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1 Introduction

The soil is the outer layer covering the earth surface called pedosphere. Soil serves
as a medium for plant growth, alters the earth’s atmosphere through the liberation of
the volatile substances, stores, supply and purifies water and it is a niche for organ-
isms that in turn alter the soil. Soil formation involves physical, chemical and bio-
logical processes through which the parent rock materials are weathered or broken
down into smaller particles. The broken rock materials combine with the organic
matters produced by living organisms. Thus soil consists of organic and inorganic
compounds, mineral particles and weathered pieces of rocks (Dominati et al. 2010).
The major factors influencing the soil formation include the nature of the parent
material, living organisms, climate, topography and time (Paul and Clark 1996).
The interactions between these factors result in soil formation.

All the components of soil biota live and function in their habitat comprised of
soil pore network, physiochemical constituents of components, biotic communities
and environmental factors such as temperature and moisture. Biota in soil structure
plays a pivotal role in soil function emphasizing the interaction between organisms
and the physical construction of their environment called soil architecture. A pri-
mary physiochemical factor governing soil community structure is the individuals
with different pH optima (Fierer and Jackson 2006). Soil moisture optima for the
belowground biota vary between organism types as they rely on moisture films for
their transport through the soil matrix while for mycorrhiza, it is not constrained
(Augé 2004).

Bioweathering is an important process involving the dissolution or break down
of rocks and minerals by soil microorganisms and plants via physical and chemical
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mechanisms (Gadd 2007). This process contributes to soil formation and enhances
the plant growth in different habitats and climate (Gulati et al. 2008; Mapelli et al.
2011). The soil stability and their formation are directly related with clay mineral-
ogy and dissolution process, the occurrence of binding sources such as root exu-
dates and fungal hyphae (Denef and Six 2005; Rillig and Mummey 2006). Soil
microorganisms play a critical role in the formation of soil as they are involved in
the biological transformations and develop most of the stable nutrients pools like
carbon (C), nitrogen (N) and other vital nutrients (Schulz et al. 2013). Microbial
symbioses like the lichens are important as they are the initial colonizers of rocks
and therefore initialize the process of bioweathering and involve in early stages of
soil mineral formation (Gadd 2017).

Mineralization by soil micro-organisms plays an important role in the environ-
ment as it releases trapped mineral nutrients [phosphorus (P), potassium (K), magne-
sium (Mg), calcium (Ca), and iron (Fe)] required for plant growth. Some of the living
organisms such as mosses, cyanobacteria, microfungi and lichen present in the
uppermost or top of the soil constitute biological soil crusts or biocrusts (Garcia-
Pichel et al. 2003). These biocrusts develop mostly in dry or bare land and serve as a
reservoir for C and N (Belnap et al. 2001). They are also formed in the wide space in
between the vascular plants. Besides their role in C and dinitrogen (N,) fixation,
biocrusts also improve the soil stability, prevents soil erosion, soil water relationship,
seed germination and make available nutrients to the plants (Kuske et al. 2012).

The intimate contact between the plant roots and microorganisms associated
with the soil constitutes the rhizosphere. The microbial interaction in the rhizo-
sphere is critical as microbes tend to modify the physical and chemical process
during soil formation (Gregory et al. 2007). In the rhizosphere region, microorgan-
isms remain active with higher microbial activity and soil factors affect the microbes
that in turn contribute to nutrient cycling (Lambers et al. 2009). Mycorrhizal and
saprophytic fungi and bacteria are responsible for mineral weathering in rhizo-
sphere through acidification. The weathering and acidification processes lead to
diverse weathering characteristics in mineral grains and thus supplying mineral
nutrients for mycorrhizal plants in the rhizosphere (Koele et al. 2014). Mycorrhiza
denotes a symbiotic relationship between plant root and the soil fungi (Smith and
Read 2008). Apart from its role in plant growth promotion; mycorrhizal fungi have
a key role in soil aggregation and improvisation of soil structure (Rillig and
Mummey 2006). Soil management practices could change the physical and chemi-
cal characteristics of soil and microbiota dynamics.

