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Preface

Food is one out of the three basic necessities for any living form on this biosphere.
Therefore, human race has strived hard to fulfil its demands mostly at the cost of
nature. With the growing population on this planet, productivity enhancement with
limited arable land resource has become the major challenge for the agriculture
communities. Be it the Green revolution or blue revolution, current agricultural
practices have resulted a huge amount of toxic effluents directly or indirectly into
the soil, air, and water. Therefore, the need of the hour is to increase the arable land
with sustainable agriculture practices and judiciously involve microorganisms as the
major stakeholders. These microorganisms being indigenous can beautifully interact
with their micro environment surroundings either synergistically or antagonistically
making plant–microbe synergism as ecological sustainable. Being at the receiving
end of agricultural products, man has tried to curtail the losses occurred due to biotic
and abiotic stresses. It is, therefore, important to explore the dynamic microbe–
plant–soil interactions going on at every fractions of second. Keeping this perspec-
tive in mind, this book is a brainchild to recapitulate the labyrinthine mechanisms
involved in microbe abetted sustainable management of soil environment. It consists
of chapters focusing on challenges and opportunities of microbes in sustainable
agriculture, the various factors governing the soil ecosystem affecting the plant
mineral nutrition, usage of microbes to deal with biotic and abiotic stress, etc.
Innovations and recent trends in current agriculture have been highlighted with
explicit reference to new strategies for commercialization of microbial technologies
and futuristic approaches for indigenous microbial resource conservation and
management.

While accomplishing higher goals, it is always WE and never ME. The editors
nimbly acknowledge the overwhelming support and encouragement received from
all the well-wishers. The editors express their heartfelt gratitude to all the authors
who have contributed in shaping this book. It is their cooperation, understanding,
patience, and timely response that have made this dream come true. Due to the
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predefined page limitation, all the acknowledgement cannot be added here. Any
suggestions to improvise the book is welcomed.

Raipur, Chhattisgarh, India Ravindra Soni
Sirmaur, Himachal Pradesh, India Deep Chandra Suyal
Barabanki, Uttar Pradesh, India Prachi Bhargava
Mathura, Uttar Pradesh, India Reeta Goel
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Agriculturally Important Microbes:
Challenges and Opportunities 1
Pooja Joshi, Aditi Saini, Sabyasachi Banerjee, Ratnaboli Bose,
M. S. Bhandari, Amit Pandey, and Shailesh Pandey

Abstract

Burgeoning world population has pressurized the agricultural sector immensely.
Fertilizer and pesticide usage injudiciously in conventional farming has adversely
affected environment and human health. Globally coordinated sustainable agri-
culture is the way forward. Sustainable agriculture aims to maintain productivity,
feed billions, and yet conserve the environment. Productivity devoid of environ-
mental degradation, maintenance of agro-ecosystem health, and agro-biodiversity
are essential for proper management of cultivated ecosystems. Soil dwelling
microbial communities are key to resolving these concerns. A prominent
rhizospheric microbial assemblage termed plant growth-promoting rhizobacteria
contributes significantly to plant growth promotion and development. PGPR
bioinoculants release and modify endogenic phytohormone levels, other biologi-
cally active molecules, solubilize or fix minerals facilitating nutrient uptake,
helping crops overcome abiotic stresses. Further they control plant pathogene-
sis/disease by deploying antibiosis, rhizospheric competence, enzyme secretion,
and induction of systemic resistance in host plants. Soil health and fertility are
maintained owing to biofortification of nutrients. This translates to greater food
security, social well-being, and human health. Bioinoculant viability and effec-
tiveness are determined by the carrier material. Persistent research developing
nontoxic, user-friendly bioformulations that can remain functionally viable
during storage is pertinent to the continued large-scale application of PGPR.
This chapter focuses upon the potential of four agriculturally important
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microbes—Azotobacter, Serratia, Bacillus, and Pseudomonas. Furthermore, the
challenges to crop production by the usage of PGPR, problems in shelf life of
bioformulations for commercial agriculture, and directions for future of PGPR
research are highlighted.

Keywords

Agricultural sustainability · Plant growth-promoting rhizobacteria · Biocontrol ·
Bio-fertilizers · Environmental-remediation · Soil health · Stress management

1.1 Introduction

Agriculture has formed the economic basis of society for as long as man has existed.
Owing to the ongoing COVID-19 pandemic, the current count of undernourished
people would shoot up by 132 million in 2020 (FAO 2020a). Current agricultural
policies must harmonize with UN-Sustainable Development Goals facilitating less
hazardous and nature friendly food production. Sustainable agriculture is upheld by
United Nations (UN) Sustainable Development Goals like SDG 1 (no poverty), SDG
2 (zero hunger), SDG 3 (good health and well-being), and SDG 12 (responsible
consumption and production) (Priyadarshini and Abhilash 2020; Ferdous et al.
2020). Global population is 7.8 billion and growing, inhabiting about 6.38 billion
hectares, and 1.31 billion are primarily dependent on agriculture (Gouda et al. 2018).
Recent statistics suggest that nearly 690 million or 8.9% of the world population go
to bed with an empty stomach. In 2019 alone, 750 million people were stricken with
dire food insecurity. Current projections dictate that more than 840 million people
would be affected by hunger by 2030, should current trends persist (FAO 2020b).
During his Nobel Peace Prize 2020 acceptance speech, Executive Director David
Beaseley UN World Food Programme (WFP) said “Because of so many wars,
climate change, the widespread use of hunger as a political and military weapon,
and a global health pandemic that makes all of that exponentially worse—270
million people are marching towards starvation”. Global achievement of Zero
Hunger by 2030 seems a distant dream under these circumstances.

Food security needs to be addressed with concerted international efforts, with
defined long-term challenges and possibilities. Food production must increase by
70–110% to cope with a 40% increase in world population and to raise average food
consumption to 3130 kcal per person per day by 2050 (Bruinsma 2009; Royal
Society of London 2009; Tilman et al. 2011). Meanwhile, land under crop produc-
tion has risen marginally from 1961 to 2018 since total agricultural area expanded by
6.43% from 4.51 billion ha to 4.8 billion ha. Simultaneously the world population
has grown from 3 to 7.8 billion (160% hike) (FAOSTAT 2009, 2020; Bologna and
Aquino 2020). A growing world population would require an additional 2.7–4.9
million hectare of cropland per year on average (Lambin and Meyfroidt 2011). The
demand and supply of food is inversely proportional since agricultural production is
arithmetic in progression while population grows in geometric progression (Malthus
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2013). While his pessimistic views have been criticized and falsified by various
researchers, if left unchecked, world population would likely outrun its subsistence
(Royal Society of London 2009).

Presently some 11% (1.5 billion ha) of the global land area (13.4 billion ha)
comes under cultivation (arable land and land under permanent crops). Global area
under cultivation is about 36%, of the total land estimated to be suitable for crop
production (Bruinsma 2003). India has 60% of the land area under cultivation for the
production of cereals, vegetables, pulses upon which half the population of India
depends (Gouda et al. 2018). Degraded land area is about 25% of total world area
with steady degradation on the rise (Abhilash et al. 2016). Global arable land lost per
annum to soil erosion is between 2 and 5 million hectares (Bringezu et al. 2010).
About 50 tonnes per hectare soil is lost in a year which may be 100 times faster than
the rate of soil formation (Banwart 2011). No exact consensus exists upon the actual
extent or spatial distribution of degraded land, with estimates ranging from less than
1 billion hectares to greater than 6 billion hectares (Gibbs and Salmon 2015).
Various land uses, such as cropland, (for agriculture) pastures, natural forests,
planted forests, urban built-up area, unused, productive land, industrial forestry,
protected areas, and land lost to land degradation, compete for existence (Lambin
and Meyfroidt 2011). However, land is a finite resource and agricultural use of land
will have to contend with other land uses for habitation, infrastructure, and industry.
Shifts in the existing patterns of land use would potentially affect the resilience of
ecological and socioeconomic systems (Anderson 2010).

This means, agricultural land cannot expand beyond its current limits. Public
funded research must support the sustainable intensification of food farming
practices (Royal Society of London 2009). The pressure on land area to meet the
demand for food production is immense, the world shall reach nearly 10 billion by
2050. To cope up with the demands of a growing human population and yet maintain
soil health and fertility, sustainable agriculture based on scientific farming methods
is imperative. Sustainable agriculture depends on sustainable management of soils
and intensive farming. The identity, location, and manner of cropping are guided by
various factors such as soil nutrients (nitrogen, phosphorus, and potassium), water,
climate (temperature, radiant energy for photosynthesis), pests (vertebrates and
invertebrates), diseases (fungal, bacterial, or viral), weeds, and beneficial organisms
which are disease suppressive (Royal Society of London 2009).

Agricultural productivity depends upon abiotic factors, viz. nutrient cycling,
energy fluxes, and carbon fluxes between soil organic matter, lithosphere, hydro-
sphere, and atmosphere (Lehmann and Kleber 2015). As climate change creates
harsher scenarios, abiotic and biotic stresses would continue to assail crop produc-
tivity (Cavicchioli et al. 2019). Wheat and barley yield declined by 1.9% and 4.8%,
respectively, between 1980 and 2015, owing to changes in climate conditions, a
Central Asia based research group reported (Schierhorn et al. 2020). As per the
International Panel on Climate Change (IPCC 2019), Agriculture, Forestry and
Other Land Use (AFOLU) contributed to 22% anthropogenic greenhouse gas
(GHG) between 2007 and 2016. In 2017, agriculture alone accounted for 42% of
total CH4 (methane) and 75% of global total N2O (nitrous oxide) emissions
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(FAOSTAT 2020). Nitrous oxide is the major emission by-product of inorganic
nitrogen fertilizers (IPCC 2007). Conventional agriculture utilizing agrochemicals in
the form of fertilizers and pesticides has substantially damaged soil owing to soil
acidification and exchangeable base reduction, alienating these chemicals from
standing crops causing loss to productivity. The continuous soil application of
chemical inputs as fertilizers or pesticides to agricultural land degrades soil texture,
productivity, native microflora and surrounding environment. Pesticide residues on
fruits, vegetables, crops that enter the food chain have mutagenic, carcinogenic,
cytotoxic, genotoxic among other health problems in humans (Singh et al. 2020;
Kumari et al. 2019). Plants cannot locomote which heightens their vulnerability to a
variety of biotic (pathogen attack) as well as abiotic stresses (salinity, drought,
flooding, heavy metal toxicity, extreme temperatures). Desirable qualities in crop
cultivars include disease resistance, salt tolerance, drought tolerance, heavy metal
stress tolerance, and higher nutritional value. Beneficial microbes are a viable route
to achieve these purposes (Gouda et al. 2018; Kenneth et al. 2019) and an essential
component of organic agriculture (Zarb et al. 2005). Organic agriculture is a method
of agriculture where no synthetic fertilizers and pesticides are used. The International
Federation of Organic Agriculture Movements (IFOAM) states that organic farming
is a production system which maintains soil health, ecosystems, and humans.

Agricultural biotechnology has responded by way of genetic engineering. For
instance, genetically engineered Escherichia coli capable of diazotrophic (ability to
fix nitrogen) growth was created by introgression of 18 essential nif genes from
Klebsiella oxytoca (a free-living nitrogen fixer) into its genome. Genetically
modified crop cultivars are being developed that are capable of forming artificial
symbioses or associations with diazotrophs (nitrogen fixers) by introgression of nif
genes into heterologous hosts to reduce the demand for chemical nitrogen fertilizers,
a major contributor to global climate change (Burén et al. 2018; Sutton et al. 2011).
Excellent reviews on genetically engineered non-legume crops, capable of nitrogen
fixation in the absence of rhizobacteria ere done by Mus et al. (2016) and Pankievicz
et al. (2019). For instance, transgenic tobacco plants were developed by integration
of the active iron (Fe) subunit of nitrogenase gene sets (the primary bacterial enzyme
for biological nitrogen fixation) into the tobacco chloroplast genome (Ivleva et al.
2016). Extensive transgenic crop acceptance is fraught with obstacles regarding
possible toxicity, allergy risks to humans, transgene introgression to wild relatives,
deleterious effects to non-target organisms, and development of weed/pathogen/pest
resistance (Clark and Maselko 2020; Snow 2002). To bolster environmental
sustainability and tackle food insecurity, agrobiology must support organic agricul-
ture, an important component of which are beneficial agriculturally important
microorganisms (AIM). Beneficial microbes could potentially mitigate associated
difficulties in agricultural practices. Nature provides for a plethora of viable ubiqui-
tous microbes inhabiting the rhizosphere, phyllosphere, endosphere of plants which
are potentially agriculturally important microorganisms (AIM). Cyanobacteria or
blue-green algae (BGA) are prokaryotic, photosynthetic, diazotrophs posing great
potential as biofertilizer, especially in paddy cultivation (Múnera-Porras et al. 2020),
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owing to their unique heterocysts which are nitrogen-fixing cells (Verma and Patel
2019). Important filamentous cyanobacteria possessing the ability to fix atmospheric
nitrogen include Nostoc, Anabaena, and Cylindrospermum (Baweja et al. 2019).
Two-thirds of the annual turnover of biospheric nitrogen estimated to be between
100 and 200 million metric tonnes is of biological origin where BGA play an
important role (Pabbi 2015). Carboxysomes in cyanobacteria which are specialized
cellular microcompartments capable of concentrating CO2 confer greater photosyn-
thetic efficiency to them. This is because the efficiency of RuBisCO (ribulose
bisphosphate carboxylase oxygenase) enzyme, the vital photosynthetic enzyme, is
enhanced manifold at higher intracellular CO2 concentration. RuBisCO is the most
abundant enzyme on Earth, yet lethargic since it also reacts with oxygen, thus
wasting energy in this side reaction (Ferraroni 2019). German and Australian
research groups have collaborated in order to transfer functioning carboxysomes to
higher plants for more efficient photosynthesis and hence greater biomass produc-
tion (Wang et al. 2019). Cyanobacteria are important candidates in agricultural
practices for reduction of global warming by reducing atmospheric CO2 (Chittora
et al. 2020). Apart from their use as biofertilizers, they possess plant growth
promotion activities such as nutrient solubilization (phosphorus), phytohormone
production (auxins, ethylene, cytokinin, and gibberellin) as well as siderophore
production that hampers growth of phytopathogenic fungi (Chittora et al. 2020).

However, light is a limiting factor in extensive cyanobacterial use as agricultur-
ally important bioinoculants. The rhizosphere comprises the soil region directly
influenced by roots of higher plants. This soil zone harbours diverse fungal, bacterial
communities recruited by host plants. Compared to bulk soil, microbial diversity is
higher in this region. Research since the 1980s has focussed upon screening of
cultural microbiome of root associated microbes, screening their potential as plant
growth promoters or biocontrol, and finally application in field crops.

Prominently, the soil associated microbes are most easily isolated and abundantly
available, making them abundantly acceptable in green agriculture. Versatile AIM
include (rhizospheric/endophytic/epiphytic) non-pathogenic, saprotrophic, plant
growth-promoting fungi (PGPF) (Hossain and Sultana 2020). About 20 species of
notable PGPF are widely reported to belong to phylum Ascomycota, Basidiomycota,
and Zygomycota (Hossain et al. 2017; Hossain and Sultana 2020). Plant growth-
promoting fungal interactions positively influence root and shoot organs of plants.
This includes increase in seed germination, seedling vigour, biomass production,
root hair development, photosynthetic efficiency, flowering, and yield. Certain
strains improve plant biochemical composition. PGPF can also control numerous
foliar and root pathogens by antibiosis or by triggering induced systemic resistance
(ISR) in the host plants (Navarro et al. 2019; Naziya et al. 2020). For instance, in
Triticum aestivum rhizospheric PGPF stimulated induced systemic resistance (ISR)
against wilt disease by Rhizoctonia solani R43, resulting in a restriction of
symptoms and disease development. The PGPF strains activated the pathogenesis-
related gene (PR-1, 2), plant defensive chitinase (Chit-1), and β-1, 3-glucanase
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(Glu-2) genes and increased the plant-specific defensive proteins against wilt patho-
gen Rhizoctonia solani (El-Maraghy et al. 2020). Their ability to enhance nutrient
uptake, release phytohormones, reprogram plant gene expression, by differential
activation of plant signalling pathways contributes to the above physiological
benefits they confer upon plants they are associated with (Hossain et al. 2017).

According to Hiltner, the portion of soil influenced by plant roots was termed as
the rhizosphere. The rhizomicrobiome comprises diverse microbial groups that
derive nutrition obtained through the root exudates and plant cell debris (Backer
et al. 2018; Kenneth et al. 2019). In turn, rhizospheric microbial groups support plant
functions by assisting in nutrient uptake and providing protection against disease
(Berendsen et al. 2012). Root associated microbes, such as PGPR (plant growth-
promoting rhizobacteria) show antagonistic and synergistic interactions improving
plant growth (Kannojia et al. 2019).

The PGPR, constituting 2–5% of the rhizosphere competent bacteria, when
present in a large number enhances plant growth by performing direct and indirect
actions (Fig. 1.1). Direct actions include important biochemical and physiological
functions such as nutrient abstraction (K and P solubilization) and assimilation
(Fe and Zn), enhancement of soil texture, phytohormone secretion (auxins such as
indole acetic acid), release of secondary metabolites (siderophores, ammonia), and
biological nitrogen fixation (BNF). Indirect actions include antagonistic tendencies
towards plant pathogens like antibiotic production, HCN production, various

Fig. 1.1 Multifarious mechanisms for PGPR actions in plant rhizosphere
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extracellular signalling chemical for induction of systemic resistance (ISR) eliciting
defence mechanism in distal plant cells (Braud et al. 2009; Hayat et al. 2010;
Nagargade et al. 2018; Backer et al. 2018; Antoun 2013). Since Kloepper et al.
(1980), first reported the role of fluorescent pseudomonads a prominent group of
PGPR, possessing antagonism against, phytopathogen Erwinia carotovora, owing
to their siderophore activity (reducing available iron through chelation) and hence
curbing the growth of E. carotovora, research has focussed on the biocontrol aspects
of PGPR as well (Yasmin et al. 2017). Their role as bio-stimulants is paramount in
modulating plant stress responses. Drought/water stress occurs due to multitude of
causes like scant rainfall, salinity, extremes of temperature, and light intensity
(Salehi-Lisar and Bakhshayeshan-Agdam 2016). Drought stress leads to detrimental
effects like ethylene build-up in plants, which in turn reduces root extension and
development, thus impeding plant growth and yield. ACC is the immediate bio-
chemical precursor to ethylene in the methionine pathway of vascular plants. Some
PGPR can produce ACC (1-aminocyclopropane-1-carboxylate) deaminase. This
enzyme catalyses ACC to α-ketoglutarate and ammonia instead of ethylene (Danish
and Zafar-ul-Hye 2019), thus circumventing the ill effects of drought stress. Studies
have revealed that co-application of Bacillus amyloliquefaciens, an ACC deaminase
producing PGPR and timber-waste biochar perks up pigment formation (chlorophyll
a, chlorophyll b), growth and yield of wheat under drought stress (Danish and Zafar-
ul-Hye 2019). Further PGPR support the growth and development of
hyperaccumulator plants of heavy metals like Cu, Cd, Pb, Cr, Hg, and Ni, to clean
up toxicity ridden landscapes. PGPR aid in bioremediation of contaminated soil by
accumulation, adsorption, immobilization, or transformation of contaminants,
thereby enhancing plant growth and development (Verma et al. 2017). Multiple
omics–metagenomics, metatranscriptomics and metaproteomics, phenomics,
metabolomics strategies to decipher microbial community functions in microbe
mediated abiotic stress (salinity, temperature, drought, high light, flood, heavy
metal) management in crops—have emerged as promising tools. Functional (gene-
enzyme function, biochemical pathways) and structural (16rRNA sequencing) char-
acterization of unculturable populations supporting crop growth, from crop
rhizospheres in perturbed soil are a possibility owing to data rich high throughput
approaches like NGS (next generation sequencing). Model plant Arabidopsis and
crops like rice, wheat, maize soybean, chickpea have been subjected to rhizospheric
metagenome sequencing (Bulgarelli et al. 2012; Bhattacharyya et al. 2016;
Srivastava et al. 2020; Enebe and Babalola 2020; Mendes et al. 2014; Zhou et al.
2020) revealing gene catalogues of root systems, influence of root exudates in
recruitment of microbial communities, manure (organic and inorganic) treatment
effects on rhizospheric composition. Stringent methodological validation of
metagenomic analysis is a prerequisite before confirmation of microbial presence
and activity in any microbiome (Goel et al. 2018).

Wheat rhizosphere metagenomic snapshot using 16SrRNA sequencing revealed
phyla composition to be Proteobacteria (68%), Firmicutes (13%) followed by
Bacteroidetes (3%), Actinobacteria (3%), Chloroflexi (2%), and Cyanobacteria
(1%) (Srivastava et al. 2020), where Proteobacteria are majorly unculturable
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(Arjun and Harikrishnan 2011). The great plate count anomaly is the observation
where <1%microbial load from a particular microbiome say rhizosphere can be
cultured in vitro, precluding unculturable microbes (Staley and Konopka 1985). This
is why metagenomic studies to decipher taxonomic diversity is so important for
bioprospection of important AIM.

Culturable microbial resources which are conveniently tapped strengthen crop
tolerance to abiotic stresses (drought, heat, and salinity, heavy metal contamination)
as well as biotic stress (disease fungal or bacterial) as climate change conditions
become more and more pronounced. Among the mentioned major groups of AIM,
we shall focus attention upon PGPR, as our choice in this article. Specifically, four
internationally recognized, readily isolated, culturable documented AIM which are
PGPRs as well, reputed to support and promote crop growth and health shall come
into our scrutiny—Azotobacter, Serratia, Bacillus, and Pseudomonas. Scientists are
focussing on these AIM as a way to reap the immense benefits they bring on account
of sustainable agriculture. Opportunities afforded by their roles in promotion of crop
growth and health will come under our purview. However, the use of PGPR’s area
also seriously limited due to variability and inconsistency of result observed under
laboratory, greenhouse, and field trails (Gouda et al. 2018). The longevity and
persistence of PGPRs in soil need to be addressed to make soils healthy, disease
suppressive, and sustainably productive again. These challenges posed to the field
application of these AIM are discussed as well.

1.2 Azotobacter

Beijerinck in 1901 discovered the genus Azotobacter, and was the first person who
isolated and cultured Azotobacter chroococcum and A. agilis. Azotobacter is free-
living gram negative, heterotrophic, and nitrogen-fixing diazotroph and found in
agricultural soils playing different beneficial roles (Tejera et al. 2005). Azotobacter
has gainful consequences upon crop growth and yield through biosynthesis of
biologically active substances, encouragement of rhizospheric microbes, producing
phytopathogenic inhibitors (Jnawali et al. 2015), and alteration in nutrient uptake
and ultimately boosting up the biological nitrogen fixation (Somers et al. 2004).
Several bacterial strains belonging to Azotobacter have been successfully proved as
nitrogen fixing in agriculture applications (Islam et al. 2013). In addition, production
of varieties of vitamins, amino acids, plant growth hormones, antifungal substances,
hydrogen cyanide, and siderophores and growth-promoting substances (indole
acetic acid, gibberellic acid, arginine, etc.) has direct influence on shoot and root
length as well as seed germination of several agricultural crops (Gauri et al. 2012;
Gurikar et al. 2016). Azotobacter chroococcum present in soil rhizosphere can
enhance the plant growth when roots inoculated on tubers. Many researchers have
experimentally proved that PGPR (Table 1.1) inoculation elevates soil nitrogen
levels, plant dry weight, development, enhances root architecture, grain yield,
protein, and mineral nutrient content (Vikhe 2014).
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1.2.1 Action Mechanism of Plant Growth-Promoting Rhizobacteria

The plant growth regulated by PGPR is direct and indirect. Direct mechanisms
(nitrogen fixation, phytohormones production such as indole acetic acid, gibberellic
acid, siderophore production and lowering of ethylene concentration and solubiliza-
tion of phosphorus) are exhibited in the absence of plant pathogens or other soil
microorganisms. Moreover, indirect mechanisms (antibiotic synthesis of antifungal
metabolites, synthesis of antifungal cell wall lysis enzymes, competition for the sites
on the roots and induced systemic resistance) involve the ability of PGPR to reduce
the detrimental effects of plant pathogens on crop yield (Nelson 2004; Lenin and
Jayanthi 2012).

1.2.2 Azotobacter as Biofertilizers and Biocontrol Agents

Antagonistic microorganisms are used as biocontrol against phytopathogens that are
alternative to chemical compounds for crop protection (El-Katatany et al. 2003).
Azotobacter species control plant diseases through the mechanisms that involve
competition for niches and nutrients antibiosis, predation, and induction of plant
defence responses. Azotobacter sp. had drawn worldwide attention because of
production of secondary metabolites such as siderophore, antibiotics, enzymes,
and phytohormones and involving in nitrogen fixation. The action of siderophores

Table 1.1 Different species of agriculturally important Azotobacter and their applications

Azotobacter species and
their metabolites

Crops/
plants Response References

Azotobacter
chroococcum

Maize The grain yield increased in three
maize hybrids

Hajnal-Jafari
et al. (2012)

Indole-3-acetic acid Maize Maximum length and weight of
shoot

Zahir et al.
(2000)

Indole-3-acetic acid Sesbania Root elongation Ahmad et al.
(2005)

Azotobacter sps. Tomato Greater lycopene antioxidant
activity, enhanced potassium
content in shoot and fruit

Ordookhani
et al. (2010)

Azotobacter
chroococcum (strains
AC1 and AC10)

Gossypium
hirsutum
(Cotton)

Both strains are capable of fixing
nitrogen, solubilizing phosphorus,
synthesizing indole compounds
and producing hydrolytic enzymes

Romero-
Perdomo
et al. (2017)

Azotobacter
chroococcum +
arbuscular mycorrhizal
fungi (AMF)

Jatropha
curcas

Gain in the shoot height, shoot
diameter, fruit yield/plant, and seed
yield (g)/plant

Kumar et al.
(2016)

Azotobacter Garden
thyme

Maximum effect on growth and
total phenolic content of garden
thyme.

Naseri and
Sharafzadeh
(2013)
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produced from Azotobacter sp. is called Azotobactin. Three different types of
coordinating moieties containing azotobactin, namely a hydroxamate, an
R-hydroxy acid, and a catechol, making it a delegate of several classes of
siderophores simultaneously (Muthuselvan and Balagurunathan 2013). The
recognized intrusion of pyoverdine-mediated uptake of Fe III gives the indirect
evidence that azotobactin shows antibacterial effect against root colonizing bacterial
and fungal pathogens (Schalk 2008). Azotobacter salinestris studied antifungal
efficiency against Fusarium species (Chennappa et al. 2018). Azotobacter nigricans
applied as biocontrol on Fusarium infection in maize, sorghum, and wheat Fusarium
sporotrichioides, Fusarium graminearum, Fusarium poae, and Fusarium equiseti
reduced Fusarium infection incidence up to 50% in all the three treated cereals
(Nagaraja et al. 2016). Hindersah et al. (2018) also reported the activity of Azoto-
bacter as biofertilizer and biocontrol against damping off on long bean.

Cell count is the essential parameter in any microbial biofertilizer formulation,
while the ability of AIM to fix nitrogen or solubilize phosphorus, potassium, zinc,
etc. are important characters being considered in formulating the quality standards
for biofertilizers (Pandey and Chandra 2016). Talc, liquid, and secondary
metabolite-based formulations of soil microorganisms available in global market
range (Keswani et al. 2016). El_Komy et al. (2020) used a mixture of rhizobacterial
strains (Azotobacter chroococcum ZCR, Azospirillum brasilense SBR, and Klebsi-
ella pneumoniae KPR) to control the root-rot disease complex of sunflower caused
by Macrophomina phaseolina, Rhizoctonia solani, and Fusarium solani. Interest-
ingly, the bioinoculants showed successful rhizoplane colonization and persistence
up to 60 days. Importantly, in field conditions, significant reduction in disease
severity was recorded with seed treatment and soil drenching with a bioformulation
containing a bacterial consortium (HALEX bioformulation). Other beneficial effects
included improved plant growth, yield, and oil content.

1.3 Serratia spp.

Serratia was named thus in honour of an Italian physicist Serafino Serrati by Italian
pharmacist Bartolomeo Bizio. Serratia (Enterobacteriaceae) is ubiquitous in nature,
can thrive in soil, water, plants, and vertebrates including humans. Interestingly,
Serratia has dual characteristics of appearing as a boon as well as a bane. Owing to
its long association of beneficial contributions in agriculture, Serratia is majorly
considered as a boon, such as plant growth promotion, antagonism, induced sys-
temic resistance (ISR), pesticide, heavy metal tolerance, phytoremediation, etc.
(Banerjee et al. 2020; El-Esawi et al. 2018; Singh and Jha 2016; Natasha et al. 2012).

1.3.1 Action Mechanism as Plant Growth-Promoting Rhizobacteria

Members of the genus Serratia exist as a potent plant growth promoter associated
with several plant species, such as black pepper (Dastager et al. 2011); wheat (Singh
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and Jha 2016); Nothofagus alpine (Martínez et al. 2018); Dalbergia sissoo (Banerjee
et al. 2020), etc. Indole acetic acid (IAA) influences plant cell division and differen-
tiation; stimulates seed and tuber germination; speeds up xylem and root develop-
ment; controls vegetative growth; initiates lateral and adventitious root formation;
affects photosynthesis, biosynthesis of various metabolites, and resistance to stress-
ful conditions. Rhizobacteria interfere with the above physiological processes of
plants by altering the plant auxin pool. Low concentrations of IAA stimulate primary
root elongation, while high IAA levels stimulate the lateral root formation, decrease
primary root length, and increase root hair formation (Spaepen et al. 2007; Vacheron
et al. 2013). Further bacterial IAA increases root surface area and length providing
the plant more access to soil nutrients. Also, rhizobacterial IAA loosens plant cell
walls and as a result, facilitates an increasing amount of root exudation that provides
additional nutrients to support the growth of rhizosphere bacteria. IAA is a plant
phytohormone that stimulates the overproduction of root hairs (Zavattieri et al.
2016). S. marcescens CDP-13 isolated from rhizospheric sample of Capparis
decidua produced 0.34 � 0.02μg/ml IAA, upon inoculation as wheat develops
highly organized root system (Singh and Jha 2016). Genome sequence of Serratia
sp. S119 isolated from peanut root nodules contains dhaS and ipdC genes. Transla-
tional products of these genes are indole-3-acetaldehyde dehydrogenase and
indolepyruvate decarboxylase, respectively, are responsible for tryptophan depen-
dent IAA synthesis (Ludueña et al. 2018).

Generally, phosphate (P) is abundant in mineral phosphate form, not suitable for
plant uptake. Plants can absorb only mono- and dibasic phosphate which is the
soluble form of phosphate (Jha et al. 2012; Jha and Saraf 2015). Phosphate solubili-
zation is done by secretion of low molecular weight organic acid by microbes as a
by-product sugar metabolism (Goswami et al. 2014). S. marcescens UENF-22GI
genome revealed several genes involved in the production of gluconic acid from
glucose and has a conserved pstABCS operon which codes for a phosphate-specific
transport system. Gluconic acid production is the major mechanism of phosphate
solubilization exerted by PGPR. The co-existence of pyrroloquinoline quinone
(PQQ) coenzyme with GDH and PST genes is responsible for solubilization of P
through soil acidification (Matteoli et al. 2018). Phosphate solubilization activity
also been shown by Serratia sp. S119, contributes growth promotion of peanut and
maize plants (Taurian et al. 2010). Plant growth promotion of Serratia sp. S119 has
been depended upon phosphate mineralization phenotype (Anzuay et al. 2017).
During the stationary phase Serratia sp. S119 shows highest phosphate solubiliza-
tion activity owing to gluconic acid production (Anzuay et al. 2013).

1.3.2 Serratia as Biocontrol Agents

Siderophore-producing PGPR support plant health at various levels by improving
iron nutrition, thus hindering the growth of pathogens by limiting the iron available
for the pathogen, generally fungi, which are unable to absorb the iron–siderophore
complex (Shen et al. 2013). Siderophore acts as a cofactor for the nitrogenase

1 Agriculturally Important Microbes: Challenges and Opportunities 11



enzyme, which actively participates in atmospheric nitrogen fixation (Rahi et al.
2009). S. marcescens SM6 and SR41-8000 demonstrated in - vitro siderophore
production activity 12 h post incubation, maximum at 30 h of growth, and remained
constant (Khilyas et al. 2016). S. marcescens AL2-16 showed maximum siderophore
production after 48 hours of incubation in the presence of 1 mM of ferric chloride.
Apex siderophore production was associated with oxalic acid (86.9%) followed by
citric acid (83.4%) (Devi et al. 2016). Chitinase lyses chitin, an insoluble linear
polymer of β-1, 4-N-acetyl-glucoseamine, the major fungal cell wall component,
thus affecting the structural integrity of the target pathogen. Chitinolytic and anti-
fungal activities of a potent biocontrol strain of S. marcescens B2 possessing
multiple chitinase genes (ChiA, ChiB, Chic) were seen against soil borne pathogens
Rhizoctonia solani and Fusarium oxysporum (Someya et al. 2000). Fungal pathogen
mycelia co-inoculated with this strain showed varied abnormalities ranging from
partial swelling in the hyphae at the tip, hyphal curling, or bursting of the hyphal tip.
Examples of protection from phytopathogenic infection as a result of the activity of
cell wall-degrading enzymes include control of S. rolfsii and F. oxysporum on beans
(Felse and Panda 2000). Chitinase producing bacteria attain a rich source of nutrients
by catabolism of chitin into soluble oligosaccharides which enter into periplasm via
a chitoporin channel, where they further break into mono- and di-saccharides
(Paspaliari et al. 2017; Hayes et al. 2017). Babashpour et al. 2012 developed and
purified recombinant bacterial chitinase from S. marcescens B4A. The enzyme
activity was stable below 50 C for 20 min. The Km and Vmax values of chitinase
were 3.30 mg ml�1 and 0.92 mM min�1, respectively. This enzyme showed a wide
range of pH activity (5.0–8.0) and temperature range at 30–60 �C. Recombinant
chitinase demonstrated highly fungal antagonism by hyphal growth inhibition of
Bipolaris sp., Alternaria raphani, Alternaria brassicicola. The wide range of pH and
temperature stability of chitinase has great industrial and commercial importance. It
can be useful in transgenic resistance application in crop plants. S. marcescens strain
JPP1 is isolated from peanut hulls, China has been found to possess chitinolytic
activities. For quantitative antagonism against plant pathogenic fungal mycelial
growth and aflatoxin (a major fungal toxin involved in plant pathogenesis) produc-
tion estimation, visual agar plate assay and tip culture method were employed where
S. marcescens JPP1 exhibited a prompt inhibitory effect on mycelia growth (anti-
fungal ratio >95%) and aflatoxin production (antiaflatoxigenic ratio >98%). Real
time (RT)-PCR analysis showed that crude chitinase repressed the transcription of
the aflatoxin (a major fungal toxin involved in plant pathogenesis) gene cluster
primarily aflR, aflC (pksL1), and aflO (dmtA) (Wang et al. 2013). Besides that,
seed bio-priming with S. marcescens JPP1 antagonized fungal growth and aflatoxin
production on peanut seeds. Interestingly the effect was superior to chemical fungi-
cide, carbendazim (Wang et al. 2013). S. marcescens NASC 1 isolated from the soil
samples showed maximum chitinase activity at 0.5% chitin concentration, pH 9, and
temperature of 37 �C. The enzyme could be used in bioremediation of chitinous
waste (Abdhul et al. 2018). Induced systemic resistance (ISR) is salicylic acid
signalling dependent plant defence mechanism, where plants build up resistance
against bacterial, fungal pathogens through various structural (cell wall structure)
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and physiological modification changes such as lytic enzymes and synthesis of
phytoalexins (Heil and Bostock 2002). N-acyl-homoserine lactones (AHL), the
quorum sensing signalling molecule in S. marcescens MG1 was important in
mediating ISR in tomato plants. This induced antifungal defence against the leaf
pathogen A. alternata (Schuhegger et al. 2006). AHL produced by S. plymuthica
strains isolated from rhizospheric soil also plays a role in ISR (Pang et al. 2008).
S. marcescens strain CDP-13 generated induced systemic resistance in cucumber
against wilt causing pathogen F. oxysporum (Kloepper et al. 1980).

The typical blood red colour of Serratia is associated with prodigiosin (2-methyl-
3-pentyl-6- methoxy prodiginine) pigment, secreted as water-insoluble secondary
metabolite, bound to bacterial cell envelope found in species like S. marcescens,
S. plymuthica, S. nematodiphila, and S. rubidaea. However, the pigment is soluble in
organic solvents (Elkenawy et al. 2017; Jafarzade et al. 2013; Darshan and
Manonmani 2015, Grimont and Grimont 2004). The ideal condition for prodigiosin
production in peptone glycerol broth is 30 �C at neutral pH and 87% glycerol
concentration, during late log phase of growth (Slater et al. 2003; Pore et al.
2016). The antimicrobial activity exerted by this pigment is to be more against
gram-positive than gram-negative bacteria. Prodigiosin shows better antimicrobial
activity at the acidic pH than the basic pH. Media augmentation with maltose and
peptone yields a maximal amount of prodigiosin (Gulani et al. 2012). pigA-O, a
cluster of operonic genes regulates the production of prodigiosin (Ruiz et al. 2010).
Purified prodigiosin extracts of S. marcescens B2 and S. marcescens B10 VKM are
active against Staphylococcus, Pseudomonas, Bacillus, Candida (Pore et al. 2016).
The pigment helps to invade Fusarium oxysporum hyphae, causes increasing per-
meability in fungal cell membrane, resulting in mycelial death (Hazarika et al. 2020).
S. marcescens strain ETR17 is another example of prodiginines releasing bacteria,
isolated from tea rhizosphere, which exhibits antagonistic activity against tea root-
rot disease-causing pathogen R. solani. In some cases, prodigiosin has been proved
as a better pathogen suppresser in comparison to chitinase. Prodigiosin produced by
S. marcescens B10 VKM is a more potent suppressor of the fungus Didymella
applanata (Duzhak et al. 2012).

1.3.3 Serratia in Abiotic Stress Tolerance

Heavy metal contamination, a major agricultural hazard, has grown manifold
recently. An approach has been initiated by employing beneficial soil microbes to
abolish the detrimental effects of metal stress in plants. Exposure of heavy metal like
cadmium in a small dose can alter many physiological parameters such as gas
exchange attributes, nutrients uptake, antioxidant capacity, the contents of chloro-
phyll, total phenolics, flavonoids, soluble sugars. Inoculation of Cd-stressed soybean
plants with S. marcescens BM1 strain enhanced all these above discussed physio-
logical parameters. S. marcescens BM1 inoculation not only reduced cadmium
uptake by 21% but also significantly induced the antioxidant enzyme activity and
stress-related genes expression and reduced H2O2 level by 15.27% in Cd-stressed
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plants. In addition to that Cd-stressed S. marcescens BM1 treated plants increased
shoot length, root, and shoot fresh weight. A similar example can be noted in
S. nematodiphila LRE07 strain. This strain enhanced photosynthetic pigments
biosynthesis of Solanum nigrum L. plants under Cd stress conditions (Wan et al.
2012). Serratia sp. RSC-14 inoculation conferred Cd stress tolerance by improving
chlorophyll biosynthesis (Khan et al. 2017).

Salinity is another common abiotic stressor that most agricultural crops contend
with. It severely affects plant growth and productivity. As salt stress increases,
oxidative damage to lipid results in increased malondialdehyde (MDA) content
increases, which results in membrane permeability, exosmosis of electrolytes, and
ends with cell death (Mittler 2002). Oxidative damage can be mitigated by
eliminating reactive oxygen species (ROS) with antioxidant enzymes is the salinity
tolerance mechanism obtained by plants (Singh and Jha 2016). Superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POX) act as scavengers for
superoxide radicals during salinity stress. POX activity also contributes to plant
growth and development as this enzyme is involved in lignin formation during plant
growth. S. marcescens CDP-13 induces the accumulation of proline, which nullifies
the salt stress-induced reduction in the activities of antioxidant enzymes, stabilizes
proteins, membranes, and sub-cellular structures, and protects cellular functions by
scavenging ROS (Ozden et al. 2009; Singh and Jha 2016). Other properties that
protect plants from stress condition are auxin concentration which is severely
affected by the stressors. S. marcescens CDP-13 significantly increased the auxin
content in wheat plants by 25 to 29%. Moreover, S. liquefaciens KM4 significantly
induced leaf gas exchange attributes, photosynthesis process, and osmolytes biosyn-
thesis of maize plants grown under saline stress conditions (El-Esawi et al.
2020). Some instances where Serratia spp. counter abiotic and biotic stresses upon
crop plants are higlighted in Table 1.2.

1.4 Bacillus spp

Each year, agricultural research reports Bacillus sp. novel supporters of plant
growth. Gram positive in nature, these ePGPR are used singly or as consortia. For
instance, Bacillus sp was co-inoculated Azospirillum brasilense and Frankia which
significantly enhanced tolerance of durum wheat (Triticum durum) to water deficit
(Benmati et al. 2020). Halotolerant bacteria closely related to Bacillus sp. and
B. licheniformis showed prominent PGPR traits such as IAA
(22.41,18.28,13.63μg/ml) production, nitrogen fixation, and siderophore production
that resulted in improved growth of wheat plants under saline conditions. Bacillus
subtilis was a prominent IAA producer, showed ACC deaminase activity, Bacillus
sp. Bacillus subtilis at 106, 109,1011 CFU/ml concentration showed up to 64%
disease suppression against sheath blight in rice incited by Rhizoctonia solani
(Zhou et al. 2020). Soybean cyst nematode population Heterodera glycines was
reduced and suppressed, respectively, by B. velezensis in greenhouse, microplot, and
field trials while for B. mojavensis in greenhouse trial. B. subtilis ssp. subtilis and
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Table 1.2 Different species of agriculturally important Serratia and their applications

Name of Microbe Source/host plant Application References

S. marcescens S1 Shisham Exhibited PGPR activity
(chitinase, siderophore
production, phosphate
solubilisation activity) and
antagonism against Fusarium
solani

Banerjee
et al. (2020)

S. liquefaciens KM4 Maize rhizosphere Salinity stress tolerance El-Esawi
et al. (2018)

S. marcescens
CDP-13

Capparis decidua Induced systemic resistance
and enhanced salinity tolerance
of wheat

Singh and
Jha (2016)

Serratia sp. S119 Peanut root PGPR (IAA activity) Ludueña
et al. (2018)

S. marcescens
UENF-22GI

vermicompost PGPR (PSA) Matteoli
et al. (2018)

S. marcescens SM6 Michael Benedik
(Texas A&M
University)

PGPR (siderophore
production)

Khilyas
et al. (2016)

S. marcescens
SR41-8000

Michael Benedik
(Texas A&M
University)

PGPR (siderophore
production)

Khilyas
et al. (2016)

S. marcescensAL2-
16

Leaves and stems of
A. aspera

PGPR (siderophore
production)

Devi et al.
(2016)

S. marcescensB2 Phylloplane of
tomato

PGPR (chitinolytic activity) Someya
et al. (2000)

S. marcescens B4A soils, water PGPR (chitinolytic activity) Babashpour
et al. (2012)

S. marcescens strain
JPP1

peanut hulls PGPR (chitinolytic activity) Wang et al.
(2013)

S. marcescens
NASC 1

soil samples PGPR (chitinolytic activity) Abdhul et al.
(2018)

S. plymuthica Rhizospheric soil Induced systemic resistance
(ISR)

Pang et al.
(2009)

S. marcescens MG1 Tomato Induced systemic resistance
(ISR)

Schuhegger
et al. (2006)

S. marcescensB10
VKM

NCIM (National
Collection of
Industrial
Microorganisms),
India

Prodigiosin associated
antagonism

Pore et al.
(2016)

S. marcescensstrain
ETR17

Tea rhizosphere Prodigiosin associated
antagonism

Dhar
Purkayastha
et al. (2018)

(continued)
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B. velezensis enhanced soybean plant height and biomass at early growth phase
(Xiang et al. 2017). B. subtilis showed 54.7% antagonism in vitro against peanut
pathogens Sclerotium rolfsii and 47.1% against R. solani. B. subtilis reduced
damping off in field when mixed infection of both pathogens to peanut was given
with 90.95% apparent healthy pods per plot and formulated B. subtilis enhanced pod
dry weight (27.90 gm/pot) (Ahmad et al. 2019). Copper resistant Bacillus spp. PGPR
enhanced Cu phytoextraction by ryegrass and fescue growing on Cu contaminated
sites through antioxidant release and Cu solubilization. Two strains of Bacillus
sp. (EhS5, EhS7) were most competent; EhS5% application increased root biomass
of ryegrass up by 21.95% and fescue up by 51.06% in Cu contaminated soil at
200 mg/kg; mixed application enhanced by 54.63% root biomass of ryegrass
(Ke et al. 2020). Inoculation of Sarju rice (Oryza sativa) with B. amyloliquefaciens
under suboptimal nutrient conditions enhanced plant pigments by 72% (chlorophyll
a), 1.92% (chlorophyll b), and 73% (carotenoids). Nutrient content analysis of rice
seedlings inoculated with B. amyloliquefaciens showed macronutrient increase
between 12% and 95% (in shoot), 5% and 70% (in root); micronutrient content
went up by 95% and 195% (in shoot), and 70% and 132% (in root). Gene expression
analysis by qRT PCR confirmed that this PGPR strain metabolically reprograms this
rice variety under nutrient stress. For instance, gene expression of tricarboxylic acid
pathway genes (isocitrate dehydrogenase) LOC_Os05g49760, (succinate dehydro-
genase) LOC_Os08g02640, and (malate dehydrogenase) LOC_Os04g46560 was
altered to aid survival by sugar accumulation in nutrient deprived conditions (Bisht
and Chauhan 2020). Plant pathogen Alternaria alternata causes significant losses in
China to the tobacco industry. Bacillus siamensis isolated from rhizosphere showed
81.96% inhibition to A. alternata. Mycelial and spore development were hindered
by antifungal protein and VOC (volatile organic compound) secretion by
B. siamensis. Further enhanced production of defence enzymes like peroxidase
(POD) and polyphenol oxidase (PPO) in tobacco revealed that this PGPR could
suppress disease severity and occurrence (Xie et al. 2020). Maize crop, subjected
to salt stress and phosphorus deficiency was root inoculated with strains of both
Arthrobacter sp. and Bacillus sp. Nutrient supply to thus root amended maize was
increased, as well growth promotion through phytohormone production by the
bacterial strains (Vanissa et al. 2020). Recent developments suggest that using
modern visualization techniques like FISH (fluorescence in situ hybridization) and
confocal laser scanning microscopy (CLSM) for real time capture and imaging of
banana root colonization dynamics by B. amyloliquefaciens and Pseudomonas
palleroniana showed them to be synergistic, hence an effective replacement to

Table 1.2 (continued)

Name of Microbe Source/host plant Application References

S. marcescens BM1 Maize rhizosphere Cadmium stress tolerance El-Esawi
et al. (2018)

S. nematodiphila
LRE07

Solanum nigrum Cadmium stress tolerance Wan et al.
(2012)
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chemical fertilizer in banana cultivation (Gamez et al. 2020). This suggests that
Bacillus is an important bioresource, abundantly available in the rhizosphere and the
benefit to agriculture is immense with important instances of biotic and abiotic stress
management when applied to crop plants shown in Table 1.3.

Table 1.3 Different species of agriculturally important Bacillus and their applications

Name of
microbe

Source/host
plant Application References

Bacillus
xiamenensis

Saccharum
officinarum
L.

Antagonism against sugarcane
pathogens revealed the following rates
of inhibtion Colletotrichum falcatum
(53.81), Fusarium oxysporum (68.24),
Fusarium moniliforme (69.70),
Rhizoctonia solani (71.62),
Macrophomina phaseolina (67.50), and
Pythium splendens (77.58).

Xia et al. (2020)

Bacillus sp Tomato In vitro PGPR traits like nutrient
solubilization(P,Zn), auxin(IAA)
production, siderophore, hydrogen
cyanide (HCN), and
1-aminocyclopropane-1-carboxylate
(ACC) deaminase production;
antagonism to other microbes seen and
formed biofilm.

Kalam et al.
(2020)

Bacillus
velezensis

Juncus
effusus

Biocontrol against Botrytis cinerea
infection in tomato and strawberry
plants; reduced infection by 50% and
severity by 60%. Foliar and root
application of this PGPR was done
which increased biomass of plants,
reduced oxidative damage and induce
callose deposition in plant cells

Toral et al.
(2020)

Bacillus
proteolyticus,
Bacillus
velezensis

Scripus
grossus

Tolerate lead toxicity (300 mg/L). Kamaruzzaman
et al. (2020)

Bacillus
licheniformis

Solanum
tuberosum

Polyphenol biosynthetic activity was
mediated by gene activation and
systemic resistance in potato plants
against Alfalfa mosaic virus (AMV),
caused 86.79% reduction in viral load;
pyrrolo(1,2-a) pyrazine-1,4-dione was
the elicitor molecules for induction of
systemic acquired resistance in potato
plants

Abdelkhalek
et al. (2020)
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1.5 Pseudomonas

Kloepper and Schroth (1978) were the first to announce PGPR as plant growth
promoters that promoted radish crop growth. The worldwide interest in this group of
rhizobacteria was sparked off by the studies initiated at the University of California,
Berkeley, USA during 1970s. Fluorescent pseudomonas, gram negative, aerobic,
motile, yielding water miscible yellow-green pigment (Palleroni 2015) is the largest
and highly promising group of PGPR as they grow fast, are diverse, and can colonize
a variety of substrates. Since Pseudomonas is ubiquitous, and agricultural soil hosts
them in large numbers, this PGPR is a preferred species across a variety of crop
systems. Pseudomonas is a non-spore forming microorganism, thus making stable
bioformulations for commercial applications is challenging. P. fluorescens and
P. synxantha both show PGPR activity. These bioformulations in talc were found
to be stable for 180 days for P. synxantha and 90 days for P. fluorescens (Novinscak
and Filion 2020). Co-application of 25% vermicompost along with Pseudomonas
sp. to chickpea seed showed lower induction of defence enzymes peroxidase (POD)
and phenylalanine ammonia lyase (PAL) as compared to pathogen infected
(S. rolfsii) chickpea plants. This showed lower need for defence enzymes, hence it
aided in conservation of cellular resources in the PGPR amended plants for tackling
collar rot pathogen S. rolfsii (Sahni and Prasad 2020). Pseudomonas is a widely
researched PGPR with far reaching effects ranging from bioremediation, stress
tolerance, and biological control in agriculture, with some examples being
highlighted in Table 1.4.

1.6 Challenges to the Use of Agriculturally Important
Microbes

1.6.1 Screening of Microbes and Poor Shelf Life of Bioformulation

The present agronomy faces many challenges, for example, loss of soil fertility,
fluctuating environmental factors, and greater pathogen and pest attacks.
Sustainability and environmental safety of agricultural production rests upon
eco-friendly approaches like biofertilizers, biopesticides, and crop residue return
(Gopalakrishnan et al. 2015). Selection of efficient PGPR strains from among
thousands of rhizospheric bacteria is an arduous process. For potentially aiding
crop yield and disease management, sampling strategy is paramount, since diverse
substrates would ensure greater viability in harsh conditions. Screening of new
isolates on the basis of morphology, physiology, and biochemistry (IMVic tests,
HCN, siderophore production based on Bergey’s Manual of Bacteriology) is the
foremost step. Further molecular characterization by way of DNA sequencing to
confirm identity is now convenient and even more affordable. Biofertilizers and
biocontrol developers face many problems to grow crops under varied climatic and
environmental conditions mainly temperature, rainfall, soil type, crop variety which
vary from farm to farm or even within one field, and such differences cause
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inconsistency in the potentiality of PGPR-based biofertilizers (Kamilova et al.
2015). Although researchers are developing efficient strains of bioinoculants with
improved shelf life, the use of plant growth-promoting rhizobacteria in sustainable
agriculture for augmenting agricultural productivity is still in its infancy (Glick
2014; Goswami et al. 2016). Carriers define the physical form of the bioinoculant.
Coal, clay, charcoal, volcanic ash, pumice, diatomaceous earth, organic material
such as wheat bran, sawdust and non-reactive substances like vermiculite, perlite,
kaolin, bentonite, silicates are all possible carrier matrix materials (Smith 1976).
Alginate sourced from kelps (M. pyrifera, Laminaria digitata, L. hyperborean, and
Eklonia cava) encapsulation for degradation-based release of microbes is another
method for ensuring shelf life (Schoebitz et al. 2013). However, these carriers based
bioformulations do not have viability of more than 3 months. Further development
of liquid based bioformulations has extended shelf life for upto 18 months (Gopi et al.
2019).

Table 1.4 Different species of agriculturally important Pseudomonas and their applications

Name of
microbe

Source or host
plants Application References

Pseudomonas
atacamensis

rhizosphere of
desert bloom
plant

Genes associated with plant growth-
promoting rhizobacteria were observed, and
is a potential candidate to be used for
recovery of contaminated soils

Poblete-
Morales
et al. (2020)

Pseudomonas
aeruginosa

Rice
rhizosphere

Antagonism was seen against Xanthomonas
oryzae (Xoo) rice pathogen . Siderophores
(1-hydroxy-phenazine, pyocyanin, and
pyochellin), rhamnolipids, 4-hydroxy-2-
alkylquinolines (HAQs) as well as novel
2,3,4-trihydroxy-2-alkylquinolines and
1,2,3,4-tetrahydroxy-2-alkylquinolines
were found in crude extract of Pseudomonas
responsible for antibacterial activity of
against Xoo pathogen. This strain pf
Pseudomonas acts as a biological control
agent against Xoo possessing PGPR
properties to enhance yield of Super
Basmati rice

Yasmin
et al. (2017)

Pseudomonas
aeruginosa

Rhizosphere Ganoderma boninense disease of palm was
managed using this strain. Crude extract of
P. aeruginosa revealed
3-demethylubiquinone-9. P. aeruginosa and
3-demethylubiquinone-9 as antimicrobials
against Ganoderma boninense

Lim et al.
(2019)

Pseudomonas
sp.

Rhizosphere
of potato

Biocontrol against Phytophthora infestans
causing late blight of potato

De Vrieze
et al. (2018)

Pseudomonas
fluoroscens

Solanum
tuberosum

Suppressed the fungal pathogen Fusarium
sambucinium causing dry rot of potato (35%
reduction)

Al-
Mughrabi
(2010)
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Biopesticides and biofertilizers production is a time worthy process involving
careful selection of suitable strain for formulation, its stable mass production of
selected strain, devising suitable carrier formulation, shelf life analysis for selected
formulation, product efficacy, and viability in field condition and the changeable
seasonal nature requires the capable storage for biopesticides (Keswani et al. 2016).

1.6.2 Lack of Field Reproducibly of PGPR Performance

Greenhouse or field experiments have furnished effective results of biocontrol
against phytopathogenic diseases, for instance, late blight disease of potato (Caulier
et al. 2018). Crop protection, however, is not reproducible for this disease my means
of BCA (Axel et al. 2012). Biocontrol agents applied as foliar sprays, unlike
synthetic molecules must compete with native microflora and colonize it, survive
despite UV, temperature changes, and humidity gradients. Only upon establishment,
they can produce bioactive molecules, eventually triggering a cascade of signals
finally triggering the plant’s immune defence, hindering the pathogen’s develop-
ment. Pathogens such as the oomycete Phytophthora infestans during infection
possess various developmental stages such as oospores and zoosporangia or
mycelia. Biocontrol measures using PGPR must circumvent the problem of success-
fully attacking different developmental stages of pathogens by the utilization of
mixtures of strains rather than single agents. Functional polyvalence (targeting
different stages of the pathogen life cycle) and redundancy (maximizing the chances
of successful host plant colonization in various environmental conditions) are
important qualities that a PGPR must embody. This is laden with contradictions
since using five commercially available biocontrol agents (two based on Bacillus,
one on Streptomyces, and two on Trichoderma strains) against Phytophthora
ramorum in a detached leaf assay, Elliott et al. (2009) observed lower efficacy of
the mixture compared to some of its individual components, suggesting antagonistic
effects between the different strains composing the mixture.

Serious efforts are being made globally to instil faith among the farmers towards
the utilization of alternative methods to chemical inputs. That PGPR biostimulants
cannot be used solely for agroecological management is well agreed upon and must
be integrated into fertilization and biocontrol regimes, to complement chemical
inputs, reducing their dosage and frequency of application. Despite wide acclaim
of agriculturally important microorganisms like PGPR farmers are sceptical about
making the switch to PGPR applications, since field performance is highly variable
(Beckers and Conrath 2007). Importantly, farmers, regulatory authorities, investors
require greater access to knowledge about how to use these tools in agricultural
practices as well as their potential benefits to promote sustainable agriculture.
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1.6.3 Skewed Perception

While the Green Revolution (1960–2000) led to the commercialization and com-
modification of subsistence agriculture (Harwood 2019), wide consensus points out
that its effects were soil fertility exhaustion, owing to the preponderance of mineral
fertilizers and pesticides (Pimentel 1996; Shiva 1991). Yet scientific opinion is
divided as to which mode of farming is the way forward the conventional manner,
as recommended by the Green Revolution, or organic agriculture that has parallelly
existed, albeit inconspicuously taken the limelight in recent years. A pioneering
review comparing organic farming with conventional farming in the twenty-first
century by a USA based research group underlines the constant tussle since the
1970s between sceptics and proponents of organic ecological/ecological agriculture
(Reganold and Wachter 2016). Critics debate that organic farming is less efficient
when compared to conventional agriculture, yielding lesser food produce for the
same area of land with no climate benefits (Leifeld et al. 2013; Kirchmann 2019).
Further, some workers have quantified nutrient influx of N, P, K to be 23%, 73%,
and 53% from conventional farming to organic farming stations, thus
acknowledging the need to evaluate the nutrient input of conventional farming
while appraising the ecological organic cultivation performance (Nowak et al. 2013).

1.6.4 Challenges in Product Commercialization

The bioinoculant development is dependent on state-of-the-art lab facility, field
trials, production, product commercialization, storage and industrial manufacture,
registration, and regulatory matters. This entire chain of events concerns complex
toxicological proofing which is very costly and lengthy, also requiring huge scien-
tific and legal expertise.

1.6.5 Challenges in Products Registration and Patent Filing

The registration of biocontrol agents is not an easy process, as they are limited by
environmental protection agencies. The registration of biocontrol agents is exten-
sive, difficult, and convoluted. The conversion of lab screened isolates to final
commercially accepted and patented BCAs/bioinoculants is full of bottlenecks.
Very few patents become registered for agricultural application.

1.7 Future Aspects

Conversely, champions of organic farming believe that in-depth research could help
narrow the gulf between conventional and organic yields. Further they argue that the
major sustainability goals intrinsic to sustainable agriculture—SDG 1 (no poverty),
SDG 2 (zero hunger), SDG 3 (good health and well-being), and SDG 12 (responsible
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consumption and production) find greatest consonance with transformative practices
like organic farming (Eyhorn et al. 2019). Presently 1.4% of global agricultural area
is under organic cultivation, making it an under exploited resource sufficient to feed
an expected 10 billion people, by 2050 (IFOAM). Global sales in organic food and
beverage were valued at 100 billion US $ in 2018, as per Ecovia Intelligence (Sahota
2019). Leaders in organic farming are Oceania (8.5%), Europe (2.9%; European
Union 7.2%). Encouraging developments suggest that the largest increase organic
farmland increased by 11.7 million hectares or 20% in 2017. Australia recorded the
highest increase of about 8.5 million hectares. India has a net increase of 0.3 million
hectares, of organic farmland (Willer and Lernoud 2019). Therefore organic agricul-
ture or green farming reliant upon AIM for disease management and plant growth
promotion can safely be heralded as the sustainable way forward. Nanotechnology
involves nanoparticles possessing dimensions in the order of 100 nm or less (Hamad
et al. 2020). Nanomaterials find application in plant protection, nutrition, and
management of farm practices due to small size, high surface to volume ratio, and
unique optical properties (Souza et al. 2019). The use of microorganisms with
nanoparticles can be effective as nanopesticide. Bacillus thuringiensis finds use as
an eco-friendly biopesticide, against larval and pupal stages of Spodoptera littoralis.
Enhancement of pesticide rate of efficacy is done by synthesizing a nanocomposite
of sodium titanate with Bacillus thuringiensis (Zaki et al. 2017). The viability and
efficacy of two phosphate solubilsing bacterial species—Pseudomonas putida and
Ps. kilonensis in solubilizing phosphate containing subtratum viz. tricalcium phos-
phate and hydroxyapatite with nano-carriers such as nanoclay, natural char micro-
particles (NCMPs), nanoclay + alginate, NCMPs + alginate, and natural char nano-
particles (NCNPs)+alginate were investigated. Results for efficacy were promising
for natural char micro-particles (NCMPs) + alginate and nanoclay + alginate carriers
at temperatures 4 �C and 28 �C (Safari et al. 2020). Polymeric nanoparticles for
coating biofertilizers are also a recent advancement in nanoagroparticle synthesis.
AIM like fungal mycorrhizae, Rhizobium, Azotobacter, Azospirillum, and blue-
green algae are eminent biofertilizers converting organic matter into essential
elements for plant nutrition. Nanoemulsions help distribute microorganisms through
liquid formulations, although sedimentation problems can decrease their efficiency.
To overcome this problem, hydrophobic silica nanoparticles can be used in improv-
ing the cell viability (Duhan et al. 2017).

Natural variations make it difficult to predict how PGPR fare when applied to
field conditions. In addition, many factors are responsible for these techniques such
as high cost, laborious work, and viability chances of microbes in field. In order to
improve the efficiency and shelf life of biocontrol agents, various formulations based
on solid and liquid carriers should be developed. Future research in optimizing
growth condition and increased shelf life of PGPR bioformulations not phytotoxic
to crop plants, tolerating adverse environmental conditions, ensuring higher yield
and yet being cost effective PGPR inputs for the farmer deserves sincere investiga-
tion. Hence, PGPR must be propagated artificially to optimize their viability and
biological activity under field applications. Further, PGPR must be reinoculated
every year/season because they will not live forever in the soil.
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Research must help comprehend environmental parameters affecting the effi-
ciency of these products, especially for field crops. The screening methodology,
preparation of bioformulation, its influence upon the environment deserve careful,
rigorous, and sincere attention. Commercialization of biostimulants and biocontrol
agents is a major challenge. Research is helpless when not in tandem with policy, as
well as enhanced societal awareness. Pertinent to agricultural important microbe
usage, biocontrol is well integrated in actual agroecological systems while
biofertilizer usage is still scant (Wezel et al. 2014). The ultimate goal is to become
pesticide or chemical fertilizer free. Agrochemicals leave undesirable environmen-
tally burdensome residues. Currently, various agrochemicals (i.e., herbicides,
fungicides, insecticides, nematicides, molluscicides, rodenticides, chemical
fertilizers) are being used non-judiciously (Meena et al. 2016).

Developing nations use nanopesticides as magic bullets which make the problem
worse. Intentional application of nanoparticle-based pesticides and fertilizers is an
issue of great concern, as it may pose serious hazards (Pandey et al. 2018).
Prolonged and indiscriminate use of chemical inputs in agri-enterprises adversely
affects the soil agricultural sustainability, soil microbiota, and food safety. This in
turn has harmful effects upon nutritional security, human, and animal health. Global
climate change, increasing environmental concerns, and population increase, neces-
sitate the utilisation of AIM in raising crops. This opens up important a multitude of
potential opportunities for achieving sustainable food production thus enabling the
world to strive towards global food security and banishment of hunger.
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Agriculturally Important Microorganism:
Understanding the Functionality
and Mechanisms for Sustainable Farming
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Abstract

Soil is identified to be a complex microhabitat for two distinguishing properties.
Firstly, the microbial inhabitants in the soil are enormously diverse and secondly,
the soil remains a structured, heterogeneous, and discontinuous system, generally
poor in essential nutrients and energy sources. Soil microflora plays the most
substantial part in the rhizosphere of the higher plants, where the plant growth-
promoting traits of beneficial microorganisms influence the soil and plant health.
Beneficial microorganisms used to improve agricultural products are broadly
termed as Agriculturally Important Microorganisms (AIMs). AIMs represent a
wide range of microorganisms which include Plant Growth-Promoting
Rhizobacteria (PGPR), Biocontrol Agents (BCA), Plant Growth-Promoting
Fungi (PGPF), Actinomycetes, Mycorrhiza, and Endophytes. AIMs can influence
plant growth and the health of the soil through direct and indirect mechanisms
along with molecular signaling. Plant signaling molecules play important roles in
efficient root colonization, modulation of root system architecture, cell to cell
communication, gene regulation, plant immunity development process, and
finally, influence plant health. Integration of Agriculturally Important
Microorganisms in agriculture is a promising sustainable solution to improve
production, however, commercialization of bioformulations will require
addressing a number of issues like a selection of broad-spectrum microbial
strains, retention of quality and efficacy under field conditions, and product
registration. A rational approach to comprehend the key mechanisms associated
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with AIMs-Plant interaction and development of model-based inoculum would
facilitate productive field application and sustainable agriculture production
under the changing climatic conditions.

Keywords

Agriculturally important microorganisms · Endophytes · Mycorrhiza ·
Plant immunity

2.1 The Concept of Plant Microbiome and the Rhizobiome

Diverse groups of microorganisms inhabiting plants are known for their prominent
roles in maintaining plant health and proper growth. Researchers over the previous
decade have confirmed that a diverse group of microbial communities is associated
with parts of the plant (Hardoim et al. 2015). Plant microbiota (consisting of all the
microbes) comprises the microbial constituents of plant holobiont or the plant
microbiome which accounts for all the microbial genomes. The rhizosphere,
phyllosphere, and endosphere regions of the plants are inhabited by these microbial
florae which play an important role in plant growth promotion and health
(Lemanceau et al. 2017). Properly understanding the essential roles typically
performed by these plant-associated microorganisms and the key features affecting
the active community can accurately deliver more valuable understandings into
the plant as a meta-organism and the possible benefits conferred earnestly by the
microorganism to the plant partners (Hardoim et al. 2015; Hacquard 2016). The
natural environment for plant microbiome is typically built around the plant geno-
type, species of the plants, and edaphic as wells as environmental factors that form
an integral part between the plant and associated microbes (Compant et al. 2019).
The microbial communities typically inhabiting the rhizosphere are termed as
Rhizobiome (Sasse et al. 2018; Olanrewaju et al. 2019). The texture of soil and
other environmental factors are responsible for affecting microbial communities in
the soil (Bach et al. 2018). Various studies suggest that exudates from the roots
influence the diversity and richness of the rhizobiome. Even though there are reports
indicating limited functions of the root exudates in influencing the rhizobiome when
compared to the remaining rhizodeposits that consist of volatile compounds, root
cells that are sloughed-off, mucilages, and lysates (Dennis et al. 2010; Lettice 2019).

Diverse forms of metabolites are secreted by the different parts of roots
(Tückmantel et al. 2017) in which tip of roots are known to secrete a profuse number
of exudates thereby encouraging the association of a diverse group of
microorganisms (Massalha et al. 2017).
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2.2 Agriculturally Important Microorganisms (AIMs)

Microorganisms residing in the soil were classified into beneficial and harmful
groups based on their influence on the quality of the soil and crop plants. Later, it
was understood that microorganisms that aid in the fixation of the atmospheric
Nitrogen, decomposition of wastes and pesticides, secrete bioactive metabolites,
improve cycling of the nutrients, and assist in plant growth were considered as
beneficial microorganisms. A diverse group of microorganisms residing in the soil
play a significant role in influencing the cycling of essential molecules such as
carbon and nitrogen at a regional as well as global scale. The structure of these
microbial communities is regulated by the availability of nutrients in the soil, such as
plant debris and organic molecules, that acts as a major growth-limiting factor
(Fig. 2.1) (Zak et al. 2011).

Sustainable agricultural practices involving green strategies with the use of very
low toxic components as alternatives for managing nutrients and controlling
phytopathogens should be of prime focus. Beneficial microorganisms with an
array of functionalities could substitute the chemical inputs in agriculture (Ahmad
et al. 2018). A diverse group of microorganisms, isolated from different niches, have
exhibited immense potential in agriculture as bio-fertilizing agents or biopesticides.
The use of different species of fungi and bacteria in consortia has proven to improve

Fig. 2.1 Plants and microorganisms are linked with each other via the limiting factors required for
either of their growths. The availability of the organic molecules and plant detritus influences the
microbial community. Likewise, the growth of the plant is limited by the availability of nitrogen
facilitated through the decaying of dead plant tissues by the microorganisms (Zak et al. 2011)
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the growth and produce of horticulture crops (Bagyaraj and Ashwin 2017). The
long-term sustainability is possible with the application of biofertilizers in terms of
cost as well as its impact on the environment (Kumar et al. 2018). As per a report
published in May 2020, the increasing trend of organic farming system, reduced cost
for the production of microbial, the increasing cost involved in the production of
chemical pesticides, and growth in the implementation of Integrated Pest Manage-
ment programs, have resulted in the projection of growth of market related to
microbial used in agriculture at a Compound Annual Growth Rate (CAGR) of
14.1% up to 2025. Among all the microorganisms, bacterial formulation occupies
the highest market share and is expected to dominate the market during the said
period. The fruits and vegetable sectors will be the highest consumer of agriculture
microbial (Markets and Markets Research Private Ltd. 2020). The organic food
market is expected to grow at a CAGR of 16.15% from 2017 to 2022 (Mukherjee
et al. 2018).

2.3 Diversity and Functionality of AIMs

2.3.1 Diversity and Interrelationship

Microorganisms in the soil play an important role in the promotion of plant growth,
protection from phytopathogens, tolerance to biotic and abiotic stress, etc. Microbial
natural products are an essential source of various functionalities with different
properties that could find their applications in organic agriculture practices. The
rhizosphere is a region of soil in the vicinity of roots of the plants which consists of
diverse groups of microorganisms forming complex associations with the plants
(Mendes et al. 2013). This region of the soil has a vital role in promoting plant
growth, mobilizing and recycling nutrients, and inducing host resistance to the plant
pathogens and abiotic factors. A diverse group of microorganisms belonging to
prokaryotes and eukaryotes constitutes microflora of the rhizosphere region
(Hyakumachi 1994). The exudes from the plant roots is the most important factor
for the establishments and flourishing of the type of microbial flora in the rhizo-
sphere region that is influenced by the plant for its benefits (Mendes et al. 2013;
Gahan and Schmalenberger 2014). Over the years, reports of composite microbial
groups inhabiting plants have been published by several workers and when used for
agriculture they are termed as Agriculturally Important Microbial groups. These
AIMs form complex as well as organized microbial networks (King et al. 2012;
Huang et al. 2020) where individual taxon has its role in maintaining plant health and
functioning of the ecosystem (Zhou et al. 2010). Through the study conducted by Shi
et al. (2016), it is understood that intricate networks in the rhizosphere have more
potential for niche-sharing and interactions when compared with bulk soil. Species
of microorganism forms a complex network by regularly interrelating with every
component in the plant microbiome (Khan et al. 2019).

Analysis of enormous data obtained from high-throughput DNA sequencing tools
has provided possible relations among the microorganisms and their co-occurrence
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patterns. The analysis provided in Fig. 2.2, adopted fromMonard et al. (2016) shows
that diverse microbial groups in a rhizosphere are complex and exist in independent
niches but at the same time, they are interdependent with each other. This type of
diversity and interrelationship hugely influences their functionality and influence on
their host and the coordinated network helps the overall health and growth of the host
plant (Fig. 2.3 and Table 2.1).

2.3.2 Diversity and Functionality

2.3.2.1 Biocontrol Agents (BCA)
Biocontrol agents use more than one process in controlling the invasion by
phytopathogens. Some of them include competition for available nutrition and
space for colonization, production of antimicrobial metabolites, stimulation and
induction of resistance in the host plant, etc. (Pandin et al. 2017).

Fig. 2.2 Analysis to show diverse microbial networks within the rhizosphere. Recognition of
possible associations between species is aided by co-occurrence networks. The microbial opera-
tional taxonomic unit corresponds with the nodes which edged towards the microbial associations.
The figure is readapted from Monard et al. (2016)
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Biocontrol agents influence the growth of phytopathogens by producing certain
compounds or metabolites with antimicrobial properties. This process of direct
inhibition of pathogen is known as antibiosis. These metabolites inhibit the growth
of pathogens by interfering in pathways related to metabolite production or protein
synthesis (Keswani and Mishra 2014; Keswani et al. 2017). Some of the compounds
involved in antibiosis include Iturin A, Bacillomycin D, Mycosubtilin, Zwittermicin,
and Kanosamine produced by species of Bacillus genera, Gliotoxin produced by
Trichoderma virens, Herbicolin by Pantoea agglomerans, and many more such
compounds (Ram et al. 2018).

Direct control of certain fungal pathogens involves the growth of mycelium of
biocontrol fungus towards the pathogens which secretes cell lytic enzymes resulting
in the destruction of the cell wall of the invading fungus. Some of the species
belonging to the genera of Trichoderma, Acremonium, Ampelomyces, Gliocladium,
Coniothyrium, Sporidesmium, Pythium, Aspergillus, and Acrodontium are involved
in mycoparasitism (Altomare et al. 1999; Kiss 2003; Ram et al. 2018).

Certain microorganisms secrete volatile organic compounds, chelating agents, for
instance, siderophores, that rapidly depletes the availability of vital nutrients such as
Iron in its vicinity thus limiting the growth of pathogens. This method helps in the
control of phytopathogens indirectly through the mode of competition.
Microorganisms belonging to the genera of Pseudomonas sp., Streptomyces sp.,
Pennisetum sp., etc., have been found to secrete siderophores (Mishra et al. 2016;
Ram et al. 2018).

Certain species of microorganisms such as Trichoderma sp. have been found to
induce host resistance against some phytopathogens by influencing the cascade of
biochemical reaction in the host plant (Bisen et al. 2016; Rajesh et al. 2016).

Studies on biofilm formation by microorganism and their role as a potential
biocontrol agent against phytopathogens is recently gathering interest. Plants are
known to secrete certain factors or exude to initiate the process of biofilm formation
of microorganisms for their advantage. Surfactin and plant exudates produced by

Fig. 2.3 Coordinated effect of AIMs in the overall improvement of plant health and growth
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plants help in the formation of biofilm (Fan et al. 2011; Zeriouh et al. 2014). In one
study by Xu et al. (2014), cucumber plants were found to induce a strain of Bacillus
amyloliquefaciens to produce Bacillomycin D which eventually triggers the forma-
tion of biofilm in the rhizosphere region of the cucumber plant. Biofilm formation by
Paenibacillus sp. has been found to protect seeds of wheat by Fusarium
graminearum infection (Díaz et al. 2016).

A study on B. amyloliquefaciens as a biocontrol agent has shown that the
production of metabolites at the rhizosphere has greater significance in the induction
of systemic resistance in plants, a primary mechanism for suppression of
phytopathogens, rather than direct production of numerous antimicrobial
metabolites in the region (Lugtenberg 2015).

Table 2.1 Characteristic features of different types of agriculturally important microorganisms

Agriculturally
important
microorganisms

Types of
microorganisms Site of colonization Significance

Plant growth
promoting
rhizobacteria
(PGPR)

Bacteria Colonization
limited to roots of
host plants

Promotes acquisition of nutrient
resources, control hormone levels
in plant, reduces influence of
phytopathogens, acts as a
bio-stimulant.

Plant growth
promoting
fungi (PGPF)

Fungi Colonization
limited to
rhizosphere region
of host plants

Secretes plant growth promoting
factors, reduces influence of
phytopathogens on host plants,
induces resistance of plants to
range of biotic and abiotic factors.

Mycorrhiza Fungi Symbiotic
colonization
limited to roots of
host plants

Secretes plant growth promoting
factors, reduces influence of
phytopathogens and abiotic
factors on the host plants,
enhances nutrition uptake, induces
secondary metabolites and volatile
organic compounds in the host
plants.

Endophytes Bacteria, fungi Systemic and have
been obtained from
all the plant parts

Produces host secondary
metabolites, clinically important
metabolites, plant growth
promoting factors, antagonistic
against phytopathogens and
induces host resistance to biotic
and biotic factors.

Soil
actinomycetes

Bacteria Soil and
rhizosphere

Produces clinically important
metabolites including
commercially available
antibiotics, plant growth
promoting factors, antagonistic
against phytopathogens.

2 Agriculturally Important Microorganism: Understanding the Functionality. . . 41



2.3.2.2 Plant Growth-Promoting Rhizobacteria (PGPR)
The microorganisms associated with the rhizosphere region of a plant help in
decomposition and mineralization of essential nutrients along with fixation of
Nitrogen, protection of plants from phytopathogens, enhance the resistance of the
host plants to biotic as well as abiotic stress and acts as a bio-stimulant by facilitating
the uptake of nutrients from the soil. PGPR in the soil promotes plant growth through
direct or indirect mechanisms, i.e. they are able to produce plant hormones, viz.
Auxins, Cytokines, Gibberellins, and ACC deaminase responsible for promoting
growth in plants. These microorganisms are equally capable of increasing the
availability of Nitrogen in the rhizosphere region by fixing atmospheric Nitrogen.
Solubilization of inorganic phosphates with the secretion of extracellular enzymes
increase the continuous availability of phosphorus to the plants under stressful
conditions. Siderophores producing microorganisms reduce the availability of iron
to other microbial pathogens hence limiting their influence on the plants. Some of the
microorganisms are also able to produce antimicrobial metabolites while others
produce cellulolytic enzymes or Hydrogen Cyanide that have an antagonistic effect
against the phytopathogens (Armada et al. 2016; Hashem et al. 2019; Emmanuel and
Babalola 2020). Some of the PGPR species of Pseudomonas, Streptomyces,
Paenibacillus, and Azotobacter in association with Plant Growth-Promoting Fungi
Acaulospora, Glomus, and Scutellospora species have shown impressive
phytoremediation property in soils contaminated with Fe3+. Pennisetum glaucum
inoculated with the combination of the above species displayed a positive synergistic
effect in the absorption of iron due to the secretion of siderophores (Mishra et al.
2016). Positive synergistic effect of PGPR and Arbuscular Mycorrhizae was
observed on Fragaria vesca and Trifolium repens when inoculated with
B. amyloliquefaciens and Rhizophagus irregularis. The plants showed increased
photosynthetic efficiency and shoot weight in presence of the consortia (Xie et al.
2018). Brassica napus inoculated with the strains of Microbacterium oxydans,
Burkholderia cepacia, and Pseudomonas thivervalensis was effective in reducing
the heavy metal stress on the plant specimens along with substantial increment in the
growth of plants. One of the strains of PGPR was also able to increase the uptake of
Cu up to 113.38% (Ren et al. 2019). Pseudomonas sp., Bacillus sp., and
Stenotrophomonas sp. have demonstrated antifungal activity against fungal
phytopathogens along with the production of factors promoting plant growth
(Islam et al. 2016; Chenniappan et al. 2019; Chandra et al. 2020). Bacillus
sp. produces antimicrobial lipopeptides such as surfactin, fengycin, and iturin of
which iturin was found to possess antifungal property. Two isolates of B. velezensis
have demonstrated antifungal activity against Ralstonia solanacearum and Fusar-
ium oxysporum (Cao et al. 2018). Microorganisms with simultaneous phosphate
solubilizing and biocontrol potential are the best bioinoculants with possible use as
plant growth promoters and biocontrol agents (Sunar et al. 2017). PGPR reduces
plant disease due to its ability to restrict the multiplication of the pathogens in the soil
through properties such as direct antagonism, production of siderophores, or pro-
duction of HCN. Siderophores are known to restrict the activity of phytopathogens
by reducing the availability of iron by sequestering the ferric iron. The antimicrobial
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activity of secondary metabolites produced by some of the strains of Bacillus and
Pseudomonas is well known (Compant et al. 2005; Chakraborty et al. 2014;
Ossowicki et al. 2017; Sahni et al. 2020). An increase in the activities of the enzymes
like PR proteins-chitinase (CHT), β-1, 3-glucanase (GLU), and defense-related
enzymes peroxidase (POX) and phenylalanine ammonia lyase (PAL) have been
reported in a number of experiments where these enzymes were directly associated
with induction of resistance against the phytopathogens Chakraborty et al. (2004,
2009, 2014), Sunar et al. (2014, 2017, 2020).

2.3.2.3 Plant Growth-Promoting Fungi (PGPF)
Soil fungi inhabiting the rhizosphere region of the plant and responsible for the
promotion of plant growth through the release of different functionalities are classi-
fied under plant growth-promoting fungi. Fungal microorganisms belonging to the
genera of Trichoderma, Phoma, Rhizoctonia, Penicillium, Fusarium, Aspergillus,
etc. are known for their ability to produce such factors (Hossain et al. 2017). PGPF
has shown enhanced yield in crops and control of phytopathogens Plant Growth-
Promoting Fungi: Diversity and Classification. In one such study conducted by
Zhang et al. (2016) on wheat seedlings inoculated with Trichoderma
longibrachiatum T6, the plant showed resistance to nematodes and induced toler-
ance to stress under high NaCl concentration. Plant’s growth and yield are reduced
drastically with the infection of phytopathogens. White rot disease in onion caused
by Sclerotium cepivorum is responsible for the huge loss of onion production
worldwide. The pathogen damages the bulb of onion and lasts in soil for 15 years
which hinders the cultivation of onion. Further, the growth of pathogen is enhanced
by the exudates from the onion. Some of the PGPF including Penicillium sp. and
Trichoderma sp. were examined for its effects on the reduction of disease severity.
These PGPF showed holistic plant growth including a significant reduction in the
germination of sclerotia, the inactive stage of the fungal pathogen, that lasts in the
soil for long-duration (Elsharkawy and El-Khateeb 2019). PGPF is also known for
soil remediation contaminated with heavy metals. Mucor sp. when inoculated with
Pelargonium hortorum was able to promote Phyto-availability of Pb and displayed
enhanced phytoextraction along with the increase of plant biomass through the
production of factors responsible for plant growth (Manzoor et al. 2019).

2.3.2.4 Arbuscular Mycorrhizal Fungi (AMF)
Mycorrhiza is a large number of fungi majorly belonging to Glomeromycota and
some from Zygomycota, Ascomycota, and Basidiomycota that are known to infect
the roots of the majority of higher plant species, i.e. gymnosperms, angiosperms, and
pteridophytes thus forming a robust mutual association or parasitic one (Harley
1989; Johnson et al. 1997; Kirk et al. 2001). Mycorrhiza is broadly classified into
two major groups ectomycorrhiza, an external association of fungi with plant roots,
and endomycorrhiza, an internal association of fungal species by invading plant
cells. The mycorrhizal association has proven to be beneficial for the plants espe-
cially for those growing in stressful conditions and soils with less nutritive content
which is most likely dependent on mycorrhizal symbiosis (Akbar et al. 2017).
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Arbuscular mycorrhizae (AM) play a significant role in plant growth promotion by
enhancing nutrition uptake from the soil, provide support to the plants under drought
conditions, and offer relief to the plants from phytopathogens. AMs facilitate the
uptake of phosphorus in the host plants (Smith et al. 2011). Elliott et al. (2020)
ascertained that the commercially available arbuscular mycorrhizae (AM) enhances
root colonization of the wheat plants and promotes the uptake of phosphorus by 30%
across all the cultivars by influencing the microbial flora within the rhizosphere
region of the host plants. In yet another study, the application of AF in wheat plants
positively influenced their harvest index under drought conditions while limiting the
influence of aphids (Pons et al. 2020). An increase in the leaf weight, root weight,
chlorophyll content, enzymatic activity of the Mexican lime seedlings, inoculated
with a combination of AMF Glomus mosseae and Glomus intraradices along with
vermicompost, was observed under water stressed conditions in comparison to the
non-inoculated seedlings (Nejad et al. 2020). Production of secondary metabolites,
uptake of water, Nitrogen, and Phosphorus increased after the inoculation of Portu-
laca oleracea L roots with Rhizophagus irregularis under water deficit conditions
(Hosseinzadeh et al. 2020). A strain of AM, Funneliformis mosseae, induced
Volatile Organic Compounds (VOCs) production in one of the cultivars of Vitis
vinifera. VOCs are known to play a significant part in mechanisms involved in plant
defenses and interaction between plants (Velásquez et al. 2020). The severity of
charcoal root rot, in soybean plants, infected by a phytopathogen, Macrophomina
phaseolina, increased with the application of Nitrogen fertilizers. Even though N
fertilizers reduced the colonization potential of AM, Rhizophagus intraradices, the
severity of the disease caused by the phytopathogen reduced significantly in the
plants inoculated with the AF (Spagnoletti and Cornero 2020). Phosphorus loss due
to leaching is very common during paddy plantation. To investigate the effect of AM
to prevent the loss of phosphorus via leaching, S. Zhang et al. (2020a) studied rice
inoculated with the AF. They observed that there was a cumulative phosphorus
reduction of 10% in the mycorrhizae system when compared with the control
system.

2.3.2.5 Endophytes
Over the last couple of decades, there has been considerable interest in the explora-
tion of microorganisms from tissues of plants that have the abilities to secrete host
secondary metabolites and various other functionalities with immense significance
to agro-pharmaceutical industries (Sudheep et al. 2017; Le Cocq et al. 2017;
Rajamanikyam et al. 2017). These microorganisms residing within the plant tissues
without causing any harmful effect to the host plant as described by Bacon and
White (Bacon and White 2000) or the diverse group of plant symbionts that live
within plant tissues without any symptoms for most of their lives are known as
endophytes (Wang et al. 2008). They are systemic in nature and have been isolated
from various plant tissues such as leaves, stem, roots, etc. (Arnold et al. 2000;
Potshangbam et al. 2017). Bacteria and fungi are the only microorganisms that
have been isolated as endophytes so far, though the absence of other microorganisms
such as mycoplasmas and archaea bacteria cannot be ruled out with certainty
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(Tayung and Barik 2011). Several plant growth-promoting factors and plant
hormones from fungal and bacterial endophytes have been reported by different
research groups (Forchetti et al. 2007; Yanni and Dazzo 2010; Ahmad et al. 2010;
Shahabivand et al. 2012; Zhang et al. 2018). Endophytes with possible bio fertiliza-
tion properties such as siderophore production, phosphate solubilization, and Nitro-
gen fixation have been isolated from the same plant species (Nyambura Ngamau
2012). Some of the endophytes have been found to increase resistance in plants
against a variety of phytopathogens by secreting pathogenesis-related proteins.
Numerous fungal species isolated from the leaves of trees growing in the Western
Ghats, Tamil Nadu demonstrated chitinolytic properties as these fungi were able to
secrete chitinase and chitosanase in laboratory conditions. Chitin and chitosan have
been known to trigger host responses against plant pathogens hence chitinolytic
enzymes could play a major role in increasing plant defense systems against
phytopathogens resulting in increased resistance. Endophytes such as Xylariaceae
sp., Aureobasidium pullulans, Colletotrichum sp., Lasiodiplodia theobromae,
Phomopsis sp., and Fusarium sp., Botrytis sp., Trichoderma sp., Alternaria sp.,
Nodulisporium gregarium, Nigrospora oryzae, Drechslera sp., Pithomyces
sp. Sordaria sp., and Pestalotiopsis sp. obtained from leaves of different tree species
of Western Ghats showed properties such as pathogenesis-related proteins,
phytoalexins, and proteinase inhibitors in plants which are known to act against
phytophagous nematodes and plant pathogenic fungi (Govinda Rajulu et al. 2011).
Similarly, several fungal isolates belonging to Ascomycota and a few Zygomycota
obtained as endophytes from Panax notoginseng exhibited antifungal properties
against root rot pathogens (Zheng et al. 2017) while others have insecticidal
properties as evident from the extracts of Aspergillus sp. and Emericella
sp. obtained from Rhizophora mucronate (Abraham et al. 2015). Some of the
endophytes amplified the tolerance of plants in heavy metal contaminated soils
(Shahabivand et al. 2012; Waqas et al. 2014; Yamaji et al. 2016). Metabolites
extracted from two strains of Streptomyces sp. isolated from Artemisia herba-alba,
a white wormwood shrub was tested for their efficacy against Botrytis cinerea which
is responsible for chocolate spot disease in faba bean, Vicia faba cv. Giza 3, under
in vivo conditions. The environmentally safe metabolites were able to lessen the
severity of the symptoms related to the disease significantly and promoted plant
growth (El-Shatoury et al. 2020). Some of the properties attributed to the crops by
the endophytes include tolerance to stresses such as drought, salt, and temperature
stresses, decrease water consumption by the plants, stability in diverse soil types and
different climatic conditions, etc. The formulations are easy to apply in the field and
are compatible with commonly used chemicals in agriculture and the endophytes do
not compete with soil microorganisms. The product has viability of more than
2 years when stored at 4 �C (Adaptive Symbiotic Technologies 2020).

2.3.2.6 Actinomycetes
Actinomycetes are gram-positive filamentous bacteria that belong to the phylum
Actinobacteria. They are ubiquitous in nature and most of them are saprophytic.
Although the composition of the cell wall of actinomycetes is similar to that of
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bacteria, they are classified into different groups due to the presence of peculiar
morphological structure, presence of mycelia, just like that of fungi, and cultural
characterizes (Bhatti et al. 2017). Some of the important genera under this phylum
include Streptomyces, Micromonospora, and Nocardia (Singh et al. 2019a).
Actinomycetes are known for their ability to produce an array of antimicrobial
agents (Dimri et al. 2019), enzymes (Mukhtar et al. 2017), and many functionalities
with a huge significance in pharmaceutical industries (Nalini and Prakash 2017).
Streptomyces species are known to produce about 60% of antibiotics used in the
agriculture system (Couillerot et al. 2014). Apart from producing metabolites of
paramount importance to human health, actinomycetes are well known for produc-
ing factors responsible for the promotion of plant growth (Singh et al. 2018),
antifungal agents against phytopathogens, phosphate solubilization potential,
siderophores production, Nitrogen fixation, decomposition of compounds with
high molecular weight, production of plant growth hormones, etc. (Edelvio et al.
2018; Meghvansi and Varma 2020; Dede et al. 2020). Some of the attributes and
functions are presented in Table 2.2.

2.4 Mechanisms Involved in Plant and Soil Health
Improvement

Microorganisms help in the promotion of plant growth through direct or indirect
mechanisms. The direct mechanisms involved in helping the plants with the supply
or facilitating nutrients such as N, P, requisite minerals, i.e. iron, phosphorus, etc., or
growth improvement through the production or stimulation of different types of
phytohormones whereas biocontrol aspect of the microbial inputs and tolerance to
abiotic factors are considered under indirect mechanisms (Arora et al. 2013).

2.4.1 Direct Mechanism

Microbial organisms residing in the rhizosphere facilitate the growth of the plant
through various mechanisms (Vessey 2003). Apart from aiding plants through the
supply of nutrients, rooting patterns are also altered due to the microbial activity in
the region (Ahemad and Kibret 2014). Some of the endophytes promote plant
growth through the production and secretion of plant growth-promoting factors,
production of siderophores, and solubilization of inorganic phosphates as described
above. Endophytes transform the physiology in the host plant which directly
enhances its growth. The biofertilization properties of the endophytes help certain
plants to resist and survive severe environmental conditions. Some of the strains of
PGPR help in the phytoremediation of soils contaminated with Fe3+ through the
production of siderophores (Mishra et al. 2016). Plants growing in stressful
conditions benefit from the symbiotic relationship with the mycorrhizal fungi.
AMs promote plant growth by facilitating the uptake of phosphorus (Hosseinzadeh
et al. 2020). Microorganisms can be used for the amendment of the soil thereby
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Table 2.2 Some of the functionalities of soil Actinomycetes and their prospective properties

Sl.
No. Functionalities Actinomycetes Properties Reference

1 Antifungalmycin N2 Streptomyces sp.
Strain N2

Antifungal action
against Rhizoctonia
solani.

Zhang et al.
(2020b)

3 IAA and ACC
deaminase activity

Arthrobacter
arilaitensis and
Streptomyces
pseudovenezuelae

Plant growth
promotion under
drought stress.

Chukwuneme
et al. (2020)

4 IAA production,
Phosphate
solubilization,
Siderophore
production,
Ammonia
production.
Antibacterial activity

Streptomyces sps. Plant growth
promotion and
antibacterial activity
against bacterial
phytopathogens,
i.e. Pseudomonas
gingeri, Pseudomonas
syringae, and
Xanthomonas
campestris
pv. vesicatoria.

Dede et al.
(2020)

5 Antifungal Streptomyces
griseorubiginosus
FX81

Antagonistic against
Fusarium oxysporum
f. sp. cubense that
causes wilt in banana.

Lai et al.
(2020)

6 Antimycins Streptomyces
sp. AN120537

Insecticidal activities
Aedes albopictus and
Plutella xylostella.

Kim et al.
(2020)

7 Proteases and
cellulases

Streptomyces
tsukiyonensis

Antagonistic against
Colletotrichum
dematium causing leaf
disease in Sarcandra
glabra.

Song et al.
(2020)

8 Antifungal and plant
growth promotion

Streptomyces
pactum Act12 and
Streptomyces
rochei D74

Antagonistic against
Sclerotium rolfsii
responsible for causing
southern blight and
Fusarium oxysporum
responsible for root rot
in (Aconitum
carmichaelii). The
consortia also
increased beneficial
microbes and reduced
harmful microbes in
rhizosphere region.

Li et al.
(2020b)

9 Volatile organic
compounds (VOCs)

Streptomyces
lavendulae
SPS-33

Potential post-harvest
fumigant for the control
of Ceratocystis
fimbriata a causative

Li et al.
(2020a)

(continued)
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increasing nutrient content of the soil, reducing pathogens in the soil, protecting soil
from droughts, and promoting plant growth (Bharti et al. 2017).

2.4.1.1 Biological Fixation of the Atmospheric Nitrogen
Biological fixation of Nitrogen is carried by microorganisms having a symbiotic or
non-symbiotic association with the host plants. Rhizobia with leguminous plants and
Frankiawith non-leguminous plants are classified as having a symbiotic relationship
while free-living microorganisms such as species of cyanobacteria or endophytes
help in Nitrogen fixation without having a symbiotic association with the host plants
(Yimer 2019).

Table 2.2 (continued)

Sl.
No. Functionalities Actinomycetes Properties Reference

organism for black spot
disease in sweet potato.

10 Actinopyrone A,
Anguinomycin A and
Leptomycin A

Streptomyces
palmae
CMU-AB204

Antagonistic activity
against Ganoderma
boninense causing
basal stem rot (BSR)
disease in Elaeis
guineensis (oil
palm tree).

Sujarit et al.
(2020)

11 Auxin and ACC
deaminase

Streptomyces
sp. CLV45

Promotion of growth in
soybean plants.

Horstmann
et al. (2020)

12 Solubilization of
phosphates, secretion
of IAA and
production of ACC
deaminase

Streptomyces
lydicus M01

Promotion of beneficial
microflora and
suppression of foliar
disease in cucumbers
caused by Alternaria
alternata.

Wang et al.
(2020)

13 Auxins, Polyaminase
and ACC deaminase

Consortia of
Streptomyces
chartreusis,
S. tritolerans, and
S. rochei

Promotion of growth of
Salicornia bigelovii in
saline soils.

Mathew et al.
(2020)

14 Ammonia
solubilization of
minerals and
Chitinase production

Nocardiopsis
dassonvillei strain
YM12

Promote growth of
pearl millet
(Pennisetum glaucum)
and inhibition of
Fusarium oxysporum

Patel and
Thakker
(2019)

15 Cellulase and
protease

Streptomyces
vinaceus RCS260
and Kitasatospora
aburavienis
RCS252

Antimicrobial activity
against phytopathogen
and extracellular
enzymes production

Singh et al.
(2019b)
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2.4.1.2 Solubilization of Phosphates by Microorganisms
Phosphorus is one of the most important nutrients whose deficiency limits the proper
growth of the plant (Ezawa et al. 2002). Microorganisms residing in the rhizosphere
with phosphate solubilizing potential were reported as early as 1903 (Khan et al.
2009). Among Phosphate solubilizing microorganism (PSM), Phosphate
solubilizing bacteria (PSB) belonging to the species of Bacillus, Rhizobium, and
Pseudomonas strains; fungal strains majorly belonging to the species of Penicillium
and Aspergillus along with AMF play an important role (Whitelaw 2000; Igual et al.
2001; Fankem et al. 2006; Sunar et al. 2015). The solubility of calcium bound
phosphorus in the soil increases with a decrease in soil pH where the PSMs residing
in the rhizosphere have a major role to play. These PSMs secrete certain organic
acids that release bound phosphorus (Fankem et al. 2006; Joseph and Jisha 2009).
Organic acids such as carboxylic acid released by PSMs, viz. Pseudomonas sp. are
also able to release phosphorus bound to aluminum and iron (Henri et al. 2008).

2.4.1.3 Production of Siderophores by Microorganisms
Siderophore is chelating agents that are composed of protein molecules with a low
molecular weight that plays an important role in solubilizing iron from organic
compounds or minerals. These types of molecules are produced by microorganisms
as well as gramineous plants for obtaining iron from the environment (Hider and
Kong 2010). Plants growing in soils contaminated with metal haven have been
reported to be deficient in iron molecules. Microorganisms producing siderophores
can help the plant to sustain by regulating the availability of siderophores through
the rhizosphere (Jing et al. 2007).

2.4.1.4 Production of Phytohormones
Microorganisms have been reported to produce phytohormones. About 80% of
microorganisms obtained from the rhizosphere soil of crop plants have been reported
to produce auxins such as IAA (Samuel et al. 2017). IAA is considered an important
hormone to play a major role during rhizobacteria and plant interactions (Ahemad
and Kibret 2014). Ethylene, apart from being one of the most important growth
hormones in plants, is also a stress hormone. Certain rhizobacteria are able to
produce 1-aminocyclopropane-1-carboxylate deaminase that helps to relieve envi-
ronmental stress in plants such as temperatures, high salt or heavy metal concentra-
tion, waterlogging or predation by insect pests and promote holistic growth of the
plant (Saleem et al. 2007).

2.4.2 Indirect Mechanism

Microorganisms indirectly promote plant health through developing a competitive
environment for obtaining nutrients, secreting antimicrobial compounds, and induc-
ing systemic resistance in the host plants (Ahemad and Kibret 2014). Some of the
microorganisms secrete antimicrobial agents that interfere with the pathways for
protein synthesis while others produce lytic enzymes that degrade the cell wall of
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fungal pathogens (Ram et al. 2018). Volatile organic compounds, chelating agents,
and siderophores production also help in controlling pathogens (Mishra et al. 2016;
Ram et al. 2018). Antimicrobial properties of actinomycetes from the soil as well as
endophytes play an important role in plant protection (Lai et al. 2020). Certain
microorganisms, like B. amyloliquefaciens, induce systemic resistance in the host
plant by producing metabolites in the rhizosphere region (Lugtenberg 2015). Induc-
tion of such resistance is brought by changes in the biochemical composition thus
preparing the defenses in the host to subsequent infections by various
phytopathogens (Thomashow 1996). Beneficial or parasitic microorganisms are
responsible for triggering host defenses at a local or systemic level. Plant hormones
such as Jasmonic acid, Ethylene, and Salicylic acid are major players in altering the
network signals that trigger host defenses in the plant (Han and Kahmann 2019). The
collective effect of both the mechanisms plays a major role to enhance the growth of
the plant, maintaining plant health including management of disease through the
control of phytopathogens. Hence, it is tough to differentiate precisely the exact
effect of either of the mechanisms (Bhattacharyya and Jha 2012). Under natural
conditions, metabolites released by these microorganisms may play a similar or
different role depending on the environmental factors (Arora et al. 2013).

2.4.2.1 Induction of Resistance in Host Plants by AIMs
Various factors such as light, gravity, stress, water molecules, availability of
nutrients, chemical metabolites produced from soil, and microorganisms associated
with the host plants stimulate different responses in the plant (Vallad and Goodman
2004). Such a stimulus is responsible for the induction of defense responses in the
plant as well as improving its resistance during subsequent infections at the local or
systemic level (Vos et al. 2015). Several factors and pathways related to the
induction of resistance by BCA or non-pathogenic microbes are being characterized
(Audenaert et al. 2002; Vallad and Goodman 2004). Pathogenesis-related
(PR) proteins are produced after the infection of the plants by pathogens, which is
mediated by Salicylic Acid (SA) (Vallad and Goodman 2004; Leonetti et al. 2017),
and composed of different types of enzymes which restricts invading pathogens
through different mechanisms (Vallad and Goodman 2004). Among beneficial
microorganisms, strains of Bacillus, Pseudomonas, Trichoderma, Rhizophagus,
etc. including non-pathogenic strains of Fusarium sp. are known to activate Induced
Systemic Resistance (ISR) (Romera et al. 2019) which has been reported to be
mediated by JA or ethylene (Audenaert et al. 2002; Yoo and Sang 2017). Control in
the induction of strong resistance could be achieved through synergistic interaction
with the endogenous signals (Moyne et al. 2000; Mayo et al. 2015).
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2.5 Molecular Signaling in the Rhizosphere and Beyond: The
Cross Talk

2.5.1 Microbe Triggered Immunity

The ecosystem in the rhizosphere is greatly altered by the metabolites secreted by the
plant roots as well as microorganisms that provide favorable environment for the
multiplication and sustenance of different types of microorganisms. These factors
are generally responsible for the promotion of growth in plants or combating
phytopathogens (Venturi and Keel 2016). Microbe-associated molecular patterns
(MAMPs) results in the initiation of weak but effective immune responses through-
out the plant tissues. Priming of improved defenses in plants is induced by advanta-
geous microorganisms through signaling pathways similar to jasmonate and
ethylene dependent ones (Van Wees et al. 2008). Plants and beneficial
microorganisms have been observed to have optimum co-ordination as MAMPs
associated immunity does not act against the interacting beneficial AIMs. Plant
hormones control the signaling networks responsible for the induction of defense
responses (Glazebrook 2005) which are tuned through cross-communication
between different pathways according to the type of pest invasion (Koornneef and
Pieterse 2008). Transcriptional regulator NPR1 controls both the pathogen induced
Systemic Acquired Resistance (SAR) and ISR triggered by beneficial
microorganisms (Pieterse and Van Loon 2004). Certain fungal strains have been
reported to induce resistance through Jasmonic Acid (JA), ET, and/or NPR-1
dependent pathways or SA signaling pathways or requirements for both ISR and
SAR components (Conn et al. 2008).

In Plant–pathogen interaction, a majority of pathogens/microbes are blocked by
the host plant through a strategy of non-host resistance which consists of physical
barriers, viz. waxy cuticles, rigid cell walls, and antimicrobial compounds. Virulent
phytopathogens that are able to cross the primary defense structures must face the
plants’ innate immune system that might terminate its progression further. Plants are
not known to possess somatic adaptive immune system with mobile defender cells
which become requisite for them to depend upon the individual cells to exhibit
innate immunity, with the signals released from the infected cells which help the
plant cells to memorize earlier infections (Reimer-Michalski and Conrath 2016).
Two individual branches of molecular defense strategies have been described under
zig-zag co-evolutionary model (Jones and Dangl 2006). Firstly, the microorganisms
or pathogen associated molecules (MAMP/PAMP) modulate the recognition
receptors (PRRs), which ultimately induces MAMP-triggered immunity (MTI),
PAMP-triggered immunity (PTI), and DAMP-triggered immunity jointly denoted
as pattern-triggered immunity PTI (Saijo et al. 2018). On the other side of the model,
host molecules that recognize microbial effectors and the virulence factors suppress
MTI along a cascade of resistance proteins (R) and ultimately effector-triggered
immunity (ETI) is initiated. As a result of these immune responses, a cascade of
signaling events is triggered that leads to protection against the invading pathogen
(Nishad et al. 2020) (Fig. 2.4).

2 Agriculturally Important Microorganism: Understanding the Functionality. . . 51



Fi
g
.
2.
4

S
ch
em

at
ic

re
pr
es
en
ta
tio

n
sh
ow

in
g
M
A
M
P
re
co
gn

iti
on

by
th
e
R
ec
ep
to
r-
L
ik
e
K
in
as
es

(R
L
K
;
a
P
R
R
)
th
at

ac
tiv

at
es

ca
sc
ad
es

of
m
ito

ge
n-
ac
tiv

at
ed

pr
ot
ei
n
ki
na
se

(M
A
P
K
),
ev
en
tu
al
ly

le
ad
in
g
to

M
A
M
P
-t
ri
gg

er
ed

im
m
un

ity
(M

T
I)
.
A
no

th
er

P
R
R
,
R
L
P
23

pe
rc
ei
ve
s
M
A
M
P
or

pa
tte
rn
-a
ss
oc
ia
te
d
m
ol
ec
ul
ar

pa
tte
rn
s
(P
A
M
P
),
an
d
in
du

ce
s
pa
tte
rn
-t
ri
gg

er
ed

im
m
un

ity
(P
T
I)
.
N
ec
ro
si
s
an
d
et
hy

le
ne
–
in
du

ci
ng

pe
pt
id
e
1
(N

E
P
1)
–
lik

e
pr
ot
ei
ns

(N
L
P
s)

ar
e
ex
am

pl
es

of
P
A
M
P
,w

hi
ch

ar
e
re
co
gn

iz
ed

by
R
L
P
23

.E
ff
ec
to
rs
ar
e
re
le
as
ed

in
to
pl
an
tc
el
ls
to
co
un

te
rt
he

de
fe
ns
e
re
sp
on

se
s
of

th
e
pl
an
t.
T
yp

e
II
I
se
cr
et
io
n
sy
st
em

(T
3S

S
)i
s

52 A. K. Rai et al.



⁄� Fi
g
.2

.4
(c
on

tin
ue
d)

us
ed

by
ba
ct
er
ia
to
tr
an
sp
or
te
ff
ec
to
rp

ro
te
in
s
in
si
de

th
e
ce
lls

of
th
e
pl
an
tw

hi
le
fu
ng

al
sp
ec
ie
s
us
e
ha
us
to
ri
a
fo
rt
he

sa
m
e
pu

rp
os
e.
E
ff
ec
to
r-

tr
ig
ge
re
d
im

m
un

e
re
sp
on

se
s
(E
T
I)
ar
e
in
du

ce
d
as

an
d
w
he
n
pl
an
t
re
si
st
an
ce

pr
ot
ei
n
co
ile
d–

co
il
(C
C
)
N
L
R
(C
N
L
)
an
d
T
ol
l-
in
te
rl
eu
ki
n-
1
re
ce
pt
or

(T
IR
)
N
L
R

(T
N
L
)
re
co
gn

iz
es

th
e
ac
tiv

ity
of

th
e
ef
fe
ct
or

in
th
e
ce
ll.

O
lig

og
al
ac
tu
ro
ni
de
s
(O

G
)
ar
e
fo
rm

ed
w
he
n
E
xt
ra
ce
llu

la
r
L
R
R
pr
ot
ei
n—

po
ly
ga
la
ct
ur
on

as
e-
in
hi
bi
tin

g
pr
ot
ei
n
(P
G
IP
)
in
te
ra
ct
s
w
ith

th
e
m
ic
ro
bi
al
po

ly
ga
la
ct
ur
on

as
e
(P
G
)
w
hi
ch

re
su
lts

in
th
e
sl
ow

in
g
do

w
n
of

th
e
pr
oc
es
s
of

pe
ct
in

de
gr
ad
at
io
n.

D
am

ag
e-
as
so
ci
at
ed

m
ol
ec
ul
ar

pa
tte
rn

(D
A
M
P
)
tr
ig
ge
re
d
im

m
un

e
re
sp
on

se
s
(D

P
I)
is
ac
tiv

at
ed

as
so
on

as
D
A
M
P
is
pe
rc
ei
ve
d
by

P
R
R
(N

is
ha
d
et
al
.2

02
0)

2 Agriculturally Important Microorganism: Understanding the Functionality. . . 53



2.5.2 Microbial Signaling

Certain microorganisms have been identified to produce compounds that act as
signals to synchronize the expression of the genes in accordance with the population
of the cells. This process is known as Quorum Sensing (QS) (Fuqua et al. 2001). QS
signals have been reported from many strains of microorganisms isolated from the
rhizosphere indicating the possibility of a cell-to-cell signaling. Gram-positive
microorganisms produce short modified peptides, whereas some gram-negative
microorganisms associated with the plants including the strains belonging to the
genus of Pseudomonas, Serratia, Erwinia, etc., are been known to secrete Acylated
Homoserine Lactone (AHL). Signals involving pyrones and dialkylresorcinols have
also been detected in gram-negative microorganisms that are related to AHL family
and are identified by the LuxR protein. QS is mainly involved in the expression of
genes, production and regulation of antibiotics, the formation of biofilms, factors
involved with virulence, induce plant resistance, and regulate the growth of the plant
and its development (Ferluga et al. 2008; Venturi and Fuqua 2013). Some of the
gram-negative microorganisms including species belonging to the genus of
Burkholderia and Stenotrophomonas maltophilia produce a Diffusible Signal Factor
(DSF) known for eliciting innate immune system in plants (Ryan et al. 2015).
Antibiotics too have been proposed to act as molecules for QS at a non-inhibitory
concentration within inter and intraspecies level (Andersson and Hughes 2014).
Some of the Volatile Organic Compounds (VOCs) produced by microorganisms
have been reported to interact at inter and intraspecies level as well as act in plant-
microbe interaction at the rhizosphere (Bitas et al. 2013).

2.6 Current and Future Challenges

Agricultural inputs of microbial origin have shown a growing trend with the increase
in the interest towards organically derived agriculture produce. The advantages of
microbial fertilizers and biopesticides towards human health as well the environment
outweigh the returns of chemical inputs. However, some limitations of microbial
inputs need to be addressed before replacing the conventional chemicals used in
agriculture. These regularly used agrochemicals have broad-spectrum activity with
very little interference in its activity from varying environmental conditions.
Whereas, microbial inputs are target specific with a narrow spectrum of activity.
The environmental factors, both biotic and abiotic, interfere in the efficacy and
functionality of such products. Challenges in maintaining consistency of similar
products and their registration at a national and regional level is also a major concern
(Timmusk et al. 2017). The microbial inputs should be able to generate consistent
results in farms, should be easy to handle, and should be cost-effective with a good
shelf-life (Murphy et al. 2018). Redressal to these possible drawbacks could
undoubtedly help in the considerable success of microbial inputs in the agriculture
sector.
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2.7 Conclusion

Agriculture produce is most important for the sustenance of human beings on this
planet. Chemical inputs have increased agriculture harvest to many folds which have
aided many countries to overcome food deficit and provided for the people. How-
ever, the continuous and growing use of chemical inputs has inevitably brought its
share of grave complications. Apart from affecting human health, the extensive
damages caused by hazardous chemicals to the environment including soil, flora,
and fauna remain a major concern and require an immediate solution to mitigate the
problem. Microorganisms have demonstrated huge potential in promoting plant
growth, helping plants in resisting environmental stresses, combating
phytopathogens, amending contaminated soils, and improving agricultural yield
without affecting the environment adversely. Diverse types of microorganisms
through direct or indirect approaches have the enhanced ability to facilitate growth
in plants and progressively improve soil fertility. These specific functionalities of the
beneficial microorganisms could be tapped for its use as bio-fertilizing agents or as
biopesticides to progressively replace or decrease the extensive usage of chemical
compounds in the agriculture system. Some of the limitations such as consistency of
product and its effect at different environmental conditions, the viability of
microorganisms during storage and registration of microbial products require further
studies. Screening of beneficial microorganisms, for its novel or better attributes,
from various ecological niches and unique habitats should remain a continuous
process to fulfill the overgrowing demand for natural products.
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Abstract

The presence of different environmental conditions on Earth affects the properties
of soil which thereby affect the agricultural systems. The soils vary from place to
place like mountain soil that is completely different from desert soil. These
differences determine the diversity and community structure of native
microorganisms, which indirectly affects the agriculture of that place.
Microorganisms are an important component of the ecosystem and play a vital
role in processes like nutrient cycling, soil formation by weathering of rocks, and
waste recycling. The changes in climate due to extreme weather conditions like
drought, heavy rainfall, frost, etc. are adversely affecting the soil properties.
These changes also affect the species distribution, soil microbial community
composition, and interactions. Also, this leads to changes in the interspecific
relationship between competitors, host/parasite, and predator/prey which changes
community structure and ecosystem functions. In this chapter, we will discuss the
distribution of different microorganisms among different agroecosystems and the
role of these microorganisms in maintaining the ecosystem processes.
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3.1 Introduction

Microorganisms represent an enormous component of Earth’s biodiversity and play
a vital role in sustaining all life forms due to their role in ecosystem processes
(Falkowski et al. 2008; Prosser 2012). The relationship between microbial diversity
and ecosystem functioning is an important factor for determining the ecosystem
responses to a changing environment (Logue et al. 2015). Soil microbes constitute an
important part of the microbial world and play a major role in the functioning of
terrestrial ecosystems by catalyzing various conversions in the biogeochemical
cycles (Whitman et al. 1998; van der Heijden et al. 2008).

The presence of diverse environmental stresses on earth like frost, heat waves,
droughts, floods, etc. causes difficulties in the agriculture sector. Microbes can adapt
and survive in extreme conditions varying from low water availability, high solar
radiations, cold temperatures, and different pH and pressures (Azua Bustos and
Gonzalez Silva 2014). Microorganisms being ubiquitous help to play a major role
in overcoming these abiotic stresses and provide an increase in agricultural produc-
tivity. These microorganisms may help plants to overcome stress conditions like
drought, salinity, heavy metals, etc. (Grover et al. 2011). Microorganisms have the
ability to colonize the rhizosphere and phyllosphere and can also live inside plant
tissues as endophytes. The plant–microbe interaction helps in nutrient acquisition,
plant growth promotion under extreme environments, and elicits plant defense
reactions against pests (Verma et al. 2017). The recent discovery of microorganisms
from some extreme environments like glacial ice and their effectiveness in promot-
ing plant growth has promoted the use of these microbes as biofertilizers (Yarzabal
2020).

The soil biodiversity is a significant asset that provides ecosystem processes
essential to the functioning of natural and global systems. They are the biggest
resource of the nature which forms the basis of important ecological processes like
nutrient cycling, food chains and help to maintain relationships between different
organisms (Onen et al. 2020).

3.2 Microbial Diversity of Agroecosystems

The microbial communities are being characterized through a wide variety of
molecular tools by observing the differences in organismal assemblages or commu-
nity characteristics (Gibbons and Gilbert 2015). Surveys at the global level for
determining microbial diversity have been carried out within the study and have
revealed prominent physicochemical drivers of microbial community structure
(Ghiglione et al. 2012). The Earth Microbiome Project (http://www.
earthmicrobiome.org/) carried out the biggest global survey for analyzing microbial
diversity. Its results revealed the presence of 5.6 million OTUs in the first 15,000
samples, having a similarity of 97% at the V4 region of the 16S rRNA gene and
without the singleton OTUs. This led to the setting of a new lower bound for the
number of bacteria and archaeal phylotypes on Earth (Rideout et al. 2014).
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Furthermore, with growth in sampling efforts, the tally of novel phylotypes discov-
ered resumes to increase from the previously estimated numbers (Scheffers et al.
2012).

Microorganisms show varying metabolisms which allow them to use various
energy sources ranging from sunlight to organic carbon and inorganic minerals. Due
to the vast differences in their metabolism, microbes can survive in extreme
conditions ranging from acid mines to thermal hot springs. Besides, their ability to
survive on numerous metabolites like complex carbohydrates, peptides, antibiotics,
and lipids grants them the ability to cross-feed one another, establish highly specific
niches and distinct life history policies (Giovannoni et al. 2014; Morris et al. 2014).
Furthermore, the diversity on ecological timescales can be affected by the continued
evolution and speciation in microorganisms (Morris et al. 2014; Raeside et al. 2014).
The soil microbial diversity has been shown to be improved by numerous agricul-
tural activities. Practices like biological farming (Birkhofer et al. 2008; Verbruggen
et al. 2010), tree-based intercropping (Lacombe et al. 2009; Bainard et al. 2012),
crop rotation (Altieri 1999; Cavagnaro and Martin 2011), and extensification of land
use (Postma-Blaauw et al. 2010; De Vries et al. 2012) have a positive effect on
number and richness of specific groups of soil organisms including arbuscular
mycorrhizal fungi and earthworms and the microbial diversity of soil. The environ-
mental factors play a major role in governing the bacterial diversity in different
agroecosystem and the bacterial diversity in turn play a role in maintaining the
microbial interactions (Tan et al. 2020).

3.2.1 Temporal and Spatial Distribution

The diversity of microbes increases with the temporal and spatial distribution of
bacteria. Soil microbes have greater diversity compared to other species. The
functioning of microbial processes is determined by the microbial niches. The
small size of microbes makes it difficult to evaluate them and due to their small
size, their movement through small distances with the help of water and wind makes
a major change. In addition, the soil texture and pore space influence community
composition. The microenvironment of soil can vary from the adjacent soil due to
differences in pore space and this leads to the creation of microenvironment-specific
communities. This increases the overall diversity of soil. High microbial activity is
observed in the macropores (Lee and Foster 1991), due to considerable root and
micro- and macro-faunal activities occurring in these regions. The smaller pores and
water filled microsites might increase the anaerobic activity, creating variability in
the nutrient cycling processes (Tiedje et al. 1984). The diversity and distribution of
microbes are also affected by the position of the landscape (Turco and Bezdicek
1987). At the greater depths in the soil, many diverse and metabolically active
populations are found. However, the bacterial population declines with depth in
the soil, due to lack of carbon which limits their proliferation (Fredrickson et al.
1991).
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The density and functioning of microbes in the soil are affected by the minerals
and organic matter content in the soil. Microbes play a major role in the functioning
of plants by affecting their physiology and development. The number of
microorganisms populating a plant can reach numbers much higher than the number
of plant cells (Mendes et al. 2013). The narrow zone surrounding the roots, known as
the rhizosphere is considered as a complex ecosystem as it is a hotspot for many
microorganisms (Raaijmakers et al. 2009). The population of microbes in the
rhizosphere region will depend on microbial responses to release exudates and
substrates. Further, the diversity of the bacterial community can be affected by the
plant community due to variability in the chemical composition of the exudates
(Christensen 1989). The numerous rhizospheric organisms which have positive
effects on plant include mycorrhizal fungi, nitrogen fixing bacteria, mycoparasitic
fungi, biocontrol microorganisms, plant growth promoting rhizobacteria (PGPR),
and protozoa. Some organisms present in the rhizosphere that are detrimental to
plant health are oomycetes, pathogenic fungi, bacteria, and nematodes. Apart from
these, some human pathogens can also be found in the rhizosphere (Mendes et al.
2013). The culture-independent approaches used for determining rhizosphere
microbiomes and soil diversity have shown that the knowledge about microbial
diversity is highly underestimated. A significant proportion of bacterial phyla
recognized by the next-generation sequencing technologies have shown to have no
cultured representative, indicating that only a small proportion of bacteria have been
cultured with the help of current technologies.

The decomposition of plant remnants in the soil provides sites for microbial
growth. These areas are favorable for fungal and bacterial growth and proliferation.
Similar to the rhizosphere, they allow microbial proliferation and provide heteroge-
neity to the soil system. The chemical composition of these plant materials is
responsible for forming a particular community structure (Wicklow et al. 1974;
Kjoller and Struwe 1982). The bacterial diversity is also affected by the above
ground plant diversity. Reduction in plant community due to overgrazing, pollutants,
and tillage also decreases the bacterial population (Christensen 1989). Furthermore,
the diversity of microbial communities is influenced by presence of aerobic and
anaerobic conditions in the microsites (Lynch and Harper 1985; Aulakh et al. 1991).

The composition of the bacterial population affects the decomposition rate and
nutrient cycling in conventionally tilled and untilled systems (Beare et al. 1993). The
composition of some microbial groups and the bacterial population was altered with
cultivation practices. In research from the prairie and cultivated soils, it was found
that the diversity of microbes was higher in cultivated or disturbed soils compared to
a prairie grassland (Kennedy and Smith 1995). Therefore, the diversity indices of a
particular soil can be used to indicate the result of disturbance. Greater diversity does
not mean a more stable system; rather, shifts in diversity may be more informative
about the status of a soil bacterial population with management. Crop rotation is a
critical component for maintaining sustainable systems; it breaks the cycle of
pathogens, decreases weeds, and increases favorable species and interactions. Crop
growth is also positively benefitted from crop rotation due to changes in bacterial
community composition. The use of legumes in crop rotation helps provide fixed
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nitrogen to the plant, decreases pathogens, and helps in maintaining the water status
of the system (Johnson et al. 1992).

3.2.2 Diversity in Different Agroecosystems

Microorganisms form the foundation of life on Earth. They have developed in every
plausible niche on the planet. They redesign their environments (Falkowski et al.
2008) including oceans and atmospheres. It involves changes in oceanic weather
patterns (Lovelock and Margulis 1974), the health of multi-cellular hosts
(Turnbaugh et al. 2007), and oxidation of Earth’s atmosphere.

