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5.1  �Introduction

It is anticipated that world population will reach 9.7 billion by 2050, wherein 
Southeast Asia is the main contributor (Forbes 2017). The current dynamics of 
demographics suggest that the population in India will even surpass China by 2022. 
With our limited and shrinking agricultural land resources, the impetus is largely on 
the development of innovative and sustainable ways of transforming agriculture to 
feed the ever-increasing population. Currently, around 58% of the rural households 
depend upon agriculture as their principal source of livelihood agriculture is one of 
the largest contributors to GDP (gross domestic product) (IBEF 2017). According 
to Central Statistics Organization (CSO), the share of agriculture and allied sectors 
is expected to be 17% of the gross value added (GVA) in 2016–17 at 2011/12 prices. 
Green revolution ushered the successful implementation of Industrial Agriculture 
fueled by large-scale use of synthetic agro-chemicals and chemical fertilizers. The 
unavailability arising from modern agriculture is due to increase in cost of cultiva-
tion and rising food prices, both of which have to be extensively compensated by 
government which makes the economics of its perusal extremely costly and 
inefficient.

Phosphorus (P) is an essential macro-nutrient for plant growth and development. 
In spite of having an ample presence in the soil, its bioavailability is very low (Kour 
et al. 2020b). Mostly it is present in the form of the insoluble complexes and only 
0.1% of the total P is reported to be present in the soluble form (Farhat et al. 2009; 
Tomer et al. 2016). Unfortunately, it is among the least mobile and most unavailable 
soil nutrient for the plants. Its solubility is reported to depend on several factors, 
namely, organic matter, pH, active sesquioxides, lime and nature and content of clay 
(Kour et  al. 2019a). Soil pH is the important determinative factor and pH 6.7 is 
considered ideal for the same (Mehrvarz et al. 2008; Selvi et al. 2011). In tropics, it 
is observed to present as the inorganic compounds, i.e., iron–aluminum compounds 
(under acidic condition) and calcium compounds (under neutral to alkaline condi-
tions) (Mehrvarz et al. 2008; Selvi et al. 2011). During summer and rainy seasons in 
the tropical countries including India, pH was found to go up to 10.5 units, salt level 
up to 2% temperature between 35 and 45 °C, which largely affects the mobility of 
the nutrients in the soil (Nautiyal 2000). Further, the major portion of the chemical 
fertilizers (75–90%) when applied to the agricultural fields get transformed into an 
insoluble oxide/silicate forms by reacting with Al3+, Ca++, Zn++, Fe3+, Co++, etc. 
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(Selvi et al. 2011). This conversion decreases the efficiency of the fertilizers and 
ultimately increases the input cost for the agriculture. In this scenario, PSM pro-
vides a sustainable alternative to supplement the P to the crops. Application of PSM 
has shown up to 40% reduction in the need of chemical fertilizers when applied 
alone (Tomer et al. 2017) (Rajwar et al. 2018). This ability of the microorganisms 
has opened the new doors toward the exploration of microbial technologies in the 
agricultural sector.

India possesses a remarkable potential for the development of organic farming 
practices due to its agro-climatic conditions (Charyulu and Biswas 2010; Giri et al. 
2015). Although India is one of the largest producers for agricultural commodities 
of the world, the productivity index in comparison to world benchmarks is extremely 
low. Shrinking agricultural land sizes are one of its major causes as the average plot 
size in India has fallen from 2.7 hectares in 1970 to under 1.2 hectares today 
(Economist 2015). Also, due to lack of proper education and awareness, there have 
been indiscriminate practices of chemical fertilizers and pesticides across the Indian 
Subcontinent thereby creating huge loss of natural soil productivity. It has been 
reported that excessive application of agro-chemicals leads to loss of soil fertility 
due to increase of salt content and thereby impacting on consumer’s health (Swapna 
2013). Based on numerous studies conducted, it is imperative that a transformation 
of large-scale conventional agriculture is required which in turn will need modifica-
tion of biotic and abiotic factors in order to fulfill the agricultural demand of 
the future.

Replacement of chemical phosphatic fertilizers with PSM is the need of the hour 
to propagate organic input-based agriculture for improvement of overall human and 
environmental health. PSMs are the microbial inoculants or biological active prod-
ucts with formulations containing one or more beneficial strains of fungi or bacteria 
in an easy to apply and efficient carrier material which either add, conserve, or 
mobilize phosphate in soil (Mazid and Khan 2015; Dash et al. 2019). PSM-based 
biofertilizers are easy to use, non-toxic, and cost-effective (Kour et al. 2020c). They 
either manufacture the nutrients required by crops from soil or atmosphere or mobi-
lize the nutrients pre-existing in soil media in forms most absorbable by crops. They 
have also been reported to act as biocontrol agents by conducting antagonistic activ-
ities against phytopathogenic bacteria. An example of one such activity is interfer-
ence in the bacterial quorum sensing system. However, the primary function of 
PSM is reportedly for plant growth enhancement from which it excises more than 
one mechanism (Fig. 5.1) (Rani et al. 2013; Suyal et al. 2014a).