Soil micro-organism constitutes bacteria, actinomycetes, fungi, protozoa, yeast,
algae, worms and insects. Certain bacteria and all fungi being heterotropic, depend
on the organic matter and obtain nutrients and minerals by decomposing them.
Therefore they have different roles in nutrient cycling that keeps the soil in good and
healthy condition for plant growth. The substrate in the soil increase the bacterial
populations that feed on them and recycles the nutrients important for both plants
and other soil organisms (Kuske et al. 2012). The expansion of bacterial population
supports protozoa that predate bacteria. The increasing protozoan population, in turn,
triggers the activity of mites which feed on protozoans. The substrate arrival expands
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the fungal population and the competition among the fungal species. Nematodes are
prompted to feed on fungi and other nematodes species. Some nematophagous fungi
are also capable of trapping and feeding on nematodes. In general, fungi consume
and store more nutrients than bacteria due to the different proportions of C and N and
thereby maintain the soil health (Paul and Clark 1996). A gram of soil may consist of
several kilometers of fungal hyphae (Young and Crawford 2007). However, plant
roots host diverse microorganisms (bacteria and fungi) that can stimulate each other
forming specific interface between soil and plants. The nutrients stored in the cells of
the micro-organisms prevent nutrient loss by leaching. This act as agents of nutrient
exchange and helps to maintain the soil structure.

2 Microbial Activities in Soil Formation

One of the mechanisms for involvement of biota in soil formation and its function-
ing is the influence of higher plants, micro and mesofauna and microflora on the
mineral decomposition (Sokolova 2011). The importance of mineral dissolution
through the activities of microorganisms can be compared to that of the absorption
of CO, by plants and atmospheric N, fixation by soil microbial communities (Schulz
etal. 2013). Soil biota plays an important role in the degradation and decomposition
of organic matters and contributes to humus formation. Microorganisms decompose
the organic remnants and substances in the soil surfaces such as senesced plant
leaves and other litter. The organic matters are utilized by the microbes as an energy
source and thus increase their population in the soil. These microbes degrade the
digestible materials leaving those that are not decomposed easily. This results in the
formation of humus that holds the primary soil particles (clay, silt and sand) and
forms secondary aggregates. Soil biota and humus aids in the soil formation and
development of soil horizons (Martin and Haider 1971).

Due to their widespread distribution, rapid growth, metabolic diversity and colo-
nization and adaption to extreme conditions, microorganisms occupies a central role
in soil evolution and formation (Zhu et al. 2014). The litter decomposition process
is intimately linked with microbial activities that modify the chemical structure of
litter and manage soil C and N dynamics (Berg and McClaugherty 2014).
Microorganisms play a key role in plant litter decomposition and formation of soil
through their enzymatic activities (Helfrich et al. 2015). The microbial growth and
their resulting biomass and necromass change the chemical composition of soil
organic matter, as perceived in nutrient immobilization (Wanek et al. 2010; Cotrufo
et al. 2013). Moreover, the transformations of microbial necromass and biomass
influence soil stability, formation and fertility (Six et al. 2006; Fontaine et al. 2011).
The microbial growth and decomposition could also be measured by amino acids
and amino sugars and biomolecules which are very rich in microorganisms than
in plant litter (Tremblay and Benner 2006). In addition, amino acids and amino
sugars are essential constituents for N immobilization and C sequestration in the
soil (Liang et al. 2007).
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Microbial weathering is a geological process occurring on the Earth’s surface
that fundamentally refers to the microbial growth and reproduction (Bin et al. 2008).
The microbial metabolites promote the dissolution of some substances from the
rock due to the influence of microbial enzymes on the natural degrading rate of
minerals. Microbial weathering alters the composition of minerals and rocks and
thus leads to the liberation of elements such as, silica (Si), Fe, manganese (Mn),
aluminium (Al) from silicates, oxides, carbonates that changes the proportion and
contents of soil minerals (Bin et al. 2008). Calcareous rocks are mainly subject to
chemical weathering (acidic dissolution of the calcium carbonate) whereas; sili-
ceous rocks are mainly fractured as a consequence of freezing-thawing cycles.
Siliceous rocks contain a number of minerals which contain essential elements and
hence support microbial life. In contrary, the weathering of calcareous rocks liber-
ates only a few elements which stimulate the growth of microbes. Serpentinite rocks
may even release toxic compounds such as, nickel (Ni) and cadmium (Cd) which
prevents the establishment of plant life and could also hinder microbial activities
(Bratteler et al. 2006).

Microorganisms contribute to mineral weathering both through direct and indi-
rect ways (Sokolova 2011). The direct effect of soil microflora occurs when micro-
bial cells are directly in contact with the mineral surface. The adhesive property of
microbes on the mineral particles may be due to their fixation on earlier absorbed
compounds. On the other hand, the indirect effect of soil microbes includes varying
products of soil microorganism’s functioning that consist of chelating agents, bases
and acids (Sokolova 2011). Microbial activity accelerates the release of P and sul-
phur (S) elements from the bedrock to supply living organisms with P and S,
whereas C and N are not part of the mineral composition and are scarce in the initial
soils. Soil aggregation is most crucial in controlling the structure and function of
microorganisms and plant life (Kobierska et al. 2011). Thus, it is clear that the initial
processes of soil formation and input of nutrients rely on the activity of microorgan-
isms. The foremost principles of soil biota are biological weathering of the bedrock
material and the formation of interfaces for nutrient turnover at vegetation free site.