Microbes are able to share genetic information easily, which causes a very rapid
and ongoing diversification of species in natural habitat, making the genetic diversity
of the entire soil microbiome to be considered huge (Monier et al. 2011). The
microbial communities interact with each other to accomplish tasks like decomposi-
tion of plant waste, creation of food web structures, and processing of nutrient
cycles. These processes are not a result of single organism (Aneja et al. 2006) and
there are varied microbial species that exist in different agroecosystems (Table 3.1).
Additionally, processes like legume rhizobia interactions are not accomplished by a

Table 3.1 Micro-biota found in different agroecosystems

S. no. Agroecosystem Microorganisms found

1. Jhum agroecosystem Curtobacterium oceanosedimentum, Bacillus
methylotrophicus, B. cereus, B. subtilis, B. licheniformis,
B. clausii, B. megaterium, Pseudomonas stutzeri,
P. aeruginosa, Trichoderma, Penicillium, Paecilomyces,
Aspergillus, Cladosporium, Coniella, and Rhizoctonia

2. Sundarbans
agroecosystem

Streptomyces sundarbansensis sp. nov., Streptomyces
euryhalinus sp. nov., Oxynema aestuarii sp. nov

3. North Western
Himalayan
agroecosystem

Exiguobacterium acetylicum strain 1P, Pseudomonas
sp. strain PGERs 17, and bacteria belonging to group
Bacteroidetes, Acidobacteria, Proteobacteria, Firmicutes,
and Actinobacteria

4. Thar agroecosystem Bacillus spp., Corynebacterium spp., Aeromonas spp.,
Acinetobacter spp., Staphylococcus spp., Ensifer,
Bradyrhizobium, Phormidium, Oscillatoria, Lyngbya,
Anabaena, Nostoc, Scytonema, and Calothrix

5. Coffee shade tree
agroecosystem

Glomus, Scutellospora, Gigaspora, and Acaulospora

6. Apatani wet rice
agroecosystem

Penicillium brevicompactum, Trichoderma spp.,
Aspergillus spp., and phytoplanktons belonging to
Bacillariophyceae, Chrysophyceae, Chlorophyceae,
Cyanophyceae, Dinophyceae, Euglenophyceae,
Xanthophyceae, and Zygnemophyceae

7. Leh Ladakh
agroecosystem

Phormidium, Leptolyngbya, Microcoleus vaginatus,
Lyngbya, and microalgae belonging to Chlorophyceae and
Xanthophyceae
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single organism and involve the number of helper organisms for the creation of the
infection phase (Frey-Klett et al. 2007). Figure 3.1 gives interpretation of how
agroecosystem in different landforms exists, e.g. step farming in hilly areas and
plain fields in flat terrain.

3.2.2.1 Jhum Agroecosystem
The northeast region of India is a diverse region in respect to the different indigenous
practices and biological diversity still present there. It is home to diverse cultures and
has fluctuating altitudes, which serve as an opportunity for the searching of

Fig. 3.1 Agriculture system in different geographic terrains: (a) Step farming in hilly areas (b)
Plain fields in flat landforms
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biotechnologically useful microorganisms. The vast majority of microbes here is
unknown and needs to be explored. The agricultural practice followed here com-
monly is “Jhum” farming which is a shifting type of cultivation. This type of
cultivation greatly depends on the duration for which the land is cultivated and the
duration during which it is fallowed. This impacts the overall nutrient loss and
replenishment over time affecting the produce. Studies are been carried out to
explore the microbial diversity of these shifting cultivated lands to excel in discov-
ering microbes in different habitats. Due to the continuous tilt and shift in nutrients
of the jhum fields, competitive conditions arise for the microorganisms in the soil
(Joshi et al. 2019). The microbial diversity explored from the different fields of Jhum
agroecosystem in North East India includes bacteria like Curtobacterium
oceanosedimentum, Bacillus methylotrophicus, B. cereus (Banerjee et al. 2017),
B. subtilis, B. licheniformis, B. clausii, B. megaterium, Pseudomonas stutzeri, and
P. aeruginosa (Pandey et al. 2011). Also, fungi belonging to genera Trichoderma,
Penicillium, Paecilomyces, Aspergillus, Cladosporium, Coniella, and Rhizoctonia
have been isolated from jhum fields (Jain et al. 2016).

3.2.2.2 Microbial Diversity in Sundarbans
Sundarbans is a tidal mangrove forest which lies in the Bay of Bengal. It has
enormous biodiversity and has a dynamic ecosystem. The rivers provide an inflow
of waste materials and debris to this region which serves as a source of organic
material for the microorganisms. Mangroves are a noticeable source of microbial
diversity and are been explored for bioactive compounds for applications in phar-
maceutical industries (Biswas and Mukherjee 2019). Two unique microbial species,
Streptomyces sundarbansensis sp. nov. (Arumugam et al. 2011) and Streptomyces
euryhalinus sp. nov. (Biswas et al. 2017) have been identified from this region. Also,
from the many cyanobacteria isolated, Oxynema aestuarii sp. nov. was reported as a
novel species. In addition, the bacteria isolated from Sundarbans provide industrially
valuable enzymes like esterase, protease, and ribonuclease (Chakraborty et al. 2018).
The unculturable bacteria and archaea have been discovered with the help of the
metagenomic approach and bioinformatics tools (Basak et al. 2015). It has been
reported that Proteobacteria form the dominant phyla in the mangrove forest,
whereas Firmicutes, Chloroflexi, Planctomycetes, and Actinobacteria are found
occasionally.

3.2.2.3 Agroecosystem of North Western Himalayas
The North Western Himalayas has diverse ecosystems including dense forests,
mountain slopes, alpines, and agricultural lands. The North Western Himalayan
region is a hotspot region for microbial diversity and different approaches have
been utilized to explore the biodiversity of bacteria and fungi. Bacteria belonging to
phyla Bacteroidetes and Firmicutes are dominant in low altitudes, whereas
Actinobacteria, Acidobacteria, and Proteobacteria are dominant in high altitudes
of North Western Himalayas. The hot springs are populated by Firmicutes and
Proteobacteria, whereas alpine are populated by Acidobacteria and Actinobacteria.
As microbes are under constant stresses of moisture and soil conditions in the
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mountain agroecosystems, a sustainable approach is required for conserving
microbes for long term agricultural sustainability (Jaggi et al. 2020).

The microbial diversity of forest agroecosystem of North Western Himalayas is
of particular interest due to the presence of adaptive enzymes in these microbes
which enable them to inhabit the extreme temperature conditions. Although it has
vast microbial diversity and richness, only a little has been explored (Pandey et al.
2006). Several new cold tolerant bacterial species have been isolated from the
abundant biodiversity of NWH (Shivaji et al. 2005). A bacterial species
Exiguobacterium acetylicum strain 1P was isolated from the rhizospheric soil of
NWH at an altitude of 2200 m. This bacterium is shown to produce volatile
compounds that act as a plant growth promoter as well as inhibit some phytopatho-
genic fungi (Selvakumar et al. 2011). Pseudomonas sp. strain PGERs 17 (MTCC
9000) isolated from sub-alpine region of NWH from garlic roots can also serve as an
important inoculant for growing winter season crops in NWH (Mishra et al. 2008).
The most dominant bacteria belonged to the group Proteobacteria followed by
Firmicutes and Actinobacteria (Yadav et al. 2015).

3.2.2.4 Thar Agroecosystem
The deserts occupy one-seventh of the land area out of the different ecosystems. The
lack of moisture makes the deserts dependent on the balance between rainfall and
evaporation (Sharma and Mehra 2009). Although the environment is harsh in Thar
Desert, the soils are rich in bacterial diversity. The different soil samples evaluated
from sand dunes of Thar Desert revealed the presence of osmotolerant bacteria.
Bacteria belonging to Bacillus spp., Corynebacterium spp., Aeromonas spp.,
Acinetobacter spp., and Staphylococcus spp. were isolated (Sharma et al. 2013).

The Thar Desert of India is also rich in rhizobium bacteria. The native leguminous
plants of Thar Desert are nodulated with rhizobia bacteria in their roots. The
traditional genera of rhizobia, i.e. Ensifer and Bradyrhizobium are found in the
alkaline soils of Thar Desert. The strains of Bradyrhizobium yuanmingenese
diversified to produce distinct strains which are microsymbionts of Alysicarpus
spp., Chamaecrista spp., Tephrosia spp., Crotalaria spp., and Ensifer strains. In
addition, wild legumes of the Thar agroecosystem also harbor Tephrosia and
Chamaecrista rhizobia species. These bacteria can be used as a potential source
for preparing consortia for agricultural fields (Tak and Gehlot 2019).

The Thar Desert also fosters diverse algal-cyanobacterial species. The soil
samples of soils showed the presence of 79 morphotypes of cyanobacteria belonging
to 21 genera and four morphotypes belonging to three genera of green algae. The
unbranched cyanobacteria belonging to genera Phormidium, Oscillatoria, and
Lyngbya were dominant. Diazotrophs like Anabaena, Nostoc, Scytonema and
Calothrix were major contributors to tomorphotypic diversity. The Shannon diver-
sity indices ranged from 0 to 0.6599 for algal and cyanobacteria morphotypes and
0–0.74 for diazotrophic cyanobacteria in the presence of nitrogen fortified medium
(Bhatnagar et al. 2008).
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3.2.2.5 Coffee Shade Tree Agroecosystem
The traditional method of growing coffee, i.e. growing coffee plants under mild
shade of trees is a sustainable method of agriculture and helps increase the soil
microbial diversity compared to non-shaded coffee plantations.

The soil microbes play a vital role in various processes like nutrient cycling and
nitrogen fixation. A study was conducted by Evizal et al. (2012), to determine the
bacterial diversity with respect to different agroecosystems of coffee plantations.
The shade coffee agroecosystems were compared with the microbial diversity of
unshaded coffee plantation. The results showed a higher bacterial diversity from
soils of shaded agroecosystem compared to the unshaded system during a span of
15 years. A shaded coffee agroecosystem is even better at conserving the bacterial
diversity compared to a no-shade coffee plantation.

The type of trees used for shade also affects the microbial community of the soil.
The use of legume trees is shown to positively affect the diversity of nitrogen fixing
bacteria in the soil. The diversity of legume nodulating bacteria is higher in soils
shaded by legume trees in shade coffee agroecosystems than those having other trees
for shade based on Shannon diversity indices (Evizal et al. 2013).

The roots of coffee plants are colonized by arbuscular mycorrhizal (AM) fungi.
The different fungi found in soils of shade coffee agroecosystem include genera
Glomus, Scutellospora, Gigaspora, and Acaulospora (Sewnet and Tuju 2013).

3.2.2.6 Apatani Wet Rice Agroecosystem
The Apatanis (community of Arunachal Pradesh) practice an advanced version of
paddy cultivation. This practice involves paddy cum fish cultivation in both low and
high elevations of North Eastern Himalayas. It is a highly efficient and economic
agroecosystem which provides continuous yield year after year. The fields of paddy
are kept submerged underwater during monsoon and fish are allowed to swim in
these shallow waters. The fish get nutrients from the manure of the fields. Small pits
are created on the terrace so the fish can stay in pits having water during a shortage of
water supplies. Thus this system helps in the sustainable use of land for paddy and
fish rearing (Rai 2005).

The various species of microbes found in the soils of paddy cum fish cultivation
included Penicillium brevicompactum, Trichoderma spp., Aspergillus spp.
(Majumder and Shukla 2012). A wetland rice fish agroecosystem in North East
India revealed a diverse population of plankton species. Fifty-seven genera of
phytoplankton from eight classes, i.e. Bacillariophyceae, Chrysophyceae,
Chlorophyceae, Cyanophyceae, Dinophyceae, Euglenophyceae, Xanthophyceae,
and Zygnemophyceae were recorded. Along with this, zooplankton species were
also noticed (Das et al. 2014).

3.2.2.7 Agroecosystem of Leh Ladakh
Traditional agricultural practices are followed in Ladakh. It involves processes like
manuring, plowing, sowing, watering, harvesting, etc. Organic manure prepared by a
mixture of human and animal excreta is used. This manure serves as a source of
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nutrients like nitrogen, potassium, and phosphorus and helps maintain soil function-
ing (Pelliciardi 2012).

The analysis of soil microorganism from the cold deserts of Leh revealed the
presence of cyanobacterial species. Cyanobacteria belonging to orders
Chlorococcales, Nostocales, and Oscillatoriales were observed. The orders
Oscillatoriales and Nostocales were more dominant. Species like Phormidium,
Leptolyngbya, Microcoleus vaginatus, and Lyngbya like microorganisms were
observed in order Oscillatoriales. The order Nostocales had two distinct taxonomic
groups, Nostoc spp and other Nostocales. Apart from these, phototrophic
microorganisms were found in the samples from mountain sites of Ladakh. The
phototrophs included 14 morphotypes of cyanobacteria, ten green algae
morphotypes, and four morphotypes of diatoms. Microalgae belonging to
Chlorophyceae, Xanthophyceae, and diatoms formed a small proportion of
phototrophic microbes (Rehakova et al. 2011).

3.2.2.8 Effect of Changing Environment on Microbial Diversity
Soil warming has been shown to alter the diversity and function of microbial
communities (Mackelprang et al. 2015; Xiong et al. 2014). Soil carbon is being
lost as methane and carbon dioxide from thawed permafrost soils due to microbial
activity (McCalley et al. 2014).

3.3 Role of Microorganisms in Ecosystem Functioning

There are a number of mechanisms by which microbial diversity can support
agroecosystem functioning and particular ecosystem functions such as plant produc-
tivity and decomposition. For instance, microbes can form “consortia” that enhance
plant productivity (e.g. when different microbes provide different limiting resources
to plants) or decomposition (e.g. when plant material is decomposed by specialized
microbes with unique physiological properties that succeed each other). As a
consequence, microbial diversity can promote ecosystem functioning. However, in
other cases, the presence of keystone species (e.g. specific pathogens, nitrogen
fixers) rather than diversity itself may determine agroecosystem functioning.

3.3.1 Nutrient Cycling

Microorganisms play a key role in the biogeochemical cycle of soil nutrients. They
are essential for cycling of nitrogen, sulfur, phosphorus, and carbon on a global
scale.

N2 Microbes are an essential component of the nitrogen cycle because they carry
out processes like nitrogen fixation, nitrification, anammox, and denitrification. The
inability of plants to use atmospheric N2 makes agriculture sometimes limited to N2

availability. Microorganisms with the ability to reduce nitrogen to ammonia (plant
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accessible form) play an important role in making nitrogen available to the plants,
The presence of the nitrogenase enzyme in these microorganisms makes them
responsible for this conversion (Olivares et al. 2013; De Bruijn 2015). There are
commonly three different forms of N2 fixers which are free living, symbiotic, and
associative (Olivares et al. 2013). The free living bacteria do not form associations
with plants and are present freely in the soils. They use the fixed N2 for their
requirements with low direct transfer to plants. Conversely, symbiotic bacteria
form a mutualistic symbiotic relationship with the plant roots. The fixed ammonia
is transferred directly to the plant. Rhizobium fixes atmospheric N2 by forming a
mutualistic association with plants like legumes and in some non-legumes like
Parasponia. The associative bacteria do not form specialized N2 fixing structures
but can invade the intracellular tissues and are present on the root surfaces (Olivares
et al. 2013). Bacteria like Azospirillum (free living N2 fixer) form diazotrophic
rhizocenosis and are closely associated with plant roots than other free living
bacteria. The symbiotic association between legume and rhizobia is considered to
be the most crucial N2 fixing system (Azcon-Aguilar and Barea 2015). Nitrification
is the conversion of ammonia to nitrite and then to nitrate. The nitrification in soils is
an aerobic process and is carried out by some autotrophic bacteria and Crenarchaea.
The first step is nitrification, i.e. conversion of ammonia to nitrite through biological
oxidation by Nitrosomonas and Nitrospira and the conversion of nitrite to nitrate by
Nitrobacter and Nitrospira. The next process is denitrification and consists of
converting nitrate, nitrite, and nitric oxide to nitrous oxide or nitrogen gas. It is
also a microbial process generally occurring in anaerobic, waterlogged soil. The
denitrification is the last step that completes the nitrogen cycle, returning fixed
nitrogen to the atmosphere (Aislabie and Deslippe 2013).

Phosphorus The phosphorus is made available to the plants by the microorganisms
either from inorganic sources by solubilization or from organic source by minerali-
zation. The inorganic phosphate is present as calcium, aluminum, or iron salts in the
soil. Some species of bacteria and fungi belonging to genera Bacillus, Rhizobium,
Bradyrhizobium, Enterobacter, Erwinia, Pseudomonas; Aspergillus, Penicillium,
and Trichoderma possess the ability to solubilize phosphates (Marschner 2008).
Mineralization of organic P which is the process of hydrolyzing organic P substrates
results in the release of orthophosphate to the soil (Richardson et al. 2009). Bacteria
and fungi responsible for P mineralization are Bacillus and Pseudomonas and
Aspergillus and Penicillium, respectively (Marschner 2008). Mineralization is
achieved by the various types of phosphatase enzymes produced by the
microorganisms. The enzymes can be specific like phytases or nonspecific like
acid and alkaline phosphatases (Jorquera et al. 2008).

Carbon The microbes play an important role in the cycling of carbon. The carbon
dioxide is fixed by primary producers and converted to organic material. The
primary source of organic material is plant in the terrestrial ecosystem. The carbon
fixation is carried out by surface dwelling algae, cyanobacteria, and autotrophic
microbes in the soil. The primary production leads to the production of organic
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materials which accumulate in living organisms and the non-living organic matter is
derived from it. The non-living organic material is particularly recycled by the
heterotrophic bacteria and fungi. They conclude the carbon cycle by producing
carbon dioxide during respiration, thus converting the organic matter produced by
primary producers. Fungi form the major component of soil biomass and carry out a
large part of organic matter decomposition. Bacteria belonging to the genera
Actinobacteria and Proteobacteria carry out degradation of organic molecules like
amino acids, organic acids, and sugars (Eilers et al. 2010). The recalcitrant carbon
compounds including cellulose, chitin, and lignin are degraded by bacteria such as
Bacteroidetes (Treseder et al. 2011).

3.3.2 Soil Formation and Weathering

Microbial communities are an essential component in building up soils and other
ecosystem processes linked to the terrestrial ecosystem. Soil properties including
pH, redox conditions, organic matter content affect the microbial community struc-
ture and function. This complex relationship makes it evident that a fertile soil is a
result of a hundred years of soil evolution. The microorganisms play an important
role in the geological process of rock formation. The bacteria have been reported
from structures as old as the Archean period indicating that bacteria help to activate
crystallization and sedimentation of minerals and sediments. The paleo-weathering
profiles in Fenno-Scandinavian shield (Karelian) dating back to 2.1–2.4 billion years
revealed the presence of remains of fossil microorganisms. These included filaments
or threads, fossil biofilms, and coccoidal forms. Rocks mostly contained destroyed
cocci, shreds of filaments, and dumbbell like cells. The chemical composition of
microfossils was similar to the rock matrix as well as the rock forming oxides of
aluminum, silicon, potassium, iron, and magnesium.

A diverse range of fossil microbes were found in the paleo-weathering profiles of
the Karelian Fenno-Scandinavian shield. It is 2.1–2.4 billion years old. The rocks
consisted of destroyed cocci cells, dumbbell shaped cells, and filaments and threads
of fossil biofilms. Also, the chemical composition of the rock matrix was similar to
that of microfossils. It is likely that the microorganisms existing in the rock caused
decay and decomposition of minerals present in the rock transforming them to clay
like material (Schulz et al. 2013).

3.3.3 Waste Recycling

The microorganisms play an impressive role in the detoxification and biodegradation
of dangerous substances. Many genera of bacteria—Pseudomonas, Mycobacterium,
and Sphingomonas—help in oil degradation. The hydrocarbon degrading bacteria
are ever-present in soil and need not be introduced from outside during oil spills and
generally increase in numbers during oil spills (Aislabie and Deslippe 2013).
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In addition, the degradation of pesticides is carried out by some bacteria and
fungi. Arthrobacter nicotinovorans HIM (bacteria), isolated from New Zealand
agricultural field was able to degrade atrazine by using it as the sole source of
nitrogen and carbon. Similar triazine compounds like terbuthylazine, simazine,
propazine, and cyanazine were also degraded by it (Aislabie et al. 2005). Some
pesticides like DDT do not decompose easily and remain in the soil. Under aerobic
conditions, DDT is converted to a dead end metabolite known as DDE. One of the
microorganisms named Terrabacter sp. strain DDE-1 has been reported to metabo-
lize DDE. It was isolated from Winchmore Research Station and degrades DDE
when grown on biphenyl as an alternative source for growth (Aislabie et al. 1999).

Environmental pollutants like pentachlorophenol and dioxin are degraded by
white rot fungi. The fungus Phanerochaete chrysosporium performs this degrada-
tion under co-metabolic conditions. This ability has been developed due to their
ability to degrade lignin (Barr and Aust 1994).

To reduce the toxic effect of heavy metals, bacteria have evolved mechanisms for
detoxification of these metals. The three different pathways followed by bacteria are:
(1) metal sequestration in which the metals are bonded to the cell constituents like
cell membrane and extracellular polymeric substances (EPS), thereby reducing the
free ions concentration in the cytoplasm. Various metals including copper and lead
can be sequestered in EPS (Harrison et al. 2007). (2) Reduction reactions—The
intracellular ions can undergo reduction to cause detoxification. For example, the
enzyme mercury reductase can reduce Hg+2 to Hg which further leaves the cell due
to its low evaporation point (Nies 1999). (3) Ion extrusion—Involves the efflux of
ions from the cell by efflux mechanism. The antiport Czc in Alcaligenes eutrophus
expels metals like Cd+2 and Zn+2 outside through the cell membrane (Silver and
Phung 1996). These properties of microbes are being exploited for use in the
detoxification of heavy metals.

3.4 Effect of Changing Environment on Microbial Diversity

3.4.1 Soil Biodiversity, Resistance, and Resilience

The environmental changes occurring cause alterations in the soil ecosystem affect-
ing their functioning. An in-depth study of soil and microorganism response to
environmental changes is essential to help maintains soil functions. Changes in
atmospheric conditions cause shifts in the functioning of soil microorganisms
which can further make them vulnerable to transitions to different functional and
taxonomic states. Press and pulse perturbations which include nutrient enrichment
and gradual warming and drought and heat waves, respectively, can coincide in the
ecosystem. So, the combined effects of these should be studied for analyzing their
effect on soil microbial community resistance and resilience (Bardgett and Caruso
2020). The continuous nutrient enrichment causes a decrease in fungal population
with respect to bacteria, which makes microbial population susceptible to transitions
to different taxonomic and functional states (Gordon et al. 2008). In addition, the
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elevated CO2 levels can also make microbes vulnerable to transitions due to changes
in their microbial structure (Zhou et al. 2011).

The effect on microbial resistance and resilience due to soil compaction was
studied. The compaction of soil due to logging significantly affects microbial
diversity. Different microbes behave differently to compaction and also the effects
vary from soil to soil. For example, clayey soils are less resistant and resilient
compared to sandy soils. Also, fungi showed less resistance and resilience compared
to bacteria. Soils having drastic changes in moisture conditions and air and water
conductivities had the greatest effect on microbes. The impact was evident after
6–12 months of compaction. Resilience in microorganisms was observed after
4 years of disturbances only in lightly compacted soils. Anaerobic bacteria along
with sulfur, sulfate, and metal reducers were associated with compacted soils. The
saprobic and parasitic fungi increased relatively in compacted soil, whereas
ectomycorrhizal species were affected deleteriously (Hartmann et al. 2014).

The influence of extrinsic factors on the intrinsic properties of soil
microorganisms that make them susceptible to transitions to alternative states is
activated by climate extremes. Though a lack of studies in this field persists, the
evidence supporting this has emerged. For example, a decrease in soil moisture
retention and an increase in carbon mineralization occurred as an effect of repeated
droughts in healthy soil. Furthermore, this was followed by loss of soil moisture
retention as an effect to extreme drought (Robinson et al. 2016). Continuous dry wet
cycles can also cause shifts in the functionality of soils (Robinson et al. 2016) and the
soils earlier having grasslands are stable to transitions compared to soils having a
history of agricultural land (Todmam et al. 2018). A powerful and enduring shift in
the soil microbial diversity and composition along with differences in microbial
functioning with respect to the nitrogen cycle was observed as a result of severe
drought (De vries et al. 2018). Thus, climate changes can cause shifts in soil
properties and the diversity and functioning of soil microorganisms.

3.4.2 Nitrogen Deposition

The inputs of reactive nitrogen (N) due to human activities have increased signifi-
cantly since the industrial revolution rising by twice in figure (Galloway et al. 2008;
Gruber and Galloway 2008). The rise in N deposition helps improve primary
productivity by overcoming N shortage (Thomas et al. 2010). However, it may
also have negative impacts on the ecosystem (Erisman et al. 2013). The
consequences of increasing N deposition on plants and soil nutrient cycle are mostly
focused (Simkin et al. 2016; Deng et al. 2017). The changes in soil microorganisms
due to fluctuating N availability have been less researched. Due to the major role of
these microorganisms in the functioning of ecosystem processes (Brussaard et al.
2007; van der Heijden et al. 2008), they can have serious impacts on carbon and
nitrogen cycles and climate changes due to changes in their responses to increasing
N deposition.
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Wang et al. (2018) conducted a study for observing the effect of N deposition on
soil microbial diversity. An overall reduction in microbial diversity was recorded
due to increasing N deposition which is related to decreasing microbial biomass. The
decline in microbial diversity under N addition was related to the availability of soil
nitrogen and soil carbon. The role of soil pH was rather insignificant. Changes in the
microbial population were different for different phyla in the soil. A significant
reduction in Acidobacteria and Nitrospirae was seen due to N addition but other
bacterial groups were not affected. The fungal groups Ascomycota and
Basidiomycota also showed little differences in their population due to N addition.

In the future, increasing N deposition rate may lead to significant reductions in
microbial diversity. To minimize the damaging effects of N addition, it is better to
study the background soil conditions before N addition. Also, further studies on
fungal responses to N addition should be undertaken to provide relevant information.

3.4.3 Elevated Carbon Concentration

The increasing concentration of carbon dioxide is a major reason for climate change.
Although elevated CO2 (eCO2) levels have positive effects on plant growth and
primary productivity, the effects on microbial diversity are not well studied. A study
was conducted for 10 years in a grassland experiment wherein atmospheric and
elevated carbon concentrations were used to detect changes in soil microbial
communities. The species richness was determined by detecting the number of
operational taxonomic units (OTUs) with the help of phylogenetic microarrays
(PhyloChip). A lower microbial biomass was observed at eCO2 levels. The
PhyloChip was able to detect 2269 OTUs comprising of 45 phyla, 55 classes,
99 orders, 164 families, and 190 subfamilies. The signal intensity of phyla like
Crenarchaeota, Chloroflexi, Verrucomicrobia, Proteobacteria, Actinobacteria,
Acidobacteria, and Bacteroidetes significantly decreased at eCO2 concentrations
(He et al. 2012).

An experiment to observe the effect of elevated CO2 on bacterial species was
conducted. Soil samples from a grassland experiment were taken which had been
exposed to ambient and elevated carbon dioxide levels (600 ppm) for a period of
5 years. The analysis of bacterial community by temporal temperature gradient gel
electrophoresis (TTGE) revealed that only little differences were present in the
dominant bacterial populations in different soil samples. Further screening of
samples by T-RFLP (terminal restriction fragment length polymorphism) also
revealed that elevated CO2 levels had no significant effect on soil bacterial compo-
sition and richness (Gruter et al. 2006).
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3.5 Mitigation Strategies

3.5.1 Soil Biodiversity and Sustainable Agricultural Practices

Sustainable agriculture is the farming procedure which ensures full use of environ-
mental resources and makes sure that no harm is done to it. The viable use of water
and nutrients is the most important factor for increasing agricultural sustainability
(Brussaard et al. 2007).

The response of plants to soil water availability and water use was studied in
Mediterranean grasslands by Caldeira et al. (2001). The response to monocultures
and species rich communities was evaluated on experimental plants by measuring
the concentration of leaf N and soil water content. It was observed that species rich
soil had more water availability in the top layer of soil where roots were present
(Caldeira et al. 2001). This accumulation of water may be linked to the presence of
mycorrhizas. Auge (2004) concluded that although the AM plants and non-AM
plants had a similar amount of P content and same size, the AM plants often had
higher stomatal conductance and greater water loss due to transpiration. Thus,
mycorrhizal plants can effectively scavenge water of low activity. The study by
van der Heijden et al. (1998) revealed an increase in vegetation biomass with an
increase in mycorrhizal diversity. This is particularly due to increased water absorp-
tion efficiency. The mycorrhiza may indirectly affect soil structure which affects the
soil moisture retention. Mycorrhiza can stabilize soil structure and affect the size and
distribution of soil pores. Thus, it can benefit plant growth of non-mycorrhizal plants
as well (Auge 2004).

Bender and van der Heijden (2015) studied the impact of soil microbial commu-
nity on nutrient use efficiency, nutrient losses, and plant growth. The experiment was
conducted using outdoor lysimeters, filled with soil. The soils were inoculated with
reduced (microbial dominated) and enriched soil-life inoculum, along with
arbuscular mycorrhiza fungi. The plants underwent crop rotation and were analyzed
for nutrient content, nutrient losses, and plant growth for 2 years. The results showed
an increase in N and P uptake by plants with a simultaneous decrease in leaching
losses of N. Thus, soil biota (11μm to 2 mm) along with AMF can have a great effect
on nutrient leaching and crop biomass in agricultural practices.

3.5.2 Soil Biodiversity and Restoration Ecology

The biosphere is undergoing alterations due to human activities. To resolve this
problem, a budget friendly solution is restoration ecology and its application (Suding
et al. 2015). It follows a productive perspective between microbes and the ecosys-
tem. The use of soil microorganisms for ecology restoration has been of interest
recently. The microbes can be manipulated to help restore the biodiversity and
functioning of degraded ecosystems (Young et al. 2005; Heneghan et al. 2008).

Various microbes can help in restoration ecology. The plant growth promoting
rhizobia (PGPR) colonize the roots of plants and help protect the plant from diseases
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caused by pathogens (Kloepper et al. 2004). A PGPR strain Achromobacter
piechaudii ARV8 produces1-aminocyclopropane-1-carboxylate (ACC) deaminase
which confers stress tolerance in plants like tomato and pepper (Mayak et al. 2004).
The oxidative damage caused by droughts can be diminished by co-inoculation of
AMF (Glomus mosseae or G. intraradices) and Pseudomonas mendocina in lettuce
by enhancing the production of catalase, which acts as an antioxidant (Kohler et al.
2008). Extremely disturbed areas like large scale mining can be restored by the use
of AMF. They help in establishing plant species at a relatively low cost. The
closeness of mycorrhizal networks and propagule sources to the restoration site is
a prerequisite for developing new mycorrhizal associations. The addition of mycor-
rhizal symbionts has provided improvement in establishments in many desert
ecosystems (Requena et al. 2001).

Bacteria also play a role to maintain a healthy ecosystem by decomposing dead
matter. They release CO2, water, nutrients, and energy for use by other organisms
(Kling 2010). The decomposition process also helps water retention in the soil and
prevents roots from the attack of parasites. The organic matter constitutes the humus
which further helps improve soil fertility and health.

3.5.3 Agroecosystem Management with Core Microbiomes

Identification and modification of elements that drive ecosystem dynamics is a
challenging process. Out of all the ecosystems, agroecosystems are the most difficult
to manipulate. They consist of a large number of macro- and micro-organisms which
have very strong webs of interaction among them (Busby et al. 2017). Due to the
huge amount of damage caused by chemical fertilizers, scientists are now trying to
maximize the use of microbial communities (microbiomes) as part of improving
sustainable agriculture practices. The main aim is to find methods to convert the
uncontrollable microbiomes into functionally rich sources for agriculture (Dangl
et al. 2013).

The goal is not random colonization of microbes on plants, as this would lead to a
large number of coexisting species. The microbiomes are structured so that the plant
species can be classified into microbiome types. However, the shifting of microbial
populations from original to alternative states requires the changes in environmental
conditions. The microbiomes show resistance and resilience, returning to the original
state after some time, thereby making it difficult to shift from a diseased to a healthy
microbiome (Beisner et al. 2003).

Improved methods for making a suitable mix of microorganisms for inoculation
in the host are required. In the agricultural plants, the creation of soil transplants or
extracted soil microbiomes created using centrifugation is required (Dangl et al.
2013).

Although indigenous biota is seen as a source of disease in the agroecosystems;
the plants in natural areas have developed mechanisms to gain maximum benefits
from the microbiomes. The immune and signaling pathways of plants are revived
with the help of core microbiome technologies (Foster et al. 2017). Though, the use
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of single culture has been favored previously, the use of heterogeneous cultures with
different spatia, and temporal characteristics is gaining importance (King 2017). The
optimization of both plant genetic varieties and core microbiomes is the secret for
developing resource efficient and pathogen resistant agroecosystems (Toju et al.
2018).

3.6 Conclusion

Microorganisms are present all around the globe and their diversity varies from
region to region based on different factors like altitude, temperature, and soil
conditions. Apart from forming the basis of different processes like nutrient cycling,
soil formation, and waste recycling, they are a prerequisite for carrying out sustain-
able agriculture in all the agroecosystems exist on this earth. Also, microbes from
different terrains can be engineered for use in agricultural fields for different
applications like biofertilizers. However, due to changing environmental conditions
and other stresses the microbial diversity is under constant threat. Therefore, there is
a need to develop strategies for overcoming the loss of microbial diversity and
conserve the microbial biota from different agroecosystems.
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Soil Microbial Biomass as an Index of Soil
Quality and Fertility in Different Land Use
Systems of Northeast India
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Abstract

Soil microbes play an important role in various soil processes such as nutrient
cycling, nitrogen fixation, litter decomposition, and soil remediation and help in
improving the fertility of an ecosystem. Microbial biomass in the soil acts as a
source of labile nutrients for the plants as well as serves as a temporary sink for
nutrients and can be used as an index of soil fertility and quality. Critical
information on the variation of soil microbial biomass due to change in land-
use types, plant species composition, edaphic factors, climate, and land manage-
ment practices is necessary for proper maintenance of soil. Therefore, the micro-
bial biomass carbon (C), nitrogen (N), and phosphorus (P) concentration,
stoichiometry, and microbial nutrient fractions in the soils of different land-use
types in Northeast India was examined to understand the nutrient status of these
systems. Microbial biomass was highest in Jhumland > forests > agroforests >
grassland > agricultural lands > wastelands. Microbial C:N:P stoichiometry
suggests N limitation in the soils of this region. Burning treatment improves
soil nutrients while logging reduces nutrients in the soil. Conversion of forest to
grassland and agricultural land will lead to loss of soil nutrients but the
incorporation of trees in agricultural lands such as agroforestry systems will
minimize the loss.
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4.1 Introduction

Soil is one of the most important resources that provide us food and with an increase
in population the importance of soil also increases. Anthropogenic activities such as
mining, agriculture, land-use change and urbanization, deforestation, and natural
calamities often lead to soil degradation. Soil degradation refers to the deterioration
of soil quality due to the declination of productive and ecological function and is one
of the important issues of the modern world. Soil microorganisms constitute an
important part of the soil, and they have the potential to reclaim degraded soil.
Nutrient fluxes of an ecosystem such as mineralization and immobilization are
controlled by soil organisms (Van der Heijden et al. 2008; Mooshammer et al.
2012) through the process of decomposition. Soil microbes serve as an index of
soil degradation, health, quality, and fertility because of their sensitive nature to
environmental changes (Takoutsing et al. 2016). The health of all living organisms is
directly linked to the soil quality and health as agricultural sustainability and
environmental quality is determined by soil (Doran 2002), and minor variations in
soil quality and health affect soil functions. Several scientific indices are used to
understand soil quality and health such as physical and chemical properties, mor-
phology, organic matter content, and microbial and macrofauna in soil (Velasquez
et al. 2007). The diversity of microbes and microbial biomass in the soil is often used
as an index of soil health as they can show early signs of changes in soil quality and
degradation (Bhatia 2008). Most of the biological activity in soil is concentrated in
the topsoil as they are rich in organic matter and humus. Microbial populations that
thrive in soil consist of bacteria, fungi, actinomycetes, and protozoa. These microbes
play an important role in the nutrient cycling of an ecosystem through the decompo-
sition of organic matter and serve as a source and a sink for plant nutrients (Singh
et al. 1989). The soil microbial biomass is the microbial communities present in soil
and constitutes only about 1–5% of total soil nutrients, but forms an important pool
of nutrients for the plants due to its fast turnover (Jenkinson and Ladd 1981). The
capacity of the microbes to regulate nutrient cycling through immobilization and
mineralization of nutrients varied across biomes (Martiny et al. 2006). Land use,
environment, and vegetation change can shift the microbial composition (McKew
et al. 2011; Griffiths and Philippot 2013) of soil. Besides the spatial change, soil
microbes also exhibit temporal changes such as seasonal changes (Luo et al. 2020).
The concentration of microbial nutrients and the ratio of microbial nutrients such as
C:N, C:P, N:P, and C:N:P and microbial fractions can be used to understand the
quality, fertility, and nutrient status of an ecosystem. Therefore, this chapter
discusses about the fertility and nutrient status of important land-use types of
Northeast India by using the microbial biomass C, N, and P and their corresponding
ratios in soil.
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4.2 Role of Soil Microbes in an Ecosystem

Soil host several microbes such as bacteria, fungi, algae, protists, and animals
(Bonkowski et al. 2009; Müller et al. 2016), which release nutrients from the organic
substrates and help in improving and enhancing the fertility of the soil. Microbes in
soil secrete certain mucilaginous substances and polysaccharides to bind soil
aggregates, thereby improving the structure of the soil. Also, fungi present in the
soil acts as hairy threads binding the soil particles together. Microbes can transform
nutrients by the metabolic depolymerization of the organic substrates and
mineralized them directly in soil or released it through microbial cell lysis or
predation (Bonkowski et al. 2009; Richardson et al. 2009). Hence, soil microbes
can perform the function of nutrient immobilization and flux simultaneously.

Not only this, microorganisms in soil can be employed as an agent to improve
contaminated and degraded soils because of their capacity to convert noxious and
toxic substances into non-toxic products (Singh et al. 2019). This process is called
bioremediation. Toxic substances such as organic pollutants present in soil,
e.g. polychlorinated biphenyls, alkanes, crude oil, dyes, heavy metals, industrial
effluents and slurry, pesticides, chemical fertilizers in soil can be successfully
removed or reduced by using appropriate technique and microbes.

Nitrogen is another important essential nutrient required by the plants for growth
and other metabolic activities. However, due to the inability of the plants to fix
nitrogen directly from the atmosphere, certain nitrogen-fixing microorganisms pres-
ent in the soil such as nitrifying bacteria, ammonifying bacteria, archaea are respon-
sible for the supply of nitrogen to plants. Thus, microbes play a significant role in
nitrogen fixation and N cycling in an ecosystem (Fig. 4.1). During the process of
litter decomposition soil microbes and fauna break down easily soluble compounds
such as starch, amino acids, etc., and tough plant components like cellulose, lignin
released nutrients in the soil (Bani et al. 2018). The amount of global C released by
the process of litter decomposition (60 Tg C y�1) is about 11 times higher than that
released by the burning of fossil fuels (Schlesinger and Bernhardt 2013). This
suggests the substantial role of soil microbes in litter decomposition and nutrient
cycling of an ecosystem.

4.3 Soil Microbial Biomass

Soil microbial biomass has been defined as the living part of soil organic matter and
constitutes all organisms with a volume of less than 5� 103μm3 in the soil (Brookes
2001). These organisms are responsible for breaking down the organic substrates
into simple inorganic substances that can be readily utilized by the plants. Being the
lived component of soil they respond fast to changes in soil conditions such as a
change in organic matter content, soil moisture conditions, and land management
practices and therefore can reflect the change in soil quality. Different microbes have
specialized decomposing ability depending on the climate and type of substrate
available to them and hence have bio-geographic restrictions, for example, tropical
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systems have nitrogen-fixing bacteria, while temperate boreal systems have
mycorrhizae (Singh and Gupta 2018). Important regulators that significantly affect
the soil microbial biomass are land-use types, soil factors, climate, plant species
composition, quality, and quantity of substrates (Wardle 1992). It can act as a
nutrient reservoir for the survival of plants in nutrient-depleted systems (Singh
2015; Vimal et al. 2017), but the release and immobilization of nutrients are
controlled by the temporal pattern of the systems. The size of microbial nutrient
fractions to total nutrients in an ecosystem indicates the nutrient status of an
ecosystem and can successfully reveal the rehabilitation status of the degraded
ecosystem (Singh and Gupta 2018).

4.4 Land-Use Types of Northeast India

The Northeastern region of India is located in the Eastern Himalayas and forms one
of the important biodiversity hotspots of the world. This region has an area of
269,179 sq. km and comprises about 8% of the total geographical region of India
and consists of eight states of India, namely Assam, Manipur, Nagaland, Mizoram,
Meghalaya, Arunachal Pradesh, Tripura, and Sikkim. The presence of various ethnic
groups in these states with diverse cultures and traditions led to the development of
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Nitrogen 
fixation

Improvement 
of soil 

structure
Nutrient 
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Fig. 4.1 Roles of soil microbes in an ecosystem

94 N. B. Devi



the various form of land-use types with different management practices in the region
over and above the natural land uses. Besides the diversity in land use management
practices and types, the northeast region also has a wide variation in terrain, altitude,
and slope which directly or indirectly affects the nutrient status of soil resulting in a
wide variation in soil fertility (Fig. 4.2). However, in the past few years, population
growth has put pressure on land use of this region resulting in various activities such
as agriculture expansion, deforestation, and mining leading to degradation of natural
resources in this region (Lele and Joshi 2008). Important land-use types of the
northeast region include forest, agroforestry, Jhumlands or shifting agriculture,
cropland, grassland, and wastelands which have different soil fertility and quality.
Among the agricultural land use of northeast India, jhuming is practiced in all the
states of this region except Sikkim. About 3869 km2 area is subjected to jhuming
every year leading to a high rate of soil erosion (Saha et al. 2012). However,
conventional farming and agroforestry including terraced farming are also practiced
by the locals leading to the diverse farming pattern in this region. Forests of this
region vary from dense to open type and tropical to the temperate forest with
different tree species. The region has both tropical and temperate grasslands too.

4.5 Soil Nutrient Status of Different Land-Use Types
of Northeast India

Northeast India, being a part of the Eastern Himalaya region has highly eroded soil
due to heavy torrential rain and agricultural practices such as shifting cultivation
(Saha et al. 2012). Soil productivity and sustainability are influenced by land-use
types as it can change the physico-chemical and biotic properties of soil
(Somasundaram et al. 2013). Different agricultural management practices influence
soil quality and productivity (Di et al. 2013); therefore, sustainable use of soil
resources is necessary for food production, decomposition of waste, carbon seques-
tration, heat storage, and gaseous exchange (Nanganoa et al. 2019). The most
productive and fertile part of the soil is topsoil and about 24 billion tons of topsoil
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Fig. 4.2 Different land-use types of Northeast India
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is lost (Nanganoa et al. 2019) due to certain natural and anthropogenic activities (Liu
et al. 2006). In the Northeast region of India, soil C, N, and P vary in different land-
use types suggesting a wide variation of soil nutrients in this region (Table 4.1).
Maximum soil nutrients (C, N, and P) were recorded in Jhumlands followed by slash
and burnt sites, while the least concentration of nutrients was recorded in the
temperate zone and highly sloped areas of Sikkim (Sharma et al. 2004). This trend
could be because of the ashes and partially burnt plant residues which add up
nutrients to the soil, while the tough texture of plant substrates in high altitude and
low temperature might have reduced decomposition, thereby reducing nutrient
return in the soil in the temperate region. Several studies had established the
influential role of climate and plant substrate quality on decomposition (Austin
and Vitousek 2000; Devi and Yadava 2010). This suggests that the wide variation
in soil nutrients of Northeast India has a direct link with the varying land-use types,
elevation, slope, and soil management practices.

4.6 Changes in Microbial Biomass C, N, and P Due
to Land-Use Types

Annual microbial biomass concentration trend in the different land uses of Northeast
India follows Jhumlands > highland forests> other forest types> agroforests >
grassland> agricultural lands >wastelands (Table 4.2). Increased organic C of the
Jhumlands and burnt sites triggered the microbial activity in these sites leading to an
increase in microbial biomass. Among the Jhumlands, the age of the Jhumland
seems to be a regulating factor of microbial biomass rather than the elevation
probably due to the recovery of soil nutrients from the effects of burning with
time. Forests and other tree-based systems with high litter input have higher micro-
bial nutrients as compared to other land-use types such as agriculture-based systems
and wastelands. Subtropical forests and temperate forests have more microbial
biomass and microbial activity than tropical forests. Disturbance in forests such as
slash and burnt and burning decreases microbial nutrient in the initial years except
for a Dipterocarpus forest but the microbial activity and nutrient sequestration
increase tremendously with time. In contrast, systems with low organic matter
input such as agriculture and wasteland have less microbial activity and biomass.
Microbial biomass is more constrained to altitudinal gradient rather than species in
agriculture-based systems. Agricultural lands of the temperate belt recorded the
highest soil microbial nutrient than that of the subtropical and tropical belt. However,
the microbial biomass value in the subtropical grassland is higher than agricultural
lands of the tropical region and temperate agro-based system. The activity of the
microbes and microbial biomass varies due to a change in plant species, management
practices, and nutrient concentration of site, altitude, edaphic factors, climate, and
topography. Conversion of natural forests to agricultural lands will lead to loss of
microbial biomass nutrients; however, integration of trees- based agricultural
systems such as agroforests will minimize this loss.
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Table 4.2 Microbial biomass C, N, and P variance in different land-use types of Northeast India
(μg g-1)

Land-use types Mic C Mic N
Mic
P

Soil
depth Location References

Jhum-field low 902.20 67.90 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Jhum-field high 1522.30 82.90 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Jhum-fallows-
1 year low

801.40 32.30 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Jhum Fallow-
16 year low

1431.90 98.20 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Jhum fallow
High-1 year

651.40 61.30 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Jhum fallow high-
16 year

1629.20 87.20 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Forest low 1287.60 90.20 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Forest-high 1620.40 93.10 Nil 0–15 Meghalaya Arunachalam and
Pandey (2003)

Tropical wet
evergreen

809.45 74.12 36.85 0–15 Assam Barbhuiya et al.
(2004)

Tropical wet
evergreen
disturbed Forest

574.71 43.35 27.19 0–15 Assam Barbhuiya et al.
(2004)

Tropical wet
Evergreen highly
disturbed

368.07 31.34 18.90 0–15 Assam Barbhuiya et al.
(2004)

Agro-temperate 390.00 38.00 22.00 0–15 Sikkim Sharma et al.
(2004)

Agro-subtropical 291.00 34.00 16.00 0–15 Sikkim Sharma et al.
(2004)

Temperate dense
Forest

864.00 142.00 43.00 0–15 Sikkim Sharma et al.
(2004)

Temperate open
Forest

712.00 96.00 31.00 0–15 Sikkim Sharma et al.
(2004)

Subtropical Forest 764.00 71.00 31.00 0–15 Sikkim Sharma et al.
(2004)

Cardamom
agroforestry

583.00 63.00 22.00 0–15 Sikkim Sharma et al.
(2004)

Madarin
agroforestry

471.00 48.00 18.00 0–15 Sikkim Sharma et al.
(2004)

Wasteland
temperate

259.00 33.00 13.00 0–15 Sikkim Sharma et al.
(2004)

Wasteland
subtropical

219.00 30.00 16.00 0–15 Sikkim Sharma et al.
(2004)

Protected
Dipterocarpus
Forest

390.31 56.50 10.92 0–15 Manipur Yadava and Devi
(2004)

(continued)
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4.7 Microbial C:N:P Stoichiometry in Different Land-Use Types
of Northeast India

Microbial C:N:P stoichiometry has been widely used as a powerful biological tool to
study ecosystem functions in terrestrial systems (Elser and Hamilton 2007; Sterner
and Elser 2017) as it affects soil C, N, and P mineralization (Mooshammer et al.
2012). These microbial nutrient ratios can indicate nutrient status and help in the
characterization of several important ecological processes (Reich and Oleksyn 2004;
Cleveland and Liptzin 2007; Güsewell and Gessner 2009). Microbes can recover fast
from stress and because of this strong capacity they are termed as resilient to
environmental change (Guénon and Gros 2013; Phillips et al. 2015; Gao et al. 2016).

4.7.1 Microbial C:N Ratio

Forests have wide and high microbial C:N ratio depending on the type of forest
which suggests spatial variability of microbial nutrient sequestration. Temperate
forests and Dipterocarpus forests have low C:N ratio than that of tropical and
subtropical forests indicating higher microbial N in the former two types of forests
(Table 4.3). This suggests a difference in the microbial community between forest

Table 4.2 (continued)

Land-use types Mic C Mic N
Mic
P

Soil
depth Location References

Slash and burnt
Dipterocarpus
Forest

550.12 66.06 16.10 0–15 Manipur Yadava and Devi
(2004)

Subtropical mixed
oak

839.39 82.31 37.33 0–15 Manipur Devi and Yadava
(2006)

Subtropical
grassland

407.03 90.33 20.87 0–15 Manipur Ibomcha Singh and
Yadava (2006)

Agro-Paddy 330.30 38.60 18.00 0–15 Manipur Ibomcha Singh and
Yadava (2006)

Slash and burnt
tropical forest

308.44 31.86 18.01 0–15 Manipur Binarani et al.
(2009)

Protected tropical
Forest

363.03 40.08 29.90 0–15 Manipur Binarani et al.
(2009)

Agro-soybean 228.21 21.54 9.75 0–15 Arunachal
Pradesh

Bhuyan et al.
(2013)

Agro-millet 213.54 23.58 12.24 0–15 Arunachal
Pradesh

Bhuyan et al.
(2013)

Agro-maize 234.48 26.55 13.55 0–15 Arunachal
Pradesh

Bhuyan et al.
(2013)

Agro-veg 238.45 19.93 9.28 0–15 Arunachal
Pradesh

Bhuyan et al.
(2013)
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types. C:N ratio of fungi ranges from 10–12, while bacteria have a range of 3–5
(Jenkinson and Ladd 1981). The microbial C:N ratios revealed that microbial
communities in temperate forests and Dipterocarpus forest are mainly dominated
by bacteria, while fungi form the main dominant microbial population of tropical and
subtropical forests of Northeast India. Anthropogenic disturbances and burning
treatment increase the microbial C:N ratio and change the microbial community of
the area. The shift in microbial C:N:P stoichiometry is related to change in microbial
communities (Fanin et al. 2013; Heuck et al. 2015). In agricultural land uses, there is
no consistent trend of microbial C:N based on the agroclimatic zone but depends on
the management practices and use of other chemical and organic manures in the
fields (Table 4.4). Among the agroforests, Jhumlands especially younger ones have
the highest C:N ratio than other Jhumlands and agroforests (Table 4.5). Subtropical
grassland has the least microbial C:N ratio which suggests the dominance of bacteria
in this land-use type. Both temperate and subtropical wastelands have a similar range
of microbial C:N which is comparable with the values of temperate forest and
tropical Dipterocarpus forests. The microbial C:N ratios of soils of the different
land-use types of Northeast India are lower than their respective global range of
microbial C:N reported by (Xu et al. 2013).

4.7.2 Microbial C:P Ratio

Microbial biomass C:P changes can be indicative of nutrient limitation in soil within
a site (Griffiths et al. 2012). Dipterocarpus forest has the highest microbial C:P
among the different forest types. This suggests high P limitation in this forest as
compared to other forest types. Tree-based systems such as forests, agroforests
recorded higher C: P ratios than other systems such as grassland, wasteland, and
agricultural lands except for tropical soybean and vegetable agricultural fields
(Tables 4.3, 4.4, and 4.5) where the values were exceptionally high. This is due to
either less P demand or high P requirement for metabolic activities by the microbial
community such as bacteria in these sites leading to a low P in microbes. Bacteria
require more P than fungi for metabolic activity (Strickland and Rousk 2010; Fanin
et al. 2013; Mouginot et al. 2014). Disturbances such as tree felling and slash and
burnt treatment reduce C:P ratio in evergreen forests but not in the tropical forest.
Tree felling and burning increase the soil pH and altered soil P availability by
releasing occluded phosphorus in soil (DeBano and Klopatek 1988). Microbial C:
P seems to be not affected by the vegetation type of the system.

4.7.3 Microbial N:P Ratio

The microbial N:P ratio is a powerful indicator of nutrient limitation in the tropics
and N:P > 6.9 indicates P limitations, while N:P < 6.9 suggests N limitation
(Cleveland and Liptzin 2007). All the land-use types of Northeast India showed N:
P ratio less than 6.9 which indicates soil N limitations in this region (Table 4.3).
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Among the forests,Dipterocarpus forests have the highest microbial N:P ratio, while
the least was observed in tropical forests which implies that microbial P concentra-
tion was high in tropical forests. A higher P in the microbes of the tropical forests
could be due to P limitation in these forests as compared to other forests. Earlier
studies have shown higher content of microbial P in P limited sites (Elser and
Hamilton 2007; Xu et al. 2011). However, the variance of the microbial N:P ratio
in the crop-based systems including the agroforests and wastelands is less but
grassland exhibits a slight increase in N:P ratio (Tables 4.4 and 4.5).

4.8 Soil Nutrient Fractions in Microbial Biomass of Different
Land Uses of Northeast India

The amount of soil nutrients present in the microbial biomass can also indicate the
nutrient status of an ecosystem. Tropical forests showed high microbial soil nutrient
fractions than other types of forests. This suggests nutrient limitations of tropical
forests, as a higher nutrient fraction in microbial biomass indicates nutrient
limitations to plants (Jonasson et al. 1999). Several studies from different nutrient-
limited ecosystems reported high microbial nutrients, for example, elevated micro-
bial N and P concentration in the boreal forest, a highly N limited (DeLuca et al.
2008), and a slightly P limiting system (Giesler et al. 2002). Anthropogenic
disturbances such as logging increase soil nutrient fractions in microbial biomass
but burning treatment reduce microbial nutrient accumulation. The felling of trees
reduces plant litter or organic substrates ultimately reducing soil fertility and further
stimulates the soil microbes to sequester more nutrients as a strategy to survive in
stress. In contrast, the addition of the ashes and partially burnt plant materials due to
burning enhance soil nutrients, which results in less microbial nutrient immobiliza-
tion. Soil nutrient limitations may shift the decomposition ability of microbes to
acquire N or P ultimately inducing high decomposition activity (Luo et al. 2013;
Chen et al. 2014). Grassland has higher microbial nutrients than agricultural lands
due to nutrient supplements in cropland in the form of organic manures and other
forms of fertilizers. However, agroforestry systems and Jhumlands have comparable
microbial nutrient fractions as that of forests. The relationship established between
microbial nutrient fractions and soil nutrient contents using linear regression
equations (Fig. 4.3) explained 2–62% variability of microbial biomass nutrients
due to variance in soil nutrients concentrations of different land-use types.

4.9 Conclusion

The Northeastern part of India has a wide variation in land-use types, farming, and
land management practices which therefore resulted in variation in soil fertility and
quality. Change in land-use types and farming practices will have a significant
impact on the soil of Northeast India. Slash and burn agriculture of Northeast
India improves soil nutrient and fertility although it has a severe impact on
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vegetation especially trees due to deforestation. However, human-induced
disturbances such as the felling of trees decrease microbial activity and nutrients in
microbes. The trend of microbial biomass in different land-use types of Northeast
India is Jhumlands > forests> agroforests > grassland > agricultural lands
>wastelands. Tree-based systems such as agroforests exhibit higher microbial
activity than purely agriculture-based systems. Microbial activity and nutrient
sequestration changes due to variance in the site, plant species, climate, and land
management. Microbial stoichiometry of different land-use types of Northeast India
suggests N limitation in the soils of this region. Microbial C:N ratio of soils of this

Fig. 4.3 Relationship between soil microbial nutrients and total soil nutrient concentration in
different land-use types
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region indicates the dominance of fungi over bacteria which signifies nutrient
mineralization in most of the sites leading to an increase in soil fertility. Deforesta-
tion and conversion of forests to grassland and further to agricultural land decline the
microbial activity and biomass in soils which will deteriorate the soil fertility and
quality of Northeast India. However, the incorporation of tree-based agriculture such
as agroforestry can help in improving the soil quality and fertility. Transformation of
natural forest to grassland will decrease microbial biomass by 46.26% and from
grassland to agricultural land by 38.58% which will degrade the soil quality and
fertility of Northeast India.
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Abstract

Plants and microbes are inseparable constituent of ecosystem for plant mineral
nutrition availability. The prime important factors for the plant productivity are
macro and micronutrients next to water. A few plants can assimilate
macronutrients and micronutrients such as nitrogen, phosphorus, potassium and
iron, zinc, copper, manganese, respectively, from soil, while other cannot take up
readily. The soil nutrient cycling and its availability to plants are invariantly
caused by soil microbes and thus soil health is determined by soil microbes. The
different modes of nutrients acquisition by plants are direct uptake from the soil or
symbiotic association with soil microbes and mycorrhizal interaction with plants.
The indirect way of soil nutrients availability to plants are biological nitrogen
fixation, phosphate and sulfate solubilization. The important role of soil microbes
in plant growth promotion includes improved plant health, plant growth, plant
yield, and also antagonistic to plant pathogens. This chapter highlights different
classes of plant nutrients and efficient microbes (cyanobacteria, bacteria, and
fungi) helpful in plant nutrition availability are discussed.
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5.1 Introduction

The biological soil fertility is maintained by the soil microbial habitants, namely
bacteria, fungi, actinomycetes, algae, and protozoa (Muller et al. 2016). The impor-
tance of microbes in soil is recycling of nutrient and thus plant nutrition has been
realized for many years. The plants are not an individual entity as they co-habit with
the microbes. The different plant–microbial interactions are symbiotic, pathogenic,
epiphytic or endophytic (Iniguez et al. 2005). The beneficial plant-associated micro-
biota increases plant nutrient availability by different microbes including
cyanobacteria, bacteria including N-fixing bacteria, actinomycetes, fungi
(Arbuscular Mycorrhizal), and other Plant Growth-Promoting Rhizobacteria
(PGPR) (Miransari 2010, 2011a). Commonly, soil nutrients are present as insoluble
precipitates or bound to inorganic and organic components in the soil. Thus direct
plant nutrients are not present in available forms. The soil microbes colonizing the
plant root either decompose or mineralize organic matter and thus released nutrients
in sustainable plant productivity (Hirel et al. 2011). Together with physical and
chemical factors, biological factor improves the agricultural drylands. Thus plant–
microbe interaction improves the plants growth under nutrient deprived soils.

The fundamental of life on the planet is maintained by soil microbes by nutrient
recycling process. Bacteria are the fundamental decomposers of organic waste from
inaccessible forms to usable forms of different nutrients. The Pseudomonas sp.,
Streptomyces sp. bacterial species and Trichoderma harzianum, and Polyporus
ostriformis lignocellulolytic fungi after consumption for their nutrition release
inorganic plant nutrients (Woo et al. 2014). The increase in soil fertility and thus
improves plant productivity. In other ways, increasing world population necessitates
the increased food production by the use of fertilizers and herbicides of chemical
origin. This leads to irreversible environmental damages of ground water pollution
and soil degradation. It is therefore need an alternate biological approach of plant
nutrients availability without affecting the environment (Miransari 2011b). There-
fore, soil inoculation with indigenous microflora is a bioprospecting approach for the
necessary plant–microbe interaction. Gopal and Gupta (2016), shows plant depen-
dence on plant-associated microbes including biofertilization, protection from
diseases and tolerance to abiotic stresses.

Plant growth directly depends on soil, soil-borne organisms and its interaction
with plants. When nutrients are not present in readily available forms for the plant
growth, it causes reduction in crop yields or quality. This leads to reduction in
overall biodiversity of living creatures, as plants being the primary producers of food
web chain. A diverse range of ecological interactions between soil-borne organisms
and plants is developed (competition, neutral, commensalism, and mutualism). The
symbiotic association of mycorrhizal and legume-Rhizobium findings are the base of
present studies on microbial role for plant growth. Recent biotechnological advances
of next-generation 16S rRNA gene sequencing show major contribution of bacteria
present in the core of plant microbiomes. Hawkes et al. (2007) reported as many as
1200 bacterial taxa associated with rhizosphere of 14 different plant species.
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Nutrient deficiency can have a significant impact on agriculture, resulting in
reduced crop yield or reduced plant quality. Plants require 17 essential nutrients
which are derived from the soil. Macronutrients, required in large quantities includes
carbon (C), nitrogen (N), oxygen (O2), hydrogen (H), phosphorus (P), potassium
(K), calcium (Ca), magnesium (Mg), and sulfur (S). Among these, carbon, hydrogen,
and oxygen are the building block of organic macromolecules of the cell. Micronu-
trient includes iron (Fe), zinc (Zn), manganese (Mn), copper (Cu), chlorine (Cl), and
boron (B) are the cofactors for enzyme activity required in very small amounts.
These elements are required to plant growth for both structural and biochemical
functions. The source of essential elements such as hydrogen, carbon, and oxygen are
derived from carbon-di-oxide and water, while the others have to be absorbed from
mineral nutrition in soil.

The soil microbes are an important component of ecosystem with essential
function in plant nutrient nourishment and protecting plants. The use of soil-borne
organism for promoting plant growth is biofortification (Miransari 2011b). These
soil microbes metabolize soil-borne nutrients for their nutrition and thereby the
elemental nutrients for plant use (Uroz et al. 2009). In other way N, P, S, and K
are present in various organic molecules as complexes that are minimally
bio-available to plants. This can be overcome by the conversion of organic to
inorganic forms (N, P and S) through the process of depolymerization and minerali-
zation (van der Heijden et al. 2008). Thus chemical fertilizer application can be
minimized by the use of microbes and making easy availability of nutrients to plants.
The microbe mediated nutrient availability is proved to be effective by keeping the
environment clean and enhancing soil nutrient availability. Thus understanding the
linkage between plant and microbes allows better nutrient management. The differ-
ent mechanisms to increase the solubility of soil nutrients by symbiotic or
non-symbiotic association of microbes with their host plant are: (1) Plant metabo-
lism, (2) Increasing solubility and availability of soil nutrients, and (3) Interaction
with other soil microbes (Miransari 2013). Therefore, sustainable agriculture can be
developed by the application of plant growth-promoting bacteria as a new manage-
ment strategy.

The different beneficial role of soil microbes by symbiotic or non-symbiotic
association to boost growth of host plants are (1) Bioavailability of complex soil
nutrients by solubility, (2) Microbial pathogenic strains control, (3) Manipulating the
hormonal signaling of plants, (4) Nutrient cycling by mineralization of soil organic
matter, (5) Production of different biochemicals such as plant hormones and
enzymes, (6) Bioremediation of the toxic heavy metal species and degrading xeno-
biotic compounds in the polluted soils, (7) production of siderophores, (8) production
of 1-aminocyclopropane-1-carboxylate (ACC) deaminase, (9) improving abiotic
stress resistance, (10) drought stress tolerance (van der Heijden et al. 2008; Mendes
et al. 2013; Verbon and Liberman 2016; Vurukonda et al. 2016) (Fig. 5.1).

Soil microbes perform essential functions of nourishing as well as protecting
plants. The understanding of plant and soil microbe interactions allow better nutrient
management for sustainable crop production. The niche of plant roots is habitat for
microbial communities. The microbial conversion of organic complex material into
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plant available forms as N, P, and S are carried over by soil microbes by various
mechanisms (Table 5.1). This chapter will focus on the mechanism of increasing the
soil-borne nutrients bioavailability to the plants.

Fig. 5.1 Interaction of plant roots and microbes

Table 5.1 Different mechanisms of plant nutrient availability mediated by soil microbes

Nutrient Mechanism of transformation by microbes

Nitrogen Mineralization, Nitrification, Denitrification, N2 fixation, extracellular enzyme
activity (protease and chitinase)

Phosphorus Mineralization, Solubilization, Extracellular phosphatase activity, organic acid
mediated dissolution

Potassium Mineralization, K solubilization

Iron Chelation, production of siderophores, changing oxidation states

Zinc Solubilization, Facilitated uptake by mycorrhizal fungi

Copper Production of carboxylase and phenolic compounds, Facilitated uptake by
mycorrhizal fungi

Manganese Change in oxidation and reduction state
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5.2 An Overview of Soil Microorganisms for the Availability
of Nutrients in Plants

The different roles of symbiotic and free living soil microbes in plant growth are
nitrogen fixation, improving soil structure which promotes root growth and to
control plant pathogens (Coyne and Mikkelsen 2015). Figure 5.2 shows the role of
soil microbes involved in the major nutrients accessibility for plant growth. The
nitrogen recovery process is carried out by mycorrhizal fungi either ecto-mycorrhizal
or endo-mycorrhizal fungi. The process involves solubilization of organic matter to
soluble forms by enzymatic process. Nitrogen fixation carried out by symbiotic
bacteria, namely Frankia through infection in woody species. In root-associated
asymbiotic bacteria, namely Azospirillum can provide nitrogen to the roots of
grasses. Good soil structure enhances plant root growth and extraction of nutrients.
The organic molecules like protein released by soil microbes bind soil particles and
improve soil structure. The mechanism of pathogens control by plant rhizospheric
organisms is competition between pathogens and beneficial microbes for essential
nutrients. Many studies reported pathogen control by the application of antagonistic
beneficial microbes in disease control.

Soil microbes in 1 g of root niche habitat estimates as 1011 microbe (Rolli et al.
2015). The root microbiome inhabiting soil microbes of food crops include maize
(Peiffer et al. 2013), rice (Edwards et al. 2015), sugarcane (Yeoh et al. 2015), and
sweet potato (Marques et al. 2014). Rhizosphere organisms are categorized into
biofertilizers and biocontrol agents which enhance the nutrient availability to plants
and prevention of plant diseases (Glick 2012). The rhizobacteria may be extracellu-
lar or intracellular, present in the rhizoplane and inside the root cells as nodules. The
plant beneficial microbes are significant in agriculture due to sustainability, environ-
mental safety, and multiple beneficiaries as improved nutrient acquisition, plant
growth and tolerance to environmental stresses (Sharma et al. 2017). The direct
soil nutrients availability to plants are the production of different compounds such as

Fig. 5.2 Role of soil
microbes in major nutrients
accessibility for plant growth
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organic (namely glucose, fructose, sucrose, ribose, maltose), organic acids (namely
citric, lactic, pyruvic, malic, succinic, and oxalic acids), fatty acids, amino acids,
vitamins, and putrescine by plant roots as signaling molecules which influences
microbial population for the solubility and availability of nutrients (Ortíz-Castro
et al. 2009; Johnson et al. 2010).

The different types of plant–microbe interrelations are neutral, negative, and
positive interaction (Whipps 2001). The neutral interaction, namely commensalism
have no significant effects on plant growth (Beattie 2007). In negative association,
phytopathogenic microbes affect the plant growth by producing phytotoxic
substances such as hydrogen cyanide (HCN) or ethylene, (Khalid et al. 2004).
Therefore, in positive association the microbes can promote plant growth either
directly or indirectly (Glick 2012). Therefore, different plant parts are colonized by
different microbe’s which are grouped into three groups such as rhizosphere
microbes (resides on root surrounding area), rhizoplane microbes (resides on root
surface), and endophytic microbes (resides within host tissues) (Andrews and Harris
2000).

A well-known endo-symbiotic association of plant and microbes are between
plants and mycorrhizal fungi as well as nodulated bacteria in leguminous plants
recognized date backs to the nineteenth century (Morton 1981). Mycorrhizal fungi
have increased surface area with improved nutrient absorptive capacity of roots
(Rillig 2004). A holistic approach to improve plant growth and yields are developed
by crop seeds coating with bacterial cultures such as Azotobacter and Bacillus
megaterium (Brown 1974). Rhizobacteria such as Pseudomonas and Azospirillium
are commonly known as Plant Growth Promoting Rhizobacteria (PGPR) that
enhances the plant growth (Burr et al. 1978). Thus plants access the recalcitrant
soil-borne nutrients by the metabolic activities of soil microbes. Therefore, selection
of soil microbes for biofertilization is based on the (1) inoculation potential, (2) per-
sistence in soil and (3) able to survive under stress condition.

The major PGPRs genera include Frankia, Azotobacter, Streptomyces,
Arthrobacter, Rhizobium, Azospirillum, Pseudomonas, Bacillus, Pseudomonas,
Flavobacterium, Thiobacillus, Enterobacter, Serratia, Chryseobacterium,
Achromobacter, Aeromonas, Acetobacter, Bradyrhizobium, and Sinorhizobium
have been reported in plant growth promotion (Vessey 2003; Dimkpa et al. 2009;
Etesami and Maheshwari 2018; Etesami and Beattie 2018) (Table 5.2). The nitrogen
fixing PGPR, namely Rhizobia spp. develops symbiotic association with the host
plant (van Loon 2007). The other beneficial benefits of PGPR are production of
enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, production of
phytohormones, production of plant pathogens control products such as HCN, and
rhizoxin, increased nutrient uptake in plants, induction of antioxidant enzymes,
production of polysaccharides, production of carboxylates which chelate
micronutrients, production of compounds like humic acid, riboflavin, phenazines,
and quinines and induction of systemic tolerance (Hernandez et al. 2004; Uroz et al.
2009; Zhao et al. 2010).

116 R. Rajkumar and C. Kurinjimalar



Table 5.2 Important soil microbes in plant nutrient availability from soil

Rhizobacteria role Mechanism of action Microbes References

Increase in plant
macronutrients
uptake

Solubilizing and
mineralizing insoluble
phosphate

Rhizobium,
Pseudomonas,
Bacillus,
Enterobacter, and
Pantoea

Sharpley et al.
(1992); Sharma et al.
(2013); Etesami and
Maheshwari (2018)

Not mentioned Solubilizing
K-containing minerals
by the synthesis of
organic acids,
inorganic acids,
siderophores

Bacillus
mucilaginosus,
Bacillus circulans,
Bacillus edaphicus,
Paenibacillus spp.,
Pseudomonas,
Acidithiobacillus
ferrooxidans, and
Burkholderia

Botella et al. (1997);
Ahmad et al. (2016);
Sindhu et al. (2016);
Etesami et al. (2017)

Not mentioned Symbiotic and
non-symbotic N2

fixation by enzyme
nitrogenase;
Mineralizing organic
forms of N

Not mentioned Feigin (1985); Glick
(2012); Santi et al.
(2013); Etesami and
Beattie (2017)

Increase in plant
micronutrients
uptake-Fe, Zn, Mn,
Cu, Mo, Ni, Co

Generation of iron
chelators, namely
siderophores

Bacillus,
Pseudomonas, and
Geobacter

Zhuang et al. (2007);
Iqbal et al. (2010);
Etesami (2018a)

Decrease salinity
stress

IAA-containing PGPR
stimulate ACC levels

P. putida,
P. fluorescens,
Variovorax
paradoxus,
Enterobacter sp.,
Arthrobacter sp.,
Bacillus sp., and
Pantoea dispersa

Bal et al. (2013);
Glick (2014); Wang
et al. (2016)

Production of
phytohormones

PGPR synthesize IAA
and cytokinin which
induces root growth
for positive effect on
water acquisition

Pseudomonas
aurantiaca,
Pseudomonas
extremorientalis, and
Bacillus subtilis

Ilangumaran and
Smith (2017);
Barnawal et al.
(2017); Etesami and
Beattie (2018)

Salinity stress
alleviation

Taking up K+ within
their cells and
amassing compatible
solutes such as polyols
and derivatives, amino
acids and their
derivatives, sugars and
derivatives, betaines,
and ectoines

Pseudomonas
fluorescens, Serratia
sp., Pseudomonas,
Bacillus,
Flavobacterium,
Azospirillum,
Chryseobacterium,
Achromobacter,
Sinorhizobium,
Bradyrhizobium,
Aeromonas, and
Acetobacter

Lugtenberg et al.
(2013); Paul and
Lade (2014); Qin
et al. (2016);
Etesami and Beattie
(2017, 2018);
Etesami and
Maheshwari (2018)

(continued)
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In nutrients assimilation, plant growth-promoting bacterial strains should possess
successful colonization in the niche of rhizosphere. In nitrogen fixing symbiotic
leguminous host plant nitrogen fixing diverse bacterial taxa possesses nitrogenase
genes (Gyaneshwar et al. 2011; Mus et al. 2016). Rhizobia fixes free atmospheric
nitrogen to the host plant and in turn depend on host for photosynthates (Hunter
2016). The Arbuscular mycorrhizal (AM) fungi develop symbiotic association with
host plants called mycorrhizosphere with organelles called vesicles and arbuscules
as storage organ and as hyphal branched structure, respectively (Smith and Read
2008). Endo-symbiotic Arbuscular mycorrhizal (AM) fungi establish increased

Table 5.2 (continued)

Rhizobacteria role Mechanism of action Microbes References

Accumulation of
osmolytes in plants

Production of proline
and glycine betaine

B. subtilis, Bacillus
amyloliquefaciens,
Bacillus aquimaris,
Azospirillum
brasilense,
P. dispersa,
Rhizobium tropici, and
Paenibacillus
polymyxa

Ilangumaran and
Smith (2017);
Etesami and
Maheshwari (2018)

Induction of
antioxidant
enzymes

Scavenging ROS by
the antioxidant
enzymes such as CAT,
POD, SOD,
polyphenol oxidase,
phenylalanine
ammonia-lyase,
phenolics, and
lipoxygenase

Bacillus pumilus,
B. cepacia,
Promicromonospora
spp., A. calcoaceticus,
Bacillus spp.,
Exiguobacterium
oxidotolerans,
Pseudomonas
pseudoalcaligenes, ,
B. subtilis, and
Arthrobacter

Jha et al. (2011);
Upadhyay et al.
(2012); Damodaran
et al. (2014);
Etesami (2018b)

Production of
exopolysaccharides

Augmenting water and
fertilizer availability to
raise from seeds and
plants

Pseudomonas
mendocina,
Halomonas variabilis,
Planococcus
rifietoensis,
Enterobacter sp.,
Bacillus sp., Bacillus
amylolequifaciens,
Bacillus insolitus,
Microbacterium spp.,
and Pseudomonas
syringae

Tewari and Arora
(2014); Sandhya and
Ali (2015); Etesami
and Maheshwari
(2018)

Induction of
systemic tolerance

Generation of volatile
organic compounds

B. subtilis Egamberdieva and
Lugtenberg (2014);
Etesami and
Maheshwari (2018)
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water and nutrients uptake for their host plant in the exchange for carbon (Rogers
and Oldroyd 2014).

5.3 Soil Microbes Induced Nitrogen Uptake by Plants

One of the most important plant growths limiting nitrogen element is not present in
readily available form used by the plant. Despite nitrogen is the most abundant
gaseous element which constitutes of about 78% in the atmosphere it cannot be
directly assimilated by plants due to the presence of triple bonds between two N
atoms. Green plants can only readily acquire inorganic nitrate (NO3�) and ammo-
nium (NH4+) from the soil through the plant roots. In the absence of nitrate in the
soil, it can be replenished using soil microbes (PGPR) by fixing atmospheric
nitrogen (N2) in the atmosphere.

Therefore plant species has evolved mechanisms of beneficial symbiotic and
non-symbiotic process of nitrogen fixation with soil-borne microorganisms called
diazotrophs. It can be classified based on the trait of N2 fixation into three subgroups:
symbiotic, free living, and associative. In symbiotic association plant species of
Fabaceae family by the process of biological nitrogen fixation develops symbiotic
relationship with a group of nitrogen fixing bacteria such as Rhizobium and other
related genera. The interactions are based on chemical signaling between plant and
microbial compounds, flavonoids and lipochitooligosaccharides, respectively. This
cause root hair curling to envelop the bacteria through which infection thread grows
into the cells of the root cortex and differentiate into structures called bacteroids. The
subsequent division produces the nodules, which converts atmospheric nitrogen to
ammonia catalyzed by nitrogenase enzyme complex, a readily available form to
plants (Ferguson et al. 2010). As a result of this biological nitrogen fixing association
between the host plant and microbes, both are benefited with productivity and
survival, respectively. The deleterious approach of using nitrogen-rich fertilizers to
combat nitrogen deficiency leads to ground water pollution with eutrophication in
aquatic ecosystem. The root or legume associated bacteria fixes atmospheric nitro-
gen into usable N (176 � 1012 g year�1).

The other types of non-symbiotic associative relationships of host plant with
atmospheric nitrogen fixation bacteria are Cyanobacteria, Azospirillum spp.,
Acetobacter spp., Azotobacter spp., Bacillus spp., Pseudomonas spp.,
Rhodospirillum spp., Corynebacterium spp., Beijerinckia spp., and others (Saharan
and Nehra 2011). Furthermore some bacteria involve mineralization of organic N
compounds into inorganic forms (NH4+ and NO3�) that are readily available for
growth of plants. Non-symbiotic organisms degrade organic matter and fix the
atmospheric nitrogen for plant use. For example, the plant parts that remain after
harvest are the source of N to the soil upon decomposition. During the decomposi-
tion organic nitrogen is converted to inorganic ammonium into the soil and the
process is called bio-mineralization. The different steps in bio-mineralization are
aminization, ammonification, and nitrification, where the initial step involves break
down of complex proteins to amino acids, amides, and amines, further converted to
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ammonium and finally nitrate formation occurs. The two steps of nitrification are
carried out by different bacterial groups, namely Nitrosomonas and Nitrobacter,
respectively. The common nitrogen fixing rhizobacteria either endophytic or free-
living genera includes Azotobacter, Azospirillum, Bacillus, Bradyrhizobium,
Burkholderia, and Pseudomonas are having positive effects on food crops (Igiehon
and Babalola 2018).

5.4 Soil Microbes Induced Phosphate Uptake by Plants

The second most essential element phosphorus (P) in inorganic phosphate form is
also a plant growth limiting nutrient. In natural plant habitat phosphorus is present in
the form of rock phosphate, mineral salts, hydroxyapatite or organic compounds.
This helps in root development, seed production, improves BNF and resistance to
diseases (Murrell and Munson 1999). Phosphorus is an integral component of
biochemicals such as nucleic acids, and phosphoproteins. Thus a large proportion
of about 95–99% of phosphorus are present in unavailable forms as present in
insoluble or precipitates, which causes phosphorus limitation. The two kinds of
phosphate available to the plants are mineral phosphate and organic phosphate.
Generally for phosphate fertilization triple super phosphate is applied to soil only
20% of soil phosphate is in available form and the remaining will precipitate. Soil pH
affects the plant nutrient availability in the soil, in which solubility of nitrogen,
potassium, and sulfur are not much affected as phosphate. At acidic and basic pH,
phosphate ions react rapidly with Al, Fe, Ca, and Mg and they become less soluble
forms. Therefore, phosphate availability is a pH-dependent. A number of studies
reported different strains of both fungal and bacterial solubilize inorganic P, and also
mineralize organic P (Ahemad and Kibret 2014).

The mechanism of inorganic and organic phosphate acquisition involves solubi-
lization and mineralization by the release of microbial phosphatases (Illmer et al.
1995; Gouda et al. 2018). This bio-solubilization of P is most important in agricul-
tural soils for enhanced utilization of P by plant. A wide range of soil bacteria
especially PGPR and fungi could convert precipitated and organic phosphate in the
form H2PO4

� and HPO4
�2 ions (Whitelaw 2000). The lowering in pH of the

medium by organic acids production in phosphate solubilizing microbes (PSB)
dissolves organic phosphorus into inorganic form. The different organic acids are
acetic acid, citric acid, fumaric acid, oxalic acid, lactic acid, propionic acid, malonic
acid, succinic acid, 2-ketogluconic acid, glycolic acid, and gluconic acid are pro-
duced in PSB (Krishnaraj and Dahale 2014). Among the several soil bacterial
communities, Pseudomonas and Bacillus spp. have been excellent phosphate
solubilizers (Goswami et al. 2014). The common mechanisms of microbial action
involves production of enzymes (phosphatases) and products such as low molecular
weight organic products (carboxylic acids) pH, anions, and cations can readily
increase phosphate availability (Houser and Richardson 2010; Salimpour et al.
2010). The PSB solubilizes inorganic soil phosphates of Ca, Fe, and Al via produc-
tion of siderophores, several acids (organic), and hydroxyl and carboxyl groups, and
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chelating them to the bound phosphates and the available calcium (Sharma et al.
2013).

Among bacteria, the most efficient phosphate solubilizer belongs to genera such
as Rhizobium, Bacillus, and Pseudomonas. The other two chickpea nodulating
species, Mesorhizobium ciceri and Mesorhizobium mediterraneum, are reported as
phosphate solubilizers (Rivas et al. 2006). A large number of phosphate solubilizing
microorganisms has been reported by in vitro studies. The most commonly reported
phosphate solubilizing organisms of bacteria such as Azospirillum brasilense,
Arthrobacter, Rhizobium, Pseudomonas, Arthrobacter, Beijerinckia, Erwinia,
Thiobacillus ferrooxidans Bacillus, and Nitrobacter sp. (Sharma et al. 2013); fungal
genera are Penicillium Aspergillus, Fusarium, and Chaetomium spp. of the plant
microbiome hydrolyze inorganic phosphorus into soluble forms (Uribe et al. 2010;
Sharma et al. 2013). The different mechanisms involved in phosphorus availability
by microbes are release of H+, OH�, organic acid, anions such as citrate, malate, and
oxalate and also mineralization of organic P by release of various phosphatase
enzymes (Marschner et al. 2010). Thus soil organisms can be applied as potent
soil inoculants for plant growth.

Phosphate solubilizing bacteria produce organic acids helps in dissolution of
glucose to gluconic acid. Organic acids have good chelation properties by the
substitution of divalent cation of Ca2+ coupled with the release of phosphates from
insoluble complexes (Behera et al. 2017). Thus most phosphate solubilizing
microbes cause a reduction in the pH of the medium either by production of
inorganic acids as H+ extrusion (sulfuric and nitric acids) or by secretion of various
organic acids like malic, citric, succinic, tartaric, and oxalic acids; and by the
production of enzymes acting on fatty substrates (Alori et al. 2017). The organic
acids secretion by microbes is mainly dependent on environmental properties and
gene induced in bio-solubilization of phosphate (Zhen et al. 2016). In this study,
revealed a clear relationship between profile of organic acids and source of phos-
phate. The other common P-mineralization process is governed by hydrolyzing
enzymes, namely phytases and phosphatases produced by fungi and bacteria
(Alori et al. 2017).

Other rhizospheric bacteria produce siderophores, phytohormones, including
auxins, gibberellins, cytokinins, ethylene, and abscisic acid involved in plant growth
and yield improvement through N2 fixation. The phosphate solubilizing for P
availability to plants occurs either by chelation with cations or in exchange of
organic acid by ligands (Parker et al. 2005). A number of reports show plant growth
promotion activities by the microbes besides making soluble P accessible for plants
uptake (Sharma et al. 2013). Indole-3-acetic acid (IAA), produced by various PGPR
are involved in plant growth and development, such as cell elongation, cell division,
and tissue differentiation (Misra et al. 2012; Oves et al. 2013; Kaushal et al. 2017).
The processes in plants like promotion of seed germination, nutritional signaling,
expansion of leaf, and delay of senescence are also greatly influenced by cytokinins
produced by PGPR (Wong et al. 2015).
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Egamberdiyeva (2005) isolated and reported rhizospheric bacteria from the field,
namely Bacillus laevolacticus, B. amyloliquefaciens, Pseudomonas denitrificans,
P. rathonis, and Arthrobacter simplex from wheat, alfalfa, cotton, and tomato.
Acinetobacter sp. and Bacillus sp. isolates from Phyllanthus amarus showed phos-
phate solubilizing property with promoted higher vigor index, phosphorus content,
percentage of germination, plant biomass, phenolic content, and also antioxidative
activity compared to uninoculated control. Therefore, many researchers reported the
role of phosphate solubilizing bacteria towards enhancing plant growth and reducing
the usuage of fertilizer with high salt tolerance (Alori et al. 2017). A large number of
field-based studies evidenced a high uptake of phosphate that enhance the crops
yield (Sawers et al. 2017).

5.5 Soil Microbes Induced Potassium Uptake by Plants

Potassium is the third essential macronutrient present in soil is absorbed by plants for
its growth and yield. The different forms of potassium (K) in the soil are
non-exchangeable K, exchangeable K, mineral non-exchangeable K, and K in soil
solution (water-soluble K). The important functions of potassium within plant cell
include control of stomatal opening/closing, enzyme activation, and balancing the
charges of cellular anions. The deficiency of potassium leads to chlorosis
(yellowing), browning of leaves, and curling of leaf tips with ultimate reduced
growth and yield. The application of chemical and organic fertilization can make
potassium availability for plant use. However, owing to soil erosion, leaching,
intensive cropping, imbalanced fertilizer application, and presence of insoluble K
sources, the availability of potassium to plants is decreasing (Zorb et al. 2014). As a
result, deficiency of K in soils is reducing crop production. Only tightly bound
mineral form of K constitute about 90–98% of soil K and it is unavailable for plant
(Sparks 1987). Therefore K solubilizing microbes have been applied for sustainable
production by mineralizing insoluble potassium into usable forms. Microbes solubi-
lize K from insoluble sources of feldspar, mica, and others by extracellular produc-
tion of organic acids, extracellular enzymes, siderophores, extracellular
polysaccharides, organic ligands and formation of biofilms are the different key
processes involved in the release of K by the dissolution of complex minerals
(Keshavarz Zarjani et al. 2013; Meena et al. 2015; Das and Pradhan 2016).

Ullman (1996) reported that the bacterium, Bacillus mucilaginosus are able
to solubilize potassium rock by the secretion of organic acids. Thus K-solubilizing
microbes (KSB) play an effective role in K cycle to fulfill the K requirement of crops
(Meena et al. 2014; Sindhu et al. 2014). The process involves conversion of mineral
K into available K to plants. A number of genera reported to release K from
K-bearing minerals, namely Pseudomonas spp., Burkholderia spp.,
Acidithiobacillus ferrooxidans, Enterobacter hormaechei, Paenibacillus
glucanolyticus, Arthrobacter spp., Paenibacillus mucilaginosus, P. glucanolyticus,
Bacillus mucilaginosus, B. edaphicus, and B. circulans (Lian et al. 2002; Keshavarz
Zarjani et al. 2013; Zhang et al. 2013).
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Overall the direct mechanisms used by KSB include: (i) acidolysis, a process of
dissolving mineral K by organic acids (Shelobolina et al. 2012), (ii) chelation, a
mechanism of forming complexes with reaction products with organic acids which
can enhance dissolution (Ullman and Welch 2002), (iii) oxidation, involves break-
down of K-bearing minerals microbial Fe(II) oxidation in the rhizosphere, and
(iv) production of CO2 for the breakdown of K-bearing complex which result in
carbonic acid formation (Barker et al. 1998).

5.6 Soil Microbes Mediated Micronutrient Acquisition
in Plants

The plant nutrients that are required in significantly in lesser amounts in comparison
to other macronutrients are micronutrients. The soil is a good reservoir for all plant
nutrients including micronutrients. The inoculation of soil with rhizospheric
microbes stimulates the micronutrient acquisition. The action mechanism of micro-
nutrient availability to plants by soil microbes are organic and inorganic acids,
chelating agents and also play a key role in disease control. Eight essential micronu-
trient elements required for plant growth are iron (Fe), zinc (Zn), manganese (Mn),
chlorine (Cl), copper (Cu), boron (B), molybdenum (Mo), and nickel (Ni) (Kumar
et al. 2016). As similar to macronutrients, micronutrient availability from soil to
plants is highly dependent on interaction between plant roots and soil microbes. The
process involves secretion of organic acids and chelating agents by the microbes for
solubilization and mobilization of nutrients (Suri and Choudhary 2012, 2013). Thus,
rhizospheric microbes play an important role towards micronutrient availability to
plants such as iron, zinc, copper, and manganese.

5.6.1 Iron

Iron is relatively abundant element with an average concentration of 40 g kg�1

present in soil (Cornell and Schwertmann 2003). The iron deficiency in plant
nutrient leads to chlorosis which ultimately leads to reduced agricultural productiv-
ity. The cellular processes of chlorophyll synthesis, mitochondrial respiration, oxy-
gen transport, and as constituent of some enzymes and proteins in plants are
dependent on iron (Jin et al. 2014). The mechanism of solubility of iron in soil by
microbes and plants are carried out by the chelation of insoluble iron in producing
siderophore (Sharma et al. 2003). The iron deficient conditions stimulate siderophore
production in rhizobial strains to enhance bioavailability of the nutrient in the
environment (Terpolilli et al. 2012). In leguminous plant roots, secretion of signal-
ling phenolic compounds establish rhizobia nodulation in Fe-deficient soil. Further,
microbes produce different types of siderophores such as ferrioxamines,
enterobactin, pyoverdine and ferrichromes (Marschner et al. 2010) which plays
key role in plant growth. The siderophore producing rhizobia are considered as the
potential iron acquisition in leguminous plant. This process involves siderophore
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mediated chelation of ferric (Fe3+) to ferrous (Fe2+) ion in the cell surface (Mendes
et al. 2013). Yaseen et al. (2018) show increased iron uptake in the wheat with
co-inoculation with endophytic bacteria Enterobacter sp. and Burkholderia
phytofirmans. The iron content was increased up to 10.14% with enhanced leaf
area, height, and biomass of plant.

5.6.2 Zinc

Zinc is an essential micronutrient for plant growth. The concentration of zinc is
generally very low (80 mg kg�1) in soil. It is the most important nutrient required for
the synthesis of auxin, proteins, carbohydrates, lipids, nucleic acid, and involved in
chlorophyll and seed formation (Seilsepour 2006; Broadley et al. 2007). It also helps
in catalytic roles in different enzyme classes such as isomerase, transferase, oxido-
reductase, hydrolases, and ligases (Hafeez et al. 2013). In soil various mechanisms
of zinc solubilization are achieved by soil pH reduction by the release of organic
acids and chelation (Subramanian et al. 2009; Whiting et al. 2001). The acidification
of medium by gluconic acid production also make Zn availability to plants by
bacteria such as Curtobacterium, Plantibacter, Pseudomonas, Stenotrophomonas,
Streptomyces reported by Costerousse et al. (2018). The other way includes benefi-
cial symbiotic relationship by Arbuscular mycorrhizal fungi (AMF) with the crop
plants for sustained crop productivity (Yadav et al. 2018). This can increase root
surface area which helps in high Zn uptake from the soil. Jha (2019) shows zinc-
solubilizing microbes, namely Bacillus pumilus and Pseudomonas
pseudoalcaligenes protect plants from osmotic stress by enhancing antioxidant
enzymes catalase (CAT), and peroxidase (PO).

Kamran et al. (2017) shows maximum shoot and root length with high zinc
content in wheat plant tested with E. cloacae, similarly maximum zinc content in
wheat plant observed with Pseudomonas fragi and P. agglomerans. The
Zn-solubilizing bacteria such as Pseudomonas aeruginosa, Ralstonia pickettii,
Burkholderia cepacia, and Klebsiella pneumonia aids in the Zn-biofortification in
rice seedlings with potential for utilizing insoluble zinc compound with
exopolysaccharide (EPS) production, 1-aminocycloproparane-1-carboxylic acid
(ACC) utilization, and potassium and phosphate solubilization (Gontia-Mishra
et al. 2017). Singh et al. (2017) show two endophytic bacteria Bacillus subtilis and
Arthrobacter sp., enhanced two folds increased Zn content in the wheat plant. The
Zn-solubilizing bacterium Pseudomonas sp. is also a plant growth-promoting
rhizobacteria in wheat cultivation (Lasani-2008 and Faisalabad-2008). Foliar spray
application of microbes significantly increase Zn-biofortification in wheat grains
(Rehman et al. 2018). Together Zn-solubilizing rhizobacteria have the ability of
phosphate solubilization and production of IAA, siderophore, HCN, ammonia,
exopolysaccharides, with catalase, protease, chitinase and lipase activity which
increase the plant growth of wheat (Mumtaz et al. 2017).
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5.7 Copper

The other essential micronutrient for plant growth is copper. Comparatively lesser
amount of copper is required as compared to other micronutrients. It plays important
role in the process of respiration and enzyme activation in the plants. The copper
improves plant growth as it is important cofactor for enzymes (Makoi and
Ndakidemi 2007). The copper availability to plants is made by soil microbes by
the release of carboxylase and phenolic compounds (Badri and Vivanco 2009). The
role of copper is acting as a catalyst for respiration and activator of several enzymes.

5.7.1 Manganese

The other essential micronutrient for plant growth manganese concentration in the
soil is in an average amount of 1000 mg kg�1. Manganese is a part of multiple
enzymes and is a catalyst of other enzymes and used in metabolism of nitrogen and
inorganic acids, formation of vitamins, and other metabolic process. The microbial
activities in the soil largely affecting enhanced plant growth activities (Dutta and
Podile 2010).

5.8 Future Perspectives and Challenges in Plant Microbe
Based Agro-Inputs

Growing world population and climate change causes a big challenge towards crop
production. In this context, intensify agricultural production is required to combat
abiotic stress agents, pathogens, and pests in a sustainable manner. Research efforts
may be made at developing agricultural yields through the management of soil
microbes. In fact, developments of microbial formulations are global interest
which is very useful to increase the soil fertility, particularly in N- and P-deficient
agro-systems. The combined usage of beneficial microbes and mineral nutrients can
stimulate plant growth and protect the environmental health. This is considered as
the novel approach and an emerging research area to study the various activities of
beneficial soil microbes, especially in interaction with plants and mineral nutrients.
Currently researches are directed towards finding individual organism and its gene in
a community. However, in future it can be widened with molecular approach. The
scientific knowledge on plant-associated bacteria is scarce and therefore interaction
between plants and microbes has to be studied intensively.

5.9 Conclusion

The role of soil microbes on soil nutrient availability to plants is discussed in this
chapter. In addition to that, the usage of mineral nutrients with beneficial microbes is
greatly required to improve higher yield in a sustainable way. Indeed, appropriate
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combination of mineral and microbial resources with favorable climatic conditions
are highly essential for enhancing crop productivity and soil fertility. Moreover,
systemic approaches are required to maintain biodiversity and environmental health.
This mainly shows way forward towards efficient soil microbes as biofertilizers in
order to reduce chemical fertilizers and pesticides. Thereby protecting the niche of
soil habitat by biological approach is the proven efficiency.
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Drought Stress Alleviation in Plants by Soil
Microbial Interactions 6
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Abstract

The biotic and abiotic stresses are major curtailment effects on crop production,
food and its nutritional quality and most importantly global food security. A plant
experiences various physiological, biochemical, and molecular changes under
biotic and abiotic stresses that crashes overall plant development and growth. In
order to increase crop productivity with doubling farmer income it becomes
necessary to develop efficient low-cost technologies for biotic and abiotic stress
management in field. Since microorganisms interaction is inherent part of
ecosystems, so microbes are the native occupiers which exhibit extensive meta-
bolic capacities to alleviate various stresses. Plant growth promoting
rhizobacteria, arbuscular mycorrhiza, and actinomycetes increase plant growth
under adverse conditions by regulating plant hormones, nutrition accession,
induce antioxidative enzymes, and enhance the supply of minerals and nutrients.
This chapter furnishes knowledge about the plant–microbial interactions under
drought stress and the role of stress-adaptable microbes in relieving the same.
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6.1 Introduction

Due to global climate change, plant faces many biotic and abiotic stresses leading to
reduce in agricultural productivity of crops worldwide (Gull et al. 2019). The plant
definitely faces some stress once in its life, but God also sent them with some
intrinsic adaptive mechanisms to bear that adversity in plants to get out of those
adverse environmental conditions. These stresses comprises high or low tempera-
ture, heavy rainfall, drought, flood, salt, metal toxicity, UV radiations, bacteria,
fungi, viruses, insect and pests, wound, and sometimes weed stress (Koyro et al.
2011; Pandey et al. 2017). Due to unfavorable environmental conditions such as
drought and temperature, causing a variety of negative losses in plants at the
physiological, biochemical, and molecular levels. But among all of these, drought
is a crucial restraint to plant growth and development, mainly for small or marginal
farmers who have less irrigation water facility (Da Silva et al. 2013). Globally, every
year about 55 million people are affected by drought directly or indirectly and nearly
42% of India’s land area is cladding drought stress. Plant is totally dependent on soil
for water and nutrition for growth, but in dry conditions due to water loss, soil loses
its texture, structure, and soil carbon which negatively affects plant metabolic
reactions (Schoonover and Crim 2015). Friends of the plant and soil, soil
microorganisms assist them to reduce the burden of plant from various stress
problems. Soil microbes such as plant growth promoting bacteria, fungi, viruses,
actinomycetes play a crucial role in stress tolerance and help to maintain soil
productivity (Glick 2012; Gouda et al. 2018). To cope up with drought stress the
useful microbes colonize with the root of the host plant and stimulate developmental
processes by direct and indirect mechanisms (Naylor and Coleman-Derr 2018). By
secretion of root exudates most of the plants engage with soil microbes for nutrient
and water absorption (Walker 2003). No doubt, water scarcity is not only injurious to
plants, but also to advantageous fauna of soil. Under stress soil microorganisms
improve root shoot growth and biomass, nutrient recycling, mobilization of some
micro and macro nutrients, secondary metabolite phenol production, and make
capable to plant fight against the drought stress (Backer et al. 2018; Meena et al.
2017a). Soil bacteria or fungi have symbiotic relationship with plants show wonder-
ful influence on plant health, depend on exposure of stress, duration, developmental
stage of plant, and individual plant genotype (Jacoby et al. 2017). ACC-deaminase-
emitting soil bacteria benefitted to plants from harsh environmental conditions
(Vurukonda et al. 2016). In these changing climatic conditions, the use of soil
microbes as biofertilizers extends a ray of hope in agriculture field under drought
conditions. In this book chapter, we have tried to explore the favorable consequences
of soil microbes and their adaptive mechanism to cope up with drought conditions in
the field.
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6.2 Stresses, Soil Structure and Their Effect on Microbial
Colonization

Plant stress is growing of the plant in adverse or in unhealthy conditions which
negatively affects plant growth and development (Yadav et al. 2020). Throughout
the life of the plant, it faces critical unfavorable conditions and various constraints
which hinder the growth of the plant from the physiological to the molecular level.
Sometimes the stress affects the plant beyond the limit so it can damage the tissues of
the plant or maybe the plant will die (Fathi and Tari 2016). Plant stress can be
categorized into biotic and abiotic stresses. Biotic stress can be due to bacteria, fungi,
viruses, nematodes, insects and herbivores and weed (Tak and Kumar 2020), while
the abiotic stress includes drought, temperature, salt, light, heavy metals, pH, or
flood (Kumar et al. 2020). Plants itself have some adaptations to avoid stress,
response of plant to particular stress also depends on the duration and severity of
the particular adverse condition and growing stage of the plant when the stress is
inflicted (Basu et al. 2016). Among the different abiotic stress conditions, water
deficiency and temperature are the most demolition constraints.

Soil or media in which the plant spends its entire life is the major factor that most
affects the health of the plant. Soil is a combination of inorganic and organic
materials, which provides nutrients and water to plant during its entire life span
(Ranjan et al. 2017). Plant roots absorb micro, macro nutrients and water from the
soil, so soil texture plays an effective role in the uptake of nutrients in plants
(Dhaliwal et al. 2019). Soil structure is the cue physical properties of soil that
regulate organic matter, water absorption, nutrient uptake, and microbial community
in the soil (Schoonover and Crim 2015). Hard soils with immense structures prohibit
the availability of water and nutrients to the plants. Due to abiotic stresses, soil
structure is altered, which affects the productivity of the plants, microbial coloniza-
tion, and dynamics of available organic matter of that soil (Meena et al. 2017a, b).
Microbial root colonization is a feasible phenomenon mainly depends on the
characteristics of host plants and their linked microbial community (Kandel et al.
2017). Due to climate change, the temperature is constantly increasing, due to which
the water evaporates and flies into the atmosphere and water is not available in
sufficient quantity to the crop (Tkemaladze and Makhashvili 2016). Due to this rain
storm happens in some area, while severe drought conditions in some regions. At the
time of drought conditions, soil temperature is changed which negatively affects soil
microbial activities, soil organic matter decomposition, decreasing the
non-hydrolyzed carbon content and increasing carbon dioxide emission from the
soil (Gorovtsov et al. 2019). Drought stress altered microbial community structure,
colonization, reduces nutrient recycling and plant production (Naylor and Coleman-
Derr 2018). Soil microbes changed their community structure under stress
conditions but did not change their functions immediately (Jacoby et al. 2017). In
loamy soil carbon transformation and bacterial colonization are affected under
extreme dry conditions.
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6.3 Microbes: As Protective Companion to Plants

Soil harbors many microorganisms like archaea, bacteria, fungi, actinomycetes, and
protozoans which play a critical role in maintaining soil texture, structure, nutrient
recycling, reduce uses of fertilizers in soil, and ultimately stimulate the growth and
development of host plants (Sathya et al. 2016). In soil ecosystem microbes have a
crucial role to maintain its productivity by decomposing complex organic material
into simple (Jacoby et al. 2017). Plants have multiple interactions with soil microbes
to maintain C and N ration in soil and organic C sequestration. Productive soil is a
soil enriched with organic carbon and various soil microorganisms which help to
maintain nutrients in the soil and make available for plants development (Gougoulias
et al. 2014).

6.3.1 Bacteria

A soil bacterium plays a very important role in soil ecology and helps to maintain
biogeochemical cycles from decades. Interaction of plant and bacteria from rhizo-
sphere to phyllosphere directly and indirectly affects plant growth and productivity
(Souza et al. 2015). Plant growth promoting bacteria (PGPR) are coupled with
rhizosphere or colonize the plant rhizosphere and provide nutrients to the host
plant (Backer et al. 2018). PGPR are mainly of two types: free living such as
Azospirillum, Klebsiella, Enterobacter, and Pseudomonas, while symbiotic bacteria
like Rhizobium, Bradyrhizobium, or Azorhizobium which colonize to plant root and
prevent the deleterious consequences of biotic and abiotic stresses (Ahemad and
Kibret 2014; Vejan et al. 2016). Microbes can be used in field as bio fertilizer
supplementing surface area erupted by plant roots, solubilization of P, fixation of
nitrogen fixation, iron sequestering, and formation of siderophore (Wang et al.
2020). Zn-mobilizing bacteria help the plant to absorb Zn and produce chelating
agents and organic acids. Under stress conditions many root colonized bacteria
produce phytohormone for root strengthening and activate stress related genes
(Kamran et al. 2017). PGPR mainly produce auxin for elongation of roots and
decreasing the stomata size to cope up with abiotic stresses. Cytokinin and ethylene
deaminase secretion is also interlinked with soil bacterium colonization for
protecting the plant from adverse conditions (Kandel et al. 2017). PGPR activate
phytohormone mediated induced systemic resistance in plants, which triggers the
activation of pathogenesis-related proteins against future biotic stresses (Olanrewaju
et al. 2017).

6.3.2 AM Fungi

Arbuscular mycorrhizal fungi (AMF) present in natural environment of soil have a
symbiotic relationship with the roots of plants and enhance uptake of nutrients from
soil (Begum et al. 2019). AMF such as Aphanomyces, Fusarium, Phytophthora,
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Pythium, Rhizoctonia, Sclerotinium, and Verticillium are obligate biotrophs and
depend on photosynthetic product sugars and lipids to finish their life cycle
(Luginbuehl et al. 2017). At the early stage root colonization is weak and transient
but at later stages it becomes stronger (Pedrotti et al. 2013). Mycelial hyphae of fungi
spread into the roots beyond the depletion zone and form a complicated network and
make available N, P, K, Ca, Zn, and S nutrients to the plants. As a result for its
symbiotic favors, the AM fungus gets fixed carbon in the form of sugars and lipids
from the plant (Chen et al. 2018). Mycorrhizal fungi help plant to cope up with salt
stress by limiting the uptake and increasing uptake of K+, Ca2+, and Mn2+ ions. AM
fungal mycelium forms a three-dimensional cross-linked structure in soil which
helps to bind the soil partials without compacting it (Wang et al. 2019). Glomalin
is a glycoprotein produced by AM fungi which have an immuno-responsive property
and helps in stabilization of soil aggregates. AMF protect the host plant from various
stresses by increasing the lignification in roots and protect them from pathogen
attack (Akhtar and Siddiqui 2008). G. mosseae colonization in host plant exhibited
an increase in aspartic acid, glutamic acid, and serine amino acid which maintain pH
of rhizosphere. AMF positively influence photosynthetic efficiency of plants, C and
N acquisition, and enhanced efficiency of phytoremediation of heavy metals
(Ma et al. 2016).

6.3.3 Actinomycetes

Actinomycetes are unicellular, aerobic or anaerobic, and Gram-positive bacteria
belong to the actinomycetales order having an aerial mycelium. Actinomycetes
play a crucial role in the organic matter and nutrient cycling in rhizosphere, act as
scavengers or decompose complex organic material by enzymatic process, and cope
up by biotic stress (Saini et al. 2015). They also ameliorate the soil quality by
increasing the buffering capacity of soil and also play role in nitrogen fixation or
enhance the synthesis of metabolite and plant growth regulators. Actinomycete
isolates increase the production of IAA, siderophore and solubilize phosphate for
maintaining the soil ecosystem (Anwar et al. 2016). In soil at the time of pathogen
attack actinomycetes trigger the production of various antibiotics or metabolites
which inhibit the pathogen growth or protect the plant from bacterial and fungal
pathogens (Vurukonda et al. 2018). Biocontrol agents produce hydrolytic enzymes.
Streptomyces plicatus enhanced the secretion of chitinase enzyme which dissolves
bacteria and fungi cell wall and inhibits the plant from pathogens (Kobayashi et al.
2002).

6.3.4 Virus

Till date, we have seen that the virus only cause damage to the plant, it is difficult to
believe that viruses can also benefit to the plants. Soil viruses can be a new hope for
improvement in agricultural productivity because some soil viruses influence
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microbial mortality, nutrient recycling, and dynamics of food chain or web (Emerson
2019; Roy et al. 2020). Soil viruses are more abundantly present in soil and have
ability to transfer the genes to host and maintain C:N ratio in soil (Winsley et al.
2014). Virus contamination in plants induces some biochemical metabolite to
increase the survival capability of plants during abiotic stress conditions. During
drought stress, rice plants infected with RTSV exhibited more stomatal conductance
and high leaf water potential, showing RSTV-infected leaves have more hydrated
and less expression of drought responsive gene OsNAC6 and OsDREB2a (Li et al.
2016) (Fig. 6.1).

6.4 Drought Stress Management

Drought stress is a major abiotic stress that continues to increase due to continual
climate change so ultimately it negatively affects crop production and productivity
(Yadav et al. 2020). Drought is expected to object consequential plant growth
trouble for more than 50% of the arable lands by 2050 (Gong et al. 2014). As
soon as the plant is affected by the drought stress, the metabolic activities of the plant
such as photosynthesis, water transportation, respiration, synthesis of proteins and
lipids start to be negatively affected (Da Silva et al. 2013). Due to water scarcity,
uptake of water and nutrients is halted and if it will be for long time so cell membrane
will be damage and electrolyte leakage will be there. At the time of drought stress
condition metabolic flux and oxidative load on tissue are increased and ROS are
generated in different cell organelles which in turn introduce oxidative stress
(Abhinandan et al. 2018). Drought is a multidimensional stress, affects plant from
gene to cellular level. Keeping in view the increasing population in world, if food
production is to increase, then the drought tolerant varieties, agronomic management
implications, and new technologies will have to be developed (Salehi-Lisar and
Bakhshayeshan-Agdam 2016). Under drought stress, plant utilizes some alterations
in gene expression to keep away from hazard effects of water stress. To increase
plant growth and avoid drought conditions, soil microorganisms such as PGPR, AM
fungi, and actinomycetes play a significant role (Sayyed et al. 2019). Under water
deficit conditions, plants secrete root exudates, a type of communication between
plants and microbes, to restore and enroll microorganisms with attributes that helps
plants during a drought. Soil microbes improve soil structure, water holding capac-
ity, and nutrient transport efficiency of soil (Gargallo-Garriga et al. 2018). Drought
affects the plant growth and metabolism in different ways and soil microorganisms
provide the ability to withstand the plant against drought by following strategies
(Table 6.1).

6.4.1 Growth, Biomass, and Photosynthesis

Water scarcity inhibits cell enlargement, cell division, diminishes leaf expansion and
hastens leaf senescence ultimately leading to death of leaf tissue. Root development
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Table 6.1 Functions of soil microbes to diminish the drought stress in plants

S. no. Crop/plant Microbial strain Function/mechanism Reference

1. Pea (Pisum
sativum)

Pseudomonas spp. Produce ACC deaminase
enzyme and decrease
production of
endogenous ethylene or
intensity of triple
response in plants

Arshad et al.
(2008)

2. Asparagus
officinalis L.

Pseudomonas spp. Increase seed
germination and root/
shoot biomass

Liddycoat
et al. (2009)

3. Maize Bacillus spp. Increased plant biomass
and decreasing leaf
water loss. Increased
osmolytes like proline,
sugars, free amino acids
and decreased
electrolyte leakage

Vardharajula
et al. (2011)

4. Wheat Bacillus
amyloliquefaciens
5113 and
Azospirillum
brasilense NO40

Regulate ascorbate–
glutathione redox cycle
and alleviate
antioxidative defense
system

Kasim et al.
(2012)

5. Tomato AMF Rhizophagus
irregularis and the
PGPR Variovorax
paradoxus 5C-2

Enhanced root hydraulic
conductivity, CO2

fixation capacity,
photosynthetic
efficiency, osmolyte and
decrease oxidative
damage to membrane
lipids

Calvo-
Polanco et al.
(2016)

6. Wheat Klebsiella sp. IG
3, Enterobacter
ludwigii IG 10, and
Flavobacterium
sp. IG 15

Enhance stress-related
genes DREB2A and
CAT1, increase root-
shoot biomass,
chlorophyll content and
decrease membrane
peroxidation

Gontia-
Mishra et al.
(2016)

7. Maize Azospirillum Az39 Production of indole and
siderophore, enhanced
ACC deaminase activity
and increase phosphate
solubilization

García et al.
(2017)

8. Helianthus
annuus

Planomicrobium
chinense strain P1
and Bacillus cereus
strain P2

Increased length of root/
shoot, plant biomass,
and chlorophyll content
and decrease
malondialdehyde
content

Khan et al.
(2018)

(continued)
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Table 6.1 (continued)

S. no. Crop/plant Microbial strain Function/mechanism Reference

9. Wheat Bacillus
amyloliquefaciens
and Agrobacterium
fabrum

Induces ACC deaminase
activity and improve
grain or straw yield

Zafar-ul-Hye
et al. (2019)

10. Pepper mint (Pseudomonas
fluorescens
WCS417 r and
Bacillus
amyloliquefaciens
GB03)

Decrease in membrane
peroxidation and
increase antioxidative
enzymatic activities
higher enzymatic
activities were also
observed in drought-
stressed plants
inoculated with PGPR

Chiappero
et al. (2019)

11. Strawberry Endomycorrhizal
fungi

Enhanced
photosynthetic
efficiency

Borkowska
(2002)

12. Trigonella
foenum-graecum

Bacillus subtilis
LDR2, Ensifer
meliloti, and
Rhizophagus
irregularis

Reduce ACC and
improve mycorrhizal
colonization

Barnawal
et al. (2013)

13. Robinia
pseudoacacia

AMF Increase net
photosynthetic rate,
stomatal conductance,
transpiration rate, leaf C,
N, and P concentrations
but decrease intercellular
CO2 concentration

Yang et al.
(2014)

14. Cyclobalanopsis
glauca

Glomus mosseae
and Glomus
intraradices

Microbial colonization
increases superoxide
dismutase and
peroxidase activity,
maintains osmotic
adjustment, and
decreases proline
content

Zhang et al.
(2014)

15. Soybean
(Glycine max)

Septoglomus
constrictum and
Glomus sp.

Inhibit oxidative damage
to membrane and
increase chlorophyll
content, osmotic
metabolites

Grümberg
et al. (2014)

16. Maize (Zea mays
L.)

Rhizophagus
intraradices

Increase water uptake,
nutrient uptake and
relative water content

Zhao et al.
(2015)

17. Zenia insignis Funneliformis
mosseae,
Rhizoglomus
intraradices, and
Diversispora
versiformis

Enhance plant biomass,
osmolytes, and
antioxidative enzymatic
system

Zhang et al.
(2018)

(continued)
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is inhibited under drought stress, so plant is not able to absorb water and minerals.
Soil-associated microbiome plays a critical role in plant growth and productivity by
increasing the availability of mineral and nutrients (Kim et al. 2020). He et al. (2019)
exhibited that in water deficit stress, the inoculation of P. putaminum in licorice
(Glycyrrhiza uralensis) plant enhanced the shoot and total biomass and lessens the
root:shoot ratio. On the other side, inoculation of F. acuminatum diminished the total
root and shoot biomass levels and root:shoot ratio as compared to the control. Under
water deficient condition, plant growth promoting bacteria help to increase various
growth parameters and biomass of the plant. Growth, nutrition, water status, and
photosynthetic efficiency of the plant had a prominent possession on the mycorrhizal
colonization under water deficit conditions (Vurukonda et al. 2016). AM fungi
colonization increased growth, flower quality, and adaptation of rose plants under
drought stress, mainly at maximum level of drought stress via improving their water
use efficiency and photosynthetic status in arid and semi-arid regions (Abdel-Salam
et al. 2017). PGPR ameliorate the plant cell membranes stability by triggering the
antioxidant defense system, enhancing drought tolerance in plants.

AM fungal colonization remarkably enhances water uptake in different plants so
plant is able to maintain leaf water content and water potential in leaves under
drought stress. Mycorrhizal hyphae increase ground absorptive to leaf area ratio, so it
is helpful for water uptake and transport (Begum et al. 2019). Under drought stress

Table 6.1 (continued)

S. no. Crop/plant Microbial strain Function/mechanism Reference

18. Wheat (Triticum
aestivum L.)

AMF Increased RWC in leaf
and soil and
photosynthetic
efficiency

Mathur et al.
(2018)

19. Maize (Zea mays
L.)

Glomus versiforme Increase plant growth,
photosynthetic
efficiency, mineral
uptake, antioxidant
enzyme, and compatible
solutes

Begum et al.
(2019)

20. Carob
(Ceratonia
siliqua L.)

AM fungus Increasing the
availability of inorganic
solutes (P, K, Na, and
Ca), water content
uptake, soluble sugars,
stomatal conductance
and prevent oxidative
damage

Boutasknit
et al. (2020)

21. Glycyrrhiza
uralensis

Acrocalymma
vagum,
Paraboeremia
putaminum, and
Fusarium
acuminatum

Increase photosynthetic
efficiency and
antioxidative defense
system

He et al.
(2019)
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by hyphae elongation AMF have a strong ability to fix water uptake and improve
WUE resulting in enhanced hydraulic conductivity of roots of plants (Bahadur et al.
2019). AMF colonization enhances root density and biomass resulted in more water
uptake and WUE in entertainer plant. Microbes secrete exopolysaccharides which
help the plant hold water and enhance soil water retention capacity (Posta and Hong
Duc 2020). Soil microbes improve soil moisture under moderate drought conditions
as measured by ΨTLP, which had cataract effects on plant gas exchange during
drought. Plant species have lower ΨTLP able to withstand against leaf dehydration
and permit the plant to prolong photosynthesis under stress conditions (Bitterlich
et al. 2018). Non-AM and AM soybean plants were grown under well-watered or
drought-stressed conditions. AM plants were safeguard in opposition to drought
conditions shown more shoot biomass and leaf water potential (�1.9 MPa) than in
non-AM plants (�2.5 MPa) (Porcel 2004). AMF produce insoluble glue like
material called as glomalin, which helps in modification of soil structure so plant
water potential is increased under water deficit (Singh et al. 2012). Bacillus
licheniformis (FMCH001) affects growth and physiology parameters of maize
(Zea mays L. cv. Ronaldinho) under well-watered and drought-stressed conditions.
Plants inoculated with B. licheniformis FMCH001 manifested enhanced root dry
weight and plant water use efficiency as compared to uninoculated plants (Akhtar
et al. 2020). When wheat genotypes were inoculated with rhizobacterial strains
under drought increase in shoot (88%) and root dry weight (211%) compared to
the control under drought conditions (Mutumba et al. 2018). Azospirillum brasilense
Sp245 inoculation in wheat (Triticum aestivum) under drought stress exhibited more
grain yield and better mineral quality (Mg, K, and Ca), with refined relative and
absolute water content, water potential, apoplastic water fraction, and lower volu-
metric cell wall elasticity to increase drought resistance in plants (Creus et al. 2004).
Soil microbes amended drought stress in L. tulipifera by limiting reductions in leaf
water potential and by improving photosynthetic declines. But in A. saccharum, soil
microbes minimize drought stress by attenuating leaf water potential and there was
no significant change in photosynthetic efficiency (Kannenberg and Phillips 2016).
Mycorrhizal symbioses increase gas exchange and transpiration flux capacity of the
host plant. Under moderate drought stress, inoculation of Acinetobacter
calcoaceticus X128 in Sambucus williamsii improves photosynthetic rate, stomatal
conductance, intracellular CO2 concentration, and total chlorophyll content (Liu
et al. 2019). Maize inoculated with B. subtilis PRBS-1 exhibited reductions in
transpiration rate under normal conditions when compared to non-inoculated with
stress conditions. Under water stress, B. subtilis AP-3 or PRBS-1 inoculated maize
had 40% lower transpiration rate as compared to non-inoculated plants (De Lima
et al. 2019).

Under dry conditions due to loss in chlorophyll content and quantum yield, plant
stomatal conductance, CO2 assimilation, and photosynthetic efficiency are reduced.
When plant is subjected to drought condition, the photosynthetic rate reduced by
40% as well as 61% reduction in stomatal conductance, as results of prolonged
closure of stomata to prevent the loss of intracellular water content (Wang et al.
2018). AM colonization increases the rates of photosynthetic product and export by
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enhancing the number of photosynthetic units. Under drought stress concentrations
of chlorophyll a, b and chlorophyll a + b of mycorrhizal plants were 18.6%, 27.5%,
and 20.5%, respectively, higher as compared to non-mycorrhizal plants (Zhu et al.
2012). Water deficit demolishes the shape and role of PSII reaction center and
deranges electron flow in photosynthetic apparatus, AM colonization helps to
alleviate the unpropitious effects of drought stress on PSII reaction center and
improves photosynthetic efficiency (Dalal and Tripathy 2018). In maize plant
mycorrhizal colonization enhances Fv/Fm than in non-mycorrhizal plants under
drought stress results in increased maximal fluorescence, maximum quantum effi-
ciency of PSII photochemistry, and potential photochemical efficiency (Sheng et al.
2008). During water stress conditions when lettuce plant is co-inoculated with
endophytic selenobacteria Bacillus sp., Klebsiella sp., or Acinetobacter sp. and the
arbuscular mycorrhizal fungus showed tolerance to drought stress by enhancing
relative water content, stomatal conductance and improve photosynthetic pigments
such as chlorophyll and carotenoids (Durán et al. 2016). In Arabidopsis inoculation
with B. subtilis improves photosynthesis by the modulation of plant endogenous
sugar/abscisic acid signaling. PGPR help to enhance electron transport rate of PSII
thereby keep away from photooxidative damage of photosystem (Zhang et al. 2008).
Lactuca sativa plants inoculated with Bacillus megaterium, pigments like chloro-
phyll and carotenoids were decreased but consequently these pigments were
increased when B. megaterium co-inoculated with an arbuscular mycorrhizal fungus
(Marulanda-Aguirre et al. 2007).

6.4.2 Mineral Uptake and Mobilization

Drought stress causes soil moisture limitation and affects nutrient uptake and
mobilization in plant. During dry period dead microbial organism helps in nutrient
uptake and diffusion throughout the plant (Naylor and Coleman-Derr 2018). At the
time of dry conditions N concentration is decreased and P concentration is increased
in soil resulting to decoupling of N and P cycle. Most of the plants uptake nitrogen in
the form of inorganic nitrate or ammonium by NRT1 and NRT 2 transporters and
with a decline in moisture N and P uptake and transportation is decreased in soil
(Zhang et al. 2019). As such, plant absorbs potassium from soil by roots. In plasma
membrane proton pumps generate H+ electrical gradient, it provides motive force to
potassium ions to transport in plant cell (Ragel et al. 2019). Bacterial and fungal
inoculation helps to absorb, mobilize, and translocate various micro and macro
nutrients from dry soils. By the production and accumulation of organic acids and
siderophores, AMF and bacteria encourage availability and mobilization of nutrients
(Rashid et al. 2016). AMF help to boost up nutrient uptake and enhance availability
of zinc and copper in plants under drought conditions which leads to improvement in
photosynthate production and biomass accumulation (Coccina et al. 2019). PGPR
help to increase uptake and solubilization of phosphate and promote root develop-
ment in dry conditions. Azospirillum lipoferum inoculated with wheat seedlings
under drought stress shows better growth, water potential, and N content as
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compared to non-stressed condition (Arzanesh et al. 2010). AMF construct fungal
formations like arbuscules, which oblige in exchange of C, P, and various inorganic
minerals, eventually conveying a remarkable vigor to plants (Begum et al. 2019). In
Ephedra foliata Boiss AMF significantly enhanced the biosynthesis of
phytohormones and uptake of essential nutrients like K, Mg, and Ca under drought
stress, play role in cell division (Fahad Al-Arjani et al. 2019). Drought stress limits
the uptake of N and P in sunflower leaves and seeds. When sunflower plant is
inoculated with AMF Glomus mosseae and Glomus hoi, N and P concentration in
leaves and seed was increased as well as plant biomass and growth were also
increased (Gholamhoseini et al. 2013).

6.4.3 Redox Homeostasis and Membrane Stabilization

Under drought stress conditions reactive oxygen species (ROS) are produced in
plants results from disabled electron transport in mitochondria, plasma membrane
and chloroplast. H2O2 is produced from photorespiration and these ROS cause
oxidative stress in plants (Sharma et al. 2012). At lower levels, ROS act as second
messengers in stress signal transduction pathways in the cells, but in excess they
cause damage to biomolecules such as denaturation of protein, lipid peroxidation,
and mutation in nucleic acid (Tak and Asthir 2017). To cope up with oxidative stress
plant synthesizes antioxidative enzyme for detoxification of these ROS.
Antioxidants are categorized into enzymatic such as catalase, superoxide dismutase,
peroxidase, glutathione reductase and non-enzymatic includes ascorbate,
tocopherols, cysteine, and glutathione (Hasanuzzaman et al. 2019). Superoxide
free radicals can damage membrane lipids by lipid peroxidation; SOD transforms
superoxide free radicals into H2O2 and further catalase changes H2O2 into water and
oxygen.