PSMs can solubilize the insoluble P complex into the bioavailable form through 
chelation, ion-exchange reactions, and acidification (Fig.  5.2). Several microbial 
groups including bacteria (Pseudomonas, Thiobacillus, Azotobacter, Erwinia, 
Serratia, Agrobacterium, Arthrobacter, Bacillus, Enterobacter, Flavobacterium, 
Bradyrhizobium, Salmonella, Micrococcus, Alcaligens, Streptomyces, 
Chromobacterium, etc.), cynabacteria (Calothrix braunii, Westiellopsis prolific, 
Anabaena variabilis, etc.), and fungi (Aspergillus, Penicillium, Arthrobotrys, 
Trichoderma, etc.) are known to solubilize the rock phosphates.
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Among the fungi, Aspergillus and Penicillium are the most predominant genera 
which have shown their potential for P solubilization. Yu et al. (2005) have reported 
the P solubilization by Penicillium oxalicum and Aspergillus niger in liquid culture. 
Recently, Kalayu (2019) has reviewed several PSF, namely, Aspergillus tubingensis, 
A. sydawi; A. ochraceus; A. versicolor, Penicillium bilaii, P. citrinum, P. digitatum; 
P. lilacinium; P. balaji; P. funicolosum, P. oxalicum, P. simplicissimum; P. rubrum, 
Arthrobotrys oligospora, Trichoderma viride, Rhizopus, Fusarium, and Sclerotium.

Fig. 5.1  Role of phosphate-solubilizing fungi in plant growth development

Fig. 5.2  Depiction of P-solubilization mechanism of the fungi
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5.2  �Rhizospheric P-Solubilizing Fungi

Soil is the natural media that support vegetation by providing nutrients and other 
essential elements for growth. The thin area of soil surrounding the roots of the 
plants is known as rhizosphere. It is directly affected by root exudates and hence is 
rich in soil-related microorganisms. Root exudates are the compounds secreted by 
roots in its immediate proximity. The nature of microbial community in the rhizo-
sphere is directly affected by the constituents of these root exudates. Exudates are 
majorly constituted by ions, sugars, aromatic and aliphatic acids, volatile aromatic 
compounds, vitamins, peptides, proteins, enzymes, plant hormones, alcohols, 
ketones, olefins, and urea. Root exudates contribute to 40% of the net fixed carbon 
by plant photosynthesis containing almost 200 different types of compounds. Root 
exudates perform ecological interactions with the soil microbial community by 
releasing signaling molecules, attractants, and stimulants. Moreover, they can be 
used by plants in their defense against various pathogens (Baetz and Martinoia 
2014; Kobae 2019; Kour et al. 2019b).

The nature of the root exudates varies from one place to another because of the 
impact of various biotic and abiotic factors. The change in the nature of these exu-
dates also changes the microflora of rhizosphere. Besides it, they also help the plant 
to compete with surrounding plants and promote plant–microbe symbiotic interac-
tions (Yadav et al. 2017; Rajwar et al. 2018; Yadav et al. 2019; Rai et al. 2020). The 
microbes use these root exudates as a substrate and also contribute some of the 
metabolites that are absorbed by the plant to fulfill its nutritional requirements. 
Among the rhizospheric PSF, mycorrhizae are the most important groups of the 
microorganisms (Remy et al. 1994; Ezawa and Saito 2018). They are also known as 
fungal roots. Mycorrhizae are well efficient in the nutrient absorption from the soil, 
especially P (Harrison and van Buuren 1995; Harrison et  al. 2002; Fonseca and 
Berbara 2008; Hart et al. 2017). They may be ectomycorrhiza (Leccinum, Hebeloma, 
Lactarius, Suillus, etc.) or endomycorrhizae (Rhizophagus irregularis, Acaulospora, 
Gigaspora, Glomus, Entrophospora, etc.) (Jansa et al. 2008; Kikuchi et al. 2016; 
Kobae 2019).

5.3  �Mechanism of P-Solubilization

PSM employs the following three mechanisms (McGill and Cole 1981) to solubilize 
P: (a) by releasing compounds such as hydroxyl ions, protons, siderophores, organic 
acids, and CO2 that assist the breakdown and solubilization of complex molecules; 
(b) biochemical mineralization by the discharge of extracellular enzymes; and (c) 
by releasing phosphorous during substrate degradation.

Further, on the basis of the nature of the substrate, the P-solubilization mecha-
nisms can be explained as follows:
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5.3.1  �Organic

Three groups of enzymes are involved in the release of organic phosphorous from 
soil (Kaur et al. 2017).

5.3.1.1  �Nonspecific Acid Phosphatases (NSAPs)

These are dephosphorylated phosphoester or phosphoanhydride compounds of 
organic matter. Phosphomonoesterases (phosphatases) are the most common among 
them. Acid phosphatases have been found to be present in several fungi, such as 
Aspergillus, Penicillium, Fusarium, and Neurospora (Shahab et  al. 2009). These 
phosphatases were produced in media containing an inorganic nitrogen source 
[NaNO3, (NH4)2SO4, NH4NO3] and a very low concentration of inorganic phosphate 
(Pi). The fungal strain Humicola lutea 120-5 utilizes the phosphoprotein casein 
through biosynthesis of extracellular enzymes: acid proteinases (Aleksieva and 
Mutafov 1997; Aleksieva and Peeva 2000) and acid phosphatases (Micheva-Viteva 
et  al. 2000). In some cases, mineralization of natural phosphorus and phosphate 
solubilization can exist together. Inoculation either only with phosphate solubilizer 
or with other potential rhizospheric organisms has been very much achieved 
(Ahemed and Kibret 2014).