3 Plant-Microbe Interaction

Microbiological activity is greater in the rhizosphere than in soil away from the
plant roots. Plant-microbe interactions contribute to several soil processes such as
nutrient cycling, C sequestration and ecosystem services. Plants play an important
role in soil development and display a nutrient hotspot at initial sites of soil forma-
tion in terms of C, as they provide up to 40% of the photosynthetically fixed C to the
microorganisms (Miniaci et al. 2007; Towe et al. 2010; Duc et al. 2009). In exchange,
soil microbes provide N, P and other essential nutrients to the plant and also defend
them against herbivores or parasites (Butler et al. 2003).

Plant roots secrete important compounds, which have a major role in the physi-
cal, chemical and biological interaction between plant roots and the rhizosphere
(Moore et al. 2015). Alterations in the secondary metabolites released by the plants
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could influence the soil microbial communities (Bressan et al. 2009). The root exu-
dates influence the biological and chemical activities of the soil thereby improves
soil fertility (Altieri 2004). The root exudates supply a huge amount of C which
activates the soil aggregate formation. The mucilaginous root exudates adhere to the
soil particles and lead to short-term soil aggregation (Morel et al. 1991). The rhizo-
sphere region usually has increased CO, and lower pH level and oxygen. Depending
on the nutrients taken up by the plant roots from the soil, exudates could make the
rhizospheric soil more alkaline or acidic. Rhizosphere activity modifies mineral sur-
faces; attack mineral structures, and also take up the weatherable soil minerals. All
these activities stimulates mineral weathering and directs the formation of soil
which makes rhizosphere the most dynamic environment in the soil. This intensifi-
cation of mineral weathering is dependent on pH in addition to exudate and micro-
bial communities in the rhizosphere. The capacity of soil microbial communities in
mineral weathering is well documented (Favero-Longo et al. 2005; Uroz et al. 2007;
Calvaruso et al. 20006).

4 Lichens in Soil Formation

Lichens play a vital role in soil formation. Lichens that inhabit rocks are referred to
as saxicolous that include different morphology namely, foliose, crustose and fruti-
cose (de los Rios et al. 2002). Several studies have shown the significant role of
lichens in mineral and rock weathering and in soil formation (Chen et al. 2000;
Begonha 2009). The close contact of fungi with the substratum and presence of
algae on outer layers of the lichen thallus suggest that weathering capacity is criti-
cally due to the mycobionts (Chen et al. 2000). The deteriorating ability of rocks by
lichens varies according to their growth form (de los Rios et al. 2002). For example,
foliose lichens exert pressure on the rocks via fixation structures, whereas the thal-
lus of crustose lichen gets fully developed and incorporated within the lithic sub-
strate. The alterations in the volume of the thallus brought about by the lichens due
to the expansion and narrowing by drying or freezing results in the mechanical
breakdown of rocks (Ascaso et al. 2002).

During the metabolic activity, lichens produce organic acids that have a signifi-
cant impact on weathering and decomposing the parent rocks (Belnap and Lange
2003). They have the capacity to break down the rock into smaller particles at a
faster rate. Lichen undergoes both physical and chemical process during weathering
of rocks. The physical process involves a mechanical breakdown of rocks through
penetration of hyphae, expansion and contraction of lichen thallus and swelling of
inorganic and organic salts generated during lichen activity. In the chemical weath-
ering, lichens secrete organic acids, specifically oxalic acid, which efficiently break
down minerals and chelate the metallic cations (Chen et al. 2000). In addition,
lichens stimulate secondary mineral formation through turgor pressure and produc-
tion of exopolysaccharide. These secondary minerals react with the cations of rock
and cause disintegration and flaking of outer rock surface (Ranalli et al. 2009). The
minerals formed by weathering of rocks by lichens possess enhanced surface
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corrosion. Lecidea atrobrunnea, Rhizocarpon geographicum and Sporastatia testu-
dinea are capable of weathering the serpentinized rocks in alpine environments
(Favero-Longo et al. 2005).

