and application procedures. But it should be keep in mind intro-
duced AMF species could alter existing AMF communities by decrease in
diversity (Koch et al., 2011) and functionality (Symanczik et al., 2015)
of native AMF. Details survey and knowledge regarding the soil condi-
tion, environment parameter, mycorrhizal dependency of crops to be
cultivated, effective local strains for the soil conditions is required along
with skilled personnel and well equipped laboratory. Deficiency in later
in developing country may be mitigated if government or private or-
ganizations could supply crop/soil/environment friendly inocula or
native mixed inocula. In India and abroad already enough researches are
undertaken with the data available. Now in India and abroad, packaged
AM inocula as biofertilizer are available, with some effective stains with
wide ecological amplitude or tolerance. It is experimented in Kerala,
India long ago and showed that the difference of production quantity
with conventional practice gradually abolished in transitional period
(van der Werf and de Jager, 1992). Ultimately for adopting AMF tech-
nology in agriculture, to change the way of thinking, awareness in grass
root level is necessary and intention to move towards sustainable pro-
duction and patience to compromise the reduced yield in transitional
period. A comprehensive focus with challenge of overcoming the low
productive switching period may reach the change to a sustainable
agriculture.

5. Conclusion

From this discussion and evidences it is prominent that AM fungi
function not merely as biofertilizer, — substitute of N, P and trace ele-
ments; efficacy as bioprotector from biotic and abiotic stresses and
maintaining sustainability of soil and ecosystem are parts of its extended
activity. In dry, drought affected nutrient poor soils they are most active,
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functioning synergistically with ‘plant growth promoting rhizospheric
microorganisms’ ‘which act also as ‘mycorrhizae helper organism’.
Along with these PGPRs suitable AM strain for the particular soil and
crop may be successful to cater plant needs for nutrient, water and
substitute of agrochemicals. In organic and integrated farming they may
be utilized as essential part in boost of yield and maintaining soil and
consumer’s health, if properly used. To avail the benefit most, we just
need the knowledge of detrimental and inducing effects and doses of
various agrochemicals e.g. fertilizers, fungicides, pesticides, the appli-
cation time and other agricultural process, as crop rotation, tillage. In-
formation regarding active AM species/strain for different crop/
cultivar/soil/environment and synergistic behavior with other plant
growth promoting microbes in soil sustainability and disease prevention
also vital to avail maximum benefit of AM as a tool for sustainable
agriculture. But all data are available since half century before regarding
AM species compatibility with different crops and soil, AM inducing and
reducing agrochemicals etc. Just shifting to a careful use and handling of
these, we can shift to a low cost profitable and sustainable agriculture
system with less health hazards without compromising the production in
future. Moreover, for marginal farmer a little help with the inocula or
consortia and guidance may be great help to reduce cost benefit ratio. In
shifting cultivation, specially, in slow decomposed soil; wasteland or
fallow land utilized for agriculture the technology would be more
effective. In conservation of indigenous seeds the technology would be
beneficial than conventional agriculture. The ultimate need is to
assimilate the above discussed interacting data regarding AM, provide
suitable inocula /consortia for specific soil, crop and guidance regarding
related agro practices. Some effective AM fungi are being utilized for
broad range application, some are soil type favoring, yet the local strains
may be more effective and promising, specially, in developing countries,
where skilled personnel and sophisticated laboratory is a limiting factor,
soil based mixed native inocula may be utilized. Moreover patience for a
transition period to switch over AM mediated sustainable production is
necessary.
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