5.3.1.2  �Phytases

These are the enzymes having an ability to release at least one phosphate group 
from the phytic acid, a fixed organic form of P (Suyal and Tewari 2013a, 2013b; 
Kour et al. 2020a). The International Union of Pure and Applied Chemistry and the 
International Union of Biochemistry (IUPAC–IUB) distinguish two classes of phy-
tate degrading enzymes, 3-phytase (EC 3.1.3.8) and 6-phytase (EC 3.1.3.28), initi-
ating the dephosphorylation at the 3 and 6 positions of phytate, respectively (Guilan 
et al. 2009); completely hydrolyzing to inositol and inositol monophosphate.

Microbial phytase activity was most frequently detected in fungi. Mostly phytase 
producers are filamentous fungi, especially from the genus Aspergillus, Penicillium, 
and Mucor. Phytase from A. niger group is considered most active. Over 200 fungal 
isolates belonging to the genus Aspergillus, Mucor, Penicillium, and Rhizopus, 
Trichoderma have been tested for phytase production (Soni et al. 2010; Rawat et al. 
2009). The phytase and its applications have recently been well reviewed by Sharma 
et al. (2020).

Several strains of yeasts, the eukaryotic fungi, contain biologically valuable pro-
teins (40–60%), vitamin B-complex, important trace minerals, and several unique 
“plus” factors, such as ability to enhance P bio-availability (Sharma et al. 2020). It 
is reported that among yeasts, extracellular phytases are produced by Schwanniomyces 
castellii (Segueilha et  al. 1992), Arxula adeninivorans (Sano et  al. 1999), and 
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S. cerevisiae (Veide and Andlid 2006). Intracellular phytase occurs in several yeasts 
such as Saccharomyces cereviseae (Man-Jin et  al. 2008; Iefuji et  al. 2009) and 
Cryptococcus laurentii (Pavlova et al. 2008). Baker’s yeast S. cerevisiae is generally 
recognized as safe (GRAS, defined by U.S. Food and Drug Administration) for food 
production, and has been widely used for the production of food-grade phytase 
(Veide and Andlid 2006; Yasoda et al. 2007).

5.3.2  �Inorganic

The following are two main theories in this aspect:

	(i)	 Acid production theory
	(ii)	 Proton and enzyme theory

As per acid production theory, PSMs produce organic acids such as oxalic, 
fumaric, glyoxalic, malic, citric, gluconic, succinic, alpha-ketobutyric, 
2-ketogluconic, and tartaric acid which lower the pH (Puente et al. 2004; Rodrigues 
et al. 2004). Its amount and type vary from fungus to fungus. Lowering of pH of the 
filtrates of PSMs is because of these organic acids (Rani et al. 2013). Fasim et al. 
(2002) observed the role of microbes in the solubilization of zinc oxide and phos-
phate through gluconic acid and 2-ketogluconic acid production (Table 5.1).

Proton and enzyme theory states that a group of enzymes such as esterase are 
responsible for the phosphorous solubilization from compounds containing organic 
phosphate. According to this theory, phosphorous solubilization, besides the 

Table 5.1  Organic acids produced by P-solubilizing fungi

Fungi Acids

Aspergillus candidus, A. flavus, A. niger, A. terreus, A. wentii, 
Fusarium oxysporum, Penicillium sp., Trichoderma isridae, 
Ttrichoderma sp.

Lactic, maleic, malic, acetic, 
tartaric, citric, fumaric, gluconic

A. flavus, A. candidus, A. fumigatus Glutaric, oxalic, tartaric
Penicillium oxalicum Malic, gluconic, oxalic
Aspergillus flavus, P. canescens Oxalic, citric, gluconic, succinic
Penicillium rugulosum Citric, gluconic
A. niger Succinic, citric, oxalic, gluconic
Penicicllium variabile, Penicillium rugulosum, Penicillium 
radicum

Gluconic

A. awamori, A. foetidus, A. terricola, A. amstelodemi, 
A. Tamari

Oxalic, citric

A. japonicus, A. foetidus Oxalic, citric, gluconic, 
succinic, tartaric

P. simplicissimum, P. bilaji Citric, oxalic
A. awamori, P. digitatum Succinic, citric, tartaric
Chaetomium nigricolor 2-Ketogluconic
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generation of acid, involves release of protons in association with ammonium 
assimilation (Shahab et al. 2009). Other than these two systems, phytohormones 
such as indole acetic acid, cytokinin, and gibberellin also aid phosphate solubiliza-
tion. Formation of chelating agents such as H2S, CO2, mineral acids, and sidero-
phores also has indirect effect on phosphate solubilization (Shahab et al. 2009).