5 Bacteria in Mineral Weathering

Bacteria are not only involved in the biological processes such as biogeochemical
cycles, providing nutrients to the plants, enhancing plant growth and in control-
ling plant pathogens (Hayat et al. 2010); they also have a crucial role in the initial
stage of soil formation via modification of parental rock and in soil structuring (Paul
and Clark 1996). Unlike other organisms, bacteria can adapt or tolerate extreme envi-
ronmental conditions. The mineral particle forms a microenvironment to protect bac-
teria from stress conditions. Thus, bacteria obtain inorganic phosphate and energy
from the mineral matrix or through the activities of other microbes. The mechanisms
involved in mineral weathering include oxidoreduction reactions and production of
organic acids and chelating agents (Uroz et al. 2007). Several bacteria that are
involved in weathering of rocks and minerals, release large amounts of beneficial
minerals from rocks to the plants, organic acids and fix N, and condense the rock
particles thus forming mineral soil (Puente et al. 2009). These bacteria either in com-
bination with other microbes or alone could mineralize through formation of com-
plex microbial communities that associate with mineral surface (Uroz et al. 2009).
For example, the species belonging to the genera Bradyrhizobium, Collimonas,
and Anabaena are capable of mineral weathering (Ménnisté and Hiaggblom 2006;
Calvaruso et al. 2009; Collingnon et al. 2011). The bacteria inhabiting the rock sur-
faces are different from those residing in the surrounding soil (Certini et al. 2004).
The mineral particles that are colonized by bacterial communities commonly include
quartz, granite, limestone or apatite (Gleeson et al. 2005; Carson et al. 2009). The
chief elements such as Al, Ca or Si present in the mineral particles influence the
structure of the bacterial communities. This lead to a new concept called ‘mineralo-
sphere’, where certain microbes are selected for their capacity to utilize the inorganic
nutrients that are released by soil minerals. Bacteria isolated from the rhizosphere
soil and mineralosphere could supply nutrients to the plants in the nutrient-poor soil
(Uroz et al. 2009). For example, one of the mineral weathering bacterial strain
Burkholderia glathei PML1 promoted the growth of pine tree under nutrient stress
condition in the presence of biotite (Calvaruso et al. 2006).

The composition of bacterial communities gets modified in the presence or
absence of arbuscular mycorrhizal (AM) fungal hyphae (Marschner and Baumann
2003; Rillig et al. 2006). Moreover, the potential effect of bacterial hyphal coloniz-
ers on AM fungi and the AM fungal symbiosis is high. Several types of interactions
between bacteria and AM fungi have been described (see Bonfante and Anca 2009).
Bacteria could also enhance the rate of mineral dissolution and the ability of bacte-
ria involved in mineral weathering varies according to the habitat they occupy
(Huang et al. 2014). Mostly mineral weathering bacteria are isolated from the rhi-
zosphere of trees and the ectomycorrhizosphere that forms tree root-soil boundary
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where nutrient exchange takes place (Calvaruso et al. 2007). The bacterial isolates
isolated from the mycorrhizosphere region of the ectomycorrhizal fungus
Scleroderma citrinum had higher mineral weathering capacity when compared to
those isolated from bulk soil. The fungi select a bacterial community with greater
mineral weathering ability in the bulk soil through carbon metabolism (Uroz et al.
2007). Likewise, Collignon et al. (2011) also reported the presence of potential
mineral weathering bacteria (Pseudomonas, Rhizobium, Burkholderia, Bacillus) in
tree rhizosphere of Fagus sylvatica and Picea abies was higher than in the bulk soil
and the mineral weathering efficacy changes depending upon the seasons (Collignon
et al. 2011). A Gram-negative, aerobic and motile mineral weathering bacterium,
Rhizobium yantingense isolated from the surface of weathered rock was shown to
possess high mineralization activity (Chen et al. 2015).

6 Non Mycorrhizal Endophytes in Mineral Weathering

Non mycorrhizal endophytes include both bacteria and fungi that colonize the
plant tissues without causing any adverse effect to the host (Wilson 1995). These
endophytes have the capability to transfer complex compounds (Wang and Dai
2011). Phosphate solubilization, rock degradation and N, fixation contributes to
efficient rock-weathering bacterial endophytes (Lopez et al. 2011). Endophytic
bacteria (Bacillus sp.) isolated from cactus roots have been reported as an effi-
cient rock weathering microbe. This bacterial endophyte helps in the weathering
of igneous rocks in nutrient-poor regions upon colonization of the plant roots
(Puente et al. 2009). The bacterial endophytes, Azotobacter vinelandii, Bacillus
megaterium and Pseudomonas putida isolated from roots of Mammillaria frail-
eana are capable of N, fixation and weathering of rocks into smaller particles
(Lopez et al. 2011).