Peroxidases fester H2O2 by oxidation of phenolic compounds by utilizing
guaiacol as electron donor in vitro (Birben et al. 2012). Inoculation with nitrogen
fixing bacteria Azotobacter and Azospirillum in soybean plants enhanced the cata-
lase, glutathione peroxidase activity, and superoxide dismutase activity during the
pod-filling stage under drought stress. Under water deficit condition, when soybean
plants were inoculated with bacteria, there were increase in Abscisic acid and proline
content during flowering stage. This interrelationship between antioxidant enzymes
and drought stress with bacteria revealed that antioxidant enzymes play a very
important role in mitigating the deleterious effects of drought conditions (Zakikhani
et al. 2012). Ascorbate and glutathione are powerful antioxidants and maintain
cellular homeostasis in plant tissue (Kurutas 2015). ROS such as superoxide,
peroxide, and hydroxyl radical are produced during drought stress and badly affect
plant growth and development. Superoxide and hydrogen peroxide arise when
molecular oxygen adventitiously oxidizes redox enzymes that normally transfer
electrons to other substrates. Rice seeds were inoculated with Bacillus
methylotrophicus RABA6 and yeast Candida tropicalis RAYN2. Plants inoculated
with Bacillus methylotrophicus RABA6 manifested more cell membrane stability,
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improved antioxidative status, and decreased ROS content under moisture stress
conditions (Punitha et al. 2019). Drought stress reduced the growth of rice plants but
when these plants inoculated with Trichoderma, Pseudomonas and their mixture cut
down the effect of watering mechanism. Microbial inoculated plant showed more
antioxidant concentration and high values of DPPH, ABTS, Fe-ion reducing and
chelation activity. Inoculated plants increased activity of peroxidase, ascorbate
peroxidase, glutathione peroxidase, and glutathione reductase enzymes under
drought stress (Singh et al. 2020). At water deficit condition Cecropia pachystachya
and Cariniana estrellensis seedlings inoculated with PGPB (Azospirillum brasilense
and Bacillus sp.) enhanced the antioxidant metabolism. A. brasilense mainly
enhanced ascorbate peroxidase and superoxide dismutase activities and has signifi-
cantly positive effect on non-enzymatic antioxidant compounds. Results revealed
that A. brasilense and Bacillus sp. inoculation had high impact on the non-enzymatic
pathway as compared to that in non-inoculated plants under drier conditions (Tiepo
et al. 2020). In Leymus chinensis and Hemarthria altissima grasses, AMF limit the
harsh influence of drought on plant growth and increased plant biomass, photosyn-
thetic rate, and superoxide dismutase activity in Leymus chinensis and decreased
malondialdehyde content under moderate drought (Li et al. 2019). Citrus (Citrus
tangerine) was inoculated with arbuscular mycorrhizal fungus Glomus versiforme
under well-watered and water stress conditions. Citrus roots with AM exhibited
minimum malondialdehyde hydrogen peroxide and superoxide radicals whether
superoxide dismutase, guaiacol peroxidase, and glutathione reductase were signifi-
cantly more in AM than in non-AM roots. Water deficit AM roots indicated
increased levels of ascorbate and GSSG which helps plant to withstand against dry
conditions (Wu et al. 2006).

Oxidative stress damage membrane integrity of the cell causes peroxidation of
polyunsaturated fatty acids and produced malondialdehyde (Ayala et al. 2014).
Soybean plant was grown inoculated with AM fungi and well-watered or drought-
stressed conditions. Water scares AM plants had 55% lower lipid peroxidation in
shoots than in droughted non-AM plants. AM symbiosis maintained osmotic adjust-
ment in roots and protect the plants against oxidative stress (Porcel 2004). Lipid
peroxidation enhances permeability of membrane and electrolyte leakage of the ions
ultimately damages cell membrane system. Mycorrhizal symbiosis alleviated the
dismissive effects of electrolyte leakage resulted by drought stress in finger millet.
AM fungi Rhizophagus intraradices and Piriformospora indica inoculation effec-
tive to mitigate water stress by reducing the electrolyte leakages, malondialdehyde
and hydrogen peroxide content (Tyagi et al. 2017). Gluconacetobacter
diazotrophicus Pal5 inoculation mitigates drought stress in red rice by decreasing
the malondialdehyde content and causes less damage to plasma membrane
phospholipids. Bacterial inoculation with G. diazotrophicus has a capacity to regu-
late the plant safeguarding against drought stress by increasing the expression of sod,
gor, cat, P5CR, and BADH genes in leaves of rice plants (Filgueiras et al. 2019).
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6.4.4 Osmolytes Regulation

Some plants have capability to cope up with adverse conditions mainly in dehydra-
tion. Under drought or temperature stress osmoregulation is the main adaptive
mechanism, which decreasing cellular water potential by accumulation of different
osmoprotectants such as sugars, proline, glycine betaine, and sugar alcohols (Chen
and Jiang 2010). Osmolytes or osmoprotectants are small, electrically neutral,
nontoxic molecules, and extremely soluble organic compounds that conserve
osmotic pressure in plant tissue and stabilize proteins and lipid membranes under
various stress conditions (Zulfiqar et al. 2019). During drought conditions osmolytes
decrease the cellular water potential and inhibit the loss of water. Proline is the most
common osmolyte which accumulates in cytoplasm, scavenge the free radicals and
stabilize protein structure, integrity of membranes by regulate the cellular homeosta-
sis in water dedicate conditions (Hayat et al. 2012). When green gram (Vigna
radiata) subjected to drought and inoculated with Pseudomonas fluorescens Pf1
and Bacillus subtilis EPB5, EPB22, EPB 31 exhibit more proline accumulation in
Pf1 inoculated plants contrasted to untreated plants (Saravanakumar et al. 2010).
Tomato (Lycopersicon esculentum Mill) cv. Anakha inoculated with Bacillus
polymyxa shows increase in proline accumulation to mitigate drought conditions
(Shintu and Jayaram 2015). Maize is inoculated with group of Azospirillum isolates,
Az19 strain increased 11.6 times the roots proline content as compared to uninocu-
lated controls under water scarce conditions. Under drought plant inoculated with
Bacillus strains enhanced proline content by upregulation of genes for P5CS, plays a
chief role in proline biosynthesis (Oliveira et al. 2017). Soybean inoculated with
AMF showed more proline accumulation in roots than in shoots under water scarce
condition exhibit a positive symbiosis of mycorrhiza under stress (Begum et al.
2019). Higher content of proline, glucose, and total soluble protein in
AMF-inoculated E. foliate plants furnishes ability to withstand against drought stress
(Fahad Al-Arjani et al. 2019).

Glycine betaine is an electrically neutral, soluble, and nontoxic osmolyte which
raises intracellular osmolality; maintains cellular integrity when cellular tissue
imposed to stress conditions (Burg and Ferraris 2008). Glycine Betaine is
synthesized by oxidation of choline by choline monooxygenase and betaine alde-
hyde dehydrogenase enzymatic reactions. Under water deficit conditions PGPR
strains Klebsiella variicola F2 (KJ465989), Raoultella planticola YL2
(KJ465991), and Pseudomonas fluorescens YX2 (KJ465990) positively influence
the accumulation of choline and glycinebetaine in maize leaves. These PGPR strains
maintained the osmotic adjustment in the cells by accumulations of choline and
subsequent GB, resulting in amelioration of water or nutrient mobilization and plant
growth in maize under drought stress (Gou et al. 2015). When Arabidopsis
inoculated with Bacillus subtilis (strain GB03) expression of PEAMT gene is
induced and increased choline and glycine betaine synthesis to enhance plant
tolerance under osmotic stress (Zhang et al. 2010). Fungal isolates, viz.,
UASDAMFS15, UASDAMFS25, and UASDAMFS36 increased glycine betaine
with water stress conditions in soybean and revealed that glycine betaine as a
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constructive osmolyte increased under drought conditions and helps to stabilize and
maintain membrane integrity under adverse conditions (Konnur et al. 2019).
Polyamines are low molecular weight aliphatic nitrogenous bases consisting of
two or more amino groups and play key roles in environmental stress retaliation.
AMF also regulate polyamines metabolism to protect plant cells from the adverse
effects of drought by increasing the antioxidant defense system, maintaining cellular
pH and redox homeostasis under drought stress (Chen et al. 2019). Under restricted
irrigation, Rhizobium japonicum, Azotobacter chroococcum, and Azospirillum
brasilense and mixture of them showed increase in putrescine and spermidine
polyamines to cope up with water stress conditions (Zahedi and Abbasi 2015).

Sugars act as osmolytes and accumulate in plants, maintain osmotic adjustment
under stress conditions. Soluble sugars such as sucrose, hexose, trehalose, and sugar
alcohols act as the osmoprotectants and help plant to maintain cellular structure,
proficiency of photosynthesis and build up antioxidative system in the stress
conditions (Gangola and Ramadoss 2018). Wheat seedlings treated with Bacillus
were disclosed to drought stress, Bacillus inoculated wheat plants have more sur-
vival capacity in stress conditions by accumulation of amino acids, organic acids,
and sugars in the cellular tissue (Abd El-Daim et al. 2019). Trehalose is a
non-reducing sugar acts as osmolyte by maintain and stabilize membranes and
enzymes. In maize plant increased trehalose content under drought conditions and
mitigate the stress when inoculated with A. brasilense (Iordachescu and Imai 2011).
AMF and plant growth promoting bacteria such as Azotobacter chroococcum and
Azospirillium lipofrum help to mitigate the drought stress effects in walnut plants by
increased osmoprotectant such as proline, total soluble sugar, and starch content
(Behrooz et al. 2019). Transgenic rice was generated by fusion of E. coli gene for
trehalose-6-phosphate synthase/phosphatase and ABA-inducible promoter. This
transgenic rice showed better tolerance under drought, saline, and alkaline
conditions and increasing relative water content, chlorophyll content, and photosyn-
thetic efficiency (Joshi et al. 2019).

6.4.5 Hormonal Regulation and Volatiles

Phytohormones regulate plant growth, cell elongation and enlargement to escape the
plant from stressful conditions (Takatsuka and Umeda 2014). During stress PGPR
and AM fungi trigger the biosynthesis of metabolites and auxin, gibberellins,
cytokinin, ABA, jasmonic acid, and salicylic acid plant growth regulators which
affect plant survival, growth, and development (Egamberdieva et al. 2017). IAA, a
naturally occurring auxin in plants performs an important role in tissue culture in
root initiation. During drought conditions, soil microbes increase the biosynthesis of
IAA, which increases the formation of adventitious roots and root hair for absorption
of nutrients and water to mitigation of water loss from plants (Kim et al. 2020).
Azospirillum symbiosis with wheat decreases leaf water potential due to biosynthesis
of IAA plant hormone helps to boost up growth of root and growth of lateral roots to
enhance water uptake and nutrients absorption under drier conditions (Arzanesh
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et al. 2010). Bacillus sp. (12D6) and Enterobacter sp. (16i) these two PGPR strains
were inoculated with wheat and maize rhizosphere, help to reduce the negative
effects of drought. Results revealed that both bacteria strains start biosynthesis of
IAA and salicylic acid during drought, which alter the root system and increase root
length, surface area, and branching of roots as compared to uninoculated plants
(Jochum et al. 2019). Tomato seedlings are treated with A. brasilense, induce nitric
oxide gas (NO) which enhanced IAA production. During IAA biosynthesis, NO acts
as a signaling molecule and indirectly enhances the adventitious root emergence in
tomato plants (Molina-Favero et al. 2008). During drought stress, Ensifer meliloti
IAA-overproducing RD64 derivative strains (Ms-RD64) nodulated with Medicago
sativa exhibited that nitrogenase enzymatic activity is increased in inoculated plant
and they were less damaged as compared to control due to drought stress. Endoge-
nous IAA level and osmolyte content were increased in Ms-RD64 nodulated plants
to cope up with drought stress (Defez et al. 2017). AM fungi inoculated with
trifoliate orange stimulate IAA biosynthesis and root hair growth under drought
conditions. AM treated seedlings showed increased root length and diameter,
whereas PtYUC3 and PtYUC8 induced IAA biosynthesis and down regulate tran-
scription factors of auxin efflux under drought stress (Liu et al. 2018).

PGPR inoculation which helps to increase biosynthesis of cytokinin under water
stress conditions has a crucial role in cell division, proliferation, and delaying in
senescence and abscission (Olanrewaju et al. 2017). During gain filling stage of plant
if plant is exposed to water stress, cytokinin helps plant to stay green to exhibit
against drought stress. Under drought stress Bacillus subtilis inoculated with seed-
ling of Platycladus orientalis (oriental thuja) had more relative water content and
leaf water potential compared with uninoculated plants. Bacillus inoculated plants
raised cytokinin and ABA hormone in shoots which gives benefit to plants under
drought stress (Liu et al. 2013). Lettuce seedling inoculated with cytokinin produc-
ing bacteria under water deficit conditions, plant showed more root and shoot
biomass, stomatal conductance was hindered due to increases of ABA concentration
(Arkhipova et al. 2007). ABA is known as a stress hormone and it provides the
capability to plants to cope up with specially drought stress by stomatal regulation,
reduce leaf expansion and root development. Under stress conditions ABA enhanced
the synthesis of various osmolytes and maintains the turgor pressure of plant under
dehydration (Fahad et al. 2017).

Ethylene is also known as ripening hormone; it regulates the leaf senescence or
abscission and protects plant from harsh environmental conditions.
1-aminocyclopropane-1-carboxylate (ACC) acts as precursor in ethylene biosynthe-
sis (Iqbal et al. 2017). At the time of drought stress soil microbes induce ACC
deaminase enzyme which inhibits the ACC activity for ethylene synthesis. Under
drought stress, endogenous ethylene controls the plant shoot and root length and
maintains homeostasis of plant (Glick 2004). Rhizobacteria—Ochrobactrum
pseudogrignonenseRJ12, Pseudomonas sp.RJ15, and Bacillus subtilisRJ46 produce
ACC deaminase enzyme in Vigna mungo L. and Pisum sativum L. under drought
stress and enhanced germination percentage, root and shoot length. These strains
decreased ACC accumulation and ACC oxidase enzyme in roots to improvement of

6 Drought Stress Alleviation in Plants by Soil Microbial Interactions 149



plant under drought (Saikia et al. 2018). Integrated application of ACC deaminase
generating PGPR and biochar decreased negative effects of drought in wheat and
maintains moisture status in plants in its life cycle. Colonization of E. cloacae and A.
xylosoxidans with maize decrease the ethylene biosynthesis by ACC deaminase
results in better root elongation for uptake of nutrients and alleviate negative impact
of drought stress. These bacteria strain increased yield, photosynthetic capacity,
stomatal conductance, and pigment contents (Danish et al. 2020). Bacteria strain
which produce ACC deaminase isolated from jujube (Ziziphus jujuba) enhanced
plant biomass and relative water content in and make capable plant to survive in
drought conditions (Zhang et al. 2020).

Late embryogenesis abundant proteins and microbial volatile organic compounds
(VOCs) influence the plant growth and development under drought stress condition
and provide tolerance to plant (Kaushal and Wani 2015). These VOCs act as
signaling compounds for priming and systemic responses in the host and its neigh-
boring plants. Some PGR like Pseudomonas aeruginosa strain Pa2 secreted
exopolysaccharides which increase bacteria ability to perpetuate soil structure and
moisture for drought tolerance (Ojuederie et al. 2019). PGPR such as Bacillus,
Fusarium Arthrobacter, and Pseudomonas produce VOCs like 2-pentylfuran,
3-hydroxy-2-butanone, and 2,3-butanediol and help plant to cope up with drought
in Arabidopsis and tobacco (Park et al. 2015). Some VOCs are also emitted by
Fusarium oxysporum and Verticillium dahliae to protect the host plant from variety
of environmental stresses (Brilli et al. 2019). Spermidine is a polyamine secreted by
B. megaterium BOFC15 which enhanced biomass, photosynthetic efficiency in
Arabidopsis plant under drier conditions (Zhou et al. 2016). Pseudomonas
chlororaphis O6 colonizes in rhizosphere and produces 2R, 3R-butanediol VOCs
which inhibit water loss from plant under drought stress (Vurukonda et al. 2016).
PGPR secrete dimethylhexadecylamine and an indole volatile compounds which
increase root length and hairs in A. thaliana plants to mitigate drought stress
(Ojuederie et al. 2019).

6.5 Conclusion and Future Prospective

From last decade a lot of study had been done in laboratory and in the natural
conditions, that soil microbe interactions with plant are beneficial for overall devel-
opment of plant. Conventional plant breeding or genetic engineering techniques are
being adopted to produce stress tolerant variety, but if the plant has to be saved from
stress in a short time, then soil microbe is a better option; these are proving to be an
easy and inexpensive medium to cope up with stress. Soil microbes such as PGPB,
mycorrhizal fungi, and actinomycetes colonized with roots to give out the tolerance
against abiotic stresses. PGPB and AMF can act as capable stress attenuators in
plants and increase the sustainable abiotic stress management during these changing
climatic conditions. Among the entire stresses drought is a severe environmental
constraint under this changing climatic conditions and soil microorganism helps to
provide tolerance and adaptation to plants by alterations in soil properties, increasing
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antioxidative system, by accumulation of osmolytes and cross talk of hormone and
volatiles.

By synthesis of various hormones, production of ACC deaminase enzyme and
secretion of EPS are important mechanisms that help plant to withstand against
drought conditions. Various soil microbes increase defensive enzymes, metabolite
like phenols and inhibit ethylene biosynthesis in plants to fight biotic and abiotic
stresses. AM fungi colonization plays a key role under drought stress by osmolyte
production, antioxidative enzymes, and enhanced nutrient uptake or plant biomass.
Further research work should be carried out to create mycorrhizal field crops under
different adverse conditions. This chapter describes various types of microorganisms
that support plants in stress conditions and give the plant the courage to stand against
the stress. In field condition, there is a need to explore diversity of novel microbes
colonization with roots which gives strength to plant against biotic and abiotic
stresses. There is also a need to pay attention on data generation on omics-based
by following genomics, metagenomics, and proteomics approach mediated studies
on particular plant–microbe abiotic stress will be demanded to sort out the reason
beyond the stress tolerance mechanisms in plants.
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Role of Nitrogen-Fixing Microorganisms
for Plant and Soil Health 7
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Abstract

With increasing global demand for both food and energy, the importance of
microorganism based soil and plant health management has been widely consid-
ered. Nitrogen-fixing microorganisms, together with the contribution from plants
and soil, can fulfill the nitrogen requirements of plants in different ecosystems.
Such nutrient requirements are met either completely or partially, while
maintaining soil sustainability. Symbiotic nitrogen fixation, associative and
free-living nitrogen-fixing microorganisms can convert atmospheric nitrogen
into ammonia, providing nitrogen to the plant while enhancing plant yield.
Moreover, nitrogen fixation can indirectly affect the soil nitrogen pool and enrich
microbial diversity in the soil to support soil health. These diverse nitrogen-fixing
microorganisms have various mechanisms for fixing nitrogen, which contribute
favorably towards the sustainability of plant and soil health.
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7.1 Introduction

Nitrogen is an essential element that contributes to plant development and growth.
Although 78% of the atmosphere is comprised of nitrogen gas, plants are unable to
capture it directly. However, the available nitrogen is taken up by plants, through
their roots, in the form of ammonium and nitrates. Therefore, it can be seen that soil
properties, especially chemical properties, directly influence plant growth. Evi-
dently, the low bioavailability of nitrogen in soil is a limiting factor for plant growth
and has negative effects on plant health. However, some prokaryotes, collectively
named as diazotrophs, possess the ability to convert atmospheric nitrogen into more
bioavailable forms (Franche et al. 2009), which fulfill the nitrogen requirement in
plants, while enriching the soil nitrogen pool. Therefore, the diazotrophs, the plants,
and the soil have a collective function toward sustainability (Fig. 7.1).

Nitrogen fixation rates of diazotrophs are different according to the several factors
such as host type, physical, chemical, and biological characters of soil and host.
Among biological nitrogen fixation (BNF), symbiotic nitrogen fixation can range up
to 60% of the total annual N input. In contrast, associative nitrogen fixation only
ranges up to 30–55% fixation (Wewalwela et al. 2020). This indicates that the
contribution of BNF towards soil and plant health is significant.

Soil health is attributed to soil fertility and is considered a vital characteristic of
good soil. A soil health can be defined using physical, chemical, and biological
properties, and it is assumed that soil is a living system. Interactions that take place
between different processes and properties of soil, along with the effect due to the
activity of soil microbiota, are believed to influence the soil health immensely (Yang
et al. 2020). Therefore, in microbiological aspect, soil health can be defined as the
capacity of a living soil to function (Gothwal et al. 2008) and plant health is mainly
influenced by the rhizosphere soil microbiome and endophytic microbiome (Puri
et al. 2020). Moreover, soil health is the capacity of soil to promote animal, and plant
health while maintaining the quality of the environment and sustaining biological
productivity (Doran and Parkin 1994). Soil health and plant health are related to each

Fig. 7.1 Interactions between nitrogen fixing microorganisms for plants and soil health
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other and plant health is the ability of a plant to exist in a physiologically stable
manner and perform its function. Several factors of the soil environment effect for
microbial community assembly around plant by forming diverse interactions
between soil, plants and microbes. Plants can actively communicate with the
surrounding environment of rhizosphere to horizontally transfer microbial commu-
nity for sustained growth and plant health (Hardoim et al. 2015).

Both plants and nitrogen-fixing microorganisms obtain their nutrients from soil.
They change the soil properties by secreting metabolites and via nitrogen enrich-
ment, respectively. Nitrogen-fixing microorganisms in the form of symbiotic, asso-
ciative and free living have a range of direct methods by which to fix nitrogen. Plants
communicate with nitrogen-fixing microorganisms through metabolites exuded by
the plant roots.

Plants are also influenced extensively by the rhizosphere microbiome, which is a
complex assembly of organisms that result in marked changes in plant growth.
Considering a more biological approach, such as nitrogen fixation, as an alternative
to synthetic fertilizer is, therefore, a feasible option for improving soil and plant
health. A variety of symbiotic (Rhizobium sp.) and non-symbiotic bacteria such as
Azotobacter, Azospirillum, Bacillus, and Klebsiella sp., (Singh et al. 2017) are being
closely examined and utilized to enhance plant and soil health (Matse et al. 2020;
Ramasamy et al. 2020).

7.2 Biological Nitrogen Fixation

Biological nitrogen fixation is the process where atmospheric nitrogen is
incorporated into plant tissues by the action of nitrogen-fixing organisms. In the
pathway of biological nitrogen fixation, inert nitrogen gas is converted to ammonia
(NH3) under micro-aerobic conditions (Fig. 7.2). The process of BNF is driven by
prokaryotes, which contains both eubacteria and archaea (Zehr et al. 2003). Nitrogen
fixation microorganisms can be categorized as symbiotic and associative/free living
(Fig. 7.3).

7.2.1 Symbiotic Nitrogen Fixation

Symbiotic nitrogen fixation is a property common to a limited number of bacterial
groups, such as the genera Rhizobium, Mesorhizobium, Sinorhizobium,
Bradyrhizobium, and Azorhizobium (collectively known as rhizobia) and Frankia.
The plants, which are symbiotically associated with rhizobia (associate with
legumes) and Frankia (with actinorhizal plants), have the potential to strive in

Fig. 7.2 The optimum stoichiometry of BNF
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marginally fertile soils. These plants can be considered as pioneer species of early
plant community development. The process of BNF requires nitrogen gas,
molybdenum-ferrous (Mo-Fe), and ferrous (Fe) proteins reductant (flavodoxin,
ferredoxin, or sodium dithionite), magnesium-adenosine tri phosphate (MgATP
plus an ATP-regenerating system) and an anaerobic environment or aerobic envi-
ronment which is protected from oxygen damage.

7.2.2 Invasion and Infection

7.2.2.1 Release of Flavonoids
Legume rhizobium symbiosis initiates with the molecular dialog between rhizobia
and the host plant. Flavonoids which are secreted by legume roots into the rhizo-
sphere act as primary signals to rhizobia (Graham 1991; Dong and Song 2020). They
are polyaromatic secondary metabolic products of central phenylpropanoid pathway
(Ververidis et al. 2007). Central chalcone is the precursor of all the flavonoid
derivatives (Selepe and Van Heerden 2013).

Flavonoids affect legume root nodulation via

– Inducing nod gene transcription (Firmin et al. 1986; Jiménez-Guerrero et al.
2018).

– Promoting movement of compatible rhizobia towards the legume roots—
chemoattractant (Mathesius 2019).

– Enhancing the growth rate of bacterial cells (Coskun et al. 2017).

It has been reported that the release of flavonoids is specific to each legume
species (Liu and Murray 2016).

Fig. 7.3 Two groups of nitrogen fixing microorganisms of symbiotic nitrogen fixing species and
associative and free-living microorganisms
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7.2.2.2 Nod Factor
Flavonoid perception in rhizobia is facilitated via NodD protein (Moscatiello et al.
2010), where sensitivity of Rhizobium for flavonoids is associated with the increase
in cellular calcium concentration, which induces the expression of NodD. NodD
proteins activates bacterial nodulation genes (nod, nol, noe) which are located in
pSyms (indigenous plasmid) in fast growing and on the chromosome of slow
growing rhizobia (Banfalvi et al. 1981).

The role played by proteins encoded from nodulation genes is crucial for Nod
Factor synthesis and secretion. Nod Factors are lipochitooligosaccharides (LCOs)
signals (Fliegmann and Bono 2015; Kamst et al. 1998). The structure of Nod factors
was first determined in 1990 for Sinorhizobium meliloti (Lerouge et al. 1990).
Currently, different structures of Nod factors produced by most other rhizobia
have been identified. Rhizobia produce a mixture of Nod factors and the environ-
mental conditions affect the composition (Geurts et al. 2005).

The specificity of legume rhizobia interaction is due to structural variability of
Nod factor and the nature of plant flavonoid signal. The Nod factors identified from
different rhizobial species differed in the number of glucosamine residues, the length
and saturation of the acyl chain, and the type of modification present on the basic
backbone (Dénarié et al. 1996). The host specific modifications observed were due to
the addition of different groups such as sulphuryl, methyl, carbamoyl, acetyl,
fucosyl, and arabinosyl to different positions of the backbone (Mathesius 2019;
Perret et al. 2000).

7.2.2.3 Nod Factor Perception
Differences among Nod factors and their specificity of perception by leguminous
plants confer the host-bacterial specificity of legume rhizobium symbiosis (Dénarié
et al. 1996). Nod factor receptors are suggested as being located in the plasma
membrane (Kalsi and Etzler 2000). Literature supports that, at very low
concentrations (picomolar concentrations) in the absence of Rhizobium bacteria,
purified Nod factors are able to promote root hair depolarization (Ehrhardt and
Atkinson 1992), root hair deformation (Heidstra et al. 1994), and primordium
formation (Truchet et al. 1991). Moreover, it has suggested that Nod factors are
recognized by a high affinity receptor (Heidstra and Bisseling 1996). Experiments
have shown that Nod factors can bind to lectin nucleotide phosphohydrolase (LNP),
and further analysis with specific antibodies against LNPs suggest that, LNPs have a
role to play in the early steps of nodulation (Etzler et al. 1999). However, more
research need to be done on understanding the function of LNP as a receptor on
binding to Nod factor.

Epipolarization microscopy of radioactively tagged Nod factors (Heidstra et al.
1994), immunolocalization of fixed nodules (Timmers et al. 1998), fluorescence
microscopy of fluorescent Nod factor derivatives (Gadella Jr et al. 1997), and
fluorescence correlation spectroscopy (FCS) were used to study the behavior of
Nod factors on legume root hairs. The diffusional behavior (Goedhart et al. 2000) of
fluorescent Nod factor analogues have been examined on living Vicia sativa root
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hairs using FCS. The study has revealed that Nod factors are predominantly located
in the cell wall.

7.2.2.4 Responses to Nod Factor
One of the initial responses observed in the plant to Nod factor (Ehrhardt and
Atkinson 1992) are ionic fluctuations that take place across the plasma membrane
of epidermal root cells. Changes in the levels of calcium present in the root hair cells,
under the influence of Nod factors, have been reported in several studies (Kurkdjian
1995; Shaw and Long 2003). After the addition of Nod factors to legume roots, there
were two phases of ionic changes that were observed in the root hair cells (Oldroyd
and Downie 2004).

1. rapid influx of Calcium——immediately after the membrane depolarization.
2. calcium spiking—some minutes later.

It suggests that Ca+2 influx triggers activation of an anion channel which stops
depolarization and initiates repolarization. The increase in Ca+2 concentration at the
tip of a growing root hair creates a Ca+2 gradient along the root hair.

7.2.2.5 Root Hair Curling
After secreting the Nod factor, the next step is invasion of rhizobia. Developmental
changes such as root hair deformation, membrane depolarization, intracellular cal-
cium oscillations, and the initiation of cell division at the root cortex are induced by
Nod factors (Verma 1992). As a result, under the influence of Nod factor, the
cytoarchitecture and cytoplasmic streaming of the root hair change resulting in
deformed root hairs (Heidstra et al. 1994).

At first a deformed root hair forms a bend which traps the bacteria attached to the
root hair (Timmers et al. 1999). There are subsequent changes in actin and microtu-
bule components present in the root hair cytoskeleton, after being exposed to
compatible rhizobia. Nevertheless, the role that these bacteria play in infection
thread growth is still under research. The presence of active cytoplasmic streaming
at the tip region of extending threads supports the idea that there is a role that plant
cytoskeleton plays in the growth of infection threads (Perrine-Walker et al. 2014).

7.2.2.6 Nodule Organogenesis
The root cortical cells start to divide, resulting in a cell mass that contains the nodule
primordium. The cell division takes place before the infection thread reaches the
base of the root hair cell and leads to the accumulation of a large amount of
amyloplasts (Crespi and Gálvez 2000). The root cortical cells are the first to receive
the intracellular bacteria that eventually differentiate into nitrogen-fixing bacteroids.
Then the cells of the middle cortex divide, which contributes to form the nodule
meristem (Gage 2004). The infection thread crosses the outer cell layers to reach
the nodule primordium (Crespi and Gálvez 2000). The rhizobial populations in the
tubule start to increase as the rhizobia inside the thread grow and divide. As the
thread continues to branch, it enters the nodule primordium, leading to an increase in
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the number of sites which are infected by rhizobia. This ensures that most of the
nodule cells are colonized by rhizobia (Haynes et al. 2004). Through endocytosis,
the rhizobia are released from the tip of the infection thread into bacteroids (Hirsch
1992; Puppo et al. 2005). During the endocytosis, rhizobia are enclosed by a
membrane derived from the plant (Hernández et al. 2004). It has been shown that
the small GTPases of the Rab family and by phosphatidylinositide signaling
molecules are responsible for regulating the movement of the vesicles (Jürgens
2004). However, further research has to be conducted in order to determine whether
a plant or bacterium is responsible for the degradation. With the bacteria enclosed in
a plant cell membrane, a new structure called a symbiosome is produced (Garg 2009;
Roth et al. 1988).

There are two types of nodules, named determinate and indeterminate nodules. In
determinate nodules, bacteroids are further divided within the symbiosome or
individual symbiosomes fuse resulting in symbiosomes that contain several
bacteroids. However, in indeterminate nodules, individual symbiosomes are further
divided into single bacteroids which exist within the symbiosome (Prell and Poole
2006).

As the nodule and infection thread continues to grow, a highly branched network
called an infection zone develops (Gage 2004). In-depth details related to the
propagation of infection thread networks in the nodule is yet to be discovered.
Symbiosome consists of the symbiosome membrane, bacteroid, and symbiosome
space. A specialized membrane called the symbiome membrane forms a structural
and functional interface between the legume and its bacterial counterpart (Lodwig
et al. 2003). The proteins that are present in the symbiome membrane are involved in
the transport, metabolism, nodule formation, and signaling processes. As the root
nodule enlarges the symbiosome membrane is synthesized in order to accommodate
proliferating bacteroids. Considering the energy requirement for symbiosome mem-
brane synthesis, it is reported to be about 30 times greater than that required for
plasma membrane synthesis (Catalano et al. 2004).

7.2.3 Regulation of Nitrogen Fixation

Nitrogen fixation is controlled by nif gene expression (Table 7.1). Nitrogen fixation
is a highly, energy demanding process therefore the first regulatory factor is the fixed
nitrogen status. The nif genes are expressed in response to changes in the environ-
ment via different regulatory mechanisms. These mechanisms differ for different
genera and species of bacteria (Hübner et al. 1991; Singh et al. 2014).

Oxygen availability also plays an important role as nitrogenases are highly
sensitive toward oxygen damage. One mechanism to maintain a low internal O2

concentration is to respire at very high rates is, e.g. Azotobacter vinelandii (Dalton
and Postgate 1968; Oelze 2000). Formation of transient protein aggregate with
nitrogenase is another mechanism to provide protection against oxygen damage
(Oelze 2000). This provides a conformational protection by formation of a complex
between FeSII protein and nitrogenase under high intracellular oxygen levels
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(Moshiri et al. 1995; Ureta and Nordlund 2002). In some filamentous cyanobacteria
(order Nostocales), nitrogenase is only synthesized in the specialized structures
(heterocysts) that do not produce O2, e.g. Anabaena sp., Nostoc sp. (Fay 1992;
Flores et al. 2019; Neilson et al. 1971).

To control nitrogen fixation process, many diazotrophic bacteria have developed
regulatory cascades. Rhizobia are members of the α-proteobacteria which comes
under the order Rhizobiales. In proteobacteria, nitrogen fixation is regulated at three
levels. At first, the status of the fixed nitrogen is sensed by the nitrogen regulation
system (Ntr system). When the level of fixed nitrogen is low, it leads to the
expression of the nifA gene, which codes for the central activator protein of all the
other nif genes (Dixon and Kahn 2004). There are three proteins in the Ntr system;
UTase/UR enzyme (GlnD), the PII signal transduction protein, and the
two-component regulatory system NtrB/NtrC. Under low nitrogen conditions NtrC
phosphorylates and initiates the transcription of the nifA gene. As the central
regulator of nitrogen fixation, the NifA protein activates transcription of all the

Table 7.1 nif gene and functions (Li and Chen 2020; Richau Kerstin et al. 2017; Rubio and
Ludden 2005)

Gene Structure Function

nifH Fe-protein subunit FeMo biosynthesis

nifD Mo-Fe α-subunit Cofactor of holoprotein α 2β2 tetramer

nifK Mo-Fe β-subunit MoFe cofactor biosynthesis

nifB Mo-Fe β-subunit FeMo cofactor biosynthesis

nifE Mo-Fe β-subunit FeMO cofactor biosynthesis. Forms α 2β2 tetramer with
nifN gene product

nifN FeMo protein Processing of Mo

FeMo protein Encodes a homocitrate

nifA FeMo protein Positively regulates the activity of nif transcription

nifL FeMo protein Negatively regulates the activity of nif transcriptase

nifF Flavodoxin Physiological reduction of Fe-protein

nifJ Pyruvate flavodoxin
oxidoreductase

Reduction of Flavodoxin

nifM Pyruvate flavodoxin
oxidoreductase

Activity of Fe-protein

nifS Pyruvate flavodoxin
oxidoreductase

Processing of MoFe protein

nifU Pyruvate flavodoxin
oxidoreductase

Processing of MoFe protein

nifY Pyruvate flavodoxin
oxidoreductase

Processing of MoFe protein but not required for
diazotrophic growth

nifT Unknown Not required for diazotrophic growth

nifW Unknown Required for full activity of MoFe protein

nifZ Unknown Required for full activity of MoFe protein

nifX Unknown Involved in FeMo cofactor biosynthesis

168 J. J. Wewalwela et al.



other nif genes in proteobacteria (Dixon and Kahn 2004), e.g. structural genes of
nitrogenase, nifHDK, and all the other nif genes.

The activity of the NifA is impaired in response to the increase in NH4
+ and O2.

NifA proteins can be divided into two classes: O2-sensitive NifA proteins,
e.g. Bradyrhizobium japonicum NifA and O2-tolerant NifA proteins,
e.g. Klebsiella. pneumoniae NifA (Marchal and Vanderleyden 2000; Unden et al.
1995). Moreover, the regulatory systems of diazotrophic bacteria have the ability to
rapidly and reversibly regulate nitrogenase activity in response to abrupt changes
that take place in the environment (Halbleib and Ludden 2000).

7.2.4 Free Living and Associative Nitrogen Fixation

Other than by microbes in symbiotic associations, free-living microbes and microbes
associated with non-nodulating plants, e.g. grass family (Poaceae) are also capable
of fixing atmospheric nitrogen. In free-living nitrogen fixation, microbes fix nitrogen
without a host, but in associative nitrogen fixation microbes enter to their host
without forming external structures such as nodules. Diazotrophic bacteria has
found in association with sugarcane, rice, maize, and tropical grasses (Monti 2012;
Roley et al. 2018; Shrestha and Maskey 2005). When it comes to nitrogen fixation,
free living and associative diazotrophs also have certain constrains to overcome.
Some of these issues are, to optimize nitrogen fixation while managing the oxygen
sensitivity of nitrogenase, to meet the energy demands of the fixation, to supply
metals for the metal enzymes, and to utilize the remaining fixed nitrogen before
fixing atmospheric nitrogen.

7.2.4.1 Free-Living Diazotrophs

7.2.4.1.1 Azotobacter vinelandii
Azotobacter vinelandii is considered as an important model system to study nitrogen
fixation performed by free-living diazotrophs (Rubio and Ludden 2008). It fixes
atmospheric nitrogen via oxygen sensitive Mo nitrogenase. Two mechanisms have
been suggested to protect nitrogenase from oxygen inactivation. They are called
respiratory protection and conformational protection. Respiratory protection is
extremely higher respiration rates to maintain intracellular free oxygen at
concentrations lower enough to so as nitrogenase is not affected (Thorneley and
Ashby 1989). Protection of nitrogenase from oxygen damage is named conforma-
tional protection. In this state the protein components are inactive, but become active
when the redox environment become favorable for nitrogenase function. It is
suggested to achieve by the formation of a complex with FeSII protein (shethna
protein) (Becking 1981; Maier and Moshiri 2000).

7.2.4.1.2 Cyanobacteria
Cyanobacteria are photosynthetic prokaryotes, which consist of unicellular forms to
branched filamentous structures. They contribute greatly towards nitrogen economy
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in both aquatic and terrestrial ecosystems through their ability to fix atmospheric.
Their habitats range from artic to tropics.

Cyanobacterial nitrogen fixation is mostly associated with heterocysts. Hetero-
cystous cyanobacteria are capable of cell differencing. Under limited nitrogen
conditions, a heterocyst will result after the vegetative cells undergo a series of
changes. When a vegetative cell changes into a heterocyst, the photosystem II
disappears preventing evolution of oxygen. But photosystem I remains intact
harvesting light to generate ATP. Another strategy is formation of a thick extracel-
lular glycolipid envelop to limit oxygen diffusion (Stal 2015; Walsby 1985). It has
been reported that, heterocysts in cyanobacteria aerobically fix nitrogen forming
micro-oxic environment by exhibiting high respiration rates (Ermakova et al. 2014;
Valladares et al. 2003). Diffusion of oxygen into heterocysts can be regulated by
pores at the vegetative cell-heterocyst junction (Wolk et al. 1994). However, certain
other prokaryotes protect the nitrogenase from oxygen by performing this reaction
inside vesicles in the cells which includes genera Nostoc, Anabaena, Azetobactor,
Klebsiella, and Clostridium.

7.2.4.2 Associative Diazotrophs
Most associative diazotrophs belong to proteobacteria (Igiehon and Babalola 2018).
However, there is no evidence that associative diazotrophs live inside host cells in an
organelle. Plant associative diazotrophs that colonize inner tissues of plants without
causing any cell disruptions (Fig. 7.4) are named as endophytic diazotrophs,
e.g. Gluconacetobacter, Azoarcus, Burkholderia (Wewalwela 2020).

Fig. 7.4 Site of infection and colonization of roots in monocot and dicot plants
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Azospirillum is an example of one of the earliest discovered associative nitrogen-
fixing bacteria (Beijerinck 1925), which colonizes plants in the grass family. Several
species has been identified such as A. lipoferum, A. brasilense, A. amazonense,
A. halopraeferans, and A. irakense (Döbereiner 1989; Rodrigues et al. 2008; Volpon
et al. 1981). Azospirillum has the ability to fix nitrogen under free-living conditions
or when in association with grasses. It has been found in association with several
cereal and forage grasses grown in temperature and tropical climates (Nosko et al.
1994). Nitrogen fixation of micro-aerobic A.brasilense is governed by the level of
oxygen in the surrounding environment. Azospirillum has a unique regulatory
system for nitrogen fixation. Not like in other diazotrophs nifA gene in
A. brasilense is expressed under fixed nitrogen (Liang et al. 1991). It has been
reported that the amount of fixed nitrogen and the level of oxygen will regulate the
expression of the nif gene and activity of nitrogenase enzyme at the post-translation
level (Zhang et al. 1997). However, more research studies are needed to carry out
inorder to understand the oxygen regulation of nitrogen fixation in A.brasilense.

Gluconacetobacter diazotrophicus (formerly Acetobacter diazotrophicus) is a
diazotrophic Gram-negative rod which is abundantly present endophytically in
sugarcane and rice (Boddey et al. 1991; Parewa et al. 2018). It is estimated that
G. diazotrophicus produces about 60% nitrogen of the sugarcane plant nitrogen
content (Boddey et al. 2001; Subramanian et al. 2007). G. diazotrophicus has the
ability to tolerate sucrose concentrations up to 30%, and this is an adaptation to live
inside the sugar cane plant (Li and MacRae 1991). Several studies have shown poor
survival of G. diazotrophicus in soil and this supports the endophytic nature of the
bacterium (Baldani et al. 1997; Dong et al. 1994; Oliveira et al. 2004). Other than
respiratory protection it has been revealed that G. diazotrophicus reduces reactive
oxygen species production by increasing antioxidant transcript levels (Alquéres et al.
2010). Compared to other diazotrophs, G. diazotrophicus has the ability to fix
nitrogen in the presence of ammonium as well (James et al. 1994).

The host plants of G. diazotrophicus contain high levels of asparagine, which
enhance microbial growth but inhibit nitrogenase activity. Therefore, it has been
suggested that G. diazotrophicus carries an alternative pathway to synthesize aspar-
agine (Alquéres et al. 2012).

Among the 19 species of genus, Burkholderia, B. vietnamiensis were the first
species found to fix nitrogen (Estrada-De Los Santos et al. 2001; Perin et al. 2006)
while in association with roots of rice. Later it was found in association with other
crops, such as maize and sugar cane as well (Luvizotto et al. 2010).

7.3 Application in Management Practices

Nitrogen in the atmosphere and nitrogen in soil has several fates and can exist as
gaseous in the atmosphere (N2, N2O, NO), inorganic in soil (ammonium and nitrate)
and organic in soil (amino acids). Denitrification, volatilization, immobilization,
leaching and crop uptake decreases the availability of nitrogen in the soil while
nitrification, nitrogen fixation and mineralization are all geochemical processes that
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increase available nitrogen in the soil. Therefore, above-mentioned processes imply
that soil has a very dynamic environment and nitrogen fixation by above-mentioned
mechanisms plays a major role in enhancing the soil nitrogen pool, which leads to a
sustainable soil and plant ecosystem. In the rhizosphere, due to the role they play in
nutrient uptake, symbiotic and endophytic bacteria are considered as extremely
valuable members of the plant microbiome.

Examples of endophytic nitrogen-fixing microorganisms reported in natural
forest ecosystems are with coniferous trees such as lodgepole pine (Pinus contorta
var. latifolia) (Tang et al. 2017), limber pine (Pinus flexilis) (Moyes et al. 2016), and
western red cedar (Thuja Plicata) (Anand and Chanway 2013). Additionally, decid-
uous trees like black cottonwood (Populus trichocarpa) and willow (Salix
sitchensis) (Doty et al. 2009) are also reported to show such behavior. In these
instances, endophytic bacteria have been reported to both colonize and provide
nitrogen to host plants and influence the forest soil ecosystem.

Recently, Puri et al. (2020) reported that soils under spruce trees are lacking
nutrients and have properties of marginal soil (Puri et al. 2020). However, trees can
grow on soil due to the presence of plant nitrogen-fixing endophytic association,
especially tress such as Engelmann spruce (Picea engelmannii) (Carrell and Frank
2014) and Norway Spruce (Picea abies) (Cankar et al. 2005) growing in the
subalpine forests of Colorado, USA, and Slovenia. Moreover, they have isolated
18 species out of the 55 endophytic bacterial species from the tissues of hybrid white
spruce trees in the West Chilcotin region. They showed nitrogen-fixing ability
in vitro (i.e. nitrogenase enzyme activity) when analyzed using acetylene reduction
assay (Matse et al. 2020). This evidence proves the effect of nitrogen-fixing
microorganisms support for soil and plant health under extremely poor nutrient
systems.

Soils affected by salt conditions are defined under infertile or unhealthy soils.
However, some endophytic nitrogen-fixing bacteria can associate with plants grow-
ing in salty conditions and thereby, helps to sustain plant and soil health
(Hrynkiewicz et al. 2019; Piernik et al. 2017; Yang et al. 2020). As an example,
scientists have identified nitrogen-fixing endophytes classified under
Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes associated with
Suaeda maritima grown in salty soils of Iran (Alishahi et al. 2020) which have a
higher nitrogen fixation ability. Moreover, alfalfa plant grown under salinity condi-
tion can associate with nitrogen-fixing Klebsiella cowanii A37 and Klebsiella
sp. A36 enhance the growth (Noori et al. 2018). In contrast, most of symbiotic
nitrogen-fixing bacteria seem to reduce the ability of nitrogen fixation under salty
conditions (Shao et al. 2020).

Introducing legumes in agricultural fields with extreme nitrogen deficient soil
system is another approach to uplift soil and plant health. One example of such a
study was conducted in an agricultural field in the mountainous areas of Azad
Jammu and Kashmir (Abbasi and Khan 2004). Due to the sloppy conditions, the
uppermost fertile layer of soil was depleted in Azad Jammu and Kashmir. Therefore,
nitrogen becomes the extremely deficient nutrient in soil of mountainous areas of
Azad Jammu and Kashmir. They have identified that growing white clover
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(Trifolium repens L.) with perennial grasses had potential for fixing nitrogen in soil
while providing other benefits as well (e.g., reduce soil erosion, fodder for animals,
cover crop for soil, minimizing the use of fertilizers). The nitrogen-fixing potential of
the white clover crop was around 77 kg/ha N and thereby introducing clove can
increase the soil nitrogen pool and plant growth.

In some instances, co-inoculation of Rhizobium with plant growth-promoting
rhizobacteria (PGPR) was observed to grow well in phosphorus deficient soil
(Matse et al. 2020). Therefore, mutualism of PGPR with Rhizobium showed the
ability to increase soil nitrogen pool while contributing for good plant health.
Furthermore, they have done more co-inoculation studies of Rhizobium with salt
tolerant non-rhizobial endophytic bacteria and boosted nitrogen fixation to achieve
maximum productivity on slat affected infertile soil (Etesami and Adl 2020).

Excluding the bio-inoculation, biofertilizers that incorporated nitrogen-fixing
microorganism is another technological application towards strengthening the soil
and plant health in agricultural fields (Jain et al. 2020; Ramasamy et al. 2020; Singh
2018). Biofertilizers incorporated with symbiotic and associative nitrogen fixers can
interact with rhizosphere of plants and infect through seed coats or root system can
fix nitrogen in plant while sustaining the soil microbial composition. Microbes that
exist in biofertilizers are used to enhance certain microbial processers (e.g., nitrogen
fixation) to increase the availability of nutrients in a form which can be assimilated
by plants and increase soil nutrient pools. Therefore, biofertilizers with nitrogen
fixers has been proven as a safe and efficient method of plant and soil management.

Moreover, mixed cropping systems associated with legumes showed increasing
nitrogen, in companion crops. The host legumes have identified to increase nitrogen
pool in the soil and the fixed nitrogen can transfer to non-legumes in mixed cropping
system. As an example soybean-wheat system have the potential to give higher yield
and provide N to the soil (Mahmud et al. 2020).

7.4 Conclusions

As nitrogen fixed through BNF is directly absorbed by plant tissues, there is a minute
tendency for it to undergo denitrification, leaching, and volatilization. As a result, it
becomes important for plants and need to be optimize fixationation if to sustain both
plant and soil health in nitrogen aspect. Therefore, it is important to conduct research
to identify selected strains of nitrogen-fixing organisms, and include more legumes
in agroecosystems or forests for efficient BNF. In this chapter, we provide a
summary of the role of nitrogen fixation and areas that need focus if to successful
adopt nitrogen fixation to improve plant and soil health. Therefore, the community
can make a significant contribution to sustainable land management by transferring
fixed nitrogen to improve soil and plant function with the aid of practical tools and
approaches by which land managers can assess.
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Serendipita indica Mediated Drought
and Heavy Metal Stress Tolerance in Plants 8
Surbhi Dabral, Ajit Varma, Deepesh Bhatt, and Manoj Nath

Abstract

Serendipita indica, a root colonizing fungus, is well known to promote plant
growth. S. indica belongs to the order Sebacinales and can be grown axenically.
In addition, this fungus is also reported to alleviate the stressful environment in
different plants. Notably, S. indica is well reported in improving the plant growth
under abiotic stress conditions. Recent studies revealed that S. indica has the
ability to upgrade the defense system of plants.Moreover under heavy metal and
drought stress S. indica is known to initiate antioxidative mechanisms, thus
alleviating the harmful effect of these stress conditions. Here, in this chapter we
have focused majorly on the involvement of S. indica in various plants under
drought and heavy metal stress.
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8.1 Introduction

The world population is expected to increase from about 7 billion to 9.6 billion by
the end of 2050; therefore, food security is going to be a major challenge in future
(Mahajan and Tuteja 2005). Additionally, sufficient food supply required to feed the
growing population with limited agriculture land will further exacerbate the situa-
tion. Therefore, key attention is required to develop high yielding varieties in
different crops in order to address food security and climate change related issues.
Stress affects plant growth, which ultimately reduces the crop yield. Among stresses,
abiotic stress is one of the major factors responsible for this decline. Presently
developing abiotic stress tolerant crops has become a core area of crop production
where abiotic stress can be specifically categorized into various types, namely
salinity, cold, freezing, drought, water logging, UV radiation, high temperature,
nutrient deficiencies, heavy metal toxicity, and nutrient imbalances. All the men-
tioned stress types negatively affect the essential cellular metabolic processes
resulting in excessive generation of reactive oxygen species (ROS), leading to cell
damage. Prolonged abiotic stress environment severely affects the plant growth and
ultimately results in cell death (Tuteja 2010). Alternately, extensive use of chemical
fertilizers also deteriorates the soil structure, soil health as well as the overall
environment. Repeated application of these fertilizers leads to accumulation and
toxic buildup of chemicals like arsenic and cadmium in soil. Recent studies indicate
the importance of the microbial counterpart to promote the plant growth during
plant–microbial interactions (Gill et al. 2016). Utilization of the microbial consor-
tium as a potential biofertilizer can overcome the problems of chemical fertilizers.
Plant–microbe interaction can be positive, negative, or neutral. However, focusing
on the positive interactions is one of the most beneficial for attainment of sustainable
agriculture (Bandyopadhyay et al. 2016; Finkel et al. 2017).

Microbial associations with plants can be below or above-ground. Though,
depending on their habitat on plants, these microbes can be classified as rhizospheric
(inhabiting soil closely associated with roots), epiphyte (present on the surface),
phyllospheric (growing on leaf surface), and endophyte (found inside the tissue).
Notably, microbes residing in rhizosphere are the most active and have maximum
impact on plant growth and nutrition (Kowalchuk et al. 2010; Lakshmanan et al.
2014; Berendsen et al. 2012; Bakker et al. 2013; Mendes et al. 2013). Plant root
system interacts with numerous beneficial microbes and further this association
improves plant growth development (Sanders 2011; Mine et al. 2014) and alleviates
the stressful environment (Goh et al. 2013; Schouteden et al. 2015; Doty 2016).
However, several beneficial microbes of the root microbiome still need to be
explored for better utilization towards sustainable agriculture (Mendes et al. 2011;
Philippot et al. 2013). Plants accompanied by microbes like rhizobacteria and
mycorrhizal fungi are believed to function together and have evolved as holobiont.
Conversely, interactions among plants and mycorrhizal fungi are greatly influenced
by rhizospheric bacteria and vice versa, but the associated mechanisms are still
unanswered. Host and symbionts are dependent on each other, for instance, Rhizo-
bium is involved in fixing atmospheric nitrogen in association with the host, while
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acquisition of phosphate from the soil is due to the mycorrhizal connotation
(Udvardi and Poole 2013). Role of plant growth promoting rhizobacteria (PGPR)
and plant growth promoting fungi (PGPF) in acquirement of nutrition is also well
reported. Particularly, arbuscular mycorrhizal (AMF) interactions are known to play
a major role in stress tolerance as well as for growth development of plants
(Muthukumar and Udaiyan 2010; Porcel et al. 2012; Tahat and Sijam 2012). AMF
also acts as a biofertilizer, bioprotectant, and biodegrader (Xavier and Boyetchko
2004).

Studies suggest that AMF has huge impact on plant stress tolerance mechanisms,
for which one of the effective contenders is Serendipita indica (formerly known as
Piriformospora indica), a root colonizing fungus. It belongs to the order Sebacinales
and is capable of growing axenically. Alleviation of the stress and growth promotory
activities are some of the important characteristics attributed to this fungus (Waller
et al. 2005; Deshmukh and Kogel 2007; Serfling et al. 2007; Sarma et al. 2011;
Dolatabadi et al. 2012; Varma et al. 2012; Jogawat et al. 2013; Gill et al. 2016;
Zhang et al. 2017; Dabral et al. 2019). S. indica has a broad plant host spectrum and
helps in stress tolerance, disease resistance, nutrient uptake, and plant growth
promotion activities (Unnikumar et al. 2013). S. indica acts a powerful weapon for
enhancement of various crops and its usage has been established in seed germina-
tion, plant development, and biomass production (Ansari et al. 2014). Apart from
this the fungus has the capability to modulate the generation and scavenging of ROS
under stressful regimes (Beneventi et al. 2013; Goh et al. 2013; Hashem et al. 2016;
Mo et al. 2016). Role of S. indica in alleviating drought (Tsai et al. 2020; Sherameti
et al. 2008; Sun et al. 2010) and heavy metal (Mohd et al. 2017; Nanda and Agrawal
2018; Dabral et al. 2019) stress conditions has been reported in several crops. Here,
in this chapter we have emphasized the role of S. indica in mitigating drought and
heavy metal stress in plants.

8.2 Role of S. indica in Heavy Metal Stress Tolerance

Elements having atomic mass over 20 and density higher than 5 g/cm�3 are
categorized under heavy metals. They are non-biodegradable and mutagenic in
nature which have genotoxic and cytotoxic effects in plants, humans, and animals
(Flora et al. 2008; Rascio and Navari-Izzo 2011; Wuana and Okieimen 2011). There
are two types of metals which are available in soil, viz. essential micronutrients like
Fe, Mn, Zn, Cu, Mg, Mo, and Ni which are required for normal plant growth and
nonessential elements like Cd, Pb, Cr, Co, Ag, Hg, etc. which are lesser known to
have any physiological or biological function (Rascio and Navari-Izzo 2011;
Schutzendubel and Polle 2002; Tangahu et al. 2011; Zhou et al. 2014). Concentra-
tion of both essential and nonessential elements in plant system is of great impor-
tance as a little variation can disrupt the normal growth and development (Zengin
and Munzuroglu 2005). Heavy metals are supplemented in the atmosphere due to
various anthropogenic deeds which leads to their deposition in the environment by
air and water (Dean et al. 1972). Due to various human activities accumulation of

8 Serendipita indica Mediated Drought and Heavy Metal Stress Tolerance in Plants 183



heavy metals in soil occurs through municipal and industrial wastes, smelting,
mining, contaminated irrigation water, use of fertilizers and pesticides, and ejection
of waste from leather industries (Al-Hobaib et al. 2012; Arunakumara et al. 2013;
Gallego et al. 2012). Heavy metals act as toxic agents for plants, e.g. alter the
imperative cell molecules (Hossain et al. 2012) and enzymes (Ali et al. 2013)
involved in normal functioning of plant cells, undesirably affecting the membrane
of plant cell (Farid et al. 2013). These heavy metals can also hamper the metabolic
process of plants in many ways like degradation and displacement of plant proteins
(Hall 2002) and affecting the vital processes like respiration and photosynthesis in
plants (Hossain et al. 2012). Apart from this heavy metal toxicity is also responsible
for ROS overproduction, namely superoxides, hydroxyl free radicals, and non-free
radical species like singlet oxygen, hydrogen peroxide (H2O2), etc. Thus it can be
related that imbalanced production of ROS is responsible for causing oxidative stress
in plants (Sytar et al. 2013; Hossain et al. 2012) which have various after effects like
redox imbalance, DNA degradation, protein and lipid oxidation, ion leakage
followed by denaturing of cell structure which results in apoptosis (Hatata and
Abdel-Aal 2008; Rellan-Alvarez et al. 2006; Sharma et al. 2012).

Heavy metal accumulation in soil can lead to yield loss in crops and also causes
numerous health constraints as they enter the food chain (Li et al. 2016). One of the
most common heavy metals which is making its way to the agricultural lands is
cadmium (Cd) (Adriano 2001). Plants are highly affected due to Cd stress as it
inhibits the photosynthetic activity (Paunov et al. 2018; Bączek-Kwinta et al. 2019;
Song et al. 2019). In addition Cd also reduces the plant growth, delay seed germina-
tion, necrosis and chlorosis in leaves (Hall 2002; Xu et al. 2009; Dias et al. 2013).
Moreover translocation of Cd from roots to the aerial parts of the plants can cause
serious implications to the consumers who feed them (Du et al. 2013; Aziz et al.
2015; Song et al. 2015). It was observed that spike in heavy metal concentrations is
the main reason for cell death as ROS production is elevated which leads to oxidative
burst, thus resulting in cell death (Guo et al. 2009; Tripathi et al. 2012). Interestingly,
S. indica has been reported for extenuating heavy metal stress in plants
(Shahabivand et al. 2012; Hui et al. 2015; Shahabivand et al. 2017; Mohd et al.
2017; Nanda and Agrawal 2018). Dabral et al. (2019) reported the ability of the
S. indica to grow under various Cd concentrations (0.01–0.1 mM) and further
explored its role in mitigating the stress tolerance in rice. Interestingly, several
reports suggest that process of acquisition of nutrients from soil responsible for
plant growth promotion is assisted by S. indica (Hartley and Gange 2009) which in
turn activates various biochemical pathways required to achieve optimum growth
(Sirrenberg et al. 2007; Vadassery et al. 2009a, 2009b). Studies in tobacco (Hui et al.
2015) and sunflower (Shahabivand et al. 2017) demonstrated S. indica inoculation
under Cd stress tends to store more Cd in roots to restrict heavy metal movement to
aerial parts of the plants. Recent study conducted in rice varieties N22 and IR64 with
the help of confocal microscopy gave an insight to the possible mechanism of
S. indica in mitigating the stress. Higher stress survivability of the S. indica
colonized plants demonstrated the sequestration ability of the fungus (Dabral et al.
2019). Moreover, Stein et al. (2008) reported that the colonization of plant roots by
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the fungus encourages ROS signaling pathway followed by various other defense
mechanisms like instigation of jasmonic acid and salicylic acid, which in turn
activates antioxidant enzymes that protect the plants against high level of
Cd. Another study conducted in wheat signified that S. indica inoculation had a
positive effect on growth and physiology of wheat plants, the results revealed the
decrease in the concentrations of leaf MDA and Cd contents of shoot and increased
activity of antioxidant enzymes. The beneficial effects of the root endophytic fungus
suggest the promotion of this symbiotic association to mitigate the Cd stress
(Shahabivand and Aliloo 2016). In tobacco S. indica was able to sequester Cd in
roots of tobacco, thereby increasing the concentration of antioxidant enzymes and
proline contents in roots. Moreover expression of phytochelatin, a stress related gene
in fungus inoculated plants was also recorded higher (Hui et al. 2015). Studies
conducted in sunflower indicated increased chlorophyll a and b content, augmented
proline level, and an overall increased growth, thus suggesting property of this
fungus to alleviate metal toxicity in host plants and also phyto-stabilization of
Cd-polluted soils. Several studies thereby suggest that S. indica can act well to
impart Cd tolerance (Shahabivand et al. 2017).

Arsenic (As) is also one of the heavy metals involved in reduction of shoots,
roots, and biomass of plants. Colonization of S. indica is also known to alleviate
arsenic toxicity in plants as axenic culture of the fungus able to tolerate toxicity up to
1 mM. Studies in rice revealed the role of S. indica as a bioprotectant against toxic
nature of arsenic. S. indica inoculated rice plants revealed increased biomass and
better growth in comparison to non-inoculated plants. The study also highlighted the
detoxification capacity of S. indica as the fungus helps to reduce As translocation
from root to shoot by immobilizing As into the roots itself. This study also explored
the different mechanisms performed by S. indica, first to condense As availability in
plant atmosphere, second conversion of available As to insoluble particulate matter,
and third by activating the antioxidative system of the plant (Mohd et al. 2017).

Copper (Cu) is an essential micronutrient which is required by plants for normal
growth and functioning. However, increased concentration of Cu in soil also leads to
the negative consequences in plants (Lombardi and Sebastiani 2005). Toxic effects
of Cu include necrosis, discoloration symptoms in leaves, chlorosis, lipid peroxida-
tion in cell membranes, and production of free radicals in different parts of the plant
(Yruela 2009; Chen et al. 2000; Panda et al. 2016). Nanda and Agrawal (2018)
reported that S. indica ameliorates Cu phytotoxicty in C. angustifolia. A similar
study indicated that S. indica colonization helped in alleviating stress conditions by
restricting the heavy metal in roots. Moreover, the fungus also helped the plant by
strengthening the defense mechanism by enhancing the enzymatic activities. Low
cell death and H2O2 content and significant increase in the proline content were also
observed in S. indica inoculated plants.
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8.3 Drought Stress Tolerance Mediated by S. indica

Drought is also known as water deficit stress which is responsible for enormous
agricultural loss. Various crop growth models predict that this condition will be more
severe in the coming times (Farooq et al. 2012). Decrease of water levels, stomatal
closure, decreased and delayed cell growth and enlargement, turgor loss, and
reduced leaf water potential are some of the characteristics related to drought stress
(Jaleel et al. 2008). Abiotic stress damages the normal functioning of plants and
causes distressed enzyme activity and metabolism of the cell, affects the membrane
proteins, and also reduces photosynthetic activity (Tuteja 2010; Farooq et al. 2012).
Apparently, closing of stomata occurring during water stress causes a series of
changes in normal plant functioning, it reduces availability of carbon dioxide
which in turn affects photosynthesis (Ramachandra Reddy et al. 2004). Acceleration
of photo-inhibition results in excessive ROS generation, which is responsible for
oxidative damage in plant cells (Takahashi and Murata 2008; Tripathy and
Oelmüller 2012). In response to stress, plants also practice various defense
mechanisms by activating various anti-oxidation pathways comprising of superox-
ide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT) (Miller et al.
2010; Osakabe et al. 2014; Blokhina et al. 2003; Foyer and Noctor 2011). Further-
more, drought stress related signaling involves re-establishment of the ionic/osmotic
equilibrium in the cell, to repair the damage caused by stress.

Drought stress severely affects the initial stages of plant development (Anjum
et al. 2003; Bhatt and Rao 2005; Kusaka et al. 2005; Shao et al. 2008). An array of
the responses can be observed during drought stress, for instance, decreased shoot
length in soybean (Zhang et al. 2004; Specht et al. 2001), Abelmoschus esculentus
(Sankar et al. 2007); Vigna unguiculata (Manivannan et al. 2007), and potato (Heuer
and Nadler 1995) were observed during stress condition. Notably, shoot and root
fresh weights of rice were significantly reduced under drought conditions (Tsai et al.
2020). Apart from this, drought stress is also responsible for delayed leaf growth in
many plants like sunflower (Manivannan et al. 2008) and Vigna unguiculata
(Manivannan et al. 2007). Seed yield is worst affected as reported in soybean
(Specht et al. 2001), common bean and green gram (Webber et al. 2006), parsley
(Petropoulos et al. 2008), and maize (Monneveux et al. 2006). In addition, studies
revealed that drought stress has huge impact on chlorophyll content, decrease in
chlorophyll content in crops like cotton (Massacci et al. 2008) and sunflower (Kiani
et al. 2008).

Plant–microbe interactions play an important role and mutualistic symbiosis is
the basis of beneficial establishment during this interaction (Kogel et al. 2006;
Johnson and Oelmüller 2009; Singh et al. 2011). S. indica was also reported to
improve the plant growth under stress conditions (Varma et al. 1999; Waller et al.
2005; Lee et al. 2011). Drought related studies revealed improved survival ability of
S. indica colonized plants (Arabidopsis, Chinese cabbage, and Maize) under stress
(Sherameti et al. 2008; Sun et al. 2010; Xu et al. 2017). Notably, exposure of
seedling stage of Arabidopsis to drought stress (84 h) revealed that 50% of S. indica
colonized plants survived and produced seeds at later stage, while no seed was
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observed in non-colonized plants. PEG-mediated drought stress in Chinese cabbage
revealed that S. indica promotes shoot-root growth and activates various enzymes
like SOD, catalases, and peroxidases within 24 h of onset of drought. The fungus
reversed the impact of drought, i.e. degeneration in the photosynthetic activity and
chlorophyll. Various drought related genes like CBL1, ANAC072, DREB2A, and
RD29A were analyzed and their expression was upregulated with onset of drought
stress in S. indica colonized plants (Sun et al. 2010). In response to 6 h and 12 h of
drought stress, enhanced root length and leaf size were observed in S. indica
colonized maize plants as compared with non-colonized one. Furthermore, fungal
responsive genes also stimulated the hormone production, viz. auxin, salicylic acid,
cytokinins, and abscisic acid (Zhang et al. 2017). A recent study in rice revealed
augmented photosynthetic efficiency and grain yield in colonized plants than
non-colonized one. Under drought stress, S. indica promote stomatal closure and
upregulation of ROS scavenging enzymes, viz. glutathione reductase and catalase
(Tsai et al. 2020). Vadassery et al. (2009a, 2009b) reported that S. indica induced
monodehydroascorbate reductase 2 (MDHAR2) and dehydroascorbate reductase
5 (DHAR5) in the colonized plant.

Drought stress affects the photosynthetic ability of the plant. S. indica on the other
side helps the plant in overcoming stress environment by activating antioxidative
molecules/enzyme (Scandalios 2005). The photosynthetic efficiency of the plant is
measured by F variable/F maximum (Fv/Fm) values (Bjorkman and Demming 1987;
Maxwell and Johnson 2000). Drought stress primarily affects this value and S. indica
combat with stress environment by maintaining photosynthetic efficiency
(Sherameti et al. 2008; Sun et al. 2010). In addition, enhanced photosynthetic
efficiency, mineral uptake, and improved morphological traits were observed in
S. indica inoculated rice plants under osmotic stress (Saddique et al. 2018).

Moreover, an array of genes is associated with S. indica mediated drought stress
tolerance. Some of the genes are specifically induced under drought stress, viz.
PLDd gene (related to plasma membrane). This gene is triggered in response to
hydrogen peroxide and phosphatidic acid and diminishes hydrogen peroxide
induced programmed cell death (Zhang et al. 2003). While DREB2A is one of the
key genes involved in drought stress tolerance (Sakuma et al. 2006). Upregulation of
SDIR1 activates ABA-dependent pathway leading to drought tolerance (Zhang et al.
2007). Notably, drought associated genes DREB2A, CBL1, ANAC072, and RD29A
were upregulated in S. indica inoculated stressed plants (Sun et al. 2010). Con-
versely, stress also induces the calcium signaling pathway (Harper and Harmo 2005,
Vadassery et al. (2009a, 2009b)). Table 8.1 provides an overview of the S. indica
involvement under stress condition.

8.4 Conclusion

S. indica can colonize a wide range of plants and mediate stress tolerance. An axenic
culture ability of this fungus has opened wide doors for more effective research in the
field of plant–microbe interaction. S. indica is capable to combat the stressful
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environment and further can be utilized to attain maximum crop yield under abiotic
stress conditions.
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Abstract

The role of rhizosphere and endophytic microbes in agriculture is substantial in
many ways such as adapting to unfavourable environmental conditions (biotic
and abiotic stresses), enhancing the efficiency of phytoremediation, promoting
plant growth, alleviating metal stress, and reducing metal phytotoxicity. The
molecular mechanisms behind stress alleviation in host plants through the process
of beneficial interaction by the rhizosphere and endophytic microorganisms are
crucial in the management of stress conditions. At present, many biotechnological
approaches are in use to enhance the effectiveness of rhizosphere and endophytic
microbes.
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9.1 Introduction

For many million years, plants have been playing a vital role in the ecosystem. When
plants perform their ecological services, they have to overcome many challenges.
Among many of these challenges, biotic and abiotic stress conditions that plants
have to withstand are confronting. For the survival in these challenging
environments, plants have to adjust their growth and development to alleviate the
impact of stress. Therefore, plants, in addition to their own tolerance mechanisms
against stress conditions, can develop alliances with members of their ecosystem to
flourish in their natural environment (Afzal et al. 2019). Plants always show
interactions with a wide range of microorganisms. It has been well researched and
proved that plants are supported by a wide range of microorganisms living in and
around plants (Zakeel 2015; Santoyo et al. 2016).

A diverse range of microorganisms in their natural ecosystem supports almost
every plant on the earth and these microbes colonize inside tissues and on the
surfaces of different plant parts such as roots, stem, leaves, seeds and fruits (Zakeel
2015). Beneficial microbes associated with plants play a vital role in alleviating
biotic and abiotic stresses and help plants in growth, development and survival under
adverse environmental conditions (Abedinzadeh et al. 2019). Interactions between
plants and microbes occur through symbiotic, endophytic or associative processes
(Souza et al. 2015). Microorganisms colonized in rhizosphere are known as rhizo-
sphere microbes and those colonized in plant internal tissues are endophytic
microbes (Fig. 9.1A; Etesami and Maheshwari 2018). The diversity of these
microbes is governed by various environmental factors and the host plant they are
associated with (Dastogeer et al. 2020). Both endophytic and rhizosphere microbes
share numerous characteristics that are vital for host plant growth promotion (Afzal
et al. 2019).

One of the challenging problems in agricultural production in the recent history is
water shortage (Abedinzadeh et al. 2019). In this context, the use of microbes to
reduce water stress has become an important focus for many scientists around the
world and thus far, many plant-microbe associations have been revealed to have
beneficial effects in reducing water stress. For example, mycorrhizal associations can
be used in crop production to alleviate water stress and drought conditions as they
are more effective in scavenging for water in micropores and the fungal hyphae can
retain water efficiently in addition to various hormonal and nutritional mechanisms
(Augé 2001; Lakshmanan et al. 2017). Heavy metal toxicity is another problem that
has serious impacts on agriculture (Ma et al. 2016) and some researches proved that
rhizosphere and endophytic microbes, are helpful in alleviating the heavy metal
toxicity stresses in plants (Etesami and Maheshwari 2018). Moreover, some
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beneficial microorganisms have shown their ability to transform nutrients into plant
available forms and assist in boosting plant tolerance to environmental stress (Bardi
and Malusà 2012). Some microorganisms are capable of producing of
phytohormones and make direct influence of plant (Abbamondi et al. 2016). For
example, Pseudomonas spp. associated with wheat plants are capable of secreting
indole acetic acid (IAA) and induce plant growth (Mishra et al. 2008). Some
rhizosphere and endophytic microbes protect plants from phytopathogens (Kumar
and Verma 2018). It can be by using direct mechanisms such as competition for
nutrients, production of secondary metabolites with antimicrobial activity and
induced systemic resistance (Abbamondi et al. 2016) or by indirect mechanisms
such as siderophore, phytohormone and antibiotics production (Nadeem et al. 2015;
Złoch et al. 2016).

The quality of agricultural produce is another important aspect that needs signifi-
cant consideration particularly when the products are for export or supermarkets.
Recent studies have underlined the importance of using microbes in improving
product quality. For example, a recent study showed that biofertilizer enriched
with Trichoderma enhances production and nutritional quality of tomatoes (Molla
et al. 2012). Some Trichoderma species are known to produce secondary
metabolites, which are important for plant growth regulation. Further, they produce
organic acids that decrease soil pH which permits phosphate solubilization and
increase micronutrient availability (Molla et al. 2012).

Land degradation and climate change have received considerable attention in
recent past and the importance of increasing agricultural production in poor land
under unpredictable climate is challenging. In consequence, maintaining the
sustainability of agricultural production systems is vital in order to meet future
food demand to feed the ever-increasing global population (Yadav et al. 2018). To
achieve this goal, the understanding of plant–microbe relationship is indispensable.
Proper understanding of the underlying mechanisms that these microorganisms are
using to associate with plants is important to get maximum benefits from these
associations.

9.2 Biotic and Abiotic Stress and Their Impacts on Crop
Production

Plant growth, development, productivity and their distribution across deferent types
of environments affects by biotic and abiotic stress. Abiotic stress conditions may
occur due to factors such as drought, waterlogging, salinity, nutrient deficiency,
heavy metal toxicity and herbicide toxicity whereas biotic stress conditions are
mainly caused by phytopathogens and insects (Hussain et al. 2018). Plant can suffer
from more than one stress conditions at a given time and more often one stress
condition can make plants susceptible to other stress conditions. For example, a plant
suffering from abiotic stress can easily subject to biotic stress compared to normal
healthy plant and occasionally two stress conditions can impair and share same
properties (Pandey et al. 2012). All stress conditions pose serious threat to plant
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health, which in turn decreases agricultural production. Stress conditions can also
affect soil physical, chemical and biological properties and disturb ecological
balance.

Out of abiotic stress conditions, drought is the most serious factor that is
associated with significant crop loss worldwide and experienced in many parts of
the world (Lakshmanan et al. 2017). Low water availability can lead to a series of
physiological and molecular changes in plants, causing severe loss in crop produc-
tion in both quality and quantity. For example, water deficit can induce ethylene
production in plants, causing chlorophyll degradation and subsequently inhibition of
photosynthesis (Kumar and Verma 2018). Further, limited water availability can
affect leaf water potential and stomatal opening, reduce cell size, decrease seed
number, size and viability delay flowering and fruiting and promote leaf senescence
(Lata et al. 2018). Moreover, drought can also induce the accumulation of free
radicals that induce changes in membrane function, protein confirmation and lipid
peroxidation leading to cell death (Kumar and Verma 2018).

Salinity is another important abiotic stress that occurs mainly due to accumulation
of salt that is present in soil, water or addition of inorganic fertilizers. Insufficient
precipitation can intensify salt accumulation around the root zones of plants causing
severe problems to plant physiology. Soil salinity can also have complications on
seed germination, embryo viability and damage cellular structure that restrains plant
growth and inhibits photosynthesis by reducing leaf area, chlorophyll content and
stomatal conductance, and also by increasing premature senescence (Pandey et al.
2012). Salinity can also impose ion toxicity and nutrient deficiency. It removes K+,
Ca2+, NO3

�, Fe2+, Zn2+and Mg2+ from rhizosphere and replaces them with Na+ and
Cl�, thus making those ions unavailable for plants. Saline soils reduce phosphorus
uptake by plants because phosphate ions are precipitated with calcium ions in saline
soils (Shrivastava and Kumar 2015). At present, over 20% of agricultural soils are
affected by soil salinity problem and this figure is estimated to reach approximately
50% by year 2050 (Pandey et al. 2012).

Heavy metal toxicity is another abiotic stress to plants. In fact, plants may need
heavy metals in trace amounts for their growth (Emamverdian et al. 2015; Shahid
et al. 2015), however, excessive amount can be toxic to plants and this toxicity is
severe in acidic soils (Shahid et al. 2015; Pandey et al. 2016). Primarily, heavy metal
toxicity can reduce seed production, viability and germination, cause stunted growth,
chlorosis and wilting, reduce leaf area, fruit size and dry matter production, inhibit
root growth, reduce antioxidant enzyme activities and reduce plant protein, amino
acids, starch and sugar content (Wuana and Okieimen 2011; Shahid et al. 2015).
Generation of reactive oxygen species (ROS), enzyme activation, damage to lipid
and DNA, chromosomal aberration, cell injury and death are secondary effects of
heavy metal toxicity in plants (Shahid et al. 2015). Moreover, heavy metals can
replace essential cations from cation exchange sites and inhibit soil microbial
activities that are imperative to organic matter decomposition, all of which lead to
severe reduction in soil nutrients (Wuana and Okieimen 2011). Nutrient deficiency
on its own is an abiotic stress condition that can affect plants in every stage of their
life cycle. Urbanization, industrialization and intensive agriculture are the main
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reasons for the accumulation of heavy metals that are quite non-degradable in the
natural environment (Ma et al. 2016).

Crop loss due to biotic stress caused by pests and diseases is also substantial.
Among the biotic stresses, plant diseases caused by bacteria, fungi, viruses and
nematodes as well as insect pest damages cause most extensive loss in crop produc-
tivity. These biological agents directly or indirectly depend on host plants for their
habitat and nutritional needs and these plant–pathogen/insect interactions may
sometimes end up with the death of the host plants. For example, Phytophthora
cinnamomi, known as the biggest threat in avocado farming, is a fungus that depends
on avocado roots for its nutrient (Anon 2020). This fungus makes the roots rot
leading the tree to wilt, causing leaf drop, branch dieback and fruit drop, and
ultimately the tree slowly dies (Anon 2020).

Despite being immobile and not having adaptive immune system, plants can
resist both biotic and abiotic stresses by adapting efficient strategies. Among those
defence mechanisms, their interactions with rhizosphere and endophytic microbes
are vital. Application of organic matters, microbes and green remediation promised
improvement of plant health and performance under biotic and abiotic stress
conditions (Zakeel and Safeena 2019).

9.3 Diversity and Consortium of Rhizosphere and Endophytic
Microbes

Microbes are an important group of living entities that have shown to develop
beneficial interactions with a diverse range of plant species (Santoyo et al. 2016).
These plant-associated microbes primarily benefit the host plants in various ways
that mainly include plant growth promotion and tolerance to various stress
conditions (Afzal et al. 2019). Microorganisms that colonize outside the host plants
are known as epiphytes (on plant surfaces) or rhizosphere (the zone of soil or
substrate surrounding a plant root) microbes (Compant et al. 2010) and that live
inside plant tissues are known as endophytes (Hardoim et al. 2008).

Soil is known as a biologically active powerhouse as it is a rich source of
microflora that comprise a far-fetched diversity of microbes including algae,
actinomycetes, fungi, bacteria and cyanobacteria (Zakeel and Safeena 2019). Soil
microflora contain a many fungal and bacterial species that can promote plant
growth, thus collectively known as plant growth promoting microorganisms
(PGPM) (Zakeel and Safeena 2019). Although soil is generally known as biological
hotspot, rhizosphere is the interface where the soil, plant roots, microbes and soil
fauna exhibit strong interactions (Bardi and Malusà 2012). The term “rhizosphere”,
originating from a Greek word “rhiza” (meaning root), was first coined in 1904 by
the German agronomist and plant physiologist Lorenz Hiltner to designate the plant–
root interface (Hiltner 1904, as cited in Hartmann et al. 2008). Rhizosphere can be
classified into three zones, i.e. ectorhizosphere, rhizoplane and endorhizosphere,
based on its relative proximity to the root (McNear Jr. 2013). Ectorhizosphere is the
outermost zone extending from the root surface out into the soil around root,
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rhizoplane is the middle zone that includes root surface, particularly root epidermis
and mucilage, and endorhizosphere is the innermost zone which includes the cortex
and endodermis of the root (McNear 2013) (Bardi and Malusà 2012). It has been
proven that the population density of microbes in rhizosphere is greater than that in
the adjacent soil (Berendsen et al. 2012). Rhizosphere is the most dynamic interface
on the earth where each gram of root contains about 1011 microbial cells that
includes over 30,000 prokaryotic species (Si et al. 2018). The rhizosphere is
composed of soil fraction that is found in close proximity to plant roots (Meena
et al. 2017) and the thickness of the rhizosphere soil may range between less than one
millimetre and several millimetres depending on the presence of root exudates
(Nadeem et al. 2014).

The main reason for microbes being attracted toward rhizosphere is the plant root
exudates that are rich in nutrients, minerals and various metabolites, and that
accumulate in rhizosphere (Dimkpa et al. 2009; Meena et al. 2017). The interactions
between microbes and host plants occur via complex exchanges between
microorganisms and roots that are regulated by complex molecular signalling
(Nadeem et al. 2014). These useful interactions have positive effects on crop
production by means of significantly influence on plant growth and development
(Nadeem et al. 2014). Root exudates contain readily available carbon source and
energy particularly sugars, vitamins, organic compounds, auxins and flavonoids that
support microbial growth, development and physiology (Somers et al. 2004;
Nadeem et al. 2014).

Endophytes are also equally important for plants as they provide a variety of
benefits to the host. Such benefits are highly indispensable when plants are
challenged by stress conditions (Afzal et al. 2019). Endophytic microbes can be
found in in different plant parts such as roots, stems, leaves, flowers, fruits and seeds
(Miliute et al. 2015; Tamosiune et al. 2017). However, higher density of endophyte
population is colonized in plant roots and other belowground tissues (Chi et al.
2005). Plant roots are the main entry point of the endophytic microbes from soil and
serve as a base camp for colonization of other plant organs (Tamosiune et al. 2017).
The interactions between host plants and endophytes are governed by compounds
that are produced by the microorganisms and the host cells (Miliute et al. 2015). The
endophytes help host plants for their growth and development by reshaping plant
hormone production and increasing the availability of nutrients such as nitrogen and
phosphorus (Glick 2012; Miliute et al. 2015; Afzal et al. 2019). Endophytic bacteria
secrete a wide range of compounds including antibiotics and chitinase enzyme that
can inhibit plant pathogens, thus act as biocontrol agents (Miliute et al. 2015).
Evidence suggests that plants devoid of endophytic microbes are highly susceptible
to environmental stress conditions and would be less able to deal with pathogens
(Santoyo et al. 2016). Compared to rhizosphere bacteria, endophytes have the
opportunity to always be in direct contact with plant cells as they live within plant
tissues and therefore readily exert direct benefits to host plants (Santoyo et al. 2016).
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9.4 Environmental and Host Influence on the Rhizosphere
and Endophytic Microbes

Although rhizosphere and endophytic microbes are adapted to associate with spe-
cific plant genotypes, many studies have indicated that the community structure of
these microbes is influenced by many factors and interactions including environment
conditions, microbe–microbe interactions, plant–microbe interactions and agro-
nomic practices (Fig. 9.1B; Dastogeer et al. 2020). Changes in the above factors
and interactions lead to changes in plant phenotype and ultimately changes in the
composition and diversity of microbial population associated with plants (Tardieu
2013).

9.4.1 Environmental Effects

The composition and diversity of microbes found in rhizosphere and endophytic
associations of a given plant genotype vary depending on the hosts environment
(Peiffer et al. 2013). Several studies have shown that environmental factors includ-
ing soil parameters, temperature and rainfall may influence the microbial composi-
tion in both associations (Dastogeer et al. 2020). Among these factors, soil
parameters such as soil type, pH, C:N ratio, soil carbon, available P and K, and
water content are the major factor determining the rhizosphere community (Peiffer
et al. 2013; Dastogeer et al. 2020).

9.4.2 Effects of Agronomic Practices

Human influences on ecosystem, which include land use and cultivation practices,
are the most important causes leading to the loss of biodiversity in the environment.
Land use intensity has significant effects on a range of environmental factors such as
soil structure, the quality and quantity of nutrients and general biodiversity pattern
(Birkhofer et al. 2012). Agronomic practices including land preparation, changing
natural vegetation, application of agro-chemicals and irrigation influence the diver-
sity and structure of soil microbes and that influence can be either positive or
negative (Dastogeer et al. 2020). Tillage and irrigation practices generally change
soil properties via soil compaction and mechanical destruction that may lead to the
decline of soil microbial diversity (Tamosiune et al. 2017). Indiscriminate use of
agro-chemicals also has serious impacts on the function and structure of soil
microbial populations by inhibiting microbial growth and changing the structure of
agricultural ecosystems (Pampulha and Oliveira 2006). Excessive use of synthetic
fertilizers can inhibit the colonization of some endophytic microbes. For example,
application of high levels of nitrogen fertilizers to sugarcane reduces the colonization
ability of Acetobacter diazotrophicus, a nitrogen fixing endophytic bacterium
(Fuentes-Ramírez et al. 1999). However, the use of balanced organic fertilizers
may have positive effects on the diversity and metabolic activity of soil microbial
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community (Zhong et al. 2010). Intensive agricultural practices strongly influence
the soil structure and nutrient availability that ultimately change the plant phenotype
and may modulate plant-associated microbial communities (Estendorfer et al. 2017).

9.4.3 Influence of Host Plants

The contribution of plants to facilitate and maintain a biological system at the
associative interface is crucial. The genotypic diversity of plants has significant
influence on the composition and diversity of microbiomes at this interface
(Meena et al. 2017). The rhizosphere consists of a soil microenvironment in close
proximity to root region where the average count of microorganisms is higher than
the rest of the bulk soil, which is an indicative of the influence of plants on
rhizosphere microbes (Berendsen et al. 2012). Plant roots that are generally rich
in various nutrients and metabolites is a key factor that attracts microorganisms to
associate with plant tissues (Meena et al. 2017). Different plant species growing
adjacent to one another can harbour distinct microbiomes, as their metabolite and
nutritional composition are different from each other (Bouffaud et al. 2014). Rhizo-
sphere microbial communities of different plant species growing on the same soil
may often differ from each other (Viebahn et al. 2005; Berg et al. 2006; Berendsen
et al. 2012), whereas same plant species can create similar communities in different
soils (Berendsen et al. 2012). Sometimes even within the same species, different
plant genotypes can develop distinct microbial communities in the rhizosphere,
indicating that plants are able to determine the composition of the microbiome that
they harbour in their rhizosphere (Micallef et al. 2009; Berendsen et al. 2012). This
ability of plants is attributed to the active secretions of compounds that specifically
stimulate or repress the individual species of the microbial community (Berendsen
et al. 2012).

9.5 Role of Rhizosphere and Endophytic Microbes
in Agriculture

There is plenty of evidence to support that rhizosphere and endophytic microbes
support host plants to adapt to unfavourable environmental conditions, enhance the
efficiency of phytoremediation, promote plant growth, alleviate metal stress and
reduce metal phytotoxicity (Ma et al. 2016). The mechanisms by which rhizosphere
and endophytic microbes promote plant growth and development depend on the
microbes and host plants and a better understanding of these mechanisms is indis-
pensable in sustainable agriculture in order to maximize the efficacy of
agroecosystem. These mechanisms can be either direct or indirect and are
summarized in Table 9.1.

By increasing root surface area, the rhizosphere and endophytic microbes have
the ability to improve soil characteristics and encourage plant development under
normal as well as stress conditions (Sosa-Hernández et al. 2019). For instance,
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mycorrhizal fungi can extend their hyphae deep into areas of soil which roots cannot
reach and promote nutrient uptake, water availability and withstand stress conditions
like salinity (Lakshmanan et al. 2017). Moreover, mycorrhizal fungi can grow in
subsoils that are characterized by higher bulk densities mainly due to compaction,
reduced pore spaces and thus lower oxygen levels, and contribute to the reclamation
of the soil to support plant growth (Lynch andWojciechowski 2015; Weil and Brady
2016).

9.5.1 Plant Growth Promotion by Increasing Nutrient Availability

Nutrient availability is crucial for plant growth and development. Rhizosphere and
endophytic microbes increase nutrient availability via direct or indirect means
(Shameer and Prasad 2018). Direct contribution to nutrient availability includes
nitrogen (N) fixation, phosphorus (P) and potassium (K) solubilisation, etc., and
indirect methods include displacement of sorption equilibrium that leads to increased

Table 9.1 Details of plant growth promotion by plant-associated microbes in selected plant
species

Microbe Host plant
Plant growth promoting
mechanism Reference

Pseudomonas spp. Peanut production of IAA and ACC
deaminase, siderophore
production and phosphate
solubilization

Sharma
et al. (2016)

Azospirillum
lipoferu

Rice, maize and
wheat

nitrogen fixation and secretion of
phytohormone

Wisniewski-
Dye et al.
(2011)

Pseudomonas fragi Wheat phosphate solubilization, and
IAA and HCN production

Selvakumar
et al. (2009)

Pseudomonas spp. Wheat IAA production, tricalcium
phosphate solubilization, HCN
and siderophore production and
inhibition of several
phytopathogenic fungi

Mishra et al.
(2008)

Pseudomonas
saponiphila

Capsicum production of IAA, solubilizing
phosphate, siderophore
formation and production of
HCN antibiotics

Wu et al.
(2016)

Azospirillum spp. Rice nitrogen fixation and
phytohormone secretion

Kaneko
et al. (2010)

Gluconacetobacter
diazotrophicus

Sugarcane, rice,
coffee and tea

nitrogen fixation and auxin
synthesis

Bertalan
et al. (2009)

Burkholderia
phytofirmans

Potato, tomato,
maize, barley,
onion, canola and
grapevine

IAA synthesis and ACC
deaminase

Weilharter
et al. (2011)
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net transfer of nutrients into soil solution and transformation of nutrients among
different pools (Bardi and Malusà 2012). Many rhizosphere and endophytic
microbes are known to fix atmospheric N, solubilise P and K, and make many
other macro and microelements available for associated host plants (Sosa-Hernández
et al. 2019).

Nitrogen is one of the key nutrients required for plant growth and therefore the
contribution of rhizosphere and endophytic microbes in supplying N for host plant is
remarkable. A variety of N fixing bacteria such as Arthrobacter, Azoarcus,
Azospirillum, Azotobacter, Bacillus, Rhizobium, etc. have been isolated from the
rhizosphere of various crops (Dimkpa et al. 2009). Some of the above microbes
establish endophytic or symbiotic associations with host plants while others are free-
living or non-symbiotic (Gouda et al. 2018). The relationship between legumes and
Rhizobium spp. is a well-known symbiosis association that fixes atmospheric N to
support the growth of legumes in N poor environments (Franche et al. 2009).

Phosphate is another important nutrient for plant growth and the role of mycor-
rhizal symbiotic association in relation to P absorption is highly researched.
Although soil is generally rich in P, it is often unavailable for absorption by plants
because they are mostly present in the form of precipitates with iron, aluminium and
calcium or fixed in soil as organic or insoluble mineral complex (Rengel and
Marschner 2005). Plant root association with mycorrhizal fungi generally known
as arbuscular mycorrhizae (AM) converts the above unavailable P into available
forms for plants to absorb either by expanding fungal hyphae into subsoils and
absorbing precipitated phosphorus (Wang et al. 2017) or by secreting exudates that
can solubilise insoluble mineral form or organic complex of P (Tawaraya et al.
2006). In addition to mycorrhizal symbionts, many other symbiotic and
non-symbiotic microbes play vital roles in making P available for plant growth.
For example, bacterial species such as Pseudomonas and Bacillus are very effective
in solubilising P from precipitated inorganic sources by producing several different
organic acids (Bardi and Malusà 2012). Other macro and microelements are also
important for plant growth and development. The contribution of rhizosphere and
endophytic microbes to increase the availability of nutrients such as K, Ca, Mg, Mn,
Cu and Zn is highly appreciated in agriculture (Mirza et al. 2001; Smith and Smith
2011; Miliute et al. 2015; Sosa-Hernández et al. 2019).

9.5.2 Plant Growth Promotion by Hormone Production

Phytohormones produced by plants play an important role in their growth and
development (Porcel et al. 2014). In addition, rhizosphere and endophytic microbes,
particularly plant growth promoting rhizobacteria (PGPR) have the ability to syn-
thesize plant hormones that stimulate plant growth and development under stress
conditions (Kumar and Verma 2018). Examples for hormones produced by PGPR
include IAA, abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC)
deaminase, chitinase and glucanase. During drought stress, IAA regulates cell
division, shoot growth, adventitious and lateral root differentiation, and vascular
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tissue differentiation (Goswami et al. 2015). The ABA in plants helps transcription
of drought related genes and increases root hydraulic conductivity (Jiang et al.
2013).

9.5.3 Defend Plants Against Biotic Stress

Rhizosphere and endophytic microbes are able to alleviate biotic stress by either
direct or indirect antagonistic methods (Fig. 9.1C; Shinwari et al. 2019). The direct
mechanism is by producing certain metabolites which reduce pathogen population
around host plants, whereas the indirect mechanism helps improve crop resistance
against phytopathogens (Pundir and Jain 2015). Direct mechanisms can be classified
into three as hyperparasitism, competition and antibiosis (Shinwari et al. 2019).

Hyperparasitism involves the killing of the disease-causing microbes or their
propagules by directly attacking them. Trichoderma is one of the most popular
examples for hyperparasitism in which the fungus can release toxic endochitinases,
which can degrade the cell wall of the target fungal pathogen (Gautam and Avasthi
2019). Competition for resources (nutrient, water and space) is another mechanism
that beneficial microbes use to defend against pathogens (Köhl et al. 2019). Soil and
surfaces of living plants or plant tissues are usually the environments with limited
nutrients for microbes (Shinwari et al. 2019). Beneficial microbes compete against
pathogens for nutrients and thereby suppress diseases. For example, siderophore
produced by these beneficial microbes in rhizosphere reduce iron availability to
certain pathogens and thus reduce their growth (Santoro et al. 2015; Złoch et al.
2016). The third mechanisms, antibiosis, is by producing some secondary
metabolites known as antibiotics that are detrimental to the growth or metabolic
activities of plant pathogens. Antibiotics can also inhibit spore germination and
hyphal growth of pathogens (Köhl et al. 2019).

9.5.4 Increase Abiotic Stress Tolerance in Plants

Abiotic stress is the stress condition experienced by plants from certain environmen-
tal factors such as water, temperature, salts, pH and essential nutrients. Plant growth,
development and survival under stress conditions can be improved by the applica-
tion of certain stress tolerant plant growth promoting microbes (PGPM) and AM
fungi (Nadeem et al. 2014). Rhizosphere and endophytic microbes use direct or
indirect approaches for the promotion of plant growth and development under stress
conditions (Kumar and Verma 2018). For example, PGPM promotes plant growth
by regulating hormonal and nutritional balance and producing plant growth (Kumar
and Verma 2018).

Drought, being a major challenge to global agriculture, limits plant growth and
productivity. Some drought tolerant microbes are able to enhance plant growth and
development under water deficit conditions using direct or indirect mechanisms
(Miliute et al. 2015; Lakshmanan et al. 2017). For example, PGPR regulate
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physiology of plants to withstand drought stress by producing important growth
regulators such as ABA, which enhances drought stress resistance of plants via
regulating root hydraulic conductivity and transcription of drought related genes
(Jiang et al. 2013). As an indirect mechanism, mycorrhizal fungi extend their hyphae
to deeper levels of soil where plant roots hardly reach and scavenge for water to
make it available for plants (Lakshmanan et al. 2017; Wang et al. 2017).

Salinity, heavy metal toxicity and toxic exudates from weeds are other important
stress conditions that challenge agricultural production. Endophytic and rhizosphere
bacteria have also been associated with alleviating salinity stress of many plant
species via a variety of mechanisms including phytohormones production, nitrogen
fixation, phosphate solubilization, siderophore production and enhanced nutrient
uptake (Shinwari et al. 2019). Some PGPR that are capable of metal biosorption, a
phenomenon that binds metals to negatively charged groups of bacteria, can alleviate
metal toxicity (Syed and Chinthala 2015; Shameer and Prasad 2018). Bacterial
genera such as Bacillus and Pseudomonas are well known for alleviation of metal
toxicity (Shameer 2016). Some microorganisms use various mechanisms such as
volatilization, exopolysaccharide (EPS) sequestration, enzymatic detoxification and
metal complexation that make host plants tolerate heavy metal toxicity (Kumar and
Verma 2018). Stress due to the presence of weeds and their exudates is minimized by
rhizobacteria through the production of antibiotics and phytotoxins that predomi-
nantly inhibit weed growth (Mishra et al. 2013).

9.6 Molecular Mechanisms of Stress Alleviation

Plant-associated endophytic and rhizosphere microbes help plant growth, fitness and
health under different biotic and abiotic stress conditions (Vimal et al. 2017). Plant
growth and development are enhanced by these microbes via an array of molecular
and biochemical mechanisms (Kumar and Verma 2018). For instance, PGPM
regulate nutritional and hormonal balance, produce plant growth regulators and
induce resistance to plant pathogens in order to promote plant growth (Spence and
Bais 2015). Many molecular interactions occur between these microbes and host
plants. These interactions begin with the recognition of plant exudates by the
microbes and once the microbes enter the host tissues cross talks of signal molecules
which make the mode of communication between plants and microbes commence
(Khare et al. 2018; Zhang et al. 2019). Many plants produce different flavonoids that
function as chemical signals that are recognized by microbes. For example,
flavonoids produced by plant roots attract arbuscular mycorrhizal fungi (AMF),
their spore formation, hyphal growth, differentiation and root colonization
(Steinkellner et al. 2007; Badri et al. 2009). Various signal molecules including
Nod factor and strigolactone are well known to activate plant–microbe interactions
(Gough and Cullimore 2011; Rozpądek et al. 2018). To overcome harmful effects to
plants under adverse conditions, certain bacterial species possess sigma factors that
can alter gene expressions (Gupta et al. 2013).
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9.6.1 Microbe-Mediated Induced Systemic Tolerance to Abiotic
Stress

Plants that are exposed to different environmental stress conditions including
drought, flooding, depletion of nutrients and the presence of toxic metals in substan-
tial quantities show adaptation mechanisms exhibited in various forms including
changes in root morphology and production of phytohormones (Potters et al. 2007).
Majority of root-associated microbes help plant growth under water stress by
producing IAA which increases root growth and enhances the formation of lateral
roots and root hairs (Fig. 9.2; Patten and Glick 2002; Rajkumar et al. 2005;
Chakraborty et al. 2006; Long et al. 2008). Enhancement of root growth increases
root surface, which improves the nutrient and water uptake by plants. Further,
endophytic and rhizosphere microbes are involved in reducing abiotic stress through
ACC deaminase activity and regulation of ACC mechanism (Saleem et al. 2007).
Reduction in ethylene levels in plants that is catalysed by the hydrolysis of ACC in
bacteria can also enhance root growth (Belimov et al. 2007; Long et al. 2008).
Nonetheless, the stress status of plants changes with the decline in ethylene levels
(Glick 2005). Further, both biotic and abiotic stress conditions trigger plants to
synthesize proline, an amino acid that can function as a defence molecule in plants
(Barka et al. 2006; Hayat et al. 2012). Different microbes mediated induced systems
have developed to alleviate abiotic stresses of plants. In the presence of bacteria such
as Burkholderia, Arthrobactor and Bacillus, plants synthesize proline that alleviate
abiotic stress in plants (Barka et al. 2006; Sziderics et al. 2007).

Fig. 9.2 Schematic diagram of microbe-mediated induced systemic resistance to biotic and abiotic
stresses in plants
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9.6.1.1 Amelioration of Nutrient Deficiency
Plants mostly require macronutrients (C, H, O, N, P, K, Ca, Mg, S) and
micronutrients (Fe, Zn, Cu, Mn, Mo, Cl, B) for their growth and development.
Among these essential nutrients, C, H, O and N are freely available in soil in the form
of complex compounds. The farmers usually utilize chemical fertilizers to increase
crop production. The utilization of these synthetic fertilizers in high doses cause
nitrates and various other chemical compounds to leach and subsequently contami-
nate surface and underground water, in addition to disturbing soil fertility.
Ingredients of synthetic chemical fertilizers may pose toxic effects to human and
various animals, thus leading to serious health consequences. Therefore, application
of biofertilizers or microbes that have potential to promote plant growth is a
sustainable option to increase crop productivity (Garima and Nath 2015). Many
recent studies have shown that bacterial and fungal endophytes can be used as
biofertilizers or bioformulations in agriculture to protect and improve crop produc-
tion (Garima and Nath 2015). Rhizosphere and endophytic microbes can solubilize
macro and microelements for plants and facilitate the mobilization and uptake of
macronutrients and micronutrients to their host plants (Dobbelaere et al. 2001).

Nitrogen is one of the important macroelements required for increasing the crop
growth and yield. About 80% of nitrogen gas in atmosphere is in the form of
di-nitrogen and cannot be taken up by plants because plants can absorb nitrogen
only in the form of ammonium and nitrate (Steenhoudt and Vanderleyden 2000).
Therefore, N-based fertilizers are used to increase N bioavailability for plants, and
overuse of N-based fertilizers directly contributes to soil contamination which has
negative impacts on human health. However, endophytic and rhizosphere microbes
are capable of fixing more atmospheric nitrogen and thus, enhance the bioavailabil-
ity to plants. Microorganisms form symbiotic interactions with legumes and these
associations provide fixed N that helps growth and development of plants.
Researchers found, Diazotrophic bacteria could fix atmospheric nitrogen by nitro-
genase enzyme in root nodules of legume plants (Dobbelaere and Okon 2007). Some
non-legume plants in associations with endophytic bacteria such as Azospirillum
spp., Azoarcus spp. and Herbaspirillum are involved in biological nitrogen fixation
(Doty et al. 2009; Desbrosses and Stougaard 2011). Nitrogen fixing bacterium,
Gluconacetobacter diazotrophicus was reported for colonization of crops like
maize, rice, wheat and other major non-legume crops, such as oilseed rape and
tomato (Cocking et al. 2005). Plant growth promoting rhizosphere microbes perform
the process of associative N2-fixation even in different non-legume crops such as
maize, sugar beet, wheat, rice and sugar cane (Şahin et al. 2004; Jha and Saraf 2015).

The phosphorus present as inorganic phosphate remains unavailable for the plants
due to its non-soluble state in soil. Phosphorous is essential for metabolic processes
of plants including N fixation in legumes, respiration, photosynthesis, signal trans-
duction and energy transfer (Kouas et al. 2005; Khan et al. 2010). Endophytes
involve converting the inorganic phosphate into a soluble form of phosphate with
secretion of organic acid or by mineralizing the organic phosphorus, and produces
different phosphatases thereby solubilizing the phosphorus (Ramachandran et al.
2007). Among other endophytes Bacillus, Pseudomonas, Erwinia, Agrobacterium
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and Flavobacterium spp., are involved in solubilizing the inorganic phosphate
compounds by phosphatases (Rodrı  guez and Fraga 1999). Escherichia, Salmonella,
Enterobacter, Azotobacter, Arthrobacter, Streptomyces, Micrococcus, Serratia,
Thiobacillus, Alcaligenes, Chromobacterium and Bradyrhizobium are some endo-
phytic bacteria that secrete organic acids to solubilize insoluble phosphorus (Zhu
et al. 2011). Moreover, soil can be rich in phosphorus from organic and inorganic
material reserves, but it may not be available to plants due to fixation with Mg, Ca in
alkaline soil and Fe, Al in acidic soils. Phosphorous solubilizing microbes like
bacteria can enhance phosphorous availability by lowering the pH through release
of organic acids (citric, oxalic, lactic, tartaric, malic and gluconic acid) or H+ (Jha
and Saraf 2015). Meantime, rhizobacterial species (Bacillus thuringiensis) are
involved in increasing the availability of nutrients such as Ca, Mg, K, Cu, Zn and
Mn (Armada et al. 2014).

9.6.1.2 Water, Temperature and Salinity Stress Tolerance
Drought or water stress is a key environmental factor affecting plant physiological
and biochemical processes and it directly limits the growth and development of
plants. It disturbs carbon assimilation and protein synthesis, triggers photorespira-
tion, changes cell homeostasis, enhances the accumulation of ROS in cells and
affects plant hormone balance (Cohen et al. 2015; Talaat 2015; Talaat and Shawky
2016). Microbial inoculants have capacity to change negative responses of different
plant physiological and biochemical processes under water stress conditions. Inocu-
lation of endophytic bacteria such as Enterobacter sp. FD 17 and Burkholderia
phytofirmans PsJN enhanced drought resistance capacity in maize plants by
colonizing internal portion of roots, shoots and leaves (Naveed et al. 2014).
Azospirillum inoculated wheat seedlings contained more phospholipids in its roots
than non-inoculated seedling roots under water stress condition and this bacterial
inoculation led to change the root cell membrane elasticity and it cause to build up
tolerance to water stress (Pereyra et al. 2006). Further, water stress tolerance of
wheat plant observed after association with B. phytofirmans strain PsJN through
modulation of metabolism and improving the ionic balance (Naveed et al. 2014).
Plant root colonization with rhizobacteria Pseudomonas chlororaphis 06 induces
tolerance to drought stress (Cho et al. 2008).

Maize plants reduced its shoot and root growth under low temperature condition
(Baek and Skinner 2012; Saeidnejad et al. 2012). However, the inoculation of
Pseudomonas spp., Bacillus amyloliquefaciens subsp. plantarum and Bacillus com-
plex strain R41 with micronutrients (Zn/Mn) showed beneficial effects on maize
under low temperature (Bradáčová et al. 2016). Chilling resistance of grapevine
plantlets were enhanced after inoculation of plant growth promoting rhizobacteria,
Burkholderia phytofirmans strain PsJN (Barka et al. 2006). Inoculation of
temperature-tolerant Pseudomonas putida strain AKMP7 improved growth and
development of wheat plant under heat stressed condition (Ali et al. 2011). More-
over, the strain AKM-P6 of this bacterium helped sorghum seedlings to overcome
heat stress by producing proline and heat shock proteins (HSP) which reduced
membrane injury and elevated protein and chlorophyll content in leaves (Ali et al.
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2009). The association of a rhizosphere fungus Paraphaeosphaeria quadriseptata
with Arabidopsis thaliana showed improved tolerance to heat stress, which was
induced by HSP101 and HSP70, two conserved HSP components (McLellan et al.
2007). An endophytic fungus, Paecilomyces formosus strain LWL1 has shown to
alleviate heat stress by enhancing plant growth in Japonica rice varieties (Waqas
et al. 2015).

Soil salinization is a crucial problem for agricultural practices. Accumulation of
salt in the soil negatively affects the growth and development of plants. Talaat and
Shawky (2013) and Talaat and Shawky (2014) reported that inhibition of respiration,
carbon assimilation and protein synthesis, disruption in nutrient accumulation,
metabolic toxicity and enzyme destruction, decline in the translocation of assimilates
from source to sink, disturbance in water and osmotic potential, increased ROS
accumulation in chloroplast and toxicity of excessive sodium and chloride ions
occur due to salt stress. Endophytic and rhizosphere microbes facilitate plant growth
in saline soil by triggering various biochemical and physical changes in plants. Salt
tolerance of A. thaliana was enhanced by Bacillus subtilis strain GB03 via a tissue
specific regulation of high affinity K+ transporter 1 (HKT1) that lowered the
accumulation of Na+ in the plant (Zhang et al. 2008). Salinity resistant microbes
such as Pseudomonas stutzeri, P. aeruginosa and P. fluorescens showed ameliora-
tion of salt stress in Solanum lycopersicum (tomato) plants and increased shoot and
root growth (Tank and Saraf 2010). Endophytic bacteria such as Pseudomonas
pseudoalcaligenes induce the buildup of glycine betaine compounds at higher
concentrations that helps rice plants to tolerate salt stress (Jha et al. 2011). Nadeem
et al. (2007) reported high K+/Na+ ratio, relative water content, chlorophyll level and
low proline content were observed in salt stressed maize plants associated with
Pseudomonas syringae, Enterobacter aerogenes and P. fluorescens containing ACC
deaminase activity. Further, wheat seedlings inoculated with bacteria that produce
EPS have shown halt of Na+ uptake and stimulation of plant growth in saline
environments (Grover et al. 2011). Salt tolerance ability of paddy seedlings
enhanced through inoculation of P. pseudoalcaligenes and Bacillus pumilus bacteria
(Jha and Subramanian 2014). Further, Azospirillum alleviated salt stress in barely
seedlings (Zawoznik et al. 2011). Bacilio et al. (2004) observed inoculation of
genetically modified A. lipoferum could reduce negative effects of salt in wheat
seedlings.

9.6.1.3 Tolerance of Stress Due to Heavy Metal and Herbicide Toxicity
Accumulation of heavy metals in soil affects agricultural activities and human
health. However, some heavy metals are micronutrients that are required for plant
growth and development. If used in excess, heavy metals may cause serious damages
to plant metabolism by changing the plant hormonal balance, photosynthesis pro-
cess, uptake and distribution of macro and micronutrients, permeability and function
of plasma membranes and enzymes function (Garg and Singla 2012; Islam et al.
2016). Therefore, microbial inoculants could protect plants from the negative impact
of heavy metals. For example, microorgansims such as Proteobacteria, Firmicutes
and Actinobacteria are involved in the removal heavy metals including manganese
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(Mn), lead (Pb) and arsenic (As) from metal polluted soil (Zhang et al. 2015).
P. aeruginosa OSG 41 enhanced chickpea growth under chromium (Cr) stress
(Oves et al. 2013). Hordeum vulgare (barley) plants grown in Cd contaminated
soil and inoculated with Klebsiella mobilis CIAM 880 have shown higher grain yield
and decrease in grain Cd content as free Cd ions are bound to bacteria making the
plant uptake of the ion difficult (Pishchik et al. 2002). Burkholderia spp. and
Methylobacterium oryzae reduce stress due to the accumulation of cadmium
(Cd) and nickel (Ni) by lowering the uptake and translocation in tomato (Madhaiyan
et al. 2007). Endophytic bacteria Sphingomonas SaMR 12 influenced the content of
root exudates and decreased chelating Cd ions, thus alleviated toxic metal stress in
Sedum alfredii (Chen et al. 2014). An Endophytic bacterium Sphingomonas
SaMR12 has shown to reduce Cd toxicity by chelating the metal via influencing
the exudation of tartaric acid, malic acid and oxalic acid (Chen et al. 2014). AM
fungi alleviated effects of Cd stress by reducing malonaldehyde and hydrogen
peroxide (Hashem et al. 2016). Jing et al. (2014) have shown the removal of Cd,
Pb and zinc (Zn) from contaminated soil by Enterobacter spp. and Klebsiella spp.

9.6.2 Microbe-Mediated Induced Systemic Resistance to Biotic
Stresses

Biotic stresses in plants occur due to damage caused by other living creatures such as
insects, weeds, nematodes, fungi, bacteria and viruses. Rhizosphere and endophytic
microbes have shown to protect plants from biotic stress by competing with those
stress-causing organisms for space and nutrients, via processes such as antibiosis and
mycoparasitism, and by inducing plant defence mechanisms (Fig. 9.2; Barea et al.
2013). Applications of endophytes and rhizosphere microbes have shown to trigger
plant defence mechanisms (Ma 2017). These microbes regulate genes, which are
involved in ethylene and jasmonic acid synthesis pathways (Pangesti et al. 2016).
Further, Samain et al. (2017) suggested changes of biochemical responses such as
increased synthesis of ROS and phenolic metabolic compounds that are mediated by
these microbes. Similarly, anatomical modifications like the deposition of cellulose
and lignin in the endophytic colonized tissues also occur (Constantin et al. 2019).
Further, microbes induced resistance against biotic stress through the production of
allopathic compounds such as siderophores and antibiotics showed to effectively
protect plants from pathogens and to inhibit the growth microbial pathogens
(Choudhary and Johri 2009; Jain et al. 2013).

Microbes are also involved in developing induced systemic resistance against
biotic stress in plants. For example, bacteria such as Acinetobactor lwoffii,
P. fluorescens, P. putida, Paenibacillus alvei, Serratia marcescens, Bacillus
pumilus, Chryseobacterium balustinum and Azospirillum brasilense colonize roots
and protect plants from foliar diseases under field and greenhouse conditions (van
Loon 2007). Association of the endophytic Burkholderia cenocepacia 869T2 with
banana showed decrease in Fusarium wilt disease (Ho et al. 2015). Pyrrolnitrin, an
antibiotic produced by Pseudomonas fluorescens BL915 could prevent the damage
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from Rhizoctonia solani that causes damping off of cotton plants (Hill et al. 1994).
Pavlo et al. (2011) found that Pseudomonas sp. IM BG 294 reduced symptoms of
soft rot diseases caused by bacterial pathogen Pectobacterium atrosepticum in
potato. Moreover, endophytic Serratia plymuthica,Methylobacterium sp. and Strep-
tomyces spp. have shown to mediate induced systematic resistance in many plants
(Benhamou et al. 2000; Conn et al. 2008; Pavlo et al. 2011). Moreover, cucumber
anthracnose could be prevented by P. fluorescens strain 89B-61 (Kloepper and Ryu
2006). Bacterial strains Bacillus licheniformis AE6 and Streptomyces spp. Zapt
10 have shown to induce systemic resistance against downy mildew caused by
Pseudoperonospora cubensis in Cucumis sativus (cucumber) (Sen et al. 2014).
Black rot disease of cabbage caused by Xanthomonas campestris was effectively
controlled by a biological control agent Paenibacillus sp. P16 that activated induced
systemic resistance in the host plant (Ghazalibiglar et al. 2016). Chithrashree et al.
(2011) have observed Bacillus strains to cause induced resistance in rice against
bacterial leaf blight caused by Xanthomonas oryzae pv oryzae. An endospore
forming bacterium Brevibacillus laterosporus Laubach has shown to effectively
inhibit insects of orders Coleopteran and Lepidoptera (Boets et al. 2004; De Oliveira
et al. 2004), nematodes (Singer 1996) and plant pathogenic fungi (Saikia et al. 2011).

9.6.3 Defence Mechanisms of Rhizosphere and Endophytic
Microbes Against Biotic Stresses

Rhizospheres and endophytes are considered as effective group of microbes, which
take a significant part in promoting growth, development and protection of plants
against biotic stress. These microbes significantly stimulate host performance or
innate resistance during the stress conditions, especially under biotic stress
(Lugtenberg et al. 2016; White et al. 2019). There are two systems of resistance
mechanisms, namely induced systemic resistance (ISR) or system acquired resis-
tance (SAR) that are coordinated and performed by these two categories of microbes
against biotic stress (Mengistu 2020). Many useful microorganisms associated with
host plants can regulate resistance systems. Among them, facilitation and enhance-
ment of immune system are important methods of protection against biotic stress in
plant in which structurally conserved molecules that are associated with microbes or
pathogen (MAMPs/PAMPs: Microbe—Associated Molecular Pattern/Pathogen—
Associated Molecular Pattern respectively) are recognized (Pozo et al. 2013; Eid
et al. 2019). Biological control of pest and diseases is gaining importance in the field
of plant protection for maintaining a threshold level below to reduce the environ-
mental and economic impact for enabling the plant to reclaim the ability to tolerate
the biotic stress (Bale et al. 2008). The interaction among rhizospheres, endophytes
and host plants have made the “coevolution” of colonization and symbiotic relation-
ship for the ultimate benefit to the plants to protect from biotic stress caused by
phytopathogens, phytophagous pests, etc.
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9.6.4 Defence Against Phytopathogens

Defence against plant pathogens and their competitions with the host for resources
has a pivotal role in crop protection in order to uphold crop productivity (Oerke and
Dehne 2004). Rhizosphere and endophytic microbes are distinct and functional
alternatives to the traditional chemical-based crop protection methods. These
microbes follow the similar pattern of potential colonization by overcoming phases
relevant to plant and other competitive organisms for holding a sustainable niche for
them. At the initial stage, these organisms manipulate the host immune system for
colonization and later they enhance the system to withstand or overcome the
conquering phytopathogens (Reinhold-Hurek and Hurek 2011; Mitter et al. 2013).
Successful colonization of endophytes is determined by several factors which are
relevant to plant (age, tissue type, genotype, species, etc.), the number and density of
inoculum, strains of microorganisms and environmental conditions (biotic stress,
abiotic stress and growing media) (Hardoim et al. 2015; Bamisile et al. 2018).
Bamisile et al. (2020) have revealed that the microbial colonization of rhizospheres
and endophytes carry out colonization systematically from root ! shoot ! flowers
!fruit ! seeds. The colonization is almost similar to the pattern followed by
phytopathogens and it takes place through planting materials (vegetative parts of
plant), seeds, rhizosphere soil and phyllosphere (Rosenblueth and Martínez-Romero
2004).

The mechanisms expressed by rhizosphere and endophytes can be antibiosis or
competition or parasitism or induced systemic resistance or increased growth
response or can be a combination of more than one mechanism to control over the
phytopathogens. However, both rhizosphere and endophytes involve directly in
dealing with the phytopathogens for their either reduction or suppression of
disease-causing ability and survival (Ownley et al. 2010). In many instances, the
process of anti-phytopathogenic activity is established by the rhizosphere and
endophytic microbes by synthesizing a number of enzymes, antibiotics and volatile
organic compounds (VOCs which are bioactive) (Ownley and Windham 2007).
Strobel et al. (2001) have proven that Ascomycota fungi (Muscodor albus) synthe-
size a mixture of VOCs with a wide spectrum of toxicity against a plethora of
microorganisms.

Endophytic fungi produce various kind of secondary metabolites and hydrolases
against the pathogens and thereby strongly affect the growth and development of
pathogenic microorganisms due to the antifungal and antibacterial activities (Berg
and Hallmann 2006; Gunatilaka 2006). Enzymatic biocontrol activities of
endophytes fungi are different from usual way of mycoparasitism towards plant
pathogens. Some endophytic fungi like Talaromyces flavus produce glucose oxidase
which has an ability to kill Verticillium spp. by catalyzing the production of hydrogen
peroxide that has the biological control activity (Fravel 1988). An effective compe-
tition can be observed between endophytes and other phytopathogens especially for
niches and sources of nutrients. These kinds of competitions are mostly prevailing in
the rhizosphere, phyllosphere and in the intercellular regions of the plant. The
success of rhizospheres and endophytes depend on their ability for initial
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colonization in the host plants. Similarly, Trichoderma spp. produces low level of
exochitinase before having the contact made with phytopathogens during the colo-
nization. The enzyme diffuses and catalyses the cell wall oligomolecules released by
the target pathogenic fungi. This process activates the Trichoderma to release a
fungal toxic endochitinase to abolish the cell wall components of pathogenic fungi
completely (Harman et al. 2004). There are several kinds of lytic enzymes involve in
degradation of the cell walls of plant pathogens and that include lipophytic enzymes
(lipase), glucanases, proteolytic enzymes (Protease), exo and endochitinases, etc.
and secondary metabolites such as alkaloids, terpenoids, polypeptides, aromatic
compounds, etc. For example, Alternaria sp. shows antibacterial activities through
signal interference antagonism method against several pathogenic bacteria by secret-
ing a new secondary metabolite “altersetin” (Hellwig et al. 2002). However, the
biocontrol activities of rhizospheres and endophytes are; some of them may apply
multiple mechanisms to control a specific pathogen or some may apply different
mechanisms against for different pathogenic fungi (Korolev et al. 2008; Ownley
et al. 2010). Nevertheless, “biopesticides” produced by these beneficial organisms to
control the phytopathogens are an effective, alternative and safe crop management
procedure in modern agriculture systems for the future and as well as for current use
(Syed-Ab-Rahman et al. 2018).

The ideal beneficiary microbes should be able to colonize easily in rhizospheres
in order to provide a combat zone of protection to the root area from various
pathogenic attacks or create a suppressive environment to the pathogen for weaken
them. The beneficial microbes in the rhizosphere deliver toxic substances/
antagonizing metabolites to the vicinity of roots and conventionally affect the
pathogenic bacteria (Shoda 2000). Beneficial rhizosphere microbes or endophyte–
host plant mutual relationships generally exist in nature to either improve the nutrient
level of host plants or augment the host plant’s ability to withstand the stress
situation induced by the biotic or abiotic factors. Although, in any situation of this
natural mechanism leads to the improvement and proliferation of plant growth
(Haney et al. 2015). A wide range of endophytic and rhizosphere microorganisms
utilize the nutrients released by the host plant and mutually secrete metabolites in the
rhizosphere zone for overcoming the effects of disease caused by bacteria and fungi
for optimizing the health (Gray and Smith 2005; Kiely et al. 2006; Knief 2014). It
has been demonstrated by Castillo et al. (2002) that an entophytic bacterium
Streptomyces sp. (strain NRRL 30562) secrets a toxic substance munumbicins
which can inhibit the growth of phytopathogenic fungi, Pseudomonas ultimum,
and Fusarium oxysporum under in vitro conditions. Similarly, the application of
several species of Bacillus: B. subtilis (IN937b), B. pumilus (SE34) and
B. amyloliquefaciens (IN937a) for treating tomato seeds to induce systemic resis-
tance against CMV has expressively improved the performance of tomato plants
while reducing the severity of diseases (Zehnder et al. 2000).

However, this defensive mechanism is not unanimous for every combination of
endophyte–host plant–phytopathogen interaction (Rabiey et al. 2019). For example,
the protective functions of an ectomycorrhizal fungus Suillus luteus were
investigated against other fungal pathogens (Heterobasidion irregular and

9 Role of Rhizosphere and Endophytic Microbes in Alleviation of Biotic and. . . 215



Heterobasidion annosum) of Scots pine (Pinus sylvestris) and was found that it only
reduced host tree susceptibility to H. annosum, not both pathogens (Gonthier et al.
2019). In a similar manner, some tree endophytes have shown a promising effect to
inhibit the growth of phytopathogens using antifungal and antibacterial compounds
(Fadiji and Babalola 2020). A Bacillus pumilus strain (JK-SX001) produces a
combination of substances which have some extracellular enzymes such as
cellulases and proteases and secondary metabolites to retard the infection rate and
growth of canker causing pathogens; Cytospora chrysosperma, Phomopsis
macrospora and Fusicoccum aesculi (Ren et al. 2013). An endophyte associated
with black pepper; P. putida (strain BP25) inhibits the growth of several other
pathogenic fungi and nematode such as P. capsici, P. myriotylum,
G. moniliformis, R. solani, A. rolfsii, C. gloeosporioides and plant parasitic nema-
tode, R. similis using VOCs (Sheoran et al. 2015).

In recent years, a significant challenge is faced in biocontrol of phytopathogens
using rhizosphere and endophytes especially due to the rapid fluctuations of climate
which alter the ranges of pathogens and challenging the plant health or by subjecting
plants to stress (Shaw and Osborne 2011). The climatic changes will have diverse
degrees of effects depending on the type of pathosystems and geographical region.
Climate change can influence especially the dispersal of a key symbiont mycorrhizal
fungus and may restrict the migration and colonization of them in new-fangled
environments (Pickles et al. 2015). Wilson et al. (2016) have revealed that warming
due to extreme temperatures, heat waves may induce a decrease in arbuscular
mycorrhizal fungal colonization. On the other hand, there is a possibility of transi-
tion of “intimate relationship” between plant and endophytes in to “pathogenic
relationship” when plants are exposed to stress conditions evolved due to environ-
ment and physiological nature. The similar process has been observed in healthy
Quercus cerris in which endophytic fungi Discula quercina which lives in trees
becomes pathogenic nature during the drought stress and thereby causing causes
damage to host structure and function (Ragazzi et al. 2001; Moricca and Ragazzi
2008).