5.4  �Genetics of P-Solubilizing Microbes

Generation of organic acids is likely to be involved in mineral phosphate solubiliza-
tion in all the PSM including fungi. The genes mandatory for these acid productions 
were anticipated to affect this feature. A few genes involved in acid phosphatase 
have been represented (Rossolini et al. 1998). For example, the acpA gene com-
municates an acid phosphatase showing ideal activity at pH 6, with extensive sub-
strate specificity (Reilly et al. 2006). Furthermore, broad-spectrum acid phosphatases 
containing class A gene phoC and class B gene napA, separated from Morganella 
morganii, are extremely encouraging. Besides this, a little is known about the mech-
anism involved in the biochemical systems required for the union of the GDH-PQQ 
halo enzyme and the region for the variation in some microorganisms among con-
stitutive and inducible phenotypes.

The conceivable inducers that show promising halo enzyme activity are glucose, 
gluconate, mannitol, and glycerol. Gluconic acid is synthesized by a mechanism 
involving direct oxidation of glucose through two key proteins, namely, membrane-
bound quinoprotein and glucose dehydrogenase (GDH) (Kim et al. 1997; Patel et al. 
2008). GDH requires pyrroloquinoline quinone (PQQ) as a cofactor, which is the 
product of a pqq operon comprised of six genes (pqqA, B, C, D, E, and F) in 
Klebsiella pneumonia, Enterobacter intermedium 60-2G, and Rahnella aquatilis 
(Kim et al. 1998, 2003). PQQ is essential for the formation of holoenzyme which 
leads to the production of gluconic acid from glucose. Han et al. (2008) have shown 
that the absence of 2-ketogluconic acid, due to inactivation of pqq genes in 
Enterobacter intermedium 60-2G, leads to insolubility of hydroxyl-apatite. PCR 
studies were conducted in S. marcescens CTM 50650 strain (Farhat et al. 2009) to 
check the presence of genes involved in the expression of MPS via activation of the 
direct oxidation pathway of glucose (GDH encode by gdh and pqq genes involved 
in the biosynthesis of the required PQQ cofactor). Rodrıguez et al. (2000), Rajwar 
et al. (2018), and Joshi et al. (2019) have reported pqq genes in the diazotrophs. A 
gene of phosphatase enzyme in Burkholderia cepacia is known to encode an outer 
membrane protein which increases the P transport within a cell (Rodrıguez et al. 
2000). Two nonspecific periplasmic acid phosphatase genes (napD and napE) from 
Sinorhizobium meliloti were also cloned (Deng et al. 2001).

A MPS gene (gabY) was isolated from Pseudomonas cepacia and its expression 
was studied in E. coli HB 101. Babu-Khan et al. (1995) have identified 396 gabY 
ORFs of P. cepacia and evaluated their expression in E. coli K-12. They have found 
that this strain had synthesized apo-GDH but PQQ. Furthermore, JM109 (pSLY4) 

D. C. Suyal et al.



117

and JM109 (pGAB1) were found to synthesize 10-fold more gluconic acid in the 
presence of 1 mM PQQ. In another study, a genetic construct using pKT230 and 
pMCG898 was prepared by Rodriguez et al. (2000), encoding PQQ synthase gene 
(responsible for MPS) from Erwinia herbicola and was transferred to Pseudomonas 
sp. and Burkholderia cepacia IS-16. The positive recombinant clones were able to 
produce higher insoluble phosphate in comparison to their respective wild type 
strains. A 7 kb fragment from Rhanella aquatilis was cloned by Kim et al. (1997) 
and transferred to E. coli strains so that hydroxyapatite-solubilization ability can be 
conferred and hence induce the production of gluconic acid. Presence of two open 
frames ORF1 and ORF2 and a partial ORF were revealed in nucleotide analysis. 
Among them, ORF2 encodes a protein of 44 kDa which has remarkable sequence 
resemblance to pqqE of Klebsiella pneumonia, E. herbicola and Acinetobacter cal-
coaceticus and were revealed in nucleotide analysis. Further, a 10 kDa protein was 
found to encode by ORF1 which has shown a strong sequence resemblance to the 
pqqD of A. calcoaceticus and K. pneumoniae. E. coli can produce GDH, without 
PQQ, and thus, does not produce GA.

The cloned 1.8 kb locus encodes a protein that shows striking resemblance to the 
gene III product of a pqq synthesis gene complex from Acinetobacter calcoaceticus, 
and to pqqE of K. pneumoniae (Liu et al. 1992). It has been observed that DNA 
fragment from E. herbicola worked as PQQ synthase gene. Further, few E. coli 
strains may possess cryptic PQQ which were supposed to complement by this 
ORF. These observations have revealed that although acid production is an essential 
way of P solubilization, it cannot be considered the only way to perform that. 
Numerous genes are reported which are responsible for solubilization of the insolu-
ble phosphate. A pcc (phosphoenolpyruvate carboxylase) gene from Synechococcus 
was found to involve in P solubilization. To release Pi from the organic complexes, 
microorganisms have developed a specific system which possesses the alkaline and 
acid phosphatases. The genetic regulation of these enzymes has been studied. Under 
P limiting conditions, several genes are observed to induced and initiate the pho 
regulation, namely, phoA (for alkaline phosphatase), phoB (a positive regulator or 
an activator), phoT, pstS, and pstB, etc. They all constitute pho box (Torriani and 
Ludtke 1985; Makino et al. 1989; Ezawa and Saito 2018). PhoR protein regulates 
the Pho regulation both negatively and positively with excess and limited phos-
phate, respectively. Pho M is another protein showing inhibitory effect on the prod-
uct of PhoR, into an inactive form, PhoM.  In presence of Pi, PhoU exhibits a 
negative control.