7 Role of Fungi in the Weathering Process

Fungi are prominent geoactive agents that are involved in the transformation of met-
als and minerals that in turn modify the chemistry and surface structure of rocks and
minerals (Gadd 2017). Fungal communities that are capable of mineral weathering
and dissolution include saprophytic fungi, lichen-forming fungi and mycorrhizal
fungi (Hoffland et al. 2004). Symbiotic fungi or free-living fungi inhabit the outer
surface of rocks and are recognized as one of the potential deteriorates of rocks and
minerals (Warscheid and Braams 2000). The microcolonial fungi (black melanized
colonies) that inhabit the exposed rock surfaces are tolerant to environmental
stresses and produce filamentous hyphae that may penetrate into the rocks. These
interactions may give rise to different types of surface coatings and secrete polysac-
charides forming micropits in the rock surfaces. They may also form mutualistic
relationship with algae on rock substrate in order to acquire C (Gorbushina 2007).
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The colonization of fungi could lead to physical and biochemical changes in
rocks. Fungi enter the solid materials through physical and chemical methods. The
fungal hyphae penetrate along the weak points or spots on the surface of the rocks.
The hyphae thus form ridges and grooves as the result of surface contours. At these
spots, fungi weather the minerals by physical and chemical process. The exudates
diffusion into the soil is prevented by these processes and thus enhances weathering
mediated by fungi and result in the tunnel formation (Hoffland et al. 2002). Chemical
weathering by fungi include the production of proton and ligand-based weathering
agent. The hyphal tip growth involves the production of carbonic acids that aids in
the breakdown of weak spots of rock surface and comprises proton based agents.
Production of siderophores, polyphenolic and polysaccharide acids and organic
anions are ligand based weathering mediators (Hoffland et al. 2004).

8 Mycorrhiza: Mineral Weathering

Mycorrhizal fungi play a major role in mineral weathering and in the formation of
soil. The mechanism involved in weathering of rocks by the mycorrhizal fungi is
well documented (Wallander and Thelin 2008; Brantley et al. 2011; Thorley et al.
2015). Taylor et al. (2009) suggested mechanisms through which mycorrhizal fungi
influence the mineral weathering processes. This includes (a) disintegration of min-
erals through secretions like H* and organic chelators of low molecular weight; (b)
respiration of plant roots and mycorrhizal fungi enhance CO, presence in the soil
solution; (c) organic matter decomposition elevates the concentrations of high
molecular weight organic acids and organic chelators in the soil solution, that are
further utilized by heterotrophs to fuel respiration and hence returning base cations
to the soil solution from the biota; and (d) the transpiration increase the water flow
consisting of nutrients and base cations to plants. The adsorbed soil particles on to
the plant roots and mycorrhizal hyphae decrease the soil erosion thus contributing
to the soil development continuously. As symbiotic plant partners, mycorrhizal
fungi extend into soils and act as biosensors for nutrients that are taken up by them
and supplied to their host plants (Biicking and Kafle 2015). The mycorrhizal hyphae
force mechanically and chemically alter the minerals to obtain the nutrient elements
(Bonneville et al. 2009). The organic acids produced by mycorrhizal hyphae acidify
their environment that helps in the breakdown of minerals (Uroz et al. 2011).

The mycorrhizal group, both AM and ectomycorrhizal fungi are actively involved
in weathering of rocks (Koele et al. 2014). Mycorrhizal fungi mostly target the min-
erals that consist of essential and needful plant nutrients during the weathering pro-
cess (Remiszewski et al. 2016). Arbuscular mycorrhizal fungi may impact the
mineral weathering through respiration and proton release and extraradical myce-
lium efficiently bind soil particles and influence soil aggregation (Bago et al. 1996;
Smith and Read 2008). Ectomycorrhizal fungi forms a layer of fungal material
around the root tip and the hyphae growing outside the layer penetrates into the soil
acting as the nutrient scavenger (Landeweert et al. 2001). A positive correlation was
reported between densities of root tip of ectomycorrhizal fungi and tunnel frequency
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suggesting that ectomycorrhizal fungi may participate in the formation of mineral
tunnels (Hoffland et al. 2002). The ectomycorrhizal fungi produce low molecular
organic compounds and proton that might enhance the mineral weathering even
under P deficiency (Smits et al. 2012). Arbuscular mycorrhizal fungi are capable of
weathering biotite through which they contain acquire mineral elements (Sanz-
Montero and Rodriguez-Aranda 2012).