9.6.5 Defence Against Phytophagous Insects

There are many biological control strategies based on natural enemies (predatory
insects, antagonizing microorganisms or entomopathogenic microorganisms,
parasitoids, etc.) that are used as an alternative to traditional control to manage
phytophagous insects in agriculture. Similarly, there is a new trend of using
microorganisms such as entomopathogenic fungi, bacteria, nematodes and viruses
in rhizosphere, phyllosphere and endosphere to increase crop yield and also to
enhance the defence mechanisms of the host plants against phytophagous insects
or other herbivores at both above and below ground levels by retardation of their
feeding habit or via antibiosis in diverse environments (Ruiu 2018; Francis et al.
2020).
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The use of endophytes to protect plants from phytophagous insects is not a new
concept and has been well studied and used since early 1980s (Azevedo et al. 2000).
A first report on control of phytophagous insect was probably elaborated by (Webber
1981), in which the larvae of beetle Physocnemum brevilineum (vector of
Ceratocystis ulmi which is the causal agent of elm Dutch disease in trees) was killed
by toxic compounds produced by an endophytic fungus; Phomopsis oblonga.

The beneficial microorganisms that are considered to be natural “biocontrol”
agents against phytophagous insects can prime the plant to prompt on the insect
pest by triggering some specific molecular biological pathways like jasmonic and
salicylic acids and/or ethylene induced systemic resistance (ISR) (Pieterse et al.
2012). In addition, the ISR leads to the initiation of hypersensitive induced oxidative
stress and the process is considered to be a crucial component for the plants to exhibit
defence system against insects and other herbivores (Rashid and Chung 2017).
However, a limited understanding is prevailing about the endophytes as how they
interact with plants through a diverse biochemical and molecular pathway and how
are those pathways actually applied to manage and mediate plant–microbes–insects
interaction for the betterment of plant health. It is believed that the interaction is very
much correlated with the degree of specificity of the insect to the plant. For example,
generally various kinds of insects are negatively affected by toxic metabolites
secreted by certain plant species, while some specific insects use those compounds,
which do not affect the insects, to distinguish the host plants. Van Oosten et al.
(2008) have demonstrated the differential behaviour of insect larvae against the ISR
produced by Pseudomonas fluorescens, in which the specific caterpillar Pieris rapae
was not disturbed whereas Spodoptera exigua (a generalist insect) was harmfully
affected.

Beneficial soil microbes (arbuscular mycorrhizal, non-mycorrhizal fungi, PGPR,
endophytes, etc.) can play a major role in plant–insect interactions in three different
ways.

1. Contribute to increase the size, vigour, nutritional status and creating a favourable
environment in the host plant in order to attract the insects for feeding
(Bukovinszky et al. 2008),

2. Induce systemic resistance in plants or enhance pest resistance ability through the
biochemical and molecular pathways of production of enzymes, toxic secondary
metabolites, etc. (van Lenteren et al. 2018),

3. Modify the VOCs that are released from the host plant and thereby interfere the
plant signalling. The ultimate impact to inhibit the performance of the insects
widely depends on the balance situation between the enhanced plant growth and
the negative impact of ISR (Rasmann et al. 2017).

Entophytic influenced metabolites enhance herbivore resistance because of the
feeding discouragement or antibiosis (Vega 2008). Many endophytic
and entomopathogenic fungi like Beauveria bassiana, Metarhizium anisopliae and
Lecanicillium lecanii secrete some metabolites that can enhance plant fitness and
show resistance to herbivores (Saikkonen et al. 2006; Vega 2008). Remarkably,
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these fungi have ability to upload nitrogen from above ground insect remains to the
plant through fungal mycelia (Behie et al. 2012). A screening for identifying further
entomopathogenic fungi and bacteria may help in agriculture to improve crop
production by increasing the resistance of plants against herbivores including
plant-feeding insects.

9.7 Influence of Rhizosphere and Endophytic Microbes
on Product Quality

The endophytes and host plants show the symbiotic relationship of interaction in
which the plants provide niches to the microorganisms and in turn they produce
metabolites for enhancing the plant protection as well as for the improvement of
growth and development of the plant (Xia et al. 2015). The interaction between both
endophytes and host plants evolved through coevolution that was directed through
colonization and motivated due to the factors associated with plants, microbes and
environment. The coevolution process leads to the establishment of close association
and causing effective changes in cellar and molecular level activities for the growth
and development of the plant (Aravind et al. 2010; Costa and de Melo 2012). The
entophytic bacteria and fungi have direct and indirect impact on crop improvement.
These influence or impact of them for improving nutrient and water uptake, increase
nitrogen fixation, facilitate nutrients, mineral solubilization and absorption and
production of metabolites such as phytohormones for conquer the biotic and abiotic
stress conditions and act as biological controlling agents (Chebotar et al. 2015; Xia
et al. 2015).

Interactions between host plants and beneficial bacteria eventually have great
effects on the growth and development of plants, crop productivity, plant health and
soil quality (Compant et al. 2008). This can be witnessed in sugarcane where
Azospirillum amazonense, Burkholderia tropica, Herbaspirillum seropedicae,
Herbaspirillum rubrisubalbicans and Gluconacetobacter diazotrophicus increase
and accelerate nitrogen fixation, biomass accumulation, IAA and siderophores
production, and improve phosphate solubilization that enhance budding process
(Beneduzi et al. 2013). Similarly, Azospirillum lipoferum, Azospirillum brasilense,
Bacillus lentimorbus, B. subtilis, Burkholderia cepacia and Streptomyces sp. have
shown to influence growth promotion, IAA synthesis, nitrogen fixation, reduction of
toluene evapotranspiration, antagonistic effect to pathogenic fungi and increase of
maize yield (He et al. 2009; Ferreira et al. 2013).

Phytohormones like auxins, cytokinin and gibberellin involve in regulation of
plant growth and development. These hormones are synthesized through
phytostimulation and they modulate the morphological characters of root cells for
efficient absorption (Santos et al. 2018). The direct ethylene (ET) precursor, ACC is
a member of auxin group that reduces the effect of high level of ethylene which can
regulate and inhibit cell division, molecular DNA synthesis, cell division and
elongation of roots and aerial parts of plants (Vanderstraeten and Van Der Straeten
2017). Endophytes retard and regulate the high ethylene production by altering and
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reprogramming the signalling pathways using ACC and IAA and thereby promoting
the root growth and seed germination (Gaiero et al. 2013). For example, some
entophytic bacteria such as Bacillus sp., Pseudomonas sp., Azotobacter sp.,
Azospirillum sp. and Acinetobacter sp. synthesize phytohormones like IAA, IBA,
cytokinin, gibberellin and some other compounds, which show resemblance to the
activity of jasmonates (Egamberdieva et al. 2017; Santos et al. 2018). The products
of these endophytes help plants for healthy survival by assisting them in maintaining
proper osmotic nature, modification of root cells for efficient absorption of water and
minerals, natural nitrogen fixation, etc. (Chebotar et al. 2015). The introduction of
Bacillus sp. in barley and Acinetobacter johnsonii in beet have increased the
minerals and ions (Manganese, Zinc and Copper) and carbohydrate content due to
the efficient photosynthetic activity, respectively (Canbolat et al. 2006; Shi et al.
2010).

Several endophytic bacteria and fungi involve in biofertilization of plants for
promoting growth and product quality. It is considered that rhizosphere and endo-
phytic are efficient and alternative natural nitrogen fixing organisms since they have
capacity for easy colonization not only in the rhizosphere area but also in the stems
and leaves (Balachandar et al. 2006). The inoculation of bacterial mixtures (that
contain selective entophytic bacteria Burkholderia sp., Azospirillum amazonense,
Gluconacetobacter diazotrophicus, Herbaspirillum seropedicae and
H. rubrisubalbicans) to sugarcane has revealed 30% increase in nitrogen content
by converting atmospheric nitrogen into ammonia for direct utilization by the plant
(Oliveira et al. 2002). Likewise, Burkholderia sp. is an endophytic bacteria
entophytic bacterium having ability to produce organic acids such as oxalic, citric
and tartaric acids, which makes phosphorus available for easy absorption by plants
(Gaiero et al. 2013).

It is evidence from the previous studies on Vitis vinifera (grape) that the interac-
tion process between the host plant and endophytic fungi leads to the accumulation
of new metabolites in the host plants to improve the characteristics and quality of
grapes (Huang et al. 2018; Pacifico et al. 2019). Yang et al. (2016) also observed that
the inoculation of endophytic fungal isolates to field grown grape vines modified the
physio-chemical status of grapes. Moreover, grapevines have revealed to produce
various metabolites in the flesh cells of grapes berries when inoculated with different
endophytes in dual cultures (Huang et al. 2018).

9.8 Biotechnological Approaches for Enhancing
the Effectiveness of Rhizosphere and Endophytic Microbes

The success of plant to gain the most benefits out of rhizosphere and endophytic
microbes virtuously depend on how resourcefully the organisms have colonized the
plant at the rhizosphere, phyllosphere and in the intercellular regions of the plant.
Endophytes such as Enterobacter sp. are able to synthesize various antioxidant
enzymes including superoxide dismutase, (SOD), catalase (CAT) and hydroperox-
ide reductase to overcome oxidative stress in Populus trichocarpa (Poplar tree)
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during the colonization of endophytes (Taghavi et al. 2010). Similarly, the coloniza-
tion and the density of endophyte Azoarcus olearius in rice roots was limited due to
the constant activity of differentially expressed genes (DEGs) of JA signalling
pathway than SA pathway (Chen et al. 2020). A gene product of BSn5 of endophyte
bacterium B. subtilis binds with flagellin that is the main forerunner substance in
flg22 induced plant defence system and thereby easily colonizing Arabidopsis
thaliana (Deng et al. 2019).

A few endophytic microbes are able to modify the features that are relevant to the
effective colonization of the host plant. For example, swimming motility and biofilm
formation are stimulated by Serratia plymuthica using G3 and QS genes. The
downstream product of shr5 gene of Gluconacetobacter diazotropicus and antioxi-
dant genes expression of diazotrophic beneficial bacteria like Klebsiella pneumonia
play a key role in regulation and deactivation of ROS during endophytic coloniza-
tion (Hardoim and van Elsas 2013; Malfanova et al. 2013; Kandel et al. 2017).
Similarly, microbial VOCs influence the signal eliciting defence mechanisms (sys-
temic resistance) by enhanced expression of encoding genes and also VOCs facili-
tate the successful colonization of endophytes (Chung et al. 2016). Trichdiene,
which is a VOC produced by Trichoderma arundinaceum, affects Botrytis cinerea
by inducing the expression of defence related genes that encode for salicylic acid
(SA) and jasmonate (JA) pathways in host plant (Malmierca et al. 2012). In addition,
genetically engineered endophytic P. putidawith antifungal phz gene (obtained from
P. fluorescens) has exhibited the reduction of pathogenic other fungi in the soil
(Glandorf et al. 2001). It is apparent that there are many promising genes associated
with the colonization of microorganisms in rhizosphere and endophyte and those can
be modified or reprogrammed the gene expression to increase the colonization
pattern of microorganisms of rhizosphere and endophytes as well as to improve
plant defence mechanisms and enrich growth and development.

The microbiome engineering is a new approach in plant breeding for sustaining
beneficial plant–microbes interactions and to produce microbe-optimized plants for
attracting and maintaining valuable biocontrol microorganisms (Syed-Ab-Rahman
et al. 2018). It is interesting to note that plants have their own strategies to create a
favourable environment to attract beneficial microbes and to have effective interac-
tion with them (Trivedi et al. 2017). In addition, plant growth promoters, which are
secreted by beneficial microbiomes, also help protect the environment from the use
of conventional chemical substances (Timmusk et al. 2017). Hence, it is imperative
to understand the mechanisms that naturally occurring microbes or artificially
inoculated microbes to plants use to maintain positive plant–microbe interactions.
Different molecular techniques can be used to unravel these mechanisms, which can
be manipulated to enhance those interactions of beneficial microbes with crop plants.
Therefore, the generation of microbe-optimized plants would be possible through
genetic engineering and plant breeding if we can find the answers for the above.

Similarly, a new encouraging approach has been already introduced to genetic
engineering of the microorganisms in endophytes to synthesize proteins (like lectins)
to control pest insects. For example, PtA gene product from endophytic fungi and
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bacteria has been used as bioinsecticidal substance to control sap-sucking pest, white
backed plant hopper, etc. (Zhao et al. 2010; Zhang et al. 2011).

A wide range of bioactive secondary metabolites (e.g. Alkaloids, phenolic
compounds, steroids, quinone, terpenoids, flavonoids, etc.) are synthesized by
endophytic microorganisms and they are extensively used as medicine, aromatics
agents, agro-chemicals, anticancer compounds, antitoxins, antioxidants, antiparasitic
drugs, recreational drugs, etc. (Rana et al. 2016a, b; Yadav 2017; Yadav et al. 2017).
However, the nature, quality and quantity of the secondary metabolites may vary
depending on the biotype of the microbes, environmental factors and geographical
locations (Firáková et al. 2007; Mohiuddin 2019). Nevertheless, the elucidation of
plant–microbe interaction, biochemical and molecular investigation of pathways of
secondary metabolites production will enlighten the extensive application of these
microorganisms in rhizosphere and endophytes in biotechnological aspects.

9.9 Conclusion and Future Perspective

Rhizosphere and endophytic microbes are considered as effective group of microbes
which take a significant part in promoting growth, development and protection of
plants against biotic and abiotic stress conditions. These microbes significantly
stimulate host performance or innate resistance during the stress conditions. It is
believed that endophytes represent an eco-friendly option for the resources of novel
bioactive natural products. Although extensive research is taking place in the view of
exploring novel genes associated with endophytic characters, only a few terrestrial
plant species (1%) have been studied to find effective associations between rhizo-
sphere and endophytic microbes and host plants. Several important bioactive
compounds, hormones and enzymes produced by endophyte–plant interactions are
exploited in the management of biotic and abiotic stress conditions. It is therefore
imperative to explore and elucidate the biochemical and physiological processes that
are triggered by plant-associated beneficial microbes to mitigate the stress
conditions. Many studies have identified different endophytic microbes that are
suitable for bioformulations or biofertilizers that are very effective for stress allevia-
tion and reclamation of contaminated soil in agriculture. Thus, detailed studies of
rhizosphere and endophytic microorganisms associated with agriculturally important
crops at genomics and metabolomics levels are essential to maximize the agricultural
productivity by exploiting the benefits of these microbes.
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Abstract

Salinity stress is one of the major abiotic stress, which has drastically resulted in a
global reduction of agricultural productivity. Around 20% of the global irrigated
land falls under the category of saline soil. The elevated amount of soluble salts
present in the cultivable land poses severe problems for crop survival and affects
various physiological and metabolic processes of the plants. Enhancing the
quality of saline soils by chemical methods have shown limited achievements
as they also disturb the balance of natural soil ecosystem. Thus, an alternative
strategy to compensate for the excessive amounts of salts present in the soil with
no harm to the environment is required. Salt-tolerant microorganisms or
halophiles can survive in the harsh saline environment and are also important in
plant growth and survival. Lately, the plant growth-promoting rhizobacteria,
mycorrhiza, and fungal endophytes have been extensively studied for the recla-
mation of extremely saline habitats. Thus, understanding of the molecular
mechanisms and identification of salt-tolerant microorganisms which can benefit
crop survivability under extreme saline conditions without harming the ecosys-
tem are necessary. Here, we provide an overview of our current understanding of
salt stress and various microorganisms including bacteria, fungi, and endophytes
useful to enhance the production of crops under saline environment.
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10.1 Introduction

The dawn of twenty-first century is marked by global increase in demand vs. supply
ratio of food owing to the escalating human population and shortage of fertile
agricultural land. Moreover, in the past few decades there have been drastic changes
in global climatic pattern leading to abiotic stresses like shift in temperature,
drought, and salinity which are considered as major restraints in plant growth,
adding to the decreased agricultural yield (Shrivastava and Kumar 2015). Salinity
is considered one of the major environmental stresses that trigger other secondary
stresses such as hyperosmotic, oxidative, and hyperionic stress that alter the molec-
ular, physiological, and biochemical processes in plants resulting in significant loss
of soil fertility and crop productivity (Tang et al. 2015).

Salinization is one of the major detrimental factors of soil degradation causing a
steady fall in agricultural productivity. Salt stress is defined as the osmotic force
exercised on plants, while they grow under excessively saline habitats. Soil salinity
is the amount of water soluble minerals and salts in the soil and the process of their
accumulation in the soil is known as salinization (Kalev and Toor 2018). Salts are
intrinsically available in the form of charged ions which may root from primary
and/or secondary (also known as anthropogenic) causes. The primary source
involves weathering of rocks, insufficient rainfall, and entry of salts from ocean/
brackish water through rain and wind. The secondary source includes excessive use
of synthetic fertilizers, seepage of effluent from industries in agricultural lands,
irrigation practices with improper drainage system, and utilizing low grade ground
water for irrigation (Bhise and Dandge 2019). The following dissolved ions are
found in most aqueous soil extract, listed in order of importance: sodium (Na+),
chloride (Cl�), calcium (Ca2+), sulfate (SO4

2�), bicarbonate (HCO3), potassium
(K+), magnesium (Mg2+), and nitrate (NO3

�). The soil salinity can be determined
by measuring the electrical conductivity of the saturation extract from the root zone.
If it surpasses 4 dSm�1 (�40 mM NaCl) at 25 �C and possess 15% of the
exchangeable sodium, the soil is reckoned to be salt afflicted (Stavridou et al.
2017; Rath et al. 2019). A substantial amount of Na+ ions in soil create an imbalance
in the ratio of monovalent cations to divalent cations resulting in sodicity measured
by the exchangeable sodium percent.

Elevated levels of these soluble salts greatly reduce the pH of the soil and can
therefore limit plant growth, even by more than 90% in some cases (Kalev and Toor
2018). In large number of salts, sodium chloride is predominantly available and the
chloride anions are believed to be destructive for plants and at high levels cause plant
growth to retard (Bhatt and Nailwal 2018). Soil salinity induces plant stress in the
following ways: (1) affecting root density, root turgor pressure, and water absorp-
tion, eventually leading to osmotic stress and (2) inducing toxicity through
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acquisition of high salt concentrations in the plant (Kumar et al. 2019; Bhatt and
Barh 2018; Bhatt 2018) .

As per FAO (2016), greater than 6% of the total agricultural land particularly in
arid and semiarid zones across the world is salt afflicted posing a serious hazard to
agriculture and food abundance. Soil is typically saline in these dry areas and has
low agricultural potential, so crops are usually grown under irrigation whose inade-
quate management thereby causes secondary salinization which affects 20% of
irrigated land worldwide (Mayak et al. 2004). Moreover, reduced rainfall, higher
land evaporation, weathering, saline water irrigation, inadequate drainage during
irrigation and poor cultural exercises have led to a 10% annual increase rate of
salinized areas (Shrivastava and Kumar 2015).

As predicted, 60% more food will be needed by 2050 to feed the 9.5 billion
people. Thus, it is necessary to explore the methods to mitigate the harmful effects of
salt stress, increase salt tolerance of plants, and ultimately enhance the agricultural
yield in saline soils in order to feed the constantly expanding population. Soil and
water management practices along with the traditional perspective of selectively
breeding salt-tolerant plant varieties have been unsuccessful to efficiently resolve the
issue. Moreover, there is an urgent need to increase the pace of crop productivity/
yield to resolve the problem of food security. Since customizing genotypes of all the
crop plants for the diverse range of threats is equally time-consuming, costly, and
unlikely. Alternatively, a myriad of microbes harbored by plants rhizosphere have
shown to remarkably improve crop productivity, gaining the attention of researchers
to experiment further. The primary challenge in the field of agriculture is the
evolution of technologies, particularly for salt affected soils, and promotes sustain-
able agriculture for enhancing crop yields. Research on alleviation of salinity stress
and soil pollution is of primary importance for increasing crop productivity in order
to facilitate the demands of growing populations. In many developing countries,
agriculture contributes to a massive share of national income and export earnings
while also ensuring food security and employment. The capability of plant-based
microbes is recognized globally for environmentally friendly, cost-cutting, and
sustainable agriculture, given the increasing costs and negative impact of synthetic
fertilizers on the environment (Singh 2013). PGPB’s potential for strengthening
plant growth and development, whether rhizospheric or endophytic, has been known
for ages and thus presents an alluring way of replacing the use of chemical fertilizers,
pesticides, and other supplements. Not only is the application of PGPB confined to
biofertilizers or as a biocontrol agent, but it is now being used to improve soil salinity
(Bhattacharyya and Jha 2012).

10.1.1 Impact of Soil Salinization on Plants

Various factors impede plant growth, like imbalanced hormone and nutrition levels,
accumulation of toxic ions, reduced water potential, increased reactive oxygen
species (ROS), and enhanced susceptibility towards diseases, which all root from
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salt stress. Plants subjected to salinity stress show decreased growth and productivity
because they suffer from

1. High osmotic and oxidative stress.
2. Nutritional imbalance, since high Na+ and Cl� concentration reduces the uptake

of K+, NO�, PO4
3�, and other vital elements (Nawaz et al. 2010).

3. Ions toxicity.
4. Decreased photosynthetic rates, CO2 assimilation rate, and electron transport

chain (Stepien and Klobus 2005).

Generally, crops show growth under saline condition, although the overall pro-
ductivity is reduced. The most important phases of the plant growth cycle including
germination of seed and growth of seedling are highly affected by the level of salt
present in the soil, both extremely low and higher salt concentrations are harmful for
plant growth, lower salt concentration elicits quiescence and decreases germination,
whereas a considerably high salt concentration increases the germination time
needed and lowers the germination percentage. High concentrations of Na+ and
Cl� impact the existence of other vital elements and can decline the ability of plants
to access and absorb essential minerals, nutrients, and their dissemination in plants,
leading to nutritional imbalance that decreases physiological activity and plant
growth. Their accumulation in chlorophyll and chloroplast results in inhibition of
photosynthesis (Zhang et al. 2004). The photosystem-II is specifically sensitive to
salinity stress. Accumulated Na+ in plant tissue stimulates the amount of superoxide
(O2�), single oxygen (1O2), hydroxyl radical (OH

�) and hydrogen peroxide (H2O2),
ROS (Ahmad et al. 2011). Although ROS, at lower levels, function as important
signal transduction molecule that modulates plant response to stress and its normal
growth, but at higher levels pose significant threat to plant by causing irreversible
DNA damage and cell death. ROS can also lead to oxidative degradation of lipids,
covalent protein modifications, enzyme inactivation (Islam et al. 2015), and degra-
dation of chlorophyll (Verma and Mishra 2005).

10.1.2 Plant Growth-Promoting Bacteria

A healthy soil is rich in bacterial population with their concentrations higher around
the roots, owing to the release of root exudates, which acts as chemical stimuli to
attract a variety of microbial organisms existing in the soil. These plant growth-
promoting rhizobacteria are root-associated microbial community which are in
symbiotic association with host plant. The microbial-based approach has been
found more effective in sustainable plant growth than any other techniques like
plant breeding, genetic modification approaches, etc. Whereas bacterial endophytes
are highly specialized microorganisms inhabiting tissues of roots, stem, leaves,
flowers, fruits, and seeds of the plants. Proteobacteria (~50%) is the most easily
available endophytic bacteria, along with Firmicutes (~10%), Actinobacteria
(~10%), and Bacteroidetes (~10%). Under stress conditions PGPB are known to
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promote plant growth by improving osmotic balance, altering root size and mor-
phology, increasing nutrients uptake, and adjusting the nitrogen metabolism. In
exchange, the plants support and protect the microbes via rhizodeposition, provide
carbon and nitrogen sources for growth, and affect the functioning and organization
of the microbial communities (Qin et al. 2016).

PGPB relieves salinity stress by replenishing nutrients, preserving a high potas-
sium and sodium ratio, surge the accumulation of osmoprotectants, namely betaine,
proline, and non-reducing sugars (Nahar et al. 2016), improving photosynthesis and
antioxidant enzyme activity. The activity of 1-aminocyclopropane 1 carboxylate
(ACC) deaminase, therefore reducing the level of ethylene (Mayak et al. 2004), the
synthesis of plant hormones including indole acetic acid (IAA), gibberellic acid
(GA), abscisic acid (ABA) (Shahzad et al. 2017), cytokinin and exopolysaccharides,
are some of the different plant growth promotion characteristics exhibited by PGPB.
These bacteria induced physical and chemical changes in plants can cause elicitation
of plant’s defense against pathogens, described as induced systemic resistance (ISR)
and/or it can enhance plant’s tolerance towards abiotic stress. Various research
conducted with application of PGPB to plants grown under salinity resulted in an
overall improved growth and yield in maize (Bano and Fatima 2009), wheat (Tiwari
et al. 2011), and white clover (Han et al. 2017).

The use of organic methods for cultivation of medicinal plants rather than
chemical based pesticides and fertilizers is more favored. Considering the impor-
tance of rhizospheric microbiome, Joe et al. (2016) studied two halotolerant
endophytes, Acinetobacter sp. and Bacillus sp. and found that both exhibited various
plant growth enhancing properties such as solubilization of phosphate, production of
IAA, siderophore production, and enzyme activity of ACC deaminase. Also, in the
presence of salt stress they were able to promote higher germination (%), plant
biomass, and improved various other biochemical aspects of Phyllanthus amarus.
Singh and Jha (2015) demonstrated that treating wheat plants under salt stress with
Klebsiella sp. increased plants biomass, chlorophyll content, decreased Na+ accu-
mulation, and also triggered IST through its high ACCD activity. Bacillus
amyloliquefaciens was also found to help tolerate salt stress by eliciting IST,
maintaining rate of photosynthesis, and protecting against osmotic stress and Na+

toxicity in maize (Verma et al. 2021) and in medicinal plant Codonopsis pilosula
(Han et al. 2017). B. amyloliquefaciens is also reported to trigger ISR in strawberries
against Botrytis cinerea and in pepper against cucumber mosaic virus. A number of
studies demonstrated that PGPB can be equally beneficial in restraining the effect of
metal toxicity along with salinity. The isolates of Pseudomonas strains improved
germination percentage, growth of roots, and promoted formation of roots exposed
to salt and aluminum stress in maize plants (Zerrouk et al. 2016) and Beta vulgaris
exposed to excessive salt amounts (Piernik et al. 2017).

As a response to salt stress, leading to excessive ethylene production, plants
accumulated the stress hormone ethylene (Khan et al. 2017). However, a decrease in
the level of ethylene is needed to maintain normal plant growth. In order to alleviate
the increased levels of ethylene, PGPB containing ACC deaminase activity reduce
the ACC concentration in plants (Bhise and Dandge 2019). The activity of ACC
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deaminase is widely studied in soil bacteria belonging to the Alcaligenes,
Variovorax, Rhodococcus, and Bacillus genera and various Pseudomonas species
(Belimov et al. 2005). Earlier reports have also shown that PGPB producing ACC
deaminase can improve rice growth (Bal et al. 2013), tomato (Ali et al. 2014),
canola, groundnut, mung bean (Ahmad et al. 2011), musli (Barnawal et al. 2016),
and pepper, under salt stress conditions.

Part of the rhizospheric bacterial community is endophytic bacteria. Various
mechanisms of endophytes have been shown in numerous studies to enhance plant
growth under various abiotic stresses (Brader et al. 2014; Santoyo et al. 2016).
Bacterial endophytes are being used adeptly to counter the negative effects of salts
and to improve the growth of plants under conditions of stress. Osmotic adaptation is
linked with these compounds, and cell components and free radical scavengers
are stabilized. Pseudomonas pseudoalcaligenes bacterization has been known to
stimulate glycine betaine aggregation, a compound that has improved salinity
tolerance in rice plants (Jha et al. 2011). The impact of the endophytic bacterium
Bacillus subtilis BERA 71 on chickpea plants under saline conditions has previously
been explored by Abd-Allah et al. (2018). Bacillus, Pseudomonas, Klebsiella,
Serratia, Arthrobacter, Streptomyces, Isoptericola, andMicrobacteriumwere recov-
ered from the halophyte plant Limonium sinense in a study of ACC deaminase-
producing endophytic bacteria of different genera (Qin et al. 2014). In connexion
to high salt concentration, such bacteria were able to demonstrate their ACC
deaminase properties. A salt-tolerant bacterial endophyte, Brachybacterium
paraconglomeratum, was isolated from the roots of Chlorophytum borivilianum
by Barnawal et al. (2016). Oxidative and osmotic damage done by salinity in the
host plants was whittled down by bacterial ACC deaminase activity. The bacterial
endophyte, Bacillus amyloliquefaciens RWL-1, produced ABA and had the ability
to strengthen salt tolerance in rice plants in a study conducted (Shahzad et al. 2017).
Inoculation of RWL-1 substantially increased expression essential amino acids and
triggered endogenous salicylic acid production in plants, helping rice plants to
survive under salinity stress. Halotolerant endophytes have been isolated and
analyzed for their plant growth-promoting activity in wheat from a weed, Psoralea
corylifolia L. The cell-free extract of these isolates optimized wheat seed germina-
tion under saline stress through the production of IAA.

10.1.3 Mycorrhizal and Endophytic Fungi

Fungi can be associated with host plant by either residing entirely inside plant tissues
(endophytic fungi) or residing only in roots and rhizosphere regions (mycorrhizal
fungi). Endophytic fungi and mycorrhizae, under extreme environmental conditions,
uphold plant fitness and health. These fungi form symbiotic union with the host plant
and help in alleviating salt stress through multiple mechanisms. Among them, due to
their ubiquitous distribution among large taxa of terrestrial plants, arbuscular mycor-
rhizal fungi (AMF) are deemed many of the most common associations. AMF
establishes a direct physical link between plant roots and soils and facilitates the
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acquisition of mineral nutrients from soils by the host plant, notably under
conditions of nutrient stress, and modifies the rhizosphere environment, thus
alleviating the detrimental effects of salinity stress (Jahromi et al. 2008; Evelin
et al. 2009). In various plant species, such as tomatoes, cucumbers, maize, lettuce,
clover, fenugreek, sesbania, and acacia, AMF has been thought to promote salt
tolerance (Al-Karaki 2000; Feng et al. 2002; Giri and Mukerji 2004; Giri et al. 2007;
Evelin et al. 2012, 2013). In order to counteract the deleterious effects of toxic ions
under saline conditions, AMF modulates several physiological and biochemical
processes and regulates the expression of salt-related genes (Evelin et al. 2009;
Porcel et al. 2012). It has been broadly acknowledged that AMF improves the
efficiency of water use and plant nutrient absorption under saline conditions, thereby
assisting to reduce the negative effects of salt stress. AMF reduces the deleterious
effects of toxic ions on the permeability of membranes and cell organelles, maintains
the standard of compatible organic solutes, stimulates the amount of antioxidants
(both enzymatic and non-enzymatic), and positively controls salt-related gene
expression. Several physiological, biochemical, and molecular approaches were
portrayed by researchers by which AM plants could alleviate salt stress (Evelin
et al. 2009; Ruiz-Lozano et al. 2012).

10.2 Molecular Mechanism Involved in Salt Tolerance

10.2.1 General Mechanisms of Augmenting Salt Tolerance in Plants

The process of salinity tolerance is very intricate. Research has revealed that
elements of various pathways are involved in the development of salinity tolerance
in plants. A study involving cDNA microarray of 7000 Arabidopsis genes revealed
that 194 genes were overexpressed under elevated salt stress), indicating that in
stress signal transduction pathways, several transcriptional regulatory mechanisms
are involved. Proline, ROS, ABA, and numerous ion pumps and small molecules
like calcium play a prominent role in this process. Studies have demonstrated that
certain calcium-binding proteins, transcription factors, and enzymes such as
helicases and protein kinases also play important role in the salinity stress tolerance
(Tuteja 2007). High salt stress induces a Na+ homeostasis imbalance that is pre-
served mostly by concerted regulation of different downstream pumps, ions, Ca2+

sensors, and their associated partners, eventually leading to the efflux of surplus Na+

ions. Some channels display K+ over Na+ with more selectivity. This included the K+

inward rectifying channel mediating the influx of K+ following cell membrane
hyperpolarization and selectively accumulating K+ over Na+ ions. The histidine
kinase transporter (HKT) is a main determinant of the tolerance of plant salinity
and it is a low affinity Na+ ion transporter which prevents Na+ ions from entering the
cytosol (Platten et al. 2006). The non-specific cation channel (NSCC) is a voltage-
independent channel that continues to serve as a gate to the plant cells for Na+ input.
In addition, there is the K+ outward-rectifying channel that further opened up during
the depolarization of the plasma membrane and enables the efflux of K+ and the
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inflow of Na+ ions, due to the accumulation of Na+ cytosols. The Na+/H+ vacuolar
exchanger (NHX) assists in pushing surplus Na+ ions into vacuoles. Na + extrusion
from plant cells is driven by the electrochemical gradient triggered by H+-ATPases,
enabling the NHX to integrate the passive movement of H+ inside all along electro-
chemical gradient with the filtration of Na+ from the cytosol. Another pump, the H+/
Ca2+ antiporter (CAX1), assists with Ca2+ homeostasis (Mahajan et al. 2006; Zhang
et al. 2004; Zhu 2002) (Fig. 10.1).

Advances at the cellular level have concentrated upon salt-induced initial signal-
ing over the past decade, illustrating a vital function for the both calcium waves and
reactive oxygen (ROS) species and their associated functions, whereas the cell wall
is also involved only as amplifier of cell expansion throughout salt stress. Further-
more, gene expression, mRNA stability, and translational regulation are modified to
alter protein abundance under salt stress. At the cellular level, we analyze how
distinct ion channels and transporters influence Na+/K+ homeostasis, with
implications for their function in plants. Roots are the forefront part of a plant that
are closely associated with the soil’s salt that will need to evolve to support the
development and absorption of nutrients and water.

Fig. 10.1 Plant response pathway during abiotic stress. Extracellular signal received by the
receptors with the help of membrane receptor which lead to the signal transduction under the
signaling molecules. The signaling cascade resulted in the expression of multiple genes that respond
to stress, the products of which may stress tolerance. It includes coordinated action of various
transcription factors and many genes, which may cross talk with each other. GPCR G-protein-
coupled receptor, RLK receptor-like kinase, ABA abscisic acid, ROS reactive oxygen species,
cGMP 30,50-cyclic guanosine monophosphate, NSCC non-selective cation channels, AP2/ERF
APETALA2/ethylene response factor, MYB myeloblastosis, bZIP basic leucine zipper domain,
bHLH basic helix-loop-helix
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In particular, salt stress helps in decreasing root mass and alters the proportion of
various components and the framework of the root system distinctively affects the
rate of growth in the main and lateral roots. Until now, it is not clear how salt is
regulated by the shoot apical meristem and shoot architecture. A recent report
demonstrated that reduced soil NaCl levels, through BR and ABA signaling
pathways, reduced hypocotyl elongation (Hayes et al. 2019).

The finest cellular responses to salt, sodium import, and sodium sensing are the
least acknowledged and are in a black box in salt-induced signaling pathways.
Through NSCCs, which carry sodium throughout the plasma membrane, salt can
enter the root (Demidchik and Maathuis 2007; Demidchik and Tester 2002). Various
salt-induced signals, such as ROS, cGMP, Ca2+ regulate NSCCs.

Rapid salt-specific responses in roots, along with sodium-specific calcium waves,
have been recognized (Choi et al. 2014). Moreover, the rapid and sodium-specific
impact of salt on the growth of the root direction (halotropism) foresees the existence
of a root-based sodium sensor (Galvan-Ampudia et al. 2013). Sodium could be
perceived intercellularly, extracellularly, as well as by ion transporters within the
plasma membrane (Van Zelm et al. 2020).

The likely functioning of MOCA1 (MONOCATION-INDUCED [Ca2+]
INCREASES 1) in extracellular salt sensing, but are not limited to Na+ ions, has
actually become significantly advanced (Jiang et al. 2019). Few of the primary salt
stress responses described are ROS production (Miller et al. 2010), rise in cytosolic
Ca2+) concentration and cGMP (Donaldson et al. 2004). Three forms of calcium
fluxes are characterized in effect to sodium: cellular calcium surges and fast as well
as late-response calcium waves (Choi et al. 2014; Feng et al. 2018). And subse-
quently, the regional application of salt indicated that the treatment of high salt, but
not osmotic stress, induced the spread calcium waves of long-range. These waves
appear to be almost instantaneous, start 10 s upon application of salt, or could
promulgate all through the root within 30 s and perhaps even reach the leaves
(Choi et al. 2014). All in all, calcium waves and spikes are not a sodium-specific
phenomenon, as diverse then other stimuli, such as touch, cold, and osmotic stress,
are sometimes regarded to stimulate effects on cellular calcium concentrations, but
the peak oscillation pattern, peak amplitude, and wave propagation show salt
specificity (Van Zelm et al. 2020).

Increased levels of apoplastic ROS molecules like H2O2,
1O2 and 2O

� and OH�

are quickly generated by salt stress, which disrupts redox homeostasis and triggers
plant cell oxidative damage (Miller et al. 2010). NADPH oxidases generated by
plant ROS are RESPIRATORY BURST OXIDASE HOMOLOGs (RBOHs). In
Arabidopsis, the expression patterns of 10 RBOH genes change dynamically, and
they begin generating ROS waves after salt stress over a 24-h period (Xie et al.
2011), this indicates also that complex production network for ROS is constantly in
motion and plays an essential role in the early reaction to salt. Cross-talking between
ROS and Ca2+ signaling is needed to expand the Ca2+ signal between cells (Evans
et al. 2016).

The sodium and potassium cellular balance is extremely necessary for crop
growth in saline soils. Multiple channels, transporters, and antiporters help in
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sustaining Na+/K+ equilibrium during the salt stress (Almeida et al. 2017), the first
being the NA+/H+ EXCHANGERS (NHXs) family. The NHX7/SOS1, which is
localized in the plasma membrane transports sodium primarily and is absolutely vital
for the segregation of sodium from the root (Ji et al. 2013).

The other members of the NHX family are situated in intercellular compartments
in addition to the NHX7 and NHX8 plasma membrane and are capable of
transporting both K+ and Na+ that has been shown to be appropriate for the tolerance
of salt (Almeida et al. 2017). These data together indicate the key role played by
NHX7/SOS1 in Na exports, protein sorting, intercellular potassium carry, and the
upkeep of the endomembrane pH, endomembrane and tonoplast localized NEXs
appear to be beneficial under salt stress. Furthermore, almost all of our knowledge of
transporters which have a function in the homeostasis of Na+/K+ is at either the cell
or the organ level but rarely integrated between these levels.

The growth rate at the main root is significantly lowered by salt and a temporary
pause in growth is called the dormant phase (Geng et al. 2013). The intensity and
amplitude of salt-instigated dormancy are governed by hormone levels. The amount
of abscisic acid and signaling transcripts was highly correlated with the quiescent
phase. Thus, abscisic acid concentrations were whittled down mostly during recov-
ery phase, while brassinosteroids (BR), gibberellic acid (GA), and jasmonic acid
(JA) levels raised and transcriptional programs have been triggered downstream. The
production of GA was observed between 5 and 8 h upon salt treatment, while it was
able to recover from growth, accompanied by a reduction of 24 h (Geng et al. 2013),
consistent with initial findings of bioactive GA reduction after several days of salt
treatment (Achard et al. 2006). Salt stress triggers JA biosynthesis and signaling and
therefore inhibits elongation of plant cells and primary root growth (Valenzuela et al.
2016). Growth rate modulation correlates with changes in the management of
cellular water and solutions, photosynthesis, elongation of cells, and division of
cells. Disruption of the ion homeostatic mechanisms of the plant is known to be one
of the most adverse effects of salt stress. In specific, the analogous radii of Na+ and
K+ make it challenging to differentiate in between two ions for transport proteins.
Thereby, it is substantial uptake of Na+ through K+ transporters or channels under
influence of high external Na+ (Blumwald et al. 2000). In order to establish a strong
reaction to deal with salt stress, plants have developed the ability to comprehend
both the hyperosmotic component and the ionic Na+ component of stress. These
sensory modes are evident because certain NaCl reactions are different from purely
osmotic stress reactions (Deinlein et al. 2014). Transcription factors intrinsically link
salt sensory pathways to other tolerance responses. Particular genes encoding for
transcription factors are essentially expressed in response to increasing environmen-
tal salinity, which includes basic leucine zipper, WRKY, APETALA2/ETHYLENE
RESPONSE FACTOR (AP2/ERF), MYB, basic helix-loop-helix, and NAC families
(Golldack et al. 2011; Yang et al. 2009a, b; Jiang and Deyholos 2009; Kasuga et al.
1999; Cui et al. 2013; Jiang et al. 2009; Tran et al. 2004). These transcription factors
in turn regulate the levels of expression of various genes that may deeply influence
the level of salt tolerance of plants. In order to avoid a detrimental decline in the K+/
Na+ ratio, there are many possible tactics that plants could use: reduce the cell Na+
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entry, remove Na+ from the cell, or divide Na+ into the vacuole where cellular
function cannot be interrupted.

10.2.2 Specific Mechanisms in Regulating Salt Tolerance by
Microorganisms

The stress of soil salinity adversely affects the microbial abundance within and
nearby plant roots. In environments where the salt concentration exceeds 200 mM
of NaCl, halophytes can be classified as plants that can live and thrive (Flowers and
Colmer 2008). The need for salinity-affected ecosystems to be revegetated and
remediated has concentrated the research interest in understanding salt tolerance
mechanisms in halophytes (Shabala 2013). Salt tolerance is an intricate phenomenon
involving different mechanisms of biochemistry and physiology that are also partic-
ular to species. Together, these mechanisms entail enhancing the efficacy of extra-
neous and intrinsic Na+ sequestration in trichomes and vacuoles, via trichome shape
manipulation or modulation of ion channels and transporters, tonoplast antiporters,
or by the formation of large vacuoles, frequently with altered composition of lipid,
etc. (Shabala 2013; Hasanuzzaman et al. 2014). In addition, halophytes have the
capacity to produce and gather compatible osmolytes that make a significant contri-
bution to their osmoregulation while precluding prolonged transport of Na+ to the
shoots and have demonstrated great stomatal leverage that allows them to optimize
the efficiency of water use under stressful conditions of salinity (Redondo-Gómez
et al. 2010; Shabala 2013). While halophyte microbes may add value to plant
survival and salt tolerance, studies with halophyte-inhabiting bacteria are still rare
and most of them are primarily descriptive, i.e. studies that have attempted to
categorize and enumerate microbial species (Ruppel et al. 2013). General
mechanisms underlying those positive impacts include, among others, phosphorus
solubilization, nitrogen fixation, iron sequestration, phytohormone (mainly auxins),
and ACC (1-aminocyclopropane-1-carboxylic acid) deaminase synthesis and bio-
film formation (Ullah et al. 2015). Several studies observed the use of PGPB in this
perspective to improve salt tolerance and plant productivity under saline conditions
(Ruppel et al. 2013).

A plant experiences several morphological, physiological, and molecular
alterations under salinity stress, which hamper its growth and development
(Fig. 10.2). These various modifications demand modulation of the various genes
associated with stress that are implicated in regulatory and signal transduction
(Bharti et al. 2016). Understanding the mechanisms associated in signaling salinity
stress in plants and also between plants and bacteria is integral. The transduction of
plant signals initiates with the receiving of receptor communication on the surface,
preceded by the inception of secondary messenger molecules such as inositol
phosphates and ROS. Secondary messengers exploit proteins such as CDPK
(calcium-dependent protein kinase), MAPK (microtubule-associated protein
kinase), and protein phosphatase responsible for controlling gene expression by
modulating the concentration of Ca+. Due to its exceptional roles in modulating
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different stress-responsive genes, transcription factors are quite prominent in
modulating salt stress response in plants. Some substantial families, such as
AP2/ERF, bZIP, MYB, NAC, and WRKY, that regulate the expression and function
of multiple genes, include these transcription factors (TFs). The modulation of the
genes associated with salinity stress also relies on the post-transcriptional modula-
tion of TFs. Resistance to salinity stress was found in the overexpression of bZIP and
CkdREB genes in Tamarix hispida and Caragana korshinskii (Wang et al. 2010,
2011).

PGPB such as Arthrobacter protophormiae (SA3) and Dietzia natronolimnaea
(STR1) improved the tolerance of salinity stress in wheat plants by regulating the
expression of the ethylene signaling pathway regulatory component CTR1 (consti-
tutive triple response1) and DREB2 TF (Barnawal et al. 2017). Under salinity stress,
Enterobacter spp. induces the levels of genes responsible for salt stress such as
DREB2b, RD29A, RD29B, and RAB18 in Arabidopsis and D. natronolimnaea
induce the expression of TaMYB and TaWRKY genes in wheat (Bharti et al. 2016;
Kim et al. 2014). Furthermore, epigenetic phenomenon like methylation of DNA and
post-translational modifications in histones affect the process of gene expression
triggered by stress under salinity stress (Dietz et al. 2010; Golldack et al. 2011). In
the future, advanced tools like genomics, transcriptome analysis using microarray
strategy, and proteomics will allow us to better understand plant stress signaling in
full depth in salinity tolerance. In addition, a high concentration of salt influences the
activities of enzymes, stomatal conductance, and photosynthesis rate. The overabun-
dance of Na+ and Cl� ions also contributes to hypertonic stress due to salinity. With
the utilization of transgenic methods and traditional breeding techniques, many salt-
tolerant crop varieties have been produced but these approaches are labor-intensive
and time-consuming. In view of the future challenges, the concurrent use of

Fig. 10.2 Alterations in various pathways during salt stress
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alternative technologies to encourage sustainable agriculture, such as the use of
PGPB, seems to have become essential. The microbial diversity of the rhizosphere
is challenging, which can be deemed to be the natural relationship between plants
and microbes (Vacheron et al. 2013; Daliakopoulos et al. 2016; Tiwari et al. 2016).
PGPB also promotes plant nutrient absorption and homeostasis and increases the
activity of antioxidants during salt stress. In healthy plant tissues, plant growth-
promoting bacterial endophytes live without causing them any disease. Such endo-
phytic PGPB can also facilitate tolerance of salinity stress and plant growth (Ali et al.
2014). Kumar et al. (2020) revealed that by applying PGPB consortia against salt
stress, the growth and yield of Phaseolus vulgaris are optimized. Due to the
simultaneous scrummaging of salt stress effects and the improvement of accessible
iron in saline soils, siderophore-producing rhizobacteria may provide a potential
alternative to chemical fertilizers (Ferreira et al. 2019). In order to have a sustainable
agricultural solution and cope with salinity stress, it is therefore essential to deter-
mine the diversity of microbes in order to recognize their physiological and func-
tional characteristics and saddle their potential.

The phytomicrobiome is the microbial communities that live inside or even on the
plant surface. In evaluating the survival of the plant under stressful conditions, such
as salinity and drought stresses, the root microbiome of the plant is extremely
important. P. fluorescens was isolated from Sahara region rhizosphere soil and
revealed a PGPB property in maize under salinity stress (Zerrouk et al. 2016). A
substantial adaptation of halophilic microbes is that, even at high salt levels, they
preserve the protein structure and enzymatic activity for distinct metabolic processes
(Ruppel et al. 2013). The common principle through which salinity-tolerant
microbes flourish in saline habitats is by avoiding potential concentrations of salt
within the cytoplasm. This is achieved by modifying the cell wall structure in which
specific membrane proteins, lipids, and exopolysaccharides are produced. Certain
survival adaptations under high salinity conditions also include development of
proteins and enzymes worthy of performing metabolic functions. A few other
microbes also develop organic osmolytes that also, under high salinity stress,
accumulate in the cytoplasm to make them resistant to osmotic pressure. Organic
osmolytes are also called compatible solutes because, by maintaining an appropriate
molar concentration in the cytoplasm, they offer resistance to various molar
concentrations of salinity stress (Kunte 2006).

10.3 Microbial Stimulation of Salt Tolerance

10.3.1 Salt Tolerance by Bacteria

The rhizosphere is inhabited by plant growth-promoting bacteria (PGPB) that
stimulate plant growth directly or indirectly. While endophytic bacteria reside inside
plants and help in promoting plant growth in challenging conditions. The direct
mechanism exerted by PGPB involve production of phytohormones, nitrogen fixa-
tion, and facilitating nutrients intake such as iron and phosphorus, whereas the
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indirect mechanism involves protection against disease caused by pathogens (Hayat
et al. 2010; Satyaprakash et al. 2017). Often plants are exposed to various environ-
ment stress such as temperature, salinity, drought, pesticides, and heavy metal
contamination. Such abiotic stress hinders the plant growth and productivity
resulting in crop loss worldwide. Amidst these stresses, salt stress is regarded as
one of the major abiotic stresses as it can reduce the rate photosynthesis, respiration,
protein synthesis, and trigger deleterious effect on various plants physiological
processes such as nitrification, denitrification, soil biodiversity, and microbial activ-
ity (Schirawski and Perlin 2018).

In the last few years, reports have suggested the role of various PGPB in saline
stress which proved to be an asset in augmenting plant growth and productivity.
According to studies, PGPB produce variety of phytohormones such as auxins,
gibberellins, and cytokinins that are beneficial for plant to function. IAA, a naturally
occurring auxin, produced by many salt-tolerant PGPB such as Azotobacter,
Arthrobacter, Azospirillum, Pseudomonas, and Stenotrophomonas proved to stimu-
late plant cell growth and proliferation under saline stress (Egamberdieva et al.
2016). One of the studies illustrated that IAA synthesized by Pseudomonas putida
enhanced the growth of cotton under salt stress (Yao et al. 2010). Streptomyces
sp. isolates produced IAA which ameliorated the root system and growth of wheat
under saline stress (Sadeghi et al. 2012). Phytohormones other than auxin are also
known to stimulate plant growth and development under salt stress conditions.
When tomatoes treated with gibberellin (phytohormone responsible for stem elon-
gation, seed germination, and induction of flowering) was subjected to salt stress it
leads to acceleration in the water uptake and pruning of the stomatal resistance
(Maggio et al. 2010). In another study it was observed that gibberellin leads to
modification of osmotic stress and tissue water content in wheat (Manjili et al. 2012)
and maize (Tuna et al. 2008). In addition, gibberellic acid slashed the levels of
reactive oxygen species (ROS) that in turn intensified the antioxidant enzyme
activity and augmented the growth of plant under saline stress. Under the abiotic
stress conditions including salt, induce the production of ethylene, a plant hormone
which regulates plant homeostasis and results in reduced growth of plants. However,
ACC (1-aminocyclopropane-1-carboxylic) which is a precursor of ethylene can be
degraded by ACC deaminase activity of bacteria, thus helping plants to grow
normally under salt stress environment. Sarkar et al. showed that halotolerant
Enterobacter species could effectively counter salt stress and help in rescuing the
normal growth of rice seedling through ACC deaminase activity of bacteria (Sarkar
et al. 2018). A detailed review on the ACC deaminase activity of bacteria to enhance
the tolerance of plants in salt contaminated soil has been recently published (del
Carmen Orozco-Mosqueda et al. 2020). Salt affected soil contains high amount of
sodium (Na+) which also effects the availability and uptake of essential nutrients
(potassium, nitrogen, phosphorus, etc.) by plants. Inoculation of beneficial bacteria
in salt affected soil has shown to enhance the uptake of nutrients and better growth of
plants (Vejan et al. 2016).

Another plant hormone cytokinin is important for root callus differentiation and
formation of shoot. Bucio et al. showed that endophytic bacterium Bacillus
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megaterium promoted plant growth and improved the biomass production in bean
and Arabidopsis through cytokinin signaling (López-Bucio et al. 2007). Recently,
B. megaterium was also found to alleviate salt stress and promote growth in alfalfa
plants (Chinnaswamy et al. 2018). The bacterium produced IAA and showed ACC
deaminase activity in vitro which explains the growth-promoting activity exhibited
by the endophyte. Endophyte Bacillus subtilis (BERA71) inoculation also increased
biomass, decreased the reactive oxygen species, and lipid peroxidation levels in
chickpea plants under salt stress conditions. The bacterium also reduced Na+ accu-
mulation and increased the potassium, nitrogen, and magnesium levels in the plants
(Abd-Allah et al. 2018). Another halotolerant bacterium Glutamicibacter
halophytocola promoted the root growth, length, osmolyte content, and salt toler-
ance of tomato seedlings (Xiong et al. 2019). The bacterium affected the expression
of multiple genes involved in nitrogen fixation, biosynthesis of siderophore, and
genes related to high salt tolerance. Looking into the benefits plant growth-
promoting halotolerant bacteria can be utilized as biofertilizers for sustainable
agricultural practice. Table 10.1 depicts plant growth-promoting bacteria in salt
stress alleviation and their effects on the different plants.

10.3.2 Salt Tolerance by Fungi

Similar to rhizobacterial interactions with plants, multiple studies have shown the
involvement of fungi in survival of host plants under various abiotic stress
conditions, including salt stress. Plants under salt stress produce low amount of
plant growth hormones like gibberellins while produce high amounts of abscisic and
jasmonic acid responsible for limited growth of crops (Sah et al. 2016). Endophytic
fungi have been known to produce gibberellins and indole acetic acid that promote
the growth of host plants under stress conditions (Khan et al. 2012; Waqas et al.
2012). Moreover, application of endophytic fungi Phoma glomerata and Penicillium
species also increased the assimilation of essential nutrients like potassium, magne-
sium, and calcium and in the treated plants. Hamayun et al. also showed novel
endophtyic fungi Porostereum spadiceum AGH786 could boost the salt tolerance
ability of soybean plant through inducing gibberellin production and inhibition of
abscisic and jasmonic acid (Hamayun et al. 2017). Researchers have shown that
plants colonized by mycorrhizal fungi grow better under salt stress and generate
more biomass than non-mycorrhizal plants (Latef and Chaoxing 2011; Porcel et al.
2016). Under saline conditions, AM symbiosis impacts different morphological
parameters, like plant height, leaf area, root density, and fresh and dry plant weight
(Campanelli et al. 2013). The important chunk of the mycorrhizal fungi to improving
plant growth under salt stress is thought to be improved absorption of phosphorus;
however, other metabolic processes facilitated by nutrients such as N, K, and Mg
have to be engaged in reducing deleterious salinity effects (Giri and Mukerji 2004;
Evelin et al. 2009, 2012). The impact of arbuscular mycorrhiza Glomus fasciculatum
on the growth of plant Acacia nilotica under various concentrations of salts was
examined by Giri et al. (2007). They reported that soil salinity reduced root and dry
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shoot biomass, but mycorrhizal inoculation of acacia plants exhibited significant
positive impact on plant growth and accretion of biomass regardless of salt
concentrations. Inoculation of rice plants procured from saline soils with AM fungal
strain Claroideoglomus etunicatum (Estrada et al. 2013) increased the yield of shoot
dry biomass at all salinity levels (Porcel et al. 2016). Porras-Soriano et al. (2009)
have applied Glomus mosseae, Glomus intraradices, or Glomus claroideum inocu-
lum to olive plants grown in both non-saline and saline media. A major rise in plant
growth and uptake of N, P, and K has been observed. Experimental results on
mycorrhizal fungi and citrus seedlings by Khalil et al. (2011) exhibited a higher
plant growth under salinity stress. Table 10.2 shows the salt tolerance in plants
inoculated with arbuscular mycorrhizal fungi which affected the plant metabolism in
several ways.

10.4 Combinatorial Benefits of PGPB and Mycorrhizal Fungi

Interactions among bacteria and fungi can be synergistic or antagonistic, which can
be either beneficial or harmful towards crops. Thus, identification of synergistic
interactions that co-operate to produce combined results much efficient than individ-
ual inoculants can be very useful in mitigating salt stress affected soil. Recent reports
have demonstrated better results post co-inoculation with the two microorganisms.
Hashem et al. showed the interaction between arbuscular mycorrhiza and endophytic
bacteria increased Acacia gerrardii growth under salt stress conditions.
Co-inoculation of Bacillus subtilis (BERA 71) and Rhizophagus intraradices not
only enhanced nutrient availability but also reduced in the concentrations of Na and
Cl in the soil (Hashem et al. 2016a, b). Furthermore, another study by Hashem et al.
also demonstrated the increased levels of osmoprotectants like proline, glycine, and
betaine and enhanced amounts of antioxidants (superoxide dismutase, catalase, etc.)
after inoculation (Hashem et al. 2016a, b). Similar results of enhanced enzymatic and
non-enzymatic antioxidants were observed when Piriformospora indica and Azoto-
bacter species were applied to salt affected soil (Arora et al. 2020). The dual
treatment resulted in better root, shoot growth and had enhanced survivability than
uninoculated plants. Furthermore, ACC deaminase activity of both bacteria (Pseu-
domonas putida) and fungi (Gigaspora rosea) synergistically enhanced the toler-
ance towards salt in cucumber plants (Gamalero et al. 2010). Thus, dual treatment of
synergistic microorganisms can induce significant affects in growth of plants under
salt stress as compared to mono-treatment approach.

10.5 Conclusion and Future Perspective

Continuously changing environmental conditions and abiotic stresses have substan-
tially affected the plant growth and subsequently result in low agricultural yield.
Latest available sophisticated molecular techniques, omics technology such as
metagenomics, metabolomics, and proteomics have been conducive in decoding
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the intricacies of plant–microbe interactions. Large number of studies both in the
laboratory and greenhouse done in the recent years have shown promising use of
plant associated microorganisms to overcome various abiotic stresses including salt
stress. Moreover, utilization microbes to overcome salt stress is an eco-friendly
approach to achieve superior crop growth and yield. Salt-tolerant plant growth-
promoting bacteria, endophytic fungi as well as mycorrhiza have been extensively
studied regarding their beneficial effects in saline environments. Recent research has
broadened our understanding of the complex interaction between plant and
microbes, yet, a lot remains to be learned about the mechanisms and changes at
the molecular level induced by microorganisms for their purposeful utilization under
saline conditions. Identification of the genes responsible for regulating various
mechanisms and signaling pathways under salt stress environment can provide a
better insight into the microbe mediated tolerance of salt stress in plants. Moreover, a
better understanding of how different plants behave while treatment with different
microorganisms and conditions can be useful in replacing the chemical driven
mitigation of salt stress which is often detrimental.

Majority of research experiments conducted are limited to laboratory or green-
house chambers, which are closely monitored for each requirement, which is not the
case in the open agricultural land prone to various environmental factors. Thus, more
focus on the field experiments could be beneficial to study the outcome of growth-
promoting bacteria and fungi. Furthermore, the combinatorial treatment with syner-
gistic bacteria and endophytic or mycorrhizal fungi can potentially generate better
results for sustainable agriculture.
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Impact of Plant Exudates on Soil
Microbiomes 11
Yekti Maryani and Rohlan Rogomulyo

Abstract

The plant exits root exudate into the rhizosphere. This exudate acts as a regulator
of soil microbial communities around the roots and supports a favorable symbio-
sis between plants and microbes. This symbiotic mechanism occurs because the
root exudate is a source of carbon and energy for microbes. Population and
microbial activity in the rhizosphere are higher than non-rhizosphere due to the
availability of substrate in root exudate.

Keywords

Rhizosphere · Root exudate · Soil · Microorganisms

11.1 Rhizosphere

The rhizosphere is an ecological system in soil that is very dynamic. Conceptually,
the root area of the plant is divided into two zones, namely the rhizosphere which
includes the closest area which is the place where the roots of the plant directly
contact the soil. The second zone is the part of the soil that is not close to the root. It
is not the place where the roots of the plant are directly in contact with the soil. It is
called bulk soil. In this concept, the rhizosphere is a more dynamic part of the
ecosystem because of the interaction between plant roots and soil microbes. The
plant root system release exudates from the roots and it is used by microbes as
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nutrients for their growth (Yang et al. 2020). The presence of microbes can have a
direct or indirect effect on plant growth (Yueling et al. 2020). In the rhizosphere,
microbes obtain a source of nutrition from plant root exudates (Omotayo and
Babalola 2021). The availability of nutrients and the highest number of microbes
are found in the rhizosphere. In the part of the soil that is far from the rhizosphere
(bulk soil), the availability of root exudate nutrients and number of microbes is less
(Bakker et al. 2013).

The rhizosphere is defined as the zone of soil where plant roots and microbes
interact effectively. The soil where the plant root system is associated has a different
condition from the soil without a root system. Association of plant root systems with
soil microbes can occur directly or indirectly (Bakker et al. 2013; Xing-Feng et al.
2014). In the rhizosphere, plant roots influence the physical, chemical, and
biological properties of the soil. Microbial activity at the place where the roots
meet the soil triggers and spurs biochemical reactions that play an important role
in providing nutrients for plants. The effect of the association of root systems with
microbes on the rhizosphere can be done in two ways. First, the microbes degrade
the root cells which slough off and die when the roots penetrate the soil material.
Second, microbes take advantage of root exudates in the form of organic compounds
for their growth and development.

The intensity of plant root exudate utilization by microbes is influenced by the
distance and time span of exudate release to the environment in the rhizosphere. It is
called the rhizosphere effect. The effect of the rhizosphere is defined as the influence
of the association of plant roots with the rhizosphere on microbes. The rhizosphere
effect is influenced by soil type, soil moisture, pH, temperature, age, and plant
character. The real rhizosphere effect can be seen based on the abundant number
of microbes in the area (Paul et al. 2010; Brunel et al. 2020; Yang et al. 2020). The
rate of microbial metabolism in the rhizosphere is different from the rate of microbial
metabolism in non-rhizosphere soils. In the land of the rhizosphere, it was in the area
around plant roots. It is called the transition area. There are 100 times more microbes
than in non-rhizosphere areas.

Exudates of plant roots in the rhizosphere contain organic compounds that
promote microbial growth and development. This is the reason why the number of
microbes is very high in the rhizosphere. This condition can be used to assess soil
fertility by determining the R/S ratio. The R notation is the number of microbes in
the rhizosphere, while S is the number of microbes in non-rhizosphere soil (bulk
soil). The small R/S index means that the source of microbial nutrition does not come
from root exudates, but more from non-rhizosphere soil organic compounds. This
shows that the lower the R/S index, the higher the soil fertility.

Conversely, if the R/S index is greater, the nutrients for microbial growth and
development come from exudates in rhizosphere soil. This indicates that the soil is
poor in organic compounds or nutrients for microbial growth. Thus, it shows that the
soil is not fertile. The R/S ratio value, namely the rhizosphere (R) to soil (S) ratio,
can be used to predict changes in the microbial population in the soil caused by plant
growth. The R/S ratio is calculated based on the calculation of the number of
microbes in the rhizosphere divided by the number of microbes in non-rhizosphere
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soil. Non-rhizosphere soil is soil that is free from the influence of plant root growth.
The R/S ratio value is influenced by the type of microbe. In general, the order of the
R/S ratio from the largest to the smallest index is bacteria, actinomycetes, fungi,
protozoa, and algae.

The rhizosphere is divided into the endorhizosphere, rhizoplane, and
ectorhizosphere. Endorhizosphere, namely the proliferation of microbes that occur
in plant roots. Rhizoplane, namely the proliferation of microbes that occur on the
surface of the roots. The ectorhizosphere is the proliferation of microbes that occur
outside of plant roots.

The physical, chemical, and biological properties of soil are influenced by the
interactions between plant roots, soil, and microbes in the rhizosphere. So this
interaction also affects the microbial population in the rhizosphere. Interactions
between plant roots and microbial communities are also mediated by root exudates
in the rhizosphere (Xing-Feng et al. 2014; Yang et al. 2020). 5–21% of the carbon
fixed in plant photosynthesis is released by plant roots in the form of a solution of
sugars, amino acids, and secondary metabolites (Paul et al. 2010; Dayakar et al.
2013a, b; Xing-Feng et al. 2014; Brunel et al. 2020). The compounds from the
exudates are used for the growth and development of microbes in the rhizosphere.
There are two groups of root exudates, namely compounds with low molecular
weight, for example, amino acids, organic acids, sugars, phenolic compounds, and
other secondary metabolites. These two are compounds with high molecular weight,
for example, polysaccharides and proteins. The qualitative and quantitative compo-
sition of root exudates is determined by the type of cultivar, plant growth phase, soil
type, soil pH, temperature, and microbial location (Sugiyama 2019; Khare et al.
2020). It affects the microbial community in the rhizosphere. Each microbial com-
munity in the rhizosphere has a certain degree of specificity for each type of plant.

Root exudate compounds are secreted and distributed by means of transport
mechanisms into the rhizosphere (Xing-Feng et al. 2014). In general, root exudates
are released by diffusion or passive mechanisms, especially for organic compounds
with low molecular weight and small polar compounds that are not charged.
Diffusion is a process that is influenced by the permeability of the cell membrane.
Root exudates such as secondary metabolites, polysaccharides, and proteins for the
role of proteins can be bound to different membranes (Xing-Feng et al. 2014).

The interaction of plants with plants, plants with microbes, and plants with fauna
is also mediated by phytochemicals secreted by plant roots. The degree of interaction
can be neutral, beneficial, and detrimental. In certain cases, it is found that harmful
microbes (pathogens) can switch beneficial functions (symbiosis) for plants. For
example, N-binding bacteria, in interacting with plants, can be beneficial to neutral.
The range of interaction properties is influenced by the level of N availability in the
soil (Chaparro et al. 2014). If the availability of N in the soil is limited, legume plants
will release flavones and flavonols to bind rhizobia. There was an initiation of
symbiosis between legume plants and rhizobia (Chaparro et al. 2014; Xing-Feng
et al. 2014). The availability of nutrients also determines the nature of interactions,
for example, the relationship between mycorrhizal and Medicago truncatula plants.
Mycorrhizae get a lot of carbon from these plants, whereas plants get phosphorus
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from mycorrhizae (Haris 2010; Mendes et al. 2013; Chaparro et al. 2014; Xing-Feng
et al. 2014).

The results of tests on eight plant species turned out that only 10% of microbes
colonized the rhizoplane. The distribution of microbes in rhizoplane is not randomly
distributed but forms a colony pattern, namely the first microcolony pattern and the
second the macro colony pattern. The formation of microbial colony patterns is by
the place of exudation (Paul et al. 2010; Bakker et al. 2013).

In general, the rhizosphere environment has very high acidity, low oxygen
content, and high CO2 concentration. Soil chemical properties in the rhizosphere
are influenced by plant root exudates that are absorbed by the soil. The type of
exudate released by plant roots will determine the soil to become more acidic or
alkaline. The kinds of root exudates are determined by the kinds of nutrients
absorbed by the plant. For example, if plants absorb element N, in the form of
ammonium, the roots will release hydrogen ions, so that the rhizosphere becomes
more acidic. When plants absorb N elements in the form of nitrates, the roots release
hydroxyl ions, so that the rhizosphere becomes more alkaline. However, these
dynamics in the rhizosphere will not affect the overall pH of the soil. It is the
microbial population that is affected because the microbes in the rhizosphere are
not able to move far (Paul et al. 2010; Enny 2017).

The increase in carbonic or bicarbonic acid is caused by the respiration of plant
roots and microbes in the rhizosphere. Root and microbial respiration release CO2,
resulting in increased concentrations of carbonic or bicarbonic acid, thus lowering
the pH of the rhizosphere. The pH of the rhizosphere is higher than the pH of the soil
as a whole because in the rhizosphere there is a process of root respiration and
microbial colonies that are larger than in the non-rhizosphere (Berendsen et al.
2012).

11.2 Root Exudate

Naturally, the root system of plants in the rhizosphere releases exudate, and the part
of the root that is actively doing exudation is the root tip and the point of growth of
the lateral root. This means that the amount of exudate is more influenced by the
number of lateral roots than the length of the lateral roots (Paul et al. 2010). This is
proven through research on the Avena barbata. The results showed that the accumu-
lation of sucrose was more around the root tips. Tryptophan exudate accumulates
around the lateral roots (Paul et al. 2010; Haichar et al. 2014). In the area of
accumulation of the exudate, there were also more bacterial colonies than in other
parts.

11.2.1 Rhizodeposition

Root exudate is part of rhizodeposit, the result of the rhizodeposition process, based
on the root exudate content is the main source of soil organic carbon compounds.
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Based on molecular weight, rhizodeposit compounds are divided into two, namely
(1) root exudates with low molecular weight, such as amino acids, organic acids,
sugars, and other secondary metabolites and (2) root exudates with high molecular
weight, such as polysaccharides and protein lenders. In the rhizosphere, the concen-
tration of root exudate is higher than the surrounding soil solution, because exuda-
tion from plant roots is continuous (Haichar et al. 2014).

Rhizodeposition results in the accumulation of metabolite compounds called
rhizodeposits. The accumulation of rhizodeposit can change the chemical, physical,
and biological characteristics in the rhizosphere. The dynamics of changes in the
nature of the rhizosphere are influenced by many factors related to the composition
and content of rhizodeposit compounds. The quantity and quality of rhizodeposit are
influenced by the type of plant, plant cultivar, plant growth phase, and the age of the
plant that produced the root exudate. Other factors that affect the quantity and quality
of plant root exudates are soil and climatic properties. Soil characteristics, especially
soil type, soil texture, soil structure, solum thickness, depth of water table, soil
fertility. The dominant climatic elements that influence are light intensity, rainfall,
rainfall distribution, temperature, humidity. The factors of plants and the environ-
ment in which they grow vary in their influence on the rhizosphere, as they interact.
The nature of the interaction between plant factors and the environment in which
they grow are influenced by the applied plant cultivation techniques.

Plant rhizodeposits contain five types of metabolite compounds (Paul et al. 2010).
The five types of compounds are exudate, secret, mucilage, mucigel, lysate. Exudate
compounds are metabolite compounds resulting from plant root education. The
secret is a metabolite compound that results from plant root secretions. Mucilage
is a metabolite compound in the form of mucus, sap, adhesive liquid. Mucilage
properties are thick and sticky, produced by almost all plants and microbes.
Microbes use the mucus for their movement, the direction of microbial movement
is opposite to the direction of the release of the mucilage. Mucilage is a polar
glucoprotein and an esopoly of saccharides. Mucigel is also a secondary metabolite
compound in the form of mucus that is thicker than the root tip. It is a hydrated
polysaccharide. It is thought to be pectin secreted by the outer cells of the root caps,
which are formed in the Golgi body of these cells through an exocytosis process. The
lysate is a metabolite compound resulting from the disintegration of cell parts
consisting of plasmids, receptor tests, proteins, DNA, RNA. Lysate can occur due
to damaged root cells, exfoliated when the roots penetrate the soil particles.

Root exudates released by root cells into the space between the cells and soil
particles consist of low molecular weight compounds and high molecular weight
exudates. Low molecular weight compounds are sugars, amino acids, aromatic
compounds.

Secretion is a bioproduct of physiological activity through the process of plant
metabolism. The secret is a secretion metabolite that is actively released into the
rhizosphere. Secret includes both low and high molecular weight compounds.

Mucilage is a metabolite compound derived from root tip epidermal cells that fall
off when the roots grow, extending through the soil particles of the rhizosphere. In
sandy soils, the physical properties of the soil have loose, porous, loose particles, so
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that the root tips of the plants are easier to penetrate. In contrast to clay or clay soils,
the physical properties of the soil are denser, the soil particles are soft, dense, not
porous, making it more difficult for plant roots to penetrate. There is a greater chance
of root friction, especially when soil moisture is minimal or dry. This is due to clay,
when dry it becomes hard and solidifies. The fall of plant root cells is determined by
the abrasion force of the roots when penetrating or opposing the forces of soil
particles. These cells contain cellulose, pectin, starch, and lignin (Paul et al. 2010).

It is a metabolic compound that forms a thin layer covering the root surface. This
mucigel becomes a bridge connecting plant roots with soil particles and microbes in
the rhizosphere (Paul et al. 2010). Mucigel functions as a liaison for the mediator
between the roots and soil particles in the rhizosphere or areas of plant expansion.
Mucigel accumulates more commonly in the center of the roots and hairs than at the
tips of the plant roots.

The lysate is a type of plant rhizodeposit that is released by root epidermal cells
when the root tip breaks or dies. Root epidermal cells are broken, releasing metabo-
lite compounds that can invite microbes. Microbes that approach the tip of the root
respond positively to lysate with its aroma and taste. Lysates released from the tips of
plant roots to the rhizosphere, where microbes can use them as a source of food or
nutrition (Paul et al. 2010; Haichar et al. 2014).

Besides using the above mentioned five metabolite compounds as a source of
nutrition, microbes also release compounds including antibiotics, hormones,
vitamins, and other molecules that can be beneficial for plant growth and develop-
ment (Paul et al. 2010; Haichar et al. 2014). There are three forms of rhizodeposit in
the rhizosphere, namely: liquid (exudate), mucus, and gas (ethylene, CO2, H2). All
three can be a source of food and energy for microbes in the rhizosphere. Based on
the level of diffusivity, exudates only include metabolites of low molecular weight
(Haichar et al. 2014). Root exudates are liquid chemical compounds released by
plant roots into the soil around plant roots. Root exudate functions include general
functions and special functions. The function of root exudates is as: (a) to support the
mechanical system of plants, (b) to support the absorption of water and nutrients,
(c) to support the process of distributing photosynthate. The special functions of root
exudates are: (a) synthesizing chemical compounds, (b) accumulating chemical
compounds, (c) secreting chemical compounds. Root exudate also maintains the
stability of soil micro-aggregates, absorbs and stores ions, ions resulting from the
selection. Besides that, root exudates are also able to regulate soil microbial commu-
nity in the rhizosphere, prevent and control microbial pests, support mutualism
symbiosis, rhizosphere, inhibit the growth of competitor plants. Thus it can be
concluded that the chemical compounds of root exudates can act as an attractant
(Haichar et al. 2014).

Mucus is an organic compound root rhizodeposit in the form of a root layer,
covering the tip or root cap. This mucus is a type of redeposit which is clearly visible
at the root tips. The components of mucus are polysaccharides, proteins, and
phospholipids (Haichar et al. 2014). The benefits of mucus redeposit for plants:
(1) protect plant root meristems from toxic metal elements, (2) increase soil aggre-
gate stability, (3) maintain soil aeration stability, (4) maintain plant root growth,
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(5) prevent soil erosion, due to soil particles forming larger soil aggregates, so that it
is not easily carried away by surface water flows, (6) maintaining water flow to the
rhizoplane. The border cells between the root tips and rhizosphere soil particles
actively release root rhizodeposit. Border cells also sort and select root redeposit
compounds to be released according to plant needs and conditions in the rhizosphere
(Haichar et al. 2014).

Plants through the process of root respiration release CO2 gas to the rhizosphere
by 17.5%. This will increase the dissolution of CO2 CO3 in the soil to produce Ca ++
that plants need (Haichar et al. 2014). Hydrogen gas (H2) is a byproduct of N2

fixation in legume plants (Fisk et al. 2015; Teng et al. 2019). H2 gas released into the
rhizosphere reaches 5% of net photosynthesis (Kalam et al. 2020). Some rhizomes or
microbes in the rhizosphere have the coding genes to absorb the enzyme hydroge-
nase (Hup). This causes the H2 to be oxidized by bacteria to produce more energy.
However, many symbioses lack the hydrogenase enzyme, so that H2 is produced by
nitrogenase, diffuses out of the nodule, and releases into the rhizosphere (Haichar
et al. 2014). Accumulation of H2 into the rhizosphere activates the soil-oxidizing
bacterial community. This creates soil biological properties that support plant growth
(Haichar et al. 2014).

11.2.2 Root Exudate and Organic Acid

The exudate released by the plant roots is influenced by the variety of plant growth
media. Plants grown in the soil secrete exudates that contain carbon compounds as
much as 20% of the dry amount of the plant. If the plant is grown hydroponically, it
turns out that only 0.1–0.4% of the exudate containing carbon compounds is
released. The quantity and quality of root exudates may vary, influenced by factors
of plant species and the environment in which the plant grows. Variations in the
quantity and quality of root exudates include the number of molecular, molecular
weight, and kinds of influence on biochemical activity in the rhizosphere.

The compounds that are dominant and always present in root exudates are simple
carbohydrates, compounds, sugars, amino acids, and organic acids (Xing et al.
2020). For example, wheat plants are grown on fertile soil, nutrient adequacy, root
exudates are dominated by carbohydrate compounds (Paul et al. 2010; Haichar et al.
2014). The composition of plant root exudate compounds determines the type and
number of microbes that dominate. The microbial community in the rhizosphere can
change according to changes in the quality of root exudates due to changes in
nutritional status (Paul et al. 2010; Enny 2017).

Organic acid of root exudate compounds plays a role in inducing microbial
growth in the rhizosphere. It is as a chemoattractant or chemical attractive aroma
and taste, thus inducing a number of microbes to move to the root surface (Shukla
et al. 2011; Xing-Feng et al. 2014).

The soil environment around plant roots is affected by exudate that is released by
the roots continuously. It continuously interacts with microbes effectively (Enny
2017). The structure and composition of microbes in the rhizosphere vary depending
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on plant species so that interactions between plants and microbes also vary (Paul
et al. 2010; Haichar et al. 2014).

Organic compounds of root exudate compounds are continuously released by the
roots into the rhizosphere intensively. This causes microbes to be attracted to the root
area of plants because of the attractive aroma and taste of exudate compounds
(Shukla et al. 2011; Xing-Feng et al. 2014). The structure and composition of
microbes in the rhizosphere are determined by the concentration and composition
of root exudates. Chemical attractants are called chemoattractants. It is a source of
energy for microbial life in the rhizosphere (Shukla et al. 2011; Xing-Feng et al.
2014).

The microbial community in the rhizosphere degrades plant debris into nutrients
that support plant growth and other organic compounds to the rhizosphere (Venant
et al. 2011). The microbial population is also affected by the abiotic environment
such as the intensity of sunlight (Enny 2017). The intensity of sunlight affects the
rate of photosynthesis. The resulting photosynthate differs in number and variety.
This results in root exudates containing different amounts and kinds of organic
compounds.

Indirectly, root exudates of plant species determine the composition of microbial
communities in the rhizosphere. The root exudates of certain plant species are also of
interest to certain microbes. Thus, the concentration and composition of plant root
exudates determine the structure and components of the microbial community
(Koranda et al. 2011; Cesco et al. 2012). Intensively microbes in the rhizosphere
are selected by root exudates (Paul et al. 2010). Thus, the composition and diversity
of the microbial community are diverse, due to differences in the concentration and
composition of root exudates.

In the rhizosphere, interactions occur between microbes and plants, in this case,
the proteins in root exudates. The protein composition of root exudates is influenced
by microbial dynamics in the plant area (Xing-Feng et al. 2014). The association of
plants with microbes like symbiotic mutualism or mutually beneficial are
mycorrhizae, rhizobium, and PGPR (Agustian and Lusi 2012; Abedinzadeh et al.
2019).

The extracellular compound is a component of root exudates. These extracellular
compounds are recognized by microbes (Xing-Feng et al. 2014). Therefore, the
composition of the exudate compounds determines the type of microbes that domi-
nate in the rhizosphere.

Plant roots have the ability to release exudate into the rhizosphere as much as
20% of photosynthesis results (Xing et al. 2020). The quality and quantity of root
exudates are determined by plant species, plant age, biotic environment, and abiotic
environment (Mendes et al. 2013).

The microbial community in the rhizosphere is controlled by plant root exudates.
Root exudates also regulate herbivores, inhibiting the growth of other competing
plant species (Enny 2013). The presence of microbes in the rhizosphere can be
detected by plants, through the mechanism of exudation, the secretion of metabolite
compounds into the rhizosphere.
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Through the mediation of root exudates, plants can respond positively and
negatively to existence of microbes in the rhizosphere (Venant et al. 2011). The
positive response of plants to microbes, for example, is the association of plant roots
with rhizobium which results in symbiotic or mutually beneficial interactions.

The release of root exudates into the rhizosphere causes microbial proliferation in
plant roots. Proliferation is an event of a repetition of the cell cycle without a hitch.
Proliferation is different from mitosis. The proliferation process results in an increase
in the number of cells with the same shape in a fast time.

The content of the rhizosphere consists of various microbes with different density
levels, namely: bacteria with a density level of 106–109, protozoa with a density level
of 104, nematodes with a density level of 101–102, fungi with a density level of 105–
106 in every gram of rhizosphere soil (Haichar et al. 2014). Carbon compounds are
released by plant roots into the rhizosphere and become a source of microbial
nutrition.

Plant root exudates and compounds released by microbes can increase nutrient
content in the rhizosphere. This can be interpreted that the rhizodeposit can increase
soil fertility, especially in the area of plant roots or the rhizosphere. Nutrient
elements contained in the rhizosphere with the presence of root exudation activity
and microbial response individually or in the form of their interactions can be
increasingly available to plants because microbes are able to convert nutrients into
nutrient elements in a form that is easily absorbed by plant roots.

For example, the mechanism of symbiosis mutualism is as follows: legume plants
release flavonoids in the rhizosphere. These flavonoid compounds activate the
performance of nitrogen-fixing bacteria, namely Rhizobium meliloti bacteria.
These bacteria will bind free nitrogen into an available form so that it can be
absorbed by plant roots. Thus the plant needs for the element N can be sufficient.

The exudate which is the result of the photosynthesis process is released by plant
roots to the rhizosphere by 20% of the total photosynthetic. For microbes, root
exudate can also be used for growth. For example, root exudates are utilized by
mycorrhizae to get a source of nutrition (Xing-Feng et al. 2014).

Microbes in the rhizosphere also play a direct role in the mineralization of organic
compounds into inorganic compounds that can be absorbed by plant roots (Paul et al.
2010). Microbes also secrete indole compounds into the rhizosphere (Yekti et al.
2019). Based on this phenomenon, it is evident that root exudates play an important
role in determining the various dynamics of interactions that occur in the rhizo-
sphere. The diversity of the quantity and quality of root exudates is a reflection of the
dynamics of the interaction between roots and soil in the rhizosphere. The root tips
are lubricated by chemical compounds of root exudates so that the root tips are
protected from desiccation (dryness) so that the roots become easier to penetrate into
the soil in the rhizosphere.

Root exudate also maintains the stability of soil micro-aggregates, absorbs and
stores the selected ions. Besides that, root exudates are also able to regulate soil
microbial communities in rhizospheres, prevent and control microbial pests, support
mutualism symbiosis, inhibit the growth of competitor plants. Thus it can be
concluded that the chemical compounds of root exudates can act as attractants.
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Data on the quantity and quality properties of root exudates are limited. This is
constrained by the correct methodology. Several studies through hydroponic culti-
vation of plants in a sterile environment have been carried out, but the research data
is still unable to predict the real conditions in nature (Hooper et al. 2015). In this
study, the root exudate was quantified by measuring the CO2 formed in the rhizo-
sphere. Plant roots release 1–20% of photosynthetic plant photosynthesis products
into the rhizosphere (Yang et al. 2020). The composition of the compounds
contained in root exudates consists of water, dissolved sugars, organic acids,
amino acids, hormones, vitamins, phenolics, and phosphate sugar esters (Haichar
et al. 2014; Shukla et al. 2011; Koranda et al. 2011; Xing-Feng et al. 2014).

The quantity and quality of the root exudate composition are influenced by
various factors. Broadly speaking, three main factors are determining the quantity
and quality of root exudates, namely: internal factors, external factors, and plant
cultivation techniques. Internal factors include all characteristics of a plant, such as
type of plant, plant cultivar, plant growth phase, plant life cycle (annual crops or
annual plant), harvest age. External characters include all the characteristics pos-
sessed by the environment in which plants grow including soil and climate
characteristics. The character of plant cultivation techniques includes the applied
science and technology. The three interacting factors consist of: the interaction of
plants with the environment in which they are grown, plants with cultivation
techniques, and cultivation techniques with the environment in which they are
grown. Environmental characteristics are thought to have a greater impact on the
quantity and quality of root exudates (Enny 2017). Environmental factors that
dominate this role are soil type, soil pH, oxygen status, soil porosity, light intensity,
soil temperature, nutrients, the presence of microbes, and microbial positions in the
rhizosphere.

Carbon compounds put on by the roots of young plants that are still active in
vegetative growth reach 50% of the total photosynthetic results of photosynthesis
(Paul et al. 2010). In mature plants going into the sense phase or aging, the quantity
of root exudate released into the rhizosphere is less (Paul et al. 2010). The nature of
root exudates also varies depending on the phase of plant growth. During the early
vegetative growth phase, the plant has six leaves or less, the root exudates are mostly
mucus and carboxylate compounds.

The organic acids released by the roots into the rhizosphere are considered the
most important of the various other compounds. This is due to the fact that organic
acids play an important role in the metabolic processes of plants or microbes in the
rhizosphere. In plant mechanical processes, absorption of water and nutrients,
secretions are some good examples of this process. In the presence of root exudates,
the stability of the interaction between roots and soil can be maintained.

Among the various organic compounds in root exudates, organic acids are
considered the most important to be studied. Organic acids play an important role
in providing substrate as nutrients and a source of energy for microbial metabolism.
Organic acids are also able to mediate biochemical reactions in the rhizosphere. The
main organic acids in the micro rhizosphere zone, where the soil contacts the root
tips, are organic acids with low molecular weight (Haichar et al. 2014).
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Low molecular weight organic acids play an important role in biochemical
processes in the rhizosphere (Anandyawati et al. 2017), among others, making
nutrients in available forms, so it can be absorbed by plant roots. These organic
acids helps by increasing the solubility of P nutrient, increasing chemotaxis response
and by forming symbiotic associations, detoxify Al in the rhizosphere so that plant
roots are protected from Al elemental poisoning (Haichar et al. 2014).

In a condition where the plant is severely deficient in nutrients, the plant is still
able to survive and develop normally. This is due to the release of organic acids into
the rhizosphere which is converted by microbes into nutrients available to plants
(Zhang et al. 2014). Although the soil in which the plants are cultivated is poor in
nutrients, thanks to the performance of microbes it can produce organic material that
is useful for plant growth (Haichar et al. 2014).

11.3 Plant Interaction with Microbes

The interactions between plants and microbes are mediated by root exudates. The
microbes in the rhizosphere are influenced by the plant species that produce root
exudates. In the rhizosphere, there is an effective and continuous interaction of plants
with microbes. The microbes are captivated by the aroma and taste of organic root
exudates (Shukla et al. 2011; Xing-Feng et al. 2014; Enny 2017).

Plants’ interaction with microbes is mediated by the exchange of chemical
compounds. These chemical compounds are a means of interacting with plants and
microbes (Xing-Feng et al. 2014). Plants do not have the ability to move places and
have no brain activity. However, plants have the character of growth and develop-
ment that is in harmony with and equal to the performance of the nervous system
(Venturi and Keel 2016).

The root tip is a growing point that produces auxin compounds (Paul et al. 2010).
Auxin compounds play a role in root growth activity. The root tips of plants
accumulate root exudate organic compounds which are attractive to microbes for
growth so that the degree of plant interaction with microbes will increase. In
addition, the nature of plant interactions with microbes can change, for example,
initially being harmful can be mutually beneficial. So the nature of plant interactions
with microbes is dynamic (Paul et al. 2010; Xing-Feng et al. 2014).

The community of microbial diversity is determined by plant species (Shukla
et al. 2011; Enny 2013; Xing-Feng et al. 2014; Pérez-Jaramillo et al. 2016).
Therefore, the interaction between plants and microbes is determined by two main
factors, namely internal and external factors. Internal factors include characters
related to plant genetic traits. External factors concern the biotic and abiotic envi-
ronment. The biotic environment is related to living components, including micro-
bial activity and other organisms, both beneficial and harmful. The abiotic
environment includes soil and climate. Soil factors include chemical properties,
physical properties, and soil biological properties. Climatic factors include light
intensity, temperature, air humidity, rainfall, wind, and gases in the air.
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The presence of root exudates attracts microbes and colonizes the rhizosphere.
The microbial community is able to modify the physical, chemical, and biological
properties of the rhizosphere. Chemical changes in the rhizosphere are caused by the
humification process of organic matter, mineralization of N, P, and S elements into
available forms, so they can be absorbed by plant roots. In the rhizosphere, there are
also microbes capable of fixing free nitrogen into a form that can be absorbed by
plant roots. This kind of interaction has the advantage of both. Microbes benefit from
getting food from root exudates, while plants are also made easy to absorb nutrients
due to microbial activity.

The interaction mechanism between plants and microbes is through the chemo-
taxis process. Chemotaxis is a microbial mechanism in responding to changes in the
composition of the root exudate compound (chemo-effector) around it effectively,
efficiently, and unique (Ofek et al. 2014). Microbes will approach preferred root
exudate compounds and away from harmful compounds (chemorepellent) (Paul
et al. 2010; Haichar et al. 2014). Chemotaxis is a mechanism of plant interaction
with microbes that are activated by secondary metabolite compounds. Microbes
have basic properties both in situ and in vitro. This shows the ability of microbes to
respond to nutrients such as amino acids, simple carbohydrates, and organic
compounds.

It can be stated that chemotaxis is the initial stage of the microbial colonization
process. Chemotaxis is also the basis for explaining biological phenomena, includ-
ing the process of biofilm formation, pathogen infection, an association of
diazotrophic bacteria, mobility in water and soil, bioremediation in situ (Haichar et al.
2014).

Interactions between plants and microbes can be mutually beneficial, neutral, or
mutually detrimental or competitive. There are times when plants interact with
microbes and compete for water and nutrients (Shukla et al. 2011; Enny 2017).
This happens when water and nutrients are available in limited quantities, unable to
meet the minimum needs for plant and microbial life.

The dynamics of plant–microbial interactions are also caused by the diversity of
plant root exudates in the rhizosphere. If the root exudate aroma and taste are
interested in the microbes, so the microbes will approach the root area of the plant.
The number of microbes increases and forms colonies, especially at the root tips and
lateral root growth points. However, if the compounds released by the roots are
considered dangerous or the smell and taste are not favored by microbes, so the
microbes will stay away from the rhizosphere area.

Plants have the ability to control the nature of interactions with microbes. A type
of plant is the most dominant determining factor in determining the nature of a
rhizosphere. Other determinants, such as soil characteristics and microbial colonies,
are not as strong as plant species. Root exudate character is determined by plant
genetic characteristics. Root exudates have the ability to invite or repel specific
microbial populations. Various plants have the genetic trait to be tolerant in
interacting with harmful microbes in the rhizosphere. Thus plant variety determines
the diversity of microbial communities in the rhizosphere. The age and health level
of plants also determine the dynamics of the microbial community in the
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rhizosphere. The structure and composition of the microbial community in the
rhizosphere can also be controlled by plants. In addition, root exudates can also
determine the dynamics of the physical properties of the rhizosphere. During the
day, the plant’s transpiration rate increases more than at night. When the transpira-
tion flow strengthens, the water potential in the rhizosphere changes rapidly. This
causes physical changes in the rhizosphere soils in the form of fluctuations in water
potential. Meanwhile, in non-rhizosphere soils, this does not happen (Venant et al.
2011; Enny 2017). The results showed that the soil in the rhizosphere is wetter than
the non-rhizosphere soil. With such a mechanism, plant roots can still absorb water
and nutrients from the rhizosphere, so that plants can avoid nutrient deficiencies.

At night, the transpiration flow in the plant weakens. The osmotic pressure at the
root tip decreases so that the absorption of the roots is also reduced. This allows for
the release of root exudate into the rhizosphere. The interaction through contact of
root exudates with microbes in the rhizosphere is strengthened, root exudates also
make contact with soil particles in the rhizosphere. During the day, the transpiration
flow in the plant body strengthens again, and more water is absorbed by the plant
roots. This causes the water in the rhizosphere soil particles to decrease, the
condition of the soil solution in the rhizosphere becomes more concentrated. Root
exudate thickens and coagulates, adhering to the soil particles of the rhizosphere.
When the rhizosphere begins to dry out and the potential for soil hydrolysis
decreases, root exudates will release into the soil (Venant et al. 2011; Anandyawati
et al. 2017; Enny 2017). This causes the soil in the rhizosphere to remain moist,
wetter than the soil non-rhizosphere. These events explain that plants through root
exudates can affect the physical properties of soil in the rhizosphere.

The interaction of plant roots with rhizosphere soil particles can affect soil
porosity. In clay soil, the mobility of root exudate compounds and microbial colonies
is slower. This is because clay has finer soil particles so that the pore space is smaller
than sandy soil. Sandy soils have larger particles, so the space between the particles
or the pore space is smaller. Thus, on sandy soil exudate and microbial colonies in
the rhizosphere are faster than in clay soil. This shows that the interaction between
plants and microbes in sandy soil can be faster because the exudate released by the
roots into the rhizosphere moves more freely and quickly reaches soil particles
around the root area. This accelerates contacts and expands the contact area of plants
with microbes (Anandyawati et al. 2017). Plant root exudate is continuously secreted
by the root cap so that the particles in the rhizosphere will be covered with root
exudate to form aggregate. In clay, the particles bind with the root exudate to form
the aggregate, and its size becomes larger. This causes the space between the
aggregate to become larger. This condition causes the pore space of the clay in the
rhizosphere to become bigger too so that the clay has a greater porosity, the soil is
looser. This condition is created continuously, when the root cells are damaged,
exfoliated, die and experience decay, it will change the clay to be more porous,
loose, and fertile.

The interactions of plants with microbes can affect the chemical properties of the
soil in the rhizosphere. Plant roots release a wide variety of compounds into the
rhizosphere. It is through rhizodeposits that various interactions are mediated. In the
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rhizosphere, there are interactions between plant roots in the same species,
interactions between plant roots in different species, interactions between plants
and soil particles, interactions between plants and microbes, interactions between
microbes and microbes, and interactions between microbes and soil particles. The
interaction of these various components affects the dynamics of the ecological
system in the rhizosphere. Environmental factors, both abiotic and biotic, will
influence the dynamics of these interactions, especially the interactions between
plants and microbes.

Rhizodeposits formation is influenced by the type of plant, plant growth phase,
and biotic and abiotic environmental stress (Xuliang et al. 2013; Vanesa and Mary
2014). In the rhizosphere, there are various compounds including exudates of plant
roots, secondary metabolites produced by microbes such as bacteria, fungi, lichens,
invertebrates, and plants. These various compounds affect various processes in the
soil ecosystem, especially the dynamics of the interaction of various components of
the soil ecosystem. One of the important interactions is the interaction of plants with
microbes. These reactions have an impact on the physical, chemical, and biological
properties of the rhizosphere. These various compounds influence various processes
in the soil ecosystem, especially the dynamics of the interaction of various
components of the soil ecosystem. One of the important interactions that are affected
is the interaction of plants with microbes which have an impact on the physical,
chemical, and biological properties of the rhizosphere soil (Shukla et al. 2011;
Xuliang et al. 2013; Haichar et al. 2014; Anandyawati et al. 2017).

Changes in the interaction of internal and external factors affect the nature of the
interactions that occur between plants and microbes. Initially, neutral plant and
microbial interactions can turn into mutually beneficial or mutually harmful. Plant
cultivation techniques always try to create positive strategies between plant factors
and the environment in which they grow, including in the rhizosphere. Thus it is
hoped that the interaction between plants and microbes is mutually beneficial, at
least neutral, not mutually harmful. The application of plant cultivation technology
can affect the nature and degree of interaction between plants and microbes in the
rhizosphere. The application of appropriate plant cultivation technology can
synergize plant factors with the environment in which plants grow, both biotic and
abiotic environments. The synergy of plant factors with their environment can result
in mutually beneficial interactions between plants and microbes, not mutually
harmful ones. One example of technical culture action in plant cultivation that results
in mutually beneficial interactions between plants and microbes is the selection of
healthy, high-yielding, and broadly adaptable plant species. Healthy plants can grow
rapidly and produce large amounts of root exudate continuously into the rhizosphere.
Root exudate compounds that are of interest to microbes because of the aroma and
taste favored by microbes will cause the movement of microbes to the rhizosphere.

This can occur because the plant root exudate compounds are considered not to
endanger the activities of microbial life. When plant roots come into contact with soil
particles, friction occurs which makes the plant root cells peel off. The exfoliated
cells will die and be degraded by microbes. The result of the degradation of the
accumulated dead root cells of the plant is in the form of organic compounds
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available to plants as a source of nutrients. Plant roots can absorb nutrients dissolved
in soil colloids following the rate of transpiration flow. Thus plants benefit from the
presence of microbes in the rhizosphere so that plants can grow well and can produce
maximum biomass and biochemistry.

Conversely, if the cultivated plant is unhealthy, low quality, then the release of
root exudates into the rhizosphere is not as much and less intensive as healthy plants.
This is because plants are easily exposed to unfavorable environmental conditions
where they grow. This results in a limited number and diversity of microbial
communities in the rhizosphere. The degradation activity of the remains of dead
plant root cells is not intensive, so the availability of nutrients resulting from
degradation is also limited. The subsequent effect of soil conditions on the rhizo-
sphere limits nutrients to plants. In this case, the plant does not benefit from plant–
microbial interactions. Microbes too, because they do not get enough nutrients from
plant root exudates.

In the event of interaction between plants and microbes, it is known as chemo-
taxis. Chemotaxis is a mechanism that microbes have in responding to changes in the
composition of compounds in their environment effectively and efficiently. The
principle of the chemotaxis mechanism is as follows, the microbes will quickly
approach the preferred compound. This can work the other way around, the microbes
will stay away from harmful compounds themselves (Paul et al. 2010; Haichar et al.
2014). Chemotaxis is a mechanism that is activated by secondary metabolites.

In the event of plant interactions with microbes, plant roots secrete exudate
compounds. The root exudate compound can be a bioactive compound. For the
benefit of plants, bioactive compounds can have multiple functions. First, if the
bioactive compounds released into the rhizosphere are aromatic compounds. For
example, from the benzoate group that microbes are interested in. The microbes will
respond positively and get closer to the plant root area. Microbes benefit from getting
nutrients from root exudates. Likewise, plants, with the presence of microbes in the
rhizosphere, the remains of damaged root cell organs, peel off when penetrating soil
particles, are degraded by microbes into nutrients that can be absorbed by plant roots.
In this event, microbes and plants interact with each other which is called symbiotic
mutualism.

Second, if the secondary metabolites released by plant roots harm microbes, the
microbes will quickly move away from the plant root area. In this case, the bioactive
compounds contained in plant root exudates can serve as self-defense against
pathogenic microbial attacks called antimicrobial (Baetz and Martinoia 2014). In
this event, the interrelationship between plants and microbes is antagonistic. Based
on this case, it can be understood that the interactions between plants and microbes
are dynamic. The intensity of the interaction is also influenced by plant genetic
characteristics, microbial genetic characteristics, physical properties of the rhizo-
sphere, chemical properties of the rhizosphere, biological characteristics of the
rhizosphere, and climate. In addition, plant cultivation techniques can also affect
the nature of plant interactions with microbes. The influence of plant cultivation
techniques on plant interactions with microbes can be carried out through the stages
of using planting materials, land management.

11 Impact of Plant Exudates on Soil Microbiomes 279



The use of planting material will determine the type of plant, cultivar, plant life
cycle, and crop harvest age. Soil cultivation techniques will affect the physical,
chemical, and biological properties of the rhizosphere. Planting techniques can
determine the depth and area of the contact area of plant roots with soil particles.
Maintenance techniques in the form of fertilization and irrigation also affect the
physical, chemical, and biological conditions of the rhizosphere. Harvest age
determines the duration of plant interactions with microbes in the rhizosphere.

11.4 Root Exudate Impact

The impact of root exudate is divided into two, namely internally and externally.
Internal impact, namely the impact of exudate on plants that release exudate.
External impact, namely the impact of exudates on the environment where plants
grow, including biotic and abiotic environments. The biotic environment includes a
variety of microbes and other plant roots in the rhizosphere. The abiotic environment
includes soil and climate.

The effects of root exudates in the rhizosphere can be beneficial or detrimental to
the interacting components. The beneficial effects of root exudates can be explained
as follows: root exudates released into the rhizosphere serve as a source of nutrition
for compatible microbes. This benefits the microbes because microbes can grow and
develop well in the rhizosphere. Microbes in the rhizosphere carry out activities that
make rhizosphere land more fertile, crumbly, more porous. This rhizosphere condi-
tion has a beneficial impact on plants to growth and development.

The response of plants to changes in microbial composition and structure in the
rhizosphere is through root exudates. Plants can attract compatible microbes and
repel pathogenic microbes in the rhizosphere. For example, ABC Arabidopsis
secretes more phenolics than wild-type Arabidopsis (Jin et al. 2019). This is
supported by the statement that phenolic compounds have an impact on the structure
and composition of the microbial community in the rhizosphere (Michalet et al.
2013; Jin et al. 2019). According to Fang et al. (2013), a decrease in the quantity and
quality of phenolic compounds in transgenic has an impact on the microbial com-
munity in the rhizosphere, resulting in an increase in the microbial community
compared to wild-type plants. This proves that there is a change in the microbial
community naturally (Xing-Feng et al. 2014). Badri et al. (2013a) stated that the
relationship between exudate compounds and microbes was more compatible, the
higher the level of microbial density in the places where root exudate accumulated in
the rhizosphere.

Changes in the composition of root exudates are related to beneficial bacterial
communities as PGPR, N2-binding agents, and metal remediation bacteria (Xing-
Feng et al. 2014). The addition of various mixtures of natural chemicals derived from
Arabidopsis exudates to the rhizosphere resulted in colonies of different microbial
communities. This is evidence that the type and composition of root exudates can
have a specific impact on the type and composition of microbes in the rhizosphere
(Badri et al. 2013b).

280 Y. Maryani and R. Rogomulyo



Various research results show that plants through root exudates can mobilize,
form, and select microbial communities in the rhizosphere (Chaparro et al. 2014).
For example, cucumber seed root exudates contain p-coumaric acid which harms
bacterial and fungal colonies. Changes in the structure and composition of bacterial
and fungal communities in the rhizosphere have increased the population of cucum-
ber pathogenic microbes that are carried by soil particles (Xingang and Fengzhi
2012).

In addition, the impact of plant root exudates also functions as a plant self-defense
system against attack by pathogenic microbes, namely jasmonic acid. This acid,
which is a root exudate, can change the microbial presence in the rhizosphere
(Carvalhais et al., 2013). The microbial community in the rhizosphere is also
influenced by plant species and plant growth phases (Chaparro et al. 2014). A
study reported that different plant species resulted in different quantity and quality
of root exudate chemical compounds. This change in root exudate affects the
dynamics of the microbial community. Research on 27 maize lines has proven that
these 27 lines affect the variety and diversity of microbes in the rhizosphere (Peiffer
et al. 2012). Other studies have shown that rhizosphere soils originating from pine
and maize plantations actually contain different microbes (Zolla et al. 2013).

High ethylene levels can exacerbate roots against environmental stress, such as
drought stress, so that the physiological activity of the roots is disrupted, eventually
plant growth is inhibited (Stearns et al. 2012). Many rhizosphere soil microbes are
able to reduce plant response to ethylene production, by catalyzing ACC
(aminocyclopropane-carboxylic acid) which is a direct precursor to ethylene, into
ketobutyrate and ammonia (Haichar et al. 2014). This means that a decrease in
ethylene levels can increase plant resistance from biotic or abiotic stress. ACC
deaminase activity has been shown to help increase the ability of plants to withstand
drought stress, likewise for water stress and salinity (Xing-Feng et al. 2014), so that
plant growth continues to be normal (Yang et al. 2020). For example, the soil
bacterium Achromobacter piechaudii ARV8 which has ACC deaminase activity
can increase the biomass of tomato and pepper seedlings with environmental stress
(Xing-Feng et al. 2014). Thus the presence of bacteria containing the ACC deami-
nase enzyme has a positive impact because it can increase plant resistance to
environmental stress. This is because the decreased levels of ethylene inhibit the
performance of auxins so that auxins can still support plant growth.
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Abstract

Microbes are part of life and they support every life-sustaining activity on the
earth right from food crops production through increasing the soil fertility,
helping in food processing via fermentation, and decomposition of dead animals
to save environmental nuisance. Microbes support one of the biggest industries in
the world (agriculture) through nutrients cycling, optimizing soil properties for
better crop production, retain nutrients for plant supply and fertility, and remedi-
ate soil pollutants through bioremediation. Climate change has aggravated and
disturbed various processes undertaken by soil microbes, i.e. microbial
populations, diversity, processes undertaken by them, and nutrient cycles by
killing them via increased temperature and soil salinity and associated problems.
This chapter is an effort to comprehensively describe the benefits of microbes in
the life, effects of climate change on population, associated processes, and
ultimate effects on the environment.
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12.1 Introduction

Variabilities in climatic conditions are changing the distribution of living species and
simultaneously affecting the interactions between them (Bardgett et al. 2014; Van
der Putten 2012). Such communities are naturally diverse and consist of various
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species with distinct features of life history, resistance, and capabilities. In addition,
interactions between different communities may be helpful, dangerous, or may have
functional influence. These interfaces may be altered with the change in ecological
balance (Agler et al. 2016). Several experiments have shown that species dynamics
influence the functions of the terrestrial environment and their biodiversity (Hoegh-
Guldberg and Bruno 2010; Sharma et al. 2018; Langley and Hungate 2014), and soil
community (Cantón et al. 2012; De Vries et al. 2012). Soil microbes influence each
other in many ways and interact with plants to shape and maintain the characteristics
of ecosystems. In fact, the interaction between soil microorganisms and plants can
alter the landscape pattern, diversity, and composition of plants and animals (Pecl
et al. 2017).

Soil microbial species comprise pathogenic, symbionts, and decomposers. Some
microbial species can reduce plant growth (pathogenic microbes), while some
species can enhance plant productivity, i.e. plant growth-promoting rhizobacteria
(PGPR) and nitrogen-fixing symbiotic bacteria. So, the relationship between plants
and microorganisms is considered positive when the soil microbial communities
enhance plant growth. When the microbial communities like nematodes and patho-
genic bacteria spread disease in plants, the interaction is considered negative.
Therefore, it is imperative to study their importance, mutual interactions, and
ecosystem characteristics in response to climate change. One of the major functions
of the ecosystem is the storage of carbon contents in it (Pecl et al. 2017; McCormack
et al. 2015; van der Putten et al. 2016).

The annual carbon fluxes of 120 Gt into and out of the terrestrial environment are
due to the burning of fossil fuels (Jenouvrier et al. 2015). It induces climatic changes
and disturbs the normal functioning of the microbes present in the soil. In general,
microbes function as a pool of nutrients for crops, recycle the nutrients, reduce the
risks of soil pollution by bioremediation as well as work together to stabilize the soil
properties and structure via carbon sequestration (Farooqi et al. 2018, 2020). The
change in carbon concentrations in the atmosphere can cause global warming.
Therefore, climate change has a significant influence on the microbial communities
and carbon concentration in the soil and atmosphere in the future (Classen et al.
2015).

During the events of global warming and climate change, microbial degradation
and soil salinity due to higher temperatures will eventually control the life-sustaining
processes. However, activities of different microbes affect plants, the carbon feed-
back between the atmosphere and soil is ambiguous (Todd-Brown et al. 2013;
Lehmann and Kleber 2015). If the soil community boosts its activity with respect
to animal and plant input during higher temperatures, then the amount of soil carbon
will decrease from the atmospheric (Doetterl et al. 2015; Leff et al. 2015). In adjunct
to directly controlling the decomposition process, the soil microbial community can
also affect plant characteristics, such as food production and quality (Feng et al.
2002; Coleman et al. 2017), which can synchronize the flux in the carbon cycle
during carbon sequestration from the atmosphere.
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12.2 Microbial Functions in the Environment

Environment-friendly technologies and environmental protection are very important
in human life sustainability. Scientists have been studying technologies that can be
used to enhance agriculture produce while minimum waste production and pollutant
remediation. The technologies based on native microbes (bioremediation and
biofertilizers) are such an eccentric, which are widely used in the environmental
remediation and soil productivity enhancement. Indigenous microbes are a cluster of
inherent microbial communities. They live on the surface of the soil and all internal
and external organisms. They can convert toxic substances to less/non-toxic through
biodegradation and give a boost to soil fertility through bio-composting products
nitrogen fixation and producing plant-growth-promoting hormones. Without these
microbes, on this lively planet, human existence would have been impossible.
Therefore, the focus of this chapter is to restore and protect the climate through
indigenous microorganisms and to convert useless and unhelpful waste into produc-
tive biological resources.

12.3 Applications in Agriculture

The soil microorganisms can increase agricultural production. Scientists have used
microbes for the enhancement of soil fertility as biological fertilizers for help in plant
growth (Rawat et al. 2019; Joshi et al. 2019). The microorganisms living in the soil
can help plants to take up the required types of nutrients. Plants together with these
microbes participate in nutrients recycling. Microbes also facilitate plants to absorb
the necessary nutrients. In return, the plant donates its waste by-products to
microorganisms for their use as food (Fig. 12.1).

12.3.1 Nutrient Recycling

Healthy soil can fulfill the growing demands of food for the growing population of
the world. It can do this by maintaining soil microbiota and growth of the plant,
recycling nutrients, degrading soil organic matter (SOM), remediating toxic
substances, inhibiting disease-causing agents, and maintaining soil and water qual-
ity. At the same time, they keep the balance of each nutrient to enhance the
sustainability of the growth of plants (Meena et al. 2017; Meena et al. 2016;
Shrivastava et al. 2016). Deterioration of soil and water quality is an indicator of
poor soil conditions (Biswas et al. 2017; Abhilash et al. 2016). Soil health is the
result of the process of protection and decomposition. It is extremely dependent on
the biological components of the soil environment and affects plant growth, ecolog-
ical health, and quality and safety of food (Nath et al. 2017; Takoutsing et al. 2016).
It is also a fact that multiple layers of soil have a distinct microbial population and
their numbers (Table 12.1) to support soil and plant stainability. Healthy soil can
protect nutrients, pollutants, and other solutes by adsorbing or combining with
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particles of clay and SOM. Soil acts as a filter to remove detrimental components
from (Bastida et al. 2008; Allen et al. 2011). These highly effective communities of
microbes can be regarded as soil designers (Deiner et al. 2015; Sharma et al. 2013;
Vayssier-Taussat et al. 2014; Pii et al. 2015). Microbial communities generate their
own environment by complexing with soil particles in the presence of other bio-
chemical nutrients (Teotia et al. 2016; Finley et al. 2013). Various microbial
communities have a close relationship with each other and share the mutual trait
of degradation which aids to degrade the plants litter as well as developing food web
structures and helps to recycle the nutrients (Schulz et al. 2013; Bünemann et al.
2018).

12.3.2 Sustaining Optimal Soil Structure for Agriculture

The soil organic matter serves as a reservoir for phosphorus (P), nitrogen (N), and
sulfur (S). Inorganic (N) levels are very low in the soil, while most of its part is
present in the atmosphere or in the form of the organic compounds. Soil microbial
communities produce the hydrolytic enzymes which help to degrade the most of
organic substance into simpler ones, yielding N, P, K, and S. During the degradation
of the organic compound, soil enzymes participate during the biochemical process.
The vital soil enzymes are cellulase, amylase, chitinase, arylsulfatase, phosphatase,
urease, and dehydrogenase which are produced by microbes and plants (Das and
Varma 2010). The amount of SOM degradation is affected by various environmental
aspects such as the presence of soil moisture, temperature, and diversity of microbial
colonies (Umar et al. 2008). According to the decomposition pattern, there are four
stages. First stage: organic matter is easily decomposed into protein, starch, and
sugar-rich compounds by microbial communities. In the second stage, those
compounds which take 2–10 years to decompose, such as plant cellulose and lignin.
In the third stage, those compounds that take more than 10 years to degrade, such as
certain fat-like compounds (waxes and phenols). While in the fourth stage, those
compounds which take 10,000 years, including humus-like substances, these
humus-like substances are the integration of plant decomposition products and
microbial decomposition products (Sahu et al. 2017a). The decomposition of organic
compounds is a process in which soil microbial communities are involved to degrade
organic compounds into a simpler form of substances or mineralized nutrients.

Table 12.1 Soil layers and microbial communities in it (Adopted from Sahu et al. 2017b)

Depth (cm)

Soil microbial communities

Aerobic bacteria Anaerobic bacteria Actinomyces Fungi

3-8 7,800,000 1,950,000 2,080,000 119,000

20-25 1,800,000 379,000 245,000 50,000

35-40 472,000 98,000 49,000 14,000

65-75 10,000 1000 5000 3000

135 100 400 3000
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Consequently, the existence of SOM in soil affects the amount of N available for the
plants, and the high C/N ratio of organic substance might cause nitrogen insuffi-
ciency in crops at a minimum in the small period (Marín-Spiotta et al. 2014;
Schjonning et al. 2015).

12.3.3 Mineralization and Humification

The decomposition of various types of organic material in the soil is one of the key
roles of soil microbes. It is mainly composed of the remnants of deceased animals
and plants and biological excrement. These carbon-containing components ought to
be altered into simple forms such as minerals to get them usable for autotrophic
living organisms. This process of converting carbon-containing compounds into
simple mineral forms is known as mineralization, and it is primarily achieved by
microbes present in the soil (Six et al. 2006; Liu et al. 2017). The organic material of
the soil can be divided into three categories: simply decomposable, medium-
decomposable, and difficult to decompose. Microbial mineralization carries by
attaching of the microbe to the organic compounds. In the process of organic
mineralization, the oxidation rate of significant biological elements is very important
for plant bodies. Microorganisms perform a crucial role in transforming complex
substances into usable forms of plants. Therefore, the processes of mineralization
and humification coexist naturally (Sardans et al. 2012).

12.4 Role of Soil Enzymes in Decomposition of Organic Matter

Soil enzymes are a cluster of enzymes that usually present in the soil. They continue
to play an important role in sustaining ecology and soil health, fertility, chemical,
and physical properties and are responsible for the entire degradability of carbon-
containing compounds in the soil system (Makoi and Ndakidemi 2008). They are
essential for catalyzing the living processes of microorganisms in the soil and the soil
structure stability, the decomposition of organic waste, the formation of organic
matter, nutrient cycling, as well as play a significant role in agriculture. Changes in
levels of enzymes in soil systems are mainly due to the different amounts of organic
matter processes in each soil type. In practice, biochemical reactions are mainly
produced by the catalysis of enzymes and variable substrates, and the substrates are
the energy source of numerous microbes (Kumar et al. 2011; Griffiths and Philippot
2013).

These soil enzymes immediately mediate the biological SOM and mineral ingre-
dient catabolism. Soil enzyme production is connected to the organic matter of the
soil and its quality. These variations are much earlier than other factors and can
therefore provide early signs of variations in soil sustainability (Gomez et al. 2006).
These enzymes might comprise of β-glucosidase, amylase, cellulase, arylsulfatase,
dehydrogenase, chitinase, protease, and phosphatase excrete from microorganisms
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and plants present soil (Xu et al. 2015). These factors distressing the activity of the
soil enzymes and can adsorb on the inorganic and organic soil particles. These
complex substances are released into the soil by microbial decomposition.

12.4.1 Amylase

It is known that starch hydrolase amylase consists of α-amylase and β-amylase.
Alpha-amylase is produced by microbes, plants, and animals, while β-amylase is
mainly produced by plants. It performs an important part in the degradation of starch,
which transforms the amyloid compound into β-amylase and glucose, which
transforms starch into maltose (En et al. 2019). However, plant bodies can impact
soil amylase activity by immediately providing enzymes from its remains or emitted
substances or implicitly offering compound for the plants-microbial system.

12.4.2 Arylsulfatase

Arylsulfatase is commonly distributed in nature and soil and is liable for sulfate
hydrolysis (Kumar et al. 2011). Rhizosphere bacteria secrete them into the outer
environment in response to sulfur constraint, and their existence is usually related to
the biomass of microbes and the rate of sulfur sequestration. The enzyme plays a part
in the breakdown of aromatic sulfates (R–O–SO3) into phenol (R–OH) and sulfate or
sulfate sulfur (SO4

2� or SO4-S) in the presence of water. Microbial genera and
species which play a key role in the organic soil sulfur cycle, among which
arylsulfatase is a key enzyme, are still rarely seen (Sahu et al. 2017a).

12.4.3 b-Glucosidase

Glucosidase is an important hydrolytic enzyme commonly found in the soil. It
performs an essential role in biodegradation and catalyzing with the help of water.
β-glucosidase enzymes are produced during decomposition of plant residues and
added into the soil after their decomposition (Sahu et al. 2017a). Its end-product is
glucose, which is a significant source of carbon for soil microorganisms. This can
usually be used as an indication of soil quality, reflect previous biological activity,
and the ability of the soil to alleviate SOM.

12.4.4 Cellulose

Cellulose, which makes up about 50% of the biomass created by photosynthesis, is a
rich organic compound. In most agricultural soils, the development and endurance of
microorganisms are important, depending on the carbon source confined in plant
material in the soil (Hu et al. 2011). Cellulase is a cluster of enzymes that breakdown
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the cellulose during the process of degradation. Polysaccharides are composed of
β-1,4-linked glucose components. Several researchers report that the cellulose in the
soil primarily comes from plant residues mixed into the soil, and a small quantity is
also derived from soil microbes and fungi. Ever since cellulase plays a crucial role in
the large-scale recycling of cellulose, the highly plentiful polymer in nature, it is
important to better understand this enzyme so that it can be used more often in our
soil fertility program (Piazza et al. 2019; Muter et al. 2017).

12.4.5 Chitinase

Chitinase enzymes are essential components that are responsible for hydrolysis and
chitin (poly-β-1-4-(2-acetamido-2-deoxy)-D-glucoside) decomposition. They are
often known to be the principal structural feature in numerous fungal cells, used in
combination with pest/pathogen destruction by hyper-parasitism processes. These
biological elements often decrease disease-production components by means of
other mechanisms, including competition or antibiosis approaches, and different
living organisms containing microbes and plants produce or release them.

12.4.6 Dehydrogenase

Dehydrogenase action is usually utilized as a sign of soil biological activity. The
enzyme is an important component of intact cells, but it does not gather outside the
cell in the soil (Zeng et al. 2010). A method of oxidizing soil organic material by
transporting protons and electrons from the substrate to the acceptor is also known.
Soil moisture and temperature indirectly affect the dehydrogenase activity by
influencing the redox state of the soil (Maharudrappa et al. 2000; Xu et al. 2015).

12.4.7 Phosphatase

In the geosphere, these enzymes are known to play a vital role in the phosphorus
cycle, since they contribute to phosphorus toxicity and plant growth, and are also
excellent soil fertility indicators. For instance, when P deficiency occurs in the soil,
the acid phosphatase secretion increases from the plant roots. This increase in
phosphatase secretion enhances the dissolution and migration of P, thereby enhanc-
ing the ability of plants to survive with P stress situations (Sahu et al. 2017a).

12.4.8 Proteases

The protease in the soil plays a significant part in N-mineralization, controlling the
content of accessible nitrogen in plants and the development of plants. They are
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related to organic and inorganic colloids (Sahu et al. 2017a). The extracellular
enzyme activities not only indicate the biological ability of soil to enzymatically
alter substrates but also play an essential part in the microbial ecosystem.

12.5 Pollutants Mitigation

Numerous anthropogenic activities, such as fisheries, agriculture, and production
units, will generate an unusual accumulation of distinct substances. These
substances cause environmental hazards due to their concentration and/or
characteristics, and occasional ecological disasters, like that Exxon Valdez event,
Cher Nobel, the Gulf of Mexico, and the recent Aznarcollar issue in Spain. Although
most pollutants are biodegradable and contain pollutants just like natural materials
(agricultural or animal residues), they cannot be eliminated in a short time due to the
large output. Considering that microorganisms use nutrients to degrade pollutants in
aqueous solutions, and oil lacks these nutrients such as nitrogen and phosphorus, the
degradation rate of other natural carbon-containing substances (like hydrocarbons)
may be exceptionally slow. Engineering activities will generate many chemical
substances that do not exist in the atmosphere and on soil, such as distinct types of
plastic, biocides, etc. These chemical substances come into the ecosystem in huge
quantities and are difficult to biodegrade.

Since most of the synthetic chemicals have distinct types of structure or subunits
that present in the ecosystem. So, the methods used to characterize them as degrad-
able and non-biodegradable may be incorrect or at least too much fierce. A further
problem is that pollutants that are hazardous to microorganisms, such as heavy
metals or synthetic chemicals that hinder the bioremediation of organic pollutants
in the short term (He and Yang 2007; Harms et al. 2011; Gadd 2007). The contagion
of soil and residues of petroleum is international anxiety. A novel microbial strain
Dechloromonas agitate CKB has been isolated, which can degrade hydrocarbons in
the dearth of oxygen (Cao et al. 2005). Agrobacterium radiobacter J14a can use
atrazine (Cao et al. 2005) which is currently one of the most used herbicides.
Microbial biomass is also efficient to degrade plastics in the soil (Sudesh and
Iwata 2008).

12.6 Bioremediation

The increase in environmental pollution leads to the gradual deterioration of the
quality of the ecosystem, which may disturb plants and animals, and therefore,
immediately disturb human health (Pandey et al. 2009). This situation confronts
society to discover effective remedies (Mohy-Ud-Din et al. 2020; Hussain et al.
2021). Traditional treatment methods for dangerous pollutants, such as immobiliza-
tion, incineration, and volatilization of dangerous pollutants, only convert the
pollution and generate new waste, but fail to eradicate the problem. Bioremediation
skills can lead to decontamination and mineralization of dangerous pollutants and is
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an alluring unconventional method that can produce economic benefits in some
cases. As mentioned above, effective bioremediation varies on the accessibility of
appropriate microorganisms (Juwarkar et al. 2010; Debbarma et al. 2017; Giri et al.
2017).