The Pst-Pho U region constitutes an operon with a transcription attenuator 
between Pho S and Pho T (Wanner 1987). As organic acid production is among the 
key mechanisms of P solubilization, it is assumed that any change in structure/func-
tion of the respective genes will affect this property. In this scenario, genes of P 
uptake have been studied thoroughly in several PSM. It has been observed that 
Sinorhizobium meliloti possess at least two P transport systems – high- and low-
affinity transport systems. The high-affinity system is observed to encode by the 
pho CDET operon, whereas low-affinity system is known to encode by orfA-pit 
operon. These genes are regulated by PhoB activator. In case of P-sufficient 
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conditions, PhoB becomes inactive and thus phoCDET genes are not expressed. 
Under P deficiency, PhoB becomes activated and thus pit permease system (low-
affinity system) is suppressed while pho CDET system gets activated and predomi-
nantly acts as P transport (Bianco and Defez 2010). pstSCAB homologs have been 
found in some microorganisms that are known to serve as high-affinity P transport-
ers (Behera et al. 2014). Recently, Ezawa and Saito (2018) have reviewed the genet-
ics of P solubilization by arbuscular mycorrhizal fungi. The group has reported an 
SPX domain in the proteins which are involved in Pi homeostasis in eukaryotes.

5.5  �Applications of Genetic Engineering for Potential 
Bioinoculants Development

PSF performance mainly depends on its potential to colonize under a certain habi-
tat. Plate counting and most-probable-number techniques have been used for the 
study of fungal communities in the rhizosphere. It is considered that less than 1% of 
the microorganisms in the environment can generally be cultured by standard cul-
ture techniques. Spatial heterogeneity and culturing inability are the major limita-
tions for identification of the fungus (Kirk et al. 2004, Mummey et al. 2006). Spatial 
heterogeneity occurs due to the temporal and spatial variability during the sampling. 
Moreover, improper sampling and handling may also affect the results. On the other 
side, culturing inability arises due to the lack of the suitable growth media. Therefore, 
microbial habitats, their interactions, and growth requirements need to be studied 
properly to overcome this problem.

Molecular biology techniques are extensively used for characterizing microbial 
community structures in different environments. Cloning and sequencing tech-
niques are commonly used techniques to determine microbial community structure. 
Besides them, hybridization and probing techniques can also determine the same 
with the advantage that they are less time-consuming, however require a sufficient 
knowledge of the community to select the appropriate target sequence. Some other 
techniques such as ribosomal intergenic spacer analysis (RISA) and amplified ribo-
somal DNA restriction analysis (ARDRA) can be used to study PGF colonization or 
community structure. ARDRA and RISA have been used in the analysis of mixed 
bacterial populations from different environments. ARDRA can be used for taking 
an overview of genotypic changes occurred in the community over time. However, 
RISA provides a method of microbial community analysis for comparing differing 
environments or treatment effects without any kind of biasness imposed by culture-
dependent approaches. In brief, RISA involves PCR amplification of an intergenic 
spacer region (ISR). These molecular techniques have greater quantitative effi-
ciency and can be further extended to characterize PGF under in situ conditions.

Knowledge of the fungal genes governing the production of organic acids would 
make it possible to transfer the phosphate-solubilizing ability to various other 
microorganisms that are competent of colonizing a particular rhizosphere. As clear 
from the earlier discussions, rhizosphere competence is a most important factor that 
determines the fate of success or failure of microbial inoculant. The rhizosphere has 
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various amounts of carbon sources that can be utilized by the heterogeneous micro-
bial communities in soil to produce various types of organic acids. Oxidative metab-
olism of glucose by glucose dehydrogenase (GDH) produces gluconic acid; glucose 
dehydrogenase (GDH) requires pyrroloquinoline quinine (PQQ) cofactor. Therefore, 
genes involved in the transport/biosynthesis of PQQ can be cloned from various 
microbes and transferred to the other (Bruto et al. 2014). If the genes involved in 
PQQ biosynthesis are transferred to Trichoderma sp. that possess apo-GDH and that 
is rhizosphere competent too, the resulting Trichoderma strains will show both 
phosphate-solubilizing activity as well as biocontrol activity. Similarly, Ambrose 
et al. (2015) have successfully characterized salicylate hydroxylase gene from the 
fungal endophyte Epichloë festucae.

5.6  �Available Approaches and Methodologies to Study 
P-Solubilizing Microbes

For identification and characterization of the rhizospheric fungi, two different 
approaches can be explored, namely, culture-dependent and -independent (Soni 
et al. 2016; Suyal et al. 2019a, 2019b). Culture-dependent approaches involve the 
culturing of the fungi in the lab followed by their morphological characterization, 
carbon source utilization pattern, plasmid fingerprinting, FAME (fatty acid methyl 
esters) analysis, PLFA (phospholipid fatty acid analysis), DNA microarray, MLST 
(Multilocus sequence typing), mass spectrometry, etc. Unfortunately, all the fungi 
are not culturable and therefore, need another approach known as culture-
independent approach. It involves metagenomics and other genetic fingerprinting 
techniques which provide a profile of the whole community and do not rely on the 
culturing of the fungi. These methods are rapid, accurate, and easy to perform. 
Furthermore, these methods involve the isolation of DNA directly from the soil 
samples followed by its restriction digestion, cloning, and metagenomic library 
construction (Goel et al. 2017). These shotgun clones can further be subjected to 
activity screening. The culture-independent approach also involves the in situ iden-
tification of microorganisms by FISH (fluorescent in situ hybridization) and PCR 
based identification by using different phylogenetic markers.