In the zone of mineral-microbial contact, mineral dissolution, precipitation and
clay mineral formation is influenced by the presence of the microbial cells and low
molecular weight organic compounds produced by them. The organic compounds
that are generated by the fungi impact the weathering process beneath the contact
zone (Banfield et al. 1999). The ectomycorrhizal fungi enable weathering activity
depending upon the chemical activity and colonization of the mycelia in the soil
(Wallander et al. 1997). Acidification by the fungal hyphae due to the liberation of
respired CO,, the release of organic acids, biomineral precipitation, the occurrence
of extracellular acidic polymer substances and proton efflux constitute the chemical
activity of mycelia (Gadd 2007; Burford et al. 2003). The capability of ectomycor-
rhizal fungi in weathering has been investigated to P, K and Mg in mineral form
(Fomina et al. 2006; Rosling et al. 2009). However, the process of induced weather-
ing in relation to P availability in ectomycorrhizal fungi is yet to be determined. In
a study, Quirk et al. (2012) reported that ectomycorrhizal fungi associated with
gymnosperm released two folds more Ca from the weathering of silicate surface
when compared to AM associated angiosperms.

9 Mycorrhiza and Soil Structure

Mycorrhizal fungi are intimately associated with plant roots, colonizing the root
cortex as well as the surrounding soil. Mycorrhizal fungi are dominant among the
fungal community in mineral soils (Lindahl et al. 2007). They play essential roles in
terrestrial ecosystems serving as a sink for nutrient and carbon cycles. It is estimated
that around 80% of plant N and P are acquired through mycorrhizal fungi (van der
Heijden et al. 2015). The extensive extraradical hyphae facilitate the fungi to colo-
nize and utilize nutrient-rich substrates in the soil and to absorb and translocate nutri-
ents like P and C in soils contributing to plant fitness and soil quality (Ritz 2006).

As mycorrhizal colonization usually influences the soil structure, AM fungi may
also probably affect soil water relations and therefore, the water relations of the host
plants (Rilling and Mummey 2006). The extramatrical mycelia of ectomycorrhizal
fungi obtain C from the soil through enzymatic breakdown of organic matter and
from tree photosynthates. This contributes to the association between weathering of
minerals in the soil and photosynthetically-assimilated C acquired from trees.
Mycorrhizal plants may be considered as efficient competitors as they decrease the
mineralizing populations in a scarcity of N and P or change the quality of the
decomposing litter. In addition, ectomycorrhizal fungi modify the environment
through acidification, organic acid exudation by hyphae (Rosling et al. 2009) and
siderophores (Winklemann 2007).



372 R. Koshila Ravi et al.

Besides several beneficial aspects, mycorrhizal fungi also contribute to soil
structure through soil aggregation (Rilling and Mummey 2006). Mycorrhizal fungi,
plant roots and organic matter are considered as important traits in the development
of soil structure (Daynes et al. 2013). Aggregation helps to maintain the soil poros-
ity, biogeochemical cycle and water infiltration (Diaz-Zorita et al. 2002). Arbuscular
mycorrhizal fungal hyphae are regarded as the primary soil aggregators thus, exhib-
iting a positive correlation between the AM fungal hyphae and aggregate stability
(Borie et al. 2008). Soil aggregates are broadly classified as microaggregates
(<250 pm in diameter) and macroaggregates (>250 pm in diameter) (Rilling and
Mummey 2006). Microaggregates are formed by fungal hyphae and plant roots
bounded by polysaccharides whereas extraradical fungal hyphae of AM fungi and
fine plant roots associate to constitute macroaggregates by releasing a large amount
of polysaccharides (Snyder and Vazquez 2005). Fungi can either influence the soil
aggregation directly by combining the extracellular compounds produced by the
fungi or indirectly by maintaining the soil particles through the hyphal network
(Borie et al. 2008). As AM fungi dominate the soil component through constitution
of around 30% of the soil microbial biomass (Olsson et al. 1999), they provide
much more C when compared to saprobic fungi due to longer existence in the soil
even after the removal of host plant. Therefore, AM fungi tend to be crucial compo-
nent in relating biotic influences on soil aggregation (Borie et al. 2008).