This consideration, and the prospective use of engineered microbes, provides an
extended time scale technique (Nicolaou et al. 2010). There are numerous ways to
perform bioremediation on site. If local microorganisms can metabolize pollutants
due to the adaptation process, non-native microorganisms can be selected in other
locations to inoculate the environment (biofortification) or regular nutritional
supplements (biostimulation). The combination of these basic technologies
represents the constant supply of nutrients and aerobic environments to microbes
being used for bioremediation. Bioaugmentation and biostimulation may also be
used as ex-situ techniques to invigorate the biodegradation of dangerous pollutants.
Bioreactors exemplify an extremely controllable technique of treating distinct
pollutants, such as pH, nutrient content, temperature, and agitation can be monitored
in batch or continuous feed bioreactors. If a reactor is based on compost or slurry, the
microbial activity can be optimized to the greatest extent, thereby optimizing the
degradation of pollutants. Solid-phase remediation is usually utilized as an ex-situ
remediation method, which can be processed in a pile or in a treatment pond. Many
oil companies also use land farming techniques to treat contaminated soil (Okoh
2006).

12.7 Impact of Climate Change on the World’s Agriculture

Climate change may directly affect global food production. An upsurge in average
seasonal temperature will decrease the period of various crops, thereby reducing the
ultimate yield. In fields where the temperature is detrimental for crop survival,
further warming adversely affects crop yield (Knutson et al. 2010). Due to global
warming, world agriculture is facing a severe decline in this century (Table 12.2).
Overall, by 2080, the world’s agricultural productivity is expected to drop by
3–16%. Emerging countries (several of which have average temperatures close to
or higher than crop forbearance levels) are expected to decrease by a norm of
10–25%. In developed countries where average temperatures are generally lower,
the average impact will be milder or even positive, from a rise in productivity of 8%
to a decrease of 6%. Developing countries face a greater decline. For example, India
may drop by 30–40%.

12.7.1 Effects of Temperature

Although many aspects (such as parent material, climate, topography, soil texture,
vegetation cover type, and soil microbial community structure) determine the soil’s
capability to sequester carbon, while microbial decomposition due to higher
temperatures eventually determines the amount of carbon decomposition and its
loss to atmosphere (Kaisermann et al. 2017). Global warming causes physiological
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changes in the decomposers and affects carbon dioxide emissions in the soil
(Zechmeister-Boltenstern et al. 2015). Increased temperature may accelerate the
decomposition of fungi, leading to increased carbon dioxide emissions in soil.
Though, elevated temperatures also increase the N content in the soil, thereby
inhibiting the decomposition rate of fungi. In fact, higher available N content
harms the activity of different microorganisms (Dutta and Dutta 2016). On the
other side, the efficiency of microbial biochemical reactions below the pressure of
global warming is low. Therefore, these microorganisms release more carbon in the
form of carbon dioxide as compared to transforming it into waste biomass (Dutta and
Dutta 2016).

The intake of higher consumed CO2 levels and more approaches accelerate
nitrous oxide and methane gas emissions from plants (Alshaal et al. 2017). However,
the ultimate microbial reaction of soil decomposition depends on the temperature
sensitivity of decomposition materials, the supply of substrates, associations with
soil processes, and the environment such as moisture and possible physiological
adaptability. It must be emphasized here that due to decomposition, the effect of high

Table 12.2 Effects of climate change on crops yield (Adopted from Dubey et al. 2019)

Crops Scientific name of crops
Percentage
decrease

Extreme rise in temperature

Kharif crops

Groundnut Arachis hypogaea 4

Pearl millet Pennisetum glaucum 9

Rice Oryza sativa 5

Sorghum Sorghum bicolor 7

Soya Glycine max 13

Rabi crops

Chickpea Cicer arietinum 10

Linseed Linum usitatissimum 7

Wheat Triticum aestivum 3

Extreme decline in rainfall

Kharif crops

Groundnut Arachis hypogaea 13

Pearl millet Pennisetum glaucum 16

Pulses 17

Rice Oryza sativa 14

Sorghum Sorghum bicolor 14

Rabi crops

Barley Hordeum vulgare 4

Chickpea Cicer arietinum 10

Linseed Linum usitatissimum 8

Rape and mustard
seed

Brassica napus and Brassica nigra, B. juncea,
B. hirta

3

Wheat Triticum aestivum 5
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temperature on the release of carbon dioxide is not equal between distinct soils.
Microbial species in controlled agricultural soil can reduce the impacts of tempera-
ture rise due to carbon dioxide release. Though, the ultimate stimulus occurred in the
Arctic and northern ecosystems where the global warming effects are prominent than
anyother region (Azzaro et al. 2019). The efficiency of carbon usage is a key factor in
determining the long-term constancy of carbon in the soil, because the microorgan-
ism biomass, instead of stubborn plants, is the best resilient to decay (Paustian et al.
2016; Cotrufo et al. 2013).

12.7.2 Moisture Fluctuations

Climate change also impacts soil environments through inducing precipitation
variations as well as temperature fluctuations. Water is the primary component and
is a major influence in many terrestrial habitat’s soil breathing patterns (Aanderud
et al. 2011). Microbial decomposition and their activities are disturbed by many
components, which change with the changes of moisture level and water, like the
flow of water, solute and gas diffusion, and microbial endurance and movement
(Rodrigo et al. 1997). Water may also inhibit microbial activity in numerous
environments (like saline soil and water). The small amount of available water
reduces the potential of intracellular water, thereby reducing the activity of enzymes
and hydration (Stark and Firestone 1995). Moisture content in the soil also has a
strong impact on the dynamic changes and emissions of carbon dioxide (Aanderud
et al. 2011).

12.7.3 Significance of Terrestrial and Aquatic Ecosystems

The soil is a major and dynamic carbon pool and a central element in climatic
changes related to activities and climate change. Around 2/3 of all terrestrial carbon
is deposited into the Earth (Smith et al. 2008; Schmidt et al. 2011). Some other
scientists modify the statement saying that terrestrial soils store extra carbon than the
plant and atmosphere (Davidson and Janssens 2006). The soil-atmosphere substitu-
tion of CO2 is an essential part of the global carbon (C) cycle (Raich et al. 2002).
Approximately 10% of ambient CO2 passes into the earth every year (Luo et al.
2001). Every year, carbon dioxide flux produces 50–75 Pg of carbon emissions and
is a significant contributor to the global carbon cycle. It must be noted that the annual
primary production absorption of autotrophic soil microorganisms is about 120 bil-
lion tons of carbon, and the cumulative emission of soil heterotrophic
microorganisms is around 119 billion tons of carbon (Ciais et al. 2014).

Aquatic environments are as important as climate change issues. The ocean is
where carbon dioxide enters, so it is called a biological pump (Prichard and Granek
2016). The upper layer of the ocean is the periphery for the accumulation of carbon
dioxide and other greenhouse gases for the years, and the subterranean ocean is the
greatest terrifying carbon pool in the world (Bindoff et al. 2007). In marine
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ecosystems, microorganisms process approximately 60 gigatons of carbon per year
(Myers and Worm 2003). Together, the ocean and soil ecosystems constitute a
global carbon sink, which absorbs approximately 39,1012 kilograms of carbon and
absorbs 40% of the carbon dioxide emissions from the burning of fossil fuels (Singh
et al. 2010).

12.8 The Relevance of the Microbial World to the Problem

In ascertaining the history of the earth, the activities of microorganisms are critical to
determining the intensity of greenhouse gases (GHGs) in the atmosphere like
methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O) (Singh et al.
2010). Since more than 3.5 billion years ago, microbes developed and extracted
GHGs in the marine field and later moved to the ground approximately two billion
years ago (Zimmer 2010). In detail, these are the major procedures that cause
greenhouse gas instabilities among the soil and the atmosphere (Faust and Raes
2012), and greatly affect ground carbon dioxide productions (Brevik et al. 2015).
Here, it should be noted that the world’s average concentration of CO2 in 2005 was
around 380 ppm, which in the last 650,000 years has been around 80 ppm above the
maximum concentration (Change 2007). Microbes have caused numerous
alterations in the world’s climate, and these changes have in turn affected them
(Alshaal et al. 2017). In reality, numerous microorganisms may be altered by climate
change, which may cause adverse economic, social, and environmental impacts
(Pautasso et al. 2012).

12.9 Role of Terrestrial Microbes

12.9.1 Production of Carbon Dioxide and Methane

The volume of carbon released by a microbial soil disintegration in the environment
is 7.5–9 times that of carbon generated worldwide through anthropogenic discharges
annually (Crowther et al. 2016). Every year, microbes release 5.59 � 1012 kg of
carbon dioxide into the soil by decomposing organic matter in the farm, 8 times more
than that of humans. This has had a major influence on carbon dioxide feedback and
has also been expected by the Intergovernmental Protocol on Climate Change
(IPCC). Soil biological interactions are also highly significant because they are
essential for the input on climate change from soil microorganisms (Crowther
et al. 2016). However, the breakdown of microbial organic matter (OM) is excep-
tionally sensitive to climate trends (Crowther et al. 2016). Compared with CO2, CH4

emissions worldwide are more precisely dependent on microbes (Singh et al. 2010).
In fact, microorganisms account for approximately 85% of the world’s methane
emissions (Abatenh et al. 2018). In this case, special mention should be made of
spongy soil, where many microbial genes and proteins are liable for CH4 emissions.
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This can be demonstrated by methyl-Coenzyme M reductase, which is liable for
converting carbon dioxide into methane. The increasing temperature trend may
prompt several of these native microorganisms to release huge volumes of methane.
Microorganisms use approximately 60% of the world’s methane (Abatenh et al.
2018). In point, CH4-consuming microbes can remove methane from the atmosphere
yet at very minimal concentrations, and it exists both on soil and in the ocean
(Abatenh et al. 2018). In this sense, microorganisms can help control methane
emissions, thereby regulating climate change. In this respect, we can also mention
the microorganisms of natural grassland, which play an important role in alleviating
carbon flux. Though, changes in precipitation forms owing to climate change will
disturb these microorganisms. In particular, the carbon balance in this setting might
be determined considerably by the soil carbon storage (Bhattacharjee and Prakash
2019).

12.9.2 The Issue of Agricultural Lands

Due to microbial nitrification and denitrification in farmland, a large amount of
nitrous oxide (N2O) is produced, and farmland is mainly a supply of N2O. More than
a third of GHGs pollution sources are responsible for this (Change 2007). In
statistics, for every 1000 kg of active N (especially fertilizers) deposited, 10–50 kg
of N2O will be emitted (Singh et al. 2010). In 2000, there were 1.59 � 106 square
kilometers of arable land, 3.4799 � 106 square kilometers of pasture, and
2.8099 � 105 square kilometers of irrigated land. It is predictable that by 2050,
these numbers will increase by 18.5%, 13.4%, and 47.1%, respectively. Agricultural
soils are the core of the overall carbon and nitrogen cycle, and it has been noticed that
under traditional farming methods, cultivated soils discharge roughly ten times
additional nitrous oxide than forest soils (Robertson et al. 2000). He et al. (2007)
stated that as temperature increases, the amount of N2O related to nitrification
declines, though, the temperature does not alter denitrifying enzyme activity
(Cheng et al. 2012). It is also the situation that microbial soil activities release
greenhouse gases (GHGs) (such as N2O, CH4, and CO2), soil also behaves like a
carbon sink on farmed land (Houghton 2001).

12.10 Role of Aquatic Microbes

Almost 93% of the global carbon dioxide is deposited in the ocean. The ocean
circulates about 90 billion tons of carbon dioxide each year, while six billion tons are
manmade sources (Dutta and Dutta 2016). The mechanism of the ocean carbon cycle
is mainly controlled via microplankton, nanoplankton, and picoplankton, containing
bacteria and archaea (Dutta and Dutta 2016). The proliferation of photosynthetic
microbes occurs in the ocean, particularly in polar areas (such as Arctic sea ice).
These microorganisms eradicate large amounts of carbon present in the atmosphere.
In point, since 1960, oceanic microbes have isolated about a quarter of
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anthropogenic carbon dioxide (Weiman 2015). Also, seawater contains many
viruses, which can destroy/dissolve nearly 50% of marine bacteria in every single
day. In this sense, they have a major impact on worldwide geochemistry by affecting
the accumulation of OM and changes in respiration, and OM is an essential factor in
climate change (Jiao et al. 2010). Methanotrophic microbes can cushion the effects
of a large quantity of CH4 released in certain circumstances (Singh et al. 2010). For
example, they utilize large quantities of CH4, not only from sediments of marine but
also from sudden discharge such as Deepwater Horizon oil spills (Zimmerman and
Labonte 2015).

The marine ecosystem is a powerful resource of CH4 released into the environ-
ment because this GHG is continuously leaking from the pouches on the seafloor.
But each methane leak has its own unique CH4 culture using microorganisms as
these sites have no popular species in the deep sea. Before the gas enters
the atmosphere, these microbial communities eliminate approximately 75% of the
CH4 production. Therefore, these microbes give a crucial service for sustaining the
climate by decreasing GHGs emissions (Dutta and Dutta 2016). The CH4 production
archaea in wetlands, oceans, rumen, and termite intestines is mainly due to the
natural emission of CH4 (250 million tons per year) (Singh et al. 2010). In this
respect, landscape attributes are a vital determinant of microbial greenhouse gas
emissions and carbon storage. For example, the microbial communities in saline-
alkali wetlands release less methane compared to areas with active water flow
(Mangodo et al. 2020). Another key factor is the state of the water body. The
restored wetlands are colonized by microbial communities, which generate methane
at a huge quantity than undisturbed methane. The greater growth of plants in the
restored wetland may accelerate the biological process of methane emission
(Mangodo et al. 2020).

12.11 Microbial Adaptations to Cope with Climate Change

To overcome the worlds feeding issue, intensive agricultural practices from the past
few decades decreased the soil fertility and impair long-term farming and stability
due to the excessive use of inorganic fertilizers (Agegnehu et al. 2016; Xia et al.
2017). Adaptation of standard procedures to maintain good quality soil and
enhanced production should be the main concern (Li et al. 2015). There are several
organic materials like poultry manure, farm-yard manure, rice straws, wheat straws,
sugarcane bagasse, compost, and a mixture of organic waste that can be used as
instead of inorganic fertilization (Steffen et al. 2015). These amendments improve
the quality along with the long-term fertility status of the soil (Ling et al. 2016).

Mulch is an English word that is derived from the German word “molsch,” which
means easy or soft to decay (Mohsin 2019). Instead of other organic amendments
that are incorporated into the soil profile, mulches are applied to the upper soil
surface (Mohsin 2019). Mulching is the best technique due to several benefits like
covering of soil surface, water conservation, increased temperature, reduced the
chances of soil erosion and surface runoff. It can also reduce weed growth, minimize
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salinity stress, and improve crop yields. Furthermore, mulching can considerably
impair the soil structure and composition and affecting the community and metabolic
activity of microorganisms. Alleviating soil temperature under mulching material
promotes microbial activities and catalyzes the decomposition of organic material in
the soil (Mohsin 2019).

Mulching is of two types, organic and inorganic. Organic mulching contains
organic materials like wood industrial wastes (sawdust), agriculture wastes (stalks,
straw), processing industry residues (rice husks), and animal wastes (poultry and
farm-yard manure), while the inorganic mulching includes polyethylene plastic films
and synthetic polymers (Mohsin 2019). Other materials used for mulching include
special materials like sand and concrete, but these materials are expensive and reduce
soil fertility. New kinds of mulching techniques include flat mulching, plastic
mulching with holes, ridge shape mulching, ridge-furrow mulching, and double
mulching system. Microbes are the key element that controls the decomposition
procedure. Similarly, both the microbial communities and microbial biomass adap-
tive diversity play a significant role in plant litter decomposition and rhizospheric-
carbon cycling. Mulching also provides food to soil microorganisms like algae,
bacteria, mosses, fungi, and many other entities like earthworms and arthropods
(Mohsin 2019).

12.12 Plant–Microbe Interactions in Managing Stressed
Agriculture

Rhizospheric functioning is influenced by different environmental stresses that
ultimately affect agricultural outputs (Singh 2015). A healthy rhizosphere provides
better support to the plant in terms of nutrients availability and water facilitation,
besides also delivers long-term advantages to native microbial diversity that mutu-
ally improves plant health (Vimal et al. 2017). The attributes and composition of
native beneficial microbial diversity near the root zones enhance plant growth
promotion and includes mycorrhizal fungi, rhizobacteria, and miscellaneous
microbiota (Rouphael et al. 2015; Etesami and Beattie 2017). Beneficial aspects of
these symbiotic associations include control of pathogens, the release of plant
growth-promoting hormones, metabolites, enzymes, and organic volatiles that
increased resistance against stresses and ultimately promote the plant health and
soil fertility (Glick 2014). It is also noted that beneficial hyphae networks around the
rhizosphere protect plants against numerous pathogens, provide support to act as a
bio-control agent, and enhance the uptake of nutrients and water under drought
conditions (Barnawal et al. 2014; Spagnoletti et al. 2016).
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12.13 Climate Change Impacts on the Soil Microbiome

The disturbances associated with climate change can significantly change the native
microbes and functional profiles (Naylor et al. 2020). Climate change affects the soil
carbon and nitrogen cycles through positive or negative feedbacks that mean the
production of GHGs and carbon assimilation into the plant or microbial biomass,
respectively (Bradford et al. 2016). To make a better understanding of the interaction
of climate change and microbes, we must consider other factors that contribute to
these changes.

12.13.1 Soil Warming

The present scenario of climate modeling predicts a 3.7 �C rise in global temperature
by the end of the twenty-first century that indicates an unavoidable impact of these
changes on microbial communities (Ramanathan and Carmichael 2008). Warming
of soil indicates two types of phases, first include the rise in microbial biomass due to
increased decomposition of OM that in some cases increased about 40–150%, while
the second phase reduces the microbial biomass due to the elimination of labile
carbon sources (Melillo et al. 2017). It has been studied that changes in microbial
communities, composition, and physiology were observed under warming
conditions and microbes shift their metabolism to remaining recalcitrant carbon
sources (Rocca et al. 2019). Warming enhances the microbial community of
Actinobacteria and Acidobacteria phyla and class alphaproteobacteria (DeAngelis
et al. 2015). These microbial shifts overlap with functional attributes like Oligotro-
phic taxa (slow-growing microbes in low nutrient soil) are promoted over
Copiotrophic taxa (fast-growing microbes in the high nutrient environment) that
adapt themselves in response to soil warming (Li et al. 2019). Assessable differences
in functional corporation responsible for ammonia oxidation (Li et al. 2020) or
diazotrophy (Carrell et al. 2019) have also been noticed under soil warming.

Soil warming affects the microbial function in two ways, i.e. accelerating the
enzymatic reactions and stimulate the microbes through rhizodeposition by altering
the soil ecosphere. Phosphorus (P) and sulfur (S) cycling were stimulated under high
temperature (Frey et al. 2013). Increased soil temperature influences the N-cycle
(N-fixation, N-mineralization, nitrification, and denitrification) and disturbs the
carbon cycle (Frey et al. 2013). Soil warming increases soil inorganic nitrogen
pool in soil (Terrer et al. 2016) and ultimately minimizing the microbial decomposi-
tion rate and N-cycling (Lladó et al. 2017). Instead of that, carbon cycling is initially
activated by soil warming because of the sufficient bioavailable carbon composition
(DeAngelis et al. 2015).
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12.13.2 Elevated Carbon Dioxide

Increased soil warming directly or indirectly affects the soil microbiota. Short-term
studies indicate that carbon dioxide increased microbial numbers, respiration rate,
and genetic signals for carbon cycling. Carbon dioxide stimulates the copiotrophs in
the rhizosphere to stimulate plant growth by decomposing labile and then recalci-
trant carbon. Taxonomic trends under increased carbon dioxide affect the soil
microbiota, e.g. depletion of Acidobacteria, and increment in the number of
oligotrophs at the same time and this might be happened due to the depletion of
labile carbon and decreased soil moisture (Dunbar et al. 2012; Yang et al. 2019).
Similarly, a higher carbon dioxide rate activates the soil enzymes that speed up the
P-cycling, along with enhanced the N-cycling because of microbial denitrification
and plant assimilation of N depletes the inorganic N from the soil, while enzymatic
rates are often declined. These activities introduce a higher abundance of nitrogen
fixers (Rhizobiales and NH4+ oxidizers) in most cases.

12.13.3 Microbial Biochemical Pathways and Climate Change

The biochemical pathway of microbes is inevitably affected by climate change and
their interaction with plants and microbes. Recent literature indicates that microbial
communities take up root exudates as their carbon source under stressed (salinity and
drought) environments (von Rein et al. 2016). Due to environmental stresses, the
species of native and exotic origins thrive due to a shift in root exudates (Castro et al.
2019). Additionally, climate change may alter the plant communities or plant cover
and increased C4: C3 ratio (Zhou et al. 2012), which may affect the rhizodeposition
under stressed conditions (Lladó et al. 2017; Wang et al. 2017). Likewise, their C4

plants show more root exudation relative to C3 plants under higher carbon dioxide
concentration (Zhou et al. 2012). It is estimated that climate change affects the
ecosystem by altering its native community’s composition and stimulate the differ-
ent microbial metabolisms and pathways.

12.14 Plant, Microbe, and Climate Change

The shift in climatic conditions such as solar radiation, precipitation, and the
temperature is quite likely to impact on crop production (van der Putten et al.
2016). Soil microbes have complicated association with each and others and with
the plants because of thermal tolerance, life traits, and dispersal ability base. These
microbial communities may act as pathogen or symbiont, due to climatic
disturbances (Durán et al. 2018; Van der Putten 2013).
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12.14.1 Direct Impacts of Climate Change on Soil Communities
and Plants

Climatic change has direct impacts on the working and abundance of the microor-
ganism communities existing in the soil. Microbial species also exhibit greater
variations based on morphology, development, and temperature stress sensitivities
(Briones et al. 2014; Zhang et al. 2018). Continuing warming of soil headed towards
changing microbial diversities in temperate soils (Webb et al. 2017). In temperate
forest soils, the increase in 5 �C temperature leads towards disturbance of native
microbial communities such as changing the ratio of bacteria to fungi (Bintanja
2018). Global weather changes straightly affect the rates of microbial respiration as
the processes they moderate are temperature sensitive as described by many
researchers in the last decade (Ediriweera et al. 2016; Gao et al. 2018).

12.14.2 Indirect Effects of Climate Change on Plants and Soil
Microbiome

Plant distribution in a community is directly affected by changing climate because of
the alteration of microbial ecosphere as well as plant phenology (Kaisermann et al.
2017). Plants that propagate effectively in stressed conditions produce a higher
defense system against different xenobiotic compounds (Lal 2016). Increase in
global terrestrial temperature or predicted impact on climate change for crop yield,
insect, weeds, and plants diseases, e.g.

• Higher temperature increases the number of insect pests, weeds as well as
pathogens population as it fastens the rate of their life cycles.

• More pest population in a single season due to the long growing season.
• Temperature and humidity stresses are directly influenced by climate change and

it increases the chances of disease attacks.

Effective application of microbiota helps in maintaining soil health by enhancing
root growth, water holding capacity, nutrient cycling, and carbon storage along with
reduced bioavailability of pollutants and biodiversity conservation (Keesstra et al.
2016; Burns et al. 2013). Excessive use of synthetic fertilizers is triggering a balance
between soil’s biogeochemical cycles and is blameworthy for soil degradation,
GHGs emissions, and eutrophication (Meerow et al. 2016). Moreover, the
manufacturing of inorganic N-fertilizer relies upon higher energy which is extracted
from fossil fuels burning and it ultimately causes resource depletion and climate
change because of higher emission of GHGs (Erisman et al. 2013). Over the globe, it
was thoroughly investigated that microbial diversity is significantly correlated with
multiple functions in the biosphere. Climate changes have a great influence on
N-cycle in the ecosphere. In a common aspect, microbiota and vegetation responses
to climate change vary among populations be contingent on their functional traits.
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12.14.3 Interactions Between Climate Change and Microbial
Ecosystems in Terrestrial Regions

Soil warming presents increased microbial metabolism because of the conversion of
OM to carbon dioxide or CH4 and fluctuates N-cycle which disturbs the biosphere
(Caldeira and Wickett 2005; Schuur et al. 2015). Methane is produced by archaea
and eukaryotes that all play an important part in CH4�cycle (Nobu et al. 2016).
Climate change specifically impacts the global CH4�cycle as bacteria use or remove
organic matter easily as temperatures are higher (Saunois et al. 2016). Carbon
dioxide to CH4 ratio is very important because CH4 can trap more amount of heat
as compared to CO2 but had a shorter residence time in the atmosphere instead of
carbon dioxide. Methanotrophs (CH4 consuming bacteria) are those microbes that
are produced in the environment where excess CH4 is present and these microbes are
potential candidates for the mitigation of climate change impacts.

12.14.4 Soil and Agriculture

Water stress, increased carbon dioxide, and N levels affect soil processes by
disturbing terrestrial food webs and the interfaces between microbiota like viruses,
protists, and nematodes that feed on these microbes. Rainfall patterns can also make
huge impacts on soil structure, moisture contents, and flora–microbiota interactions,
all of these can change the native inhabitant populations and alters the food chain
(Mariotte et al. 2015). These interactions can change carbon and N fluxes, and the
microbes like protozoa and other microorganisms require higher water contents to
make their metabolism activate (Sharma and Gobi 2016), that is why prolonged
water stress eliminates these microbiotas and disturbs the soil microclimate. Mois-
ture contents of soil also cause the spread of diseases, like most of the viruses infects
40% of the rhizospheric bacterial population (Zablocki et al. 2016). Climate change
leads towards the spread of diseases at a much faster rate and pathogenic fungal and
viruses proliferate in the same manner that disturbs the micro and macroclimate of
the biosphere.

Symbiotic microbes (mycorrhizae) enhance the plant growth by up-taking of
nutrients and water from the deep horizons and mitigate the drought and temperature
stresses. So, these microbes are used as a probiotic to overcome the effects of climate
change. Changes in agricultural practices like tilled, non-tilled soil, same and
changed cropping patterns influence the nutrient balance by affecting the native
microbial communities (Wright and Wimberly 2013).

12.14.5 Freshwater

Climate change enhances heavy precipitation that flushes nutrients from the fields to
freshwater bodies thus, causes eutrophication. When microbes use these nutrient
fluxes, some dominate the ecosystem and produce algal blooms. Cyanobacteria and
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dinoflagellates are the common microbes that cause these types of blooms in water
bodies. An increase in temperature and precipitation patterns supports algal blooms
frequency (Glibert 2017). Extreme precipitations also affect recreational water
security and waste-water security.

12.15 Conclusion

Since the climate is changing continuously, understanding of the possible reactions
from the soil to the climate system is much more important. Microorganisms can
promote plant growth and increase the resistance and abiotic control of diseases.
Climate change impacts, including high carbon dioxide levels, drought, and hot
weather are gradually being examined on the interaction of microorganisms. Living
insects and thousands of other animals live in connection with some advantageous
animals and pathogens impacting diverse populations. High carbon dioxide has a
beneficial impact on the proliferation of plants, shrubs, trees, and ectomycorrhizal
fungi among the various causes associated with climate change. While the effects on
bacteria that sustain plant growth and endophytic fungi vary considerably. Temper-
ature changes are extremely variable, positive, neutral, and negative on clean plant-
related microorganisms, which were similarly normal and variable across
temperatures. Likewise, plants under drought stress conditions positively impact
microorganisms that encourage the growth of plants (e.g., fungi and bacteria).
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Biotic Stress Management by Microbial
Interactions in Soils 13
S. Raghu, M. S. Baite, M. K. Yadav, S. R. Prabhukarthikeyan,
U. Keerthana, and P. Pati

Abstract

Global agriculture is facing numerous challenges under changing climatic
conditions. The production and productivity of a nation directly indicate its
food security and sustainability. There are numerous constraints such as biotic
and abiotic stresses continuously acting as major obstacles for productivity and
quality of food. Post-green revolution era has witnessed tremendous success in
food production and at the same time it also brought some serious negative effects
such as increased insect, diseases, nematodes, soil salinity, alkalinity, and other
related problems. Since the day we started using inorganic fertilizers and inten-
sive use of chemical pesticides, the soil fertility started deteriorating and causing
environmental pollution along with residual effect in soil and water. As a result,
the soil we grow food, the food we eat daily is contaminated and the residues of
pesticides are entering human and animal body through food chain and causing
serious health issues. Hence, it is a high-time to wake up and start extensive
adoption of beneficial and ecofriendly agriculture production. In this situation,
microbes become potential agents which can bring positive change in food
productions. Microbes can be used in a number of ways for a number of processes
including biotic stress management in crops. Application of plant growth pro-
moting microbes (PGPMs) will enhance the growth by producing plant
hormones, helping in mineral nutrition cycling and other mechanisms. They
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also induce systemic acquired resistance (SAR) and induced systemic resistance
(ISR) against various plant pathogenic microbes. The sustainable exploration of
plant–microbe interactions will help in solving problems of agriculture and
ultimately sustainable agricultural production. In this chapter, we will discuss
the source of biocontrol agents, their potential role in mitigating biotic and abiotic
stresses and enhancing soil health.

Keywords

Plant–microbe interaction · Biotic and abiotic stresses · Soil health · Sustainable
production

13.1 Introduction

The production and productivity of the crops have increased to many folds over last
few decades. The food consumption pattern has been changed over the years and
accordingly the choice of crop grown in a particular area is also changed. India,
being an agrarian country has achieved self-sufficiency in food production and food
security due to many folds increase in food production. Agriculture contributes to the
nation’s GDP is quite significant. More than 65% people in India are directly or
indirectly involved in agriculture which means it provides employment to people
directly and indirectly depending on it. India achieved a record food production of
284 MT during 2019–20 (www.indiaagristat.com). Thanks to the research and
innovations being carried out on various aspects of agriculture and allied sectors
with an aim of increase in food production. Intensive agricultural practices like
introduction of high yielding input use efficient varieties increased the production
and productivity to many folds. But, this intensification of agriculture has the
potential of both blessing and curse, depending on how it is done at the farmer’s
level. Intensive agriculture brought various new challenges like biotic and abiotic
stresses, reduction in flora and fauna diversity, water scarcity, degraded lands, etc.
Among the biotic constraints, pest, weeds, and disease are most important barriers to
production. They are known to reduce the productivity of food crops, leading to low
efficiencies in input use, quality losses, suppressed crop growth, and ultimately
reduced food production and productivity (Strange and Scott 2005; Gregory et al.
2005; Lal 2009; Waddington et al. 2010; Knox et al. 2012). They can cause 20–35%
of losses based on environmental conditions, varietal susceptibility, and other factors
(Savary et al. 2012; Kumar 2014). History of agriculture has witnessed a number of
disease epidemics starting with “The Great Irish Famine” between 1845 and 1849 in
Ireland which was due to late blight disease of potato caused by Phytopthora
infestans which destroyed potato crop resulting in death of over one million people
due to starvation. Another classical example from India is “The Great Bengal
Famine” in rice during 1943–1944. This was due to the brown spot disease of rice
caused by Helminthosporium oryzae which devastated rice crop leading to the death
of over 2.1–3 million people. Similarly, number of diseases caused epidemics in past
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with significant crop losses thereby affected country’s economy. Reducing crop
losses from biotic stress is becoming of increasing importance as in the present
situation of challenges to meet growing world population. Management of the pest
and diseases should be prioritized considering the magnitude of losses they cause
(Raghu et al. 2020). There are numbers of strategies being employed to manage the
pest and diseases starting from varietal resistance, cultural management, optimiza-
tion of plant density, nutrient management, use of biological control agents, and
finally synthetic chemicals. Biological control plays a pivotal role in sustainable pest
management in agricultural ecosystem in interaction with other components of
ecosystem. This chapter discusses microbe mediated biotic stress management
with special emphasis on source of isolation, characterization, host–microbe inter-
action, evaluation of potential agents, commercial production, and management of
soilborne diseases.

13.2 Important SoilBorne Diseases and Losses in Different
Crops

Crop plants continuously cope up with the rapid fluctuations in environmental
adversities which in turn impair their metabolic capabilities (Simontacchi et al.
2015). Any serious/observable changes in environmental conditions can cause
infection of number of pest and diseases. Some of the diseases can emerge as
more severe and many minor pest and diseases can emerge as major problems
(Raghu et al. 2018). These pest and diseases reduce crop productivity in various
ways either directly or indirectly. Some of the diseases causing agents are fungi,
bacteria, viruses, plant parasitic nematodes, mycoplasm, spiroplasma, viroids, and
actinomycetes (Fig. 13.1; Agriose 2005). On the other hand, crops also infested by
number of insect pests like chewing, sucking pests, borers, defoliators, etc.,
(Vasantaraj and Ramamurthy 2016). Crop losses due to pests and diseases pose a
major threat to rural families and food security worldwide (Cerda et al. 2017).
Considering an average crop loss of 20% due to pest and diseases, the loss comes
up to 1,40,000 crore (7 lakh crore of gross income by the agriculture) which is
colossal (Kumar and Gupta 2012). At least 50% of the loss if we minimize, we can
save 70,000 crore annually. Table 13.1 gives picture of extent of losses due to major
soilborne plant diseases.

13.3 Role of Soil Health in Plant Disease Incidence

The quality of an agricultural soil is most important in performing any cropping
activities. Healthy soil provides support for optimum and sustainable plant produc-
tivity (Abawi and Widmer 2000; Frac et al. 2018). The sick soil will cause plants that
grow on that soil various diseases which significantly decline crop productivity
(Huang et al. 2006). The sick soils are not only unfertile but also have an abundance
of soil pathogen population which may result in outbreaks of many diseases (Huang
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et al. 2006). The physical characters such as texture, structure, chemical characters
like pH, organic matter content, soil temperature, and nutrient status will strongly
influence the activity of soilborne pathogens and soil health (Fiers et al. 2012). The
sick soils will help the pathogens for their multiplication, survival and causing
epidemics in the subsequent seasons. The distribution of pathogens in soil is either
horizontal or vertical based on the production practices, cropping history, and other
related factors. Along a vertical axis, the pathogen inoculums of most root pathogens
lie within the top 10 in. of the soil profile, the layers where the host roots and tissues
and other organic substrates found. Management of soilborne diseases should also
give great importance to reclamation of problematic soils so that, they become
healthy in the way to encourage good crop growth and development (Fig. 13.2).

Fig. 13.1 Various biotic stresses of crop plant and their effect on physiological processes
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Table 13.1 Major soilborne diseases of crop plants

S. no. Crop
Name of the
disease Causal organism

Extent
of
losses Reference

1. Pigeon pea Fusarium
wilt

Fusarium udum 22.60% Kannaiyan et al.
(1981)

2. Chili Fusarium
wilt

Fusarium solani 13.40% Madhukar (2001)

3. Chick pea Wilt
complex

Fusarium
oxysporum f. sp.
ciceris

12.26% Nikahm et al.
(2008)

4. Chili Wilt
complex

Fusarium solani 5–57% Raghu (2014)

5. Chili Bacterial
wilt

Ralstonia
solanacearum

26–
32%

Umesha et al.
(2005)

6. Vegetables Damping off Pythium spp.

7. Ginger Wilt
complex

Fusarium solani,
Ralstonia
solanacearum,
Sclerotium rolfsii,
Meloidogyne
incognita

22–
55%

Raghu (2011)

8. Tomato Fusarium
wilt

Fusarium
oxysporum
sp. lycopersici.

10–
90%

Singh and Kamal
(2012)

9. Rice Sheath
blight

Rhizoctonia solani 50% Wu et al. (2013)

10. Potato Bacterial
wilt

Ralstonia
solanacearum

33–
99%

Karim et al.
(2018)

11. Potato Sclerotium
wilt

Sclerotium rolfsii 20–
45%

Basamma (2008)

12. Groundnut Root rot Sclerotium rolfsii 20–
34%

Ranganathswamy
et al. (2014)

13. Cotton Verticillium
wilt

Verticillium dahliae 20–
45%

Wheeler et al.
(2010)

14. Soybean Wilt
complex

Fusarium solani,
Ralstonia
solanacearum,
Sclerotium rolfsii,
Rhizoctonia
bataticola

15–
40%

Sangeetha (2011).

15. Capsicum Damping off Pythium spp. and
Rhizoctonia spp.

62–
90%

Majeed et al.
(2018)

16. Capsicum Verticillium
wilt

Verticillium dahliae – –

17. Tomato Phytopthora
root rot

Phytopthora spp. 100% Nowicki et al.
(2012)

18. Brinjal Fusarium
wilt

75–
81%

Pandey and
Dubey (2017)

(continued)
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13.4 Potential of Biological Agents for Disease Management

The increased reflection on environmental concern over pesticide use has been
instrumented in a large upsurge of the biological pest control (Kumar 2014). The
strategy of biological control agents usage in plant disease management involves the
use of antagonistic microorganisms before or after the infection by insect pest or
disease. Based on the type of infection and parts infected the biological control

Table 13.1 (continued)

S. no. Crop
Name of the
disease Causal organism

Extent
of
losses Reference

Fusarium
oxysporum f. sp.
melonginae

19. Coconut Coconut wilt Ganoderma spp. 5–25% Snehalatharani
et al. (2016)

20. Pomegranate Wilt
complex

Ceratocystis
fimbriata,
Meloidogyne
incognita, Fusarium
spp.

45% Sonyal et al.
(2016)

Authors own compilation

Fig. 13.2 Beneficial role of plant growth promoting microorganisms in soil on enhancing physio-
logical activities in crop plants
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agents can be applied and manage the stress. Biological control agent may be a fungi,
bacteria, actinomycetes, or virus which can kill or reduce the severity of pathogenic
microbes by one or different mode of actions. Number of bacterial and fungal
biocontrol agents is exploited for their beneficial role in plant growth promotion
and disease management. The bacterial genera such as Acetobacter, Achromobacter,
Anabaena, Arthrobacter, Azoarcus, Azospirillum, Azotobacter, Bacillus,
Burkholderia, Clostridium, Enterobacter, Flavobacterium, Frankia,
Hydrogenophaga, Kluyvera, Microcoleus, Phyllobacterium, Pseudomonas,
Serratia, Staphylococcus, Streptomyces, and Vibrio have proven their potential
through plant growth promotion and disease reduction. In recent years, fungal
biocontrol agents proved their tremendous potential for their beneficial role. They
are contributing significantly to the enhancement of crop yield and food production.
The fungal BCAs do not cause any harm to the environment. There is no report of
development of resistance against fungal biocontrol agents in any of the target pest
such as insect, weeds, and pathogens. This is because of their complex mode of
action. Because of this reason, they have been proved to be alternative against
undesirable use of chemical pesticides (Savita 2019). Fungal biocontrol agents like
Trichoderma, Metarhizium anisopliae, Beauveria bassiana, Aspergillus spp.
Culicinomyces, Hirsutella, Metarhizium, Nomuraea, Paecilomyces, Tolypocladium,
and Verticillium have proven their efficacy in controlling various pest and diseases
(Jyoti and Singh 2016).

13.5 Mechanism of Action of Biocontrol Agents and Host–BCAs
Interaction

The plant–microbe association in rhizosphere involves molecular recognition
between both plant and microbe through signaling network mediated by the plant’s
hormones such as salicylic acid (SA), Jasmonic acid (JA), and ethylene (ET). The
beneficial microbes induce systemic resistance against pathogens due to the involve-
ment of signal transduction pathways where jasmonic acid and ethylene are
involved. The signal transduction pathway through salicylic acid accumulation is
found in the systemic acquired resistance (SAR) induced due to the attack by the
pathogenic microbes (Van Wees et al. 2008). Strains belonging to the genera
Azospirillum (Dobbelaere et al. 2001), Bacillus (Kokalis-Burelle et al. 2006), and
Pseudomonas (Meyer et al. 2010) have been used in experimental tests on a wide
range of economically important crops. Numarous antiviral compounds will pro-
duced when the host plant is naturally infected or artificially inoculated with viral
pathogens. There are many antimicrobial compounds, including, but not limited to,
antimicrobial peptides (AMP), antifungal proteins, enzymes that breakdown patho-
gen cell wall and infection structure, and phytoalexins (low molecular weight
antimicrobial compounds) (Stuiver and Custers 2001). In order to enhance disease
resistance, genes encoding those antimicrobial compounds are expressed in host
plant. Two of the most popular genes to express in transgenic plants were chitinase
and glucanase as they can breakdown the fungal cell wall components chitin and
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glucan, respectively. Either of the two genes isolated from different plant or
non-plant sources has been expressed in plants like rice (Datta et al. 2001), tomato
(Jabeen et al. 2015), cotton (Emani et al. 2003), and brinjal (Singh et al. 2014)
showing enhanced resistance to various pathogens. Antimicrobial peptides, posi-
tively charged, cysteine-rich, and thermostable small peptides having antimicrobial
properties owing to their ability to damage pathogen membrane, have also been used
to develop transgenic crop plants with enhanced disease resistance. For example,
transgenic rice (Iwai et al. 2002), tomato (Chan et al. 2005), papaya (Zhu et al.
2007), and wheat (Roy-Barman et al. 2006) plants expressing AMPs from different
sources exhibited increased resistance to bacteria Burkholderia plantari, Ralstonia
solanacearum, fungus Phytophthora palmivora and Neovossia indica, respectively.
In a similar note, transformation of phtoalexin biosynthetic gene like grapevine Vst1
improved resistance of rice to Pyricularia oryzae (Stark-Lorenzen et al. 1997), of
wheat to Blumeria graminis (Liang et al. 2000), papaya to Phytophthora palmivora
(Zhu et al. 2007).

Economically important concept for plant–pathogen interaction is gene-for-gene
concept which is widely studied in different crops for disease resistance (Simmonds
and Smartt 1997). Plants defense through effector-triggered immunity (ETI) based
on the highly specific interaction between plant pathogen products called avirulent
genes (AVr) and products from host resistant genes (R) produced according to the
gene-for-gene hypothesis (Flor 1971), which suggests that, plants have many
R-genes and pathogens have many Avr genes and plant disease resistance is
observed if the product of any particular R gene has recognition specificity for a
compound produced due to a particular pathogen Avr gene. We will see below that
many Avr gene products contribute to pathogen virulence. R proteins can recognize
pathogen effectors directly or indirectly through their effects on host cells. Indirect
recognition of plant occurs through R protein mediated monitoring of effector
disturbances in distinct host cellular targets of an effector, consistent with the
“guard hypothesis” (Dangl and Jones 2001). Two variations of this model have
been proposed currently. In first, R receptor is continuously associated with the host
intermediate factor, whereas in the second the pathogen effector first associates with
a host target and the complex formed is then recognized by the immune receptor
(Elmore et al. 2011). Guard hypothesis was tested R/Avr system between
Arabidopsis thaliana and Pseudomonas syringe pv tomato. Here modification of
the host factor RIN4 by the bacterial Avr gene product activates the R protein RPM1
which results in plants resistance to bacteria (Mackey et al. 2002). R-genes are
structurally present at a central nucleotide-binding site (NBS) domain, a C-terminal
LRR region to mediate pathogen recognition, and N-terminal variable domain
mainly identified as TIR (Toll/Interleucina-1) or CC (Coiledcoil) (Elmore et al.
2011). Besides TIRNBS-LRR and CC-NBS-LRR, other major classes of R-genes
include the RLKs (containing an extracellular LRR, a transmembrane domain, and a
cytoplasmic kinase domain), RLPs (which are similar to the RLKs but lack the
kinase domain), and cytoplasmic enzymatic R-genes that contain neither LRR nor
NBS groups (Gururani et al. 2012).
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13.6 Expression of Plant Defense Genes During Host–BCAs
Interaction

Unlike animal, plants are unable to move from one place to other compelling them to
endure any kind of stress at a standstill condition (Molla et al. 2015). They depend on
their innate immune system which relies on activation of an array of defense systems
including production of phytoalexins, cell wall modification, synthesis of PR genes,
generation of reactive oxygen species (ROS), callose deposition, activation of
different defense signal transduction pathway, etc. In order to enhance resistance
to pathogen by boosting plants own defense system, the endogenous defense genes
or well-known defense genes from other plants are over-expressed in transgenic
plants. Phenylalanine ammonia lyase (PAL) plays an important role in plant defense
by mediating an important step in the shikimic acid pathway for the synthesis of
many phenolic compounds, including lignin, which play a role in the defense
mechanism (Molla et al. 2013). PAL gene over-expressing transgenic tobacco plants
exhibited reduced susceptibility to the fungal pathogen Cercospora nicotianae
(Shadle et al. 2003). Cao et al. (2008) showed that overexpression of a rice
defense-related F-box protein gene OsDRF1 improves disease resistance through
enhanced defense gene expression in transgenic tobacco. Elevated expression of PR
genes in host plant in response of pathogen attack is a common phenomenon in many
pathosystems. There are more than ten different types of well-characterized PR
proteins found in plants (Van Loon and Van Strien 1999). Two well-known plant
PR genes are β-1,3-glucanase (PR2) and chitinase (PR3) which have been widely
utilized to generate transgenic plants for developing resistance against various
pathogens. Thaumatin like protein (TLP), a PR5 protein, exhibited enhanced resis-
tance to sheath blight disease when expressed in transgenic rice (Datta et al. 1999)
and to fusarium wilt in transgenic banana (Mahdavi et al. 2012). Plant genome
harbors different master controller genes which act in different defense signaling
pathways.

13.7 Modification of Soil Environment to Manage Plant
Diseases

Many efforts have been made by several researchers to reduce soilborne disease by
effective management of the soil environment which is quite successful. The man-
agement measure that augments the time frame of living cover and diversity of
carbon inputs is associated with improved activity and presence of soil microbes.
Large-scale establishment of non-pathogenic microbes in soil will tend to suppress
soilborne pathogens through various mechanisms of actions such as competition for
the resources and rhizosphere habitats (Whipps 2001), production of antagonistic
compounds by beneficial microbes (Robleto et al. 1998), degradation of nutrients
and making them available for the plants enhancing the growth and development,
also they help in degradation of pathogen cell walls (Snapp et al. 2003) and induction
of systemic resistance in the crop plant against an invading pathogen (Van Wees
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et al. 1997). The soilborne phytopathogens generally encounter antagonism from the
beneficial microbes in the rhizosphere before, during, and after primary infections
and subsequent secondary spread within host roots. The classical example is of the
Take-all disease of wheat which is a highly soilborne devastating disease caused by
Gaeumannomyces graminis var. tritici (Cook 1993). Monoculture of wheat caused
severe epidemics of the disease worldwide. The efforts have been made to reduce the
disease through altered dynamics of rhizosphere bacteria which are consistently
associated with suppression of take-all disease. Very recently Pseudomonads that
secrete 2,4-diacetylphloroglucinol (2,4-DAPG), a compound produced by
Pseudomonads has been found effective in suppression of Gaeumannomyces
graminis var. tritici (Mazzola 2004). This is one of the classical examples of
modification of rhizosphere ecology for effective management of plant disease by
managing complex-microbial and host interactions. From quite a long time inocula-
tion of legumes with symbiotic Rhizobium has been practiced which is a tremendous
success in not only reducing soilborne diseases, but also plant growth promotion.
The suppressive soils can also be managed by cultural practices like addition of
organic compounds, specific crop rotations, growing of resistant varieties
(Raajimakers et al. 2009). For example, Fusarium wilt can be suppressed by
continuous cropping of partially resistant cultivars. Inoculation of non-pathogenic
Fusarium oxysporum strains is reported to induce resistance against pathogenic
Fusarium oxysporum in tomato.

13.8 Commercial Formulation of Biocontrol Agents in Market

The research and application of biological control is gaining much more attention
and interest. Historically, the success of biological control agents is still limited
when they have applied on a large scale. They are mostly successful under controlled
environment. Although the number of registered biological control agents has been
increased over a period of time, only a small number of strains could able to make
larger impact when they have been taken into field. The knowledge on the biological
control system and obtaining successful formulations are the key to success of
biological control agents (Emmert and Handelsman 1999). Increased market demand
for biological pesticides has driven acceleration in research efforts from both
industry and academia. The goal of achieving effective BCAs formulation must be
competitive with chemical pesticide (Schisler et al. 2004). The microbial
formulations should stabilize and encourage organism during production, storage
and application. The formulation should also consider the efficacy on target patho-
gen, and interaction with other beneficial flora and fauna. The mode of application
and ease of handling by the customers are very important points to be considered.
Finally, the formulation must be safe and acceptable to regulatory agencies before its
commercial release (Table 13.2).
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13.9 Conclusion

Soilborne diseases are the most important and destructive obstacles for the crop
production. A number of crop plants including cereals, high value vegetable crops,
flowers, fruits, and ornamental crops are vulnerable for these destructive pathogens.
They reduce the yield directly and quality and marketability indirectly. Most of the
soilborne plant pathogens survive in soil for one or more years by producing
overwintering structures like sclerotial bodies, mycelia, and other structures. Though
a number of management options are available for the management of these diseases,

Table 13.2 Important biological agents and their mode of action

S. no.
Name of the biocontrol
agent Pathogen species Crop plants

1. Actinomycetes Pythium ultimum Beet

2. Bacillus subtilis Rhizoctonia solani; Gaeumannomyces
graminis var tritici

Wheat

3. Comamonas
acidovorans

Magnoporthe Kentuki blue
grass

4. Burkholderia cepacia Fusarium graminearum Wheat

5. Enterobacter spp. Magnoporthe Kentukigrass

6. Pseudomonas spp. Fusarium oxysporum f. sp. radicis-
lycopersici

Tomato

7. Pseudomonas
chlororaphis

Drechslera graminea Barley

8. Pseudomonas
aureofaciens

Pythium ultimum Tomato

9. Pseudomonas
fluorescens

Gaeumannomyces graminis var tritici Wheat

10. Pseudomonas
fluorescens

Rhizoctonia solani Rice

11. Trichoderma harzianum
Th-87

Rhizoctonia solani Brinjal

12. Trichoderma harzianum
BAFC 742

Sclerotinia sclerotiorum Soybean

13. Trichoderma viride Rhizoctonia solani Brinjal

14. Trichoderma harzianum Fusarium solani Ginger

15. Trichoderma virens
GL-1, GL-21, GL-23

Rhizoctonia solani Pea

16. Pseudomonas spp. Pythium spp. Ginger

17. Trichoderma virens
GL-3

Fusarium graminearum, Pythium
arrhenomanes, Pythium ultimum

Maize

18. Chaetomium spp. Helminthosporium oryzae Rice

19. Bacillus spp. Helminthosporium oryzae Rice

20. Pseudomonas spp. Meloidogyne graminicola Rice

Modified from Whipps (2001)
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chemical control has overtaken all other measures. This has led to the serious effects
on soil, water, and human life. Many of the non-chemical options like soil solariza-
tion, growing resistant varieties, application of organic amendments, soil nutrition
are available, and biological control agent provides an effective and environmentally
safe management of the soilborne diseases. Exploring new strains of these biological
agents should be taken up in priority for their antipathogenicity properties, growth
promotion, and disease management. Finally, preparation of commercial formula-
tion and large-scale application of these BCAs will manage soilborne diseases in an
ecofriendly and sustainable manner.
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Abstract

The world population for the year 2030 has been estimated in 8500 million
people. It is a challenge to increase, with environmental awareness, the produc-
tivity of food crops reducing the use of pesticides and fertilizers to promote
agricultural sustainability. This contrasts with the objectives of the green revolu-
tion of the 1960s. Cereal crops are the basis of human food but most of them have
reached their peak of productive potential through traditional breeding. For this
reason, a new green revolution is necessary, which achieves greater harvests on
the basis for a better use of available natural resources with less loss from pests
and diseases. Thus, it is necessary to consider the acquired knowledge of the roots
and the thin layer of soil that surrounds them, which is the rhizosphere.
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14.1 Introduction

The soil, particularly in the rhizosphere, contains a great diversity and quantity of
microorganisms. The rhizosphere corresponds to the volume of the soil that
surrounds plant roots, and which is under their direct influence (Philippot et al.
2013). It is one of the most dynamic habitats on the planet and its physicochemical
and biological properties show great spatial and temporal heterogeneity (Shen et al.
2013). Numerous microorganisms coexist in it, many beneficial to plants (Den
Herder et al. 2010; Gewin 2010; Aeron et al. 2011), and the quality and quantity
of resources for human nutrition have defined this environment (Di Salvo et al.
2013a).

Plants and the rest of the organisms that develop in any ecosystem depend on the
functions of edaphic and rhizosphere microorganisms to carry out their own
biological processes. Plants make up the base of the trophic pyramid, as they
represent the source of energy and nutrients available to heterotrophic organisms,
which mainly decompose their residues. Thus, soil microorganisms control mineral-
ization and regulate nutrient recirculation. The influence of plants on the structure
and physiology of the rhizosphere microbial community has important ecological
implications for soil functionality, including biogeochemical cycles (Morrissey et al.
2002; Minz et al. 2013).

In natural ecosystems, microbial communities are in harmony and guarantee the
quality and health of the soil. On the other hand, in artificial systems such as
agroecosystems, there is a decrease in soil organic matter that affects their physico-
chemical and biological quality altering microbial functionality (Cassman 1999).
This can lead to the loss of beneficial microorganisms and the proliferation of
pathogens (Suleiman et al. 2015). This can have a devastating effect on crop
productivity and soil properties (Avis et al. 2008). Taking into account that the
world population forecast for the year 2030 has been estimated at more than 8500
million people, the challenge of modern agriculture is to increase the productivity of
crops that provide food with environmental awareness, reducing the use of pesticides
and synthetic fertilizers (Avis et al. 2008; Leach and Mumford 2008; United Nations
2018) and favoring the sustainability of agroecosystems (Gamalero and Glick 2011).
This contrasts with what was established in the green revolution of the last century,
which sought to increase yields based on traditional plant breeding and the addition
of massive use of agrochemicals. The main cereal crops, the basis of human
nutrition, have already reached their productive potential peak through traditional
plant breeding (Breseghello and Guedes Coelho 2013). The twenty-first century
demands a new green revolution, which can achieve increasing harvests based on
better use of available natural resources and lower losses due to pests and diseases.
For this reason, it is necessary to achieve, among others, more detailed knowledge of
the rhizosphere microbial ecology (Lynch 2007). Knowing and maintaining micro-
bial functionality in the rhizosphere is essential in optimal conditions for plant
growth and in situations of environmental stress, to improve food production
worldwide (Sessitsch and Mitter 2015).
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14.2 Plant Breeding and Rhizosphere Microorganisms

Traditional plant breeding is based on the selection of varieties with superior
characteristics, mainly related to yield, health, and quality of the crop (Marschner
and Rengel 2010). The concept of “ideotype” is frequently considered, which
describes those morphophysiological characters that a genotype of a crop should
have to achieve high yields under different production conditions (Cirilo et al. 2009;
Breseghello and Guedes Coelho 2013). In the case of corn, plant breeding was
successful in increasing yields, mainly in the development of hybrid genotypes. The
most modern hybrids show high yields and great stability because they have the
ability to sustain grain yield per plant when the available resources are reduced due
to some type of stress (Tollenaar and Lee 2002; Valentinuz 2006). In the case of the
wheat, the analysis of historical collections of varieties of this crop has shown that
traditional plant breeding achieved increases in grain yield associated with increases
in the harvest index (Slafer and Andrade 1989) and a systematic reduction in the
competitive ability against environmental stress (Sadras and Lawson 2011). In
relation to this, it has been shown that the rate of genetic gain is generally higher
in favorable environments (Slafer et al. 2015).

Traditional plant breeding has largely ignored the role of rhizosphere microbial
communities in aspects such as nutrition, stress tolerance, and maintenance of
biodiversity (Morrissey et al. 2002; Rengel 2002). The first agricultural revolution
introduced crop rotation in the eighteenth century to harness and manipulate micro-
bial populations in the soil, although at that time it was not known why this have
benefited plant health and growth. The second revolution began in the second part of
the twentieth century and is usually described as the “green revolution.” It was based
on traditional plant breeding techniques and the development of hybrid genotypes
without taking into account the microbial processes of the rhizosphere but with
increasing applications of fertilizers. Currently, we are already in the era of genetic
engineering of plants, and despite this, we continue with a high dependence on the
use of agrochemicals, although recently the negative impact on the associated
microbial communities has been shown (Newman et al. 2016; Escobar Ortega and
García de Salamone 2017; Escobar Ortega et al. 2020). Thus, some authors have
pointed out that the increase of crop yields based on traditional plant breeding
represents an onerous practice that generates negative environmental impacts for
the ecosystem (Tilman et al. 2002). Based on this, it is important to seek and improve
agronomic practices aimed at increasing and maintaining high production levels in a
more sustainable way (Altieri and Nicholls 2000; Tilman et al. 2002; Tester and
Langridge 2010). Thus, the use of beneficial microorganisms in the rhizosphere to
increase crop yield is considered the “new green revolution” (Tilman 1999; Rengel
2005; Den Herder et al. 2010; Gewin 2010; Aeron et al. 2011). Optimizing plant-
associated microbial communities offers a challenging approach to increase produc-
tivity without environmental harm (Reid and Greene 2012). Basically, it is necessary
to change the plant model to be improved, in such a way that associations with
microorganisms both native and applied to the system by inoculation are included.
This would improve the efficiency of the use of available resources and increase the
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potential of the soil-plant-environment system (García de Salamone 2012a; Pedraza
et al. 2011).

14.3 Plant Growth-Promoting Rhizobacteria and Sustainable
Agriculture

Bacteria that colonize the rhizosphere of plants and produce beneficial effects on
their growth and nutrition are known as plant growth-promoting rhizobacteria
(PGPR) (Bashan et al. 2004). In the literature, a huge amount of evidence indicates
that the use of PGPR may have a significant role in the sustainability of
agroecosystems (Antoun and Prevost 2005; Vejan et al. 2016). Among the most
studied and already used as “biofertilizers” in the form of commercial inoculants are
Azospirillum brasilense and Pseudomonas fluorescens. These and other PGPR were
shown to be capable of improving the growth and nutrition of various crops, as well
as their health and water status under a deficit situation (Lugtenberg et al. 2001; de
Bashan et al. 2007; Pedraza et al. 2011; Glick 2012; García de Salamone 2013).
Thus, they constitute an economic and ecological alternative to increase food
production (Bashan et al. 2004; Lucy et al. 2004; Díaz-Zorita and Fernández Canigia
2009; Naiman et al. 2009) and a tool for more efficient use of available resources
(Altieri and Nicholls 2000; Di Salvo et al. 2013a, b).

Inoculation with PGPR contributes to the implantation, development, and pro-
duction of crops, such as rice, wheat, and corn (Lucy et al. 2004; Siddiqui 2005;
García de Salamone 2012a, b). Biological nitrogen fixation acquires relevance
because certain plant–PGPR associations can incorporate nitrogen through this
process, which depends on specific combinations between plants and bacteria
(García de Salamone et al. 1996, 2010; Urquiaga et al. 2004). In this regard, six
cultivars of wheat showed different percentages of grain yield increases (García de
Salamone 2012a) and nitrogen derived from biological fixation (García de Salamone
2012b) due to PGPR inoculation with an experimental inoculant of two strains of
A. brasilense (Fig. 14.1). Wheat genotypes showed their differences in these two
plant attributes associated with the economic and ecological pillars of agricultural
sustainability.

Crop inoculation with PGPR, such as A. brasilense, should be associated with
other recommended management practices to achieve high yields or to collaborate in
a more efficient use of available resources (García de Salamone and Monzón de
Asconegui 2008; Naiman et al. 2009). This PGPR (Cassán and García de Salamone
2008) and P. fluorescens (García de Salamone et al. 2001, 2012) can associate with
species of agronomic interest and can produce direct beneficial effects on their
growth and nitrogenous and phosphorous nutrition (Naiman et al. 2009; Pedraza
et al. 2011; García de Salamone 2012a). There is some evidence that, under
controlled conditions, certain strains of P. fluorescens can change cytokinin balance
in wheat plants and their rhizospheres (García de Salamone 2000; García de
Salamone et al. 2005) and in Arabidopsis thaliana plants (Drobkinsky et al. 2016).
Azospirillum strains can also change the balance of auxins (Okon 1994) and
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gibberellins (Bottini et al. 2004) as well as phosphorus and iron availability (Pedraza
et al. 2011).

PGPR action mechanisms are highly varied (Bashan and de Bashan 2010; Glick
2012) and remain a matter of debate. For more than four decades, numerous studies
on Azospirillum–plant interactions have demonstrated several possible beneficial
mechanisms which have led to the concept of the hypothesis of multiple mechanisms
(Cassán et al. 2020). Regardless of the mechanisms involved in plant responses to
PGPR inoculation, production increases are achieved, and they have allowed that
this biotechnological alternative has emerged as a sustainable agriculture strategy
(García de Salamone 2012a; Glick 2012).

Despite all the aforementioned advantages regarding the use of beneficial
microorganisms, such as PGPR, the current model of agricultural production does
not favor their use and, generally, the production increases that they generate under
field conditions are scarce with respect to their potential shown under controlled
conditions (Ferreira et al. 2013). Although the inoculation with PGPR of commercial
varieties or hybrids of cereal crops often improves their yields in low percentages,
these are considered “acceptable” by the farmers and by inoculant manufacturers. It
has been proposed that the plant–bacteria interaction is less significant in wheat
crops, compared to corn crops (Cassán and Díaz Zorita 2016). An explanation for
this is based on wheat genotypes of European and Latin American origin presented
similar levels of inoculation response (Díaz-Zorita and Fernández Canigia 2009)
which is on average 5%. However, this should not be generalized, as shown in
Fig. 14.1 for six wheat genotypes widely grown in Argentina where all the inocula-
tion responses were higher than 9% reaching up to almost 30% in some genotypes.
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Fig. 14.1 Percentages of increase of grain yield responses and nitrogen derived from biological
fixation (N-BNF) due to coinoculation with Azospirillum brasilense for six cultivars of wheat
grown at field conditions. Compiled from García de Salamone (2012a, b)
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Thus, the levels of inoculation response observed in the field seem to be extremely
far away from the potential of this biotechnology. Although it must consider that this
biotechnology increases production at a significantly lower cost than the large-scale
use of chemical fertilizers, it is known that the level of PGPR inoculation response
depends on the interactions between the native and inoculated microorganisms
(Bashan 1999), and between them and the genotype of the plants. Furthermore,
these interactions are subject to prevailing physicochemical factors (Rani and Goel
2012a), such as the availability of nutrients (Dobbelaere et al. 2001) for both crop
and rhizosphere microorganisms. In this sense, great variability in the response to
inoculation was dependent on the associated plant genotypes (García de Salamone
et al. 1996, 2009, 2012). As crops and their management systems represent changes
in the quantity and quality of plant residues or radical exudates supplied to the soil,
the magnitude of these changes could define the structure and function of rhizo-
sphere microbial communities (Hartmann et al. 2009; Di Salvo et al. 2018a, b).
Different genotypes of cereals will cause effects that will represent a combination of
the amount of biomass supplied, the type of decaying substrates, and the distribution
of the plants in the canopy (Escobar Ortega et al. 2020). There is evidence that
indicates that A. brasilense and P. fluorescens inoculation can contribute to increas-
ing the production of both aerial and radical biomass of cereal crops such as corn
(Table 14.1) (García de Salamone 2012a; Di Salvo et al. 2013a, 2018a), rice
(Table 14.2) (García de Salamone et al. 2010, 2012), wheat (Naiman et al. 2009;
García de Salamone 2012a, b), and rye (Escobar Ortega et al. 2020).

Another factor that hinders or delays the use of PGPR on a large scale is the lack
of adequate formulations that cause variability and inconsistency together with
generally long and expensive registration processes (Malusá et al. 2012). The
formulation of each bio input defines PGPR survival possibilities in the inoculant

Table 14.1 Percentages of change with respect to control of nitrogen fertilization and PGPR
inoculation on maize plant attributes at different crop phenological stages

Percentage of change with respect to control of each factor

Root Biomass at
V5

Aerial Biomass at
R3

Grain Yield at
PM

MNFB at
R3

Nitrogen fertilization (kg urea ha�1)

90 5.8 (*) 4.3 25.8 (*) �3.1

180 2.6 �1.8 38.5 (*) �3.1

PGPR inoculation treatments

A.b + P.f (1) 8.3 �23.7 (*) 5.3 (*) �1.6

A.b 40M (2) 14.1 �6.1 4.9 (*) �6.0

A.b 42M (2) 33.6 �7.0 5.5 (*) 3.2

A.b 40M, 42M
(2)

10.0 �2.3 9.8 (*) 10.5 (*)

A.b: Azospirillum brasilense; P.f: Pseudomonas fluorescens. (1) Commercial inoculant. (2) Experi-
mental inoculant. PM: Physiological maturity. MNFB: microaerophilic N2 fixing bacteria
(*) indicates statistical differences at p � 0.05, between absolute values with respect to factor
control treatment. Compiled from Di Salvo et al. (2018a)
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during the storage period and after inoculation on the seed. Bioencapsulation (Vejan
et al. 2019) and the use of nanoparticles (Dikshit et al. 2013) have received enormous
attention in creating new types of tools for biotechnology and life sciences to
improve PGPR growth and survival with direct consequences on the quality of
inoculants. In this sense, the physiological effects and possible cellular internaliza-
tion of magnetite nanoparticles (nFe3O4) have been evaluated in plants grown in
hydroponics (Iannone et al. 2013, 2016). The observation with electron microscopy
of root sections showed the presence of Fe3O4 nanoparticles in the apoplast of the
root tissues and a significant increase in the iron content only in the roots of wheat
plants treated with these nanoparticles without modifying germination, growth,
chlorophyll content, and other physiological and biochemical attributes of the
seedlings (Iannone et al. 2016). However, chlorophyll content and aerial and root
plant growth of soybean or alfalfa plants were increased when they were treated with
these nanoparticles. Besides, a positive effect of magnetite nanoparticles was
observed on the symbiotic systems soybean–Bradyrhizobium japonicum and
Medicago sativa–Sinorhizobium meliloti because leghemoglobin content in the
nodules and nitrogen content per plant were higher in the nanoparticle treated plants
than in the control without nanoparticle treatment (Zawoznik et al. 2017a, b). For
those reasons, these nanoparticles could be potentially useful for an innovative
design to improve the formulations of PGPR inoculants.

It is important to bear in mind that traditional plant breeding of cereal crops has
considered neither the associated rhizosphere nor endophytic microorganisms, nor
the soil native microorganisms. As there is a close relationship between the plant
genotype of the cultivated species and the microbial community that is established in
their rhizospheres in a given environment (Cummings 2009), the traditional plant
breeding should have taken into account the beneficial functions of rhizosphere

Table 14.2 Percentages of change with respect to control PGPR inoculation and pair values of
principal component analysis of rhizosphere microbial communities of three rice cultivars growing
at field conditions

Percentages of change with respect to control PGPR
inoculation (1)

Panicles
Filled
grains

Chaffy
grains

Grain
yield

1000 grain
weight

HI
(2)

Pair values
PC1/PC2 (3) (4)

Camba
INTA

�11.3 �6.6 �9.7 �7.3 0.4 1 2.1/0.7 Ba

Supremo 0.3 19.7 �14.0 20.2 1-0 5 �1.3/�0.2 Aa

Yerua 7.5 2.8 �18.3 11.0 4.5(*) 0 �0.8/�0.7 Aa

(1) Coinoculation with Azospirillum brasilense and Pseudomonas fluorescens. (2) Harvest index.
(3) Pair values of principal component (PC) analysis of the microbial communities in the rhizo-
sphere of three rice cultivars at physiological maturity. (4) Different uppercase letters indicate
significant differences between means for 24 h absorbance values of each cultivar for PC1. Different
lowercase letters indicate significant differences between means for absorbance values of each
cultivar for PC2. Means were compared by Tukey’s test at P < 0.05. (*) indicates statistical
differences at p � 0.05, between absolute values with respect to control treatment without PGPR
inoculation. Compiled from García de Salamone et al. (2012)
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microorganisms for efficient use of soil nutrients (Bakker et al. 2012; Rani and Goel
2012b). This historical mistake represents a complex problem since it is generally
assumed that plants coevolved in association with soil microorganisms (Garcia and
Kao-Kniffin 2018). An analysis of three rice genotypes that are widely cultivated in
northeastern Argentina has demonstrated that genotypic differences between them
were related to their inoculation responses to the PGPR A. brasilense and
P. fluorescens and to significant differences among their rhizosphere microbial
communities (Table 14.2).

The lack of significant crop responses to PGPR inoculation under field conditions
is a worldwide recognized problem, which must be addressed in studies with an
interdisciplinary perspective. It is necessary to analyze deeply each member of this
association and their multiple interactions. Besides, it is necessary to change the
model of plant genetic improvement by including the associations that occur
between crops and soil microorganisms (Gopal and Gupta 2016; Pieterse et al.
2016), both the native ones and those introduced to the system through inoculation.
Some authors have shown differences in the composition of the microbial
communities associated with the roots of wild-type bean plants and modern
genotypes (Pérez-Jaramillo et al. 2017), evidencing again an effect of crop breeding
on established microbial associations. In this sense, other authors have shown
changes in the composition of the exudates, and with them, in the structure of the
associated microbial communities, due to the domestication of tetraploid wheat, or
durum wheat (Iannucci et al. 2017). To include plant–microorganism associations as
a sustainable agricultural practice, it is necessary to make additional efforts to
describe in detail the microorganisms associated with the roots of different crops
in different environments and the dynamics of microbial communities in crop
rhizospheres (Rascovan et al. 2013). In this sense, the relationship between different
corn genotypes and certain microbial OTUs present in their rhizospheres in different
environments has been reported, highlighting the heritability of certain taxa or
microbial functions between related genotypes (Walters et al. 2018).

14.4 PGPR and Rhizosphere Microbial Ecology

Regarding the need to improve the knowledge of the rhizosphere microbial ecology
to increase the level of response to PGPR inoculation, numerous in vitro and in vivo
studies have been carried out, in microcosm and under field conditions. The Az39,
40M, 42M strains of A. brasilense and the strain G20-18 of P. fluorescens have
previously been characterized by their PGPR properties (García de Salamone et al.
2001, 2010; Di Salvo et al. 2014a) and by their capacities to promote plant growth
(García de Salamone and Monzón de Asconegui 2008; Cassán and García de
Salamone 2008; Naiman et al. 2009; García de Salamone et al. 1996, 2005, 2006,
2010, 2012; Drobkinsky et al. 2016; Di Salvo et al. 2018a, b). In many cases, colony
morphology and the ability to fix N2 showed significant variations among strains
(Di Salvo et al. 2014a). These differences were also observed in vivo because the
inoculation of certain maize genotypes with certain Azospirillum strains caused
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similar yields to those obtained with a fertilization with 100 kg of N ha�1 (García de
Salamone 2012a). In addition, in numerous circumstances it has been possible to
detect that A. brasilense can fix N2 in the presence of carbon sources and in
atmospheric oxygen concentrations not recommended in the literature (Di Salvo
et al. 2010, 2014a) and in contrary to what it is established in the literature for the
genus Azospirillum (Holguin and Glick 2001), some strains of A. brasilense
(Di Salvo et al. 2014a) and A. lipoferum (Esquivel-Cote et al. 2010) have the ability
to synthesize the ACC deaminase enzyme in vitro. This PGPR mechanism of growth
promotion is beneficially related to plant nitrogen nutrition. It has also been shown
that the profiles of fatty acids and the use of carbon sources, as well as the capacity to
produce indole substances and siderophores, vary significantly between strains of
this PGPR species (Pedraza et al. 2011; Baca et al. 2012; Di Salvo et al. 2014a).
Likewise, differences have been demonstrated in the in vitro production of various
cytokinins and in the carbon source utilization profiles among different strains of
P. fluorescens (García de Salamone et al. 2001). Inoculation with the strain G20-18
of this PGPR produced direct effects on the growth of wheat plants associated with
its ability to produce in vitro and in vivo significant amounts of cytokinins.
Inoculated plants with strain G20-18 had high cytokinin concentrations in plant
tissues, an aspect linked to the delay in foliar senescence (García de Salamone and
Nelson 2006).

The evaluation of plant growth promotion capacity of A. brasilense and
P. fluorescens under field conditions has shown differences in the inoculation
response of different genotypes of maize (García de Salamone and Döbereiner
1996), rice (García de Salamone et al. 2012), and wheat (García de Salamone
2012a). Other authors have also found responses dependent on the interaction with
maize genotypes and the A. brasilense strains in the generation of aerial biomass and
the production of secondary metabolites (Walker et al. 2011). A technique for the
evaluation of the functional diversity of bacterial communities has been adapted and
standardized by obtaining the profiles of the use of carbon sources (Di Salvo and
García de Salamone 2012). The use of this technique, and complementary methods
of statistical analysis (Di Salvo et al. 2012, 2018a; Carlino et al. 2013), allowed
significant advances in the functional and structural diversity characterization of the
associated rhizosphere bacterial communities of crops, such as rice (García de
Salamone et al. 2010, 2012), wheat (Naiman et al. 2009; Di Salvo et al. 2014b),
corn (Di Salvo et al. 2013a; Carlino et al. 2013), and cover crops such as oats and rye
(Escobar Ortega et al. 2020), which have been inoculated with these two PGPR. In
certain cases, the differences in bacterial diversity were associated with differences
between plant genotypes (García de Salamone et al. 2012) and in others, with the
agronomic practices of PGPR inoculation and chemical fertilization, or the pheno-
logical stages of the crops (Carlino et al. 2013; Di Salvo et al. 2013c; Di Salvo and
García de Salamone 2019). The presence of endophytic microorganisms in the seeds
of different cultivars of barley (Zawoznik et al. 2014), wheat (Díaz Herrera et al.
2016), sunflower (Dominguez et al. 2019), and oats (Escobar Ortega et al. 2020)
could compete with the inoculated PGPR strains and determine the lack of inocula-
tion responses.
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Although it is known that counting techniques for cultivable microorganisms
quantify a very small proportion of the communities present, they are useful to
determine impacts on soil health generated by anthropic activity (Ellis et al. 2003;
García de Salamone et al. 2006, 2009). In this sense, it has been shown that different
crop management conditions modify the number of various groups of
microorganisms associated with rice, corn, wheat, oats, and rye plants (García de
Salamone et al. 2004, 2010, 2012; Naiman et al. 2009; Di Salvo et al. 2012; Escobar
Ortega et al. 2020). Furthermore, it has been detected that, under certain conditions,
inoculation with certain PGPR modifies the activities of microorganisms linked to
nitrogen mineralization and biological fixation in rice and wheat crops (D’Auria
et al. 2012; García de Salamone et al. 2009; Ferrando 2013; Acosta et al. 2014).
Other studies show that the combined inoculation of A. brasilense and
Bradyrhizobium japonicum increased the number of nodules associated with the
main root and the nitrogen content in soybean plants with respect to the plants
inoculated only with B. japonicum (Groppa et al. 1998; Puente et al. 2010). Previous
studies of the impact of cereals on microbial communities had focused on finding
variables related to the activity of soil microorganisms that could indicate the
influence of crop rotation in different soils of the Pampas Region managed under
zero tillage. These studies indicated that the number of fungi and actinobacteria in
the soil are biological indicators that allow the detection of seasonal variations in the
annual wheat-soybean sequence in different locations of the Pampas region (Rorig
et al. 2004; García de Salamone et al. 2006). These authors have shown that the
genus Pseudomonas showed a significant number variation, which could indicate
variations in the ability to carry out different functions in the agroecosystem, since
this genus includes exponents that are environmental detoxifiers, PGPR, and
biological controllers of pathogen microorganisms (Drobkinsky et al. 2016).

Carbon and nitrogen mineralization are carried out by cellulolytic and nitrifying
microorganisms that vary with the conditions imposed by crop sequence in different
edaphoclimatic situations. Thus, wheat crops favor the activity of these functional
groups of microorganisms, while soybean crops reduce them (Rorig et al. 2004). In a
comparison between oats and rye, in annual succession with soybeans, differences
were observed in the most probable numbers of cellulolytic and nitrifying
microorganisms of the rhizosphere (Escobar Ortega et al. 2020). Likewise,
modifications were also observed in the number of these microbial groups and the
microaerophilic nitrogen-fixing microorganisms in different phenological stages of
corn when nitrogen fertilization and PGPR inoculation did not change their numbers
(Table 14.1). On the contrary, the most probable numbers of the microaerophilic
diazotrophs did not show change due to nitrogen fertilization or inoculation with
A. brasilense in any of the phenological stages of wheat (Di Salvo et al. 2018b). This
is an indication that there are important aspects to consider when selected agricul-
tural practices associated with crop management are applied.
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14.5 Biological Indicators of Soil Quality

Among the biological indicators of soil quality, some soil microbial enzymes are
interestingly relevant because they are related to metabolic activity and bioavailabil-
ity of essential nutrients, and they can also respond rapidly to changes caused by
both natural and anthropogenic factors (Ferreras et al. 2009). Regarding the link of
the enzymatic activity of the soil with the inoculation with PGPR, Azospirillum plant
colonization plays a role in stress mitigation and in the activity of the enzyme nitrate
reductase which is associated with the plant nitrogen assimilation, as well as the role
of enzymes involved in the detoxification of active oxygen species, such as ascorbate
peroxidase, catalase, glutathione reductase, and superoxide dismutase, among
others, in wheat plants (Zawoznik et al. 2009) and rice (Ruíz-Sánchez et al. 2011)
subjected to abiotic stresses (Iannone et al. 2012, 2013).

Among the bioindicators of soil quality is the symbiotic associations between
certain soil fungi and plant roots which are called mycorrhizae. The arbuscular type
of mycorrhiza is established in most plants (Koide and Mosse 2004). This symbiosis
increases soil exploration, nutrient uptake, and enhances soil aggregation (Rillig
et al. 2002; Richardson et al. 2009), for those reasons, it is important for the
sustainability of ecosystems (Jeffries et al. 2003; García de Salamone et al. 2006).
In this sense, it was determined that chemical fertilization affects the natural
mycorrhization of wheat crops, while the inoculation with the 40M and 42M strains
of A. brasilense did not affect the natural mycorrhization of the wheat or corn crops
(Di Salvo et al. 2020). Likewise, it was determined that phosphorous fertilization of
the wheat affected spore density and phenotypical diversity of the mycorrhiza
forming fungi present in the rhizosphere at tillering and grain-filling phenological
stages (Table 14.3). At the grain-filling phenological stage, the nitrogen fertilization
changed the percentages of mycorrhiza fungal structures in the roots while the
inoculation with A. brasilense did not change them (Table 14.4). This is an indica-
tion that PGPR inoculation favors ecosystem sustainability in contrast to chemical
fertilization.

Table 14.3 Percentages of changes with respect to the control of phosphorous application on
density of spores of arbuscular mycorrhiza and Shannon’s diversity index of their morphotypes in
wheat rhizospheres at tillering and grain-filling phenological stages

Percentages of change with respect to control without fertilization

Spore density Shannon diversity index

Tillering Grain-filling Tillering Grain-filling

Triple superphosphate application (kg ha �1)

60 94.4 (*) 71.4 (*) 11.1 25.0 (*)

120 �44.4 �7.2 �11.9 �8.3

(*) indicates statistical differences at p � 0.05, between absolute values with respect to control
treatment without fertilization. Compiled from Di Salvo et al. (2020)
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14.6 Conclusion

There are biotechnological tools to promote sustainable agriculture. Inoculation with
good quality formulations of PGPR that can establish effective beneficial
associations is one of them. Another tool is linked to plant breeding since it should
focus on obtaining high-yield genotypes that favor the establishment of rhizosphere
microorganisms with high potential to increase agricultural production in response to
the growing demand for good quality grains. Furthermore, it is necessary to monitor
microbial ecology to reduce the negative impacts of traditional agricultural practices
with the goal of achieving sustainable development objectives.
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Significance of Microbial Enzyme Activities
in Agriculture 15
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Abstract

Soil enzymatic processes that involve the decomposition of organic matter,
geochemical nutrient cycling, and removal of contaminants are essential for the
functioning of the soil environment. These activities help to maintain the fertility,
health, and ecology of the soil necessary for sustainable agriculture. These
enzymes promote the growth and production of agriculturally valuable crops by
providing an interrelation between plant–soil environments for nutrient supply.
From the production of various phytohormones and the acquisition of nutrients to
biocontrol of pests and plant pathogens for crop protection, a diverse group of
these enzymes is present in the soil environment playing a pivotal role in crop
production. They can also act as an indicator of changes in soil quality as a
measure of the level of pollution while some enzymes facilitate degradation of the
hazardous aromatic compounds and pesticides. Microorganisms are the major
source of soil enzymes. The enzymes are produced at either intracellular or
extracellular locations. The soil characteristics such as the quantity and structure
of organic matter along with the inhabitant organisms influence the enzyme levels
and activities. Understanding of these microbial enzymes for their biotechnologi-
cal application to increase production in the agriculture sector is necessary to
provide sufficient food and fodder while giving a boost to the economy.
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15.1 Introduction

In the terrestrial ecosystems, the soil is one of the major constituents and the key
matrix for agricultural activities. Since the soil supports the processes related to the
biogeochemical cycling of the various macronutrients for the growth and survival of
the living organisms, its proper functioning is essential (Bünemann et al. 2018). The
soil is considered to be a dynamic system with the presence of enzymes in different
forms, i.e. cell-associated, intracellularly associated with living cells, and as cell-free
enzymes in the soil environment (Skujins 1978). In this context, the knowledge of
the soil enzymes are essential as they play an active role in nutrient recycling,
biotransformation processes as well as maintaining the structure and stability of
soil along with the removal of pollutants (Piotrowska-Długosz 2014).

The enzymes present in the soil are mainly of microbial origin with a small
amount coming from the vegetation, animals, and insects residing in the soil
environment and can be both intracellular and extracellular. The intracellular
enzymes are present within the living cells, while the extracellular enzymes can
either be associated with the outer surfaces of the cell as ectoenzymes or as free
enzymes in the soil. The free enzymes are then absorbed by the organic content and
soil matrix making them resistant to denaturation. An enzyme may have multiple
sources in the soil, making it hard to establish its exact origin.

These enzymes are analogous to the enzymes found in other ecosystems with
different environmental factors influencing their activities such as the pH, tempera-
ture, soil texture, moisture content, and presence of different chemicals (Tabatabai
1994). The natural factors like geographical location, physicochemical properties,
and organic matter content directly affect the enzyme activity by controlling the
microbial count and the amount of enzyme produced along with its stability. The
organic compounds though are important for the stability of the enzyme, they reduce
its activity. The anthropogenic activities may have an impact on the soil
physiochemical properties which indirectly influences the enzyme activity
(Gianfreda and Bollag 1996).

The soil enzymes are important to maintain the balance of the ecosystem and are
very sensitive to any change. Thus, they have also found their use in studies of soil
health profile, especially to study the effect of various pollutants like fertilizers,
heavy metals, pesticides, etc., and for the development of strategies for sustainable
agriculture. These enzymes are critical for various fundamental soil activities; from
cycling of nutrient flow and biotransformation of organic debris to the removal of
hazardous chemicals. From an agricultural perspective, these activities are signifi-
cant for increased yield of crops and thus the enzymes have long been studied for
their role and implication in the soil environment (Sinsabaugh et al. 2008).
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15.2 Principal Soil Enzymes in Sustainable Agriculture

There are a wide range of enzyme present in the soil such as phosphatases, sulfatase,
chitinase, cellulase, urease, nitrogenase, amylase, invertase, amidase, protease, cata-
lase, phenol oxidase, etc., with equal importance in soil health and fertility. Some of
these enzymes have been discussed here.

15.2.1 Phosphatase Enzyme

The phosphatase enzyme is one of the most extensively studied soil enzymes. It is
considered to be an important soil enzyme because of its ability to catalyze the
hydrolysis of esters and anhydrides of phosphoric acid. Phosphatase enzyme along
with other extracellular enzymes in soil environment bring about organic matter
degradation, for example, organic phosphate mineralization. The reaction mediated
by the soil phosphatase enzyme releases phosphate (P), which is taken up by the
plants and soil microorganisms. These enzymes can be periplasmic (example in
Escherichia coli), membrane bound, or extracellular. Many of the extracellular
phosphatase enzymes are monomer but a few, for example, the enzyme from
Thermus aquaticus is a trimer of 143-kD molecular weight (Obidi et al. 2018). A
trimeric orthophosphoric monoester phosphohydrolase has been isolated from
Thermus sp. strain Rt41A (Hartog and Daniel 1992). The name “phosphatase”
includes a broad group of enzymes capable of carrying out similar functions. The
Nomenclature Committee of the International Union of Biochemistry and Molecular
Biology (IUBMB) classifies these phosphatase enzymes into five major groups; (i)
phosphoric monoester hydrolases or phosphomonoesterases (EC 3.1.3), (ii) phos-
phoric diester hydrolases or phosphodiesterases (EC 3.1.4), (iii) triphosphoric mono-
ester hydrolases (EC 3.1.5), (iv) enzymes acting on the phosphoryl-containing
anhydrides (EC 3.6.1), and (v) enzyme acting on P-N bonds (EC 3.9), for example,
phosphoamidase (EC 3.9.1).

These groups of phosphatase enzymes can be further subdivided according to
their regulation, sensitivity to different phosphatase inhibitors, and the requirements
of various metal ions such as Ca2+ and Mg2+ for the enzyme activity. Phosphoric
monoester hydrolases include acid phosphomonoesterase (EC3.1.3.2) and alkaline
phosphomonoesterase (EC 3.1.3.1), phosphoprotein phosphatase, phytases
(EC 3.1.3.8 for 3-phytases and EC 3.1.3.26 for 4-phytases), and also nucleotidase.
Phosphodiesterases hydrolysis involves one or two ester bonds of phosphodiester
compounds. This group includes nuclease which causes hydrolysis of
phosphodiester bond present in nucleic acid. Pyrophosphate phosphohydrolases
(EC 3.6.1.1) are largely discussed because of its ability to hydrolyze pyrophosphate
which can be used as a fertilizer (Dick and Tabatabai 1978).

Three components of rhizosphere are associated with active phosphatase
enzymes; soil, plant roots, and the microorganisms. The phosphatases are quite
adaptive enzymes and their activity often vary with the plant species. The intensity
of exudation of such enzymes is dependent upon phosphorus (P) need of the plant
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species. Some plant roots also specifically stimulate phosphatase producing
microorganisms (Greaves and Webley 1965). The soil surrounding the plant roots
greatly supports the development of a large number of soil microorganisms includ-
ing bacteria and fungi. Different phosphatase producing bacteria were isolated from
Sangga Buana forest and their capability of organic phosphate hydrolysis were
demonstrated. Three pre-eminent isolates, that included Bacillus mycoides, Bacillus
laterosporus, and Flavobacterium balustinum, have shown strong ability to miner-
alize organic phosphate (Fitriatin et al. 2011). The common phosphatase producing
fungi are from genus Aspergillus, e.g. A. niger, A. terreus, etc. The phosphatase
activity is influenced by organic P substrate, for instance, the phosphatase activity of
some soil organisms such as Pseudomonas mallei, B. subtilis, A. niger, and Penicil-
lium sp. was found to be higher in medium containing phytic acid compared to
medium with α-glycerophosphate, phenyl phosphate, and D-glucose-1-phosphate
(Fitriatin et al. 2008).

Determination of phosphatase enzyme activity is necessary to broaden the under-
standing of various phosphatase enzymes and their further applications in agriculture
and other fields. Two approaches commonly followed to determine the phosphatase
enzyme activity include; (i) estimation of the released inorganic P after incubation of
sample soil with organic P such as β-glycerophosphate and phytin, (ii) estimation of
released organic moiety following the incubation of the soil sample with organic P
such as β-naphthyl phosphate, p-nitrophenyl phosphate, and phenyl phosphate.
Second approach is considered more reliable as the first approach is unsatisfactory
and does not allow inorganic P fixation by the soil. One of the best methods based on
the second approach was developed by (Tabatabai and Bremner 1969). The method
involves colorimetric estimation of the released p-nitrophenol by incubating the soil
sample with buffered solution of sodium p-nitrophenyl phosphate and toluene at
37 �C for a period of 1 h. The activity is dependent on soil organic matter content,
organic P, inorganic P, Nitrogen (N) availability and is affected by several biotic and
abiotic factors such as pH, soil water content and salinity, mycorrhizal association,
etc. The correlation of acid and alkaline phosphatase with the soil pH was studied
where it was concluded that with the increase in soil pH, alkaline phosphatase
activity increases while acid phosphatase activity was found to be decreasing
(Dick et al. 2000). Mycorrhizal association has also found to have a positive impact
on the activity of acid phosphomonoesterase enzyme, thus supporting the enzyme in
degrading soil bound P (van Aarle and Plassard 2010). Increase in soil moisture
content also increases phosphatase activity, and this effect is more pronounced on
alkaline phosphatase activity.

The phosphatase enzyme is considered to be a good indicator of soil condition
reflecting the soil fertility and quality. In agricultural soil, phosphatase enzyme plays
an important role being directly connected with phosphorus cycle. Several manage-
ment practices on land affect the activity of phosphatases enzymes, hence it acts as
an index for soil quality. Leguminous plants such as Aspalathus, Cyclopia, etc.,
require more P during the nitrogen fixation process. The need is fulfilled by the
release of more phosphatase enzyme by the legume roots. The increase in enzyme
activity allows assimilation of inorganic P to be available for the plant growth. This
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high activity of phosphatase enzyme in the soil is critical in increased yield from
lands used for crop rotation system. Phosphatase enzyme activity increases the
nutrient availability in the case of land used for crop rotation system. Such
bi-culture crop system can be used to improve the P cycle and also can improve
the physiochemical properties of soil. A combined application of vermicompost and
mineral N fertilizer showed an increase in phosphatase activity when compared to
the use of fertilizers alone. The activity increased after the addition of P fertilizer to
low organic matter soil. Thus, phosphatase enzyme is critical in increasing the
available P reserves, when this nutrient is limited. The phosphatase enzyme is
important in soil conservation, increased P release, and agricultural sustainability.

15.2.2 Dehydrogenase Enzyme

Dehydrogenase enzyme is one of the important soil enzymes that is commonly used
to assess the biological activity in the soil. They are categorized under the oxidore-
ductase enzyme class (E.C. 1.1.1). Such oxidoreductase enzyme brings about
oxidation-reduction reaction, i.e. electron transfer reactions. This enzyme is found
to be associated intracellularly with intact microbial cells and do not accumulate
extracellularly. Dehydrogenase enzyme is an integral part of the microbial enzyme
system, which includes the enzymes of respiratory metabolism, nitrogen metabo-
lism, and citrate cycle. This allows them to reflect the overall microbial activities in
the soil environment. The dehydrogenase enzyme carries out the oxidation of the soil
organic matter by the transfer of hydrogen ions (proton) or electrons from organic
substrates to the inorganic acceptors. Many dehydrogenases transfer hydrogen ion to
nicotinamide adenine dinucleotide (NAD) or nicotinamide adenine dinucleotide
phosphate (NADP). Active dehydrogenase enzyme has the capability to utilize O2

and other compounds as the terminal electron acceptor, although most
dehydrogenases are produced by anaerobic microorganisms. Therefore, the dehy-
drogenase activity (DHA) can reflect the overall metabolic ability of the soil. The
DHA is often considered proportional to the biomass of soil microorganisms
(Wolińska and Stępniewska 2012).

Soil dehydrogenase enzyme is produced by the soil microorganisms including
bacteria, fungi, actinomycetes. The bacterium Pseudomonas entomophila is an
abundant producer. DHA is dependent on the microbial host and does not carry
out its function on its own. There are various methods for the determination of DHA
in soil; the first method makes the use of 2,3,5-triphenyltetrazolium chloride (TTC).
It is based on the assumption that, if acceptor O2 is absent then TTC will act as a
terminal acceptor of hydrogen ion in the dehydrogenase reaction system. TTC after
accepting the proton forms a red colored compound triphenyltetrazolium formazan
(TPF). Another method uses the reduction of Iodo-Nitro-Tetrazolium chloride (INT)
substrate for determining DHA in soil. INT, similar to TTC is used as a terminal
acceptor. In addition, INT is reduced to form formazan, and formazan calibration
curve is used to measure the reduced INT. However, some limitations have been
reported in both of these methods. TTC has low reactivity and requires a longer
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incubation time. It is toxic for microorganisms and is reduced by them at different
rates. TTC reduction is often limited by O2 availability and the transfer rate of
electron is also recorded to be slow. The use of INT overcomes some of the
limitations of TTC such as it is reduced rapidly and is less sensitive to oxygen.
INT is also less toxic to the microorganisms but their water solubility is lower than
TTC and their reduction is also dependent on soil composition. The third method of
DHA estimation uses oxidation of NADH. Sample taken for this approach is 0.02 g
and 0.04 g of freeze-dried soil or 0.2 g and 0.4 g of shifted biological culture soil.
The soil sample is treated with NADH-Tris buffer and in later stages of the method,
TRIS-carbonate buffer is added to arrest the oxidation of NADH. After several
incubation stages the absorbance of supernatant of the solution is measured at
340 nm. The difference in absorbance between initial NADH concentration and
concentration after 15–30 min incubation is converted in mg or millimole (mmol) of
NADH with the help of a calibration curve. The DHA is then determined as mg or
millimole (mmol) of oxidized NADH by 1 g of the soil sample during 1 h incubation.

Several soil factors stimulate and inhibit the DHA in soil. The factors stimulating
the DHA include; the moisture content of soil, soil aeration rate (redox potential and
O2 diffusion rate), temperature, organic matter (OM) content, pH, and the changing
seasons. A relation between soil oxygen status and dehydrogenase activity was
established. Soil samples from Ap horizons of 11 Orthic Luvisols and 10 Haplic
Phaeozems which were developed from loess were subjected to conditioning of
14 days at various temperatures (10, 20, and 30 �C) and soil water tension of
15.9 kPa. It was concluded that the DHA was increasing as the soil water content
and conditioning temperature were increasing. The DHA was found to be increasing
on an average of 4.6 fold for flooded treatment and 2.6 times for 15.9 kPa treatment,
when the temperature was increased by 10 �C. The flooding treatment combined
with an increase in temperature to 30 �C showed the increase of DHA on average of
129-fold as compared to 15.9 kPa treatment with 10 �C temperature (Brzezińska
et al. 1998). A strong relationship between the DHA and the soil carbon content was
established by Koper et al. (2008) in Haplic podzol soil sample (Koper et al. 2008).
The correlation coefficient (r) was found out to be ranging between 0.56 and 0.98.
Positive correlations between soil DHA and pH in the range of 4.1 (PhKCl) and 4.9
(Phwater) were established. The result suggested that acidic conditions suppressed
DHA (Fernández-Calviño et al. 2010). Soil factors inhibiting DHA include; depth
of soil profile, use of pesticides in the soil, presence of heavy metals, etc. DHA of
sludge amended soil was examined at different incubation periods. The inhibition of
DHA was observed at all concentrations of the sludge. It was concluded that the
lower DHA in sludge amended soil might be related to the heavy metal
concentrations in the samplings (Reddy and Faza 1989).

Dehydrogenase enzyme is considered to be a sensitive bioindicator accessing the
soil quality and fertility. Measurement of DHA of a particular soil sample allows
researchers to examine and understand the agricultural practices conducted on the
soil, such as use of pesticides, herbicides, organotins, sludges, deicing salts, indus-
trial wastes, pentachlorophenol, etc., and other management practices such as crop
rotation that affects the soil quality. Higher DHA indicates low doses of pesticides
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and vice-versa (Baruah and Mishra 1986). DHA has been used in the assessment of
calcium peroxide and citric acid effects in petrol contaminated soil samples. The
findings concluded that DHA is a good indicator of the H2O2 effects on the
biochemical activity of soil polluted with petrol (Curyło and Telesiński 2020).
DHA is also applied to evaluate the limiting nutrients for plant growth (Rossel
et al. 1997) and also has been used as a criterion for determination of effects of toxic
standards (such as Ag+, Hg++, Cr (VI), phenol, formaldehyde, etc.) in biological
systems (Lenhard 1965). Dehydrogenase enzyme also shows the potential role in
maintaining the soil health.

15.2.3 Sulfatase and Arylsulfatase

Sulfatase, a subclass of esterase enzymes converts organic sulfur form into an
inorganic form in the soil through a chemical reaction as follows: R.O.
SO3

� + H2O = R.OH + H+ + SO4
2�. As the majority of the sulfur in the soil exists

as the sulfate esters, these enzymes are critical in sulfur cycling in the soil, i.e. their
mineralization and bioavailability for the plants. These enzymes are widely dis-
persed throughout the soil and have been further classified according to the ester
types, i.e. alkylsulfatases, arylsulfatases, glucosulfatases, myrosulfatases,
steroidsulfatases, and chondrosulfatases. Among these different types of the
sulfatases, the enzyme that beings about the hydrolysis of the aromatic esters
(phenolic esters of sulfuric acid) of sulfur are the Arylsulfatase [23]. These enzymes
hydrolyze the linkage between oxygen and sulfur (O-S) in the aromatic ester of
sulfate (R-O-SO3

�) to release phenol (R-OH) and sulfate (SO4
2�) or sulfate sulfur

(SO4
�S) and were initially termed as phenolsulfatases. Since these enzymes were the

first to be identified, greater studies have been done regarding their activity and
importance in the soil (Tabatabai and Bremner 1970; Verma et al. n.d.).

On the basis of their catalytic domain, the sulfatases enzymes have been classified
into three types. The type I sulfatases have 3-oxo-L-alanine as the key amino acid
residue in their catalytic site, while the type II enzymes are dioxygenase dependent
on non-heme iron and type III have a metallo-β-lactamase fold in their catalytic
domain with the requirement for two zinc ions as the cofactor. The arylsulfatase
(EC 3.1.6.1) belongs to the type I sulfatase with the 3-oxo-L-alanine bringing about
nucleophilic attack on the sulfur atoms of their substrate (https://enzyme.expasy.org/
EC/3.1.6.1) (Bairoch 2000). The different chemicals that include p-nitrophenyl
sulfate, potassium phenolphthalein sulfate, potassium phenyl sulfate, and potassium
nitrocatechol sulfate are also used as substrate by this enzyme (Verma et al. n.d.).

Sulfur is one of the macronutrients essential for growth of plants and all the
organism in the soil. It is a fundamental part of the amino acid such as methionine
and cysteine, vitamins (biotin, thiamine), plant alkaloids (alicin), defense
compounds (mercapto), antioxidants (glutathionine), and sulfated carbohydrates
that contains S in their structure. Most of the sulfur exists in organic form in the
soil with esters of sulfate accounting for about 30 to 75% of this organic Sulfur
(Chen et al. 2016). The microbes synthesize the sulfatase enzyme that releases
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inorganic sulfur from these organic sources and its production is induced by the low
S conditions (Dotaniya et al. 2019).

The presence of sulfates in the soil is restricted by the process of leaching and
atmospheric loss due to microbial activities like sulfate respiration. As the plants can
only take up the sulfur only in its inorganic sulfate form, the role of arylsulfatase
becomes very important in the plant nutrition as well as maintaining the geochemical
cycle of sulfate. Inadequacy of S slows the synthesis of amino acids that reduces crop
growth and ultimately has a negative impact on crop yields. Thus, it is extremely
important to emphasize the role of arylsulfatases in S mobilization (Dotaniya et al.
2019).

The arylsulfatases are found to be present in both the prokaryotes and the
eukaryotes; however, their presence in the higher plants is a subject of argument.
In soil the microbes are the major source of these enzymes and are found to be
present in the periplasmic space of the microbial cell (Knauff et al. 2003). However,
knowledge regarding the specific microbial genera and species of microorganism
involved in synthesis of arylsulfatase and mineralization of the organic sulfur is
limited (Verma et al. n.d.). These enzymes can also indicate the presence of fungi,
since only fungi contain ester sulfates, an arylsulfatase activity substrate (Kertesz
and Mirleau 2004) and their activity is controlled by the C and N content of the soil
(Dick 1997). Its presence in various soil systems is often directly linked with
microbial biomass and immobilization rate of S (Dotaniya et al. 2019). It has also
been noticed that activity decreases with increased soil depth (Baligar and Wright
1991). Along with the different environmental factors such as accumulation of heavy
metals, pH, presence of various organic compounds in different quantity, soil
texture, microbial load and composition, the activity of aryl sulfatase is also
influenced by the concentration of the extra cellular arylsulfatases available in the
soil (Chen et al. 2019; Verma et al.).

The past few decades have seen a constant decrease in sulfur concentration in the
agriculture field. The suggested reasons have been extensive cultivation of crops
demanding high sulfur, use of fertilizers with no sulfur, and development of
technologies that reduces the rate of SO2 emission in the environment. Considering
the importance of this element, studies focused on arylsulfatase need to be conducted
(Knauff et al. 2003).

Recently a lot of studies have been carried out on identification of the factors that
affect the arylsulfatase activity. The results obtained from different experiments,
however, were conflicting where laboratory-based experiments showed non-linear
co-relation between the pH and the activity of arylsulfatase while field studies
showed them to have a linear relationship. Similarly, different experiments showed
contradictory results for the relationship between the soil properties (pH, organic
content, texture, microbial load, carbon and nitrogen content) and arylsulfatase
activity. Though the reasons for this inconsistency are not clear yet, it has been
hypothesized that as these experiments were conducted either on the lab scales the
results may not apply to the situation in the field. More of experiments on regional
levels will provide a better idea of the factors controlling the activity of arylsulfatase.
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Till date two research experiments have been reported to be performed on regional
scale (Chen et al. 2019).

15.2.4 Urease Enzyme

Urease is N-related enzyme that is widely distributed in soil. These are partly
extracellular and are released from the plant and microbial metabolism or from
dead cells. They can also be intracellular, being associated with cytoplasm
components and cell membrane. It is an important soil enzyme that is involved in
the degradation of urea. Urease is among the first soil enzyme that was evaluated
experimentally. The enzyme urease catalyzes the hydrolysis of urea (NH2CONH2)
into ammonia (NH3) and carbon dioxide (CO2) in the following reaction:
NH2CONH2 + H2O!2NH3 + CO2. Urea is among the most commercially available
nitrogen fertilizers and urease enzyme activity on urea imposes a significant problem
of nitrogen losses in agricultural fields. In arable soils, urease activity often leads to
ammonia and nitrite toxicity. Such toxicities are harmful for young seedlings.
Ammonia generated by the activity of soil urease is often lost through volatilization
which causes loss in applied nutrients and affects the environment negatively (such
as soil acidification). Thus, new technologies are required for increasing the effi-
ciency of urea (efficiency rarely exceeding 50% in normal conditions) as a fertilizer
and also minimizing negative impacts of urea hydrolysis.

Sumner in 1926 obtained urease (urea amidohydrolase EC 3.5.1.5) in crystallized
form from jack bean (Canavalia ensiformis) meal. Jack bean urease has the molecu-
lar weight of 480 kDa and has 47—sulfhydril (-SH) groups. 4 to 8 of such –SH
groups are necessary for urease activity. Urease can also act on other substrates such
as semicarbazide, hydroxyl urea, and dihydroxy urea, but the highest specificity is
shown for urea. The hydrolysis involves non-peptide C-N bonds in the linear
amides. Further studies on jack meal urease confirmed the presence of two essential
atoms of bound metal ion (Ni2+) per enzyme molecule and it is been considered as a
metallo-enzyme (https://www.rcsb.org/3d-view/3LA4). The specific role of the
metal ion is still to be confirmed, but it was believed that the metal ion (Ni2+) is
chelated into the amino acid residues of the enzyme and it is positioned at the active
site. Thus, during the formation of enzyme–substrate complex, the metal ion might
be involved in stabilization of polarized positive charge present on the carbonyl
group and this may promote nucleophilic displacement reaction of N atom (Ladd and
Jackson 1982).

Soil urease enzyme usually originates from soil microorganisms, plant residues
and from animal wastes. 21 diverse families of plants Gramineae and Leguminaceae
were reported to have urease and amidase enzyme activity (Frankenberger and
Tabatabai 1982). Members of genus Bacillus are known for their high level of
urease, particularly B. pasteurii (also known as Sporosarcina pasteurii). According
to the response of the ureolytic bacteria to ammonium, they can be classified into two
groups; (i) those bacteria whose urease activity is not inhibited in the presence of
ammonia such as Proteus vulgaris, S. pasteurii, Proteus mirabilis, and Helicobacter
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pylori, (ii) those bacteria whose urease activity is affected by ammonia as an
inhibitor like P. aeruginosa, B. megaterium, Alcaligenes eutrophus, and Klebsiella
aerogenes. Soil fungi also produces a considerable amount of urease enzyme,
78–98% of soil fungi showed the ability to hydrolyze urea (Lloyd and Sheaffe 1973).

A better knowledge of urease enzyme activity can be implemented in understand-
ing N element mineralization process and its response upon the use of inorganic
fertilizers. It can also be applied to reflect the land use systems and several manage-
ment practices. Different methods are used to determine urease activity. One impor-
tant method still used today was developed by Kandeler and Gerber in 1988
(Kandeler and Gerber 1988). The method involved incubation of soil samples in
100 mL Erlenmeyer flasks with aqueous or buffered urea solution. Further stages of
this approach include ammonium extraction with 1N KCl and 0.01N HCl, and
colorimetric determination of NH4

+ using a modified indophenol reaction. The
method is characterized by high stability and sensitivity of the formed colored
complex. However, this method is quite time consuming and hence quicker methods
are also used. Recently this method has found its application as a common technique
for evaluation of soil enzymes such as N-Acetyl-β-D-glucosaminidase and β-gluco-
side. Hoffman and Teicher also developed a method for assaying urease enzyme
activity. The method involved modification of colorimetric technique. Following
this method, the activity was expressed as mg NH4

+-N (nitrogen content of ammo-
nium ion) which was released per 100 g of oven-dried soil during the incubation of
4 h at 30 �C. A high throughput and reproducible colorimetric microplate method for
determining urease activity was suggested by Cordero et al. (2019). The method
followed incubation of soil slurries sample in 96 deep well blocks and urea solutions.
Colorimetric technique was used for measurement of ammonium produced. The
method provided several advantages over the original method by Kandeler and
Gerber (1988) in being quicker and more accurate alternative (Cordero et al. 2019).

There are various factors affecting soil urease activities such as soil moisture
content, pH, temperature, urea concentration in soil, organic matter, oxygen content,
and various soil amendments (liming, herbicides, organic materials). The interrela-
tionship between urease activity and variety of physical and chemical characteristics
of soil was examined periodically over 1 year. Samples were taken from six field
sites in Benton country, western Oregon: one site under native grassland, two sites
under forest vegetation, and three sites were under the clover/grass pastures. The
study indicated a positive correlation between soil organic matter and urease activity
(r ¼ 0.59). A set of regression analysis (statistical processes to estimate relationship
between a dependent variable and one or multipe indipendent variable) indicated
partial variability of urease enzyme by the monitored soil parameters (r2¼ 0.509).
With the help of principal component analysis (PCA) 20 factors were generated
originally, although only four of these factors were highly significant. These four
parameters with high significant factor loadings included Ca++, Mg++, Na+, and C: N
ratio. PCA combined with these four factors represented 64.9% variability in urease
activity. First factor represented 31.9% of variability, second factor expressing 15%
variability and had high loadings for soil organic matter content, NH4

+-N and
organic-N, third factor with 9.7% variation, and the fourth factor expressing
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variation of 8.1%. Thus, availability of certain nutrients proved to be important
parameters affecting levels of urease activity (Stott and Hagedorn 1980). As a
primary goal, urease inhibitors have been extensively studied to increase the supply
of N to soil in compliance with plant absorption as well as after reducing its volatile
loss. Such inhibitors include quinine class of compounds, phenyl
phosphorodiamidate (PPD), N-(n-butyl) thiophosphorictriamide (nBTPT), ammo-
nium thiosulfate (ATS), etc. The effectiveness of such urease inhibitors depends
upon their ability of improving the diffusion of NH4

+-N away from high pH zones
which are created upon urea hydrolysis. The application of nBTPT was studied on
sandy soil (pH 5.2), where the inhibitor lowered both the pH and the ammonium ion
concentration at the test site and an increased diffusion of urea away from the
fertilizer microsite was also observed. The effect of this inhibitor is dependent on
capacity of diffusion by the soil, as no pronounced effect of nBTPT was seen on clay
soil (pH 8.2) (Christianson et al. 1993).

Environmental urease activity is often considered as a good indicator of the
microbial communities in soil and soil pollution. Urease enzyme is also been studied
to understand biomineralization process, i.e. CaCO3 precipitation in soil, natural
waters, and geological sediments. These enzymes can be studied for their role in
nutrient cycling and yield sustainability. The proper application of urease inhibitors
can lead to an increased efficiency of inorganic fertilizers on the agricultural land.

15.2.5 Cellulase

Cellulases are a family of enzymes that are known to catalyze cellulose degradation,
a polysaccharide composed of glucose units connected via β-1,4 linkage. Structur-
ally, cellulose is a linear polymer of D-glucose subunits liked by β-1,4-glycosidic
bonds and has wide variation in their degree of polymerization. The cellobiose
represents a disaccharide of β-1,4-linked glucose units (Ciolacu et al. 2011). Though
conflicting reports concerning the composition of the cellulase system were provided
in the early literature, in the present scenario, it has been acknowledged that there are
three main types of enzymes in the cellulase system which are as follows: (i) endo-
1,4- β-glucanase (EC 3.2.1.4), which randomly attacks and brings about the hydro-
lysis of the cellulose chains; (ii) exo-1,4-β-glucanase or the cellobiohydrolase
(EC 3.2.1.91), which targets the non-reducing end of the cellulose chains and
removes glucose monomers or cellobiose; and (iii) β-D-glucosidase (EC 3.2.1.21),
which hydrolyzes the smaller chains of cellobiose and cellodextrins generated by the
action of the two earlier enzymes into glucose monomer (Deng and Tabatabai 1994).
The synergistic action of the endo- and the exo-glucanase generates cello-
oligosaccharides and cellobiose which are then finally converted into simple sugar.
Thus, the products generated by the degradation of cellulose are glucose along with
cellobiose and other oligosaccharides of high molecular weight which ultimately
gets converted to glucose (Sindhu et al. 2016). As these groups of enzymes are
important in recycling of cellulose, they have an important role in nature.
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The cellulose which encompasses almost 50% of the biomass generated by
carbon fixation of CO2 by the plant via photosynthesis is the major organic polymer
present in the biosphere. Plant residues are the major source of soil cellulose as it is
the primary component of the plant cell wall. A small amount of the cellulose is also
derived from the fungi and other microorganisms residing in the soil (Deng and
Tabatabai 1994). The celluloses are an important source of carbon for microbial
growth in the soil environment, especially for agriculturally valuable microbes.
However, these organisms cannot directly incorporate the cellulose itself and use
its degradation products. Here the role of the cellulase enzyme becomes critical
(Verma et al. n.d.).

The cellulases enzymes which are produced naturally by bacteria and fungi can
degrade the cellulose from the plant, lichens, and β-D-glucans found in cereals. The
saprophytes organisms are particularly the important producers of this enzyme. The
bacterial species like B. subtilis, Thermobifida fusca, B. amyloliquefaciens,
Cellulomonas fimi, Ruminococcus albus, Acetivibrio cellulolyticus, Thermotoga
maritima, P. fluorescens are among the important cellulases producers (Turan
et al. 2017). The fungal strains belonging to Trichoderma sp., Gliocladium sp.,
Penicillium sp., Chaetomium sp., that produce cellulase enzyme have also been
found to promote plant development processes such as flowering, germination,
strengthening the roots system, plant growth, and increased yield of the crops
(Jayasekara and Ratnayake 2019).

The cellulase is widely used for plant growth promotion and as a control agent for
various diseases of plants. A synergistic action of the enzyme cellulase along with
hemicellulase and pectinase has been applied for the disintegration of the cell wall of
various plant pathogen. Different bacterial and fungal species have been applied as
plant growth-promoting rhizobacteria (PGPR) and biocontrol agents. The mecha-
nism though not clearly understood, it was observed that these organisms produce
the cellulase and other related enzymes. Moreover, synergy was observed between
the production of antibiotics and cellulase by the bacterial species that were acting as
biocontrol agents against plant pathogens of fungal origin.

In different countries, the farmers practicing traditional methods of farming have
being using the leaves of Gliricidia sp. and straws which are a rich source of
cellulose. Their addition has shown to increase nutrient availability and improve
soil quality thus increasing crop yield. It clearly implies that the cellulolytic
microorganisms contribute directly to this type of process. The research conducted
on the cellulolytic organisms suggests that these microorganisms are involved in
various processes in the soil. They help in the decomposition of the plant and other
residues thereby increasing the amount of available nutrient, protect against patho-
genic invasion and also help in colonization and penetration of the roots cereal crops
for increasing their yield and nutritional value. However, lack of proper evidence
and mechanism involved encourage further research in this area to characterize and
improve the use of this enzyme in the agricultural field (Jayasekara and Ratnayake
2019).

Factors that affect cellulose degradation in soils should be understood, as the
reactions involved provide readily accessible C for microorganism growth. The
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environmental factors such as pH, temperature, soil profile play an important role in
determining the cellulase activity. One report suggests that the cellulase stimulates
chitinase synthesis along with other cell wall degrading enzymes in the black soil
compared to red soil. Different experiments also suggest that there is a negative
correlation between the amount of different fungicides used and the cellulase activity
in the soil. It was observed that the increased dosage of the fungicides cosan, thiram,
sandolex, and zinels reduced the cellulase activity while calixin, captan, and benlate
completely inhibited the enzyme. Thus, this enzyme can indicate regarding the soil
properties and help in developing strategies for soil management. Considering their
importance in plant growth and carbon cycling more information regarding the
factors that influence cellulase activity needs to be studied (Verma et al. n.d.).

15.2.6 Chitinase Enzyme

Enzyme chitinase belongs to glycosyl hydrolases (GH) family and is present in a
number of organisms such as bacteria, fungi, plants, actinomycetes, yeasts,
arthropods, and humans. The enzyme was first observed by Bernard (Felse and
Panda 2000). They have molecular weights ranging from 20 kDa to 90 kDa and
perform diverse roles including physiological and bioconversion processes. They
catalyze the hydrolysis of chitin (C8H13O5N)n by breaking the β-1-4 glycosidic
bonds and convert chitin to its monomer N-acetyl glucosamine. Chitin is one of
the most widely distributed biopolymers. It is an inelastic linear polymer that is
composed of the units of β-1,4-N-acetyl glucosamine (GlcNAc). Chitin is an impor-
tant component of fungal cell wall, internal shells of cephalopods, cuticle of insects,
arthropod exoskeleton, etc. The ability of chitinase to hydrolyze chitin has been
receiving increased attention in the fields of agriculture, medicine, drug industries,
food industries, and environment management.

Enzyme chitinases are classified into two major groups; Endo-chitinases and
Exo-chitinases. The endo-chitinases (E.C 3.2.1.14) carry out random cleavage at
the internal sites of chitin. This cleavage produces dimer di-acetylchitobiose and low
molecular weight multimers, chitotriose and chitotetraose. The exo-chitinase is
further classified into two subcategories; chitobiosidases (E.C 3.2.1.29) and
β-1,4-N-acetyl glucosaminidases (E.C 3.2.1.30). Chitobiosidases catalyzes the pro-
gressive release of di-acetylchitobiose. This reaction begins at the non-reducing end
of chitin microfibril. β-1,4-N-acetyl glucosaminidase catalyzes the cleavage of
oligomeric products of chitobiosidases and endo-chitinases. The reaction results in
generating GlcNAc monomers. Chitinolytic enzymes in the CAZY database (http://
www.cazy.org/) (Lombard et al. 2014) are grouped in GH18, GH19, and GH20 on
the basis of similarity in amino acid sequences. However, these enzymes differ
markedly in their catalytic properties and amino acid sequences. GH18 and GH19
bring about chitin hydrolysis and are regarded as chitinases while GH20 includes
enzymes such as chitobiase (breakdown of N-acetylglucosamine or chitobiose) and
β-N-acetylhexosaminidase (breakdown of N-acetylgalactosamine or glucosamine).
GH18 chitinases are categorized based on a catalytic region. This catalytic region
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contains TIM barrel (β/α)8 domain. The catalytic region of GH19 consist of lyso-
zyme like domain rich in α-helix and the region has a characteristic deep cleft. The
mechanisms of action are different in GH18 and GH19 family enzymes. GH18 uses
substrate assisted mechanism, while GH19 uses acid-base mechanisms. GH18
includes chitinases produced from bacteria, fungi, and insects. GH19 includes the
enzyme mainly produced by plants, bacteria, few viruses, and only one fungus (Han
et al. 2016). Chitinases are further divided into five classes based on N-terminal
sequences, signal peptides, inducer, and isoelectric pH. Class I is plant-based, class
II found in bacteria, fungi, and some plants, Class III is dissimilar to class I and class
II sequences, class IV is similar to class I, and Class V is associated with the plant-
microbe interactions.

Microorganisms are important producers of hydrolytic enzyme chitinases.
Actinobacteria, firmicutes, and certain members of proteobacteria are well known
for their chitinolytic enzyme production and activity. Fungal chitinases are also
produced at a very significant amount (Roopavathi et al. 2015). Numerous bacteria
produce enzyme chitinases such as Aeromonas, Alteromonas, Streptomyces, Klebsi-
ella, Pseudomonas, Chromobacterium, Arthrobacter, Escherichia, Clostridium,
Vibrio, Beneckea, and Serratia. The molecular weight of the bacterial chitinases
ranges from 20–60 kDa and they are active over a wide range of pH and temperature.
Fungal chitinases contain five domains; N-terminal signal peptide region, catalytic
domain, chitin-binding domain, serine/threonine rich-region, and C-terminal exten-
sion region. However, chitin-binding domain, C-terminal extension region, and
serine/threonine rich-region are not present in most of the fungal chitinases, and
these three domains seem to be unnecessary for the chitinase enzyme activity. This
can be ascertained because naturally-occurring chitinases that lack these three
regions are still found to be enzymatically active. Some important chitinases pro-
ducing fungi include Trichoderma harzianum and Aspergillus niger, Penicillium,
Neurospora, Agaricus, Mucor, Conidiobolus, Beauveria, Myrothecium,
Metarhizium, Stachybotrys, Lycoperdon, Lecanicillium, etc. The production of
plant chitinases is dependent upon the infection by phytopathogens and is also
induced by growth regulator ethylene. Some plant chitinases are also produced in
response to some environmental stress conditions such as drought, cold, high salt
concentration, etc.

The chitinase activity can be determined to reflect further applications of this
widely distributed enzyme. Rodriquez-Kabana et al. (1983) determined soil
chitinase activity following the incubation of toluene treated soil sample with 1%
(w/w) suspension of colloidal chitin for a period of 18 h at 37 �C temperature. After
dilution, the amount of released N-acetyl glucosamine was assayed (Rodriguez-
Kabana et al. 1983). In an experiment forest soil chitinase activity was determined by
a highly sensitive method. This method involved the use of 4-methylumbelliferyl
(4MU) derivatives of oligomers substrate N-acetyl-D-glucosamine. The soil sample
and substrate were incubated with a buffer solution and 4MU released was subjected
to fluorometric estimation (Ueno et al. 1991). Chitinase production is influenced by
number of factors such as temperature, pH, concentration of chitin (substrate),
carbon and nitrogen content of soil, soil depth, moisture content of soil, etc.
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Microbial destruction of chitin in soil under different moisture conditions was
studied. Using gas-chromatographic and luminescent-microscopic studies it was
found that specific activity of respiration of chitinolytic microorganisms was higher
at low redox potential with soil moisture content close to the total water capacity. It
was also observed that the most intense chitin degradation was achieved in clay or
clay loamy soil when compared to sandy soils (Yaroslavtsev et al. 2009). Concen-
tration of chitin and incubation temperature also affects chitinase activity. Increase in
concentration of chitin from 0–1.5% increased chitinase activity, above 1.5%, there
was no further increase. Increasing the incubation temperature from 16.5 to 45.5 �C
increased chitinase activity. The temperature and chitinase activity showed a positive
correlation (r ¼ 0.980) (Rodriguez-Kabana et al. 1983).

Chitinases can be used for biocontrol of phytopathogens. Number of chitin
degrading bacteria have shown plant pathogen inhibiting abilities, for instance,
Streptomyces sp. and Paenibacillus sp. against the effects of Fusarium oxysporum
f. sp. cucumerinum on Cucumis sativus L. (fusarium wilt of cucumber). Chitinases
can be used to decrease the chemical content of insecticides or pesticides (Yano et al.
2006). Different properties of enzyme chitinase can be used for removal of toxic
compounds from the soil along with crop protection in agricultural practices that can
be implemented with proper studies.

15.3 Factors Influencing Enzyme Activity

There are several environmental factors influencing the enzyme activity in soil
which may maybe natural or anthropogenic in origin (Fig. 15.1).

The different natural factors include the geographical, physicogeological, and
physico-chemical properties of soils, while the anthropogenic factors include envi-
ronmental pollution, the use of fertilizer, biocontrol agents, and other agricultural
practices. These variables or the factors can directly or indirectly alter the production
and efficiency of catalytic activity of the soil enzymes. The reversible or irreversible

Fig. 15.1 The different factors influencing the soil enzymatic activity
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modification in the structural conformation and enzyme catalysis is the direct impact
of the environmental factors on enzyme activity. Similarly, the alteration of the size,
composition, and function of the microbial communities in the soil directly
influences the rate of enzyme production. Whereas the change in the climate and
the different anthropogenic activities and agricultural practices like the use of
pesticides and chemical fertilizers have an indirect impact on the enzyme activities.
Since the function of the enzyme is easily influenced by these variables, the enzymes
have been commonly used to recognize changes in soil ecology and hence used as a
bioindicator of soil health.

The temperature, amount of precipitation, moisture content, soil texture, the
content of the available forms of organic matter and nutrient, microbial load and
composition, topological distribution, etc., can have both negative and positive
influence on the enzyme. The features like a high content of colloidal particles in
the soil, especially the organic compounds immobilize the enzymes helping in
stabilizing and protecting them (Demkina et al. 2017). As most of these factors are
interrelated among themselves and the seasonal variation, it is hard to clearly state
their influence individually on the soil enzymes. A study revealed the influence of
these factors on enzyme activity with an overall state of equilibrium of high activity
for the enzymes under the natural condition (Paz-Ferreiro et al. 2011). Another study
showed that during winter the soil temperature had a positive correlation with the
enzyme activity in presence of high moisture content while during the summer the
correlation was negative (Sardans et al. 2008).

The effect of different anthropogenic activities has also been analyzed. There are
several studies where pesticides have shown a negative impact on the activity of
different enzymes disturbing the local metabolism process. However, the reverse
impact has also been reported. For instance, the use of quinalphos, an
organothiophosphate insecticide, negatively influenced the dehydrogenase and alka-
line phosphomonoesterase activity (Mayanglambam et al. 2005). Another study had
a contradictory result with the insecticide acetamiprid showing a positive effect with
a 22% increase in dehydrogenase activity after the first application (Singh and
Kumar 2008). Similarly, a transient increase was seen in arylsulfatase phosphatase,
dehydrogenase, and β-glucosidase activity by the fungicide metalaxyl (Sukul 2006).