5.6.1  �Morphological Characterization

Several morphological characteristics are useful in the fungal identification and 
characterization, namely, hyphal structure, mycelial growth, pigmentation, spores, 
etc. Morphological characterization is really rapid, easy, and does not need any 
sophisticated instrument. But it has several drawbacks too because the morphologi-
cal expressions are dependent upon environmental factors (Li et al. 2009).
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5.6.2  �Biochemical Characterization

5.6.2.1  �Carbon Source Utilization Patterns

The evaluation of carbon source utilization efficiency of the microorganisms is one 
of the oldest methods used for their identification and characterization. This tech-
nique is considered fast, reproducible, and cost-effective. The Biolog identification 
system is a commonly used microbial identification method based on their ability to 
oxidize a panel of 95 different carbon sources (Morgan et al. 2009). Thus, metabolic 
profile of the microorganisms is prepared and compared. The major disadvantage of 
this method is its biasness for cultivable microbial communities. Nevertheless, 
results may also vary according to the growth conditions of the microorganisms and 
inoculum density. Frąc et al. (2016) have developed a fast, accurate, and effective 
Microplate Method (Biolog MT2) for the detection of Fusarium.

5.6.2.2  �FAME and PLFA Analysis

For many years, microbial lipids have been routinely used for their own identifica-
tion. The two most common methods which are being used for this purpose are 
FAME and PLFA. FAME is rapid but indiscriminate while, PLFA is precise but 
time-consuming. These methods involve the analysis of the microbial fatty acids 
and identify them on the basis of signature molecules. Signature fatty acids are 
known to make a relatively constant proportion within a cell and can be differenti-
ated among major taxonomic groups of the microorganisms (Frostegard and Baath 
1996; Siles et  al. 2018). Therefore, any variation in the fatty acid profile of the 
microorganisms represents the change in the microbial community structure. This 
technique is precise, high-throughput, and cost-effective with higher resolution 
capacity (Nelsona et al. 2010). The limitation of this technique is that cellular fatty 
acid composition depends on growth conditions, media, and temperature used to 
grow the organism, thus, may lead to misinterpretation.

5.6.3  �Molecular Characterization

5.6.3.1  �PCR-Based Methods

Random Amplification of Polymorphic DNA (RAPD)

It is a PCR-based fingerprinting technique. RAPD markers are the DNA fragments 
produced from the random amplification of the genomic DNA using single primer 
of arbitrary nucleotide sequence. After purifying the genomic DNA, PCR amplifica-
tion can be done by using randomly designed primers (Clerc et al. 1998). By select-
ing the primers and amplification conditions judiciously, all such pairs of sequences 
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represented in the genome result in a set of fragments that is characteristic of the 
species or strain from which the DNA was prepared. These fragments are resolved 
by gel electrophoresis. The band pattern generated in the analysis represents genome 
characterization of a respective microbial strain. Recently, Hassan et al. (2019) have 
used this technique for rapid identification of the Trichoderma sp.

Amplified Fragment Length Polymorphism (AFLP)

It is a variation of RAPD technique, and able to detect polymorphic restriction sites 
without prior sequence knowledge using PCR amplification. Restriction enzyme 
(RE)-digested genomic DNA can be used as a template for PCR amplification. The 
primers contain the recognition sites of the RE as well as additional “arbitrary” 
nucleotides that extend beyond the restriction sites (Blears et al. 1998; Bertani et al. 
2019). The fixed portion gives the primer stability and the random portion allows it 
to detect many loci. The amplified fragments are separated and visualized on dena-
turing polyacrylamide gels. This multiple-locus fingerprinting technique is highly 
sensitive and robust and has been evaluated for genotypic characterization of the 
fungi (Kathuria et al. 2015). Furthermore, it has higher reproducibility, resolution, 
and sensitivity compared to other techniques.

Repetitive Sequence-Based PCR (Rep-PCR)

Microbial genomes possess several low-copy-number repeated sequences, namely, 
rRNA operons, tRNA genes, insertion elements, etc. These sequences contribute to 
the evolution of the genome and function through DNA rearrangements. It also 
helps in creating the genetic fingerprints. Therefore, Rep-PCR fingerprinting is con-
sidered a well-established technique for microbial diversity analysis and identifica-
tion (Shin et al. 2012; Masanto et al. 2019). This method is based on PCR-mediated 
amplification of DNA fragments located between specific interspersed repeated 
sequences in microbial genomes. It has high resolution, but results may vary due to 
the PCR biasness.