Apart from the role of AM fungal hyphae in soil aggregation, AM fungi are well
known to produce a non-water soluble and highly persistent glycoprotein called
glomalin (Wright and Upadhyaya 1996) that have an important role in maintaining
the soil structure and fertility (Fokom et al. 2012). Glomalin is also known as gly-
cosylated glycoprotein (Gillespie et al. 2011). This glycoprotein is produced in cell
walls of mycorrhizal fungi and persists in soil even after the death of the fungal
hyphae (Driver et al. 2005). Glomalin commonly occurs in soils rich in insoluble
humus or mineral fractions (Wright and Upadhyaya 1996). Owing to its adhesive
properties, glomalin produces soil aggregates by combining fine soil particles
together that aids in soil aeration (Purin and Rillig 2007). A positive correlation has
been reported between C sequestration, soil aggregation and AM fungal density in
a field study (Wilson et al. 2009). The amount of C and N from glomalin contributes
to respectively 3% and 5% of soil C and N pools (Lovelock et al. 2004). Polyphenolic
compounds such as humic acid and soil tannins have also been extracted along with
glomalin (Whiffen et al. 2007; Jonathan and Javier 2006). Glomalin protects the
fungal hyphae during translocation of nutrients to the hyphal tip from plants and to
the plant from soil (Pal and Pandey 2014). The capability of AM fungal isolate to
influence glomalin content and to the formation of extensive mycelial networks in
the soil could impact the stability of soil aggregates through hyphal entrapment of
soil particles. This suggests the need for the selection of potential AM fungal iso-
lates that could be used for the improvement of soil quality and restoration of
degraded lands (Bedini et al. 2009). Wu et al. (2012) studied the spatial distribution
and relationship of glomalin with soil aggregates and root mycorrhization in the
rhizosphere of Citrus unshiu and reported a positive correlation between glomalin
related soil protein and plant roots. The study also revealed the fact that the
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secretion of glomalin decreased with increasing soil depth. Rillig and Steinberg
(2002) observed an increased production of glomalin by Rhizophagus intraradices
(=Glomus intraradices) under unfavorable environmental condition by facilitating
the soil structure in lacking adequate soil pores.

10 Nutrient Cycling

Soil mineral weathering contributes in providing input of plant nutrients to ecosys-
tems, thus preventing nutrient limitations (Chadwick et al. 1999). Moreover, the
cations produced through mineral weathering neutralize the soil acidification,
thereby enhancing the nutrient availability to plants (van Breemen et al. 1983). Clay
particles formed as a result of weathering product contribute to the cation exchange
capacity of the soil, decreasing the leaching of nutrients like K and ammonium and
also positively correlates with soil organic matter and water holding capacity
(Sollins et al. 1996). Weathering of rocks composed of silicate minerals releases a
large amount of Ca and Mg that play a vital role in the C cycle as they are locked up
as carbonates (Hartmann and Moosdorf 2011). The interaction between the process
of geological leaching of plant nutrients and biological cycle that includes bioac-
cumulation process usually results in pedogenesis. The nutrients released during
weathering processes are utilized by plants for their growth. In biological cycling,
plants uptake specific nutrients from parent materials, atmosphere and water, thus
through photosynthesis prepare organic matter, which is returned in the form of leaf
or root residues to the soil. The decomposed organic matters from plant litters con-
stitute an essential part of soil humus that enhances soil fertility (Zhu et al. 2014).

Nutrient cycling is an important ecological function that involves a defined, typi-
cally bounded, compartment which nutrients enter and leave via a range of path-
ways, and within which they are transformed via a myriad of chemical and
biochemical reactions. In soil systems, a large proportion of these transformations
are mediated by biota. Microbial communities play a crucial role in the nutrient
cycle as they degrade organic materials; liberate inorganic nutrients that are taken
up by plants; influence plant growth, availability of nutrients through several pro-
cesses such as, chelation, oxidation, solubilization and reduction; stores and releases
nutrients from microbial biomass (Marschner 2007). Microbes involved in N or P
cycling are N»- fixers, AM fungi and P- mobilizers.

Nitrogen cycling involves three important processes, N, fixation, denitrification
and nitrification. Microorganisms take part in these processes as N, fixers, denitri-
fiers and nitrifiers (Stein and Klotz 2016). The N,- fixing bacteria and AM fungi
represent the most significant beneficial symbionts associated with nutrient cycling
(Dos Santos et al. 2012; SchiiB3ler and Walker, 2011). The capability of microorgan-
isms to convert atmospheric N to ammonia is limited to bacteria that contain nitro-
genase enzyme which combines hydrogen and N to form ammonia (de Bruijn
2015). The N, fixers are either free-living or symbiotic bacteria are commonly
known as diazotrophs (Dixon and Khan 2004). The rhizobia bacteria can fix N, with
leguminous plant through mutual symbiotic association, whereas, some of the
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actinomycetes fix N, and form nodules on the roots, that is known as actinorrhizal
plants (Olivares et al. 2013). Other N, fixing bacteria include Azotobacter, Bacillus,
Clostridium, Frankia, etc. The ammonium is converted into nitrate through soil bac-
teria such as Nitrosomonas, Nitrobacter etc. The last process of N cycling involves
detrification that are carried out by denitrifiers like, Pseudomonas and Clostridium
through which nitrates are converted to N, (Hayatsu et al. 2008).