The cropping system also influences enzyme activity as with increased plant
biomass there is increased release of root exudates which modulates the growth of
microbes indirectly increasing enzyme activity. The effect is profuse for legume
plants as there is increased bioavailability of nitrogen for microbial growth and
activity with reports of increased urease and protease activity with nitrogen fixation.
Another evidence of the influence of the vegetation type is increased activity of
arylsulfatase with plantation of high S requiring cruciferous crops (Dotaniya et al.
2019).

All these factors work in synergy to influence the soil microbial and enzymatic
activities. Thus, a proper analysis of these factors in-situ is required for understand-
ing the role of enzymes in agricultural practices and for their use as bioindicators.
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15.4 Soil Enzymes as a Bioindicator of Soil Health

Soil is a lively natural medium for the growth of the plant and a functional source for
terrestrial ecosystems. Soil quality is a measure of necessary elements for sustainable
biological production to nourish humans, plants, and animals while balancing
environmental integrity (Wienhold et al. 2005). The soil quality assessment is
based on a unique balance of the chemical, physical, and biological components
that serves as a dynamic and natural system for ecological activities. The soil’s
physical characteristics are density, texture, porosity, water holding capacity, parti-
cle size, and shape while chemical characteristics are electrical conductivity, pH, and
nutrient levels. Soil biological components are the most sensitive parameters and
largely include microbial activities in the soil. The soil is a sink of countless
microorganisms that are necessary for maintaining soil health through numerous
biochemical activities (Gundale et al. 2005). Microorganisms are playing a major
role in ecological equilibrium and are the most suitable indicator for the detection of
soil health and quality. The soil’s biological activities are sensitive to numerous
factors while soil physical and chemical parameters are mostly affected by extreme
environmental conditions. The ever-increasing population and land degradation are
continuously reducing the arable land area. The use of chemical fertilizers and
pesticides has revolutionized agricultural production but the excess use of
agrochemicals on the soil has severely damaged the soil health and quality. The
inappropriate agricultural practices for high crop productivity sourced deterioration
of the physical, chemical, and biological properties of the soil that posed serious
environmental risks and threats to human, animal, and plant health. The extensive
use of agrochemicals damages the soil health, causes soil, water, and air pollution,
and presents a risk to the ecosystem (McLaughlin and Mineau 1995).

The soil enzymes play a vital role in the nutrient cycling in the soil and the source
of soil enzyme can be a plant, microorganisms, and animals. The soil enzymes added
by the plants and animal organic matter are degraded by proteases and are used to
enrich humus. The biochemical reactions in the soil are catalyzed by the enzymes
present in the soil and therefore can be used as an indicator for the soil health and
quality assessment. Microorganisms are the major contributors to nitrogen, phos-
phorus, and sulfur nutrient cycling, removal of complex pollutant organic
compounds, and absorption of heavy metals. Microbes are either beneficial to the
crop grown or pathogenic for the plants. Soil enzymes are useful indicators for the
estimation of pollutants, soil health, and remediation strategies. The soil enzyme
activities rapidly change over time, respond to vital soil physical and chemical
parameters (Badiane et al. 2001). The addition of organic matter increases the
soil’s biological activities and protects the soil enzyme activities. The soil enzymes
indicate the soil fertility that is directly related to crop performance and various other
environmental factors. Enzyme activities are dependent on the climatic conditions,
chemical properties of compounds present in the cell, and soil depth. The commonly
found soil enzymes are hydrolases, lyases, transferase, and oxidoreductases and
which used for the assessment of soil quality. The hydrolytic enzymes are involved
in the transformation of the nutrient molecules such as sulfur, nitrogen, carbon, and
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phosphorus through environmental cycles (Trasar-Cepeda et al. 2008). Soil dehy-
drogenase is the most assessed enzyme for the management of soil health and are
major indicators of the microbial oxidative activities in living cells and are key
factors for oxidation activities related to soil organic compounds (Zhang et al. 2010).
The dehydrogenases transfer the hydrogen molecules from organic molecules to
inorganic molecules and perform biological oxidation. The soil dehydrogenase
provides information on microbial activity, pesticide applications, and soil manage-
ment. The dehydrogenase is mostly produced by the Pseudomonas sp. in the soil
(Wolińska and Stępniewska 2012). The urea is mostly used as a nitrogen fertilizer
for crop production and is a major source of nitrogen. Urease enzyme catalyzes the
degradation of the urea molecules into simpler form ammonia and carbonic acids
(Tabatabai and Bremner 1969). The urease enzyme is used as an indicator of soil
activity and can be influenced by extreme environmental factors and cropping
cycles. The urease enzyme is produced by numerous microorganisms such as
Aerobacter aerogenes, Klebsiella sp., Staphylococcus sp., Aspergillus sp., plant
species such as Glycine max, and Gossypium hirsutum, and aquatic alga such as
Nitellopsis obtusa (Krajewska 2009). Cellulases are hydrolytic enzymes that degrade
cellulose from soil organic content and the carbon released is available for the
microorganisms for their survival. The most common microorganisms producing
cellulase are Thermomonospora, Aspergillus, Clostridium, Bacillus, and
Trichoderma (Kuhad et al. 2011).

The plants are a major source of abundant polymer lignin present in the soil. The
peroxidases break lignin molecules and release nitrogen and carbon nutrient
molecules that contribute to the survival of the microorganisms and balancing of
the soil carbon and nitrogen pool (Sinsabaugh 2010). Moreover, the peroxidases can
neutralize the reactive oxygen species and the toxic effect of phenolics and metal
ions. The peroxidases are well known for their antioxidant properties in eukaryotes
and are important indicators for estimation of the soil quality and health (Mangler
and Tate 1982). Starch is another widely available polysaccharide and usually is
present in organic matter. The amylases are responsible for the degradation of the
starch molecules. The amylases are categorized into three major classes: alpha-
amylase, beta-amylase, and glucoamylase. The alpha-amylase is extensively found
in plants, animals, and soil environments (Thoma et al. 1971). The alpha-amylase
degrades the starch molecules to produce glucose, maltose, and oligosaccharides.
The beta-amylase breaks the starch into maltose and dextrin, while glucoamylase
converts the maltose into glucose. In the soil, the amylases are produced by the
Bacillus sp., Aspergillus sp., Penicillium expansum, plants, and animals (Singh and
Kumari 2016). The phosphorus is directly related to the plant growth and soil
ecosystem. The phosphorus is transformed into different forms during the phospho-
rus cycle and a class of enzymes called “phosphatase” is responsible for the
production of the phosphorus ion from the substrate phosphorus complex
(Nannipieri et al. 2011). Phosphorus is a critical nutrient for plant growth and is
often found immobilized into organic and inorganic complexes. The phosphatase
such as phosphomonoesterase is a versatile class that acts on low molecular weight
compounds such as sugar phosphates, polyphosphates, and nucleotides (Pang and
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Kolenko 1986). The phosphomonoesterase is stable and active in both acidic and
alkaline environments. The phosphatase is mostly produced by Aspergillus sp,
Bacillus sp., Penicillium sp., and Pseudomonas sp. in the soil (Tarafdar and
Chhonkar 1979).

The extraction of the soil enzyme is a tedious and sensitive process. The tradi-
tional methods utilize spectrophotometric methods for the estimation of the enzyme
activities. The enzymes are very sensitive to environmental stress and usually lose
their activity at unfavorable temperature, pH, and substrate concentration. The latest
developments in the field of genomics and proteomics have revolutionized the
biological and biochemical activities of the soil through various sequencing methods
such as metagenomics, metatranscriptomics, metaproteomics analyses. The
sequencing methods can not only identify microbial species present in the soil but
also the genes, enzymes, and metabolic compounds that are responsible for the
balancing of the soil quality. There is a need to develop rapid and sophisticated
methods to handle soil and soil enzyme activity for accurate estimation of soil
quality.

15.5 Conclusion

The soil enzymes are an important component of the soil ecosystem and play a key
role in soil health and management. They carry out all the biochemical reactions in
the soil and control the recycling of all the important nutrients in the biosphere.
These enzymes have a wide potential in the field of agriculture. They determine the
fertility of the soil and also act as a protective barrier for the plants thus promoting
faster growth with increased yield. Since these enzymes are naturally occurring
biodegradable compounds, their use in the concept of sustainable agriculture is
desirable. However, proper understandings of the different variables that have an
influence on the activity of these enzymes need to be properly analyzed to enhance
their efficiency. Since the different factors are affected by seasonal variations, a
proper in-situ study on a regional scale can give a better understanding than the
laboratory or the small field-based study. Also, the enzymes being extremely
sensitive to the changes in the soil ecosystem are being explored for their application
as indicators of soil health. Researches are still needed to be conducted for these
factors and the enzyme distribution in the different soil profile.
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Omics Technology for Plant Stress
Management 16
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Abstract

Plants are biosystems, they made-up with cells, which are responsible for all
biological actions as well as responding to their micro- and macro-environment.
Therefore, environment has direct and indirect influence on plant growth and
development. The global climatic changes have created many harmful effects on
crop production systems. However, global population will increase by nine
billions in 2050. As a result of that food production has to be increased by 70%
than today because human and animals largely depend upon the plants derived
foods. These goals can only be achieved through sustainable technological
innovations to develop higher yielding, nutritionally rich crop cultivars with
resistance to biotic and abiotic stress factors. In order to develop such resistance
crop cultivars, proper understanding of systems biological approaches to find out
genomics, transcriptomics, proteomics, and metabolomics regulators, signal
molecules, and their functional attributes within the cells is essential. Present
findings of biological researches highlighted that introduction of novel omics
technologies has contributed immensely to overcome the many bottle neck
drawbacks in the field of crop improvement. This chapter will discuss the
potential roles of genomics, transcriptomics, proteomics, metabolomics,
lipidomics, proteogenomics, ionomics, bioinformatics, prime-omics, miRNA
omics, and phenomics in plant stress management.
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16.1 Introduction

Plants are biosystems, they made-up with cells, which are responsible for all
biological actions as well as responding to their micro- and macro-environmental
conditions of their complete life cycle (Mosa et al. 2017; Parida et al. 2018; Mehta
et al. 2019). Such environmental factors have harmful effect on the growth, devel-
opment, and productivity of the crop. The imbalance created by environmental stress
at cellular, molecular, physiological, and developmental levels of plants has direct
and indirect effect on their productivity (Singh et al. 2018; Mehta et al. 2019). Based
on the environmental factor that generates stress, stress can be categorized into two
groups, such as abiotic and biotic stress. The extreme temperatures, drought, salinity,
freezing, toxic metals, high irradiance and ultraviolet (UV) light, and oxygen
deficient conditions are categorized under the abiotic stress factors (Singh et al.
2018; Mehta et al. 2019). The pests such as microbes, insects, nematodes, rodents,
etc. are termed as main biotic stress factors. At the moment, both biotic and abiotic
stresses are poised to be most detrimental as they harshly reduce crop yield and
productivity of agricultural commodities. Global warming, reduction of water
resources, deforestation, and anthropogenic activities like abiotic stress factors will
delimit the productivity of standing crops more adversely than today (Singh et al.
2018).

In recent years, the omics technologies have considerably contributed to studying
biotic and abiotic stresses responses in plants (Zhang et al. 2016; Ibraheem et al.
2018). Omics tools have played significant role in crop quality improvement and
protection which has brought about increase in agricultural food production by
enhancing the quality, taste, and nutritional composition of food crops. The consis-
tency and predictability in modern plant breeding have been improved by reducing
the time and expense of producing better quality food crops having resistant to stress
factors and showing a high nutritional value with the use of omics technologies such
as genomics, transcriptomics, proteomics, metabolomics, and bioinformatics (Van
Emon 2016; Ibraheem et al. 2018).

Several biochemical, physiological, and metabolic strategies have been devel-
oped by the plants in order to manage biotic and abiotic stresses. Through evolu-
tionary adaptation, plants possess complex signal transduction pathways for
different stress conditions but often it is difficult to predict the activation or deacti-
vation of such pathways during the stress responses (Chawla et al. 2011). The
development of system biology model is essential by attempting to integrate multi-
dimensional biological information in a network. Genomics, proteomics,
transcriptomics, and metabolomics are the four main axis of the plant system biology
approaches, which provide us with a detailed knowledge about the topology and
dynamic function of a molecular system (Yuan et al. 2008).
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Understanding of the key molecular targets, regulators, their signaling involved in
plant interactions with their environment are more important factors to be considered
in novel research strategies in order to develop stress tolerant abilities in agricultural
crops to enhance their productivity to meet the need of future generation (Mosa et al.
2017; Singh et al. 2018; Parida et al. 2018; Mehta et al. 2019). A new integrative
“omics” approach has gained momentum in the past two decades, in the plant
biology research field, fueled by advancements in nucleic-acid sequencing
platforms, peptide-sequencing platforms, mass spectrometry (MS) technology,
advanced computational capabilities, and statistical methodologies. As described
by Mehta et al. (2019), integrative “omics” method gives a snapshot of the develop-
ment, functioning, and interactions of a cell, tissue, or organism by characterizing
and quantifying all its biomolecules in a high throughput approach (Mosa et al.
2017; Parida et al. 2018; Mehta et al. 2019).

At the moment, a huge amount of genetic information to help identification of
mechanisms of biotic and abiotic stress responses in plants can be attained by the use
of genomics knowledge such as next generation sequencing (NGS), gene editing,
gene silencing, and overexpression methods (Luan et al. 2015; Ibraheem et al. 2018).
At the transcriptome level, technological innovations have made it possible to
overview the changes that occur at the transcriptomic level under different environ-
mental stress conditions (Ibraheem et al. 2018).

16.2 Insights into Omics Technologies Used in Plant Stress
Management

In the past two decades, scientists have performed numerous research to identify
molecular and genetic basis of biotic and abiotic stress tolerant in plants, it revealed
upregulation and downregulation of genes dynamically during plant stress
responses. To see the integrated view of the response of plants to various biotic
and abiotic stresses factors, scientists have used various omics approaches (Gupta
et al. 2018; Mehta et al. 2019). Development of omics technology provides scientists
to gain understanding of systems biological approach in plant rather than studding as
a single event under different environmental regulations. Through these approaches,
molecular biological systems, signal transduction, and other cellular functions
become much clearer than ever (Parida et al. 2018; Shen et al. 2018; Mehta et al.
2019).

Identification of molecular mechanisms in plants responding to their environmen-
tal regulators now can easily be found with the help of innovative novel technologies
derived from the omics technological hub (Ibraheem et al. 2018). Introduction of
computational biological approaches such as bioinformatics provides good platform
to develop systems biological process that happens inside the cell to gain under-
standing through computational modeling of biological systems (Bajwa et al. 2018).
The knowledge extracted from the different omics technologies can be integrated to
see real effect of different environmental factors on plant growth and development in
order to engineering stress resistance in crops (Mehta et al. 2019).

16 Omics Technology for Plant Stress Management 377



16.3 Genomics

Scientific study of genome of given organism is referred as genomics (Gilliham et al.
2017). In 1970s first generation sequencing was started and next generation sequenc-
ing technology was stared in 1990. In twenty-first century, third generation sequenc-
ing has evolved and drastically increased the number of genomic studies to find
structural and functional attributes of genes and genomes of many flora and fauna
(Duque et al. 2013; El-Metwally et al. 2013, 2014). With the development of
sequencing technology, genomics become most important omics technology
among the researches. Genomics has close relationship with transcriptomics and
proteomics as integrative approaches to see the functional effect of genome.

The recent advances in application of DNA marker technologies for detection of
single nucleotide polymorphism (SNP) have been used for detection of desirable
traits. The next generation sequence (NGS) technologies using Illumina/Solexa, Ion
Torrent Personal Genome Machine (PGM), and Pacific Biosciences (PacBio)
sequencing methods have also revolutionized genomic and genetic research through
application of a precise and fast phenotyping which is often more expensive and
durable than getting SNP data for thousands of markers (Heather and Chain 2016).

Application of biparental quantitative trait loci (QTL) mapping or association
mapping techniques to understand the inheritance and genetic variance of complex
quantitative traits is also currently in use (Bekele et al. 2014). Quantitative trait loci
mapping is fast and accurate and can possibly discover rare allele and give good
estimates of the allelic effects in a given genetic background.

Single nucleotides polymorphism genotyping methods are gaining wide popular-
ity due to its arrival of cost-efficient and high-throughput genotyping ability. The
genotyping by sequencing (GBS) approach of SNP-based genotyping methods is a
highly multiplexed system for constructing reduced representation libraries (RRL),
molecular marker discovery, and genotyping for crop improvement (Elbasyoni et al.
2018; Eltaher et al. 2018). The GBS has been applied to several crop species due to
its low cost and advancing technologies (Kim et al. 2010). As an example, a tomato
GBS study led to the discovery of 8784 SNPs based on an NGS approach and out of
these SNPs, 88% are frequently observed in the tomato germplasm (Sim et al. 2012;
Gupta et al. 2013).

Plant microbial interaction is one of the important relationships in the agro
ecosystem (Vorholt 2012; Bulgarelli et al. 2013). Some interactions may be benefi-
cial and some are detrimental. Some interaction can be endophytic or epiphytic
(Newton et al. 2010). Therefore, identification of gene expression and regulatory
mechanisms involves in plant microbial interactions are crucial for the development
of biotic stress tolerant crop through genetic engineering technology (Sarowar et al.
2011; Imam et al. 2016; Ibraheem et al. 2018).

Plant pathogenic microorganisms can change their genetic material time to time.
It may lead to develop adaptations in plant pathogens to host environment to
facilitate pathogenesis (Benson et al. 2012; Thynne et al. 2015). To study this
phenomenon (i.e. accelerated genome adaptation) the horizontal gene transfer
(HGT) and inter-specific hybridization can be used (Raffaele and Kamoun 2012;
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Imam et al. 2016). According to the approaches in systems biology, we have to find
the cellular level mechanism for specific situation like stress then we have to study
the genomic information through sequencing like technologies, finally, we have to
develop computational or mathematical modeling to understand the integrative
effect of such stress conditions. Mathematically modeling such as genome-scale
models (“GEMing”) is frequently used to study the phenomic or phenotypic changes
during host–pathogen interactions (Collakova et al. 2012; Imam et al. 2016).

16.4 Transcriptomics

The scientific study of express sequence tag (ETS) or RNA express under certain
condition is known as “transcriptomics” (Shen et al. 2018). Transcript abundance
basically depends upon the environmental factors, plant growth and development,
age and maturation level, and nutritional status of the plant (El-Metwally et al. 2014).
The RNA sequencing, microarray platforms, digital gene expression profiling, and
serial analysis of gene expression (SAGE) are the main technologies used in
transcriptomics analysis (Kreszies et al. 2018). Transcriptomics provide good oppor-
tunity to find putative gene or genes express under certain stress condition (Zhang
et al. 2013). These candidate genes can be incooperated in to crop improvement
program to develop stress tolerant crop cultivars for future demand (Jogaiah et al.
2013; Agarwal et al. 2014).

Gene expression studies identify functional gene products that give rise to the
phenotype, an information that can be used to create hybrid plant. The task of any
breeder is to find reliable traits that can be used to select genotypes that best fit a
target environment (Falconer 1989). Introducing a specific gene or genes to a plant
or a gene knocking down with RNAi, the desirable phenotype can be produced more
quickly than through traditional plant breeding (Dhondt et al. 2013). These
techniques are also applied in biotechnology sector for biopharmaceuticals and
industrial compounds.

Elucidation of sequence information of expressed sequence tags (EST) of plants
under biotic stress condition is important to understand reasons for resistance or
tolerant and susceptibility to plant pathogenic microorganisms (Kumara and De
Costa 2015). The comparative analysis of differentially expressed gene profiles of
plant species or their genotypes is useful to identify upregulated and downregulated
genes under biotic or abiotic stress conditions (Freitas-Astúa et al. 2007). Such
analyses of differential gene expression have been reported for tomato-Alternaria
solani (Upadhyay et al. 2014), citrus leprosis virus (Freitas-Astúa et al. 2007), rice-
Magnaporthe grisea (Xiong et al. 2001), and strawberry-Colletotrichum spp.
(Casado-Díaz et al. 2006) pathosystems.

The transcriptomic analysis provides useful information about biochemical
pathways of plant under biotic and abiotic stress conditions. These information
can be manipulated to develop molecular markers in order to use for marker assisted
selection in molecular plant breeding and screening and identification of potential
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genes through transcriptomics (Passos et al. 2012). Furthermore, Passos et al. (2012)
have studied the candidate genes expressed under infection with Mycosphaerella
musicola, the causal organism of Sigatoka leaf spot disease among banana genotypes
of M. acuminata ssp. burmannicoides “Calcutta 4” and M. acuminata subgroup
Cavendish cv. Grande Naine. The results revealed contrasting nature in resistance
among banana genotypes.

The scientific investigation carried out by Kumara and De Costa (2015) was able
to identify differentially express putative genes and proteins under the infection of
C. musae in relatively anthracnose resistance banana cultivar Seenikesel (Musa spp.
ABB). Differential hybridization of cDNA library derived under infected condition
with C. musae was able to identify 88% upregulated and 11% downregulated gene
transcripts after hybridization with treatment and control probes derived from
inoculated and non-inoculated conditions, respectively. In addition to that, large
majority of upregulated gene transcripts belongs to plant defense responsive genes
such germin-like proteins (GLPs), beta-glucanase, chitinase, etc. (Kumara and De
Costa 2015). Germin-like proteins are known to express differentially in plant tissues
due to infections of biotic factors (e.g. viruses, bacteria, mycorrhizae, fungi, insects,
nematodes, and parasitic plants) and abiotic factors such as salt, heat/cold, drought,
nutrient, and metal stress (Lane 2002; Dunwell et al. 2008). Hence, H2O2, which
produced by the enzymatic activity of GLPs, is a known signaling molecule that is
involved in multiple pathways of plant innate immunity (Davidson et al. 2009).

Plants are exposed to various environmental and biological factors during their
life time. These biotic and abiotic factors have detrimental effect on plant growth,
development, and reproduction. Therefore, screening and identification of potential
gene transcript expressed under stress conditions are essential for crop improvement
through molecular plant breeding. In contrast, necessary transcriptomics data
required for molecular breeding of Musa spp. are limited (Passos et al. 2013).
Therefore, novel transcriptomics approach will provide the necessary technology
to fill this gap in order to engineer plants against biotic and abiotic stress tolerant.

Some of transcriptomes identified from relatively resistant banana cultivar
Seenikesel (Musa spp. ABB) in response to C. musae infection through research
conducted by Kumara and De Costa (2015) is tabulated below in Table 16.1
(i.e. analysis of differentially expressed gene profiles in a resistant banana cultivar
after infection by C. musae).

16.5 Proteomics

During the translational process, nucleotide sequence is converted into an amino
acid sequence. Further dimerization and polymerization process through posttrans-
lational modification gives birth to protein. The quantitative and qualitative scientific
study of protein is referred as “proteomics” (Tyers and Mann 2003; Luan et al.
2018). Some of technologies can be used to analysis of proteomics with the help of
bioinformatics tool to recognize the protein profiles under different biotic and abiotic
stress conditions. Such technologies can be named as two-dimensional gel
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electrophoresis (2D), mass spectrometry (MS), western blot, matrix assisted laser
desorption ionization time of flight (MALDITOF), and enzyme-linked immunosor-
bent assay (ELISA). Proteomics analysis of fruit and root tissues has limitations due
to effectiveness and efficiency of the available technologies. Mass spectrometry
technologies have wider adaptability in protein and peptide analysis with computa-
tional aids under label free quantification procedures (Shao et al. 2014; Luan et al.
2018). These methods are usually implemented in protein expression profiling of
tomato cultivars under different environmental conditions such as heat, drought,
salinity, and chilling effect (Neilson et al. 2011; Mora et al. 2013).

The proteome profile basically depends upon the environmental factors, plant
growth and development, age and maturation level, and nutritional status of the
plant. Proteins are biomolecules, they act as an activator, receptor, elicitor, signaling
molecules, enzymes, and hormones to facilitate biological reactions in the
biosystems of micro- and macro-organisms. Therefore, elucidation of expressed
protein molecules and their functional attributes under stress responses through
high throughput technologies are important event in proteomics analysis (Liu et al.
2015; Kosová et al. 2018). Crop improvement based on the nutritional profiling
through proteomics analysis is now been popular among the plant breeders due to its
importance as a food safety measure rather than the increase in total biomass
production to overcome nutritional deficiencies in the developing countries (Cilindre
et al. 2008; Agrawal et al. 2012). Therefore, comparative analysis of proteome
profiles in resistance and susceptible crop cultivar has gained attention among
molecular plant breeders to develop high yielding, nutritionally rich crop cultivars
with biotic and abiotic stress tolerant abilities (Agrawal et al. 2012). All plant cellular
mechanisms are interconnected as a system, that is simply say systems biology of
plant. It means, there is an interaction among several metabolic activities to perform
single function such as photosynthesis. Therefore, external or internal signaling
molecules such as jasmonate and cyclopentanone have tremendous influence on
plant responses to its environment such as biotic and abiotic factors. The proteome
profiles revealed expression of different types of proteins responsible for plant
physiological functions under artificial treatment with methyl jasmonate (Chen
et al. 2011; Evers et al. 2012). Luan et al. (2018) explain his experimentation on
proteome profiling, he provided waterlogging conditions to different barley cultivars
and analyzed the expressed protein profile of different plant parts with the help of
two-dimensional gel electrophoresis and mass spectroscopy. The results revealed a
reduction of total biomass, photosynthetic performance in the susceptible genotype.
Their results highlighted our knowledge about the major regulatory genes involving
in waterlogging tolerance in barley. These results can be used to develop new crop
varieties with tolerant to waterlogging conditions (Luan et al. 2018).

Several research studies have been conducted by different scientific communities
to elucidate the proteomics profile of tomato under different biotic and abiotic stress
conditions but still there is a problem in data analysis and data interpretation due to
technological gap in the field of proteomics. The development of public databases
with high throughput protein annotations will help to fill this technological gap in the
field of proteomics. Recent advancement in proteomics profiling will help to develop
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sustainable crop cultivars with resistance to microbial pathogens, tolerant to envi-
ronmental stresses, and elevated properties of nutritional values (Chaudhary et al.
2019a, b).

Induction of plant immune responses under external elicitation by different key
regulatory factors and understanding internal signal transduction mechanism to
mitigate the external environmental factors such as biotic and abiotic stress is a
current challenge faced by the proteomics research to understand proper cellular
functions. To overcome these challenges mass spectrometry based proteomics tool
has given tremendous support over the available technologies. Recent findings of
proteomics researches have identified the importance of posttranslational
modifications (PTMs) and spatial proteome in plant immune response under micro-
bial pathogenic invention and global climatic changes. Hence development of
systems biology approaches to study the plant responses towards biotic and abiotic
stress factors mainly depends upon the understanding of posttranslational modifica-
tion and subcellular localization of the proteins (Liu et al. 2019). Different proteo-
mics technologies such as activity based protein profiling, engineered ascorbate
peroxidase, organelle locatable reactive molecules, and proximity dependent biotin
identification have been developed by the various research groups to elucidate the
information about subcellular location and specialized proteomic behavior of the
plant organs (Wiedner et al. 2014; Rhee et al. 2013; Yasueda et al. 2016; Le Sage
et al. 2016).

Microbes are tiny creatures and composed with fundamentally less complexity
with relatively small genome. Therefore, studying and understanding of their gene
regulation mechanisms such as transcription, translation, and posttranslational
modifications are much more methodical to gain understanding of these processes
in multicellular organisms such as animal and plants. At present proteomics tool is
employed to unveil the protein expression pattern of microorganisms under different
conditions such as stress responses, microbial pathogenicity, extreme environmental
adaptation, and metabolic engineering (He et al. 2016).

Almost all of the biological reactions are intermediate by proteins as enzymes or
hormones in the biological systems. Therefore, microbial specificity as a mesophilic
(+11� to +45 °C), thermophilic (+46 ° to +75 �C), hyperthermophilic (+76 �C) or
psychrotrophs, also known as psychrotolerant organisms mainly depend upon the
proteins profile of these creatures. Elucidation of these specialty proteins would be a
great importance in metabolic engineering to develop sustainable methods for
industrial uses such as enzymes with higher temperature tolerant abilities. Uses of
fossil fuels in many industries lead to an environmental degradation and creat-
ing unfavorable condition for human civilization. Therefore, introduction of micro-
bial proteins as an alternative energy source for fossil fuel in industrial establishment
will lead to a biological economy in the world while creating earth as a fashionable
place for its inhabitants. In addtion to that, invention of PCR technology was not
realized until discover the Taq-Polymerase enzyme from Thermos aquaticus bacte-
rium live in hot springs (Wilkins et al. 1996; Han et al. 2011; He et al. 2016).
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16.6 Metabolomics

Metabolites are the intermediate molecules which facilitate the cellular functions to
attain overall functions of living organisms. Metabolomics is the scientific investi-
gation about screening and identification, quantification, and characterization of
metabolites derived in different plant tissues under specific environmental condition
(Freund and Hegeman 2017; Parida et al. 2018). Metabolomics can generate more
information than transcriptomics and proteomics (Dos Santos et al. 2017). There-
fore, metabolomics try to understand interconnection between genotypes and
phenotypes. Genotypes or genes contain chemical information necessary for pheno-
typic expression under different environmental conditions in an organism; mean-
while, metabolomics studies try to identify biochemical processes of metabolites
involved in these reactions in the cytoplasmic level (Aliferis and Chrysayi-
Tokousbalides 2011; Dixon et al. 2006).

Plants generate different types of chemically active compound such as reactive
oxygen species (ROS), suberins, beta-glucanases, and chitinases that help plants to
mitigate the stress generated by microbial plant pathogens such as bacteria, fungi,
viruses, and environmental factors including drought, chilling, and salinity, (Gupta
et al. 2013). These chemically active metabolites can be identified by various
technologies such as mass spectrometry, chromatography (i.e. HPLC, GC), direct
injection mass spectrometry (DIMS), and nuclear magnetic resonance spectroscopy
(NMR) (Wolfender et al. 2013; Parida et al. 2018).

Various scientific community in the world investigated the changes of
metabolomics profile of newly developed varieties using cultivated types and their
wild relatives under different biotic and abiotic stress conditions. Such as, water
stress in cherry tomato had decrease the shikimate and phenolic compound, and low
oxygen level was induced the accumulation of glycolysis intermediates and increased
the level of lactate and sugar alcohol. (SánchezRodríguez et al. 2011; Ampofo
Asiama et al. 2014).

To analyze the difference in metabolomics profile of maize, plants were exposed
to different environmental stress factors such as heat stress, salinity, and drought,
results revealed that individual stress is different from the combination of stress
based on the metabolomics profile (Sun et al. 2016a, b). As same as the above
experimentation, Khan et al. (2019) employed a research to apply untargeted
metabolic profiling technology to reveal the effect of drought on metabolomics
profile of chickpea varieties and results indicated significant reduction in growth,
dry matter, relative water, and chlorophyll content of the all chickpea varieties
(Mehta et al. 2019).

Knowledge of both extracellular and intracellular metabolites is required for
quantitative understanding of microbial metabolism and its in vivo regulation.
Conventionally, fast sampling, instant arrest of metabolic activity and deactivation
of endogenous enzymatic activity, metabolite extraction, and subsequent quantifica-
tion of intracellular reactants were performed to gain understanding of microbial
metabolism and its in vivo regulation. Filtration or centrifugation at low
temperatures can be used to quantify the extracellular metabolites in cell free
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supernatant. Quantification of the total complement of endometabolome and
exometabolome in a given cell under different growth conditions is the future
challenge in recent rapid development in the metabolomics studies. It will further
clear the understanding of in vivo regulation of microbial networks (Mashego et al.
2007).

16.7 Lipidomics

The scientific study about the global characterization and quantification of lipids in
biological matrices such as biofluid, cells, whole organs, and tissues is referred as
lipidomics. During the stress responses, plants produce lipid molecular species that
are showing changes from normal condition, it indicated effect of genes in lipid
metabolism and lipid signaling in plant under constitutively express and stress
induced conditions (Yu et al. 2020). The comparative analysis of lipid profiles and
remodeling of lipids under various biotic and abiotic stress conditions are needed to
study extensively to improve the area of plant lipidomics (Moradi et al. 2017; Zhang
et al. 2018). Burgos et al. (2011) reported the glycerolipid remodeling and saturation
profile of fatty acid. In his study Arabidopsis plants were exposed to eight different
stress factors (Burgos et al. 2011). Tarazona et al. (2015) has developed a
multiplexed LC-MS lipidomics platform for the better coverage of plant lipidomes.
During their study, plant was exposed to cold and drought conditions to study the
leaf lipidome by using their own platform, results revealed 23 different classes of
lipids (Tarazona et al. 2015).

The plant molecular biologists have put their attention to plant lipidomics study to
understand the metabolic changes in cytoplasmic lipids even including plasma
membrane during different stress factors. In addition to that, they have continued
their study on genetically modified organisms and changes of lipid profiles due to
introduction of new genes into the plant genome.

Scientists have observed the increase level of unsaturated phospholipid when
plants undergo low non-freezing temperature leading to changes in the membrane
integrity (Welti et al. 2007; Thomashow 1999). Plant has ability to regulate the
stability of plasma membrane with the help of membrane lipids during stress
condition to maintain the cellular integrity (Barkan et al. 2006). Forward genetic
approaches were used to understand the diverse mechanisms available in plant to
regulate temperature fluctuations during their lifespan. Arabidopsis thaliana
thermosensitive mutant (atts) was used by the researchers to investigate
thermotolerant ability under different temperature levels (Burke et al. 2000).
Oxylipins are chemical agents of plastid localized polar complex lipids in
A. thaliana with special thermotolerant ability. T-DNA tagged knock out mutant
and genetic alteration of lipid involve in biochemical processes are the novel
approaches to identify the gene involved in lipid metabolism under in vivo condition
(Hisamatsu et al. 2005; Welti et al. 2007).
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Salinity condition develops in the soil due to low water availability or drought
condition. Plants have developed many mechanisms to resist for salinity condition
by accumulation of biomolecules in cytoplasm to decrease the water potential
leading to stabilize the membrane fluidity and integrity by lipid rearrangement
(Sarabia et al. 2018). Regulation of influx of sodium ions and osmolytes by protein
molecule in plasma membranes is facilitated by its semipermeable nature and
gatekeeping ability (Upchurch 2008). Alterations of the unsaturation degree of
polar glycerol-based membrane lipids have the ability to regulate membrane fluidity
(Sui and Han 2014). Salinity or salt stress can induce oxidation of vital molecules
including glycerol-based membrane lipids through the enhanced production of
reactive oxygen species (Mosblech et al. 2009). Oxylipins, which are considered
as biochemical marker of oxidative stress in plant are generated by lipid peroxidation
process during the reaction in between excessive ROS molecules with cellular lipids
(Yu et al. 2020).

It is identified that, accumulation of cardiolipin (CL) in the mitochondrial mem-
brane, when the plants are exposed to osmotic stress (Pan et al. 2014). Cardiolipin is
a class of dimeric glycerophospholipids (GPs) and primarily localized in the inner
membrane of mitochondria where they account for around 10% of the total lipid
content (Schwarzländer and Fuchs 2017). Cardiolipin has ability to produce soluble
proteins need to stabilize the respiratory chain super complexes in the mitochondrial
membrane other than its support to improve permeability of the mitochondrial
membrane (Mårtensson et al. 2017).

Comprehensive characterization of membrane lipids under different stress
responses can be archived by high throughput and high sensitivity mass spectrome-
try based lipidomics platforms. Oxidized lipids in wheat seeds have been studied
under different environmental parameters by using MS/MS spectra. It is necessary to
have extensive computation to process the data (Riewe et al. 2017). Scheduled
multiple reaction monitoring (sMRM) system combined with accurate mass of the
precursor allows to identify the structural identification of the lipid. Yu et al. (2020)
explained the use of sMRM system to profile oxidized lipids in roots of Australian
barley cultivars in response to salt stress. Main lipid storage of bacteria is the plasma
membrane. The accurate lipid composition in the plasma membrane has given ability
to bacterial cell to bear or regulate external stress factors like temperature and pH
while regulating the membrane permeability for material transport with the help of
properly distributed membrane bound proteins (Zhang and Rock 2008; Chang and
Cronan 1999). Fatty acyl composition has direct effect of the membrane transport
than head group of the lipids. Branching, double bonds, and cyclopropyl
modifications can stimulate membrane fluidity by increasing the space in lipid copies
and fully saturated straight chain fatty acids can give the tightly packed rigid nature
to bacterial cell membrane (Legendre et al. 1980; Poger and Mark 2015). Lipid II
and lipoteichoic acid in Gram positive bacteria contain a lipid moiety that is attached
to plasma membrane and other portion is connected to the cell wall for structural
integrity (Percy and Grundling 2014; De Kruijff et al. 2008). Gram negative bacteria
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utilize lipopolysaccharides for structural integrity of their cell membrane and have a
large antigenic glycan that extends beyond the cell surface (Erridge et al. 2002).

16.8 Proteogenomics

Information gather from the proteomics and genomic study will facilitate the unidi-
rectional view about plant response to their external environmental factors. How-
ever, integration of genomics and transcriptomics data to elucidate novel peptides
involved in plant response to biotic and abiotic stress will generate much clear
picture about proteome profiling of plants. This integrative technology is referred
as proteogenomics (Nesvizhskii 2014; Helmy et al. 2012; Mosa et al. 2017). In
proteogenomic studies, high throughput technologies used to identify the structural
and functional properties of protein and reverse process is used to map the
transcriptomic and genomic information. Arabidopsis thaliana is used as an ideal
model for flowering plant to investigate proteogenomics properties. Present findings
identified 57 new genes and annotated hundreds of genes through intensive sampling
from Arabidopsis (Baerenfaller et al. 2008).

The alternative splicing pattern of gene under the different concentrations of
abscisic acid was studied by Zhu et al. (2017) to identify the different isoform of
proteins. Results revealed that 83.4% of total intron containing genes undergo
alternatively splicing. Proper understanding of proteogenomic profile expressed
under different stress conditions will provide sufficient information to plant breeders
for development of crop cultivars with improved qualities of nutrient values in edible
portion to eradicate malnutrition and mineral deficiencies in developing nations.

Next generation sequencing technology (NGS) and transcriptome sequencing
(RNA-Seq) have generated large number of data and those data are deposited in
public domains in order to enhance the accessibility of researchers those who work
on proteogenomics studies (Wang et al. 2009). RNA-Seq technology has now been
popular among the researchers working on translational products such as ribosome
profiling (Ingolia 2014). RefSeq or GENCODE like genome annotation methods
provide platform to identify proteome data with the help of thousands of reference
transcripts (Desiere et al. 2005). Transcriptomics and proteomic data are popular
among the molecular biologists due to its applicability in identification of peptides
and proteins with the help of sample specific protein sequence databases
(Nesvizhskii 2014).

Multi-stage data analysis strategy provides high throughput sensitivity in peptide
identification in proteogenomics studies. By using this strategy, mass spectrometric
spectra can be compared with reference protein sequence databases and then uniden-
tified mass spectrometric spectra will be identified from the large proteome databases
(Helmy et al. 2012). At the initial stage majority of generally regulated peptide can
be identified. Furthermore alternative splice junction can be considered only if both
corresponding exons are supported by high scoring exon mapping peptides
(Blakeley et al. 2012).
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Accuracy of available proteogenomics tools has been studied by using many
model organisms including A. thaliana, Drosophila melanogaster,
Caenorhabditis elegans, etc. by various proteogenomics research teams under the
well-established laboratory conditions (Nesvizhskii 2014). Before introduction of
these novel proteogenomic tool to analyze the genotypic and phenotypic relationship
at once, it was difficult to achieve the expected result in proteogenomic studies due to
lack of sufficient proteomic data leading to poor understanding about proteomic data
by molecular biologist or genomic community. These novel proteogenomics tools
provide good background to identify protein level expression of putative genes
derived from transcriptomics analysis under different biotic and abiotic stress condi-
tion even including microbial pathosystems in economically important agricultural
crops, namely rice, maize, wheat, barley, and oats (Wilhelm et al. 2014). Rice is a
staple food of many Asian countries but production is not at the expected levels due
to many pest and diseases and effects of unexpected weather conditions. Therefore,
development of high yielding, disease resistance cultivars with ability to stand upon
under erratic weather pattern such as submergence tolerance is the challenge faced
by Asian plant breeders. As a result of that, molecular breeding of rice gained
popularity among the rice breeders but their effort was not succeeded due to
inaccurate genomic annotations in rice. Single molecule long read RNA sequencing
(lrRNA seq) technology was recently introduced to analyze the transcriptomics
complexity in rice. According to the result obtained by Chen et al. (2020), lrRNA
seq was able to identify 60% of loci associated with natural antisense transcripts
(NATs) with multifunctional ability in gene regulation under different environmen-
tal factors. This technology was able to support progressive development in the field
of proteogenomics with special attention to rice.

Comparative to other developed organisms, genome of bacteria is small and easy
to sequence to obtain genomic data. With the help of genomic data of bacterium,
construction of protein databases can be done. Proteins derived from direct transla-
tion is referred as pseudo proteins and annotated proteins are referred as known
proteins. This pseudo and known proteins can be used to annotate the spectra derived
from mass spectrometry of bacterial protein profiles (Renuse et al. 2011; Küster et al.
2001). This methodology will help to improve the available proteome databases
(Uszkoreit et al. 2014).

16.9 miRNA Omics

Referencing to the relative cellular RNA abundance, 3% of RNA belongs to signal
recognition particle (SRP) RNA, small nuclear RNAs (snRNAs), small nucleolar
RNAs (snoRNAs), and micro-RNAs (miRNAs). Micro-RNAs involves in the struc-
tural modification of pre-mRNA after the transcriptional process (Sharma et al.
2017; Hernandez and Sanan-Mishra 2017). Differentially expressed genes of
A. thaliana were identified during cold stress through scientific investigation.
Results revealed that some of promoter sequences in upregulated genes show
similarity with cis-element of stress regulators (Zhou et al. 2008). Based on the
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scientific investigation, scientists have identified the involvement of the cold respon-
sive micro-RNA genes in signal transduction pathways during response to abiotic
and biotic stress. As an example, when A. thaliana was exposed to stress condition
sharp decreased rate of photosynthesis was observed due to activation of other
energy promoting networks via reprograming of the energy associated transcriptome
(Avin-Wittenberg et al. 2012). Up to date more than 400 micro-RNAmolecules have
been identified by different scientific investigations against stresses in plants species
from different families, namely Euphorbiaceae, Apocynaceae, Brassicaceae,
Amaranthaceae, Papaveraceae, Solanaceae, Poaceae, and Rosaceae (Zhang and
Wang 2015).

Recent scientific research revealed that plant derived miRNA has critical role in
structural modification of pre-mRNA after the transcriptional process in order to
reduce plant growth and development under biotic and abiotic stress conditions. But
molecular mechanism of these functions has not been discovered yet. The miRNA is
composed of different types of small endogenous RNA molecules in cytoplasm,
which controls the different activities carried out during posttranslational
modifications such as pre-mRNA cleavage, transcriptional repression, DNA meth-
ylation, and chromatin remodeling (Zhang and Wang 2015). Plants accelerate to
produce large copy numbers of miRNAs belongs to different families in plants when
they are exposed to extreme environmental conditions such as drought, salinity and
chilling. Information derived from these research findings will be an added advan-
tage for molecular plant breeder to engineering of stress tolerant ability in agricul-
turally importance crops such as field crops and horticultural crops (Shriram et al.
2016).

Several miRNAs have been identified as abiotic stress regulators in important
crops and model plants under different abiotic stress factors such as salinity, nutrient
deficiency, UV-B radiation, heat, and metal stress by several research studies,
respectively (Gao et al. 2011; Liang et al. 2015; Casadevall et al. 2013; Goswami
et al. 2014; Gupta et al. 2014). Zhang et al. (2013) observed deferential expression of
1062 miRNA in 41 plant species under 35 different types of abiotic stress factors.
Recent study on sugarcane abiotic stress responses revealed that miRNA expression
pattern depends on the plant species, type of stress, plant parts such as seedlings,
leaves, spikelets and roots, growth conditions such as field, greenhouse, hydroponic
culture system, etc. In addition to that, they have recognized that miR396 and
miR171 were differentially expressed in the most of the cases (Gentile et al.
2015). Differentially expressed gene profiles of radish under salt stress condition
were able to identify new miRNA molecules showing putative functions as regu-
latory factors of iron homeostasis and signal transduction mechanisms in salt stress
condition (Gao et al. 2011; Sun et al. 2015).

Transgenic strategies are used by researchers to improve the yield and quality
attribute of agricultural crops through integration of resistance genes. Scientific
investigations identified that micro-RNA has major regulatory role in transcriptional
modifications and posttranslational modifications. Therefore, utilization of miRNA
based technologies for genetic engineering of crops has greater success than other
technological applications in crop improvements (Privalle et al. 2012; Buiatti et al.

390 U. M. Aruna Kumara and N. Thiruchchelvan



2013). Involvement of miRNAs in growth and development and signal transduction
pathways of plants have been identified by various scientific investigations (Zhang
and Wang 2015). The miRNA156 is the first documented micro-RNA in plants, it
has specific importance in plant development and signaling for floral primordial
initiation. In addition to that overexpression of miRNA156 in plant showed less
tolerant to low temperatures (Cui et al. 2015; Zhao et al. 2013). The miRNA319 was
upregulated during many abiotic stress conditions applied through various scientific
investigations showing its association with multiple stress responses (Zhou et al.
2010; Li et al. 2016). Transgenic plants of creeping bentgrass (Agrostis stolonifera)
with osa-miRNA319a overexpression ability showed significant improvement in
tolerant to salinity and drought (Zhou et al. 2013).

Developed novel high throughput genomics technology such as sequencing has
given opportunities to scientists to study micro-RNA expression patterns across
large number of organisms under valuable biotic and abiotic stress conditions
(Shriram et al. 2016). Bioinformatics tools have been developed through various
scientific study to support molecular biological analysis of micro-RNA expressed
under different stress factors. Degradome sequencing like novel technological
innovation has support to improve the time use efficiency in elucidation of different
micro-RNA molecules. In addition to that, there are some limitations in identifica-
tion of target miRNAs, particularly those target gene expression through transla-
tional repression. The miRNAs can act as a single or multiple stress regulators when
plants are exposed to different environmental conditions including biotic and abiotic
stress (Zhang and Wang 2015).

Virological investigation revealed accumulation of large copy number of virally
encoded micro-RNAs in virus infected cells that undergo replication of viral genome
(Cullen 2013; Grundhoff and Sullivan 2011). Recent findings highlighted that plant
pathogenic fungus has ability to utilized plant cell owned RNAi to regulate cellular
gene expression to facilitate pathogenicity in plant tissues (Weiberg et al. 2013).
Usually prokaryotes do not produce miRNA but instead of that they can produce
different types of small, non-coding RNAs (sRNAs) to regulate biochemical process
in bacterial cell (Hoe et al. 2013; Lalaouna et al. 2013). As an example for above
situation, recognition of foreign nucleic acid as a defense mechanism and secretion
of protein within the bacterial cell can be done by the ribonucleoproteins derived
from the bacterial sRNAs (Driessen and Nouwen 2008; Marraffini and Sontheimer
2010). In addition to that, sRNAs has ability to form sRNA/mRNA duplexes. These
duplexes can alter or change the mRNA stability and translational efficiency of
particular gene in their genome and utilize that situation to express other useful genes
more rapidly under the environmental stress factors, namely extreme temperature,
extreme pH, and lack of nutrients. This special ability develops antibiotic resistivity
and fighting against plant defense mechanism to continue their pathogenicity in
plants and animals as a virulence pathogens (Lalaouna et al. 2013; Gripenland et al.
2010; Sampson et al. 2013). There is a necessity to explore the ability of intracellular
bacteria to secrete miRNAs or miRNA precursor molecule to host cytoplasm to
inactivate the activity of RNAi mechanism and accelerate the pathogenicity through
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development of favorable conditions for bacterial replication in host cell (Furuse
et al. 2014).

16.10 Prime-Omics

As described by Walters et al. (2005) priming agents or plant activators are class of
agrochemicals that act as a resistance elicitors to enhance plant defense against
different biotic and abiotic factors. This technology was originated like a novel
technology during last 10 years. With the application of these external elicitors, plant
reacts more powerfully to the stress generated by its environmental and other factors
which affect plant growth (Balmer et al. 2015; Hussain et al. 2016; Lal et al. 2018).
Priming or induction of plant defense against different types of stress agents would
be able to do with the help of natural or synthetic compounds such as jasmonic acid,
salicylic acid, 2-6-dichloroisonicotinic acid, benzothiadiazole, and beta-
aminobutyric acid (Conrath 2009; Kauss et al. 1992; Katz et al. 1998; Oostendorp
et al. 2001). Conrath (2011) has performed a scientific investigation to see the effect
of same plant population under primed and unprimed conditions, results revealed
higher induced level of plant defense responses to the given stress factors in primed
plants when compared with the unprimed control.

The molecular basis of priming was investigated through various advance molec-
ular biological technologies such as transcriptomics and genomics to elucidate the
novel candidate genes or gene regulators under different stress conditions. Beckers
et al. (2009) described the accumulation of inactive mitogen-activated protein
kinases in Arabidopsis under chemically induced priming. In addition to that,
priming has also been linked to di- or tri-methylation at lysine 4 of histone H3 and
lysine acetylation of histone H3 at lysine 9, 5, 8, or 12 of the histone H4 in the
promoter regions of defense related genes (Jaskiewicz et al. 2011).

Plants need to make changes in their genome with more resistance and potential
genes to mitigate environmental stress generated by global climatic changes for their
well been through evolutionary adaptation. As a result of that, genome complexity
will be generated in plants to develop resistance (R) genes. Introduction of these
resistance R genes to commercial crop cultivars with higher yield is the way to
improve disease resistance ability in commercial cultivars usually having poor
disease resistance ability (Rhee et al. 2016). Scientists, still they are unable to find
out a gene or gene cascade which directly regulates crop yield component. This is a
big limitation in crop improvement through molecular breeding. In contrast,
selecting inducible epialleles that contribute to desired traits is highly desirable for
crop production and can be effective against pathogenic attack through activation of
plant defense mechanism. Therefore, screening and identification of compatible
priming activators has ability to induce such epialleles in plant genome through
natural or artificial substances. The integrated disease management approach is one
of the great challenge faced by prime-omics technology with recent advancement in
omics technology (Bruce 2010).

392 U. M. Aruna Kumara and N. Thiruchchelvan



Through evolution, plant has developed various mechanisms of resistance that
prime their innate immunity for more robust and active induction of defense
responses against different kinds of stress. This priming ability can be transferred
from one generation to another through sexual reproduction of plants. This phenom-
enon is called as transgenerational priming. There is an importance in selecting
plants containing “marker” genes such as beta-glucanase, chitinase, PR-1, etc.
(Martínez-Aguilar et al. 2016).

Plant scientists have done many scientific investigations to evidence
transgenerational priming, in general they have subjected mother plant with priming
agent and challenged with the particular pathogen. The seeds and seedlings resulted
from that experimentation were challenged with same pathogen without priming and
observed the transcript accumulation pattern through transcriptomics analysis. Rapid
and more efficient level of plant defense related transcript accumulation was resulted
in unprimed F1 generation (Ramírez-Carrasco et al. 2017; Fang et al. 2018).

16.11 Bioinformatics

Bioinformatics is a computer based technology that support the scientists to manip-
ulate big data derived from various omics approaches such as genomics,
transcriptomics and proteomics etc. Bioinformatics enables to study and identify
the genetic elements behind the system complexity (Pérez-Clemente et al. 2013;
Singh et al. 2015). It is highlighted that, global population will increase by nine
billion in the year 2050 resulting production of 70% more than today (Joshi et al.
2016). There is a necessity to develop sophisticated bioinformatics platform for
analysis of big data to improve the time used efficiency in biological researches
(Ambrosino et al. 2020).

Computational modeling or computational application in biological research
facilitates to study biological activities as a system to get holistic view. These holistic
views can be incooperated with different crop improvement programs (Esposito
et al. 2016). Bioinformatics is a blended system of computer science, statistics, and
engineering, which can manipulate huge amount of biological information to prog-
nosticate the future of some biological phenomenon (Upadhyay et al. 2017). Devel-
opment of in silico-omics tools in recent years may lead to understand useful stress
related genes and related molecules under global climatic changes. This novel omics
technology can support plant breeders to produce improved crop varieties having
high quality and productivity showing elevated resistance to microbial plant
pathogens, insect pests, extreme heat, drought, salinity, and chilling effects (Singh
et al. 2011). Bioinformatics deals with exchange, comparison, confirmation, storage,
and analysis of biological large data globally but this technology is young enough to
grow further in the field of information technology (Gibson and Muse 2002).

Bioinformatics serves as an essential tool in many of omics technology such as
genomics, proteomics, and transcriptomics. If once genome or cDNA library is
sequenced we need the help of bioinformatics tools to annotate the putative genes
and putative function of the sequence data (Eyras et al. 2005). The above mentioned
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requirements can be achieved by bioinformatics tool such as Basic Local Alignment
Searching Tools (BLAST). Construction of dendrogrames or phylogenetic trees to
study the evolutionary relationship of organisms can be performed by Molecular
Evolutionary Genetics Analysis (MEGA) software (Dubey et al. 2010; Tamura et al.
2007). Development of new bioinformatics software tools such as PDQuest and
PEDRo for two-dimensional (2D) electrophoresis analysis helps to cut down the
limitation in qualitative and quantitative analysis of protein profile under different
environmental conditions (Rhee et al. 2006; Pomastowski and Buszewski 2014).
Differential proteome profiles of plasma membranes of Arabidopsis, rice, and algae
were analyzed under different stress responses like low temperature, salinity,
elicitors of plant pathogens such as bacteria (Cheng et al. 2009; Minami et al.
2009). There are no special databases dealing with plant pathways with special
reference to data collected under different stress conditions in order to identify
tolerant or resistant genes from broad germplasm set including landraces and crop
wild relatives (Jaiswal and Usadel 2016). The tremendous development in molecular
microbiology provides useful venue to generate new research approaches leading to
screening and identification of potential microorganism through metagenomics.
Those sequence data provide excellent development in the field of microbial bioin-
formatics in twenty-first century (Pallen 2020).

16.12 Ionomics

Consequences of nutritionally poor staple food crops like wheat, rice, and maize
have created a massive impact on human health. Nearly two billion people in the
developing and developed nations suffer from malnutrition and micronutrient
deficiencies (Tulchinsky 2010). Development of nutritionally enrich agricultural
crop cultivars through novel agricultural technologies such as genetic enhancement
or biofortification is a present challenge faced by the plant breeders in developing
and developed countries. Elucidation of the genetic mechanisms involve in accumu-
lation of mineral compound to the edible part of the plant such as grain or seed and
fruit is the requirement in the process of production of biofortified agriculturally
important crops (Singh et al. 2013).

Ionomic is the scientific study of all the mineral nutrients and trace elements
found in the biological organisms including prokaryotes and eukaryotes (Salt et al.
2008). Ionome is the dynamic network in cell which facilitates the physiological and
biochemical functions in cytoplasm with the instructions received through genetic
and environmental regulators (Baxter 2010). Ionomics has interconnection between
transcriptome, proteome, and metabolome (Salt 2004). Plant metabolomics provided
the precursor to originate novel ionomics technology in the late 1960s and early
1970s as a result of scientific investigations carried out by Robinson and
Pauling (1974). By the time of nineteenth century it is became a popular omics
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technology among the scientific community those who work on nutritional aspect of
crops (Marschner 2011).

High throughput element analysis technology coupled with bioinformatics plat-
form and genomics tool provides necessary information to discover the transporter
genes involved in mineral transport mechanism of plant cell (Baxter 2009). External
and internal factors such as environmental, biochemical, physiological, and genetics
can alter the ionomic profile of any organism (White et al. 2012a, b). Understanding
the gene regulation under these environmental factors can be done through the
modern high throughput ionome analysis tool with the intension of identifying the
interaction among ionome and genome (Singh et al. 2013).

Genes involved in ionomic activities can be elucidated by the help of forward
genetics. In addition to that screening for mutant with altered ionomic functions can
be utilized to identify candidate gene involved in ionomics (Chen et al. 2009). The
enhanced suberin 1-1(esb 1-1) mutant is the first ionomic mutant developed through
the forward genetic approach (Lahner et al. 2003; Baxter 2009; Hosmani et al. 2013).
Transcriptional factor MYB36 regulates the gene involved in Casparian strip bio-
synthesis pathway. Mutation in MYB36 creates absence of Casparian strip formation
and these changes will be leading to increased level of Na, Mg, and Zn and reduce
the abundance of Ca, Mn, and Fe in plant tissues (Kamiya et al. 2015; Huang and
Salt 2016). In addition to that, soluble metal binding protein encoded by NaKR1 has
regular function to upload Na and K ions into phloem of plants to facilitate
movement of material generated through many biochemical reactions such as
photosynthesis but mutant NaKR1-1 accelerates the uploading of Na and K into
the phloem than normal circumstances (Tian et al. 2010). Pathogenesis related gene
5 (CPR5) has ability to accumulate low level of K in plant leaves. Relationship
between CPR5 and low K phenotypes is not yet been fully understood by the plant
molecular biologists. However, there is no necessity to use elevated level of salicylic
acid and jasmonic acid to induce resistance against plant pathogens under the
mutated condition of CPR5 in plants. Borghi et al. (2011) and Huang and Salt
(2016) highlighted that in their research findings, cyclic nucleotide gated channels
and higher affinity potassium transporter HAK5 are the some of molecules involve
in CPR5 regulation mechanism in plant.

Elucidation of genetic basis for variation in ionomic traits can be successfully
studied by the linkage or QTL mapping with biparental cross between phenotypic
extremes. The research conducted based on the few accessions of A. thaliana
revealed that HKT1gene act as causal gene which control the Na ions accumulation
in leaf tissue (Rus et al. 2006). The regulatory mechanism of HKT1gene in Na ions
accumulation was confirmed by Baxter (2010), results highlighted that, deletion of
the promoter region of HKT1 gene has shown the reduced expression of HKT1
resulting over accumulation of Na ions in leaf of the Arabidopsis accessions. The
linkage or QTL mapping is limited to explore allelic variation among large number
of genotypes at once but development of genome wide association analysis technol-
ogy has given ability to expire extensive allelic variation in the large number of
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plants in natural population to discover linkage between genotype to phenotype in
ionomic studies.

Evolutionary adaptation of biological organism to their environmental condition
for survival is a continuous process. Therefore, plant has developed special structural
and functional attributes to sustain in their environment through natural genetic
engineering. Comparative ionomics can be used to analyze ionomic profile of
plant under common environmental conditions and native local environmental
conditions to reveal natural adaptations (Baxter 2010). Molecular biological analysis
to discover the natural alleles involved in ionomic traits is an important step in
ionome research. The involvement of the alleles in local adaptation of A. thaliana
has been extensively studied by Busoms et al. (2015). They have cultivated salt
tolerant costal population and salt sensitive inland population of A. thaliana in the
Catalonian costal belt with elevated soil salinity with 30 km distance among two
population to study the ionomic loci which facilitate the local adaptation in plants
(Busoms et al. 2015).

As a branch of omics technology, ionomic has gained popularity among plant
scientists during last decade to understand ionomic variations in plant under biotic
and abiotic stress generated by internal and external factors of plants and its
environment. The loci involve in ionomic variation of plants have been studied
extensively by using a model plant A. thaliana and its accessions such as 1307. The
broad spectrum of genomic data derived from the study has been provided a useful
venue to the molecular biologists to work in plant ionome (Horton et al. 2012; Huang
and Salt 2016). Inductively coupled plasma optical emission spectroscopy
(ICP-OES) technology was introduced to analyze the ionome of ten lettuce cultivars
with three level of resistance to identify the resistance against bacterial leaf spot
caused by most destructive plant pathogen Xanthomonas campestris pv. Vitians
(Xcv). This technology has ability to understand which nutrient/s balances are linked
to resistance against X. campestris pv. Vitians (Xcv). Results revealed that in a
scientific investigation, nitrogen, sulfur, and phosphorus balance in lettuce ionome
has significant effect on plant resistance to bacterial leaf spot pathogen (Nicolas et al.
2019).

16.13 Phenomic

The global food production systems are threaten by many environmental and
ecological factors, which create uncertainty in achieving future food demand (Ray
et al. 2013). The replacement of conventional agricultural system with modern high-
tech agricultural technologies such as molecular plant breeding will provide effec-
tive and efficient solutions to meet the need of future food demand. Selection of
parental population for the molecular breeding is mainly depend on genotypic traits
with special reference to their phenotype (Zhao et al. 2019; Araus and Cairns 2014;
Feng et al. 2017). The development of high throughput phenotypic technologies
would be useful to overcome limitations exist in conventional plant breeding. The
data collected from different levels of organization of biological organisms’ namely
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cellular level, organismal level, population level etc. will determine the phenotypic
traits of a given organism. (Lobos et al. 2017). Genotype together with environmen-
tal factors determines the phenotype of an organism. Therefore, use of high through-
put technology to analyze phenotypic variation under these conditions is referred as
phonemics (Ichihashi and Sinha 2014).

Characterization of quantitative phenotypic traits such as tolerant to biotic and
abiotic factors was difficult in past decades due to low technological innovations but
introduction of novel omics technologies such as genotyping has given birth to
advanced phonemics (White et al. 2012a, b). In contrast biosensors, automations,
advance image processing systems, and computational bioinformatics platforms
provide more comprehensive strategies to analysis of big data coming from genomic
research for comparative analysis of genotypes to evaluate large number of pheno-
typic traits at once (Tardieu et al. 2017).

Phenotyping systems and tools which are developed at the moment mainly
depend upon the environmental conditions such as control or field level (Dhondt
et al. 2013). To expose crop micro-phenotypes, the pretreatment of plant is typically
destructive when sampled in a cumbersome and includes multi-step procedure and
high resolution imaging of samples is also inefficient in view of the output in micro-
level. Most plant phenotypic platforms concentrated the high throughput of individ-
ual plants (Dhondt et al. 2013; Cabrera Bosquet et al. 2016). The morphological
data, namely leaf shape, leaf dimension, leaf arrangement, and fruit shape and size
are basic phenotyping indexes in plants (Zhang et al. 2017). Drone based technology
and image analysis technology are heavily used in the field of phenotyping (Fahlgren
et al. 2015; Confalonieri et al. 2017). The phonemics platforms such as scan analyzer
3D, used to investigate the physiological parameters in tomatoes under drought
conditions (Laxman et al. 2018).

Different phenotypic traits such as structure, morphology, color, and physiologi-
cal information are measured by using multi-model sensors in phenotypic investiga-
tion; therefore, phenomic experiments are not reproducible (Zhao et al. 2019).
Further, discovery of the plant mechanisms involved in stress tolerant abilities will
be depending upon the proper understanding about phenotypic traits which are
associated with the stress tolerant in crops under different stress generated by
controlled and field conditions. In the image processing technology with the help
of visible to near infrared spectrum, hyperspectral imaging, X-ray computed tomog-
raphy and fluorescence imaging help to analyze phenotypic information in non-
destructive manner by using advance and sophisticated software systems (Sozzani
et al. 2014; Rahaman et al. 2015).

When the plant are exposed to various biotic and abiotic stress conditions, plant
processes several metabolic pathways to regulate environmental stress to control
internal balance at a same time (Saito and Matsuda 2010). The bioaccumulation of
proline or soluble carbohydrates like glycine betaine and γ-aminobutyric acid in
cytoplasm to persist against dehydration responses generated by the drought and
salinity in plant through changes in their physiological, biochemical and phenotypic
status (Joshi et al. 2017). The extreme environmental and soil conditions such as
drought and salinity respectively have major threat to agriculture. In cooperation of
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strategies to improve resistance or tolerant crop cultivars to these factors have added
advantage in crop improvement to neutralize the abiotic stress (Acosta-Motos et al.
2017).

There is a limitation in high throughput phenotyping methods for molecular plant
breeding. Therefore, progressive development in the field of plant breeding to
develop high yielding crop cultivars with resistance to biotic and abiotic environ-
mental factors will be restricted by manual plant breeding and insufficient genomic
information for crop improvement (Cobb et al. 2013). The new next generation
phenotyping platforms with efficient computer software in recent past has given
considerable opportunity to evaluate drought tolerant abilities in several crops like
Phinopsis and Wiwam in Arabidopsis and LemnaTech in barley, maize, tomatoes
and wheat (Granier et al. 2006; Honsdorf et al. 2014; Petrozza et al. 2014; Fehér-
Juhász et al. 2014; Ge et al. 2016; Singh et al. 2018).

There is a correlation in between metabolic traits and the phenotype of microbial
consortia because phonemics has ability to uprising functional genomics (Acin-
Albiac et al. 2020). Metagenomics has ability to identify taxonomy and functionality
of food microbial consortia without culture dependent approaches. In addition to
that, meta-transcriptomics can identify the constitutively and differentially expressed
genes under environmental stress at population level. To see the overall effect of
environmental stress regulators on plant phenome can be achieved by integrating
meta-metabolomics, meta-transcriptomics, and meta-proteomics of microbial con-
sortia. Integrated omics technologies try to understand the functional expression of
meta-genome of microbiota under different regulatory conditions to see linear
movement of biochemical mechanism. Meta-phenomics try to understand the phys-
iological condition of microbial meta-communities. The meta genomics and meta
phonemics are intermediate by several other omics approaches (Acin-Albiac et al.
2020).

16.14 Integration of Omics Technologies

The novel genetic and chemical elements that regulate the most important physio-
logical processes of plant can be identified by using various omics technologies such
as genomics, transcriptomes, proteomics, metabolomics, ionomics, and phenomics
under different stress factors (Cohen et al. 2017). Complexity of stress responses in
plants can be identified more precisely by integrating the relevant omics approaches.
Development of suitable software tools for better big data analysis is one of the great
challenges faced by the scientific community. Therefore, collaborative approaches
can be implemented to study complex physiological and biochemical responses of
organisms under biotic and abiotic stress conditions (Chaudhary et al. 2019a, b;
Shivaraj et al. 2019).

Development of omics technology, integration of data in a usable format, and
analysis of data with bioinformatics tool are the tree main domains that must be
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addressed to get full advantage of plant system biology (Urano et al. 2010; Gupta
et al. 2013). These omics integration together with statistical and computational
software generated higher success rates in the prediction in developing a more robust
hybrid. Therefore, farmers can cultivate improved varieties of crops if plant molecu-
lar biologists, plant physiologists, and plant breeders are get together with one

Fig. 16.1 Omics technologies for biotic and abiotic stress tolerance in plant
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objective. If possible, farmers should be given the seeds at no cost and full
implementations should be closely monitored by government. Through a strong
dialog and cooperatives, it will be possible to deliver better agricultural products that
utilize less input, have lower environmental costs, and provide higher levels of social
well-being.

Elucidation of functional genes is a main purpose of omics data. Therefore, these
genes can be manipulated to produce new crops for sustainable agriculture. QTL
cloning, omics based association analysis, and rapid identification of important
genes are the three major branches of omics technology. These omics technologies
will help to discover novel regulatory genes that can be in cooperated into the crop
improvement program to engineer new crop cultivars (Fig. 16.1). Development of
new cultivars with improved resistance to environmental stress is the key element in
mitigating global climatic changes in order to generate future food requirements. In
that sense, integration of omics technology plays a key role in plant stress manage-
ment (Li and Yan 2020).

16.15 Conclusion

Global climatic changes have created a big impact on survival of plants and animals
on the earth. Therefore, necessary environmental factors for plant growth and
development are changing drastically over the last few decades. These changes are
adversely effect on the crop production systems. As a result of that, food security and
food production systems are in danger. Various omic technologies such as genomics,
proteomics, transcriptomics, metabolomics, lipidomics, proteogenomics, ionomics,
bioinformatics, prime-omics, miRNA omics, and phenomics are used today to
discuss about the complex bio-molecular activities in plants. This technology
provides good platform to analyze cellular functions as a complex network than
single gene analysis. With the enormous knowledge of domestication and improve-
ment gained from omics data, in combination with the new gene editing
technologies, we can create future crops via a three steps roadmap such as scale
(micro, macro, etc.), condition (biotic and abiotic stress), and dimension (genome,
transcriptome, proteome, etc.). Development of new cultivars with improved resis-
tance to environmental stress is the key element in mitigating global climatic
changes in order to generate future food requirements. In that sense, integration of
omics technology plays a key role in plant stress management.
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Abstract

The rhizosphere has been acknowledged as one of the most complex microbial
habitats on earth that entail varieties of networks such as a consortium of benefi-
cial microorganisms, plant roots, and soil. The adequate knowledge, prediction,
and regulation of the function of a structure could enhance adequate microbe–
plant interaction as well as other activities in the rhizosphere which could serve as
a key that could be applied for regulation of plant ecosystem productivity,
increase in plant biomass maintenance of healthy environment prevention of
several scenarios around climate changes. The adequate understanding of the
mechanism involves in rhizosphere engineering will go towards the production of
an increase in food production and sustenance of a healthy environment. There-
fore, this chapter intends to provide detailed information on the engineering
plants through plant genetic engineering, manipulating rhizosphere pH, vacuole
nitrate transporters, malate channels and metabolism, multidrug and toxic com-
pound extrusion (MATE), enhancing organic anion efflux from roots, acquisition
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of phosphorus, aluminum-induced secretion of organic acid anions from roots,
acquisition of other nutrients and heavy metals, interactions with plant growth-
promoting microorganisms.

Keywords

Genetic engineering · Rhizosphere modeling · Multidrug and toxic compound
extrusion · Agricultural sustainability

17.1 Introduction

The natural environment which entails plants and animals gives several ecological
niches for microorganisms that have to enable different stains to coexist which could
lead to the development of complex microbial communities. Moreover, adequate
knowledge on the influence of the environment where these microorganisms dwell
majorly on their hosts and the relationship between the microbiota and the multicel-
lular host could be referred to as holobiont and supra-/metaorganism (Bosch and
McFall-Ngai 2011).

The rhizosphere is a region that exists between the roots and the soil particles
where the soil microorganism and the plant influence habitat are interconnected
together. Moreover, the rhizosphere involves a plant–soil relationship most espe-
cially in a dynamic populated soil area entailing, food web relationship, inter-and
interspecies communication that plays a crucial function in the flow of carbon and
their eventual transformation (Wang et al. 2018; Dessaux et al. 2016).

The rhizosphere entails three basic different regions such as the endorhizosphere,
the rhizoplane, ectorhizosphere. Moreover, the rhizosphere has been identified as a
region where there are several biological, chemical, and physical features around the
root region (McNear Jr. 2013). It has been observed that the root is capable of
producing root exudates which entail phytohormones which could enhance rhizo-
sphere associations when they are utilized as a source of energy for the sustainability
of microorganisms and they could also serve as repellents and chemical attractants
(Bais et al. 2001).

Moreover, these molecules could serve as means of communication molecules to
stimulate physiological and biological relationships that exist between the root of a
plant and different varieties of coil microorganisms which palsy several beneficial
roles or synergetic function in the soil. Typical examples of such microorganisms
entail mycorrhizal fungi, nitrogen-fixing bacteria, epiphytes, and many other impor-
tant beneficial soil microorganisms (Nardi et al. 2000). Interestingly, there are
several factors that could support the maintenance and sustainability of the ecosys-
tem services which entails carbon uptake and storage, carbon and water cycling, crop
production, nutrient trapping (Adl 2016).

The global population has been stipulated to increase tremendously; therefore,
there is a need to place proper strategy in place that could lead to the sustenance of
the human population through the identification of sustainable techniques (Laranjo
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et al. 2014). The identification of beneficial microorganisms and the reengineering of
the beneficial microorganism have been shown to play a vital role in the increase in
food production and alleviation of food insecurity. Some typical examples of such
beneficial microorganisms include plant growth-promoting bacteria and soil endo-
phytic microorganisms (Morel et al. 2012; Jackson et al. 2015). These organisms
could enhance easy withdrawal of resources from the environment such as iron,
phosphorus, and nitrogen as well as regulates numerous hormones for adequate plant
development. Such hormones include ethylene, auxin, and cytokines (Santoyo et al.
2016).

Furthermore, they could help towards fighting against several plant pathogens
and ensure enhanced plant immunity (Laranjo et al. 2014). Also, it must be noted
that these beneficial microorganisms could also serve as important tools that could
be applied in the manipulation of the gene expression and their other association
with the other microorganism they have an encounter with for their own benefits (Pii
et al. 2015).

Therefore, this chapter intends to provide detailed information on the engineering
plants through plant genetic engineering, manipulating rhizosphere pH, vacuole
nitrate transporters, malate channels and metabolism, multidrug and toxic compound
extrusion (MATE), enhancing organic anion efflux from roots, acquisition of phos-
phorus, aluminum-induced secretion of organic acid anions from roots, acquisition
of other nutrients and heavy metals, interactions with plant growth-promoting
microorganisms. Moreover, detailed information on the encoding genes that enhance
organic anion efflux from roots rhizosphere was also highlighted.

17.2 Engineering Plants Through Plant Genetic Engineering

Vital-López et al. (2016) investigated the inhibitory role of transgenic cultivar on the
bacterial community in two genetically modified maize rhizosphere utilizing pat
gene as resistance against glufosinate herbicide. The authors utilized polymerase
chain reaction and single-strand conformation polymorphism for the amplification
and characterization of the subunit rRNA gene genetic profile of the bacterial
communities of the maize cultivars rhizosphere. Also, binary matrix analysis on
similarity analysis of patterns revealed that both the genetically modified and the
conventional maize have homogeneous bacterial communities profile. Thus
concluded that the bacterial structural profile was not affected by the rhizosphere
of the transgenic maize cultivar. Singhala et al. (2016) reported that the development
of a plant is a complex system of the chemical process between the interface of soil
and plant roots rhizosphere in several microbial environments. Studies have revealed
that many environmental, physiochemical, biological, and chemical parameters
influence the composition of the rhizosphere microbiome in soil and plant root
systems. Various molecular biology techniques have been utilized to elucidate the
microbe–microbe collaboration of rhizosphere and plant-microbe regulating the
diversity plus shaping the nature of root exudations. The functional groups of several
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microorganisms can colonize, enhance, and develop the rhizosphere through indirect
and direct mechanisms for sustainable agriculture and nature restoration.

Palmer et al. (2016) revealed that different array of strategies for improving
disease resistance in plants and potential for reduced pesticide use by genetic
engineering have been characterized. The application of transgenesis, mutagenesis,
intragenesis, and cisgenesis for metabolic pathway analyses in genetic engineering
varies significantly, thus the socioeconomic plus cultural perspectives must be
considered. Singhala et al. (2016) reported that geranylgeranyl diphosphate synthase
and 1-deoxy-D-xylulose-5-phosphate synthase were introduced into the hairy roots
of S. miltiorrhiza for health-promoting effects. The study showed that these agents
caused significant production of diterpenoids, tanshinones through genetic engineer-
ing with a high level of antitumor and antioxidant properties when associated with
the control group. The further evaluation also showed that carotenoids, chlorophylls,
gibberellins, and indoleacetic acid contents were enhanced in the transgenic group
thus demonstrating the possibility of increasing the generation of diterpenoids and
other natural plastid-derived isoprenoids in plants by utilizing genetic engineering
through 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway manipulations.

Su et al. (2019) reported that different breeding strategies can be adopted to
enhance the physiological characteristics like flower colors, shapes, flowering times,
plant architectures, postharvest quality, tolerance to biotic and abiotic stress of
chrysanthemum such as conventional techniques, molecular breeding methods,
and advanced high-throughput technologies like crossbreeding, mutation breeding,
transgenic technology, genome editing, marker-assisted selection, genomics, prote-
omics, transcriptomics, microbiomics, and metabolomics. These approaches have
resulted in the generation of a considerable amount of data thereby integrating these
with other phenotypic information to discover pathways and genes of great signifi-
cance. The authors reported that high polyploidy and heterozygosity of species have
generated considerable difficulty in breeding chrysanthemum. Studies have shown
that in the horticultural industry, serious attention has been given to enhance the
safety of environmental and product protection. Application of advanced molecular
techniques like CRISPR/Cas9 system, transcription activator-like effector nucleases
plus zinc finger nucleases is urgently needed as potential tools for enhancing the
ornamental horticulture industry. A more recent study on C. seticuspe and
C. nankingense genomes have illuminated more findings on the mapping ratio in
the hexaploid nature of cultivated chrysanthemum. Screening of the allele composi-
tion can equally be achieved by developing markers that can be incorporated into
breeding programs to reduce time and cost. The reliable and efficient genomic
sequence can be obtained utilizing algorithms, robotics, cameras, advanced sensors,
image analysis tools, machine vision, and bioinformatics tools. Protein, metabolite,
and transcript are phenotypic information from natural populations and linkage-
mapping populations for the identification of loci responsible for gene expression in
chrysanthemum cultivar.

Xu et al. (2020) reported that abiotic stresses like drought, salinity, temperature
are contributory factors to the regulation of multifaceted transcriptional regulatory
networks in cotton. Thus the identification of the molecular mechanisms involved in
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Gossypium hirsutum biological process such as oxidation-reduction, carbohydrate
metabolic of the alkali-salt stress response, will require molecular biology tools to
elucidate the underlying physiological function. Previous studies have reported the
role of genetically modified Pinus radiata in biolistic insertion npt II genes and
LEAFY rhizosphere soil microbial communities. Culture-independent PCR-based
approach was utilized to determine the microbial communities, thus they revealed
that there is no significant difference between the control trees and the genetically
modified ectomycorrhizal and fungal communities. Utilizing amplified rDNA
restriction analysis, they showed that seasonal variations in ectomycorrhizal and
fungal were seen in the two groups but no impact of genetic on rhizosphere microbial
populations.

Rengel and Marschner (2005) showed that soil nutrients are improved by the
application of fertilizers particularly to increase crop nutrition and yield. When a
plant is suffering from nutritional deficiency, several mechanisms are activated to
improve the nutrient available in the rhizosphere. This is done by plants increasing
their plasma transport of nutrients, alteration in root morphology, generates organic
molecules like carboxylates, carbohydrates, phenolics, enzymes, and protons. The
authors showed that nutrients are enhanced and made available to crops through the
addition of beneficial microorganisms to rhizosphere plant-microbe–soil interactions
for sustainable crop production. Furthermore, Peter et al. (2014) reported that there
are strategies like quorum quenching strategies available to manipulate plant root
linked microbial interactions for improved productivity and health benefit targeting
growth, rhizosphere components. The authors demonstrated that genetic engineering
can be utilized to alter rhizosphere pH to release vital molecules to increase nutrients
availability, defense against pathogens, stress, and microbial proliferation. Various
stress-induced hormones like ethylene can be altered through engineered
rhizobacteria to promote plant growth, root growth, antibiotic secretion, the release
of lytic enzymes against soil-borne pathogens. Palmer et al. (2016) showed that
genetic manipulation of gene expression in plants can be utilized to promote crop
yield and productivity. This can be done at different levels of gene expression like
transcription or translation utilizing endogenous plant promoters particularly those
of ubiquitin and actin gene. Sustainable intensification has been described for the
processes involved in the utilization of various resources to produce food, energy,
and raw materials to meet the growing demand of the increased population. Increas-
ing yield by the deployment of existing technology such as transgenic methods has
been described by the authors as a powerful tool for manipulating plant’s stress
response.

John and Bonnie (2003) reported that over the last few decades, the R genes have
been utilized to breed resistant programs for different pathogens focusing on down-
stream transduction pathways and signaling proteins to provide information on
disease control mechanisms. Through the use of molecular biology methods such
as gene editing technologies, next-generation sequencing, bioinformatics, and
metagenomics, many entangled webs of microbiomes interactions with crop
nutrients acquisition, stress adaptation, and response have been unraveled. Rhizo-
sphere microbial engineering can alter the structural components of the plant-
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microbial community to improve the resistance to pathogens and upsurge the uptake
of nutrients through the ATPase proton pump channels. Das et al. (2019) reported
that different transcription factors like NAC, bHLH, WRKY, bZIP, AP2/ERF plus
MYB are involved in plant stress response control. Zhao et al. (2018) revealed that
bio-organic fertilizers from chicken and cow manure were utilized for controlling
soil-borne diseases and stimulate plant growth in watermelon plant rhizosphere soil.
The mechanisms behind the suppression of pathogens and plant enhancement were
also investigated, thus new microbial communities were observed to form in this
bio-organic fertilizer application with the increasing diversity of fungal and
bacterial.

Besides, Lu et al. (2018) reported that several endosphere and rhizosphere
bacteria perform a crucial role in promoting plant growth and health benefits in
transgenic plants. Similarly, Manoj et al. (2018) revealed that rhizosphere microbial
interactions in plants are responsible for fitness, nutrient delivery, pathogen or pest
control, stress tolerance, for improved crop yield. Metagenomics and bioinformatics
approaches are the latest development for elucidating microbial functions in the host
rhizosphere community. Odelade and Babalola (2019) revealed that through genetic
engineering on diverse beneficial microbes, various microbial metabolites have been
generated to improve crop growth, productivity, and resistance to pests or pathogens.
The authors demonstrated that microbes close to plant’s roots such as bacteria, fungi,
archaea interact with the host plants for increased nutrients acquisition in the root
exudates. It was also revealed that plant rhizosphere microbiome interactions are
impressively influenced by some environmental factors like soil type, pH, tempera-
ture climate change, salts, anthropogenic activities, plant cultivar. However, this
scientific group also discovered that Azospirillum, Pseudomonas, Bacillus, and
Rhizobium spp are capable of crop growth and biomass generation in fulfilling
sustainable agriculture productions. The plant growth-promoting traits during the
rhizosphere microbiome can be identified and characterized utilizing the next-
generation sequencing. Through advanced molecular biology techniques, geneti-
cally engineered strains of plant growth-promoting rhizosphere using bio-inoculants
can be effectively studied for the identification of genes responsible for drought
tolerance.

Studies have revealed that rhizosphere bacteria influence plant growth through
numerous mechanisms such as fixation of nitrogen, solubilization of minerals,
generation of hormones, suppression of pathogens, uptake of nutrients through
ATPase pump. Yonekura-Sakakibara et al. (2019) reported that analysis of plant
metabolites utilizing metabolomics like chemo-informatics and genomics can eluci-
date many unique metabolic pathways and genes involved in various physiological
mechanisms. They noted that understanding the chemodiversity will help during
genetic engineering of the metabolic pathways to generate appropriate metabolites.
Adesemoye and Egamberdieva (2013) and Quiza et al. (2015) showed that
microbiome engineering like metatranscriptomics and metaproteomics facilitates
microbial community to boost plant development through increased nutrient avail-
ability, reduced disease susceptibility, and tolerance to stress. The authors revealed
that the plant rhizosphere secretes a natural biomolecule called semiochemicals
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which assist in the interaction between plant and microorganisms. Amir et al. (2017)
reported that bioenergy and food production in an ever-changing climate can be
sustained through the utilization of rhizosphere genetic engineering using
re-designed plant metabolism. The authors revealed that root exudation in
engineered rhizosphere regulates the efflux of organics anions and H+ from the
roots. Many genes are responsible for these physiological processes, for instance, in
tomato and rice, Arabidopsis vacuolar H+-pyrophosphatase gene AVP1 displays a
greater amount of malate and citrate efflux.

In a recently published review article, it was reported that garlic crop improve-
ment was carried out through the process of biotechnology like meristems culture,
micropropagation, genetic transformation, genetic engineering, and somaclonal
variation (Bikis 2018). Different genetic variations are produced to achieve resis-
tance against pests, diseases, increase absorption of nutrients, and enhance the
fabrication of hormones. Shenoy and Kalagudi (2005) suggested various processes
involved in developing genetically enhanced plants for efficient supply of phospho-
rus to plants, phosphorylase stimulation in a deprived soil. Barret et al. (2011)
described the essential role of the rhizosphere microbiome and their multitrophic
interactions by genetically engineering and microarray-based techniques for
probiotics microbial strains. Monica and Alison (1999) reported that recombinant
proteins are utilized to provide valuable information on transcriptional and post-
transcriptional control mechanisms in gene expression of transgenic plants. Venant
et al. (2011) and Allah and Tahira (2015) reported that modern technology of genetic
engineering has provided an opportunity to utilize different genetic pathways to
improve crop production. Maziar and Afsaneh (2015) reported that transgenic plant
tissue can be manipulated to express plant-based recombinant vaccines.

Chang et al. (2009) revealed that in plant biology, H+-ATPases are the most
important components involved in the maintenance of nutrients acquisition. Till
today, only a few members of the proton pump family have been identified and
characterized. Thus, the authors investigated the H+-ATPase associated gene
involved in rice nutrient uptake. They discovered that OsA8, an H+-ATPases gene
that is highly expressed in the root of rice was down-regulated in deprived soil, and
in knockout showing a higher amount in the root than shoot. Thus it was concluded
that these genes are involved in nutrient uptake in rice and also translocation of the
nutrients from the root to shoot. Plant growth and development can be limited by
heavy metal soil toxicity resulting in the production of acidic soil. Plants plasma
membrane H+-ATPase performs an important role in much physiological activity
including plant Al-detoxification through phosphorylation and enzyme expression.
H+-ATPase mediated H+ influx maintains the intracellular pH and Al-induced citrate
anion efflux multi-drug and toxin extrusion or Al-activated malate transporter-co-
transport system modulated by the application of an activator or by genetically
engineered organisms or plants (Zhang et al. 2017).
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17.3 Manipulating Rhizosphere pH

Bravin et al. (2009) demonstrated that root exudates display a significant function in
changing rhizosphere bioavailability of many important biomolecules to plants. The
authors investigated how root induced alteration in pH through redox-coupled
reactions and other biomolecules changes copper levels in the rhizosphere of the
wheat plant. They observed that due to soil alkalization, there was a significant
increase in pH resulting in elevated labile-Cu concentration. Studies have revealed
that rhizosphere acidification through the release of proton causes the dissolution of
available phosphorus. It is known that modernized agricultural practices utilize
fertilizers for the supply of necessary nutrients, though this has been challenged by
the increasing cost of fertilizers, government policies, and poor quality land usage.
Therefore, there is a need to acquire more knowledge on the role of root exudates in
the rhizosphere region that could enhance the level of the nutritional value of the soil
using genetic engineering in order to boost the health condition of the soil health and
pH values. Muhammad et al. (2019) reported that different molecular markers can be
utilized to enhance crop production. Different techniques are available for the
inhibition of gene expression in the plant such as antisense RNA, mutagenesis
plus RNAi. Plant genes are involved in the interaction between plant-microbial
interplay. The authors suggested that this interaction could influence the transport
and uptake of macro and micronutrients from the soil. It is known that calcareous and
high pH soil levels would inhibit the bioavailability of many metabolites, nutrients,
and biomolecules.

Studies have shown that the H+-ATPase gene ChvPMA isolated from Chloris
virgata roots and leaves shows tolerance to salt-induced stress. This gene was
revealed to fuse with the N-terminus of the green fluorescence protein gene in
transgenic yeast in high pH and salt conditions. The transgenic yeast shows
overexpression of this gene, enhances root growth and high resistance to pH and
salt conditions (Xinxin 2014). One of the vital modes of action through which plant
shows resistance to soil toxicity and stress is by of efflux of organic anions like
citrate and malate from roots.

17.4 Response of Plants to Aluminum Toxicity in Soil

The element aluminum is one of the most abundant elements and the metal with the
highest abundance in the earth’s crust. Most of the aluminum readily goes into
solution under acidic conditions of soil usually at pH less than or equal to 5.5. The
dissolution of this element poses challenges to the plants due to the toxicity
associated with it. However, some plants have developed adaptation mechanisms
towards surviving in such soil conditions (Kar et al. 2020).

One of the well-reported mechanisms in literature is the discharge of anions of
organic acids such as oxalate, malate, and, citrate which occurs around the roots and
induced by a high content of aluminum in the soil. The production of these anions
brings about the formation of stable chelates with the aluminum ions around the
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range, thereby protecting the plant from aluminum toxicity. Other investigation also
affirms that genes are responsible for the encoding of the organic anions transporters
and there is also documented evidence showing that this is accountable for alumi-
num tolerance in plants (Yang et al. 2019a, b).

The high concentrations of aluminum ions around the plant roots under acidic soil
conditions bring about the prevention of the elongation of primary root growth and
productivity. The membrane potential is affected and critical ions are displaced
within the apoplast resulting in the disruption of the intracellular ions content
through targeting of solute transporter that is localized within the membrane.
Aluminum ions affect the functioning of the various route channels most especially
around the root. The functioning of various ions such as ammonium, nitrate,
calcium, and magnesium is affected by high aluminum toxicity (Kar et al. 2020).
Findings from their studies have revealed that the exposure of plants to aluminum
toxicity in soil results in distortion of the elongation of primary roots (Kong et al.
2018). Aluminum ions in soil affect the structure and functionality of the primary
root development in soil and have the potential in inhibiting its overall elongation.
This usually brings about the rupturing around the cortical walls both internally and
externally resulting in a decline in the elasticity (Yang and Horst 2015).

The primary sites of aluminum binding in the apoplast of the roots are the
carboxylic acids groups that are negatively charged and are responsible for the
moderation of the sensitivity of the plants to aluminum. There is also the interaction
of aluminum ions with xyloglucans and hemicelluloses inhibiting the loosening of
the cell wall at the elongation region of the root. The efficiency of photosynthesis
and peroxidation of lipids is also affected by aluminum (Bojorquez-Quintal et al.
2017).

Rengel and Zhang (2003) in their work reported that the occurrence of high
concentrations of aluminum in the soil brings about the disruption of ion fluxes that
are transporter-mediated. Mostly around regions surrounding the root, the higher
availability of aluminum ions brings about ions flux that is highly disproportional.
The toxicity due to these ions also results in damage to the cell membrane of the cell.
Usually one of the major responses to this is the passing of anions across the cell
membrane. Most plants with low cation exchange capacity (CEC) are tolerant to
aluminum toxicity. Aluminum toxicity also brings about the moderation of various
ions such as nitrate, calcium ions, potassium, and other ions (Zheng et al. 2013).

17.5 Vacuole Nitrate Transporters, Malate Channels,
and Metabolism

The two most common anions in plants are malate and nitrate in terms of quantitative
presence. Both anions play a vital function in plant metabolism and are usually
mainly accumulated around the lumen of the vacuole. Malate performs an indis-
pensable function in plants aiding the balance of solute within the vacuole of the
matured cells of glyoxylate and carboxylate. In Crassulacean Acid metabolism
(CAM) there is the production of malate at night which is transferred towards the
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vacuole as a carbon storage molecule (de Alexis et al. 2007). The aluminum
activated malate transporter class makes up a functionally different but similar
group in terms of the structure of the ion channels. They are found in different
plant species that are expressed in various tissues. Aluminum activated malate
transporter (ALMT) is the first member of the family found in the tips of the
wheat root and reported to be associated with aluminum ions adaptation through
the exudation of malate into the soil. Much later many other members associated
with this phenomenon have been documented (Palmer et al. 2016).

The multidrug and toxic compound extrusion (MATE), as well as the aluminum,
activated malate transporter (ALMT) is a group of transporters that are vital for the
exudation of citrate and malate, respectively, to the rhizosphere region so as to
alleviate toxicity due to aluminum by bringing about the exclusion of the aluminum
ions. Aquaporin and hydrogen ions aid the vascular sequestration of the aluminum
ions resulting in tolerance of aluminum by the plants. Focusing on this solute
transporter would play a potential role in the production of crops that are tolerant
to aluminum toxicity in the nearest future (Kar et al. 2020).

Ions channels are vital factors in signaling the routes of adaptation of plant cells to
environmental stresses in the controlling of metabolism and maintenance of electro-
chemical gradients. Anions channels are the major transport systems that are
involved in the several physiological functioning within the membranes of the
cells toward the osmoregulation, tolerance to metals like aluminum, and cell signal-
ing. Anions channels are found in all plant’s plasma membrane including tonoplast,
mitochondria, endoplasmic reticulum, and chloroplasts and these are the most
characterized when compared to those around the other membrane.

The homeostasis of auxin in Arabidopsis root is regulated by AtDTX30 which
helps in the modulation of the development of the root and tolerance to aluminum.
The DTX30 is expressed mainly around the root and localized around the root hair
and primary root. Dtx30 mutants demonstrated a decrease in the primary root
elongation as well as the lateral roots. More auxins are accumulated in the mutant
seedlings usually around the tips of their root (Upadhyay et al. 2019).

17.6 Multidrug and Toxic Compound Extrusion (MATE)

Multidrug and toxic compound extrusion (MATE) channels are a group of cation
antiporters that occur in most living organisms including eukaryotes and
prokaryotes. This makes up the largest transporter of the family in plants. MATE
transporters are vital since they are fundamental in the physiological functioning
during the growth and development of the plants. They aid the transportation of a
wide group of substrate materials including organic acids, secondary metabolites,
and plant hormones (Takanashi et al. 2014). Multidrug and toxic compound extru-
sion (MATE) transporters are found in plants and function in the regulation of plants
resistance to toxicity due to aluminum through the induction of citrate efflux
(Ma et al. 2018).
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One of the most categorized multidrug family transporters is the multidrug and
toxic compounds extrusion (MATE). The proteins are coupled with the translocation
of the substrate around the cell membrane with cations around electrochemical
gradients (Ma et al. 2018).

In some studies, the transport activities of two anions transporters that are
dependent on ATP around the tonoplast were isolated in barley while the vacuole
characterization was made possible by N-ethylmaleimide glutathione as substrate.
Different extent of sensitivity to organic anions was observed in the transporters. In
the Arabidopsis, the extrusion of aluminum from the root is aided by aluminum
activated root citrate and malate exudation through the malate transporter. The
mechanism of tolerance internally is not well explored (Wang et al. 2018).

Various components that are linked to the exclusion of aluminum have been
studied in various species of plants in recent times. One of the fundamental features
for the produced gene that is resistant to aluminum is that they encode plasma
membrane mainly, in some other times the citrate transporter and localized malate.

Ding et al. (2013) in their study identified some suppressor mutants which will be
useful in revealing the signaling pathways that are involved in acidic conditions and
aluminum resistant Arabidopsis (Wang et al. 2018). The family of the ALMT is
made up of a functionally complex and structurally close class of ion channels. They
are broadly found in different species of plants and found around different tissues
with higher content in tonoplast or plasma membrane (Palmer et al. 2016). The
homolog in Arabidopsis thaliana, AtALMT1 that was first identified and
characterized was also reported to be connected with resistance to aluminum. In
addition to the ALMT1, it was found to have 13 new members showing that they are
connected to more than just resistance to Al. Some of them are now documented to
have other functions (Palmer et al. 2016).

They documented the cloning of gene from wheat, coded as ALMT1 (aluminum
activated malate transporter) which is associated with tolerance to aluminum
obtained from the crossing between the different wheat lines with varying extent
of tolerance (Sasaki et al. 2004).

17.7 Enhancing Organic Anion Efflux from Roots

One major challenge associated with acid soils is the limiting of agricultural yield
because it leads to deficiencies of soil nutrients and mineral toxicities. For most
plants found around areas with such soil, they are usually poorly adapted to such
conditions resulting in weakly developed root systems which are due to the higher
contents of the soluble aluminum ions which affect the elongation of the roots.
Discharge of organic anions from roots is a vital strategy use for adaptation by
different species of plants found in acidic soils. This trait is usually regulated by the
genes that encode the transportation of proteins (Zhou et al. 2011).

Organic acids (OAs) excretion from the roots of plants has now been established
to be highly beneficial and reported to be connected to the mechanism of the
utilization of phosphorus in plant roots. Such an effect is presently known as the

17 Rhizosphere Modeling and Engineering for Agricultural and Environmental. . . 423



pleiotropic effect and is linked to the tolerance of stress in plants. When organic
acids are excreted, they help in the recruitment of useful bacterium which would help
in the induction of systemic resistance and also aid the modification or root structure
for enhancing phosphorus starvation (Wu et al. 2018).

Oxidative stress in the root cells is also triggered by Al3+ through the formation of
oxygen radicals. The mechanism of induction of this response whether by symplastic
or apoplastic Al3+ is not very clear however it is known that these reactive species
can result in the damaging of proteins, nucleic acids, and membrane. Oxidative stress
can also bring about induction of callose production that can lead to an increase in
the cell rigidity and reduces the symplastic flow of solute through the
plasmodesmata.

Organic anions efflux from the roots of plants plays an indispensable role in plant
nutrition. The discharge of anions such as malate, oxalate, and citrate have been
identified as a mechanism for tolerating aluminum ions from soil and improvement
of the intake of phosphorus. The metabolites cross the plasma membrane as multi-
valent ions and current findings have shown that channels that are permeable to
anions help in the flow within the aluminum-dependent efflux of citrate and malates
from maize and wheat. From current reports, the genes that are responsible for
encoding the channels for the anions, as well as related proteins that promote the
discharge of oxalate, citrate, and malate have not been isolated. This is one of the
challenges with regard to the use of biotechnology for managing and combating
toxicity due to aluminum ions as well as improvement of intake of phosphorus in
plants (Ryan et al. 2003).

Some available studies have attempted to examine the association between
effluxes of organic anions with variation in enzymatic activities. Li et al. (2000)
carried out a study on the efflux of citrate from rye and associated this with a rise in
synthase activity in citrate. Findings from the study have been used in substantiating
that changes in metabolism are vital in the regulation of the efflux. Related studies by
Neuman and Römheld (2000) reported weak correlations between enzymatic bio-
synthetic activities and efflux. The transport of organic anions through the cell
membrane is a vital step during the process of exudation. The pH of the cytosol of
the cell is close to neutral condition hence the organic acid is likely to move out of
the cells as anions. In some studies carried out through the use of patch-clamp
approach, it was observed that activation of anion permeable channels around the
root cells of maize and wheat can be brought about by aluminum (Kollmeier et al.
2001).

The portion of soil that lies immediately after the root of the plant is the
rhizosphere and it is modified by the activities within the root. This is the region
where plants sense and respond to the environment. There is an exchange of
materials between the soil and the root of plants which affects the physical and
biochemical properties of the rhizosphere. In order to respond to stresses and signals
from the environment, most plants tend to modify their rhizosphere. The detection of
organic anions is usually at these locations and their exudation from the root regions
is now connected with ion stresses and mineral deficiencies. The deficiency of
phosphorus in most plants brings about the discharge of some organic anions like
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malate and citrate from the root of the plants. The anions are released to aid the
bioavailability of phosphorus compounds for plant uptake through the mobilization
of partially soluble forms. Findings from computational modeling reveal that the
efficiency of citrate efflux in the mobilization of phosphorus in soil is higher with the
rise in the volume of soil where it increases (Ryan et al. 2011).

17.8 Acquisition of Phosphorus

One of the major limiting factors to the growth of plants is the availability of
phosphorus. Most plants tend to show a deficiency in phosphorus content even
when there is an abundance of the element in the soil. The observed disparity is
because the content of soluble phosphorus hence bioavailable is very small. Two
major benefits are associated with having organic anions around the rhizosphere of
the plants. Firstly is the competition with binding sites with phosphate groups
thereby forming strong complexes with metallic ions such as calcium, iron, and
aluminum.

Most especially, minerals containing Ca-P are capable of releasing phosphorus as
organic anions complexes with calcium or hinder the absorption of phosphorus to
the other sites (Lunstrom et al. 1995). Toxicity due to aluminum is a primary factor
that is accountable for the reduction in the productivity of crops in most acidic soils
around the tropic regions. One of the basic mechanisms through which plants
respond and withstand toxicity due to this metal is the secretion of organic anions
such as malate, oxalate, and citrate from the roots.

Further, Yang et al. (2013) identified numerous factors that are responsible for the
release of organic acids through Al-induction, some of which include: the presence
of anions transporters, the concentration of organic acids anions in the tissue of the
plants, effect of temperature of the system, presence of mineral nutrients such as
magnesium, phosphorus, and the nature of the root plasma membrane.

17.9 Aluminum-Induced Secretion of Organic Acid Anions
from Roots

It has been reported that the production of various anions such as malate, oxalate,
and citrate from the roots of most plants is one of the measures for aluminum ion
tolerances. The anions secreted by the plants differ as well as the pattern of secretion,
sensitivity to heat, dose-response, and response to inhibitors (Ma 2007). Aside from
the first formal documentation of secretion of organic anions such as malates by
wheat through aluminum induction, more studies have come up showing the pres-
ence of many aluminum tolerant species that produce a high concentration of malate
and oxalate from the root as a result of exposure to the high content of aluminum
(Inostroza-Blancheteau et al. 2012). The formation of this oxo anions from the roots
can result in non-toxic complexes with aluminum around the rhizosphere which will
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prevent the binding of the aluminum to cellular components thereby protecting the
plants from aluminum toxicity. Among the three major anions secreted, the highest
chelating potential for aluminum is found in citrate followed by oxalate and then
malate. This secretion induced by aluminum toxicity is mainly around the root tips.
This is highly connected to aluminum (Lambers et al. 2018).

17.10 Acquisition of Other Nutrients and Heavy Metals

The content of various soil micronutrients could readily be influenced by organic
anions in the soil which in turn will affect their bioavailability for plant uptake. Some
available studies have linked a deficiency of Fe3+ with increasing efflux of organic
anions.

17.11 Communications with Plant Growth-Promoting
Microorganisms

Organic anions are a major source of carbon utilized by microorganisms in the soil
(Oburger et al. 2011) this may in turn bring about stimulation of the proliferation of
fungi hyphae and bacteria in soil (Yuan et al. 2015). Some bacteria in soil are capable
of releasing organic anions and phosphatases for the mobilization of phosphorus
such bacteria are capable of promoting the growth of plants (Miransari 2014).

17.11.1 Root-Released Organic Anions in Intercropping

Lambers et al. (2018) reported that there is accumulating evidence showing that
biomass, the yield of grain, and acquisition of nutrient are enhanced during
intercropping of legumes and cereal under soil condition of high nitrogen and low
phosphorus and this is attributable to the exudation of anions by the legumes
(Lambers et al. 2018). In a study carried out by Li et al. (2016), they observed that
the content of citrate and malate of intercropped wheat was much higher signifi-
cantly. The release of organic anions in some plants brings about a rise (Li et al.
2016).

17.11.2 The Encoding Genes that Enhance Organic Anion Efflux
from Roots Rhizosphere

Ryan et al. (2003) established and evaluated the strategies involved in the transpor-
tation of organic anions (�) in plant roots via the soil. The authors reported that the
transportation of organic anions in plant roots performs a vital function in the supply
of functional nutrients chemicals like oxalate, malate, and citrate that are fingered to
be influenced by the mode of action by Al (aluminum) and P (phosphorus) in soil.
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These soil metabolites have polyvalent anions that can pass through cell membranes
which are permeable to facilitate the transportation or flow to aluminum-dependent
plants like maize and wheat. Besides, certain isolated genes (cRNAs and cDNAs) in
the rhizosphere of the plant's roots are accountable for the programming of the anion
networks based on the protein ladder which facilitates the release of oxalate, malate,
and citrate in the soil. This process can enable the facilitation of phosphorus
acquisition and the mitigation of aluminum toxicity when utilized in biotechnology
and profiling of soil properties.

The functions of permease organic negative ion in the control of minerals and
resistance of aluminum in the soil were evaluated by Delhaize et al. (2007). The
solubility of Al3+ in the soil is one of the major limitations to the adequate develop-
ment of plants. The Al3+ actions on plants have elicited the plants to develop a
counter mechanism by using the efflux process via Al3+ chelation of organic anions
to protect its roots. More so, the resistance of the plant towards the aluminum is
spurred by some genes which belong to the ALMT and MATE (Al3+-activated
malate transporter and multidrug and toxin extrusion) protein-encoding groups.
The authors suggested further work of the sequencing of the gene which will provide
pieces of evidence on the link between various species, the evolvement of the genes,
the molecular differences, the expression of the genotypes, and the induction of the
genes. The functions of the ABC transporting genes in the resistant mechanisms
need to be evaluated with a specific focus on the protein substrates and validating if
the genes have underlying natural differences in the tolerance of aluminum ions. In
conclusion, the authors opined that cloned tolerance and resistance Al3+ genes serve
as a tool to transport flora-based acid to the soil via rhizospheric modeling and
engineering breeding and markers.

Ryan et al. (2011) evaluated and identified the resistance genes of aluminum that
give the opportunities for eliciting plant production on corrosive soils. The authors
reported that acidic soils impede crop production because of the incidence of soluble
Al3+ which tends to limit the growth of plant roots in micro-molar concentrations.
However, some plant species possess a normal resistance to the toxicity of Al3+ and
do better on corrosive soils. This ability is controlled by 14 genes like TaALMT1,
AtALMT1, SbMATE1, HvAACT1, ScALMT gene clu, ZmMATE1, AtMATE,
AtSTOP1, OsSTAR1, Os, ART1, ALS3, ALS1, and AlSTAR1, which account for the
variations of the genotypic traits. These genes also depend on the influence of the
organic anion's efflux like citrate and malate from the roots of crops such as wheat,
Arabidopsis, sorghum, barley, maize, and rice. The controlling factor of the genes is
encoded in protein membranes to facilitate the efflux of anions in the cell membrane
of the crops. The proof of identity of these resistant genes gives a better platform in
the enhancement of aluminum anions resistance in the crops via biotechnology and
marker-supported breeding techniques. This method gives the crop root system
transgenic transformation that is rapid in each root cells which correlates with the
time of cell generations and the phenotype lines of the transgenic plants.

The level of aluminum anion tolerance by higher floras using organic acid as a
buffer was investigated by Yang et al. (2013). The authors reported that about 30%
of the globe's sum area of landmass and more than 50% of the globe’s likely arable
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soil are corrosive (acidic). The concentration of the acids in the soils is increasing
gradually based on the influence of human activities such as farming which have led
to the increase of the environmental condition like acid rain. Al (aluminum) occurs
basically as immiscible components in neutral and slightly acidic soils and it is
significantly biologically inert. Besides, in subtropical and tropical corrosive soils,
the toxicity of Al is a limiting factor in the productivity of crops. The induced
exudation of OA ions (organic acid) like malate, oxalate, and citrate in the roots of
plants by Al is one of the best modes of action of higher plants tolerance to
environmental stress. Yang et al. (2013) opined that the induced exudation of OA
ions can be correlated with the following factors genes like C2H2, STOP1, ART1,
ALMT1, OsFRDL4, and MATE, AtMATE (transcription protein factors), phospho-
rus, magnesium, H+-ATPase, root cell membrane permeability, temperature, and the
concentration of the organic acid anions in the tissues of the plants. However,
genetically engineered cells and plants with high aluminum tolerance with genes
that are overexpressing have the potentials to biosynthesize and secrete organic acid
anions for effective plant resistance towards environmental stressors. So, the appli-
cation of this method will serve as a synergistic influence as a next-generation key in
the future management of soil toxicity and stress against rape, A. thaliana, rye, and
wheat plant production. In conclusion, the collaboration between plant physiologist
and breeders is inevitable in the understanding of several transgenic crops and their
abilities to tolerate Al influences in the soil and the rhizospheric roots regions.

Zhou et al. (2013) tested and evaluated HvAACT1 the MATE genes of Hordeum
vulgare (barley) and Triticum aestivum (wheat) that are responsible for the tolerance
of aluminum anion and also elicit the efflux of citrate in soil. The authors reported
that the toxicity of Al3+ in soil has been known to reduce the growth of the plant's
roots. The mode of action of the aluminum anions tolerance by crops comprises the
release of OAs from the tips of roots. The activated aluminum anions discharge
citrate from the tips of the roots in conjunction with the HvAACT1 the MATE genes,
which encodes the transported citrate protein found at the root plasma membrane in
the Triticum aestivum and Hordeum vulgare crops. The results of the biological
experiment showed that the MATE genes elicited the expression of both Triticum
aestivum and Hordeum vulgare crops which were linked with the elevation of efflux
of citrate in the root tips as well, enhanced the crops tolerance to aluminum anion in
the soil. The findings from the study therefore demonstrated that the native breeding
method in conjunction with the modern biotechnology technique can be employed to
improve the tolerance of different arable crops to soil toxicity caused by Al3+.

The mode of actions of OAs with Al3+ at the apices of crop roots in soil were
evaluated by Yang et al. (2013). The authors stated that at the average, acidic soil
contains a pH of 5.5 at this level, it becomes solubilized as a solution into the soil.
Aluminum which is an abundant element in the soil combines with the soil pH thus
causing toxic influence and retarding the development and growth of crops. None-
theless, some crops have developed a level of aluminum tolerance mode of action
that permits the crops to counter the noxiousness produced by Al3+. The crops use
the secretion OAs like oxalate, malate, and citrate as well as the induction of Al3+ in
the roots of the plants. The mechanisms involve the discharge of anions that can
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chelate the Al3+, therefore defending the secreting crops from the noxiousness of
aluminum. The authors opined that the transporting genes encoding the malate and
citrate which are responsible for the discharge of the anions have been shown with
shreds of evidence to regulate the plant tolerance to aluminum toxicity.

Ryan et al. (2009) evaluated the management and engineering modeling of
rhizosphere for sustainable farming. The authors reported that the manipulation of
the root of plants with engineered microorganisms to improve the productivity and
health of plants is a novel strategy in modern agriculture. This new strategy is
directly fingered on crop development and growth and the interaction with the
soil, microorganisms, and the roots of the plants (rhizosphere). For example, some
plants can be engineered to change pH or discharge compounds that can elevate or
alleviate the abiotic and biotic stresses, the availability of nutrients, and the spread of
beneficial microbes. The authors stated that rhizobacteria that improve the develop-
ment of plants have also been modified to delay the production of hormones like
ethylene the plant stress inducer. This hormone can also reduce the growth of plant
roots and manufacture lytic and antibiotic enzymes that are active more against root
and soil pathogens. The engineering modeling of the rhizosphere includes the
selection of floras of important microbial consortia. For instance, plant cultivars or
species that support the group of antibiotic-manufacturing strains play a significant
function in the suppression of soil fungal diseases. Crops can also be influenced by
the association of the community of the microbes found in their roots which also aid
in the suppression of viral activities in the general Pectobacterium. The authors
propose the utilization of novel molecular and biotechnological tools that will
provide biological and chemical interactions thus ensuring the engineering of
microbes in the roots of higher plants that will ensure the beneficial improvement
and productivity of agricultural activities and soil functioning.

The significance of rhizospheric activities in the control and management of
pathogenic microbe, human influence, and plant diseases was evaluated by Mendes
et al. (2013). The authors recounted that microbial consortia play a basic role in the
control and management of the effects of plants’ growth and physiology. Some
associates of the microbiome-rhizosphere are colonized pathogenic and beneficial
forms determined to break through the cell membrane to bring about disease
infections or defend the plant using some mechanized defense structures to protect
the internal cells. The authors stated that to improve the health and growth of the
plant, it is important to be abreast of the types of microorganisms present in the
microbiome-rhizosphere and their activities therein. This will also enable humans to
be protected from potential pathogenic strains dangerous to human health.

Ligaba et al. (2012) examined the transporter anionic gene ZmALMT2 of maize
that intercedes between the root and the soil organic malate. The efflux of OAs in the
roots of the plant triggers the main mode of action of Al3+ resistance on corrosive
soils which is mediated by ALMT (Al-activated malate transporter) or MATE
(multidrug and toxin extrusion) families. Ligaba et al. (2012) reported that the
transporter anionic gene ZmALMT2 is involved in Al3+ resistance and mapping
association for maize. The results from the biological experiment after the charac-
terization of ZmALMT2 were shown to have been articulated in Xenopus laevis
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oocytes and a transgenic Arabidopsis. The ZmALMT2 oocytes facilitated an alumi-
num non-dependent electrogenic passage material of inorganic and OAs efflux.
Overexpression of the presentation of ZmALMT2 transporter gene in
hypersensitive-aluminum Arabidopsis KD/KO lines was considered deficient in
the resistant genes AtMATE and AtALMT1, which caused an independent-
aluminum malate constitutive root efflux and partially reinstated the level of the
phenotypic aluminum tolerance. The authors reported that the non-relationship
between the aluminum resistance and the gene expression of ZmALMT2 might
lead to its questioning and role in the tolerance of aluminum. However, the func-
tional chattels of the transporter gene in this study suggested that it is not tangled
with aluminum tolerance in maize plants but may rather play a significant role in the
transportation and acquisition of nutrients and mineral ions in plants.

The BnALMT2 and BnALMT1 transporter genes sourced from REA-AM (Rape
Encode Aluminum Activated Malate) improve that the resistance to Al3+ toxicity in
the cells of plant and soil was investigated by Ligaba et al. (2006). The authors
recounted that the discharge of OAs from the plant, roots could serve as a defense
against Al noxiousness and also aid to combat the deficiency of P in the soil.
Previous studies of their work indicated that aluminum treatment provoked citrate
and malate efflux in the roots of Brassica napus (rape plant) and the deficiency of P
in soil did not provoke the anion efflux which is also similar to Triticum aestivum
(wheat plant) regulated by the transporter gene TaALMT1. The result from the
biological experiment from the isolated homologs transporter rape genes
(BnALMT2 and BnALMT1), showed Al-induction in the roots and no deficiency
of P was shown. However, these effects were not reflected in the shoot system.
Numerous cations like erbium, ytterbium, and lanthanum also elevated the
BnALMT2 and BnALMT1 genes in the root system. A further investigation of the
BnALMT2 and BnALMT1 genes on Nicotiana tabacum (tobacco plant) cultured
cells and in the oocytes of Xenopus laevis showed heterologic expression in both
plants. The transfection effects on both systems indicated an improved capacity for
efflux in malate but not in citrate when Al is exposed to them. Erbium and ytterbium
treatment on the system also activated small fluxes amount of malate. It was
observed that the cells of the transgenic Nicotiana tabacum significantly grew
much better when compared to the control cells after 18 h of Al treatment. The
findings indicated that BnALMT2 and BnALMT1 genes elicited the resistance of the
crop cells to the stress caused by AL. This study demonstrated that the homologs
transporter rape genes TaALMT1 sourced from Triticum aestivum performed a
likely role as compared to other kinds.

Mariano et al. (2005) evaluated the exudation and root metabolism of OAs under
the influence of Al stress. The authors recounted that many flora species can
discharge OAs from their root system in reply to toxic Al ions found in the soil-
root media. Theoretically, the complexes of the OAs and Al in the rhizosphere and
the root apoplast avoid interactions in the plasma components into the symplast of
the root. The authors stated that there are two patterns of the OAs exudation noted in
the root system, the pattern I and II. In the first case (a pattern I), the OAs discharge is
swiftly triggered after the interaction of the Al3+ with the roots. While in the latter,
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pattern II, a lag phase is noticed between the discharge of the OAs at the beginning at
the adding of the Al. The authors stated that floras species like the tea and buckwheat
have shown high Al mechanism and tolerance which prove them capable to store
inactivate aluminum internally in the plant’s leaves. The instability metabolic routes
induced by aluminum are still not clear and their link to the change of the organic
acid concentration noted in the plant roots under aluminum stress is not well defined.
Mariano et al. (2005) stated that an upsurge in the concentration of the organic acid
in the plant root does not often lead to the discharge of the organic acid even when
the root axis and the spatial dispersal are taken into justification. Nonetheless,
aluminum elicits high penetration ability to organic acid contents in the cell of
young root and the channels of the anion located at the plasma membrane via
mediated transportation were proposed by the authors.

The exclusion and tolerance of aluminum in woody floral were evaluated by
Brunner and Sperisen (2013). The cation of aluminum was reported by the authors to
be extremely rhizotoxic and portend chief stressor to the flora in corrosive soils.
Globally, most acidic or corrosive soils are found in the boreal and tropical areas or
regions. Numerous woody flora species are innate to corrosive soils and have been
fingered to be well accustomed to extreme Al3+ settings. In the tropics, both
aluminum and non-aluminum woody accumulator flora are found in this region as
contrary to the arboreal where only non-aluminum woody accumulators are widely
distributed. Their mode of action is divided into Al3+ prohibiting mechanisms; those
that enable aluminum anions from the roots and the Al3+ internal prohibiting
mechanisms; those that tolerate aluminum in their shoots and roots symplast.
However, a clear examination of the arboreal and tropical woody plants showed
similar mechanisms of action as aluminum and non-aluminum woody accumulator
and clear-cut adaptors to abiotic and biotic stress factors. These plants also develop
ectomycorrhizal assemblies which have the ability to absorb aluminum in the hyphal
cell walls thus decreasing the level of interaction of the plant cells to the toxicity of
the metal. The internal methods depend on the sequestration and transport of
aluminum in the aerial regions of the flora. The aluminum may be accumulated in
the tissues of the leaves, cell wall, and at the subcellular units or inclusions like the
vacuoles and chloroplasts. Besides, some of the woody crops can accumulate an
extreme amount of aluminum in their root cells and cell walls. The authors stated that
the molecular and biochemical basis of these modes of actions has been extensively
studied in many crops with Arabidopsis as a clear model. However, few studies done
on woody plants have shown exceptions and proven to be good engineering testing
candidates for the recognition of specific genes and traits that might perform an
immense function in the association and adaptation of plants to the wide variation of
Al3+ influenced soils.
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17.12 Conclusion and Future Direction

This chapter has provided detailed information on detailed information on the
engineering plants through plant genetic engineering. There is a need to still search
for some other essential biotechnological tools that could lead to an increase in food
production, management of instability in fluctuating climate changes, maintenance
of a cleaner environment. Moreover, there is a need to understand the modes of
action involving in plants could facilitate prognostic potentials to an effective
prediction on how plants and rhizosphere ecosystem could help in the recycling of
nutrients, maintenance of beneficial microorganism in the soils. The application of
metabolomics, bioinformatics, proteomics, and genomics could help in the strain
improvement that could lead to increase in the secretion of biocompounds that could
act as a biostimulant that could help in the development of agricultural food
production as well as maintenance of the cleaner environment. Moreover, there is
a need to increase greater knowledge of the mycorrhizal-rhizospheric microbiome,
plant-microbe. Identification of new techniques that could lead to adequate predation
of novel strain that could help in feeding the ever-increasing populations as well as
serves in establishing the amount of carbon cycle in the soil most especially under
recent and future climates. The utilization of molecular and synthetic biology will
play a robust function most especially a better understanding of root-microbe
association for effective bioenergy and food production without allowing the inter-
ference of biotic and abiotic factors.
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Factors Affecting Soil Ecosystem
and Productivity 18
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Abstract

Soil is one of the most dynamic systems of earth. In the current scenario,
exploding population, shrinking forest cover, undesirable climatic changes and
shrinking agricultural landmass has imposed a lot of pressure on sustainable
agricultural productivity. Therefore, it has become increasingly important to
study the factors governing soil health and productivity. The study of soil health
refers to a soil’s capacity to sustain agricultural productivity by fostering plant
growth while also preserving or enhancing the quality of the environment.
Further, soil’s health and productivity are an important function of soil’s
physio-chemical structure, nutrient cycles, and abiotic and biotic interactions.
This chapter addresses the aspects of soil fertility and numerous abiotic and biotic
factors that affect soil health and degradation.
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18.1 Introduction

Soil ecosystem and productivity are vital for the continuity of life on Earth. Recent
anthropogenic exploitation has exposed the land to several biotic and abiotic
stressors. These have drastically degraded the soil ecosystems and physio-chemical
processes. Soil is a dynamic media that facilitates numerous activities like soil
organic carbon transformations, various nutrients cycling, maintaining self-structure,
and controlling biotic diaspora. Activities like rigorous agriculture and mining
operations, overgrazing, and indiscriminate waste creation and disposal often create
an imbalance in the structure and functions of soil, especially at the expense of
biodiversity (Morgado et al. 2018). Soil productivity is another aspect of soil health
which includes soil fertilization and management factors associated with plant
growth and development. The key factors that affect the productivity of the soil
are its ability to hold water and air, along with ensuring the availability of essential
micro and macronutrients. Mankind also plays a key part in soil productivity.
Man-made activities such as fertilizer use, crop rotation, irrigation equipment, and
drainage are some of the processes that affect land productivity (Karlen 2005).

Soil health is the study of various soil functions, which in turn depends on
ecological boundaries, plant productivity, water-holding capacities, and quality of
soil and atmospheric air. These activities ensure our well-being, and also provide a
site for organisms to flourish (Trivedi et al. 2016). In the last few years, noteworthy
efforts are made to upscale agricultural productivity via excessive use of fertilizers
and pesticides, enhanced irrigation, soil management protocols, and gigantic land
alterations (Tilman et al. 2002). This agricultural growth is creating pressure on
soil’s capability to sustain its additional functions and thus causing major ecosystem
deprivation and long-term degradation of soil productivity (Vitousek et al. 2009).
Current farming practices, hence, face difficulties not just as far as guaranteeing
worldwide food security by expanding yields yet additionally moderating the eco-
logical expenses, especially with regard to a variable environment and creating
biological rivalry for energy, soil, and water (Chen et al. 2014). Furthermore, there
is a pressing need to discover precursive markers to monitor the health of soil before
it’s too late so that the damage already done can be reversed. Different biomes
respond differently to land exploitation like arid lands that contain lower levels of
nutrients and have low productivity are therefore extremely risky to global environ-
mental variations and desertification. They may additionally suffer a high level of
reductions in nutrient accessibility due to rampant agricultural exploitation (Trivedi
et al. 2016). Whereas extremely productive lands like those from tropics are
extremely resistant/resilient to agriculture uses because of swift organic cycles and
high moisture and water accessibility (Schlesinger and Bernhardt 2013). The impor-
tant factors affecting the soil productivity are being discussed below:
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18.2 Abiotic Factors

Abiotic aspects are important variables to assess the sustainability of the soil
environment and productivity. Some of the mentioned factors are high temperatures,
irradiation, waterlogging, dry matter, macro and micronutrient deficiency, precipita-
tion, etc. This tension greatly changes the atmosphere-soil-plant cycle and results in
deteriorating outcome of major crops. The important facet of climate change is a
convoluted process with a drastically variable impacts on land, water, and air
(Fig. 18.1).