Multiple Locus Variable Number Tandem Repeat Analysis (MLVA)

It is a molecular technique which explores the natural variation in the number of 
tandem repeats found in the multiple loci of the microorganism. This method is 
extensively used for molecular typing of the microorganisms (Johansson et  al. 
2006). In this technique, variable number tandem repeats (VNTR) loci are subjected 
to PCR amplification followed by amplicon sequencing. The amplicon size is used 
to assess the number of repeated units in each locus (Singh et al. 2019). Thus, total 
numbers of repeats of the VNTR loci are combined and used to prepare the MLVA 
profile, which can be compared for the fungal identification. This technique has 
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high resolution and accuracy but often imperfect repeats containing mutations are 
encountered which affect the reproducibility of the results.

Multilocus Sequence Typing (MLST)

This technique identifies the microorganisms by analyzing the internal fragments of 
house-keeping genes present in multiple loci (Maiden et  al. 1998; Gaiarsa et  al. 
2019). These fragments are then sequenced and compared. Fragments that differ are 
designated as separate alleles and thus the relatedness of the microorganisms is 
displayed in terms of their phylogenetic relationships.

Single-Strand Conformation Polymorphism (SSCP)

It is a conformational difference in single-stranded nucleotide sequences of identi-
cal length (Schwieger and Tebbe 1998). These nucleotide sequences with different 
confirmation can be separated by the gel electrophoresis technique. Moreover, the 
gel patterns thus observed can be used for fungal identification and characterization. 
The change in single nucleotide in the amplified region is sufficient to produce the 
distinct PCR-SSCP patterns. This technique is rapid and convenient for mutational 
analysis and allelic variance (Martynov et al. 2019). Problem in reproducibility is 
the major limitation for this SSCP technique.

Denaturing Gradient Gel Electrophoresis (DGGE) and Temporal Gradient Gel 
Electrophoresis (TGGE)

These two techniques are the well-known techniques for the microbial ecology 
analysis and involve both PCR as well as polyacrylamide gel electrophoresis 
(Rajwar et al. 2018; Rawat et al. 2019). The metagenomic DNA is amplified using 
GC clamp containing primers and allowed to separate on a polyacrylamide gel. The 
denaturation of the amplicons is achieved by urea and formamide in DGGE, while 
temperature in case of TGGE. The amplicons get denatured and separated on the 
basis of their nucleotide sequences. Thus, a profile can be generated which can be 
compared further for assessing the microbial diversity within a respective sample 
(Kumar et al. 2014). These techniques are fast and labor-intensive. However, primer 
selection, electrophoresis conditions, and PCR reactions require optimization to 
achieve reproducibility.
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5.6.3.2  �Restriction Enzyme-Based Methods

Pulsed-Field Gel Electrophoresis (PFGE)

This technique can be used for the separation of DNA fragments under the influence 
of an electric field by changing their directions periodically on the gel matrix. It is a 
powerful genetic fingerprinting technique to construct a genome amp of the micro-
organisms (Basim and Basim 2001; Kwon et  al. 2019). Microbial DNA can be 
restricted digested using RE and allowed to separate through gel electrophoresis. 
However, the direction of the electric field is changed continuously to get a discrete 
band pattern. These patterns are then compared and matched with the available 
databases for the identification of the microorganisms.

Restriction Fragment Length Polymorphism (RFLP) Analysis

RFLP is a genetic fingerprinting technique that explores variations in homologous 
DNA molecules. It involves the restriction digestion of DNA followed by gel elec-
trophoresis (Osborn et al. 2000; Florek et al. 2019). Digested fragments are then 
transferred from the gel matrix to the nitrocellulose membrane. The predesigned 
probes are then subjected to the hybridization with the membrane-bound DNA frag-
ments. RFLP is considered very sensitive for microbial identification. However, 
incomplete restriction digestion of the DNA molecules may change the results.

Ribotyping

It involves the identification of microorganisms based on the restriction digestion of 
rRNA coding genes. In case of bacteria 16S rRNA genes are used for this purpose 
(Suyal et al. 2015a, b, 2019b), while intergenic transcribed spacer (ITS) regions are 
frequently used for ribotyping of the fungi (Suyal et al. 2013a). Furthermore, 18S 
rRNA genes can also be used for fungal identification (Goes et al. 2012). This tech-
nique is among the most powerful genetic fingerprinting techniques and is being 
used extensively worldwide. It is highly accurate and reproducible along with a high 
level of resolution.

Plasmid Fingerprinting with Restriction Enzymes

Plasmid is an extrachromosomal, covalently closed, double-stranded circular DNA 
molecule. Besides the bacteria, these are well known in the members of several 
fungal genera, namely, Absidia, Agaricus, Alternaria, Claviceps, Epichloe, 
Erisyphe, Fusarium, Saccharomyces, etc. Plasmids can be isolated, restricted 
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digested, and allowed to separate on gel electrophoresis to get a unique pattern 
(Owen 1989; Qin et al. 2019). These patterns are then compared for interpreting 
the fungal relatedness. It is a rapid, popular, easy, and cost-effective technique. 
However, plasmid instability is a major drawback for this genetic fingerprinting 
technique.

5.6.3.3  �Hybridization-Based Methods

Fluorescent In Situ Hybridization (FISH)

This technique is extensively used for microbial identification under culture-
dependent as well culture-independent approaches. It can detect the complementary 
DNA sequence within a chromosome with the help of a fluorescence tag (Amann 
et al. 2001; Witchley et al. 2019). For this purpose, fluorescent probes are designed 
which are actually the complementary sequence of the desired DNA fragment. The 
probe: DNA binding is detected by the fluorescent microscopy technique. This tech-
nique is highly reproducible with good resolution ability. Cellular permeability, sen-
sitivity, target site specificity, and accessibility are the major concerns with this 
technique.