Phosphorus is stored in the soils, bedrock and sediments and is not available
directly to organisms (Ruttenberg 2002). Microorganisms including bacteria, fungi
and actinomycetes have the capacity to solubilize and mineralize P (Alori et al.
2017). The most prominent soil bacteria involved in P are the species
of Agrobacterium, Pseudomonas, Acetobacter and Bacillus (Babalola and Glick
2012; Kumar et al. 2014; David et al. 2014). Acidification, chelating organic acids,
and siderophore production is involved in solubilizing Fe, Ca and aluminium phos-
phate from the soil (Marschner 2008). Phosphate solubilizers enhance the amount
of orthophosphate leaving the nutrient to be absorbed by the plant roots (Richardson
et al. 2009). Phosphatase enzymes are utilized by fungi and bacteria in mineralizing
P (Jorquera et al. 2008). Some of the efficient fungal P solubilizers include Fusarium,
Cladosporium, Rhizoctonia, and Alternaria (Sharma et al. 2013). Some fungi
decompose and degrade the wood thus producing large amounts of oxalic acids.
These oxalic acids might have a secondary effect on the release of P from the soil
(Dutton and Evans 1996; Fransson et al. 2004).

Arbuscular mycorrhizal fungal symbioses are significant for the continual nutri-
ent cycling in the plant community and thus avoid nutrient sequestration. During
root colonization, the fungus grows in the surrounding soil of roots to establish a
network of hyphae called extraradical mycelium. The extraradical mycelium uptake
the nutrient from the soil with help of branched absorbing structures and transfer to
a long distance of about 25 cm (Jansa et al. 2003). Arbuscular mycorrhizal fungi
rely on the host plant for C compounds for their growth and metabolism, in return
for mineral nutrients (especially P) that the extraradical mycelium takes up from the
soil and transport to the root. For the growth and metabolism, AM fungi rely on the
host plant for C sources and in return, the extraradical mycelium provides mineral
nutrient from the soil to plant roots. This symbiotic relation of extraradical myce-
lium and intraradical mycelium is important for translocation, distribution and
movement of mineral nutrients in the plant-soil environment (Richardson et al.
2009). The AM fungal contribution to plant nutrition through P uptake by mycelium
is considered as the extension of the root system. AM fungi influence the uptake of
other nutrients such as K, Ca, Zn, Cu or Fe (Liu et al. 2000).

Arbuscular mycorrhizal fungi stimulate the inorganic phosphate transporters
which are present in the periarbuscular membrane (Xie et al. 2013). These genes are
considered as functional markers for the AM symbiosis (Harrison 2012). Therefore,
mycorrhizal plants absorb P directly via root epidermis and through the AM fungal
pathway) that delivers P to the root cortex (Smith and Smith 2011). It is proposed
that mycorrhizal N uptake is similar to Pi uptake pathway. The C transfer to fungi
from the plant is transferred to plant sink organs, distributed at the arbuscular inter-
face and are further hydrolyzed by cell walls (Ferrol and Pérez-Tienda 2009).
Mycorrhizae can also influence the uptake of a range of elements by plants,
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including S, B, K, Ca, Mg, Na, Zn, Cu, Mn, Fe, Al and Si (Clark and Zeto 2000).
Bacteria may generate various metabolites necessary for mineral weathering with
the available nutrients (Bennett et al. 2001). Photoautotroph organisms fix C and
penetrate into the soil through root deposition, specifically through soluble exudates
that originate from growing roots at a faster rate and slowly by cells and tissue depo-
sitions. The senesced plants parts are accumulated on the soil surface and these
organic matter in the soil are transformed by soil organisms during the assimilation
of energy for growth and reproduction. Through this, the compounds are addition-
ally transformed and cycled between the compartments (Paul 2007). This process
yields stable soil organic matter which contributes to structural development.

11 Conclusion

It is clear that soil biota’s as the biological engine carry out the myriad of the pro-
cess which underpins soil function via biochemical pathways. Soil biota is involved
in many aspects of soil functioning and delivery of the full range of ecosystem
goods and services that soils support. Nevertheless, the virtual role of biota in soil
production varies between systems. Soil organisms exist in the presence of other
populations and the diverse members of biomass. Thus, emerging interactions per-
suade the community structure within soils having strong impact on growth and
functions of individual organisms. The process of mineral weathering via microor-
ganisms and thereby providing nutrients to plants is well documented. Nevertheless,
the microbial enzymes, genes in the mineral weathering process are yet to be inves-
tigated. The transfer of electron and genes involved in interaction between microbes
and minerals is still obscure. The information on the distribution of microorganisms
on the mineral surface and its chemistry could help in better understanding of min-
eral weathering processes. Compared to the microcosm experiments, mesh bag
incubation studies could be performed to determine the dissolution rate of minerals.
The interaction between plants and microbes and the microbes and mineral particles
constitute a major role in soil formation.
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