18.2.1 Physical Factors

18.2.1.1 Soil Texture
Soil texture within the fine earth fraction is recognized as the relative composition of
clay, silt, and sand. The content of texture and rough fragments is very significant in
soils for several reasons (Li et al. 2020). Soil texture defines the pore spaces in soil
which plays an important role in the flow of water and its preservation in the soil
(Grant et al. 2019). More pore spaces in the sand and sandy-loam soils allow
improved water flow and lower permeability of the clays and fine-textured soils
due to lower pore surfaces limiting the movement of water suggesting better
preservation of water (Hillel 2012). Surface area of soil is dependent upon the
consistency of the soil and its coarse fragment material. The larger the soil surface
area, the better it will be to retain soil-colored water, nutrients, cations, and anions
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(Shaetzl and Anderson 2005). Shape of soil particle plays an important role to
understand the comparison between soil composition and quality. Sand particles
are usually spherical, whereas clay and silt are generally smaller and flatter. Sandy
textures are dominated by spherical/near-spherical particles which give better stor-
age capacity and better movement of water and air thus ensuring more aeration and
water-holding capacity but are vulnerable to drought. The clay textured soils simi-
larly have smaller and flatter particle distribution facilitating smaller pores with
lower fluid movements thus imparting prolonged retention of air and water. The
soil with clayey textures also tends to hold more nutrients and facilitate greater ion
exchange potential. They also contain more organic matter (Cornell University
Cooperative Extension (CUCE) 2007). The particle size distribution is also impor-
tant factor for development and stability of soil aggregates (Santamarina and Cho
2004). The study of soil texture is also important to understand the dynamics of soil
erosion and compaction thus enriching our understanding for successful plant depth
and rooting.

18.2.1.1.1 Soil Compaction
The compaction of soil is primarily depends upon the use of heavy agriculural
equiments. Compaction induces systemic degradation and restricts root growth,
capacity to store water, fertility, biological activity, and stability. It can also impact
crop growth if the texture is too open, as roots will not stay properly on the ground.
These soils are quickly whipped up by the wind, exposing air, and drought to the
roots. When the soil is loose, it is demarcated as good soil to help in unregulated root
penetration (Shah et al. 2017).

18.2.1.1.2 Erosion
Erosion is a common geological process arising from the displacement by water or
wind of soil particles and their transportation to other locations. Erosion rates can be
significantly improved by human activity and extreme erosion is largely permanent.
The larger the coarse pieces, the greater the potential gap area. This adds to the
resistance to compaction, degradation, and effective structure management.
Enhanced aggregation and higher detritus strengthen the ability to withstand soil
erosion, which has a beneficial effect on soil quality (Kumar and Karthika 2020)

18.2.1.1.3 Infiltration and Bulk Density of Soil
Soil with more sandy textures tends to have lower bulk densities and thus have high
infiltration rate and vice versa. Soil with lower bulk density also tends to have more
pore space which is potentially (Schaetzl and Thompson 2015). It is observed that
flooding happens in region with more compact soil which is mostly seen in case of
clayey soil (Jhonson 2009).

18.2.1.1.4 Soil Depth and Plant Rooting
Soil depth is an essential factor that helps to explain soil’s capacity to sustain flora.
The most effective depth of soil is recognized by the depth of soil which has
maximum availability of water and nutrients to plant roots. Rooting depth differs
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from plant to plant, for example, plantation crops are deeply rooted while cereals are
shallow rooted. The soil type is considered as healthy for a crop if it facilitates
extensive root growth at the adequate depth (Jhonson 2009). As a consequence of the
underlying chemical properties, soils typically have detrimental physical properties.
Better root depth and improved soil texture are necessary for enhancing soil produc-
tivity (Bot and Benites 2005).

18.2.1.2 Soil Structure
Soil composition along with texture defines the structure of soil. The texture is the
physical properties of soil such as water permeability, retention etc., while, composi-
tion defines the chemical structure of soil. The presence of organic matter is one of
the most important characteristics of soil structure. Soil organic matter also defines
some of the physical characteristics of soil like water absorption and surface crusting
(Prescott et al. 2020). The structure of soil helps us to understand various physical
cycles like wet and dry cycle, etc., root activity and soil flora and fauna (Xiao et al.
2020). Soil biota is also influenced by expansion of soil granular and subangular
block structures (Shaetzl and Anderson 2005). A soil structure is considered stable if
it has strong crumb structure and it breaks apart quickly. It should also be without
clods. Soil water cycle which is crucial for enabling plant to have a favorable growth
of rooting media is critically controlled by the soil structure (Kibblewhite et al.
2008).

18.2.1.2.1 Aggregation
The larger the accumulation, the greater the porosity of the soil would be. Among
soil aggregates or peds, larger pores typically occur (Schimel et al. 2005). There
would be a decrease in organic matter as the soil gets disrupted and aggregates
become unstable thus making soil vulnerable to erosion (Nyawade et al. 2018).
Stable soil aggregates ensure resistance to erosive action of water during heavy
irrigation or precipitation (Bhat et al. 2019). Several microbial activities also prevent
physical deterioration of soil by establishing soil aggregates and preserving soil
structure (Nichols and Halvorson 2013). As evident from beach sand, the soil that
is poor in organic matter and clay, will have weak accumulation and aggregation
capacity (Usharani 2019).

18.2.1.3 Soil Water
Soil water quality is a result of soil composition, consistency of aggregates, bulk
density, and numbers of earthworms. All of these are critical in understanding the
soil tolerant capacity during rainfall and irrigation events. In the conservation of soil
water quality, soil organization plays a significant function. Bigger grains make soil
additional porous, suggesting greater permeability and penetration. Platy soil struc-
ture checks infiltration. Similarly, the sluggish permeability of water stems from
prismatic structures. Increased compaction leads to declined percolation,
contributing eventually to water-logged environments. The structure of platy results
in water-logged soils, especially when there are significant downpours and severe
flooding. Bulk density and biological behavior are also affected by surface water
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retention. Low bulk density is an indicator of bigger pore space, which implies
improved soil water retention (Karlen et al. 1994). Burrowing activity of earthworms
create more macropores in soil resulting in faster surface runoff (Hallam and Hodson
2020). Soil water stress incorporates salt stress and water scarcity stress, as soil
chemical influences struggle with salt stress. Soil water governs the biology and
chemistry of the soil, thereby suggesting its unavoidable role in deciding the soil’s
health and consistency.

18.2.1.4 Soil Temperature
Temperature affects the quality and biological function of soil moisture. Soil tem-
perature acts as an insulator and shield soil fauna and flora from extreme atmospheric
temperature (Yadav et al. 2020). The flow of water through the soil matrix is
influenced by soil temperature. The content of soil water has an impact on the
temperature of the soil as higher water content contributes to increased solar energy
absorption (Shaetzl and Anderson 2005).

18.2.2 Chemical Factors

18.2.2.1 Soil pH
Soil pH demonstrates soil response. Based on it, soil acidity and alkalinity are
described. In terms of nutrient supply, frequency, and behavior of soil microbes
and plant nutrition, soil pH plays a very important role. Soil functions are signifi-
cantly affected by acidification and salinization. Soil pH governs soil biogeochemi-
cal processes and has surging impacts on the composition and functions of the
terrestrial environment (Slessarev et al. 2016). Soil pH influences nutrients retention
and thereby provides a major contribution to regulating the productivity of terrestrial
environments (Hong et al. 2018).

18.2.2.1.1 Soil Acidification
Soil acidity is an important aspect of soil quality as it influences various properties of
soil that gives it a desired function (Schjonning et al. 2004). The level of soil
acidification is influenced by the parent rock and the conditions under which the
weathering process has undergone (Wilson 2019). Acidity also impacts the soil
nutrients availability, the best pH range for maximum nutrient availability is 5–6,
i.e., slightly acidic. However, the availability of most nutrients decreases drastically
when pH falls below 5. Increased soil acidity also affects the ionic levels of
aluminum and manganese to toxic levels at times. The soil of the tropical tropics
is naturally acidic. Agricultural practices such as organic matter addition and chemi-
cal fertilizer acid production attenuate soil acidity. Soil micro and macroflora are
stressed in acidic conditions. It is also observed that fine-textured soils coupled with
higher quantities of soil organic matter have more hydrogen ions than coarse textures
ones with low organic content (Kumar and Karthika 2020).
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18.2.2.1.2 Soil Salinity and Sodicity
Salinity degrades soil quality and is one of the many ways of soil depletion in the
semi-arid and arid regions of the world, which is primarily a concern. Agricultural
intensification has accelerated soil salinity, coupled with adverse natural factors. As
a consequence of normal and anthropogenic processes, salinity grows. The conse-
quence of weathering or oceanic salt accumulation may be natural salinity. Ran-
dom irrigation creates an imbalance between soil water and transpiration rates
(Kumar 2013). Soil salinity is increased by deposition of soluble salts of calcium,
sodium, and magnesium to harmful levels. Soil salinity is measured with Exchange-
able Sodium Percentage (ESP) calculated in Electrical Conductivity (ECE) termi-
nology. The system is also linked with water drainage and is rampant in arid,
sub-humid, and semi-arid climates. Soil salinity contributes to a reduction in water
available to plants and thus water stress. Salinity influences the physical
characteristics of the soil through flocculation, caused by the joining of fine particles
to form aggregates that have a beneficial effect on soil aeration, root infiltration, and
root formation. Soil desalinization by aggregation and flocculation can increase soil
structure; however, it deteriorates plant growth and yield. Moreover, it posed a
serious threat of soil erosion and negatively affects impacts agricultural production.
High salinity increases osmotic stress which results in poor plant growth, dietary
disorders and low yield. Sodicity is another important chemical decay that occurs in
soils. Further, decreased microbiological activities and high soil pH makes land
unsuitable for agriculture (Kanwar and Bhumbla 1969). Sodic soil promotes surface
clay dispersion, obstructs soil pores, and creates calcareous hardpan in sub-surface
resulting in degradation of soil structure (Dougherty and Anderson 2001). It also
decreases the rate and permeability of water penetration in the soil profile.

18.2.2.2 Nutrients
The state of soil nutrients and their changes is very important to the quality of the
soil. Nutrient shortages adversely impact soil quality and decrease the production of
crops. Soil pH influences the supply of nutrients and changes in the absorption of soil
and nutrients by plants. The supply of critical nutrients for plant growth is impaired
by high soil pH (Singh 2009) and nutrient toxicities are correlated with sodium
production. The supply of phosphorous, boron, and manganese reduce when the soil
pH is above 6. The supply of potassium, magnesium, copper, and zinc is expected to
decline when the pH increases above 7. However, under alkaline conditions, the
supply of molybdenum increases. Cations such as calcium, magnesium, potassium,
and sodium are closely related to pH. Iron, manganese, and aluminum are strongly
soluble at lower pH and reach toxic levels, whereas these ions become deficient at
higher pH. In general cation availability (micronutrients), however, increase with
soil acidity and decrease with the addition of anionic micronutrients, namely molyb-
denum and boron. Bacteria and actinomycetes thrive well in acidic and neutral soil
environments while fungi can thrive in a wide range of pH conditions (McCauley
et al. 2009).
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18.2.2.2.1 Plant Nutrient Depletion
Production of crops also takes away soil nutrients. High-input farming of large
inputs alone also contributes to secondary and micronutrient shortages. To iden-
tify such failures or excesses, routine monitoring is important. The two main
nutrients that are particularly influential in the soil environment are nitrogen and
phosphorus when it comes to soil conservation and environmental services, such as
agricultural development. Soil microbes are also shown to be limited to nitrogen, but
the main limiting factor for their operation is carbon availability (Schimel et al.
2005). Functional potential of soil is impaired by the availability of nitrogen. When,
with minor leaching and pollution losses, the nitrogen inputs are smaller, demand of
nitrogen rises in an undisturbed natural soil environment. Depletion of soil nitrogen
is caused by decomposition of organic matter, mineralization of inorganic nitrogen,
and consumption by land flora. One of the early markers of degrading soil health is
the disparity between carbon and nitrogen biomass needs to sustain soil functions as
well as plant growth. Therefore, in agricultural lands it is important to replenish
nitrogen artificially in nitrogen deficient soils by the use of fertilizers. Similar
criterion is applied for phosphorous and potassium. External inclusion of organic
manures or mineral fertilizers is important for restoring and sustaining soil quality to
fix nutrient losses. Soil health could be sustained, and production could be attained in
effectively managed agricultural systems if adequate management methods for this
are introduced and applied successfully. Further, under excess nutrients condition
the soil environment appears unhealthy and contaminated (Kibblewhite et al. 2008).

18.3 Biotic Factors

18.3.1 Soil Organic Matter (SOM)

SOM consists of living organisms both macro and micro, secretions, and output of
living flora and fauna, dead and decaying remains as a result of microbial decompo-
sition from detritus to humus. SOM is important for soil functions and fertility. It
provides the potential for soil binding and buffering, thereby limiting water contam-
ination. SOM is the primary food source for soil microbes and therefore, is vital to
soil health conservation. It supports the soil as a nutrient dump. Nitrogen, phospho-
rous, sulfur, and SOM strengthen the biophysical and biochemical properties of the
soil. It also enhances porosity and water-holding capacity. Carbon present in SOM
links the chain of carbon cycle by transforming atmospheric CO2 and storing as SOC
pool. It has been observed that soil has smaller bulk densities and a higher organic
matter volume. Fungi and bacteria, the main decomposition agents, are a source of
food for many microbivorous eaters. Studies have shown that the microorganisms
contribute to the release of nutrients and promote the population of microbes, thus
regulating the rate of SOM decomposition (Coleman and Hendrix 2000). In the
decomposition process, earthworms, termites, and so on are also involved. The
mechanism of decomposition is determined by many factors, such as temperature
and soil conditions. SOM is found in its active and passive states, where the active
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state participates in nutrient cycling and the passive state contributes to soil structural
characteristics. Many microorganisms that conduct decomposition processes often
lead to soil structure modifications and nutrient cycles, for example, fungi spp.,
bacterial spp., earthworms, termites, etc. Deforestation for agricultural lands is
leading to a drastic decline in SOM (Kibblewhite et al. 2008).

18.3.2 Soil Biota

Soils are inhabited by large varieties of living organisms. Soil bacteria, fungi,
protozoa, and small organisms play an indispensable role in maintaining soil fertil-
ity. SOM degraded by microbes are broken up by higher organisms. Soil organisms
are an important part of the biome food chain. Soil biota, especially multicellular soil
fauna like worms and termites contributes to maintenance of soil porosity (Dexter
1978). Early indication of a healthy soil is fresh earthy smell coupled with residues
of SOM at various stages of decomposition especially with the presence of
earthworms. In the soil macropores, soil biota and plant roots thrive gracefully.
Nutrient transformers such as decomposers by decomposers such as fungi, microbes,
microbivores, detritivores, and nutrient cycling conduct biological processes that
lead to carbon transition, functional assemblages of interacting species that are often
referred to as “primary functional classes” (Lavelle 1997; Swift et al. 2004).
Bio-controllers such as hyperparasites, rodents, and others regulate the biological
population and soil organic cycle. Soil biological processes are determined by
ecological services, which are inevitable in the concept of soil health together with
biotic interactions (Young and Ritz 2005). The primary role of variable soil dynam-
ics is providing opportunities for colonization and enhancing pore networks. Well-
developed pore networks facilitate movement of soil biota. The process of pore
formation consists of particle adhesion, covering, enmeshment, and orientation and
locomotion (Lavelle et al. 1997; Ritz and Young 2004). The structural stability of
these operations along with decomposition of SOM by soil biota reflects a
two-dimensional collaborative interaction between the environment and biotic pop-
ulation and this can be called as “soil as a self-organizing mechanism” (Young and
Crawford 2004). Therefore, potential for self-organization can be one of the markers
for soil well-being.

18.3.2.1 Soil Fauna
Soil is the biggest home for terrestrial fauna which contains enchytraeids,
nematodes, earthworms, chilopoda, symphyla, and pauropoda. The arthropods spe-
cies present in soil are primarily spiders, ants, diplopods, and pseudo-scorpion.
Coleman and Hendrix (2000) categorized the soil fauna as megafauna (above
20 mm), macrofauna (2 and 20 mm), mesofauna (200 μm and 2 mm), and micro-
fauna (20 and 200 μm) based on their body size.
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18.3.2.1.1 Earthworms
Earthworms are regarded as ecosystem engineers (Brussaard et al. 2012); because of
their digging behaviors, soil digestion, and cast formation, they have significant
effects on soil structure. Earthworms eat soil/SOM and the digestive enzymes in its
gut form casts which are stored in the burrows as slurry. The cast formation is further
stabilized by particle organic bonding of polymers by bacterial secretions and
mechanically by plant fibers, fungi, wet and dry process, and age hardening
(Coleman et al. 2012). These burrow linings and earthworm cast provide site for
SOM mineralization and are referred as drilosphere (Brussaard et al. 2012). The
biota of soils enhances soil health and productivity. In most habitats, earthworms are
considered as a chief constituent of soil macrofauna and form a significant share
of biomass. Their involvement is advantageous because they accelerate absorption
of detritus into mineral soils, it can increase soil nutrient cycling. The formation of
mucus accompanying water secretion in earthworm guts increases the activities of
other useful soil microorganisms. This is followed by organic matter production. In
the short term, the accumulation of large amounts of nutrients that are readily
assimilated by plants in fresh cast deposits have a more important impact. Moreover,
earthworms tend to enhance mineralization together with the increase in SOM
(Bhadauria and Saxena 2010). It is observed that the cast produced by earthworms
contains many plant growth-promoting chemicals. Earthworm castings promote soil
alteration, which boost plant growth (Gilbert 2010). Earthworms burrowing also
help to increase soil micropores numbers (Calderon-Cortes et al. 2012).

18.3.2.1.2 Formicidae (Ants)
Ants are significant arthropods that influence soil structure. They are also an active
predator which helps to sustain the food chain and soil carbon cycle. Predatory
competition is observed between ants and other similar predators like spiders and
carabid beetles (Moore and DeRuiter 2012). The colony forming habit of ants make
them ecosystem builders like earthworms due to their excessive digging and moving
vast quantities of soil (Garcıa-Palacios et al. 2013). The soil structure is also affected
by ants; this mechanism is especially significant in deserts because earthworm
densities in deserts are poor (Scharroba et al. 2012). Ants play an important role in
shaping the physical characteristics of the soil, such as soil structure and porosity,
through nest-building and maintenance, organic matter accumulation, and
interactions with soil fauna. These activities have localized influences on the hydrol-
ogy of an area and can have larger influences on ecosystem hydrology depending on
nest density. Increased porosity also increases water retention, healthier growth of
plant roots, and improves primary productivity. They alter microclimates inside and
around nests, altering other organisms’ environment, including myrmecophiles
living inside the nests. Activities of ants and ants could thus lead to more productive
soil (Del toro et al. 2012).

18.3.2.1.3 Termitidae (Termites)
Besides ants, termites are also known as social insects and have an organized caste
system (Bignell and Eggleton 2000). Main food source of termites is damp wood
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which mixes with the soil. Like ants’ termites are also mount builders and natural
earth movers. Their feeding habits help to convert cellulose into simpler forms
(Bignell 2000). Many cellulose breaking bacteria’s also resides in secretions of
termites which further break down the degraded cellulose in adsorbable form thus
making it available for plants. Termites are considered to have a substantial impact
on the agroecosystems. As they can sustain, transform, and promote soil fertility,
they are referred to as ecosystem engineers. By excavating and breaking down
organic materials while building their mounds, termites make a substantial contribu-
tion to preserving the chemical and physical conditions of the soil. Soil fertility relies
on the accessibility of stable nutrients in a manner that can be utilized by plants. In
low-input cropping systems, the use of termite mound soil has been proposed as
biofertilizers and inoculants because it is rich in nutrients and bacteria that encourage
plant growth. It is important to notice that, compared to the adjacent soils, termite
mound soils contain higher phosphorus levels. This is because of the phosphate-
solubilizing bacteria found in termite mound soils that are highly productive.
Termite mound soil provides beneficial bacteria proficient in decomposing lignin
and cellulose, fixing nitrogen, phosphate solubilization, and suppressing pathogens
from plant-soil (Enagbonma and Babalola 2019). These placed them in a position to
act as biofertilizers and biocontrol agents.

18.3.2.1.4 Nematodes
Nematoda is a phylum of invertebrate roundworm species that appeared over
500 million years ago during the Precambrian or Cambrian explosion (Sudhaus
2008). Nematodes play important role in the soil system. They play significant roles
in soil ecology and engage in nutrient cycling affecting crop plants. They also
engage in diverse food webs with other soil species to provide critical functions
and ecosystem services that include soil structure management, soil detoxification,
and pest and disease biocontrol. Thanks to their central position in the soil food web
and associated to ecological and soil processes, nematodes can be a method for
evaluating ecological theories and understanding biological pathways in soil. In
controlled systems, certain beneficial nematodes act as biological pest control
agents, and others control the natural environment and the cycling of soil nutrients
(Mekonen et al. 2017).

18.3.2.2 Soil Flora
Soil flora is also an important part of soil ecosystems and agricultural functions. It
majorly helps in nutrients recycling by absorbing all the important nutrients and
returning complex organic derivatives after decomposition. Because of the high N2
fixation capacity, nutrient cycling, and contribution to soil cover, leguminous plants
used as green manure are a source of organic material with significant advantages for
soil and crops (Cobo et al. 2002). The annual carbon fixation rate could be improved
by 20–75 g C m�2 by sustainably modifying the land-use pattern by adding legumes
and tree. Legumes are vital to soil ecology, sustainability, and nutritional security as
it is also a valuable source of human food protein (Kumar et al. 2018a, b). From its
emergence as a scientifically recognized science and practice, agroforestry’s ability
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to optimize soil quality has been generally recognized as a significant advantage. In
the tropics and temperate regions of the world, agroforestry activities have been
advocated for decades for their hypothesized advantages by enhancing soil quality
and delivering ecological services. Agroforestry raises the amount of organic carbon
in the soil, soil biota, and soil nutrients (Dollinger and Jose 2018).

18.3.2.2.1 Soil Microbes
The microbes help to maintain/improve soil health by altering: (1) intercellular
plant–microbe interactions, (2) intracellular metabolism, and (3) microbial species
composition by crop rotation thus improving soil microbiome (Brussaard et al.
2007). Effective use of microorganisms helps to preserve soil quality, boost water
retention, carbon storage, and root growth (Dubey et al. 2019). For our agricultural
productivity, the conservation and growth of soil health and fertility are significant
(Joshi et al. 2019; Rawat et al. 2019). In most of the world’s important agricultural
plants, soil-borne beneficial microbes have been extensively researched and
introduced, but inadequate incorporation of these beneficial soil microbes into
agriculture has limited the production of successful practices for disease control.
Beneficial microbes provide new possibilities in regulating pathogen population
(Bonanomi et al. 2018). Soil microorganisms are main component of SOM, plants
are provided with nutrients and a multitude of soil microbes offer protection against
outbreaks of pests and diseases. Popular agricultural practices can, however, deplete
microbes in soil and general soil health, but this can be avoided by different methods
of enhancing soil quality. Certain soil microbes are essential for plant nutrient uptake
by providing two major macronutrients nitrogen and phosphorus, respectively
(Suyal et al. 2014; Tomer et al. 2017; Rajwar et al. 2018). The microbiota also
leads to the degradation of recalcitrant organic matter and the weathering of minerals
that are supplied with carbon in root exudates and other rhizosphere deposits in
exchange (Van Der Heijden et al. 2008; Kumar et al. 2018a, b). In a model grassland,
several researchers researched AM fungi and PGPRs and found that both symbionts
complement each other and resulted in increased plant diversity, enhanced seedling
recruitment, and improved nutrient acquisition. Root microbiome with diversified
symbionts complement each other in obtaining mutually important nutrients and
driving ecosystem functions (Dubey et al. 2019).

18.3.2.2.2 Bacteria
Rhizosphere soil has millions of microorganisms that can impact plant growth in a
variety of ways. Soil bacteria are one of the most essential component of the biome
which dwells as free-living/symbiotic or as pathogens. Beneficial endophytes or
free-living bacteria are associated with plant growth stimulation through direct or
indirect functions are termed as plant growth promoting bacteria (PGPB) (Shameer
and Prasad 2018). PGPB and plants share a complex relationship but their interac-
tion with host plants is generally considered to be the product of root exudates
constituting of organic compounds that serve as nutrients to the microbes (Kumar
et al. 2019; Suyal et al. 2019). Colonized microbes can influence the status of plants
in terms of biology, growth, nutrition, and health (Mantelin and Touraine 2004).
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PGPB promotes plant growth through numerous mechanisms ranging from recla-
mation of soil, producing substances that encourage growth, suppressing harmful
pathogens, solubilization of phosphorus and nitrogen, and mobilization of nutrients
(Lugtenberg and Kamilova 2009). It has been widely documented that these benefi-
cial microorganisms promote the fixation of nitrogen and enhance the process of
nitrate uptake by roots, enable solubilization of phosphorus and its bioavailability in
the rhizosphere along with mobilization and uptake of nutrients. They also contrib-
ute to the remediation of heavy metal in polluted soils, multi-activity soil improve-
ment, the release of hormones, vitamins, volatile compounds, and stress
management in case of soil salinity and droughts. They act as biocontrol agents
against various pathogenic diseases (Majeed et al. 2018). As a result, PGPB-
mediated soil bioavailability of nutrients contributes to improved plant growth,
yield.

18.3.2.2.3 Fungi
Fungi have high plasticity and greater adaptability to adverse living conditions
making them an amazingly effective inhabitants of soil biome (Sun et al. 2005).
Due to their capacity to generate a wide range of enzymes extracellularly, they can
break down all sorts of organic matter and thus maintaining the balance of plant
nutrients (Zifcakova et al. 2016). Fungi transform dead organic content into simpler
organic compounds, CO2, and easily digestible biomass. Many species of fungi are
also important bio-sorbents for metals considered toxic to soil flora and fauna thus
helping in bioremediation (Baldrian 2003). Various biotic factors (plants and other
organisms) and abiotic factors (soil pH, humidity, salinity, structure, and tempera-
ture) regulate the diversity and activity of fungi (López-Bucio et al. 2015; Rouphael
et al. 2015). Fungi are cosmopolitan and can survive in a broad pH and temperature
range (Frąc et al. 2015).

Soil fungi based on their activities can be classified as (a) biological controllers,
(b) ecosystem regulators, and (c) organic matter decomposers and compound
transformers (Swift 2005). Through the regulation of physiological processes in
the soil environment, ecosystem regulators are responsible for the formation of
stable soil structures soil structure formation and habitat alteration for other species.
Diseases and the growth of other species can be regulated by biological controllers’
Mycorrhizal fungi, for instance, promote plant growth by increasing nutrient absorp-
tion and protecting them against pathogens (Bagyaraj and Ashwin 2017). They also
play a vital role in soil organic matter stabilization and residual decomposition
(Treseder and Lennon 2015).

18.3.2.2.4 Algae
Algae are a very large and complex group of simple species usually autotrophic,
capable of carrying out photosynthesis and capturing energy from sunlight. In
sustainable and organic agriculture, where algae are used as biofertilizers and soil
stabilizers, they play an important role. Algae, particularly seaweeds, are used as
fertilizers, resulting in less drainage of nitrogen and phosphorous as compared to the
livestock manure. In essence, this enhances the water quality that flows through
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rivers and oceans (Sharma et al. 2012). Sustainable agriculture is favorable over
traditional agriculture because of its potential to satisfy the need for food by utilizing
natural resources without adversely impacting them. The beneficial function of blue-
green algae (BGA) is well known for promoting the nitrogen supply of paddy fields
and improving the production of rice. The modest presence of BGA in the soil helps
in the construction of soil aggregates, minimizing soil loss during the rainy season,
and controlling the aeration and temperature of the soil, thus improving the physical
and chemical properties of the soil concerning the physical environment of the yield.
By secreting exopolysaccharides and bioactive compounds, BGA assists in
recovering soil nutrients. They can mobilize the forms of inorganic phosphates
that are insoluble. Algalization has been utilized for reducing the volume of
exchangeable sodium, which results in altered soil pH and contributes to the
reclamation of sodic soils. It has been found that some red algae are used as
biofertilizers (Chatterjee et al. 2017).

18.3.3 Plant–Microbe Interactions: Key Player of Agricultural
Sustainability

A balanced soil functions as a complex living environment that provides different
services to the environment such as preserving water quality and plant fertility,
regulating decomposition to regulate various soil cycles, and reducing the release of
greenhouse gases in the atmosphere. Organic agriculture plays a vital role in
determining soil quality as it provides a site for soil microbes to thrive and diversify
which in turns affect the land productivity. Agricultural sustainability is broadly
classified as the continuous ability of the soil to produce crops without losing its
fertility. Arbuscular mycorrhizal fungi (AMF), nematodes, cyanobacteria, and other
beneficial microbes increase the productivity of water usage and the supply of
nutrients to plants, development of phytohormones, soil nutrients cycling, and
plant tolerance to ecological stress. It has being observed that traditional framing
practices, tillage, organic and terrace farming improve the health of the soil by
promoting microorganisms richness, variety, and actions (Tahat et al. 2020). In
sustainable agriculture, the importance of plant–microbe interactions is immense.
Some pathogenic interactions cause plant diseases while the beneficial interaction
between plants soil microbiota encourage plant growth, impart resistance to various
kinds of environmental stress and assist plants to revitalize polluted and depleted
loams (Abhilash et al. 2012). Moreover, the helpful microbes also play a vital role in
regulating the energy distribution amid plant root and shoot, ecology, and interme-
diate the relationships and interaction between fauna living above and below the soil.
Henceforth, the biological, physical, and biochemical properties of the soil can be
changed by such dialogues between plants and microbes. Plant and microbial
secretion comprise of simple carbohydrates, organic acids, polymerized sugars
(e.g. mucilage), root boundary cells, amino acids and root exudates. The plant
secretes phytosiderophores that assist in the removal from the soil of metallic
micronutrients. Various secondary metabolites are secreted by plant roots and they
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play a vital role by attracting soil microbes and establishing a healthy plant-microbial
interaction in the rhizospheric area. The rhizodeposits allow the plant-microbial
interaction in various regions like rhizosphere, phyllosphere, adjacent soils, and
endosphere and this help the plant to host a wide range of microbial communities
and these microbes play a fundamental role in plant growth and development. To
unravel the commitment of every player to the well-being of the ecosystem, in-depth
knowledge of various interlinked activities is important. Therefore, in evaluating the
importance of plant-related microbes to sustainable food production, habitat regen-
eration, biomass development, and curbing the hostile effects of climate change, it is
crucial to consider the main mechanisms of plant–microbe interactions (Saleem and
Moe 2014). Effective knowledge of rhizospheric interactions is helpful to increase
soil productivity and in maintaining soil carbon along with checking trace gases
release from agro-systems. Most notably, such skills can help to strengthen the
relationships between plants and microbes, conferring resistance to pathogens,
bioremediation, and regeneration of degraded lands. Recent experiments, however,
have shown that evolving climatic factors will alter the biology of the rhizosphere by
altering the rate of root exudation, the availability of resources, and biogeochemical
cycling (Dubey et al. 2016). In brief, the main measure of sustainable land manage-
ment is the measurement of soil quality or health and the course of progress
over time.

18.4 Recent Trends and Future Perspectives

Many people consider soil quality and health as same but usually all the scientific
studies are being done considering the soil quality, whereas the farmers are prefer-
ring the soil health. But in recent years, the term soil health has been increasingly
adopted by scientists due to the inferred presence of biological activities. Using
several techniques, including several mathematical approaches, fuzzy methods,
biodiversity analysis, and spatial analysis, attempts are made to find standard
measures defining soil quality/health. However, there is still a significant need to
obtain additional soil details. Precise data related to soil and properties is required as
a supplement to current soil mapping, classification, and analysis datasets. In the last
decade, a variety of analytical methods have been developed, e.g., Soilflex and
SOCOMO and set models such as Prager and Cap model, two- and three-
dimensional finite models are developed with the creation of numerical computers
in order to check soil compaction and pneumatic tire–soil interaction (Muñoz-Rojas
et al. 2017). By raising the awareness of the role of soil in contemporary society, the
need of implementation and importance of soil health is being appreciated by
stakeholders, small and large scale farmers, land supervisors, municipal cooperation,
and policymakers. The notion’s simplicity helps multiple investors to support soil
health and make its utility within their context. Rather than a property to measure,
researchers must accept soil quality as a predominant standard for better understand-
ing and awareness (Lehmann et al. 2020). By doing so, soil heath will gain more
scientific importance and this will also encourage involvement of other disciplines.
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A better understanding between scientist and stakeholders is needed in order to unify
all concepts related to soil health to ensure better productivity along with
sustainability.

18.5 Conclusion

One of the major challenges that is being faced is to satisfy the food needs of the ever
increasing population in a sustainable way, i.e. to preserve soil quality levels and
avoid soil depletion. Extensive information on soil erosion is already present in the
agricultural sphere. As a result of a kind of agriculture whose priority was just high
crop productivity, there are several thousands of km2 of polluted soils all over the
world. The intensive usage of synthetic fertilizers, systematic degradation, soil
erosion and the impact of rainfall or storms, the depletion of organic matter, and
many other factors have resulted in growing desertification, the loss of millions of
tons of productive surface soil and, consequently, the silting up of rivers and dams,
the salinization of soils, climate change, and the loss of biodiversity. Decline in soil
fertility due to the loss of organic matter, sudden increased erosion, and increase in
soil salinity, soil compaction and reduced biodiversity are the major threats affecting
soil health directly. Delayed implementation of sustainable approaches and
strategies may make the situation worse by increasing the rate of land degradation
due to climate change. Current climate change patterns would influence the atmo-
sphere and infrastructure. New transformation and moderation strategies for these
effects should be immediately executed. This would incorporate suitable control,
assessment, and understanding of expected situations at adequate fleeting and spatial
scales. Further, cycle based and logical models give separate, however, integral
strategies, every one of which would be utilized to help the assortment of field
information and produce gauges under conceivable worldwide change situations.
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Abstract

In today’s world, there are other important problems, such as climate change and
environmental problems and the loss of genetic resources, in addition to the issue
of human societies supplying food and creating more food. One of the reasons
being the improper use of chemical products in agriculture (such as pesticides and
chemical fertilizers, etc.). In recent decades, the growing population of the world
and the growing market for food have led to a serious and imminent change from
conventional agriculture to advanced agriculture in the agricultural and food
sciences and to the use of modern genetic technologies in the production of
crops and livestock. The application of the techniques of genetic evolution and
molecular genetics in the use of microorganisms and microbial genes to improve
the amount and efficiency of goods, on the one hand, and, on the other hand, to
minimize costs and processing time, has made the use of these techniques very
useful in the different branches of agriculture. So far, microorganisms have been
used in different sectors of agriculture as follows; reducing the toxicity of
antibiotics and herbicides (beta-lactam gene), production of fungicides and
biocides (chitinase gene), resistance to pathogenic bacteria (WRKY gene family),
resistance to citrus bacterial canker (pthA gene), dissolution of soil phosphorus
(gabY, Mps, pKKY, pKG3791 and OlpA-Cm genes), tolerance to abiotic stresses
(Flavdex gene (Fld), PR5 gene family), coexistence with plants in water and
mineral production (mycorrhizal fungus), and editing the plant genome (CRISPR/
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Cas9 gene). Various genes have also been used in the removal of soils
contaminated with heavy metals and herbicides (atzA, atzB, atzC, atzD, atzE
and atzF, BPDO, CotA, and merA genes). Production of sugar biopolymers (Asr
gene), production of biofilms, production of dietary supplements for oil enrich-
ment (fatty acyl-ACP thioesterase gene), development of immunity against gas
spoilage (alfa-Toxin gene), bioethanol synthesis (Cel6B gene), Baker’s yeast
engineered to promote the bakery industry, and engineered yeasts for the produc-
tion of engineering and industrial alcohol that have also been controlled by other
genes. We also attempted to review in this chapter the form and manner in which
microbial genes are used directly and indirectly to improve the quantity and
efficiency of agricultural products.

Keywords

Beta-lactam · Chitinase · CRISPER · Flavodoxin Flv · Laccase · WRKY gene
family

Abbreviations

ABC ATP-binding cassette
AMF Arbuscular mycorrhizal fungi
ASR Alternate sucrase
BPDO Biphenyl dioxygenase
CRISPR Clustered regularly interspaced short palindromic repeats
crRNA CRISPR RNA
Cry1Ac protoxin Is a crystal protein produced by the gram-positive bacterium,

Bacillus thuringiensis (Bt) during sporulation
DDD Domain-driven design
DDT Dichlorodiphenyltrichloroethane
GDH Glucose dehydrogenase holoenzyme
GMOs Genetically modified organisms
HPLC High-performance liquid chromatography
LMOs Living modified organisms
PAL Phenylalanine ammonialyase
PPP1 Phosphoprotein phosphatase 1
PQQ Pyrroloquinoline quinine
PthA Pathogenicity gene
T-DNA Transfer DNA
TracrRNA Small trans-encoded RNA
WRKY gene family The length of the WRKY domain is approximately 60 amino

acids long and also they have one or two DNA binding
domains that contain the conserved heptapeptide
WRKYGQK and also they are responsible for the recognition
with W-box sequence “(C/T)TGAC(T/C)”
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19.1 Introduction

Food availability will be one of the most significant obstacles ahead as the popula-
tion rises. Although the green revolution could help people get the food they need,
but with the increasing population and the need for more food, the need for another
green revolution is felt, with greater focus on environmental values and resource
management and preservation, so that food will rise by 50% over the next 20 years
(Khan et al. 2009). The Green Revolution, which was produced with the advent and
delivery of chemical fertilizers, posed threats to the atmosphere and human beings
along with increasing production. Therefore, by creating organic agriculture with a
greater focus on soil capacity and biological capacities, human beings have chosen
to use approaches that are more consistent with nature and uphold the ecological
equilibrium of soil and climate to maintain productivity and conserve their basic
resources (Sarikhani et al. 2014).

In recent decades, the growing population of the world and the growing food
market have led to a serious and imminent change from conventional agriculture to
advanced agriculture in the agricultural and food sciences and the use of modern
genetic technologies in the production of crops and livestock. As we know, plants
are the world’s primary and most essential renewable resources that also fulfill
non-nutritional, chemical, and industrial requirements, such as photosynthesis, in
addition to supplying food for humans and animals. For this reason, the application
of genetic engineering and molecular genetics methods in the use of microorganisms
and microbial genes to increase the quantity and quality of products, on the one
hand, and reduce costs and production time, on the other hand, the use of these
methods in various branches of agriculture is very valuable.

All food cycles are related by bacteria to higher nutritional levels, so it would be a
significant factor in deciding the role of an ecosystem because of the range of
reactions that bacteria cause, role and likely bacterial diversity (Khodashenas et al.
2010).

In soil composition, bacteria play a significant role. Bacteria-produced
polysaccharides bind soil particles together and help form the foundation of the
soil. Bacterial humus also forms complexes of clay-organic matter that assist in the
granulation of the soil. Actinomycete community bacteria create hyphae that bind
soil particles together, thereby playing a role in the granulation of soil. Soil granula-
tion lowers soil erosion, increases the infiltration of water and adequate aeration of
the soil (Khodashenas et al. 2010).

Endophytic bacteria, by maintaining their survival in the host plant, in addition to
not harming their host, but with the help of various mechanisms, directly and
indirectly increase plant growth. Indirect stimulation of plant growth occurs when
bacteria counteract the harmful effects of one or more plant pathogens, which can be
achieved in two ways. In one method, bacteria stop the activity of the pathogen by
secreting siderophore, producing hydrogen cyanide, and secreting extracellular
enzymes such as chitinase, beta-one, and three gluconases, protease, and lipase. In
another method, the bacterium activates the induced systemic resistance mechanism
in the plant (Etminani and Etminani 2018). These include siderophores,
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lipopolysaccharides, and salicylic acid. Siderophore can specifically help improve
the growth of the host plant in addition to its indirect influence.

In fact, iron absorption by microorganisms and plants in iron deficiency
conditions usually depends on chelating agents for the breakdown and transport of
inorganic (mineral) iron. The most diverse biosynthetic chelates are microbial
siderophores and to a lesser extent phytosiderophores produced by Geramineaes.
Siderophores are low molecular weight compounds (less than 1000 Da) with a high
affinity for trivalent iron that are secreted by various bacteria to dissolve trivalent
iron in the extracellular medium. Pseudomonas was introduced as the predominant
endophytic genus with the ability to produce growth-promoting compounds in this
study. Bacteria of Pseudomonas have spread extensively in nature and are isolated
from most environments (Alexander and Zuberer 1993; Fazeli-Nasab and Sayyed
2019). These bacteria are important in terms of a broad range of metabolites
supporting plant growth, such as production of hydrogen cyanide, production of
siderophores, solubilization of phosphates, and production of auxins (Costa-
Gutierrez et al. 2020; Schippers et al. 1987). This genus has been introduced as a
growth-promoting endophytic bacterium in crops (Maheswari et al. 2013) and it has
been shown that Pseudomonas fluorescens and Pseudomonas putida bacteria in pine
and Pseudomonas aureofaciens bacteria in Fir plant can increase plant height and
biomass (Ahmadzadeh 2013). Pseudomonas has also been identified in Arabidopsis
and soybeans (Chaudhry and Patil 2020; Panchal and Ingle 2011).

19.2 Importance of Different Microbial Populations Associated
with the Plant

The rhizosphere is a microecological area near the plant root, where rapid and
numerous chemical interactions take place and its environment is more competitive
than the soil mass. This environment is divided into three regions: internal, middle,
and external, based on proximity to the root and the extent of its impact. Compounds
added to the soil by the roots are classified into four categories: exudates (passively
removed from the roots), secretions (actively removed from the roots), dead cells,
and gaseous compounds. The compounds in the substances left by the roots, by
acidifying or changing the redox conditions in the rhizosphere or directly chelating
the elements, help to provide nutrients such as nitrogen, phosphorus, iron, etc. As the
soil dries, the hydraulic potential decreases, after which the root seepage begins to
return water to the soil, increasing the degree of stability of the rhizosphere.
Conventional nutrient management strategies are highly dependent on the use of
chemical fertilizers, and the potential biological potential of soil and plants has in
many cases received less attention. Of course, the growing demand of the world for
food and, as a result, the need to achieve high yields of agricultural products, has
been a pressure lever for this lack of attention. In many cases, the expediency of
producing more and obtaining food has even violated other environmental
considerations. The chemical and biological processes that take place in the rhizo-
sphere not only determine the mobility and uptake of soil nutrients but also control
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the efficiency of nutrient consumption. Establishing an integrated nutrient manage-
ment strategy in the root zone is an effective way to solve the problem between high
crop yield, nutrient efficiency, and environmental protection (Dadivar 2015).

Plants are an important source of organic matter in the soil and organic matter is a
major source of energy for microbial activity. In most cases, it defines the basis of the
tendency of microorganisms to the roots and the formation of the interaction of
microorganisms and plants in the form of cooperation and coexistence. The forma-
tion of root–microorganism interactions in the rhizosphere has caused many physi-
cal, chemical, and biological properties of soil in this environment to be different
from soil mass. This difference is very favorable for both the plant and the rhizo-
sphere microorganisms (Dadivar 2015).

The uniqueness of rhizosphere conditions in terms of plant nutrition and also the
difference of rhizosphere between different plants can provide effective management
strategies for farmers and producers (Dadivar 2015; Ryan et al. 2009). Provision of
nutrients locally and in the environment adjacent to the roots, instead of consump-
tion as a spread in the soil mass, uses the capabilities and benefits of efficient plants
in improving the nutrition and growth of inefficient or inefficient plants in the form
of mixed cultivation of different plant species or different cultivars of a species can
increase production and reduce the consumption of agricultural inputs, including
chemical fertilizers (Dadivar 2015; Gqozo et al. 2020; Rehman et al. 2020). Also,
adopting appropriate crop rotations by considering the rhizosphere characteristics of
each plant, so that the appropriate conditions created in the soil by one crop can be
used in cultivation and subsequent crop production, including cultivation manage-
ment strategies. Emphasis is placed on the rhizosphere, which can increase produc-
tivity and reduce chemical fertilizers (Ayub et al. 2020; Dadivar 2015).

The reaction of calcium carbonate in calcareous soils leads to an increase in soil
pH, especially in areas with low rainfall. These reactions in the surface horizon of
calcareous soils limit the solubility and uptake of many elements such as Fe, Cu, Mn,
Zn, P. It also impairs plant and root growth and ultimately reduces yields unless large
amounts of chemical fertilizers are applied. Therefore, the solubility and low uptake
of nutrients in calcareous soils have attracted the attention of many nutritionists due
to the high cost of chemical fertilizers, the environment, and public health. Many
studies have shown that in calcareous soils, organic acids from plant root secretions
can act as an effective factor in extracting a significant portion of plant nutrients and
improve the efficiency of fertilizer and water consumption in these soils (Khademi
et al. 2009).

Different bacterial species protected by a polymer substrate are known as
biofilms. In adverse environmental conditions, this polysaccharide coating plays a
part in preserving the cells in the biofilm and giving them certain capabilities to
maintain and withstand bacteria in adverse environmental conditions. The biofilm
produced by them may have positive or negative effects on human life due to the
presence of bacteria in different ecological environments. The production of biofilms
in plant pathogens causes many problems in killing bacteria because biofilms
prevent the effects of disinfectants, antibiotics, and chemical toxins on harmful
bacteria. On the other hand, the prominent effect of heavy metal decomposing
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bacteria in contaminated soils and waters, wastewater, and air purifying bacteria, as
well as beneficial bacteria effective in improving plant growth cannot be ignored.
Considering the issues raised, by increasing the level of knowledge and examining
various aspects of bacterial life, biofilm-producing bacteria can be used to improve
the quality of human life (Khezri 2019).

The use of antagonistic bacteria in the biological regulation of plant diseases and
the quantitative and qualitative enhancement of crop growth has recently been found
to be of considerable importance by researchers. Increasing use of chemical
compounds in the form of fertilizers and pesticides to control pests and plant diseases
has caused serious pollution in the environment, human health and other organisms.
For this reason, scientists are looking for alternative methods to these harmful
compounds in controlling plant pests and diseases and improving plant growth.
The use of biologically inhibitory agents that have high capabilities in the production
of secondary metabolites effective in reducing or inhibiting plant diseases is one of
the strategies that has been welcomed by researchers (Khezri 2019).

Most of the bacteria that inhibit plant diseases are located in the soil around the
roots, called the rhizosphere. In the form of compounds rich in sugars and organic
acids, the root of the plant secretes a large part of the stabilized compounds into the
soil atmosphere through the roots. For this cause, the rhizosphere is an ideal location
for various types of microorganisms to expand and multiply (Khezri 2019).

The findings of studies conducted by different researchers suggest that biofilms
formed by beneficial bacteria may be useful for disease control (Younessi et al.
2017).

Bacillus subtilis, B. cereus, and Pseudomonas fluorescent bacteria can be men-
tioned as effective bacteria in biologically controlling plant diseases (Younessi et al.
2017). Different strains of these bacteria have high potential in producing a variety of
secondary metabolites such as biofilms, biosurfactants, extracellular fluid secretions,
antifungal volatile compounds, antibiotics, and various enzymes and reduce disease
in different ways (Younessi et al. 2017). In one study, the probability of managing
tomato blight bacterial disease was assessed using B. subtilis 6051 strain on the
model plant of Arabidopsis and the results showed that the reduction of the disease
relied directly on the development of biofilm by the antagonist bacterium (Younessi
et al. 2017).

19.3 The Role of Microorganisms in Soil Protection

Soil conservation as a living organism is considered to be the main goal in
bio-agriculture, so that other factors and institutions should be such that in the
long run, they cause more soil fertility and revitalization of its living ecosystem.
Production of high quality food, sufficient quantity, preservation and increase of soil
fertility in the long run, preservation of genetic diversity, and consideration of the
wider social and ecological effects of the crop system are the goals of
bio-agriculture. Soil microorganisms, especially bacteria, cause many reactions
that are necessary for the production of agricultural products. These reactions
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include the following; Food cycle, soil structure preservation, organic matter decom-
position and food release, decomposition of agricultural chemicals, decomposition
of other contaminants, production of plant humus, control of plant and animal pests.
Soil bacteria are dynamic reservoirs of nutrients in all ecosystems and are directly or
indirectly important in improving plant health (Forouzandeh et al. 2019; Jahantigh-
Haghighi et al. 2020; Mehrban and Fazeli-Nasab 2017; Naghavi et al. 2004).

Many reactions that are essential for the production of agricultural products are
caused by soil microorganisms, especially bacteria. These include the food cycle,
soil structure preservation, decomposition of organic matter and food release,
decomposition of agricultural chemicals, decomposition of other contaminants,
humus production, and control of pests and plants and animals. Soil bacteria are
dynamic sources and reservoirs of nutrients in all ecosystems and are critical for
improving plant health directly or indirectly (Khodashenas et al. 2008).

Microbial decomposition has been introduced as the most important natural
mechanism for removing non-volatile hydrocarbon pollutants from the environment.
Although biodegradation occurs slowly, the use of microbial species that decompose
pollutants more effectively or through improving environmental conditions such as
food addition and aeration can increase biodegradation. Creating different conditions
related to native microbial communities such as energy sources, pH, electron
receivers and donors, food, temperature, etc., in contaminated sites is also required
in the bioremediation method (Gerhardt et al. 2009; Megharaj et al. 2011).

Owing to its wide distribution in the biosphere compared with other living
species, bacteria play a prominent role in Atrazine degradation. Biodegradation of
the herbicide atrazine in microorganisms is mostly carried out by bacteria due to the
presence of atzA, atzB, atzC, atzD, atzE, and atzF genes, which encode the
degrading enzymes of this organic pollutant. Since the mid-1990s, there have been
reports of atrazine degradation by a large number of degrading bacteria, including
the genera Pseudomonas, Rhizobium, Acinetobacter, Agrobacterium, and
Pseudoaminobacter. Atrazine is often used as a source of nitrogen and carbon by
bacteria (Fernandes et al. 2014; Ma et al. 2017; Qingyan et al. 2008).

Biological oxidation of organic compounds is the main advantage of microbial
decomposition. Mineralization is said to take place as organic compounds are
converted to H2O and CO2. It should be remembered that mineralization never
happens entirely because the cell is converted to part of the organic matter and an
essential part of the cell mass is in some way non-degradable. With hazardous
substances combined with H2O, CO2 and new bacterial cells will solve a number
of problems, but this itself needs to be corrected. In biodegradation, mineralization
does not always occur. Changes in the molecular structure of a contaminant during
bioremediation may result in the production of different materials from raw materials
that are still toxic or hazardous (Abdollahi and Abdollahi 2008).

In general, the three metabolic pathways by which contaminants are modified and
degraded by microorganisms are: aerobic, anaerobic, fermentation or fermentation
methods (King et al. 1997). The aerobic process can cause many of these
contaminants to degrade, but when reacted, heavy halogen compounds are not
readily affected by aerobic microorganisms and become more toxic. It is important
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to note that the rate of reactions for the aerobic metabolism process is often faster and
typically easier to control (Gibson 1988; Heitkamp et al. 1988; Tabak et al. 1964).

Almost all methods of bioremediation are aerobic, but since they can catalyze
most reactions and degrade certain compounds that are immune to aerobic decom-
position, anaerobic bacteria should not be ignored. A wide variety of compounds can
be used by anaerobic bacteria to generate energy. In fuel products, these compounds
include carbohydrates, amino acids, fats, pesticides, and aromatic compounds.
Anaerobic microbes can reduce (reduce) chlorogenic molecules that are resistant
and less attacked by aerobic bacteria. This toxin, like other chlorine toxins, is very
resistant and its decomposition in the soil contributes to DDD, which is also resistant
and both compounds may be contained in fats and are detrimental to the nutrition of
animal products. DDT is one of the toxins that is highly regarded in terms of
environmental contamination. Some researches have shown that the breakdown of
DDT and ddd in anaerobic conditions is much faster than in aerobic ones. Normally,
only one to two percent of it remains after a few months. About 26 microbial species
have the ability to degrade ddt to ddd. These microbes include Aerobacter,
Aerogenase, Enterobacter, and E. coli. (Abdollahi and Abdollahi 2008; Morrison
et al. 2000; Tang et al. 1999).

In the climate, hydrocarbons are degraded primarily by filamentous fungi, yeast,
actinomycetes, and bacteria. Biodegradation efficiencies have been recorded for soil
fungi at 6–82%, soil bacteria at 13–50%, and marine bacteria at 0.003–10% (Das and
Chandran 2011). While many microorganisms are capable of degrading crude oil in
the soil, bacteria are increasingly recognized for their biodegradability (Sebiomo
et al. 2011), and are commercially available as lyophilized hydrocarbon decomposi-
tion bacteria. The way bacteria do the biological process is well known; and the
bacteria that can break down petroleum products are Pseudomonas, Aeromonas,
Moraxella, Bijrinkia, Flavobacter, Korobacter, Nocardia, Corynebacteria,
Acinetobacter, Mycobactena, Monococcus, Streptococcus, Streptococcus aureus.
Microbial deformation and mineralization are the most important methods of
decomposing pesticides in soil. The size and activity of soil microbial biomass affect
the rate of decomposition (Burken and Schnoor 1996; Burken et al. 2011).

Microorganisms have been used in different agricultural industries so far.
Examples include the role of microorganisms in biofilms and the development of
dietary supplements to enrich oil (Franklin et al. 2019, 2020), the reduction of
antibiotic toxicity (Allen et al. 2009), the promotion of engineered bread yeast for
the bakery industry (Prieto et al. 2005), and the development and industrialization of
engineered alcohol yeast.

19.4 The Role of Microorganisms (Biofertilizers) in Sustainable
Agriculture

The use of bio-fertilizers to increase soil fertility in agricultural production has been
proposed to achieve sustainable agriculture, expand the production of products
without toxins and chemical fertilizers as an alternative to chemical fertilizers.
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Types of biofertilizers include molecular nitrogen-fixing bacteria (diazotrophs), root
fungi (mycorrhiza), microorganisms (soluble microorganisms), and insoluble
phosphates, rhizosphere bacteria that stimulate plant growth, and plant-farming
microorganisms, microorganisms, plant-producing microorganisms. It is used to
expand the biological regulation of plant diseases (Sabbagh and Valizadeh 2019).

One of the forced coexistences of plants that are useful in water absorption and
nutrients, as well as in soil formation and soil stabilization, is arbuscular mycorrhizal
fungi. The coexistence of arbuscular mycorrhizal fungi also increases plant produc-
tion capacity. In this regard, the mycorrhizal relationship can be mentioned as a
living structure in which there is coexistence between the fungus and the root and
increases the potency of both (Xu et al. 2019). Since most mycorrhizal fungi do not
have a specific host, large populations of plants coexist with these fungi. Approxi-
mately 240 species of arbuscular mycorrhizal fungi (AMF) have been identified
using the morphology of their spores, and in the absence of spores, the presence of
fungal organs within roots such as arbuscules and vesicles as well as their structural
features is the best means of identification. In addition to decreasing the adverse
effects of nutrient shortages and drought and salinity stresses, coexistence with
mycorrhizal fungi often improves reversibility after plant stress. And their vegetation
has declined and the biosynthesis of secondary metabolites in plants has also
increased (Hatami et al. 2020).

In order to stimulate rooting and root production, in rosemary (Rosmarinus
officinalis) a two-factor factorial experiment was performed in three replications
(first factor (phosphorus fertilizer (ammonium phosphate) equivalent to zero, 25, 50,
75 and 100 kg / ha). And the second factor (two levels of mycorrhizal fungus
treatment including Glomus intraradices and Glomus mosseae)). Some traits such
as plant height, root length, stem diameter, shoot fresh weight, shoot dry weight, root
wet weight, stem dry weight and number of leaves per plant were also investigated.
The results showed that in addition to both types of fungi were effective on all
morphological indices of the plant (Table 19.1), even fungi in the presence of
phosphorus fertilizer could affect the morphological indices more so that the highest
plant height (1/1) 195 mm) was obtained from the treatment of glomus muse A and
the use of 100 kg/ha of ammonium phosphate and the lowest amount (110.1 mm)
was obtained from the treatment of glomus muse A and no application of ammonium
phosphate (control) (Table 19.2) (Bagheri et al. 2018).

The use of nitroxin, vermicompost fertilizers in sesame plants has had a positive
and important impact on most of the characteristics evaluated, so that in some
characteristics, including the number of capsules per plant, the yield of grain and
the yield of oil, the use of these fertilizers have an impact equal to half the effect
(Sajadi et al. 2011). Nitroxin biofertilizer contains a set of the most effective strains
of nitrogen-fixing bacteria of Azospirillum, Azotobacter and phosphate solvent of
Pseudomonas. Azotobacter and Azospirillum are the most important growth-
promoting bacteria in the plant, which in addition to bio-stabilizing nitrogen and
helping the plant easily access soil nutrients, produce significant amounts of growth-
promoting hormones, especially auxin, gibberellin, and cytokine (Sabbagh and
Valizadeh 2019).
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19.5 The Role of Genetic Engineering in the Use of Microbial
Genes in Agriculture

By engineering the fatty acyl-ACP thioesterase gene, they have reduced the carbon
chain, increased the degree of saturation, quality and efficiency of the oil. Asparagus
converts to aspartic acid and consequently reduces the formation of acrylamide
(a carcinogen during cooking). Genes involved in the biosynthesis pathway of
isobutanol and ethanol in S. Cerevisiae yeast have been engineered to increase
production (FDA 2013). Later, recombinant microorganisms (such as recombinant
probiotics) will appear in dairy products such as yogurt and cheese (Aguilera et al.
2013).

Numerous studies have been performed to increase the efficiency of pest control
agents such as Bacillus thuringiensis (Bt) through genetic engineering, during which
genes encoding crystalline proteins or other toxins are transferred to Bt bacteria and
their expression is increased or for the first time, a specific gene has been transferred
to the target strain because each strain of this bacterium has a specific number of such
cry genes (Driss et al. 2011; McDade 2019). In 2011, with the transfer of the
chitinase gene to the Bt bacterium, the insecticide capacity of this bacterium
increased by 50% (Driss et al. 2011). Insect-specific neurotoxin gene along with
cry1Ac gene was transferred to a Bt strain and it was found that its insecticidal rate
was increased (Li et al. 2012).

Table 19.2 Mean interactions on growth characteristics of rosemary under the influence of
mycorrhiza and ammonium phosphate fertilizer

Arbuscular
mycorrhizae

Ammonium
phosphate

Number of
leaves per
plant

Dry weight of
the stem (g)

Root wet
weight (g)

Bush
height
(mm)

Glomus
intraradices

100 kg/hectare 31.00b 1.37b 1.21b 147.02bc

75 kg/hectare 36.00b 0.92dc 0.71c 124.96dc

50 kg/hectare 25.33c 1.29b 0.59dc 121.66d

25 kg/hectare 37.00b 0.71e 0.65c 127.79dc

No fertilizer
application
(control)

13.66d 0.83de 0.48d 129.54dc

Glomus
musa A.

100 kg/hectare 45.00a 1.65a 1.59a 195.10a

75 kg/hectare 35.66b 1.81a 0.69c 159.21b

50 kg/hectare 40.00b 0.76de 0.62dc 130.08dc

25 kg/hectare 29.00c 0.72e 0.68c 122.89dc

No fertilizer
application
(control)

24.66c 1.01c 0.21e 110.17d

Similar letters in each column indicate no significant difference at the 5% level based on Duncan’s
multiple range test
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Another approach is to transfer to other microbial agents the genes of a biological
agent, such as Bt. The vip3A and cry1I genes, for example, have been isolated from
the Bt bacterium and transferred to the Pseudomonas fluorescens bacterium, which is
a biological agent to control plant diseases, so that it may also have insecticidal
properties (Hernández-Rodríguez et al. 2013). The cry9Aa gene has also been
transferred to E. coli, leading to insecticidal activity against Spodoptera exigua
(Naimov et al. 2014).

Concerning the genetic engineering of plant disease antagonists, several studies
have been performed so far to improve the production and controllability of plant
pathogens, including Trichoderma sp. (Kowsari et al. 2013; Malmierca et al. 2012)
and Streptomyces (Clermont et al. 2011), Bacillus subtilis (Leclere et al. 2005) and
Psuedomonas sp. (Hernández-Rodríguez et al. 2013), respectively, observed.
Genetic engineering has increased the efficiency of microbial growth stimulants
(biofertilizers) through the production of recombinant nitrogen-fixing bacteria (Rhi-
zobium) with the ability to bioremediate soil heavy metals (Ike et al. 2007),
Anabaena sp. With higher growth stimulant and nitrogen fixation (Chaurasia and
Apte 2011) and Azospirillum with high auxin production and higher growth stimulus
(Baudoin et al. 2010; Malhotra and Srivastava 2006).

The BADH gene was transfected into the walnut (Juglans regia L.) cultivar
“Chandler” by Agrobacterium LBA4404, plasmid pBI121, CaMV 35S promoter,
and NPTII gene as a selectable marker (in turn driven by a NOS promoter) to confirm
that BADH transgenes were successfully incorporated into the plant genome using
PCR and Southern blot analysis. Transgenic and wild plants grown from embryos
exposed to four levels of osmotic stress (i.e., zero, 2, 4, and 8% PEG) and four levels
of salinity (i.e., zero, 50, 100, and 200 mM NaCl) and after 21 days, they found that
the transgenic plants grew under almost extreme salinity and drought stress, but the
wild-type plants showed a lagging growth rate and did not survive the cradle stage
(Fig. 19.1) (Rezaei Qusheh Bolagh et al. 2020).

Results of research on Rhizobium leguminosarum showed that the introduction of
a high catalase activity VKT gene into this bacterium resulted in a 1.7 to 2.3-fold
increase in the nitrogen fixation activity of its nodes relative to control bacteria
(Orikasa et al. 2010). The gcd gene was also cloned from E. coli in Azotobacter
vinelandii, which resulted in increased phosphorus solubility and growth of sorghum
(Sashidhar and Podile 2009). However, it should be noted that despite extensive
studies and research on the creation of recombinant microorganisms for the
biological control of pests and diseases, as well as biofertilizers, a significant number
of such products have not yet been commercialized. The engineered strain of
Sinorhizobium meliloti, called RMBPC-2, in which the nifA gene was inserted and
nitrogen fixation increased, was one of the first commercialized strains (Bosworth
et al. 1994). However, engineered nitrogen stabilizing strains have become increas-
ingly commercialized in both the United States and Australia (Kunjapur and Prather
2015; Mindt et al. 2020).
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19.5.1 The Role of WRKY Gene Family in Bacterial Resistance

The WRKY gene family is the most significant group of regulatory transcriptional
factors (Xue et al. 2019). For the activation of PR genes, binding of transcription
factors to DNA is necessary (van Loon et al. 2006). In rice, one hundred forms of
WRKY genes were identified (Ross et al. 2007). Xoo’s expression of the WRKY12
gene in rice increases NPR1, PR1b, phenylalanine ammonialyase (PAL), and perox-
idase (pox) expression. Increased expression of WRKY70 in Arabidopsis increases
resistance to Pseudomonas syringae and Pectobacterium carotovorum (Li et al.
2006). It was suggested that WRKY is a transcriptional regulator in JA and
SA-dependent signal cascades (Song and Goodman 2001). The result of WRKY
gene expression in tobacco increases the level of programmed cell death response
and HR (Oh et al. 2008). It has been suggested that the WRKY12 transcription
activation factor in tobacco causes overexpression of the PR1 gene by binding to a

Fig 19.1 The stages of transformation of BADH gene for salt and drought tolerance to Persian
walnut using Agrobacterium-mediated (section A: Difference in growth of transgenic walnut (left)
and non-transgenic (right) somatic embryos on DKW (Driver and Kuniyuki Walnut) containing
100 mM kanamycin); Shoot formation directly from transgenic somatic embryos of walnut 5 weeks
after culture on selective medium in dark, 5 weeks on germination medium, and weekly on
regeneration medium ((b) Selective medium, (e) Germination medium, (f) Proliferation medium)
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protected sequence in the PR1 gene promoter called WK-boxes (TTTTCCAC) (van
Verk et al. 2011).

19.5.2 The Role of pthA Gene in Developing Resistance to Chancre

One of the most significant genes for the pathogenesis of chancre-causing bacteria is
the pthA gene (Shiotani et al. 2007). The homologs of this gene, including pthB and
pthC, are present in the citrus chancroid bacterial strains that cause forms B and C
(Mokhtari et al. 2015). This gene is part of the avrBs3/pthA (Transcriptional
Activator-like (TAL) effectors) (TAL family) family of genes. This family is widely
found in Xanthomonas species (Shiotani et al. 2007). The pthA gene in all citrus
chancre bacteria is about three to four kilograms long. The gene has 17.5 consecutive
repeating regions, each of which is 102 bp and is located in the central part of the
gene. This repetitive region is necessary to determine host specificity as well as
infectivity (Al-Saadi et al. 2007). PthA protein is composed of 1163 amino acids.
The middle portion of the PthA protein contains 17.5 identical replicates of 34 amino
acids, with the exact number and arrangement of replicate units differing in different
bacteria. This difference results in function and specificity when resistance or
infectivity develops in the respective host species in the absence of resistance
genes (Al-Saadi et al. 2007).

The most effective way to control citrus chancre is producing disease-resistant
plants. The lack of access to resistant plants and the restriction of the presence of
natural genes for disease resistance have resulted in the use of methods based on the
genetic modification for other sources of resistance. The use of the resistance
mechanism of plant antibody expression (Plantibody-mediated resistance) is one
of the new solutions for creating resistant plants. The use of this mechanism has so
far led to resistance against a large number of viral, bacterial, and fungal diseases
(Mokhtari et al. 2015; Yajima et al. 2010). In the latter mechanism, disruption of the
pathogenic process is achieved by targeting essential pathogen proteins by specific
antibody–antigen binding. Therefore, PthA protein, with its essential functions in
causing disease, can be considered as one of the best candidates in creating
resistance.

19.5.3 The Role of Beta-Lactam Gene in Reducing the Toxicity
of Antibiotics

An unpleasant occurrence and a health alert is the presence of antibiotic resistance
genes in bacteria. Studies have shown that human activity contributes to an increase
in bacterial genes for antibiotic resistance. Antibiotic resistance genes spread to other
species beyond particular bacterial species, and these genes are also known as
bio-pollutants. In environments where pollutants put a lot of stress on bacteria,
antibiotic resistance is more widespread (Abou-Shanab et al. 2007).
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Genes for antibiotic resistance are very complex. To date, 95 distinct antibiotic
resistance genes have been isolated from humans, of which only 69.5% are similar to
known resistance genes, and other sequences are unknown. Genealogy of beta-
lactamase genes derived from Alaskan soils, many similarities with known beta-
lactamase genes (Allen et al. 2009; Huff et al. 2020), and in the phenotypic analysis,
bacteria with these genes also had different responses. Because there is no restriction
on the transport of plasmids and other genetic elements between bacterial species,
the increase in gene contamination leads to the spread and spread of resistant
bacteria. Numerous reports indicate that antibiotic resistance genes are highly similar
in bacteria isolated from natural habitats to genes of human pathogenic bacteria, and
therefore, infected natural habitats can be the origin of resistance genes (Aminov
2009; Sabri et al. 2020).

In most cases, genes associated with bacterial resistance to heavy metals are
associated with antibiotic resistance genes. These genes control mechanisms such as
detoxification by increasing the flow of substances out of the cell. Because these
genes are nonspecific, they reduce the harmful effects of both metals and antibiotics
on the cell, and the presence of one of these two genes is needed to motivate these
genes and make this group of bacteria more abundant, although the concentration of
metals still increases. The abundance of bacteria with antibiotic resistance genes in
the soil is not known (Knapp et al. 2011).

Increased resistance to antibiotics, especially against beta-lactams (beta-
lactamases, which break down beta-lactams in bacteria) has become more common
in the last two decades. (Boyd et al. 2020; Bush and Jacoby 2010). Antibiotic
resistance is primarily due to the transport and maturation of large plasmids, such
as several beta-lactamase genes, capable of acquiring different resistance genes.
Other mechanisms of resistance to beta-lactams can be harmful to bacteria (Allen
et al. 2009); For example, reducing the efficiency of purines and increasing the flow
of substances are mechanisms to reduce the toxicity of antibiotics that reduce the
essential nutrients in the bacterium and cause problems for it.

Beta-lactamases are inactivating enzymes of penicillin and related compounds
(Hemmati et al. 2015); the genes encoding these enzymes are found chromosomally
in bacteria. The study of the frequency of genes that make this enzyme is one of the
special methods in estimating the frequency of genes resistant to antibiotics such as
penicillin, amoxicillin, and ampicillin (Younessi et al. 2017).

As the only source of carbon and electricity, beta-lactamase-producing bacteria
are said to often use antibiotics. A variety of species of Pseudomonas can use benzyl
penicillin, a process involving the synthesis and release of large quantities of beta-
lactamase, as their sole source of carbon. Since breaking the beta-lactam ring in
antibiotics is the first step in bacterial detoxification and thus antibiotic resistance,
bacteria capable of producing the beta-lactamase enzyme show resistance to a wide
variety of antibiotics (Younessi et al. 2017).
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19.5.4 The Role of PR5 Gene Family in Responding to Stressful
Situations

Due to their sequence similarity with the plant protein thaumatin (TL) (Liu et al.
2020), proteins belonging to the PR5 family are known as Thaumatin-like proteins.
So far, the PR5 protein group has been isolated from tobacco, Arabidopsis, rice,
wheat, and many other plants (Baek et al. 2019). In response to stressful conditions,
such as high salt concentrations, wounds, or pathogen attacks, the accumulation of
these proteins in plants has been observed. The permeability of the pathogenic cell
membrane is altered by these proteins (Boccardo et al. 2019; Kitajima and Sato
1999). Osmotins are similar to PR5 protein types of play. Osmotin is an inducible
protein that has been found in tobacco by salinity tension. Game types, therefore, are
referred to as Osmotins. In healthy plants, neutral PR5 proteins are not present but
are caused by ethylene (Liu et al. 2020).

According to studies on the involvement of phenylpropanoid biochemical path-
way derivatives in different biological and abiotic stresses (Campbell and Ellis 1992;
Chen et al. 2019), changes in enzymes like phenylalanine ammonialyase (PAL) in
this pathway may be studied. By interacting with the synthesis pathways of
phenylpropanoids and isoflavones that have phytoalexin activity, the PAL gene
plays a very significant role in plant resistance. This gene is involved in the
biosynthesis of salicylic acid and other defense-related compounds and is a key
signaling compound for the activation of defense-dependent genes, catalysts, and
transcription factors (Stotz et al. 2009).

19.5.5 Bt gene and Concern Management in Transgenic Crops

Growth in resistance management strategies requires that the biochemical and
genetic mechanisms of resistance production are properly understood (Tohidfar
and Khosravi 2015). The Cry1Ac protein receptor (Fabrick and Tabashnik 2007) is
referred to as Cadherin. The formation of resistance in some studies has been
correlated with Cadherin Locus. Due to mutations in cadherin protein (Gahan
et al. 2010), Cry1Ac resistance has been observed in some essential cotton pests.
This resistance has been attributed to the degradation by retrotransposons of a gene
belonging to the broad cadherin gene family, producing several proteins necessary
for larval development. However, there was no association between Cry1Ac resis-
tance and cadherin gene orthologs in the two P. xylostella breeds isolated from the
field, suggesting a separate genetic basis for resistance in farm-bred breeds (Tohidfar
and Khosravi 2015).

Loss of adhesion and irreversible binding to the pest’s precursor membrane have
been due to resistance to Cry1Ac. But reducing bond strength is not the only
resistance creation mechanism. Mutations in the second 12 cadherin proteins also
induced resistance to Cry1Ac, but in laboratory assays, they did not fully inhibit
toxin binding (Gahan et al. 2010). Another way to build resistance is to mutate ABC
protein vectors. ABC proteins are inner membrane proteins that are involved in
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many activities, including the transfer of toxic molecules from the cell. In one study,
an inactive mutation was made in one of the ABC proteins called ABCC2, which
reduced the binding of Bt toxin to membrane vesicles. Decreased binding of Bt toxin
to cell membranes following mutations in this protein led to the introduction of
ABCC2 as one of the proteins involved in the integration of Bt protein with
membranes (Gahan et al. 2010). In general, the problems associated with the use
of Bt pesticides have been reduced by producing transgenic Bt products containing
the cry1Ac gene (Tohidfar et al. 2013).

19.5.6 The Role of rol Gene Family in Increasing the Sensitivity
of Plants to Certain Hormones

The family of rol-genes located on the T-DNA of bacterium A. Rhizogenesis is the
main cause of capillary root syndrome. They have rolA, rolB, rolC, and rolD in these
genes. Increasing plant exposure to hormones such as auxin, which has been
confirmed by studies on plants such as L. corniculatus and N. tabacum are the
most significant impact of position genes in plants. The rolC gene has been studied
more than other genes by researchers in terms of its importance in improving
decorative and horticultural traits on the plant. In terms of pathogenicity, rolC
gene expression is associated with capillary root syndrome and changes such as
the production of new secondary compounds, changes in plant hormonal balance,
and chlorosis. Increased lateral branches, the formation of needle-shaped leaves,
early flowering, and reduction of flower size, and creation of male sterility by
reducing pollen grain production are other morphological changes caused by expres-
sion of rolC gene in plants. One of the most important regulators of rolC gene
expression is sucrose. According to studies, the sucrose response region in the
promoter of this gene is in the range of �94 to �135. The presence of high sources
of sucrose in phloem tissues has led to high expression of rolC gene in these tissues
(Gardoonpar et al. 2016).

Regarding the effect of rolC gene on plant hormones, it should be noted that this
gene affects the number of cytokinins, auxins, and gibberellins (GA). Changes such
as decreased vertebral dominance and increased branching indicate changes in
cytokinin hormone levels (Boutigny et al. 2020; Zuker et al. 2001). Examination
of rolC tobacco protoplasts has shown an increase in membrane hyperpolarization of
these cells in the presence of auxin, or in other words, increased membrane
excitability of protoplasts in the presence of this hormone (Maurel et al. 1991).

A decrease in plant size with a higher number of buds was observed in potato
transgenic rolC (Bettini et al. 2016; Fladung et al. 1993). It has also been found that
less photosynthesis occurs in transgenic rolC plants due to the decrease in chloro-
phyll content and the leaves appear yellowish-green (chlorosis) compared to natural
plant organisms.

The 35S-rolC (roleC gene under the influence of the strong 35S promoter of
CaMV virus) potato transgene plants also have a high expression of this gene in the
leaves and, as a consequence, these leaves display more chlorosis (Bahramnejad
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et al. 2019; Schmülling et al. 1988). In addition to the above, other role models of the
rolC gene in plants are stimulation of the development of secondary metabolites and
defense proteins in transgenic plants and its relationship with oxygen-free radicals
and cyclin-dependent protein kinases (CDPK) (Mark et al. 2019; Shkryl et al. 2008).

19.5.7 PA Gene Expression of Bacillus anthracis in Plants

The use of injectable vaccines in the mucosal tissues receiving the vaccine typically
does not induce a sufficient immune response. The principal inputs of pathogenic
species are mucosal surfaces, including the mouth and genitals. As a result, oral
vaccines were produced which were shown to enhance the immune response of these
tissues. There are several production advantages of oral vaccines, such as the fact
that there is no need for cleaning anymore, so production costs are significantly
reduced and a person receives the appropriate amount of daily fruit or vegetables
(Jalali javaran et al. 2011).

Anthrax is a deadly disease common between livestock and humans, and the
Protective Antigen (PA) gene from Bacillus anthracis has the highest potential for a
vaccine against anthrax, which is transferred to the lettuce genome and PA gene
expression is confirmed by ELISA (Honari 2008).

19.5.8 The Role of Gene Encoding the Enzyme Asr in Production
of Glucose Biopolymers

In addition to plants, bacteria also synthesize different high molecular weight
polysaccharides as follows; Alginates, Gellan, Xanthan, Alternan and Mutan
(Venkatachalam et al. 2020). Lactic acid bacteria can also generate useful
biopolymers such as alternan, which are used in the extracellular environment in
industry, agriculture, and medicine, using sucrose, and expressing enzymes of
glycosyltransferase. In general, extracellular polysaccharides given by lactic acid
bacteria are divided into two groups: hemopolysaccharides and
heteropolysaccharides. These enzymes use the energy from the hydrolysis of sucrose
chains to transfer fructose or glucose to an acceptor molecule. Glycosyltransferase
enzymes, after breaking down sucrose molecules, may transfer glucose units to a
growing glucan chain or other substrate, such as maltose or isomaltose, to form
glycolic oligosaccharides. In addition, these enzymes may play a hydrolyzing role
(transfer of glucose units to water). (Nazarian-Firouzabadi et al. 2019).

Glucansucrase is mainly produced by Leuconostoc mesenteroides, Streptococcus
oral flora, and Lactobacillus species (Yan et al. 2018). So far, more than 60 enzymes
of this family have been identified, all produced by bacteria of the four genera
Leuconostoc, Streptococcus, Lactobacillus, and Weissella. However, some genes
encoding these enzymes have also been identified in some other lactic acid bacteria
such as Oenococcus, Fructobacillus, and Enterococcus (Gangoiti et al. 2018).
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From a medical point of view, alpha-glucans and exopolysaccharides are poten-
tially valuable because they are not digested by human gastrointestinal enzymes.
Alpha-glucans pass unchanged deoxopolysaccharide from the upper gastrointestinal
tract and are fermented in the large intestine by colon bacteria; therefore,
glucansucrase products can be used as fiber in human nutrition, because such
biopolymers do not cause the rapid release of blood sugar. Besides,
exopolysaccharide alpha-glucans are potentially prebiotic; In other words, these
polymers are selectively fermented and cause certain changes in the composition
or microbial activity of the gastrointestinal tract that are beneficial to the well-being
and health of the host (Roberfroid 2007).

Alternan is an important biopolymer that is mentioned as an alternative to gum
arabic, especially in low-viscosity diets. Alternan may also be used as a low-calorie
or non-calorie food additive as a filler and bulking agent for food products, in the
manufacture of inks, adhesives, cosmetics, creams and ointments, and as a coating
for drug release (Nazarian-Firouzabadi et al. 2019). The production of new
compounds in plants, using genetic engineering methods, is one of the goals of
gene transfer methods. Therefore, Alternan can be produced instead of using bacte-
rial bioreactors, using genetic engineering methods in plants.

The gene encoding the enzyme Alternan sucrase (Asr) of Leuconostoc
mesenteroides was transferred to the sugar beet plant and sugar analysis of fresh
beet plants showed that the control plant with 19.6% bridge (sucrose) had more
sucrose than the wet bridge plants was with medium bridge 14.4. Also, the amount of
Brix in wet transgenic plants was lower than control plants and the rate of reduction
of sugar (sucrose) in transgenic plants with Asr gene was about 36.1% compared to
the control. Bacterial alternan sucrase enzyme can produce 36.6 mg/g FW of
Alternan biopolymer in sugar beet-roots and convert significant amounts of root
sucrose to Alternan biopolymer for industrial and pharmaceutical applications
(Nazarian-Firouzabadi et al. 2019).

19.5.9 The Role of Food Coloring Phycocyanin

Phycocyanin has two subunits of protein, alpha (a) and beta (β), of which there is one
site in the alpha subunit, and two sites in the beta subunit to bind phycocyanobilin to
the apoprotein. Full phycobilin protein synthesis depends on the synthesis of alpha
and beta chains simultaneously, and the proper placement of phycobilin in these two
chains. Therefore, the recombinant production of this phycobili-protein is more
difficult than other proteins (Eriksen 2008). Although the halo protein of the alpha
phycocyanin subunit belongs to the cyanobacterium Synechocystis sp. PCC6803 has
been reported in Escherichia coli (Tooley et al. 2001).

In fruit, medicine, and cosmetics, phycocyanin is a blue pigment that can be used
as a natural dye to substitute carcinogenic synthetic dyes. Today, it is used to a lesser
degree in immunoassay and cytometry, in addition to being used as a food coloring.
Because of its antioxidant, anti-inflammatory, and anti-cancer roles, phycocyanin in
Spirulina is also beneficial to human health, which is why it has gained more
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attention in recent years. Considering that phycocyanin accounts for 20% of the total
cellular protein of Spirulina platensis, it has been selected as a suitable model for
commercial production of phycocyanin in phototrophic cultures. Phytocyanin pro-
duction in phytotrophy is associated with problems. One way to reduce the problems
of phycocyanin production is to produce heterotrophy (the production of recombi-
nant protein is one way to produce heterotrophy). (Shoja et al. 2015).

19.5.10 The Role of Alpha-toxin Gene in Creating Immunity Against
Gas Gangrene

Using the toxic protein alpha-toxin with various phospholipase, sphingomyelinase,
and biological pathogenic activities, the bacterium Clostridium perfringens
contributes to a series of cellular reactions and ultimately induces cell death,
lethality, and death of the skin. This bacterium has caused diseases such as gas
gangrene with symptoms of pain, fever, and swelling, and in this way has caused
significant damage to livestock parts, including high casualties of sheep. Injecting
alpha-toxin into animals such as rabbits and sheep can cause symptoms of the
disease and reveal signs of tissue damage. On the other hand, vaccination of animals
such as mice with portions of the alpha-toxin protein of the bacterium Clostridium
perfringens leads to immunity and makes the animal resistant to infection with the
pathogenic bacterium Clostridium perfringens, so that no symptoms of Gas gan-
grene have been observed in mice (Rasani et al. 2020).

In a Clostridium perfringens immunization analysis of broilers with a recombi-
nant alpha-toxin toxin, it was found that birds vaccinated with recombinant alpha-
toxinwere 35.1% damaged by necrotic enteritis. The rate of damage was measured at
an average of 37.2% for unvaccinated birds. The concentration of IgG antibody in
vaccinated birds was five times higher than in unvaccinated birds. These results
showed that in addition to its pathogenic role, alpha-toxin can also be used as an
immunogen (Sakurai et al. 2009). In one study, the amplification, expression, and
immunization of the alpha and beta combination gene of Clostridium perfringens
were studied and the result showed that the alpha and beta protein produced could be
resistant to the attack of alpha and beta toxins. It has been suggested that an
alternative method for using alpha-toxin domains as a vaccine can be the natural
form of the toxin or engineered various forms of the toxin with reduced toxicity (Bai
et al. 2006).

19.5.11 The Role of BPDO Genes in Reducing Environmental
Pollution

Polychlorinated biphenyls (PCBs) are chlorinated cyclic compounds which, because
of their properties such as heat resistance and stability, were commonly used in
different industries in the 1930s and 1980s. In the 1980s, this function of stability
and resistance to decay, along with the adverse effects on human health, led to their
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cessation of development. The contamination of water and soil around the world
with PCBs is one of the major environmental problems. Due to the toxicity of these
compounds and their accumulation in the adipose tissue of living organisms and due
to their adverse effects on humans, such as cancer, genetic abnormalities in infants,
and liver and thyroid tumors, it is necessary to remove and degrade PCBs from the
environment. One way to reduce PCBs contamination is to transfer and express the
bacterial genes of biphenyl dioxygenase (BPDO) (which have the ability to break
down PCBs) to plants. This enzyme has three components of oxygenase with two
subunits bphA and bphE, a bphF ferredoxin and a bphG reductase (Alizadeh Arimii
et al. 2015).

Most gene transfer experiments in plants involve the transfer and expression of a
single gene, and the simultaneous transfer of several genes to plants for a biochemi-
cal pathway remains a difficult task. There are various ways to transfer several
foreign genes into plant cells. One method is to create a polyprotein structure in
which the coding sequence of several proteins joins together to form a single copy. It
is also possible to use sequential or simultaneous transmission of several vectors
carrying different genes. Another way to express several genes in a plant is by
crossing translocated plants containing different genes or cloning several genes into
one vector by assembling the cassettes (Tzfira et al. 2007).

Simultaneous transferring of bphA, bphE, and bphG genes, which are encoding
components of BPDO enzyme, to Arabidopsis was investigated and based on the
obtained results, 3 bphA, bphE, and bphG genes cloned in pGreen vector into E. coli
and Agrobacterium LBA4404 and C58C1 and finally transferred to Arabidopsis. In
terms of gene transfer efficiency to plants, there was a difference between the two
strains of Agrobacterium LBA4404 and C58C1 used. The highest number of
transgenic plants (0.85%) was obtained with LBA4404 strain.

The transgenicity of Arabidopsis seedlings was confirmed by selecting
completely green plants in an environment containing 50 mg/l kanamycin as well
as a PCR test and finally, the transgenic plants were successfully transferred to the
soil and continued to grow (Alizadeh Arimii et al. 2015).

19.5.12 The Role of Laccases (Such as CotA) in Environmental
Detoxification

Laccases (EC: 1.10.3.2) are N-glycosylated multi-copper oxidases belonging to a
group of proteins containing copper (Hesampour and Mohandesi 2018). The four
copper ions in the laccase enzyme structure are divided into three types: copper type
1 (T1), copper type 2 (T2), and copper type 3 (T3). The fungal lactase molecule
typically contains four copper atoms, while some types of the lactase enzyme are
also found to contain three copper atoms in their structure. Laccases have a molecu-
lar weight of about 50–100 kDa and when ABTS is used as a substrate, the optimal
pH of the enzyme is in the range of 3–5 (Parand et al. 2015).

Laccases are one of the major proteins capable of catalyzing the oxidation of
phenolic compounds used in biotechnology as biocatalysts to detoxify the
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atmosphere and explain food industry fruit juices (Hesampour and Mohandesi
2018). The first prokaryotic lactases identified belong to the Azospirillum lipoferum
bacteria. The most important bacterial lactase that has been well studied and its
physical and biochemical properties have been determined is the CotA protein of
Bacillus subtilis. CotA kDa65 protein belongs to the outer covering of spores. This
protein participates in the biosynthesis of spore brown pigment, a melanin-like
product, and appears to be responsible for protecting against UV light and hydrogen
peroxide. This protein shows similarities with multi-copper oxidases and has high
temperature stability (Zamani et al. 2014).

Other laccases have been isolated from Escherichia coli (E. coli), Bacillus
halodurans, and B. licheniformis. Most of the lactases that have been identified so
far and have biotechnological applications have been isolated from fungi. However,
the efficient expression of recombinant fungal lactases, which are essential for
biotechnological applications, is more difficult than the expression of bacterial
enzymes. Problems and barriers to the use of these enzymes include information
on sequences that are not accessible, the presence of exon and intron structures in
eukaryotic genes, post-translational changes, and bridge formation. Disulfide noted
long fermentation time and low efficiency. Despite the industrial applications of
bacteria, so far little attention has been paid to bacterial laccases. Studies in genome
analysis have shown that these enzymes are widely distributed in bacteria. The
development of bacterial laccases for biotechnological applications has advantages
because they have high temperature stability and are produced in a short time in
cheap environments (Zamani et al. 2014), which is hoped to be used more in the
future.

19.5.13 The Role of Flavodexin (Fld) Gene in Tolerance to Abiotic
Stresses

In agriculture, the most important factors in reducing yield are abiotic stresses (high
temperature, cold, frost, and dehydration due to drought or salinity, intensity of
sunlight, flooding, ultraviolet light, and heavy metals). Most of these environmental
stresses directly or indirectly generate reactive oxygen-free radicals and eventually
lead to oxidative stress. Such stresses are the main reason for the decline in crops
worldwide and lead to a reduction in the yield of the most important crops by more
than 50%. One of the genes that play a key role in responding to such environmental
stresses is the cyanobacterial fld gene. Cyanobacteria induce the expression of
electron transporters such as flavodoxin ( fld) that act similarly to ferredoxin ( fd)
in the plant to prevent the adverse effects of ferredoxin depletion. Flavodoxin plays a
role similar to ferredoxin ( fd) in the plant and acts as an antioxidant and increases
plant tolerance when non-biological stress occurs by preventing disturbances and
irregularities in the electron transfer cycle and the formation of reactive oxygen
forms (Ghoreyshi et al. 2016).

Although ferrodoxins ( fd) are found in all organisms, from prokaryotes to
animals, flaudoxins ( flds) are found only in some bacteria and oceanic algae.
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Flavodoxin in these organisms can induce the function of ferredoxin under
conditions of iron deficiency and environmental stresses that lead to a decrease in
ferredoxin; therefore, they play an adaptive key role in photosynthetic
microorganisms that allow rescue and reproduction under adverse conditions
(Abdolmaleki et al. 2013).

Fld expression in tobacco plant chloroplasts compensates for the reduction of
ferredoxin levels caused by adverse environmental conditions and increases the
tolerance of transgenic lines to oxidative stress and a wide range of environmental
challenges. Expression of the fld gene in tobacco also caused transgenic tobacco
lines to tolerate iron deficiency. Transfer of fld to tomatoes and potatoes also
increased tolerance to oxidative stress and drought stress (Tognetti et al. 2006;
Zurbriggen et al. 2007).

Considering that such a system in crops has disappeared along the evolutionary
pathway of vascular plants from the plant genome and the benefits of its expression
and function have been lost, due to the successful results in increasing tolerance to
non-biological stresses in plants. By transferring the bacterial fld gene with useful
biotechnology tools, the mentioned crop can be taken to increase the yield of other
crops, especially wheat. However, due to the multiplicity and genetic and physio-
logical complexity of tolerance to abiotic stresses, trying to improve these traits with
conventional breeding programs, while accompanied by many limitations, also
requires a lot of time (Abdolmaleki et al. 2013).

19.5.14 The Role of Bacterial merA Gene in Environmental
Purification

Mercury is a toxic heavy metal that is widely distributed in ecosystems through
industrial pollutants and their sediments. Fossil fuels are one of the major sources of
mercury pollution in the environment and wastewater is a major source of two types
of organic and inorganic mercury, such as elemental mercury, methyl mercuric
chloride, and dimethyl mercury. Mercury is a major environmental pollutant and is
one of the bio-accumulative toxins that stay in the environment for a long time (its
estimated duration is between 0.5 and 2 years). Mercury changes its chemical forms
in the environment, moving from one place to another, and being buried in soil and
sediments. Most marine plants and animals absorb mercury, and organisms in the
lower branches of the food cycle (such as plankton) trap mercury in their bodies.
When vegetarians or carnivores eat the higher branches of the plankton food chain,
mercury is transferred to the body of the fish and eventually consumed by humans.
Mercury is a mutagenic, growth-inhibiting agent with toxic effects and the cause of
most important human diseases and syndromes. The effects of mercury on ecosys-
tem performance are economically and hygienically significant (Dash and Das
2012; Khoshniyat et al. 2018; Teng et al. 2020).

Mercury resistance has been observed in a variety of gram-positive and gram-
negative bacteria. In bacteria, mercury resistance genes are mostly located in the
operon on the plasmid or transposons. The narrow-spectrum mer resistance to
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inorganic mercury (merRTPADE) is only resistant to inorganic mercury, and the
broad-spectrum mer operon is resistant to broad-spectrum mercury. Resistance to
organomercurials (merRTPAGBDE) resists both organic and inorganic mercury. In
this operon, merA encodes the mercury ion reductase enzyme, and this cytoplasmic
protein plays a key role in mercury removal. This enzyme converts Hg2+ to less toxic
Hg0 by the following mechanism. Hg0 is highly volatile and passes freely through
biological membranes out of the cell and back into the atmosphere. Bacteria with the
merA gene encoding the mineral mercury-lowering enzyme have the genetic ability
to remove mercury by reducing the mineral mercury to a gaseous form, thus clearing
the contaminated area. This is the last step in the path of non-toxicity of mercury in
mercury-resistant bacteria, and thus, the bacteria remove mercury from their envi-
ronment (Dash and Das 2012; Khoshniyat et al. 2018; Pietro-Souza et al. 2020) and
prepare the environment for the cultivation and cultivation of agricultural products.

19.5.15 The Role of Chitinase Gene in Production of Biological
Fungicides and Insecticides

Chitinases (EC: 3.2.1.14) are bonds of carbon 1 and 4 between two back-molecules
of N-acetylglucosamine (GlcNAc) in chitin chains ranging in size from 20 kDa to
approximately 90 kDa; they hydrolyze. Secretory chitinases can be present in chitin-
containing (insects, crustaceans, and fungi) or chitin-deficient (plants and bacteria)
species. In certain bacterial species, including Aeromonas, Serratia marcescens,
Myxobacter, Vibrio, Streptomyces, and Bacillus species, this enzyme is present in
abundance. The chitinase enzyme has attracted a great deal of interest due to its wide
variety of commercial, agricultural, and medical applications, and the isolation of
these enzymes from microscopic organisms has found wide applications in the
biocontrol of fungi and nematodes of agricultural pests (Mortazavi et al. 2017).

In addition to their role in the growth and division of fungal cells, Trichoderma
filamentous fungi, due to the secretion of different chitinase enzymes, are used as a
powerful factor in the biological control of fungal diseases. These fungi, chitinase
enzymes, have many advantages over other organisms’ chitinases, including plant
chitinases. For example, plant chitinases, unlike fungal chitinases, only affect the tip
of the pathogenic fungal hyphae and are unable to break down the hard chitin
structures. Also, these enzymes alone have weak antifungal effects and are effective
only on a limited number of fungal species. Studies have shown, on the other hand,
that all chitin-containing pathogens in the wall are susceptible to trichoderma fungal
chitinases, while high concentrations of these enzymes do not have any toxic effects
on plants (Berini et al. 2018; Chen et al. 2017).

The possible risk of crop epidemics still exists today. Thus, the introduction of
new genes encoding antimicrobials and fungi is what is required in new genetic
engineering methods. Therefore, what is needed in new methods of genetic engi-
neering is the introduction of new genes encoding antimicrobials and fungi.
Chitinases are one gene class of this type. In insects, nematodes, and some other
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species, these genes encode beta-1-4 hydrolyzing enzymes in cell wall chitin of fungi
and exoskeletons (Ahmadian et al. 2012).

Chitinases can be used as a biological fungicide and insecticide agent, as well as
in animal SCP processing, aquatic organism feeding, fungal protoplast isolation,
bioactive cyto-oligosaccharides preparation, and plant pathogens inhibition. Chitin
material and environmental purification and its conversion into raw materials, and
with population growth and limited natural resources, enzyme technology can be
useful for many industries to overcome economic problems soon (Babashpour et al.
2011). Chitinase is a recombinant and decomposing chitin that due to this antifungal
property can be used as an effective substance in the treatment of human fungal
infections and a safe substance in the elimination of pests and biological
contaminants (Ahmadian et al. 2012).

The native Iranian strain of gram-positive Paenibacillus sp. bacterium A01 in
southern Iran, shrimp ponds have been used for the development of recombinant
protein chitinase. After replication of the gene by specific primers for heterologous
expression of the recombinant enzyme, cloning was performed in the expression
vector pET26b and transferred to Escherichia coli to produce the desired protein.
Protein extraction was performed with a nickel-Sepharz affinity column. Its
biological activity has also been studied. The results showed that the degradation
of chitin by the enzyme chitinase in the bacterium Paenibacillus sp. A01 has been
developed and it has been suggested that this bacterium be used for mass production
of this enzyme in industrial and agricultural applications such as biological
pesticides (mortazavi et al. 2017).

19.6 The Role of Microorganisms in Dissolving Phosphate

Phosphorus is one of the most significant plant nutrients and has a little abundance in
the soil. Phosphorus, in both organic and inorganic forms, is present in the soil. The
ability of some microstructures to convert insoluble phosphorus into a usable form
such as orthophosphate is an important feature of PGPR that enhances plant yield.
Pseudomonas, Bacillus, Pantoea, and Rhizobium are the most potent phosphate
solvents. Although the genetic knowledge of phosphate dissolution is still limited,
several genes encoding phosphatase have been identified and cloned, and a number
of genes involved in mineral phosphate dissolution have been isolated. Transfer and
expression of genes involved in phosphate dissolution (organic or inorganic phos-
phate) in bacteria or plants is a new way to improve the capacity of microorganisms
as a microbial inoculum (Sarikhani et al. 2014).

19.6.1 Dissolution of Mineral Phosphate

The activity of mineral phosphate dissolution is linked to the ability of
microstructures to release metabolites such as hydrogen ion or proton (H+) secretion
and organic acid (Liu 2019; Surange et al. 1997). Some believe that organic and
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inorganic acids with their carboxyl and hydroxyl groups chelate the cations with
phosphate anion (Al3+, Fe3+, Ca2+) and thus help the dissolution of phosphate
(Purakayastha et al. 2019; Stevenson and Cole 1999); some also believe that the
dissolution of phosphate Anion exchange of PO4

3� with anion is an organic acid
(Jiang et al. 2019; Omar 1997).

The study of the production of organic acids is often done in liquid media and has
been done by methods such as paper chromatography or thin-layer chromatography
or by high-performance liquid chromatography (HPLC) and some specific enzy-
matic methods (Gupta et al. 2020; Gyaneshwar et al. 1998). Among different organic
acids, gluconic acid seems to be the predominant and most important acid produced
in gram-negative bacteria (de Oliveira Mendes et al. 2020; Goldstein et al. 1993).
Production of this organic acid by bacteria such as Pseudomonas sp., Erwinia
herbicola, P. cepacia, Azospirillum spp., R. leguminosarum, R. meliloti, B. firmus,
and Burkholderia cepacia has been reported (Fazeli-Nasab and Sayyed 2019;
Rodríguez and Fraga 1999; Rodriguez et al. 2004; Saia et al. 2020). Strains of
B. licheniformis and B. amyloliquefaciens have been found to produce a mixture of
acetic, lactic, isovaleric, and isobutyric acids. Other organic acids such as succinic,
malonic, oxalic, and glycolic acids have also been identified among phosphate
solvents (Rodríguez and Fraga 1999; Saia et al. 2020).

In addition to organic acids, phosphatase and phytase enzymes are also involved
in the dissolution of phosphates. In the case of enzyme-destroying agent therapy, if
there is no improvement in the release of phosphorus, it is suggested that the
mechanism involved in the dissolution of phosphate is non-enzymatic and is
connected to the processing of organic or inorganic acids. If the dissolution of
phosphate is stopped if it is treated with a base, it indicates that the dissolution of
phosphate is organic acid (Fazeli-Nasab and Sayyed 2019; Rodríguez and Fraga
1999; Saia et al. 2020). Based on these findings, the cloning of genes related to
mineral phosphate dissolution was followed. Oxidation of glucose to gluconic acid
and ketogluconic acid is the metabolic basis of mineral phosphate-solubilizing
phenotypes in some gram-negative bacteria (Goldstein 1995; Khoshmanzar et al.
2020).

19.6.1.1 The Most Important Genetic Factors Involved
in the Dissolution of Mineral Phosphate

In 1987, for the first time, an Erwinia herbicola gene involved in mineral phosphate
dissolution was cloned in an environment containing hydroxyapatite as the sole
source of phosphorus by screening antibiotic-resistant recombinants from the Geno-
mic library. Expression of this gene has led to the production of gluconic acid and the
dissolution activity of the mineral phosphate in E. coli HB101. Sequencing of this
gene indicates its possible involvement in the synthesis of Pyrroloquinoline quinone
(PQQ), which is an essential factor in the formation of the glucose dehydrogenase
holoenzyme (GDH) (Table 19.3). GDH-PQQ catalyzes the formation of gluconic
acid by direct oxidation of glucose. E. coli is able to produce GDH but cannot make
PQQ, so gluconic acid is not produced (Dai et al. 2020; Rodríguez and Fraga 1999;
Rodríguez et al. 2006; Saia et al. 2020).
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By taking a similar approach, another gene associated with mineral phosphate
dissolution was isolated from P. cepacia (Table 19.3). Expression of this gabY gene,
which led to the formation of a mineral phosphate-solubilizing phenotype through
the production of gluconic acid in E. coli JM109, bore no apparent resemblance to
the cloned gene synthesizing PQQ. The gabY gene was able to play an alternative
role in expressing or regulating the direct oxidation pathway in P. cepacia (Dai et al.
2020; Rodríguez and Fraga 1999; Saia et al. 2020). Other isolated genes associated
with MPS phenotypes do not appear to be limited to pqqDNA and gab-synthesizing
genes. Genomic DNA fragments from Enterobacter agglomerans showed MPS
activity in E. coli JM109, although the ambient pH did not change. These results
indicate that acid production is an important method but not the only mechanism

Table 19.3 Inorganic phosphate solubilizing genes from different bacteria

Microorganism Gene or plasmid Characteristics References

Erwinia
herbicola

Mps Produces gluconic acid and dissolves
mineral phosphorus in E. coli HB101,
possibly involved in PQQ synthesis

Rodríguez
et al.
(2006)

Pseudomonas
cepacia

gab Y In E. coli JM109 produces gluconic
acid and dissolves mineral
phosphorus, has no similarity with
PQQ genes

Rodríguez
et al.
(2006)

Microbe-
derived
enzymes

olpA, phoD, appA,
phnX, and phnJ

Able to release free orthophosphate
from organic P form

Liang et al.
(2020)

Enterobacter
agglomerans

pKKY Dissolve phosphorus in E. coli
JM109, without lowering the pH

Rodríguez
et al.
(2006)

Microbe-
derived
enzymes

NSAPs Releasing inorganic phosphates from
nucleotides and sugar phosphates

Sarikhani
et al.
(2014)

Serratia
marcescens

pKG3791 Produces gluconic acid and dissolves
mineral phosphorus

Rodríguez
et al.
(2006)

Synechococcus
PCC7942

Pcc gene Produces phosphoenol carboxylase Rodríguez
et al.
(2006)

Pseudomonas
fluorescens

pqqA,B,C,D,E, and F Produces gluconic acid and dissolves
mineral phosphorus, possibly
involved in PQQ synthesis

Orikasa
et al.
(2010)

Burkholderia
multivorans
WS-FJ9

AP-2, GspE, GspF,
PhoR, HlyB, PhoA,
AP-1 and AP-3

Involved in the decomposition of
organic and inorganic phosphates

Liu et al.
(2020)

Ralnella
aquatillis

KIM10 In E. coli DH5α coli produces
gluconic acid and dissolves mineral
phosphorus, possibly involved in
PQQ synthesis

Rodríguez
et al.
(2006)

Prokaryotic
genes

phoX, phoA, and
phoD

Conversion of organic phosphate to
mineral and accessibility for plants

Wan et al.
(2020)

19 Microbial Genes, Enzymes, and Metabolites: To Improve Rhizosphere. . . 485



involved in the dissolution of phosphate by bacteria. Isolation of the phosphoenol-
pyruvate carboxylase encoding gene pcc in Synechococcus PCC7942 indicates that
it is involved in MPS (Dai et al. 2020; Rodríguez et al. 2006).

19.6.2 Mineralization of Organic Phosphorus

Organic compounds of phosphorus such as phytic acid can account for 20–80% of
soil phosphorus (Chiu and Paszkowski 2019; Raghothama and Karthikeyan 2005),
although changes have been reported in the range between 4 and 90%. Approxi-
mately half of the microorganisms with their phosphatase activity present in the soil
and roots of plants mineralize organic phosphorus (Tarafdar et al. 1988; Zhang et al.
2020). In the form of a substrate, acidic and alkaline phosphatases convert organic
phosphate into a mineral (Beech et al. 2001; Xu et al. 2020).

Phosphorus can be released from organic compounds in the soil by three enzyme
groups. (1) Nonspecific phosphatases that follow the dephosphorylation of phospho-
ester or phosphoanhydride bonds in organic matter. (2) Specific phosphatases such
as phytases that release phosphorus from phytate. Although this division is not
correct in terms of gene and protein sequence, but in practice it can be said that
the main activity of organic phosphorus mineralization is the responsibility of the
first two groups (Rodríguez et al. 2006).

Phytases (Myoinositol hexaphosphate phosphohydrolase) belong to a special
group of phosphomonoesterases that are able to release phosphorus from phytate
(Davis 2020; Zhao et al. 2019). Phytic acid was first discovered in 1903, and its salts
are known as phytates (Haefner et al. 2005; Nobile et al. 2019).

19.6.2.1 The Most Important Genetic Factors Involved
in the Dissolution of Organic Phosphorus

19.6.2.1.1 Phosphatases
Different phosphatase activity patterns have been observed in bacteria, and complex
regulatory mechanisms such as specific environmental conditions often control the
production of these enzymes (Liang et al. 2020; Wan et al. 2020). Probably the main
mechanism for regulating the expression of phosphatases is an induction by the
amount of mineral phosphate (Pi) present in the medium. This mechanism has been
studied for alkaline phosphatase (pho A) E. coli. When Pi concentration decreases to
0.16 mM, the expression of this gene is induced. This mechanism includes a Pi
transport operon Pi as a regulating element, as well as a sensor-activator operon as a
solver and activator. Genes controlled by the amount of Pi, their expression is
activated by PhoB, which is the main part of the PHO regulon (Rodríguez and
Fraga 1999).

The grouping of bacterial phosphatases was focused on the enzyme's biochemical
and biophysical properties, such as optimum pH (acidic, neutral, or alkaline),
substrate profile (specific or nonspecific), and molecular weight (high versus low
molecular weight) (Dai et al. 2020; Gaiero et al. 2020; Rossolini et al. 1998).

486 B. Fazeli-Nasab and A. F. Rahmani



Bacterial nonspecific acid phosphatase (NSAP) belongs to three families called
molecular groups A, B, and C (Rossolini et al. 1998). Attention to group A of
these enzymes for bioremediation of heavy metals has increased in the last decade.
Attention is also paid to NSAPs for the transfer and expression of these genes in
PGPR bacteria to achieve improved phosphate-solubilizing strains using recombi-
nant DNA technology (Rodríguez et al. 2006).

The existence of preserved domains is seen in the comparison of amino acid
sequences of six recognized group A enzymes, and the existence of the GSYPSGH
[TA] motif is characteristic of this family (Felts 2007; Rossolini et al. 1998). The
presence of highly conserved fragments in them is shown by a comparison of amino
acid sequences in group B. In this category (Gaiero et al. 2018; Rossolini et al.
1998), the FDIDDTVLFSSP sequence is suggested as a signature sequence pattern.
Although group C is distinct from the other two groups, it is similar in sequence level
to group B phosphatases and some plant acid phosphatases. The first identified
member of this group is the OlpA-Cm protein, whose gene encoding was isolated
from the bacterium Chryseobacterium meningosepticum (Rossolini et al. 1998;
Wang et al. 2019). A comparison of the amino acid sequences of this group with
other proteins has allowed the identification of protected and common areas between
these sequences. The results show that group B and group C acid phosphatases,
together with some plant acid phosphatases, can be included in a protected subfamily
called “DDDD phosphohydrolase subfamily” due to the presence of four aspartate
(D) amino acids (Rossolini et al. 1998; Wang et al. 2019).

Several acid phosphatase genes have been isolated from Gram-negative bacteria
and characterized. For example, the acpA gene isolated from Francisella tularensis
encodes acid phosphatase with optimal activity at 6 pH: with a wide range of action
on specific substrates. Class A (PhoC) and class B (NapA) acid phosphatase
encoding genes were also isolated from Morganella morganii. In addition, these
enzymes are rebellious or non-inducible and show high activity at pH: 6 and 30 �C
and action on various substrates (Rodríguez et al. 2006; Sarikhani et al. 2014).

Among rhizobacteria, a gene that facilitates phosphatase activity has been
isolated from Burkholderia cepacia. This gene encodes an outer membrane-bound
protein that increases its expression in the absence of solution phosphorus and may
be involved in transporting phosphorus (Liu et al. 2019; Rodríguez et al. 2000). In
addition, cloning of two nonspecific phosphatase genes of periplasmic acid (nap E
and nap D) from Sinorhizobium meliloti was carried out. Also, cloning and transfer
of napA phosphatase gene from Morganella morganii to Burkholderia cepacia IS-16
was performed using broad-host-range vector pRK293 and an increase in the extra-
cellular phosphatase activity of the recombinant strain was reported (Ferroni et al.
2011; Rodríguez et al. 2006). Cloning and expression of the phosphotriester gene
(hocA) of Pseudomonas monteilii C11 have been performed (Horne et al. 2002;
Latip et al. 2019). It is named because of the hydrolysis of coroxon as a source of
organic phosphate. The gene is 501 bp in length and encodes a 19 Kd protein,
enabling the bacterium to use this source of organic phosphate as the only source of
phosphorus in the environment.
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19.6.2.1.2 Phytases
Phytate (Mayo Inositol Hexaxis Phosphate) is one of the major forms of phosphorus
in oilseeds, legumes and oilseeds (Mayo Inositol Hexaxis Phosphate). In many
grains and oilseeds, phytic acid makes up 1–3% of the weight, and usually
60–80% of the phosphorus in these plants. Phytase is the enzyme that hydrates
phytate to lower myoinositols and, in some cases, free myoinositol and mineral
phosphorus (Ariyan Nezhad et al. 2013).

Phytase (myoinositol hexaxis phosphate phosphohydrolase) genetic studies
began in 1984, and in the mid-1990s, the first commercial phytase developed by
engineered microstructures entered the market under the name of Natuphos
(Bavaresco et al. 2020; Corrêa and de Araújo 2020). In order to improve the diet
of monogastric animals, most genetic engineering studies have concentrated on
phytase science. It is also used to dissolve soil phytate, as inoculants with high
phytase production are among the favorites to improve plant nutrition and reduce
soil phosphorus contamination. Phytase genes are also cloned from fungi, plants,
and bacteria. Heat-stable genes (phy) from Bacillus sp. DS11 and cloned from
B. subtilis VTT E-68013 (Corrêa and de Araújo 2020; Konietzny and Greiner
2004; Rodríguez et al. 2006). So far, four distinct groups have been reported
based on the sequence of genes and their conserved regions, three-dimensional
structure, reaction mechanisms, and enzymatic properties for phytases abbreviated
to HAP, PAP, CP, and BPP (Hou et al. 2020; Naghshbandi and Moghimi 2020;
Sarikhani 2012).

Phytases are also divided into two general groups based on optimal pH of
activity: acidic and alkaline phytases. The first group includes fungal phytases and
the group of gram-negative bacteria, and Bacillus bacteria belong to the group of
alkaline phytases (Oh et al. 2004; Vasudevan et al. 2019). In another classification,
phytases are named based on which group of phosphates is first removed from the
phytate by the enzyme. For example, 3-phytase or 6-phytase, which indicates that
phosphate 3 and phosphate 6 are the first phosphates removed from the phytate
molecule, respectively. E. coli phytase is of 6-phytase type, while fungal phytases
and bacilli are of 3-phytase type (Jatuwong et al. 2020; Oh et al. 2004; Vats and
Banerjee 2004; Vohra and Satyanarayana 2003).

Natural phytases are distinguished into constitutive and inducible phytases in
terms of expression pattern (Shieh and Ware 1968; Vohra and Satyanarayana 2003).

Fungal extracellular phytase is induced and produced at low concentrations of
mineral phosphate in the growth medium (Vohra and Satyanarayana 2003). Unlike
fungal phytase, B. subtilis phytase is induced in the presence of phytate (Kerovuo
2000).

Many fungal and bacterial phytases have been studied. The enzyme phytase
produced by gram-positive bacteria and fungi is extracellular (Ariyan Nezhad
et al. 2013). Phytase-producing bacteria and fungi have been extensively studied,
including gram-negative bacteria such as E. coli, Pseudomonas sp., Klebsiella
sp. and from gram-positive bacteria to Bacillus sp. (Haefner et al. 2005; Oh et al.
2004; Vats and Banerjee 2004). Cloning, sequencing, and expression of the acid
phosphatase/phytase gene (appA2/appA) have also been identified in pigs (Liang
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et al. 2020). The dual function of these enzymes makes them attractive for dissolving
soil organic phosphorus. However, isolation of phytase genes from Aspergillus
Niger, Emericella nidulans, and several other species has been previously reported.
Alkaline to neutral phytase genes also derived from B. subtilis and B. licheniformis
have been cloned (Kerovuo 2000).

Due to the importance of phytase enzyme in the dissolution of organic phosphate
and the need of monogastric animals to use these food sources, the production of
phytase and its addition as a food additive to the diet [feed additive] is considered
(Kour et al. 2020; Pandey et al. 2001). In a study, isolation and sequencing of the
phyA gene from the Obesumbacterium proteus genomic library was reported, and
then cloning and expression of this gene in E. coli were investigated, and the
characteristics of the produced phytase enzyme were evaluated (Zinin et al. 2004).
In another study, after establishing the genomic library of P. putida strain P13 in
E. coli strain DH5α strain, they screened in at least Sperber medium in the presence
of BCIP and then isolated two genes related to organic phosphate mineralization
called PPP1 and PPP2. Examination of the enzymatic properties of the mentioned
genes has shown that PPP1 has a prominent phytase property, while PPP2 has shown
more sugar phosphatase properties (Malboobi et al. 2013; Sarikhani et al. 2014).

19.7 The Role of Different Microbial Genes in the Synthesis
of Bioethanol

Bioethanol (bioethanol, bio-ethyl alcohol) is a clear, colorless, bicarbonate
(C2H5OH), with low toxicity, biodegradability and causes less pollution to the
atmosphere. Ethanol combustion absorbs carbon dioxide and water. The biological
raw materials used in bioethanol production are primarily plant-based. Bioethanol
(Champagne 2007; Yu et al. 2020) may also be produced in some raw materials of
animal origin. A large part of agricultural products, wastes and wastes of agricultural
products, by-products of agricultural conversion industries, products and wastes of
by-products of forest and related industries, and of course urban and industrial
wastes and biological wastes are used for bioethanol production. Increasing the
yield of ethanol along with improving production economic processes and techno-
logical advances is key parameters in ethanol production. In order to achieve a high
yield of ethanol, strains must be produced that produce fewer unnecessary products
and are able to metabolize all major sugars. One of the main obstacles to the
development of bioethanol production has been the lack of suitable industrial
microorganisms to convert biomass into ethanol fuel. Quantitative conversion of
glucose to alcohol is done by yeasts as well as a number of bacteria. Lignocellulosic
biomass contains complex carbohydrates that necessitate the use of associated
microorganisms; for the yeast to ferment non-fermentable sugars (Zeinali et al.
2016).

The pyruvate decarboxylase gene from the bacterium Zymomonas mobilis is the
primary and main gene for the development of bioethanol and, among all related
enzymes in other microorganisms, the enzymes it produces have the highest
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enzymatic activity. It was ethanol (Zeinali et al. 2016). Also, the enzyme Cel6B from
the bacterium Thermobifida fusca, a CBHII belonging to the family of celluloses that
is very resistant to heat, which is ultimately effective in the production of ethanol
(Heidari-Gharehsoo et al. 2018).

The hexose transporter family in the yeast Saccharomyces cerevisiae includes the
proteins Hxt1p-Hxt17p, Gal2p, Snf3p, and Rgt2p. As the activity of these
transducers increases, the accumulation of ethanol or lactic acid in the cells
increases. Hxt1 to Hxt17 transducers are involved in glucose transport, Gal2 acts
as a glucose sensor for galactose transport, Snf3 and Rgt2. This gene family has
different expression patterns and their regulation is strongly influenced by the
kinetics of transmitters and glucose is the first-factor controlling expression.
HXT1-HXT7 are among the most important transporters and are metabolically
similar and interrelated. The effect of maximal expression of these genes in yeasts
has been studied and ethanol production in the wild yeast strain has been compared
with the engineered strain. The obtained data showed that overexpression of hexose
transporters leads to increased glucose uptake. The researchers showed that by
regulating the first stage of the glucose biosynthesis pathway, lactic acid accumula-
tion could be observed, which observed a 15% increase in ethanol production
compared to the wild strain (Azizi et al. 2016).

19.8 Use of Microbial Genes in Plant Genome Editing

Ensuring society’s food security and the need to increase agricultural production on
an ongoing basis depends on arming and efficiently integrating conventional plant
breeding with modern biotechnology and powerful tools for genetic engineering
(Kirillova et al. 2020; Yadav et al. 2019). The most complex branch of biotechnol-
ogy is genetic engineering, which involves methods to pick the target gene, locate,
isolate, purify, replicate, and transfer genes and test their expression in living
organisms (Kim et al. 2020; Sedeek et al. 2019).

At present, the great importance and ability of genetic engineering by making
purposeful changes in the genomes of plants and animals to remove many limitations
of traditional plant breeding, create new characteristics, and improve the quantity
and quality of food products by producing crops and gardens. Transgenics are not
hidden from anyone. However, modern biotechnology has been accepted as a way of
producing products that have wide applications in medicine, agriculture and indus-
try. However, the safety aspects of genetically modified or transgenic organisms
(LMOs) and their products must also be carefully considered before use. (Gabriel
2019; Haribabu 2019).

Selective genes such as antibiotic resistance and herbicide genes are mentioned as
the most important considerations influencing the utilization of transgenic products,
penetration of non-plant DNA fragments into the parent plant genome, gene escape,
and vertical transfer of the target gene (Mackelprang and Lemaux 2020; Mathur
2018; Parray et al. 2019). Therefore, the need to use advanced methods of producing
transgenic plants such as short intervals of the regular clustered palindrome
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(CRISPR/Cas9), which is a genome editing method, to improve the quality and
effective yield of high-yield crops is felt more than ever. So that this system can
accelerate plant modification without transferring external genes by making
mutations in multiple gene sites and creating large deletions. This method can
improve the function and activity of plant genes and create new traits. Over the
years, the process of this advanced technology has been extensively studied by
numerous examples of targeted mutations and regulation of the copying process in
a variety of crops, and this has demonstrated the effective aspect of this new system.
To date, the Cas9 system has been widely used in gene silencing, gene replacement,
multiple gene editing, gene function identification, and regulating the replication
process in animals and plants (Artegiani et al. 2020; Cunningham et al. 2018;
Mackelprang and Lemaux 2020; Molla and Yang 2020; Si et al. 2020).

19.8.1 Overview of the CRISPR/Cas9 System Mechanism

In the Escherichia coli genome, the CRISPR/Cas9 system was first identified in 1987
as an acquired immune system against the invasion of bacteriophages and the entry
into the bacterial cell of foreign DNA such as plasmids. In all prokaryotes, 2000
CRISPR gene families were described (Si et al. 2020; Zhang and Zhang 2020).
According to the CRISPRdb (http://www.crispr.i2bc.paris-saclay.fr) database, the
locus of the CRISPR gene is approximately 84% in the archaeal genome and 45% in
the bacterial genome (Makarova et al. 2020).

The CRISPR system consists of two regions, including genes encoding Cas
nuclease enzymes and the gene locus of CRISPR arrays containing repeat sequences
and spacer sequences between them. The length of duplicate sequences is about
25–50 bp and more than 249 bits and the spacing area containing non-duplicate
sequences is about 26–72 bp (Arslan et al. 2014; Kunin et al. 2007; Pourcel et al.
2020). The leader sequence is approximately 200–500 bp in length, consisting of
AT-rich sequences that are necessary as a promoter sequence for copying CRISPR
locus arrays. The 4 (Cas) associated CRISPR genes (Cas 1–4) are located near the
CRISPR array region, encoding proteins essential for inducing an immune response
by bacteria against virus attack (Fonfara et al. 2016; Richter et al. 2012; Zhang and
Ye 2017).

Streptococcus pyogenes has been widely used to edit the genomes of various
species and cell types such as human, bacterial, yeast, laboratory mice, vinegar flies,
nematodes, crops, insects, and monkeys. In the crRNA processing mechanism type
II, the Trans-activating crRNA sequence binds to duplicate sequences to form the
crRNA/tracrRNA complex. It then produces mature crRNAs with the Cas9 protein
and RNaseIII enzyme activity. This processing system is well known and widely
used in genetic engineering and genome editing. The generated crRNAs have
20 nucleotide sequences at their 30 end. In this system, adult crRNAs are generated
after transcription of pre-crRNA sequences from the CRISPR gene locus by the Cas9
protein (Fonfara et al. 2016; Hynes et al. 2017; Marraffini 2016; Zhang and Ye
2017).
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CRISPR/Cas9 achievements in plants: The CRISPR/Cas9 system produces stable
and inherited mutations that can be easily distinguished from the Cas9/gRNA
structure for further modification by CRISPR/Cas9. This leads to the development
of non-transgenic homozygous plants that have been produced in only one genera-
tion (Fauser et al. 2014; Xu et al. 2015). A non-transgenic rice cultivar with a
mutation in the target gene has been successfully produced by transgenic cleavage
by causing T1 generation self-healing (Xu et al. 2015). Also, a series of dual vectors
based on CRISPR/Cas9 system with stable expression capability in plant systems
and a series of vectors containing gRNA module have been designed. Therefore, the
transfer of only Cas9 nuclease protein and gRNA into the host cell by genetic
transfer methods is the only necessity for plant genome editing (Xing et al. 2014).

It has been suggested that viral glycemic replicates (GVRs) can be used to transfer
the Cas9/gRNA structure into the host cell when the virus replication initiation
protein (REP) gene is transferred along with the Cas9/gRNA structure (Baltes et al.
2014). In addition, in order to use this system in upgrading and discovering genetic
traits, high-performance transfer methods such as DNA-based replication viruses are
used to transfer genome engineering materials without the need for genetic engi-
neering transfer methods (Ali et al. 2015; Yin et al. 2015). Based on the researches,
direct transmission using tobacco rattle virus (TRV), cabbage leaf complex virus
(CaLCuV), Cas9/gRNA transferability by different viruses in editing the genomes of
different plants have been clearly shown (Yin et al. 2015).

19.9 Conclusion

In today's world, there are other significant issues such as climate change and
environmental problems, and the loss of genetic resources, in addition to the issue
of human communities supplying food and producing more food, one of the reasons
for the improper use of chemical products in agriculture (such as toxins and chemical
fertilizers, etc.).

Although pesticides and herbicides play an important role in controlling plant
diseases and weeds, they have negative side effects on living organisms and their
environment. They also cause resistance to pests and weeds and have adverse effects
on desirable non-target microorganisms. Also, the limitation of the use of physical
and chemical cleaning methods of plant toxins, such as reducing the quality and
nutritional properties of the product and the high cost of the required equipment, has
led researchers to focus on biological methods. In order to minimize the use of these
toxic chemicals, the use of biological agents such as fertilizers and biotoxins can
play a very important role in the protection of the environment and of agricultural
farms. Moreover, by using modern biological technology, such as genetic engineer-
ing, increasing the performance of these biological factors will also improve their
efficacy. However, the transfer of new genes to these biological agents and their
release into agricultural environments can be associated with certain potential
environmental hazards. Therefore, due to the acquisition and development of new
molecular technologies to track and study the effects of such recombinant

492 B. Fazeli-Nasab and A. F. Rahmani



microorganisms in nature, it is necessary to carefully study the possible effects to
safely and efficiently use the definite benefits of these organisms in agriculture.