DNA Microarray

A DNA microarray can be defined as the collection of small DNA spots on a solid 
surface. It can be identified as a DNA chip, biochip, or gene chip (Wang et al. 2002). 
Initially, this technique was used for expressional analysis of the genes; however, 
nowadays, it is frequently used for microbial identification and characterization. In 
microarray, randomly fragmented microbial genomes are allowed to hybridize to 
with the microbial genome spotted on a solid surface (DNA chip) (Ye et al. 2001; 
Nilsson et al. 2019). Resulting hybridization profiles are then analyzed and com-
pared. This genetic fingerprinting has shown high reproducibility, accuracy, and 
resolution. However, it is considered laborious to perform.

5.6.3.4  �Protein-Based Characterization

Serotyping

Serotypes are the microbial strains with distinct immune cells and antigenicity. 
Thus, the identification and characterization of the microorganisms based on their 
serotypes is known as serotyping. Cell surface antigens are the major determinative 
factor for the serotyping. This approach involves western blotting, immunoprecipi-
tation, ELISA, and other immunological techniques to generate the serotyping pro-
files which are then compared to get an idea about the genetic relatedness among the 
microorganisms (Li et al. 2006; Akins and Jian 2019).
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Mass Spectrometry (MS)

It offers high-throughput, robust, and sensitive way of microbial identification and 
characterization. Fungal proteins can be extracted, purified, and allowed to mass 
spectrometric analysis for their detailed characterization (Demirev and Fenselau 
2008; Welker 2011). In the field of microbial proteomics, MS can be used for both 
gel-based as well as gel-less approaches. In recent years, two-dimensional-gel elec-
trophoresis (2D-GE) coupled with MS having ionization with matrix-assisted laser 
desorption/ionization (MALDI)-time of flight (TOF) have shown its potential under 
gel-based proteomic approach (Soni et al. 2015; Suyal et al. 2014b, 2017). However, 
under gel-less approach, liquid chromatography analysis coupled with MS (LC-
MS) is in great demand (Suyal et al. 2018, 2020). Both the approaches produce a 
profile of the microbial proteins which is then used to compare and characterize the 
respective strains.

5.6.3.5  �Enrichments Methods

Bromodeoxyuridine (BrdU) Method

This method can be used to identify a metabolically active population within a niche 
(Sebastián and Gasol 2019). In this technique, BrdU (a labeled nucleotide) is added 
to the system and microbes are allowed to grow (Yin et al. 2000). Metabolically 
active individuals will incorporate BrdU into their nucleic acid and thus identified 
by using a label. This strategy is widely used in the bioremediation, especially for 
the isolation of the fungi which can use xenobiotics, heavy metals, and other 
compounds.

Stable Isotope Probing (SIP)

It is also an enrichment method in which 13C-labeled substrate is provided to the 
microorganisms. Metabolically active microorganisms incorporate 13C in their DNA 
and thus, make it denser than normal DNA. Density gradient centrifugation can be 
used to separate both the DNA which can be analyzed further with the help of the 
specific primers (Achouak and Haichar 2019). Therefore, SIP offers broad opportu-
nity to study microbial communities and can be expanded further to stable isotopes 
of nitrogen and/or phosphorus (Buckley et al. 2007).

5.7  �Conclusion and Future Prospects

To meet the ever-increasing demand of food due to population pressure, green revo-
lution came into existence. It, however, brought remarkable gain in food production 
but with unnoticed concerns for sustainability due to disproportionate use of 
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chemical fertilizers. Moreover, future reliability on chemical fertilizers will persist 
to cause loss in soil fertility, pollution, and a lot of saddle on the fiscal system. 
Therefore, biofertilizers are being promoted alone or with combination with fertil-
izers. This integrated approach is vital to improve crop productivity and to maintain 
soil fertility.

PGFs not only exhibit plant growth promotion but they are also effective in bio-
remediation by detoxifying detrimental pollutants such as pesticides and heavy 
metal pollutants. Nevertheless, they are potential biopesticides, as they can control 
a wide variety of phytopathogens. In the case of controlled soil conditions, remark-
able enhancement in yields of different crop plants has been reported through PGF 
applications. But soil is an unpredictable natural ecosystem. Efficacy of PGF in crop 
yield may vary under laboratory, greenhouse, and field trials, and therefore, the 
desired results are sometimes not achieved. Besides it, climatic variations influence 
the effectiveness of PGF.  However, their performance can be optimized through 
acclimatization according to the prevailing natural soil environment. In the current 
scenario, where there is global reluctance toward genetically modified food crops, 
PGF-based farming practices might be an excellent alternative. This is a technology 
which is easy to access even to the farmers of developing nations including India. 
Thus, this trend of least possible input of chemicals in sustainable agricultural sys-
tems may help to achieve the food reliance for an ever-growing population. Further 
research in this perspective will widen the horizon of our knowledge and enable us 
to understand microbial responses to the diverse environments.
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