It is suggested that given the standards for assessing the potential hazards of
recombinant microorganisms as well as microbial compounds (genes, proteins, or
metabolites) used, possible risk assessment on a case-by-case basis for each micro-
organism or microbial compound according to the purpose and type of environment
used and done in a completely scientific manner and if there was a possibility of
specific hazards for that microorganism or the microbial compound used, scientific
and managerial solutions should be provided to prevent or reduce those risks so that
we can take full advantage of the environmental and economic benefits of such
biological products.
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Abstract

It has been clarified that the whole globe will experience a rapid increase in
population. Therefore, there is a need to identify a sustainable solution that could
help to meet the demand of the ever-growing population. Some of the rising
question from the majority of the globe is how to proffer solution of the
challenges of foods insecurity, climates changes, high level of anthropogenic
activities in the environment, and high level of unemployment among the youths,
as well as a higher level of mortality rate as a result of the recent pandemic activity
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due to COVID-19. Furthermore, some other challenges include malnutrition and
several nutrition challenges. Therefore, provides comprehensive details on the
numerous microorganism that could influence soil health in promoting plant
growth, and serves as potential bioremediation of polluted soil as well as provide
detailed information on the application of plant growth-promoting rhizobacteria
(PGPR) in sustainable agriculture and environment as well as provide detailed
information on other beneficial microorganisms that could boost Agricultural
production.

Keywords

Plant growth-promoting rhizobacteria · Sustainable agriculture · Agricultural
production · Environment · Biological control agent · Biological fertilizers ·
Beneficial microorganisms

20.1 Introduction

The global farming practices have gradually been transformed with the emergence of
organic farming. The rationale behind this approach to farming is the utilization of
various kinds of organic-based fertilizers such as bone meal, compost manure, and
green manure and replacement of chemical pesticides that are not environmentally
friendly. Organic farming emerged with a view to promoting agricultural
sustainability as an innovative technology for meeting the agricultural needs of the
fast growing global population (Tsvetkov et al. 2018). This agricultural technique is
remarkable for environmental friendliness. There are an increasing concern and
demand for safe food which has resulted in the high demand for food and related
products that are cultivated organically without the use of pesticides. Currently, the
sale of such products is not quite accessible to farmers who cultivate on small scale
and the sale of the excess production is usually done in local markets without
certification (Nielsen 2019).

The advancement of organic farming is a result of the concerns about the negative
consequences associated with industrialized farming practices of the twentieth
century. The industrialized agricultural practices of the twentieth century were
related to the utilization of agricultural chemicals which have a deleterious influence
on the environment and reduction in soil fertility, decline in immunity of plants and
overall biodiversity, which in all would affect the quality of food and human health.

According to the United Nations (2015), the human population is due to hit over
9.1 billion in 2050. This growth can be forecasted to tell negatively on the demand
for food, land resources, and security of other agricultural products (Yanakittkul and
Aungvaravong 2020).

Accelerated agriculture using chemicals like pesticides, insecticides, and
fertilizers to boost plant products is an essential and critical sector that has assisted
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in the management of food products to meet the increasing request for food by the
ever-evolving human population. It has been estimated that using this method of
food production, the rate of meeting the global population food demand like meat
0.47 billion tonnes and grains 3 billion tonnes was billed to hit 70% (FAO 2015).
However, this accelerated agriculture comes with a lot of economic toll resulting in
the use of five million tonnes of farm chemicals annually Chakrabarty et al. (2014)
and Fernando (2017), the yearly pollution and buildup of pesticides and heavy
metals in the ecosystem, and possible health risk (Anani and Olomukoro 2019;
Anani et al. 2020a, b; Adetunji and Anani 2020; Yanakittkul and Aungvaravong
2020).

The influence of farm chemicals on the soil, water, and air has greatly impacted
human health via the accumulation and consumption of toxins in food which have
caused several health diseases in humans like cancer, Alzheimer, Parkinson, diabe-
tes, reproductive ailments, learning incapacities, autism, and asthma diseases
(Katherine and Hendrik 2010; Owens et al. 2010; Onder et al. 2011; Costa et al.
2014; Sharma and Singhvi 2017). These problems can be averted by the practice of
sustainable farming which will positively control the negative ecological influences
on agriculture, thus ensuring good and quality food free from toxins. Such sustain-
able practice is organic farming (FAO 2013; Muller et al. 2017).

Organic farming is one of the existing forms of agriculture that refrains from the
utilization of chemicals like pesticides such as fertilizers to promote nutrients, the
fertility of the soil, pests, and diseases (Foley et al. 2011; Muller et al. 2017;
Yanakittkul and Aungvaravong 2020). The benefits derived from organic farming
as measured to the range of ecological indicators caused by the use of synthetic
chemicals for farming have been recounted by various authors (Mäder et al. 2002;
Schader et al. 2012; Seufert et al. 2012; Tuomisto et al. 2012; Meier et al. 2015;
Reganold and Wachter 2016). So, organic farming is an appropriate answer to
mitigate the utilization of artificial chemicals, thus avoiding environmental and
health problems and food contamination (Sharma and Singhvi 2017;
Sangkumchaliang and Huang 2012).

In recent times, organic food has gained popularity among farmers, consumers,
and concerned stakeholders. In 2014, the revenue derived from the organic food hub
market was estimated to be US$ 80 billion because of the economically driven
policies set by the European Unions and the USA (FiBL and IFOAM 2016). Organic
farming has been a novel area of agriculture that produces new products that are of
great appeal in the food sector. These products have been estimated to cover an
arable hectare of 43.7 million about 0.99% of the world’s land (Yanakittkul and
Aungvaravong 2020). The amalgamation of sustainable economic and environmen-
tal safety opportunities in agriculture using the organic method of farming has aided
in soil-organic matter improvement via waste recycling, in turn, this will benefits
humans because it assists in the reduction of noxious pollutants in the soil and the
food (Ulm et al. 2019; Yanakittkul and Aungvaravong 2019).

The role of PGPR as a sustainable organic agriculture tool has been at the
forefront of modern farming. Recent application of PGPR in organic farming has
shown a positive influence on the soil structure and functions by way of the
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reduction of the impacts of herbicides, pesticides, and fertilizer chemicals (Vejan
et al. 2016; Backer et al. 2018; dos Santos et al. 2020). The roots of the plant are
colonized by beneficial bacterial that excite their growth via different mechanisms.
The impacts and performances of these growth-stimulating microorganisms (fungal
and bacterial) have been earlier reported by different studies (Vessey 2003; Perez-
Montano et al. 2014; Meena et al. 2017; Backer et al. 2018; Alooa et al. 2019;
Adetunji and Anani 2020; dos Santos et al. 2020).

PGPR is a perfect substitute for the agriculturist to combat serious social and
ecological problems that stem up such as food shortages caused by epidemics,
nutrient deficiencies, abiotic and biotic factors. The microbial consortia of PGPR
(rhizomicrobiome) are linked to all parts of the plants like roots, leaves, stems, fruits,
and flowers Berg et al. (2016) which assist these parts of plants to overcome these
challenges (Smith et al. 2015). Though, these conditions differ across the various
plant structures.

The rhizomicrobiome use two types of mode of actions (direct and indirect) in
which they use to promote plant productivity and growth. The direct mode of action
consists of phytohormones such as auxins, siderophores, phosphorus solubilization,
and nitrogen fixing that are used for plant production (Riggs et al. 2001; Khalid et al.
2004; Cassán et al. 2009; Krey et al. 2013; Yu et al. 2019). The indirect mode of
action is linked to biological control through the means of antagonistic action against
pathogenic plant microorganisms by inducing resistance and systemic responses that
interfere with the bacterial minimal sensing systems (Mahmood et al. 2016; dos
Santos et al. 2020).

This chapter anticipates evaluating the application of plant growth-promoting
rhizobacteria (PGPR) as sustainable agriculture and environmental tools. The
authors highlighted the significance of PGPR in sustainable agriculture and in the
bioremediation of polluted environments. Moreover, specific examples of beneficial
attributes of some beneficial microorganisms such as Rhizobium, Azospirillum,
Bacillus, Pseudomonas, Serratia, and Stenotrophomonas when applied as PGPR
for boosting agricultural products were highlighted.

20.2 Roles of Microorganism as the Potential Rejuvenator
of Polluted Soil, Soil Health Promoter, and Plant Growth
Stimulator

Tahat et al. (2020) evaluated the sustainable application of microorganisms for the
improvement of soil health. The authors stated that a fit soil behaves as an active
biotic system that transports various ecological services like removal of GHGs
(greenhouse gases) from the atmosphere, decomposition, regulation, and recycling
of nutrients, the sustenance of plant productivity, and water quality. The health of the
soil is closely linked to sustainable farming and the activities of microorganisms.
Soil health sustainability is explicitly based on the ability of the plants to manufac-
ture food products without the inference or influence of ecological factors.
Nematodes, cyanobacteria, and AMF (arbuscular mycorrhizal fungi) play an
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essential role in the regulation of plant response to ecological stress, the cycling of
soil nutrients, production of plant hormones, availability of nutrient to plants, and the
efficient utilization of soil water. Agricultural activities have revealed that tillage and
organic farming have efficiently improved soil health by increasing the numbers of
soil microbes in activities, diversity, and abundance.

Li et al. (2017) evaluated the function of soil microorganisms in promoting flora
growth. The ever-evolving growing population has elicited a great demand for more
food. This has necessitated the need to employ modern farming to meet this demand.
The need to cultivate novel crop assortments for an increase in the resistance against
environmental stressors and insects as well as in the improvement of their yields is
very important in the sustainable maintenance of the health of the soil and the plant at
large. Though, crops are still requiring artificial nutrients like fertilizers and manure
to boost their efficiencies and quality. Recent studies showed that microbes found in
the soil provide more positive influence when compared to synthetic fertilizers.
These microbes based on their great gene pool serve as a probable resource for the
recycling of nutrients and biochemical actions for plant development. In conclusion,
the authors recommend the modification of the microbiota in the soil to elicit the
growth of the plants and improve the soil health.

Hayat et al. (2010) assessed the role of soil bacteria in promoting the health of the
soil and the growth of plants. Soil microbes like bacteria are very significant in the
biological, geographical, and chemical cycling of nutrients to plants. Bacterial and
plant association in the root rhizoids as the rhizosphere are the major determining
factors of soil and plant health as well as fertility. PGPR is usually known as
beneficial bacteria to plant, commonly also referred to as plant growth-promoting
organisms that have the efficiency to elicit plant development during the root
colonizing process. They are important in the ecological sustenance of soil and
plant health via symbiosis. Specific microbes that are significant in this process are
Mesorhizobium, Sinorhizobium, Allorhizobium, Azorhizobium, Bradyrhizobium,
and Rhizobium—a group of cyanobacteria that are nitrogen fixers. Typical examples
of microorganisms that are nitrogen fixers include Pseudomonas, Klebsiella,
Enterobacter, and Azospirillum. They have the capability to colonize and attach
themselves to the root superficial region of plants thus promoting and facilitating
indirectly and directly nutrients cycling and uptake, the reduction of and prevention
of phytopathogens. This can be attained by the production of some metal-binding
and small molecules called siderophores. PGPR can also produce HCN (hydrogen
cyanide) which they can use to prevent the cell wall of plant pathogens with the aid
of biodegradable enzymes like ß-1,3-glucanase and chitinase. PGPR can also affect
the direct development of plants by the production of plant hormones like indole-3-
acetic acid, abscisic acid, ethylene, gibberellins, cytokinins, and auxins which have
been recounted for another genus of bacteria.

Some PGPR function as a reservoir for ammonia and ACC
(1-aminocyclopropane-1-carboxylate) in higher flora, by resolving them into ammo-
nia and α-ketobutyrate. This will enhance the development of the plants’ roots,
therefore decreasing the levels of ethylene in the microrhizome community. More-
over, the PGPR also aid in the solubilization of nutrients and phosphates, thus
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improving the organic matter constituents and stress resistance of the soil and plant
to external and internal factors. They also retain enough organic soil nitrogen in the
soil and plants, thereby releasing sufficient nutrients to them.

Sathya et al. (2016) evaluated in a review the function of soil microorganisms in
the sustenance of soil health. The authors recounted that soil health is characterized
by the persistent ability to carry significant biotic systems. The chief driver of soil
health is to maintain all the factors controlling sustainable farming to preserve the
natural contents therein. Microbes perform a crucial function in the health of the soil,
thus influencing the various chemicals, geomaterials, and biological cycling of
nutrients like phosphorus, sulfur, nitrogen, and carbon as well as other micro- and
macronutrients that play an imperative role in the preservation of the biological and
health of the soil. These microbes also have the ability to overpower directly or
indirectly the soil-borne diseases and enhance their agricultural outputs. Their role in
nutrient cycling also contributes directly or indirectly to the production and promo-
tion of enzymes and phytohormones that aid in combating insects and plant diseases.
The massive genetic assortment and role of different microbial consortia like
actinomycetes, fungi, and bacteria are indelible assets in the functioning of the soil
health and all the other biological entities that promote or contribute to as functional
soil health pointers.

Most soil fertilities are usually tied with the effective role and actions of soil
microbes. de Souza et al. (2015) evaluated the role of PGPB as special engineers in
the restructuring of the health of agricultural soils. The authors reported that micro-
bial and plant associations in the root nodules are the major driver of soil lushness,
productivity, and heath of the plants. PGPB are organisms that can improve the
protection and growth of plants towards ecological stressors, diseases, and other
factors that have close links with plants like endophytes that could influence the
development of the plants. Some significant characteristics of bacterial like the
fabrication of siderophores, plant hormones, deaminase action of ACC, solubiliza-
tion of phosphate, and biological fixation of nitrogen are special traits of the PGPB
and solitary roles to improve the soil and flora fertility. PGPB inoculants also
improve the agronomic efficacy by decreasing the rate of environmental contamina-
tion and economic cost via production on the ground that the utilization of fertilizer
chemicals be phase out or reduced. For PGPB inoculants to attain success in eliciting
the productivity and growth of the plant, there have to be several steps that can
impact their efficacy of inoculation like the health of the soil, colonization of
microbes in the root nodules, and plant root exudation.

Ojo et al. (2015) evaluated the impact of fertilizers on the population and growth
of microbes in the soil. The putrefaction of organic matter and the accessibility of
nutrients in the soil depend on the activities of microorganisms therein. Inorganic
and organic fertilizers are important in the improvement of the needs of the soil
microbes for the development of the floras. Ojo et al. (2015) opined that the low
population of microbes is caused by the inefficiency of organic nutrients or matter to
be readily remedied by altering the soil with organic nutrients and fertilizers, thus
permitting more time for the microbial community to thrive reproductively. The
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microorganisms increase the soil components via the digestion of the organic matter
and humus to aid in the fixating of nitrogen in the rhizosphere.

Seneviratne et al. (2011) evaluated the implications in the utilization of
biofertilizer and compost in organic farming. The authors reported that compost
and biofertilizers have been fingered as a promising substitute to the traditional
induced chemical fertilizers because of their positive influence on the development
of the plant as well as the improvement of the soil quality, health, and its functions.
Compost and biofertilizers also have the ability to decrease the ecological and
human risk or damages from pollutants by biodegradation. Biofertilizers derived
from microorganisms have been known to date for their beneficial influence on the
biological activities of plants such as economic and environmental viability, the
structural buildup of soil richness, phytohormones production, manufacture of
antibiotics, flora pathogen suppression, plant stimulation, and nitrogen fixation.
Compost, however, is significant in the improvement of the chemical, biological,
physical structure of the soil. The limitation of this influence depends on the derived
source of the compost as well as the process it undergoes. However, one of the
demerits of the utilization of compost includes the probable presence of heavy
metals, the possible link of pathogens, high generation of ammonia, excessive
production of leachate in bulky volumes, and inadequate result delivery. Therefore,
there is a need to combine the compost and biofertilizers to achieve maximum soil
health.

Javaid (2011) tested and evaluated in a rice plant pot assay the impact of
biofertilizers (effective microorganisms and biopower) on the growth and develop-
ment of various amendment of soils. The amendments were fertilizer-NPK, farm-
yard manure (FYM), and green manure (GM). The results from the biological
experiment showed that the usage of the biopower negatively influenced the yield
and growth of the plant in the fertilizer-NPK amendment. Conversely, the same
biofertilizer sharply improved the yield and growth of the amended GM soil,
whereas their influence on the FYM amendment was not significant. In the GM
amendment, the application of effective microorganisms improved the yield of the
rice by 46%. An amalgam of both biofertilizers markedly enhanced the shoot and
root growth in the soil amended with the FYM. The findings from this study showed
that effective microorganisms and biopower biofertilizers sharply improved the
biomass of the shoot and roots as well as the yield of the grain in the amended
GM soils.

Microorganisms in the soil perform significant roles in the control of the soil
ecosystem. Alexander and Chong (2014) in a biological experiment tested and
evaluated the influence of biological control messengers on the microbial consortia
of soils in oil palm farmstead. The authors stated that the microbial consortia may
play the role of a check-balance to different plant diseases. Besides, soil
microorganisms are subtle to the vicissitude of soil factors.

Alexander and Chong (2014) recounted that the effects of these messengers on
the diversity and population of soil microbes are still vague. The results from the
study revealed that feasible microbes were seen scattered in the cultured media after
counting using the CFU (colony forming unit). They were later recognized by
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employing molecular and Biolog techniques. The novel predominant species
identified were Trichoderma spp., Streptomyces spp., Yarrowia spp., Burkholderia
spp., Microbacterium spp., and Enterobacter spp. The colony forming unit for the
yeast was 102 to 10 6CFU/g and that for bacteria was 103 to 106CFU/g. They
remained unchanged after treatment of the soils. Though, the colony forming unit
for fungi was later amplified to 10 4 cfu/g in the amended soil. The utilization of
biological messengers to regulate the root and stem disease of oil palm has served as
a sustainable promising tool for the management of these pathogens. The authors
concluded that the usage of biofertilizers in the soil can potentially enhance the
evenness and richness of the distribution of microorganisms in the soil as
biomessengers.

Sachidanand et al. (2019) evaluated in a review of the influences of microbes on
soil structure ex situ. The authors reported that soil microbes help to preserve the
ecosystem via structural and functional engineering of the soil. The interaction of the
microbes with the chemical, biological, and physical features of the soil brings about
control of the soil negative impacts and possibly agricultural ecosystem manage-
ment. The authors stated that in some cases, the soil is the main determinant factor
that controls the complexity and diversity of soil microbes as well as their symbiotic
relationships with the other abiotic and biotic entities. In conclusion, the authors
proposed a theoretical framework founded on the relative forces and strengths
exerted by the soil microbes on the soil.

Lehman et al. (2015) assessed the bio-health of the enhancement of soil via
reverse soil breakdown of pollutants by microbes. The authors recounted that soil
health relates to the biological processes, effects, and properties that manipulate high
yield and qualities of crop production, improves the availability of nutrients, protects
the plant against pathogens, and manages and regulates ecological stressors like high
temperature and drought. The authors opined that microbes serve as an engineering
tool in addressing these factors with a perception of sustainable management, repair,
and regulation of all abiotic and biotic constituents in the soil environment. In
conclusion, the authors recommended novel researches that will project the sustain-
able productivity and utilization of soil microorganisms for soil health rejuvenation.

Globally, the degradation of land by the activities of humans and natural
occurrences has become a bane to soil animals and the ecosystem at large. The
drive for ecosystem sustainability is geared towards the conservation, management,
and improvement of the agricultural land for the present and future generations.
Singh et al. (2016) assessed the role of microbes as soil engineers in the
ecorestoration of polluted land. The authors reported that to ensure total restoration
of degraded soil or land, a systematic approach towards the establishment of set
goals should be considered. This will enable timely reverse degradation, structural
and aggregate growth, balanced micro-ecosystem, nutrient formation and cycling,
and the degradation of litters by the activities of microbes. The sustainable enhance-
ment of the agricultural soil relies on the biodiversity and bioprocess that are buildup
in the ecosystem, which allow crop productivity and soil fruitfulness. This will
enable the restoration of land that has already be degraded.
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Nunes et al. (2012) tested and evaluated the activities of soil microbes in the
degradation of impacted soil. The authors stated that soil degradation results in
severe biological changes. This process can reduce the biomass of soil microbes.
The result from the biological experiment showed that the enzyme and biomass
activities of the soil microbes were reduced by the impacted land to about 8–10 times
more than the natural vegetation. Besides, after the restoration of the land, the soil
microbial biomass and the natural biomass improved by two- and five-fold corre-
spondingly when compared to the highly impacted land. The findings showed that
impacted land produced a low microbial consortium but the restored land may elicit
both short- and long-run increases in the biomass and the soil consortia of microbes.

Masciandaro et al. (2013) in a synergic method evaluated the bioremediation of
soil impacted with organic matter using microorganisms. The authors recounted that
bioremediation which is a natural process depends on plants, fungi, and bacteria to
remove, transform, and breakdown pollutants, thus ensuring ecosystem conservation
of the biological and physical properties. The application of sludge and compost
(organic matter) on soil has been seen to activators or messengers of microorganisms
to improve on the degradation potentials of pollutants. Their presence in the soil aids
in swift degradation, organic matter, and nutrient cycling via the processes of
bioaugmentation, bio-enhancement, and biotransformation which are considered as
possible accelerators of pollutants breakdown. Besides, during these processes, the
activities of the microorganisms provide the platform for soil health, water retention
ability of the soil, the porosity of the soil, and the exchange capacity of a cation.
Masciandaro et al. (2013) also opined that plant species also serve as tools for the
reclamation of impacted land by using the strategy of bioabsorption and biotransfor-
mation of pollutants as well as the promotion of the breakdown of organic matter by
the activities of the microorganisms at the rhizosphere. The plants also provide a
good microenvironment that is palatable for eliciting the activity and proliferation of
the microorganisms.

Ajao et al. (2011) tested and evaluated the bioremediation potentials of microbial
consortia on soils sourced from automobile mechanic workshops. The authors
reported that the activities of microorganisms in the significant restoration of
impacted hydrocarbons soils defined their ecological role in the mineralization and
biotransformation of crude oil products into less toxic forms. Eighty-six polluted soil
samples from 15 stations were collected and assayed for the bioremediation study.
The isolation techniques carried on the samples resulted in the identification of five
bacterial species which are Bacillus sp., Serratia sp., Pseudomonas sp.,
Flavobacterium sp., and Acinetobacter sp. The bioremediation setup was set for
2 months by employing amalgam isolates culture of lipase, dehydrogenase, protein,
and TVC as bioindicators. The outcome from the experiment showed increased
activity of the dehydrogenase, protein, and TVC recorded in the first month were
5.53 mg/g, 6.3 � 107, and 163.15μgTPFg�1 soil correspondingly at 7.17 pH
concentration. However, a gradual reduction (4.72 unit/g) was observed in the
activities of the lipase with a percentage increase (65.41%) of the crude oil at the
sixth week. The findings from this study showed a possible ecological implication
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for designing a bioremediation procedure for the decontamination of crude oil
polluted or impacted soil sites.

20.3 Features of Organic Farming

There are areas of differences between traditional farming and organic farming
practices and this lies in most cases in the approaches utilized during the crop
production processes. The environmental impact of agricultural activities is vital
when looking at the organic farming approach. This, therefore, implies that one of
the major focuses of organic farming is the preservation, conservation, and manage-
ment of the ecosystem and concern on minimization of various synthetic materials
that are not of organic origin (Skoufogianni et al. 2015).

This approach to farming also aids the improvement of soil health as the com-
bined agricultural practices utilized in organic farming are known to bring about an
increase in the carbon reservoir, most especially during mixed farming and crop
rotational practices. In organic farming, there is efficient carbon friendly monitoring
in terms of reduction of overall emissions with respect to sequestration (Smith et al.
2019).

The practice of organic farming brings about a reduction in the emission of
nitrogen oxide since elementary nitrogen is not utilized as fertilizer and the content
of nitrate ions in the soil is lower with greater aeration of the soil. This, therefore,
implies that the rate of emission of nitrogen gas is lower when related to the
traditional farming system as a result of the lower availability of nitrogen. The
nitrogen obtained from the green manure during organic farming does not contribute
to the overall emission of N2O. There is an enhancement in the structure of the soil
and a reduction in the emission of N2O. Replacement of urea with other materials of
organic sources is a unique management plan for the reduction of N2O in the soil
(Jalota et al. 2018).

Another factor that catalyzed the advancement of organic farming lies in intensive
animal rearing that brought about an increase in medicaments, the poor health state
of animals, and a decline in lifespan. At first, organic farming was developed
primarily by the farmers, this was then fully supported by scientific findings. At
present, there are national laws and government-approved trademarks for the con-
sumption of organic-based food materials. There are government programs at
present that boost organic farming.

The major advancement in the area of organic farming is related to the improve-
ment in the quality of soil, enhancing efficient management of pests, the introduction
of agencies with the major concern of certifying, and provision of labels so as to
ensure the safety of such foods for human consumption. The sector of organic
farming basically has developed to a US$60 billion sector of the global food
production as of 2012 (Francis 2013).

The rapid advancement in organic farming has a strong impact on the emission of
N2O. Though some countries are likely to seriously depend on synthetic fertilizer,
some others would have the capacity of reducing the use of mineral fertilizers. In
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organic farming, food is grown with the environmental constraints of the release of
N2O. There are also many organic materials that are produced as by-products which
can be utilized in the production of biofertilizer such as animal manures, plant
residues, biosolids, among others. The use of organic amendments gives remarkable
trade-offs that can result in the emission of greenhouse gases (Lal 2016).

There have also been reports that the emission of greenhouse gases, as well as the
use of energy in organic farming practices, are more pronounced when compared to
the traditional production of crops. This is as a result of the greater intensity of highly
demanded cash crops, frequent cultivation of farms, and higher fertilizer usage in
organic farming. Storage methods and manure applications have a serious effect on
the emission of greenhouse gases. The use of anaerobic digestion could be useful in
the reduction of emission and storage. The spreading out of manures during the
coolest times of the day also helps in the reduction of emissions.

The method used in the application of manure, whether as solid or slurry,
incorporation or broadcasting among others also affects the emission of greenhouse
gases. The use of grass residues during organic rotations can also increase the
emissions of N2O (Lal 2016).

Badgley et al. emphasized that organic farming practice would be relevant in
feeding the rapidly growing population using the currently available landmass while
ensuring total conservation of the fertility and structure of the soil. Farming practices
that ensure conservation are currently being encouraged for the recovery of soils that
have degraded. There is also an overall increase in productivity and food security.

20.4 Benefits of Organic Farming

Several agricultural benefits on the ecosystem have been attributed to conservation
agriculture some of which include reduction of soil erosion, enhancement of water
use, efficient cycling of nutrients, and reduction of soil organic carbon loss. There is
also an enhancement of the organic matter content of the soil during organic farming,
brought about by the activities of microorganisms on the organic materials. A proper
comprehension of the processes involves requires researchers to focus more on and
promote researches on soil structure, humus content, and microorganisms’ profile.

20.4.1 Environment

The use of organic farming has been documented to be generally more beneficial to
the ecosystem when compared to traditional farming practices. This is so because
there is no form of contamination of soil, water, and other immediate environments
during this type of farming practice. This also implies that there is no fear of leaching
agrochemicals from topsoil into underground water bodies and rivers which could be
taken into the bodies of aquatic organisms and passed across the food chain. In
addition, the organic farming practice also ensures the preservation of wildlife,
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retreat for natural wildlife, rather than destruction of their natural habitats, avoidance
of toxic chemicals, and maintenance of field margin.

Agricultural diversity of organisms is a vital component of the ecosystem that is
affected by the particular method of farming adopted. Organic farming is known to
enhance the level of agro diversity. The relegation of chemical pesticides and the use
of other green substituent make it possible for different groups of plants and animals
to flourish in the farmlands. This also helps in ensuring natural balance in the
ecosystem. There are varying methods that have been used for the comparison of
the impact of farming practices on the environment. Most researchers have used the
assessment of biodiversity of organisms, nutrient emission, land use, and soil
properties for comparing organic and conventional farming practices.

In a study conducted by Mondelaers et al. (2009) they carried out a comparison of
the traditional farming and the organic farming system through the use of a meta-
analysis approach with a focus on the impact on the environment, efficiency of land
use, soil carbon content, leaching of materials into surround environment and water
bodies, production of greenhouse gas as well as the general biodiversity.

Hole et al. (2005) in their review made a comparison on biodiversity in traditional
and organic farming. They observed that organic practice generally brought about an
improvement in biodiversity. In a related study carried out Hole et al. (2005), there
was no negative environmental and population impact associated with organic
agriculture especially in terms of biodiversity. Rather it was confirmed that this
technique led to an increase in biodiversity especially the varieties of herbaceous
plants when compared to conventional farming. It was also reported when used
alone, organic farming is not sufficient for the preservation of species of animals
(Bengtsson et al. 2005).

20.5 Production Requirements in Organic Farming

Organic farming is unique in that it utilizes the functional integrity of the system,
unlike other traditional farming practices that require an abundance of various
materials that are synthetic in nature and other man-made substances (Boelling
et al. 2003). Another major advantage of organic farming is its dependence on
water and soil which are localized materials that are readily available in the farming
environment with less concern for heavy tools and equipment. Though there is
variation in the actual production method, there are some general principles that
are basically the same such as the soil management by addition of organic
substances, avoidance of the use of chemical pesticides and fertilizers that are
synthetic in nature, and utilization of crop rotation system.
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20.6 Crop Requirements

Prior to the harvesting of organic crops, no prohibited substance must be applied to
the farmland 3 years to the period of harvest (Escoba and Hue 2007). Genetic
engineering, sludges from sewage, and ionizing radiation must not be used for
farming. Preservation of the soil nutrients will be achieved through the use of
permissible practices such as cover crops, crop rotation alongside animals, and
plant materials that are not allowed. There will be preferential usage of organic
stock and seeds, while farmers could only use nonorganic under certain permissible
conditions. Agricultural weeds, pests, and disease could be managed through
biological, physical, and mechanical approaches.

20.7 Effects on Soil Quality

The role of soil quality in sustainable farming cannot be overemphasized hence more
recently, various researchers have carried out studies in this regard. It has also been
reported that organic farming helps in the improvement of the quality of soil
(Otutumi et al. 2004).

20.8 Advantages of Organic Farming

20.8.1 Sustainability

One of the major concerns of organic farming practice is the future implications of
any agricultural practice on the ecosystem and environment at large. Food produc-
tion is associated with the setting up of ecological balance so as to prevent problems
of pests and soil fertility (Tsvetkov et al. 2018).

20.8.2 Ecological Services

There are more favorable interactions and balances between the agroecosystem and
the variables within the environment during organic farming. Some of the associated
phenomena include waste recycling, soil conditioning and forming, nutrient cycling,
and sequestration of carbon.

20.8.3 Biodiversity

Organic farming promotes agricultural diversity as well as the preservation of the
environment. There is an enhancement of various species of macro and micro fauna
and flora in the environment since chemical pesticides and other toxic materials are
not used during the farming practice. Various studies have documented that there is
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an increase in the level of biodiversity during organic farming when compared to
other known farming practices.

20.9 Challenges Faced in Organic Farming

1. It demands much labor.
2. Organic materials commonly required may not be available in the appropriate

quantity.
3. Poor adherence to standard practices in organic farming (Garg and Balodi 2014).

20.10 Role of PGPR as Biotechnological Tool for the Achievement
of Sustainable Agriculture and Environment

It has been well reported that the utilization of beneficial microorganisms to boost
agricultural production has expanded in the last few years due to population explo-
sion, food shortage, and increased pest pathogenic attack. Qessaoui et al. (2019)
showed that many biomolecules are extracted from beneficial microbes that act as
plant growth-promoting rhizobacteria. The authors utilized soil inoculated by Pseu-
domonas sp. bacterial isolates to enhance the production of Solanum lycopersicum,
thus it was revealed that there was a substantial upsurge in seed germination, which
enlarged the collar diameter and increased leaf number. It was concluded that this
isolate facilitated the growth of the plant. Gupta et al. (2015) demonstrated that soil
health is an integral part of agricultural resources that demands critical attention.
Pathogenic microbes affect the physicochemical status of soil, plants, and threaten
the entire sustainable agricultural sector if not quickly reviewed. Over the years,
chemical fertilizers have rendered soil integrity poor, wrecking serious havoc on the
ecosystem. Recently, renewed interest in the use of biological fertilizers has
increased. Many biological agents are emanating for promoting plant growth in an
eco-friendly sustainable agricultural process. Tan et al. (2015) highlighted the
significance of biofertilizers in enhancing growth plus the yield of agricultural
crops. They stimulate phytohormone production, biological nitrogen fixation,
mineralizing organic phosphate, suppress pathogens.

Vejan et al. (2016) reported that PGPR is capable of increasing agricultural
production through regulation of hormone, nutrition, stress resistance factors. Previ-
ously, it has been revealed that due to a reduction in the quality of soil health and
impact on the environment caused by synthetic chemical fertilizers, many are now
beginning to adopt the utilization of biofertilizers as alternatives to promote plant
growth in sustainable farming. Azotobacter chroococcum, Klebsiella variicola,
Rhizobium larrymoorei, Klebsiella pneumonia are known to stimulate plant devel-
opment and act as biofertilizers in organic farming practice. Beg and Singh (2009)
revealed that across the globe, increased productivity has been witnessed in the
agricultural sector due to the adoption and utilization of biofertilizers. Raimi et al.
(2017) suggested that many parts of the developing countries suffer from food
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shortage and low productivity due to soil pollution, consistent use of synthetic
fertilizers, thus recent approach in the maintenance of sustainable agriculture
incorporates the use of microbial fertilizers such as Azotobacter and many others.
These microbes produce metabolites that protect the crop from pathogenic attack and
boost the soil nutrients. Katiyar et al. (2015) showed that PGPR promotes systemic
resistance, biofertilization, biocontrol of plant pathogens. Gupta et al. (2015) showed
that PGPR increases soil fertility, suppresses phytopathogens, and enhances plant
growth promotion, for the development of an eco-friendly approach in sustainable
agriculture.

Paul and Nair (2008) reported that sol salinity is regulated by microbes and
agricultural crops. The authors studied the mode of activity explored by PGPR in
regulating salt tolerance utilizing proteome analysis. They discovered that many of
the salt regulatory proteins are upregulated, thereby alleviating the high osmolarity
and generating inhibitory metabolites when plant growth-promoting rhizosphere
inoculant P. fluorescens MSP-393 is applied. Kaur et al. (2016) revealed that
PGPR improves crop productivity by colonizing the plant rhizosphere or endophyte,
and production of beneficial biomolecules such as organic acids, phytohormones,
siderophores, antibiotics, and growth regulators utilized for plant defense system
against pathogenic attack. Mishra (2018) showed that crop productivity amid harsh
environmental conditions such as drought, pest attack, global warming can be
enhanced through the utilization of PGPR, thereby generating exopolysaccharides
as biocontrol agents. Jiménez-Gómez et al. (2017) suggested that bacterial
inoculants portends the capability to produce positive results on crop yields without
any adverse effects. The utilization of PGPR has increased over the years due to the
huge demand placed on agricultural products across the globe. Di Benedetto et al.
(2017) highlighted a few modes of action by which PGPR could induce plant growth
such as nutrient uptake, production of hormones, inhibition of pathogens. Sharma
et al. (2019) suggested that in the developing countries where huge monies are spent
on procuring synthetic chemicals to improve agricultural productivity resulting in
increased negative environmental and health impact, environment friendly plant
growth-promoting rhizobia should be adopted as a substitute to synthetic fertilizers
for sustainable agriculture.

Dago et al. (2018) reported that improving soybean and maize crops,
rhizobacteria such as Pseudomonas fluorescence was utilized as biofertilizer, thus
a significant difference in terms of crops development was noticed compared to
those that were not treated with biofertilizer. Osman and Yin (2018) reported that
PGPR could influence plant growth through a number of mechanisms like nitrogen
fixation, enzyme synthesis, bioremediation of contaminants, production of volatile
organic compounds. Khan et al. (2020) revealed that plant growth regulators like
putrescine and salicylic acid are important components of plant development. The
authors thus investigated the role of the regulators on chickpea grown in sandy soil.
It was observed that chickpea plants integrated with plant growth regulators showed
increased capacity for drought tolerance and they recommended that its utilization
increases agricultural productivity. Zuluaga et al. (2020) highlighted the relationship
between plants and their microbiome for growth-promoting agricultural productivity
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through alleviating stress by utilizing bacterial inoculants. Kuan et al. (2016) showed
that in maize plants, plant growth-promoting rhizobacteria bacterial strains isolated
from maize roots at two different locations in Malaysia provided an alternative to
increasing crop yield. The strains evaluated in this study are Klebsiella sp. Br1,
Acinetobacter sp. S3r2, and Bacillus pumilus S1r1. The authors revealed that all the
strains showed positive results for phosphate solubilization, auxin production, and
increased N2 fixation. Lengai and Muthomi (2018) suggested that many important
biopesticides are derived from plants, microorganisms, and insects utilized in the
management of pest and disease conditions. The authors disclosed that biopesticides
are now being considered as potential alternatives to synthetic chemical pesticides
due to the huge negative impact on the environment and human-caused by these
synthetic chemicals. Thus the physiochemical characteristics of the biopesticides
like biodegradability, low toxicity, less expensive, eco-friendly nature give them a
greater advantage over synthetic chemicals.

Yadav and Yadav (2019) revealed that actinobacteria can be developed and used
as biofertilizers for sustainable agriculture to improve plant growth and soil physiol-
ogy. This class of bacteria (Acidimicrobiia, Coriobacteriia, Actinobacteria,
Nitriliruptoria, Thermoleophilia, and Rubrobacteria) possesses huge biological
characteristics with multifarious plant growth-promoting attributes. Today,
actinobacteria are significantly explored for bio-inoculants for different crop
growth-promoting effects. Kawalekar (2013) reported that biofertilizers are utilized
for proper plant growth while minimizing the use of synthetic fertilizers and also to
promote soil health in a cost-effective way. Srivastava and Singh (2017) revealed
that PGPR is now a widely recognized approach in agriculture due to the green
revolution as an alternative strategy to synthetic chemicals. PGPR such as
Achromobacter, Azospirillum, Azotobacter, Acetobacter, Chryseobacterium, Bacil-
lus, Flavobacterium, Klebsiella, Enterococcus, Pseudomonas, Serratia,
Paenibacillus, and Rhizobium act as bioremediation, biodegradation, biocatalyst,
biofertilizers, biocontrol/biopesticide agents in sustainable agricultural practice.
Garg and Chandel (2010) predicted change in environmental conditions caused by
anthropogenic activities, thereby affecting soil, air, and water agro-ecosystems. Thus
reversing this trend will demand the incorporation of natural beneficial microbes in
maintaining plant productivity and soil fertility like crop plants with arbuscular
mycorrhizal. Different genes, chemical structures, and signal transduction pathways
are activated to facilitate water/nutrients uptake, alleviation of abiotic soil stresses,
disease protection, and increasing crop production/yield. Goswami et al. (2016)
showed that the population explosion has placed a huge demand for food and
other agricultural produce. Thus, today PGPR offers a promising approach in
sustainable agriculture to enhance soil microbial flora and promote plant growth.
Gopalakrishnan et al. (2015) revealed that many challenges are witnessed with
modern agricultural practices such as climate change, soil fertility impairment,
increased pests, and insect attacks. Thus the use of biofertilizers, biopesticides as
plant growth promoters is gathering massive attention among different stakeholders
to provide a sustainable approach for agricultural practice.
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Jacoby et al. (2017) reported that a plant-rich ecosystem is made up of diverse
microorganisms providing support for mineral nutrition, metabolic activities, plant
shape, and defense mechanism. Mahmood et al. (2016) showed that through seed
inoculation, beneficial microbes perform a significant function in the growth of the
plant, soil fertility, and environmental health. Tuhuteru et al. (2016) carried out a
study to obtain the most effective isolate in PGPR as biological fertilizers. They
observed that the isolates were able to stimulate increase seed growth, increase the
chlorophyll content with other physiochemical properties. Singh (2018) and Rifat
et al. (2012) reported that PGPR like Azospirillum brasilense, Azospirillum
amazonense, Azospirillum lipoferum, Bacillus tropicalis, Acetobacter
diazotrophicus, Bacillus borstelensis, Herbaspirillum seropedicae, Herbaspirillum
rubrisubalbicans, Klebsiella sp., Rahnella aquatilis, Enterobacter sp.,
Herbaspirillum seropedicae, Paenibacillus azotofixans, and Bacillus circulans
enhanced crop growth through nitrogen fixation, production of hormones, produc-
tion of enzymes and cytokinins, increased resistance to stress, solubilization, and
mineralization of other nutrients. Zerihun et al. (2019) revealed that PGPR stimulates
plant growth and protects plants stress factors. Thus the authors carried out a study to
identify and characterize plant growth promoter bacteria colonizing the rhizosphere
during the flowering phase for generating bioinoculant. The observed that the PGPR
can be utilized as biofertilizers, biocontrol, and biopesticides to improve crop yield
and productivity.

Kour et al. (2020) showed that beneficial microbes utilized as biofertilizers bring
important nutrients from the soil to the plants to improve the quality and yield.
Utilizing microbial bioinoculants represents an important part of sustainable agri-
culture. These microbes are known to colonize the plant epiphytic, rhizospheric, and
endophytic system, thus regulating nutrients uptake, production of plant growth
hormones and enzymes, and fixation of nitrogen. Bechtaoui et al. (2019) reported
that over the years, greater attention has been placed on the role of PGPR as
biofertilizer, thus the authors evaluated the application of biofertilizer bacteria plus
rhizobial strains on the production of plant crops in Morocco. Their ability to
solubilize complex mineral phosphorus was also investigated together with the
ability to generate different biomolecules. They discovered that the combined strains
displayed the most beneficial effects which significantly stimulate plant growth,
hence they suggested that rhizobacterial inoculation could be utilized as potential
biofertilizers.

Backer et al. (2018) stated that phytomicrobiome microbes are linked with plant
tissues, thus providing a wide range of benefits to plants such as nutrients acquisi-
tion, improving soil texture, regulating extracellular molecules, activating different
signals, and ultimately facilitating plant growth. The authors established that
inoculating plants with PGPR could stimulate crop growth which can also improve
plant tolerance for stresses by stimulation of systemic resistance. Bhat et al. (2019)
highlighted the importance of plant growth-promoting rhizosphere as a capable tool
for eco-friendly and ecological crop production. Amaya-Gómez et al. (2020) showed
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that rhizobacteria are capable of improving plant nutrients, regulate phytohormones,
suppress diseases, and enhance plant survival.

Deepmala et al. (2016) demonstrated that the current soil management strategy
involves the use of biofertilizers like phyla actinobacteria, firmicutes, proteobacteria,
and bacteroidetes to facilitate growth and improve the biomass improvement of
seedling germination, plant health, vigor, height, nutrient content of shoot tissues,
shoot weight, early bloom, increase nodulation in legumes, improve chlorophyll
content. Yadav et al. (2017) and Kenneth et al. (2019) suggested that rhizobacteria
colonize extracellular and intracellular rhizoenvironment as biocontrol,
biostimulation, and biofertilization. They revealed that to achieve self-sufficiency
in agriculture, the utilization of genetically modified microbes must be deployed to
enhance soil–plant–microbial interaction and develop soil flora and fauna. Orhan
et al. (2006) studied the effects of two Bacillus strains on organically grown
primocane fruiting raspberry. They discovered that the application of bacteria
significantly enhanced the affected soil pH and nutritional contents, promoted
growth, increased the yield, of the raspberry plant under organic farming conditions.

Adedeji et al. (2020) revealed the African continent is the worst hit in terms of
global food insecurity due to poor economy, land degradation which is threatening
the productivity in agriculture. They suggested that sustainable eco-friendly
strategies like plant growth-promoting bacteria should be adopted to increase agri-
cultural productivity, reduce environmental pollution, and improve the economy.
García-Fraile et al. (2015) and Kalayu (2019) demonstrated that several rhizospheric
bacterial strains like Bacillus, Rhizobium, Pseudomonas, Aspergillus, Penicillium,
possess plant growth-promoting properties like phytohormones, stress resistance,
and improve nutrients uptake through phosphate-solubilizing microbes. Agbodjato
et al. (2015) discovered that maize rhizospheres contain a huge amount of diverse
microorganisms like B. polymyxa, B. anthracis, B. pantothenticus, B. circulans,
B. thuringiensis, P. cichorii, P. syringae, P. putida, and Serratia marcescens with
a high rate of ammonium and hydrogen cyanide production, thus suggesting that
these rhizobacteria could be utilized as biological fertilizers in promoting maize
production.

Noumavo et al. (2016) highlighted the benefits of PGPR in promoting plant
growth and development such as exopolysaccharides production, siderophores pro-
duction, phosphate solubilization, phytostimulation, systemic resistance, production
of antibiotics, enzymes, and nutrients uptake. Paul and Lade (2014) revealed that the
arid and semi-arid regions are salt-stressed agricultural unproductive areas. There-
fore, PGPR is one of the alternative solutions to enhance agricultural productivity
through rhizobacteria counteracting the osmotic stress and enhancing plant growth.
This approach will enhance resistance to diseases, nutrient uptake, stress tolerance,
hydration, biocontrol of phytopathogens, chlorophyll content, increasing K+ con-
centration, solubilization of mineral phosphate, osmolyte accumulation, salinity
tolerance, and synthesis of antioxidative enzymes. Bhardwaj et al. (2014) and
Pahari et al. (2017) recommended that due to the consistent application of synthetic
chemicals over the years, the soil has been contaminated, thus the authors
investigated the role of eleven bacteria isolate on some contaminated soil in
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promoting plant growth activities. Vibha and Madhu (2015) highlighted the role of
various regulatory chemicals secreted within the vicinity of the rhizosphere such as
biofertilizers, biocontrol, and biostimulants. They revealed that through genetic
engineering, many of the biomolecules are incorporated into field practices in
agriculture to enhance productivity. Mishra and Dash (2014) revealed that the
economy of India thrives on agricultural practices, and fertilizer is a major
contributing factor. Over the years, the application of synthetic fertilizers has
endangered the ecosystems, plants, humans, animals, and soil, hence naturally
grown biofertilizers are beginning to receive attention for sustainable agriculture
economic development.

Several scientists have investigated plant growth-promoting rhizobacteria as
biocontrol agents through local antagonism to soil-borne pathogens, nitrogen fixa-
tion, production of phytohormones, phosphate solubilization, nutrient mobilization,
or by induction of systemic resistance against pathogens for improved cropping
systems. They suggested that many bacteria inoculants displayed significant plant
growth-promoting properties (Romero-Perdomo et al. 2019; Beneduzi et al. 2012;
Ramprasad et al. 2014). Sinha et al. (2014) and Ahirwar et al. (2019) applied
bacterial inoculants such as Azotobacter, phosphorus solubilizing bacteria, Clostrid-
ium pasteurianum, Azospirillum, vesicular arbuscular mycorrhiza to stimulate
microbial activity as biofertilizers in organic farming. Many of the biomolecules
are converted into powerful biofertilizers, bio-herbicides, biopesticides,
bio-insecticides, viral-based bio-insecticides, and fungal based bio-insecticides
utilizing microbial biotechnology.

Bashan et al. (2014) and Khatoon et al. (2020) discovered that one of the
important components of soil health is PGPR with multiple ecological functions in
the rhizosphere soil producing phytohormones, innate immunity, and other
metabolites. Cummings (2009) showed that PGPR could improve the yield of
graminaceous crops through genetically engineered strains. They revealed in their
study that the physicochemical and biological features of the soils are also a major
contributing factor through the direct relationship between plant–microbial organism
to facilitate, phosphate solubilization, phytohormones, hydrogen cyanide produc-
tion, biological nitrogen fixation, stress and biocontrol activity, antibiotic fabrica-
tion, siderophore production, synthesis of antifungal metabolites.

20.11 Specific Samples of Beneficial Microorganisms that Could
Lead to Sustainable Agriculture and the Environment

20.11.1 Rhizobium spp

Tiwari et al. (2017) recounted the role of Azotobacter sp. and Rhizobium on plant
growth, chlorophyll contents, nodule appearance, and carbohydrate content. The
authors revealed that Rhizobium sp. and Azotobacter have friendly associations for
field application most especially for sustainable agriculture. Poonia (2011)
demonstrated that most Rhizobium can provide nitrogen for plant physiological
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needs essential for growth and development and act as a biofertilizer, thereby
decreasing the use of synthetic agrochemicals. Today, agricultural production is
challenged by diverse environmental and climatic factors affecting soil health and
fertility. PGPR act with legumes resulting in enhanced nutrients through nitrogen
fixation, systemic resistance, tolerance to stress, production of phytohormones, and
solubilizing phosphates in the plant root exudates. Zeffa et al. (2019) investigated the
role of Azospirillum brasilense as PGPR in promoting nitrogen use efficiency in
maize. They suggested that rhizobia form root nodules that fix nitrogen in symbiotic
legumes, thus performing the experiment in nonlegumes would be a useful way of
increasing productivity in agricultural practice particularly among the resource-poor
countries. From their finding, it was revealed that biomolecules like auxins, abscisic
acids, cytokinins, lumichrome, lipo-chitooligosaccharides, vitamins, and riboflavin
produced by rhizobia may be responsible for the plant growth property, phosphorus
uptake in maize, millet, and sorghum.

Environmental factors like heat, salinity, and drought are known to alter crop
growth and other soil physiological processes. In order to mitigate these effects,
PGPR has been suggested to constantly minimize the negative impact of environ-
mental stresses. Rhizobacteria have been reported to significantly improve grain
yield (Bashan and de-Bashan 2010). Azospirillum–plant interaction has been shown
to cause single phytohormone activity, nitrogen fixation, collections of small-sized
molecules or enzymes, multiple phytohormones, increased membrane activity, the
proliferation of the root system, mobilization of minerals, increased water plus
mineral uptake, elimination of environmental stressors in plants, biocontrol of
phytopathogens. Fukami et al. (2018) highlighted and attributed the plant growth-
promoting bacteria role of genus Azospirillum towards tolerance of biotic and
abiotic stresses, mediated by phytohormones through ethylene/jasmonic acid signal-
ing pathway (Foyer et al. 2019) revealed that symbiotic nitrogen fixation is a major
mechanism of legume–rhizobia relationship which may further be enhanced by
arbuscular mycorrhiza.

Naveed et al. (2015) and Patel et al. (2017) revealed that rhizobia–legume and
nonlegumes symbiosis for biological nitrogen fixation is changing agricultural
practices. Through the development of root nodules, rhizobia fix nitrogen from the
atmosphere. Bankole et al. (2019) and Borges et al. (2019) suggested that symbiotic
relationship with plant roots such as rhizobia, actinomycetes, mycorrhizal fungi,
diazotrophic bacteria provides an opportunity for biofertilizer, biostimulation, and
biocontrol mechanism. Datta et al. (2015) and Mabrouk and Belhadj (2012) showed
that rhizobium is a gram negative bacterium linked with a symbiotic relationship
with the roots of leguminous/nonleguminous plants containing granules of
β-hydroxybutyrate. There are different classes of rhizobium such as Rhizobium,
Mesorhizobium, Bradyrhizobium, Sinorhizobium, and Azorhizobium with efficient
plant growth-promoting ability like phytohormones, phosphate solubilization,
siderophores production, and hydrogen cyanide production. A symbiotic process
exists in rhizobia with leguminous plants with energy in the form of nutrients, then
fixing dinitrogen from the atmosphere for plant uptake and subsequent reduction of
dinitrogen into ammonia making use of 16 molecules of ATP with a complex set of
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enzymes and releasing various chemicals by the root cells into the soil (Abhinav
et al. 2015).

The application of Rhizobium leguminosarum and Pseudomonas jesseni P10 as a
PGPR to support the growth and nodulation abilities of Lens culinaris Medik has
been documented (Iqbal et al. 2012). These bacteria are also known for producing a
plant growth enzyme, 1-aminocyclopropane-1-carboxylate deaminase (ACC deami-
nase) and these PGPR bacteria have also been isolated from plastic enriched
compost (PEC) (Iqbal et al. 2012).

Yadegari and Rahmani (2010) reported that two bacteria, Pseudomonas
fluorescens P-93 and Azospirillum lipoferum S-21 elicited appreciable plant promot-
ing activities on the seeds of the bean plant (Phaseolus vulgaris) especially when
co-cultured with two Rhizobium strains either individually or in combination. In an
in vitro study, Flores-félix et al. (2013) sequestered Rhizobium leguminosarum strain
PEPV 16 from the nodules of Phaseolus vulgaris. The authors revealed that the root
nodule bacteria displayed some PGPR properties and was able to add a significant
upsurge of N and K uptake in Carrot and Lettuce plants. Co-inoculation of Rhizo-
bium spp. and Enterobacter cloacae and Pseudomonas spp PGPR strains were
recorded to have reduced Cu. stress in Vicia faba than when compared to the
non-inoculated plants (Fatnassi et al. 2015). Aamir et al. (2013) reported that the
co-treatment of Mung Bean using Rhizobium and PGPRs containing ACC deami-
nase significantly enhanced the nodulation and growth of the plant. They observed
that this was done by reducing the stress associated with salinity. Afzal and Bano
(2008) also compared the outcome of inoculating together and singly, Rhizobium,
and a phosphate-solubilizing bacterium with or without phosphate fertilizer, on
Triticum aestivum plant (Wheat). The authors discovered that there was a 29%
increase in growth and a significant improvement in plant morphology when a
dual combination with P fertilizer was used when compared to those treated without
fertilizers. This study revealed that dual treatment with a phosphate fertilizer is very
important for plant growth and subsequent wheat plant yield.

20.11.2 Azospirillum spp

Saikia et al. (2010) and Sahu et al. (2017) reported that the growing human popula-
tion across the globe demands a novel strategy to increase agricultural productivity
so as to meet the growing demand. The authors pointed attention to the utilization of
microbes like Azospirillum spp, micro-aerophillic microorganisms as biofertilizers
to enhance the development. Azospirillum spp act as nitrogen-fixing bacteria,
enhance seed germination, increase proton flux, facilitate seedling growth, phospho-
rus solubilization, generation of phytohormones like indole-3-acetic acid, sequestra-
tion of iron, enhance photosynthetic pigments, increase dry matter partitioning, plant
growth promoters, restoration of vegetation in a harsh environment, alleviate
stresses, and increase seed quality (Fukami et al. 2018).

Cassan and Diaz-Zorita (2016) reported that Azospirillum sp. is a PGPR that can
colonize several plant species to fix nitrogen, produce metabolite, and several
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phytohormones like siderophore, nitric oxide, abscisic acid, ethylene biocontrol of
phytopathogens, gibberellins, phosphate solubilization indole-3-acetic acid. Mehnaz
et al. (2007) and Fukami et al. (2018) exhibited that genus Azospirillum spp confer to
plants stresses tolerance, signaling molecules activation such as jasmonic acid/
ethylene pathway, osmotic adjustment, mediate antioxidants, and detoxification of
oxidative stress. Pereyra et al. (2007) showed that Azospirillum spp portends the
potential to improve plant development as well as secretion of antimicrobial activity
and other secondary metabolites that help in stimulating phytohormones, and in
production of biofertilizers (Barassi et al. 2007).

Azospirillum spp. has been recorded to resist stress conditions and has been a
good PGPR in agriculture (Diaz-Zorita and Fernandez-Canigia, 2009; Bashan and
de-Bashan 2010). Couillerot et al. (2010) monitored the inoculant presence and
quantity of the PGPR Azospirillum lipoferum CRT1 in the rhizosphere of maize
seedlings using real-time polymerase chain reaction (PCR) method. García-Fraile
et al. (2015) compared the in vitro drought tolerance and PGPR qualities of 36 dif-
ferent strains of Azospirillum including a strain Az39 which was regularly used in
Argentina for inoculating and planting of Maize. It was discovered that strain Az19
had the highest drought, salt stress resistant, and PGPR qualities out of all isolated
strains. The co-inoculation of Azospirillum strains with other PGPR has been a plus
in the field of agriculture. This synergistic combination greatly improves nutrient
availability and stimulates each other’s physiological and biochemical systems,
leading to an improved plant growth rate. Previously, it was observed that at
inoculation of 107 in its stationary phase, there was effective coaggregation of
Azospirillum with other PGPR. The authors also recorded that other factors like
pH and temperature also enhanced coaggregation at 5 and 35 to 40 � C, respectively.
In an experiment performed by previously, researchers had inoculated the PGPRs,
Azospirillum brasilense, and Bacillus sphaericus with 33% nitrogen fertilizer to
determine the growth yield and productivity of banana plantlets. It was recorded that
nutrients were significantly increased and an early flowering at 3 weeks was
observed. It was also discovered that the physical features of the banana fruits,
when compared to the control of the experiment were considerably improved. The
amount of nitrogen (N) and phosphorus (P) nutrients required by plants for their
growth cannot be overemphasized. The use of NP fertilizers and their effects on the
environment is of great concern. Nitrate serves as a pollutant of groundwater and the
gradual loss of phosphorus from the soil through runoff finds its way to surface
waters. Alternate eco-friendly methods in improving plant growth should be made
available to help in the preservation of the environment. Ejaz et al. (2020) performed
an experiment to determine the effectiveness of PGPRs in enhancing the develop-
ment, produce, and quality of plants. They co-inoculated the pea plant (Pisum
sativum L.) with nitrogen-fixing Azospirillum strain and a phosphorus solubilizing
Agrobacterium tumefaciens strain at a different percentage of reduced nitrogen and
phosphorus fertilizer (60, 65, 70, 75, 80%, and the proposed dose 100%) and
compared it with a nitrogen–phosphorus (100%) fertilizer without any inoculum.
It was discovered that the PGPR co-inoculation with 75% NP treated pea plant
presented a 55% plant growth and development when compared to the 100% NP
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which was not inoculated with both rhizobacterium. They concluded that the
co-inoculation of important NP rhizobacterium strains can be beneficial to the
environment and also a cost-effective choice.

Scientists have identified Azospirillum strains as effective stimulators in the
rhizosphere aiding root exudation and development. Baudoin et al. (2009) in an
experiment investigated the genotypic construction of the rhizobacterial population
present on maize seedlings grown in the field after its inoculation with Azospirillum
lipoferum CRT1. They revealed that there was an alteration in the native bacteria
present in the rhizosphere at days 7 and 35 and they concluded that treatment of seed
with Azospirillum lipoferum CRT1 increased the presence of different bacteria in the
field soil.

20.11.3 Bacillus spp

Metin et al. (2014) reported that Bacillus megaterium strain, B. subtilis strain, and
Pantoea agglomerans strain can act as PGPR to improve seedling quality and
growth in cabbages. Radhakrishnan et al. (2017) revealed that genetic and environ-
mental factors greatly affect crop productivity and yield, thus Bacillus and Pseudo-
monas spp are now being utilized to facilitate plant growth by inducing
physiological changes such as exopolysaccharides and siderophores secretion, path-
ogenic microbial control, water transport, nutrient uptake, and production of other
several active metabolites like chitosanase, cellulase, protease, glucanase, hydrogen
cyanide, and lipopeptides. Bacillus spp. release ammonia from nitrogenous organic
matter through nifH gene, thus produce nitrogenase, fix atmospheric nitrogen,
enhance plant growth plus yield by delaying senescence, iron-chelating properties
generated through siderophore production which help to solubilize iron from
minerals plus organic compounds in rhizospheres.

Raaijmakers and Mazzola (2012) and Malviya et al. (2012) reported that Bacillus
species have been proposed to increase crop yield and quality, root colonization,
chlorophyll content. Barea (2015) demonstrated that exploiting the agroecosystem
of soil microbial host seems to be a promising approach. Thus the authors
investigated the role of sustainable and organic agricultural production through the
utilization and management of soil microorganisms such as Bacillus spp. The plant-
linked microbiome has been revealed to ameliorate the negative impacts of stress
factors, increase crop productivity. Villarreal-Delgado et al. (2017) showed that the
genus Bacillus is widely distributed in the agro-ecosystems. The authors further
analyzed and discovered that the microbe’s mechanism of action involves secretion
of toxins, phytopathogens suppression, antibiotics, siderophores, induced systemic
resistance, and lytic enzymes. Jamal et al. (2018) revealed that Bacillus
amyloliquefaciens Y1 strain was studied to identify its role on soil properties,
rhizosphere bacterial flora, pepper seedling growth, plus soil enzyme activities.
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From their results, it was observed that B. amyloliquefaciens Y1 displayed a positive
role on soil fertility and recommended for biofertilizer application.

Hashem et al. (2019) reported that many microbes can stimulate plant growth and
replace chemical fertilizers or pesticides. PGPR has been revealed to induction of
systemic resistance, competitive omission, and antibiosis. The authors discovered
that Bacillus subtilis exhibits these characteristics by secreting secondary
metabolites, cell-wall degrading enzymes, enhances nitrogen fixation, hormones,
antioxidants defense enzymes secretion, and solubilizes soil phosphorus, production
of siderophores and exopolysaccharides. The authors suggested that multidisciplin-
ary approaches such as molecular biology, physiology, biotechnology should be
adopted to harness the beneficial properties of many of these plant growth-promoting
rhizosphere.

Alooa et al. (2019) revealed that rhizospheric bacteria improve soil fertility and
promote plant growth by producing enzymes like glucanases, chitosanases, and
chitinases, siderophores, and antibiotics like pyoluteorin, zwittermicin A, and
oomycin. Bacilli rhizobacteria are known to offer unique functions and properties
such as biofertilization, bioprotection, and phytostimulation. The authors inoculated
tomato seedlings with cell suspensions of B. subtilis and discovered that shoot and
root growth are enhanced, increased seedling vigor was noticeable in the leaf area of
the plants and higher levels of phytohormones are secreted.

It has been discovered that the genus Bacillus has been documented to be highly
effective for phosphate-solubilizing capability. Bacillus amyloliquefaciens having
PGPR traits and able to induce resistance to Rhizoctonia solani and Fusarium solani
in in vitro has been detected in the potato rhizosphere. The restoration of the effects
of salinity stress in the root system of the soybean plant (Glycine max L.) has been
known to be carried out by the PGPR Bacillus firmus SW5. As a consequence, this
bacterium significantly improved plant quality, yield, and antioxidant defense
systems. The size and texture of tomato plants (Lycopersicon esculentum Mill, cv
Rio Fuego) cultivated under greenhouse conditions and exposed to inoculated
cultures of the PGPR B. subtilis BEB-13bs strain introduced at the plant root were
investigated. The control system showed no effect on the plant yield but there was a
considerable increase in the yield after inoculation with the PGPR B. subtilis strain.
The authors opined that the PGPR Bacillus subtilis BEB-13bs strain had a positive
impact on the fruit quality and yield of the cultivated tomatoes.

Lim and Kim (2013) investigated the effect of multi-functional PGPR Bacillus
licheniformis K11 on the drought resistance attribute of the pepper plant (Capsicum
annuum L.). The authors observed that in using a control, after a 15 day period, the
pepper plants exposed to drought stress did not survive, while those inoculated with
the PGPR B. licheniformis K11 strain survived. They reported the presence of
pathogenesis-related protein 10 (CaPR-10), dehydrin-like protein (Cadhn) (cyto-
plasmic small heat shock protein class I) sHSP, and (vacuolar H+-ATPase) VA stress
proteins genes in C. annuum L. inoculated with B. licheniformis K11. They
concluded that B. licheniformis K11 was a good agent that could be applied as
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biofertilizer for the better productivity of the plant. Probanza et al. (2002) studied the
effect of two different species of PGPR Bacillus; B. licheniformis CECT 5106 and
B. pumilus CECT 5105, respectively, when used individually or in combination to
treat Pinus pinea plant seedlings. The authors observed an improved growth and
modification in microbial populations present in the rhizosphere when used individ-
ually than when used as a consortium. They concluded that the respective PGPR
Bacillus species could not function effectively as a consortium due to competition in
the rhizosphere of the affected plant.

20.11.4 Serratia spp

Rhizospheric borne Serratia strains isolated from the plant; Nothofagus alpine was
reported to exhibit the ability to promote growth in the diameter of the plant
(Martínez et al. 2018). The authors also observed the growth promoting ability of
the bacteria with respect to the root collar, biomass, its height, nitrogen, and
chlorophyll content of N. alpine plantlets. They discovered that all the isolated
strains also caused increased production of plant metabolites such as
1-aminocyclopropane-1-carboxylic acid deaminase and indole acetic acid, and also
increased nitrogen fixing capacity of the plant. They concluded that Serratia strains
are PGPR which can be utilized as biofertilizers when applied in plant nurseries.

Earlier experiments have demonstrated that an appreciable decline in the oxida-
tive stress markers with an increment in salinity stress tolerance in maize (Zea mays
L.) by rhizospheric Serratia liquefaciens KM4, thereby impacting positively on the
overall phenotypic and genotypic receptiveness of the plant. The genome of PGPR
Serratia marcescens CDP-13 cultured from a plant, Capparis decidua was
sequenced and the bacterium was known for its ability to reduce the impact of
physical and biological stress on the host plant. The sequenced Serratia marcescens
CDP-13 was discovered to have significant traits of PGPRs which include consider-
able growth in the saline concentration of up to 6%, aiding the improvement of
wheat grown under high salt concentration. The study concluded that Serratia
marcescens CDP-13 has the probability to enhance salt stress and act as a substitute
for pesticides. Researchers have conducted a study on the usage of rhizospheric
borne plant growth-promoting bacterium; S. nematodiphila PEJ1011 to establish the
growth-promoting effect of gibberellin (GA) on pepper (Capsicum annuum L). It
was detected that S. nematodiphila PEJ1011 improved the low-temperature effect on
Capsicum annuum L, helping the plant adapt to low-temperature stress. The com-
bined effect of the PGPR Pseudomonas fluorescens and Serratia marcescens to
protect and prevent the symptoms of the cucumber mosaic cucumovirus on the
cotyledon of Cucumis sativus and Lycopersicum esculentum was studied by
Raupach et al. (1996). Using the enzyme-linked immunoabsorbent assay to detect
the presence of the viral antigen, the authors discovered that the symptoms on plants
were significantly reduced after treatment with PGPR on the seedlings and did not
develop any noticeable symptoms till the end of the experiment. They concluded that
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the use of different genus of PGPR possesses the capability to control viral diseases
of plants.

However, the mutual effect of two different concentrations of genistein (0 and
20μM) and either of Serratia proteamaculans or Serratia liquefaciens was used to
determine the growth yield, fixation of nitrogen, and nodulation of soybean types
(Bradyrhizobium japonicum). There was no significant difference recorded in using
both of the PGPR with genistein but a difference was recorded when genistein was
used separately.

20.11.5 Pseudomonas spp

Genus Pseudomonasis an important rhizobacterium involved in the growth and
proper development of plants and known for its phosphate soulibilizing capability.
A comparative study of the effectiveness of two different methods (microcapsules
and liquid) utilized in the inoculation of different strains of PGPR Pseudomonas
putida; FA-8, FA-56, and FA-60 in Tomato (Lycopersicon esculentum) was
performed and the study was also aimed at evaluating the growth enhancing effect
of the bacterium on the tomato plant. The authors observed that using the microcap-
sule inoculation method, Pseudomonas putida FA-56 produced the highest indole
acetic acid (IAA) at 23.02μg mL�1 revealing a significant increment in all physio-
logical characteristics and bacterial population in the plant rhizosphere. It was
confirmed that the inoculation method of PGPR using microcapsules was a good
substitute to chemical fertilizers, thereby promoting biofertilizers.

Bakker et al. (1986) studied the potential application of P. putidaWCS358 for the
treatment of potato seed tubers (Solanum tuberosum L.cv Bintje) at long and short
term crop rotation. The P. putida WCS358 had siderophores and were also known
nonproducing Tn5 transposon mutants. The authors observed that potato seed
treatment with siderophore producing Tn5 transposon mutant in long crop rotations
yielded no significant yield, but a significant yield of 13% after 86 days of short crop
rotation was recorded when the siderophore producing Tn5 wildtype was used in the
experiment. They reported that the presence of siderophores in PGPR was a neces-
sary requirement for a good potato tuber yield.

Audenaert et al. (2002) demonstrated that salicylic acid (SA) a known
siderophore metabolite elicited by the PGPR P. aeuriginosa7NSK2 was not a
sufficient determinant of induced resistance in Pseudomonas aeuriginosa 7NSK2
exposed to Botrytis cinerea, but rather additional metaboliteswhich included
Pyochelin and pyocyanin. An evaluation of the growth increment of Sorghum was
done using some Arbscular mycorrhizal fungi; Glomus fasciculatum and Glomus
aggregatum together with forty (40) known different fluorescent Pseudomonas spp.,
individually and together. Criteria employed for selection of the different fluorescent
Pseudomonas spp., was their position of a single and/or numerous PGPR quality
known to aid plant growth. It was documented that Pseudomonas spp. P10 and P13
which exhibited PGPR attributes such as exopolysaccharide, IAA, gibberellic acid,
siderophore, and phosphate solubilization had a better outcome with Abscular
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mycorrhizae. Whereas Pseudomonas spp. P38 that posses the ability to produce
hydrogen cyanide (HCN) and also an effective solubilizer of phosphate showed no
significant effect. They concluded that the various PGPR features of different
Pseudomonas strains may not be sufficient to present them as PGPR. It has been
reported that the PGPR Pseudomonas aurantiaca SR1 was found to colonize the
root of two (2) cereal crops: wheat (Triticum aestivum L) and maize (Zea mays). The
researchers observed that when the PGPR P. aurantiaca SR1 was inoculated during
propagation, plant growth was enhanced even when used with or without fertilizers.
The biological fertilizer has in turn aided the alleviation of inorganic nitrogen
pollution.

Previously, scientists have demonstrated that different strains of Pseudomonas
sp. assisted in phosphorus fertilization and uptake of nutrients in T. aestivum
L. under both field and greenhouse conditions. Mirza et al. (2006) reported that
the growth of rice was positively aided by nitrogen-fixing Pseudomonas strains that
have been known to be a potential PGPR inoculant. Previously, it has been observed
that the presence of heavy metals in soil negatively affected the expression of PGPR
traits of the respective Pseudomonas strains which were previously reported to have
good growth-promoting traits.

20.11.6 Stenotrophomonas spp

Stenotrophomonas is one of the PGPR, known for its multiple traits and adaptability.
Stenotrophomonas is known for its ability to be a good PGPR and is also isolated
and characterized from the rhizosphere of different crops (Kumar and Audipudi
2015; Patel and Saraf 2017). This PGPR is also extensively involved in nitrogen and
sulfur biogeochemical cycles. In the delivery of PGPR as bioinoculants into the
rhizosphere and on seedlings for plant growth and improvement, the form in which it
is added is very important. Kumar et al. (2019) isolated six strains of PGPR, known
to be of the genus Stenotrophomonas from five various plants (Solanum tuberosum,
Triticum aestivum, Bacopa monnieri, Zea mays, and Aloe barbadensis). They
discovered that they had the ability to reduce nitrogen to ammonia when compared
to Azotobacter chroococum. S. rhizophilia was recorded to have survived in various
liquid carriers and was concluded that these PGPRs can be used in the production of
liquid biofertilizer. In a recent study, researchers have investigated the reductive
ability of Stenotrophomonas on Cr (IV). The authors revealed that the PGPR was
extremely resistant to chromium and had a 92.5% reduction in Cr(IV) to Cr(III)
within 28 h. They concluded that the rhizobacterium would serve in bioremediation
of chromium polluted soils.

Alavi et al. (2013) studied the process linked with stress in the rhizosphere. The
improvement of cucumber resistance to cucumber green mottle mosaic virus has
been recorded by the PGPR Stenotrophomonas maltophilia HW2 (Li et al. 2016). It
was also discovered that in 3 days S. maltophilia repressed the phenotypic expres-
sion of the viral protein on the leaf of the cucumber, making a good biological
control agent in sustainable agriculture.
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20.12 Specific Examples of Beneficial Microorganism Involved
in the Maintainaece of Soil Health

Tahat et al. (2020) reported that soil health is linked with sustainable agriculture
providing abundant nutrients for plant development. Recently, organic farming
utilizing PGPR has been accepted as an alternative to synthetic chemicals due to
its adverse effects on soil fertility and plant physiology. The authors revealed that
these plant promoters could affect the level of plant composition, productivity, soil
integrity, soil nutrient cycling, and its sustainability. They showed that organic
farming systems are known to increase soil nutrient mineralization and microorgan-
ism large quantity and diversity as well as soil physical features. Conservation
tillage, enhanced soil fungi abundance, earthworm diversity, environmental factors
like physical, chemical, biological facilitate dynamic soil–rhizosphere–plant systems
and stability for agricultural sustainability.

Rafiquea et al. (2017) reported that microbial application for plant growth
facilitates soil health and fertility compared to chemical fertilizer. An adequate
supply of phosphorus to plant is a significant indication for soil health to satisfy
crop nutritional requirements. Phosphate-solubilizing microorganisms in the soil
microbial communities such as Clostridium pasteurianum, Rhodobacter,
cyanobacteria, Methanogens, Bacillus mucilaginous, Bacillus circulans, Bacillus
megaterium, Pseudomonas striata, Bacillus subtilis facilitate soil management
strategies for eco-friendly soil fertility enhancement, controlled soil pH.

Medina and Azcón (2010) reported that enhancing the capability of soil
microorganisms for the inhibition of pathogens is an important strategy for sustain-
able agriculture such as regulation of plant defense activity, plant hormone signaling
crosstalk, development of soil microbe–plant insect relationship. Hirsch et al. (2013)
highlighted the importance of soil microorganisms in alleviating the negative
impacts of osmotic stressors like salinity and drought. Many land areas across the
globe are increasingly being polluted with many contaminants, thus raising the level
of salinity and pH. Therefore, for the plant to cope with this osmotic stress, an
appropriate mechanism must be developed such as water uptake capacity, activation
of the antioxidant system, transpiration rates, maintenance of ionic homeostasis, and
lowered reactive oxygen species generation.

20.12.1 Mycorrhizal Associations

Steffen et al. (2020) reported that crop production in agricultural practice is con-
stantly being influenced by many environmental and climatic factors, thus scientists
are always searching for ways to improve crop production through organic farming.
The associations between arbuscular mycorrhizal fungi and plants have been
evaluated for many years. The role of mycorrhizal on plant growth under stressful
conditions was studied on the quality plus performance of crops. The rhizosphere
characteristic feature is a major determinant of plant performance, thus arbuscular
mycorrhizae are one of the common types of symbiotic relationships between
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rhizosphere microorganisms and plant roots. The mycorrhizal inoculants have been
revealed to stimulate plant growth and development through advanced biotechnol-
ogy integrated with multidisciplinary knowledge of biochemistry, microbiology,
molecular biology, immunology, cell biology, enzymology, genetics, bioengineer-
ing, physiology, biophysics, chemical engineering, mathematics, to continually
utilize microorganisms and their components to stimulate plant metabolism with
maximum efficiency. Recent advances in the field of arbuscular mycorrhiza and their
impact on plant quality, environmental protection, and biodiversity conservation
need further evaluation.

Meena et al. (2017) revealed that exploring the symbiotic relationship of
arbuscular mycorrhiza and crop tolerance to an unfavored environment is a sustain-
able approach in organic farming that needs further elucidation. The present agricul-
tural practice is no longer sustainable due to the high cost of fertilizers, global
warming due to synthetic agrochemical use, poor soil fertility as a result of constant
tillage, and application of chemicals. It has been documented that Mycorrhiza fungal
could exhibit a symbiotic relationship with plant roots such as Chenopodiaceae,
Caryophyllaceae, Amaranthaceae, Polygonaceae, Commelinaceae, Brassicaceae,
Cyperaceae, Juncaceae in the rhizosphere with the ability to supplied different
amounts of phosphorus. Arbuscular mycorrhizas are now seen to influence plant
community development, water relations, nutrient uptake and above-ground produc-
tivity, tolerant of adverse conditions, microbial biofertilizers, optimized
microbiomes, biocontrol microbes, soil matching microbe-crops for different soil
types.

Jakhar et al. (2017) reported that mycorrhizae display essential functions in plant
growth, soil fertility, and plant protection, also their filamentous networks promote
bi-directional nutrient movement. Oruru and Njeru (2016) reported that Arbuscular
mycorrhizal fungi display a vital function in biological soil fertility, plant protection,
and nutrition. Barea et al. (2011) and Surendirakumar et al. (2019) showed that
mycorrhizal facilitate resilience of plant host against environmental stresses like
nutrient deficiency, soil disturbance, and drought as biofertilizers, biostimulants, and
bioprotectors.

20.13 Conclusion and Future Recommendation

Therefore, this chapter intends to provide detailed information on comprehensive
information on sustainable biotechnology tools that could boost an increase in
agricultural and food production. The application of genetic engineering and
advanced biotechnology tool such as synthetic biology could help in the identifica-
tion of a novel consortium that could help in the achievement of sustainable organics
agriculture. Detailed facts on microorganisms that could influence soil health in
promoting plant growth, as biological fertilizers, biological control agent,
wastelands restoration, and bioremediations were also highlighted. The application
of metabolomics could help to identify beneficial metabolites that could lead to the
management of pests and diseases which are biotic factors that mitigate the increase
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in agricultural production as well as those that could help in regulating abiotic stress
like salinity and drought that affect increased in agricultural production.
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Abstract

Advantageous plant-associated microbes play a key role in promoting plant
health and development in both regulated and natural environments. The broad
range of plant-associated microbes has the ability to improve artificial agricultural
production. There is strong evidence that plants shape the microbial profiles,
primarily through exudates. These microbes have evolved unique adaptations to
survive in the rhizospheric niche. Different plant favorable microorganisms
solubilize soil nutrients and minerals, reduce environmental stress tolerance,
suppress pathogens, promote plant growth and yield, and may also be a possible
solution to increasing yields. This chapter demonstrated the communication of
microbes and plants that enhance nutrition, summarizing the latest expertise in
several fields of study which can overlap to enhance our understanding of the
molecular mechanism that explains this process.
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21.1 Introduction

The diversity of microbes is an essential aspect of global biological diversity. They
are found in diverse habitats such as water, air, plant surfaces, food, and the human
body microorganisms are found (Prussin and Marr 2015; Rosenberg and Zilber-
Rosenberg 2016). Current scientific advancements have demonstrated which is
significant for microbes still are unexplored, and their functions are mostly not
known in the investigation of microbial diversity. Healthy plants cohabit with
different microorganisms in nature, like bacteria, fungi, archaea, and protists,
which form complex microbial consortiums and impact plant growth and develop-
ment. In addressing large agricultural issues such as plant health protection, crop
productivity, and soil health management, and environmental issues like bioremedi-
ation of soil and water from pollutants, many microbial applications are widely
known. Currently, collections of microbial culture contain more than one million
distinct strains (http:/www.wdcm.niq.ac.jp) and therefore attest to the attempts made
to preserve biodiversity and to the need to make available these services to the
public. This is generally accepted in which microbes appear to be related to others
never alone. The core plant microbiome is characterized as microorganisms that are
linked to a certain plant species or genotype, regardless of soil and environmental
conditions (Toju et al. 2018). Edwards et al. 2015 reported as a representative of the
rice core microbiome that bacteria belong especially to Deltaproteobacteria,
Alphaproteobacteria, and Actinobacteria. Among plants and soil microbes, lengthy
close relationships between various biological species like symbiosis and pathogen-
esis are predominant.

Owing to the favorable effects of associations in natural and agricultural
environments, symbiotic associations between plants and soil microorganisms
such as arbuscular mycorrhizal fungi, legume nitrogen bacteria or the water fern
Azolla, and the cyanobacterium Anabaena azollae have become extensively reported
(Igiehon and Babalola 2017; Bhuvaneshwari and Singh 2015; Mus et al. 2016). The
phyllosphere is the aerial portion of plants, mostly the layer of the herb, and is an
area in bacteria that form biofilms or wider aggregates that are commonly inhabited
(Baldotto and Olivares 2008). The epiphytic microbiome community is protected
from a stressful environment by biofilm formations, extracellular polymeric
substances (EPS), and enzyme production (Remus-Emsermann et al. 2014; Müller
et al. 2016). However, bacterial diversity depends on many factors such as plant
types, geographical distance, and environmental factors (Remus Emsermann et al.
2014; Copeland et al. 2015; Laforest-Lapointe et al. 2016). Plants affected soil
microbial profile in the vicinity of their proliferation roots through exudation of
roots (Walker et al. 2003). The structure and properties of the root exudates are
determined by the plant genotype, health, developmental stage, and fitness. Root
exudation contributes to changes in pH and redox gradients, along with mucilage,
lost cap, cortical cells, and chemicals in soil, that help to build the microbial diversity
surrounding root (Lareen et al. 2016). Applications of chemical fertilizers, chemical
pesticides, chemical insecticides, and chemical herbicides have increased crop
production greatly; however, these activities were never safe and generate
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contamination to the environment and soil. In the food chain, chemical fertilizers
were incorporated. Many chemically synthesized pesticides have been removed by
regulatory authorities and the higher permissible residue level has been reduced, and
there is a need for environmentally sustainable alternatives (Glare et al. 2012). A soil
region near the plant root is called a rhizosphere, and this area is recommended as a
microbial hot spot such as fungi and bacteria. A significant variety of substances are
released by plant growth-promoting rhizobacteria (PGPR) that enhance the overall
plant vigor. These reports encourage the use of these substances to elevate agricul-
tural production. During different plant growth stages, contact between plants and
microbes releases many signaling molecules that play a vital role in cell growth.
Bacterial and fungal phytopathogens were never limited exclusively to the infection
of aerial or root tissues, so connectivity between the shoot and the root will give the
plant a survival gain and possibly restrict or avoid infection. In communication
between pathogen and plants, signaling played a key role last few decays. At the
same time, more previous attempts are being made to discover the signals involved
in plant connection with non-pathogenic microbes, particularly those that increase
plant growth.

Endophytes were also microbes that could be detected at a specific time in the
tissues of an otherwise healthy plant host (Schulz and Boyle 2005). The population
of fungi that live in living plant tissue despite showing indications of disease in their
host are defined as fungal endophytes (Rodriguez et al. 2009). These are the main
members of the endophytic community that live completely inside the tissues of
plants and can be associated with roots, stems, and leaves. Almost every plant seems
to have or does have at least one or more endophytic fungi in the environment.
Endophytic fungi can act as plant growth regulators even though they secrete a wide
range of phytohormones to help host plants (Bilal et al. 2018). Besides, the literature
survey showed that fungi maintain plant growth through the production of substan-
tial enzymes such as 1-aminocyclopropane-1-carboxylic acid deaminase (ACCD),
urease, catalase, etc., phosphate solubilization, siderophore, and indole-3-acetic acid
(IAA) formation and phytopathogenic antagonism (Wakelin et al. 2004; Glick
2014). A secondary metabolite is a chemical compound generated by fungal species
(Frisvad et al. 2008). Secondary metabolism is frequently associated with sporula-
tion mechanisms in microorganisms, like fungi. The endophytic fungi live in the
internal tissues of the living plants without any visible disease (Strobel et al. 2004).
Plant endophytes enter the tissues of their hosts that make different environments
during abnormal conditions and ability to change the actual living environment by
producing bioactive metabolites with various features and structural features
(Strobel and Daisy 2003). Endophytic fungi produce richest source of natural
bioactive compounds which is applicable in agriculture, medicine, and food industry
(Strobel et al. 2004). Liu (2011) reported that bioactive metabolites isolated
Pestalotiopsis fici (CGMCC3.15140) from the stable branches of Camellia sinensis
in Hangzhou, China (Liu 2011). Therefore, while some gene clusters appear to be
passed laterally for several of these secondary metabolites, others are likely to have
emerged separately. Frisvad et al. (2004) reported that Arabic acid was produced by
some fungal species in the Penicillium series, Penicillium subgenus, Verrucosa
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while penicillic acid was produced by all species in the Circumdati, Aspergillus,
respectively.

Many fungi were fast-growing and have a high regenerative capacity but are
short-live, for example, Chytridiomycota, Zygomycota species, yeasts, and rapidly
growing ascomycetous fungi, like Neurospora spp. And they appear low secondary
metabolite producers conversely, they contain hormones and carotenoids (Galagan
et al. 2003). Small amounts of gibberellic acid were observed from Sphaceloma
manihoticola, N. crassa, Phaeospharia, Gibberella fujikuroi, A. Brazilian, Rhizo-
bium phaseoli, and Ascomycetes, as well as from Azospirillum lipoferum. This
chapter offers recent developments in plant growth promotion and sustainable
environment by microbial utilization. Usually, three pathways are proposed to
understand microbial activity in plant growth and development, (1) control plant
hormonal signaling, (2) outcompete pathogenic microbes strains, and (3) increase
soil-borne nutrient bioavailability (Verbon and Liberman 2016; Mendes et al. 2013;
Van der Heijden et al. 2008).

21.2 Diversity of Suitable Microbes for Plants

The opportunity to produce beneficial microbial communities in agricultural soils is
provided by understanding the concepts of microbe–microbe and plant–microbe
interaction. Overground plant tissues, like vegetative foliar parts, leaves, and
flowering parts, offer unique environments for the variety of endophytes and
epiphytes, even though there are important variations in endospheres and
phyllosphere bacteria ecology. In the endospheres and phyllosphere, at the level of
genus and species, various microorganisms are identified. For instance, structural
analysis of grapevine phyllosphere microbiota revealed that Pseudomonas,
Sphingomonas, Frigoribacterium, Curtobacterium, Bacillus, Enterobacter,
Acinetobacter, Erwinia, Citrobacter, Pantoea, and Methylobacterium were the
prevalent genera, while Ralstonia, Burkholderia, Pseudomonas, Staphylococcus,
Mesorhizobium, and Propionibacterium are its predominant genera (Zarraonaindia
et al. 2015; Kecskemeti et al. 2016). Wallace et al. 2018 have recently analyzed the
maize leaf microbiome through 300 different lines of maize and discovered
sphingomonas and methylobacteria as the prevalent taxa. They also revealed that
the microbial structure of the phyllosphere was primarily influenced by abiotic
factor. Seed-associated bacteria were recently studied and found to consist mostly
of Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes (Barret et al. 2015).
Overground plant microbiome usually originates predominantly from the seed, air,
and soil and adapt and survive on or within the tissue where many factors form the
makeup of the community, including soil, atmosphere. Plants deliberately attract
their microbes from surrounding microbial sources like the soil, the phyllosphere
about the external environment, the atmosphere, the spermosphere, and the
carposphere, including the aerial plant ecosystem the leaf surface. Root microbiome
was mainly transported horizontally, e.g., they are extracted from the soil environ-
ment, which includes remarkably diverse microorganisms dominated by
Acidobacteria, Verrucomicrobia, Bacteroidetes, Proteobacteria, Planctomycetes,
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and Actinobacteria (Fierer 2017). Furthermore, transmission of microbes is verti-
cally through seeds. Seeds are also an essential source of microbes that proliferate in
the roots of plants that are growing (Hardoim et al. 2012). Plants through their root
system include soil microbiota with special ecological niches that colonize the
rhizosphere, roots, and, to some point, above-ground parts (Hartmann et al. 2009).
Research briefly demonstrated root-driven improvements in the composition of the
microbial communities of the wheat rhizosphere and observed a tenfold greater
abundance in the rhizosphere of actinobacteria, pseudomonads, oligotrophs, and
copiotrophs relative to bulk soil (Donn et al. 2015). Similarly, the Brachypodium
distachyon rhizosphere was controlled by Sphingobacteriales, Xanthomonadales,
and Burkholderiales, whereas the order Bacillales controlled the bulk land
(Kawasaki et al. 2016). Root exudates like phenolics, organic acids, fatty acids,
amino acids, plant growth regulators, nucleotides, carbohydrates, putrescine,
vitamins, and sterols are reported to stimulate the microbial diversity surrounding
roots rhizosphere effect (Mendes et al. 2013). The penetration into root tissues of
bacterial endophytes also occurs via passive mechanisms emergence points, and by
active mechanisms (Compant et al. 2005). Various groups of bacterial taxa can
invade root tissues, such as Acidobacteria, Actinobacteria, Firmicutes,
Verrucomicrobia, Proteobacteria, Bacteroidetes, Chloroflexi, Planctomycetes, and
Gemmatimonatedetes, the frequently present in grapevine roots (Burns et al. 2015;
Samad et al. 2017; Faist et al. 2016).

21.2.1 The Relation Between Plant and Microorganism

Microorganisms play an important role in plant development by affecting their
physiology and growth. In 1978, the term plant growth-promoting bacteria
(PGPB) were described by Scroth and Kloepper. Most PGPB are fluorescent Pseu-
domonas members (Glick 1995). A significant and persistent threat to food produc-
tion and ecological stability worldwide is plant-pathogenic microorganisms. PGPB
and plant growth-promoting fungi, both mutualistic and symbiotic, are in the
rhizosphere, free-living is linked to many, but not all, species of plants and is
found in many habitats. A better understanding of the various aspects of disease
suppression by these biocontrol agents has been provided by findings into the
processes of plant growth promotion by PGPB. Now, much of the attention has
been on rhizobacterial free-living strains, especially Pseudomonas and Bacillus. The
sustained analysis also holds for endophytic bacteria as is the case with associative
nitrogen-fixing PGPB on sugarcane, the ability to produce biocontrol agents that can
be self-perpetuating by colonizing hosts and being transmitted to progeny (Boddey
et al. 2003) and Burkholderia phytofirmans, a nonsymbiotic endophyte bacterium
(Sessitsch et al. 2005). A variety of many other PGPR bacteria, like organisms, are
now known to be Azotobacter, Azospirillum, Burkholderia, Acetobacter, and Bacilli
virtually any non-deleterious free-living bacteria that could directly or indirectly
stimulate plant growth can be listed as PGPR (Glick 1995). Several other PGPRs,
including Clostridium, Flavobacterium, Hydrogenophaga, Achromobacter,
Serratia, Staphylococcus Arthrobacter, Azoarcus, Enterobacter, Frankia,
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Microcoleous, Phyllobacterium, Streptomyces, and Vibrio, Kluyvera, have been
recently described (Ahmad et al. 2008a). PGPR can either directly or indirectly
encourage plant growth. Direct pathways would include the capacity to produce
ethylene, gibberellins, indoleacetic acid, cytokinins, and asymbiotic N2 fixation, and
solubility of nutrients like phosphates. Indirect mechanisms involve degrading of
enzymes of the extracellular cell wall like b-1, 3-glucanase, antagonism of chitinase
phytopathogens, development of siderophores and phytopathogens, synthesis of
antibiotics, and cyanide (Ahmad et al. 2008b). The function of different plant-
associated microorganisms, for example, legume-rhizobium association,
mycorrhiza’s function in promoting plant development, etc. free-living fungi were
also engaged in supporting plant growth through another pathway like phosphate
solubilization. The function of free-living fungi examined from Indian soil for their
multiple potential PGP behaviors revealed that several phosphate-solubilizing fungi
do have other advantageous properties, like plant growth hormone production, many
extracellular enzymes, tolerance to heavy metals, biosorption ability as well as a help
to plant growth improvement if used as inoculants for wheat and chickpea (Imran
2009). Although several members of the microbiota of the rhizosphere were impor-
tant to enhance plant development, the rhizosphere is often colonized by plant
harmful microbes attempting to crack via the defensive microbial shield and over-
come the inherent mechanisms of plant protection to trigger the disease. Rudrappa
associates with root exudates as signaling molecules, which have shown that root-
realized malic acid recruits the beneficial soil like bacteria Bacillus subtilis to the
root, and this relationship plays an important role in plant defense against foliar
pathogen Pseudomonas syringae (Rudrappa et al. 2008).

21.3 Application of Microbial Signaling in Plant Health

Plants are multicellular sessile organisms for growth, rely on metabolic and devel-
opmental changes. To sense, the environment and other organisms produced a
network of signaling one or more specific molecular, cellular, or developmental
changes pathways. Plants host different microbial groups defined by the plant
microbiota on and within their tissues. Whereas bacteria and fungi have become
continuously shown throughout the past 150 years to enhance plant growth and
suppress plant pathogens, this expertise in agriculture biotechnology has yet to be
widely utilized (Berg 2009). However, how entire microbiome communities able to
carry out both growth-promoting and development behaviors interfere with plant
fitness remain largely unknown. Signaling has become a key focus in phytopathol-
ogy for several years during plant–pathogen interactions although more recent
attempts have been taken to explore the signaling associated with plant interaction
to non-pathogenic microorganisms, particularly those which improve plant growth.
Microbial cells, including those that colonize internal tissues and those that adhere to
external surfaces, are replete with plants. Microorganism biostimulants work by
different pathways, including plant hormone production, root system elongation, and
expansion mediated systemic resistance or systemic acquired resistance,
4-hydroxyphenyl acetic acid production of lytic enzymes, and antibiotics, and
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1-aminocyclopropane-1-carboxylate-deaminase (ACC-deaminase) production in
rhizosphere plants. The future of field-applied microbial inoculants depends mainly
on both biotic and abiotic factors. The earliest model based on metabolic interactions
was devised for the plant-microbe system, particularly to legume-rhizobia symbiosis
(Pfau 2013). Through exchange reactions identified from the literature review, the
metabolic pathway system of the nitrogen-fixing symbiont Sinorhizobium meliloti
was then linked to the root tissue model. The unique microbial strains that contain
metabolic pathways beneficial for plant food were starting to be discovered in recent
genomic research (Müller et al. 2016). The fungus producing different molecules
like antibiotics and elicitation of defense responses during environmental stress; all
these are helpful for the growth of fungus. The favorable habits of rhizosphere
microorganisms can also be associated with the production of auxins or the solubili-
zation of nutrients that may affect the initiation of lateral roots, the growth of lateral
roots, or both developmental processes, contributing to the formation of root systems
with enhanced explorative ability. Cytokinins could be released by microorganisms
and their production has been well documented and linked with increased plant
growth by plant growth-promoting rhizobacteria (Arkhipova et al. 2005). The
beneficial effect of cytokinins on plant-wide growth was reported by the characteri-
zation of genes associated with the sensing and regulation of cytokinins (Ortíz-
Castro et al. 2009). It has been shown that three sensor histidine kinases, CRE1/
AHK4/WOL, AHK2, AHK3, function as cytokinin receptors (Kakimoto 2003). The
same group has shown that B. subtilis GB03 VOCs via the regulation of endogenous
sugar, ABA signaling, improve respiration potential through growing photosynthetic
efficiency and chlorophyll content in Arabidopsis. Besides, in reaction to high
exposures of UV-B radiation, stress resistance can occur in the induction of signaling
molecules like nitric oxide (NO) and calcium ions (Ca2+), and abscisic acid (ABA) in
plant and animal cells (Tossi et al. 2012). Also, NO, which modulates the actions of
cellular and extracellular proteins in different classes of organisms, introduces
important physiological functions (Medinets et al. 2015). Furthermore, nitric oxide
could play a signaling role to improve microbial biofilm formation, which offers
plant growth multiple biochemical and physiological benefits to plant (Qurashi and
Sabri 2012; Medinets et al. 2015). Beneficial soil bacteria have resistance from a
wide variety of foliar diseases via activating plant defenses, thus increasing the
vulnerability of a plant to pathogen damage. Besides, complex environmental stress
can account for some of the differences found in field trials, and it will also be useful
to consider more thoroughly how plant–microbe interaction is affected (Smith et al.
2015).

21.4 Microbial Role in Crop Improvement

Plants have a variety of interactions with these soil-dwelling organisms, covering the
full spectrum of ecological possibilities like exploitative, competitive, neutral, com-
mensal, and mutualistic. After all, lengthy concern has been shown in classifying the
favorable ecological relationships which encourage plant growth and adaptability. In
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the second half of the nineteenth century, for example, mycorrhizal fungi and the
bacteria found in nodulated legumes were both known as root symbionts. In most
developing countries, agriculture is the major economic bacteria, activity, with more
than 50% of the population involved. In natural environments, fungi, protozoa,
actinomycetes, and algae are colonized by all plants within soil structures and their
rhizospheric zone. However, 95% of all the microbes which colonize are bacteria
(Glick 2012). Consistent maintenance of soil fertility is important because of the
need to expand agricultural productivity to satisfy the food needs of the ever-
increasing world population. These were all primarily rhizobia in the Allorhizobium,
Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, and Sinorhizobium
genera, that entry into symbiotic associations with their host legume host plants
and fix atmospheric dinitrogen within distinct root nodules for this reason. The
agricultural revolution in agriculture involving high yielding varieties and
agrochemicals has been caused by low world crop production due to low soil
moisture, low nutrient resources, erosion risk, low pH, high phosphorus fixation,
low soil organic matter levels, aluminum toxicity pests, and diseases, weeds, and
loss of soil biodiversity. Low crop productivity, low soil fertility, adverse economic
returns, food poisoning, soil depletion of biodiversity, and significant environmental
threats have resulted from the continuous use of fertilizers, pesticides, and
herbicides. Microorganisms additives like plant growth-promoting rhizobacteria,
rhizobium, and arbuscular mycorrhizal fungi could be used as biofertilizers to
increase the supply and absorption of soil nitrogen, phosphorus, and potassium.
All bacteria and fungi inoculants demonstrate the capacity for use in the formation
and stability of aggregate particles and, therefore, improvement of soil structure.
Furthermore, Pseudomonas spp., Bacillus spp., Trichoderma spp.,Mycorrhizas, and
Streptomyces spp. are the most widely used microorganisms as biofertilizers, bio-
control, and bioremediation. Plant-associated microbiota always secrete different
molecules that both actively and indirectly impacting plant health (Bednarek et al.
2010). First is changing the physical and mechanical characteristics of their
surrounding environment to increase supply for themselves and related plants like
metabolites, iron acquisition siderophores, and phosphorus acquisition enzymes,
respectively. Second, pathogenic agents such as antibiotics and antimicrobial
proteins are antagonistic. Third, host cells were prepared for eventual invasions,
such as external pH regulation to promote pathogenesis and molecules which
regulate symbiotic relationship or quorum sensing. Fourth, numerous virulence
factors (or effectors) are secreted by pathogenic microbes in the cytoplasm of host
cells in plant–pathogen interspaces and to attenuate host defense responses and
facilitate pathogen proliferation by advanced secretion systems (Martin and Kamoun
2012). Rhizobacteria and plant growth encourage bacteria that, as in most cases the
effect is produced by bacteria living on or within plant roots, were classified as
bacteria that have an extremely advantageous impact on plant growth by directly or
indirectly pathways. It is possible to identify certain plant growth-promoting bacteria
or rhizobacteria as biocontrol agents and biofertilizers (Glick 2012). The bacteria in
the soil will significantly improve several microbes’ processes and improve the
absorption of food in a way that is easy for plants to assimilate. Based on their
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existence and work, these could be categorized as N2 fixing, phosphate solubilizing,
phosphate mobilizing, or micronutrient biofertilizers. Azotobacter chroococcum and
Glomus fasciculatum inoculation of lettuce has improved the vegetable’s overall
phenolic compounds, carotenoids, and anthocyanins content (Baslam et al. 2011).
The influence of Arbuscular Mycorrhizal Fungi (AMF) in antioxidant biosynthesis
has been documented (Carlsen et al. 2008; Nisha and RajeshKumar 2010; Eftekhari
et al. 2012). The secondary metabolites like phenols, tannins, ortho-dihydroxy,
flavonoids, and alkaloids synthesis enhanced after inoculation with microbial con-
sortium G. mosseae, Bacillus coagulans, and Trichoderma viride to Calamus
thwaitesii and Begonia malabarica (Lakshmipathy et al. 2002; Selvaraj et al.
2008). Many nutrients such as nitrogen (N), phosphorus (P), and sulfur (S) are
found in natural environments and are thus minimally bioavailable for plants in
organic molecules. Plants depending on the microbial community of soil like fungi
and bacteria contain the metabolic pathway to depolymerize and mineralize organic
components of S, P, and N. These macronutrients are particularly important as
fertilizer in most modern agricultural practices.

21.5 Future Perspectives

Microbes associate with several plant species and have protective effects, including
increased development and decreased susceptibility to diseases caused by plant-
pathogenic bacteria, fungi, viruses, and nematodes. Previous research also confirmed
that numerous endophytes were also intended to promote plant growth from pollu-
tion and environments like Sebacina vermifera, Piriformospora indica, and various
species of Colletotrichum sp. and Penicillium sp. (Redman et al. 2011). A greater
understanding of the pathways of microbial signaling is a secret to progress in the
manipulation of a positive plant–microbe relationship for improved control of
diseases and alleviation of crop stress through crop rotations, paving the way for
sustainable development. Plant and rhizospheric protective bacteria, like endophytes
and plant rhizobacteria that promote growth stimulate plant growth through a wide
range of pathways. Some of the plant growth-promoting rhizobacteria and
endophytes’ direct and indirect benefits are (1) phosphorus solubilization absorption,
(2) biocontrol, (3) hormone development, (4) nitrogen fixation, (5) increased nutri-
ent, (6) increased immunity to biotic and abiotic (7) stress symbiotic and resistance
interaction facilitation (Smith et al. 2015). Free-living microbial, including
Trichoderma genus filamentous fungi and several plant growth-promoting
rhizobacteria, is capable of suppressing soil-borne plant diseases and promoting
plant growth via various mechanisms, like phytohormone production,
mycoparasitism, and plant-pathogen competence, organic matter decomposition,
and mineralization. In the rhizosphere, different compounds produced from the
root system produce a special environment. The growth of plants is affected by
microbial community structure through multiple pathways, like nitrogen fixation by
different classes of proteobacteria which improved resistance of biotic and abiotic
stress due to the involvement of endophytic microbes, and direct and indirect
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benefits of plant-promoting rhizobacteria. Both primary metabolites like
carbohydrates, proteins, organic acids, etc., and secondary metabolites flavonoids,
phenol, phytohormones assist in plant growth are also the broad range of signaling
compounds produced by plants. On the other hand, secondary metabolites or volatile
compounds called phytohormones are released by microorganisms, that might
function directly or indirectly to stimulate plant immunity or control plant growth
and morphogenesis. Also, plant stressful situations play a significant role in the
secretion of rhizosphere signaling compounds, and a better knowledge of the
relationships among environment plant stresses and signaling may assist in the
production of innovations that are using plant signaling to alleviate crop stress.
Further, complex environmental factors can reason for some of the differences found
in field tests, and a much clearer understanding of how environmental factors affect
plant–microbe interaction would have been beneficial. The following approaches for
plant growth-promoting fungus metabolites are future research needs (Tables 21.1
and 21.2).

Table 21.1 Role of microbes enhance growth of plant and tolerance

Microbes Plants Effects Reference

Bacillus thuringiensis Lavandula
dentata

Enhanced plant growth, nutrient
content, and biomass

Armada
et al. (2016)

Rhizophagus irregularis Solanum
lycopersicum
L

Improve photosynthetic rate and
increased conductivity of root

Calvo-
Polanco
et al. (2016)

Azospirillum brasilense
Sp245

Triticum Increased growth and easy
conduction of water

Pereyra
et al. (2012)

Rhizobium Phaseolus
vulgaris

Promoted plant weight Yanni et al.
(2016)

Arbuscular mycorrhizal
fungi Bacillus
thuringiensis

Zea mays Improved nutrient content and water
transport protein

Armada
et al. (2015)

Rhizophagus intraradices
Bacillus megaterium
Pseudomonas putida

Trifolium
repens

Increased plant nutrient and water
contents, reduced stomatal
conductance and stress enzyme
activities

Ortiz et al.
(2015)

Pseudomonas putida
MTCC5279 (RA)

Cicer
arietinum

Reduced the expression of stress
response gene, maintained water
content, osmolyte, membrane
structure, and germination rate f the
plant

Tiwari et al.
(2016)

Azospirillum spp. (Az19) Zea mays Improve the growth and productivity Garcia et al.
(2017)

Rhizobium Phaseolus
vulgaris

Promoted plant weight Yanni
et al. (2016)
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21.6 Conclusion

For millions of years, plants and microorganisms have been coexisting. Awareness
of the modes of action of microbial inoculants will play a key role in the growth and
development of plants. Microorganisms inoculant technology will provide the
future population with safe food protection. Plants sustain a dynamic relationship
with their rhizospheric communities, which would be essential for defensive
mechanisms to assimilate nutrients, evolve, and activate it. In this chapter, the
role of the microbial community involved in the interactions between plants and
beneficial microorganisms has been significant. Ultimately, several strategies to
redirect or reshape the microbiome of the rhizosphere in support of microbes that
help assess growth and health are illustrated. The important impact of plant
resistance to abiotic and biotic stresses is that it will boost agricultural productivity
and production to raise animals and humans. Therefore, microbes signaling in soil
and plant–microbe interactions could undoubtedly contribute to sustainable agri-
cultural practices developing increasingly cost-effective and eco-friendly farming
techniques (Fig. 21.1).

Table 21.2 The role of microbes as against for biocontrol agents is defined as having mode of
action

S. N. Microbes Results Reference

1. Fusarium
verticillioides

Variety in the percentage reduction of
lesions in maize

Bacon and Hinton
(2011)

2. Rhizoctonia solani Diverse levels of sensitivity Faltin et al. (2004)

3. Ophiostoma novo-
ulmi

In vitro growth inhibition less marked Díaz et al. (2013)

4. Agrobacterium
tumefaciens

Biotype 3 are resistant to the antibiotic
agrocin 8

van Zyl et al.
(1986)

5. Sclerotinia
sclerotiorum

1 strains less susceptible to infection Huang et al.
(2011)

6. Erwinia amylovora 23 strains exhibit resistance to at least one
phage

Schnabel and
Jones (2001)

7. Helminthosporium
solani

Diverse levels of sensitivity Rivera-Varas
et al. (2007)

8. Streptomyces scabies Diverse levels of sensitivity Otto-Hanson et al.
(2013)

9. Cryphonectria
parasitica

Difference in tolerance Peever et al.
(2000)
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Abstract

Plant has exhausted necessary assets to create and maintain rhizosphere, viz.
plants and microbial communities in the soil. Rhizosphere modelling will provide
a better knowledge of function, assembly and interaction of plants and
microbiome community. Holistically rhizosphere can be engineered in small
scale to promote plant health and crop improvement programmes. Nanotechnol-
ogy had a significant impact on various agricultural and environmental
challenges, such as energy constraints and sustainable use of natural resources.
Nano-fertilizers, nanopesticides and herbicides are more beneficial due to slow
release, targeted delivery and low dose of agrochemicals with high biological
efficiency and negligible risk of overdose. Although there are some major
drawbacks like toxicity, cost and entrance of NPs in food chain, nanomaterial
based sensors are becoming popular for early detection of viral diseases and
portability. Nano-remediation of different types of pollutants may detect and
remove environmental contaminants. This chapter introduces different types of
rhizosphere models and advanced nanotechnology-based tools and techniques to
revolutionize agriculture and ecological sector.
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22.1 Introduction

The development of plant root takes place in a very mobility confined condition with
different types of natural assets like air, water, microbes, nutrients, etc. (Hinsinger
et al. 2009). So, nature’s adaption leads to the creation of a microenvironment
around this root region by plants for its own assist. The complex nature of rhizo-
sphere which mainly refers to the soil zone around each single growing plant’s root
which includes interacting biotic and abiotic zones (Walker et al. 2003). The biotic
rhizospheric zone which consists of microbes and different animal community with
variations in many biochemical gradients. On the other hand, abiotic comprises the
abiotic or non-living components of soil assets. Both zones impact the science of
living organisms and its interaction with matter. It plays a crucial role as it is a prime
pathway for all water, nutrients, respiration activities of plant root along with
interactive association with various soil microbial communities. It is a well-known
reported fact that plants invest a lot of their own resources in growth and upkeep of
rhizosphere. Though, clear and precise knowledge of rhizosphere and its interaction
is still not fully understood and needs to be explored (Czarnes et al. 2000; de León-
González et al. 2006; York et al. 2016). Rhizosphere modelling is a tool to study
rhizosphere holistically. Rhizosphere modelling works at milli-metre scales and
scaling up of the information to study the zones of plants roots. There are various
models of rhizosphere which works on various aspects such as nutrient and water
uptake, pH, carbon flow, microbial interaction, etc. (York et al. 2016).

Sustainable agriculture is a vital necessity for food security and distribution in a
developing country. Presently nanotechnology has efficient applications in every
domain of science. In agriculture, nanotechnology is also playing important role in
fields such as sensors, plant growth, development and protection. Its applications
include nano-fertilizers, nano-carriers, nanopesticides, monitoring of plant health,
genetic engineering of plants, etc. Lab scale research in this field is very promising
but their applicability is a drawback and limiting factor. Moreover, a major drawback
of this amalgamation is Nanoparticles (NPs) can cause toxicity in the environment
and food chain. This chapter introduces different types of rhizospheric models
studied and nano based agricultural practices and their applicability for future
generations (Scott et al. 2016; Chen et al. 2014).

22.2 Rhizosphere Modelling

The rhizosphere modelling is very explanatory for studying rhizosphere in small
scale and impactful at a larger scale. It will lead to extensive knowledge of how all
elements of this system is created, disassembled and interacted with one another.
Rhizosphere is spatially and temporally divided into different scales (York et al.
2016).

The dynamic nature of rhizosphere is due to the seasonal variation experienced by
the plants on different times of the year. Soil acidity is an important factor to be
considered and for studies always functionally active rhizosphere is examined as it
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does not include the soil zones around dead roots (Jones et al. 2004). Bisporic region
of the dead and decayed root is site for the synthesis of new roots (Han et al. 2015).
Transitory changes occur in this zone very frequently.

Integrating these models using computational tools is a very efficient method and
leads to comprehensive study which is not possible in wet labs. Few studied
examples of rhizosphere modelling as shown in Fig. 22.1.

22.2.1 Three-dimensional Root System Framework for Studying
Nutrient and Water Uptake

Three-dimensional model of root system provides in-depth knowledge of the soil
system along with the roots surrounding ecological niche, their elements, interaction
and factors governing its physiology and nature. It provides information in all the
fronts which is difficult to study and quantify (Dunbabin et al. 2013).

The dependence of root phenotype on environmental conditions surrounding it
can be addressed by root soil modeling. In this study root components were studied
virtually using models from their site of origin. Six models, namely RootTyp,
ROOTMAP, SimRoot, R-SWMS, SPACSYS and RootBox were studied for
evaluating structure, function and efficiency of rhizosphere. Furthermore, root

Fig. 22.1 Different examples of rhizosphere models studied by various researchers
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phenotype can be selected for improving plants output in varied environmental
conditions in different locations (Dunbabin et al. 2013).

22.2.2 Nutrient Uptake and Its Linkage with pH

pH is an important factor for living system functionality like enzymes and microbes.
It is considered as a vital component of zonation of root and soil. The biological
diversity and chemistry of soil impact the role, function and availability of various
cations and anions uptaken by root. This study focused on studying the role of
nutrients absorption of root and pH of rhizosphere using primary transport of ions
and their gradients. Comparative analysis was done at rhizosphere zone pH of maize
(Zea mays L.), Alpine pennycress (Noccaea caerulescens) and ryegrass (Lolium
perenne L.). Electrically neutral potential of the model was regulated by H+ and OH�

efflux-influx (Custos et al. 2020; Sposito 2008).
Variants of 37 soil samples from different soil types were analysed to determine

pH of rhizosphere. The models observed alkalinity of rhizosphere caused fluctuation
around pH ~3.3. Nitrate is most vital nutrient absorbed and its equilibrium is
maintained by H+ or OH� gradient.

Rate of nitrate diffusion water potential is synergistic with the alkaline nature of
rhizosphere. Moreover, root density is directly proportional to the uptake of both ion
concentration and pH of rhizosphere. This study demonstrates the function of
mineral nutrients and their correlation with rhizosphere pH for future studies. This
is a model for studying pH alteration in the rhizosphere (Custos et al. 2020).

22.2.3 Water Potential and Uptake Model

Plants carry out rhizodeposition of a lot of organic carbon at expense of its own
natural resources and energy. Rhizodeposits play a crucial role in enhancing micro-
bial communities and nutrients movement. But nowadays it has been reported by
several researchers that rhizodeposits also play crucial role in water uptake. Their
(Ghezzehei and Albalasmeh 2015) study demonstrated the root system model to
examine role of rhizodeposits potential for water gradient. This model has three
pillars for study; firstly, rhizodeposits concentrations decrease as we move away
from root zone. Secondly, rhizodeposits are mixed and attached with different size
soil particles and lastly the potential of rhizodeposits to combine water molecules.

Artificial substitute of these rhizodeposits like polygalacturonic acid (PGA), sand
media glass-beads, etc., were used. Dew point potentiometry was used for
confirming water retention on larger scale. This model is a clear and precise
representation of advantages when water uptake potential is more and rhizodeposits
are confined in limited soil zone (Ghezzehei and Albalasmeh 2015; Gao et al. 2011).
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22.2.4 Role of Mycorrhizal Fungi on Phosphorous Uptake
in Modelling Study

Mathematical modelling for determining the external growth of mycelium of
Arbuscular mycorrhiza (AM) fungi and its effect on phosphate uptake by plant
roots. Researchers explain P transport in the soil and its uptake by both plant roots
and fungal component in a small scale. Various regions of mycelium were examined
for their active uptake and deterioration of P in spatial and temporal distributed
regions of the soil. When the uptake is more concentrated in the tip region the
amount of uptake is less. It is also validated with literature data and quantitative
estimation was performed to enhance our knowledge of mycorrhizal symbiosis
(Schnepf et al. 2008).

22.2.5 Circadian Rhythm Under Varying Abscisic Acid (ABA)
Concentration

There are changes in stomatal aperture, leaf growth, transpiration, hydraulic con-
ductance and amount of abscisic acid in sap of xylem during different times in a day.
A dynamic study in model allows the amalgamation of different environmental
variants affecting microbial diversity in different time zones. It also includes internal
and external factors that affect the rate of hydraulic conductance and circadian
rhythm of plant cycle.

Leaf water potential denotes tissues which react more slowly to environmental
determinants than xylem water potential and growth. And their amalgamation with
water and ABA variations which influence genetically affecting parameters.

This model can be integrated with population and whole plant model (Tardieu
et al. 2015).

22.2.6 Modelling Game Theory

Plant roots and rhizodeposits surrounding it influence the mineralization process of
carbon (C) and nitrogen (N). Priming of rhizosphere is a very important and distinct
phenomenon. In this study sunflower and soyabean from vegetative and reproduc-
tive phase of plant cycle were used.

C mineralization using C-13 radiolabelling technique and N-15 for nitrogen were
used. The positive rhizosphere priming effect was more in sunflower in contrast to
soyabean. The rhizosphere priming effect was linked with root activity and quantity
of rhizodeposits. Biomass of microbial community and enzyme activity was moni-
tored. The results conclude that mutualistic relationship between plant and microbial
community under different ecological conditions (Zhu et al. 2014).
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22.2.7 Combining Plant Models

A complete change from isolated branches to completely integrating models can be
done with the help of computer science. In silico plants is a presentation of various
models which connects many domains like cell structure, its organization, gene
linking and studying varied metabolic pathway. The integration of models is a
necessary requirement.

Plants in silico (Psi) provides quantitative data of gene at functional gene level or
developmental phase in which whole plant, crop system or ecology can be analysed.
Although the integration of rhizosphere models is an important step in modelling
study for larger scale implications of the data and information (Zhu et al. 2016).

22.2.8 Rhizosphere Study Via Carbon Flow

Rhizosphere study through carbon flow models inculcates rhizodeposits and
microbiome population variability. Rhizosphere plays vital function in the nutrient
cycling and ecosystem stability. The carbon released by the plant in the form of low
molecular mass compound in soil biotic community. Various molecular biology
techniques were used to differentiate bacterial metabolic pathways. Carbon being the
vital macro element of the soil which is employed in basic building plant system and
processes.

Mechanism based collaborative study was performed and future elemental factors
were studied. Different carbon fluxes were examined to study carbon flow using
sensitivity analysis. Many growth, death and maintenance models using integrated
study were also discussed. There was formation of simple carbon flow model to
analyse the rate of carbon flow and how it affects the physiology of soil surrounding
it on a small scale. It was concluded from the study that factors that influence that
rate of carbon deposition in long term are biomass production and exudate rate (Toal
et al. 2000; York et al. 2016).

With implementation of all modelling studies a better understanding for holistic
rhizosphere can be created for enhanced agricultural yield and productivity. These
small size models are very significant part for creating a better understanding of
rhizosphere holistically which includes its elements and conditions. Rhizosphere
alteration using modelling studies is the future for enhancing yield in agriculture and
judicious use of resources.

22.3 Nanotechnology Boosting Sustainable Agricultural
Practices

Nanotechnology provides new frontier for agricultural practices, enhanced nutrient
uptake, improving the ability of pest management, climate changing factors and
decreasing ecological impact of agriculture. An efficient sustainable agriculture is
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need of the hour for coping with increasing population. The field of nano sciences
can control agriculture at field level by restricting nutrients in the soil (Gruère 2012;
Mukhopadhyay 2014). It can be used as water monitoring tool to assess the quality
of water and pesticide for agricultural applications (Prasad et al. 2014).

The application of this field in agriculture is a key factor for sustainable agricul-
tural practices. In food industry, which are agriculture dependent, applications of
biosensors, nanotubes, fullerenes, controlled delivery, nanofiltration, delivery etc.
were researched. (Ion et al. 2010; Sabir et al. 2014). It was proved to be excellent tool
in management of drug delivery, resources at field level which enhances soil fertility.
Use of biomass and waste generated from agricultural fields along with food
packaging, processing these nanoparticles are versatile (Floros et al. 2010).

Nanosensor technology is widely used in agriculture due to their sensitive results
and environmental perturbation monitoring. Contamination of land and water can be
monitored using these devices (Ion et al. 2010). These nanoparticles are also used in
bioremediation processes as an additive not directly (Dixit et al. 2015). In agriculture
used in soil to restore its potential. Its an essential aspect to remove nanoparticles
interaction among one other to improve soil quality (Ion et al. 2010; Dixit et al.
2015).

This branch also facilitates improvement in food quality and quantity, lesser
investment of agricultural assets and enhanced uptake of nano-size nutrients from
the soil. The goal of nanobiotechnology in agriculture is reduction in artificial
fertilizers, lesser nutrient leaching and better pathogen protection with higher
yield. Nano based tool and technologies are very efficient in diagnosing plant
diseases and improving nutrient uptake by plants. The use of nanotechnology in
particular practices like nano-fertilizers, nanopesticides, environment monitoring is
very competent. The major lag is always the implementation of this nano technology
at a large scale. Some newly proposed strategies can be used to combat the
limitations in agricultural field (Usman et al. 2020; Prasad et al. 2017).

22.3.1 Various Types of Nanoparticles and their Significance
in Agriculture

Nanomaterials (NMs) are diversely used worldwide and have some ecological
limitations (Prasad et al. 2014). Parameters of NPs have effect on toxicity and
chemical properties like shape, size, surface area, behaviour and agglomeration
and segregation of artificial NPs (Ion et al. 2010). This is a cause for so differential
variation in properties of NPs even with same chemical properties.
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Box 22.1 Nano based materials and their role in agriculture

Nano based
materials

Important role in agriculture

1. Carbon
Nanotubes (CNTs)

• CNT based nano-sponges with iron and sulfur enhance efficacy
of water contaminants uptake, fertilizers, pesticides, oil and
pharma-based drugs (Camilli et al. 2014)

2. Quantum dots
(QDs)

• QDs are used for live root imaging in whole plant systems to
study known physiological processes (Hu et al. 2010; Das et al.
2015)

3. Nanorods • The gold nanorods are phytotoxic at high concentration (Wan
et al. 2014) and are reported to transport auxin 2,4-D (Nima et al.
2014)

4. Micro nano
encapsulation

• Micro and NPs for drug delivery, protection and enhancing
bioavailability of nutraceuticals (Ozdemir and Kemerli 2016).
Drugs like peptides is nanoencapsulated (Puglisi et al. 1995;
Hildebrand and Tack 2000)

Currently, nanoparticles are implied in various agricultural fields as shown in Box
22.1. Carbon nanotubes (CNTs) are cylindrical form of graphene sheet. It can be of
two types: (SWNTs) single-walled nanotubes and multi-walled nanotubes
(MWNTs). Recently, fluorescently labelled nanoparticles (NPs) and quantum dots
(QDs) have been used in labelling various plant proteins (Pyrzynska 2011; Chahine
et al. 2014; Prasad et al. 2017).

Overexploitation of these CNTs will open new opportunities for various nano
devices (Raliya et al. 2013). Nano agrochemicals can be targeted with CNTs for
effective delivery. Quantum dots (QDs) have exceptional properties as compared to
other organic compounds. They are also applicable in bioimaging and biosensing
phenomenon (Bakalova et al. 2004). Nano and micro encapsulation are used for
preserving objects in harsh environmental conditions, limited release and specific
targeting (Ezhilarasi and Swarup 2012; Ozdemir and Kemerli 2016). Nanorods are
plasmonic multifunctional materials which used as sensors and size-based energy
regulation process. It can lead to precise field responses (Bakalova et al. 2004).

22.3.2 Nano-fertilizers

Nano-fertilizers are now commercialized products available in the market but still
some major industries are not working on them. Nano-fertilizers include nano zinc,
iron, cadmium and titanium dioxide, QDs, nanorods, etc., which enhance its effi-
ciency. Usage, target and toxicity studies of varied nanoparticles were researched in
agriculture like Al2O3, ZnO, TiO2, CeO2, etc. (Nayak et al. 2015). Zn micronutrient
is a very limiting factor affecting production (Sadeghzadeh 2013). Metal oxide NPs
can be used after radiolabelling by bombardment of protons (Llop et al. 2014). The
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various techniques used for uptake and target by Raman chemical imaging spectros-
copy, confocal laser scanning microscopy and ion beam microscopy (Marzbani et al.
2015). Nanofertilizers are macro and micronutrients or either associated with
minerals for nutrients (Kah et al. 2018). They can be formed by encapsulation of
nutrients inside nanoparticles. They improve quality, quantity, are lesser costs and
highly efficient.

Cell culture media and proteins were used for studying agglomeration rate,
potential of metal oxide NPs variants (Llop et al. 2014; Marzbani et al. 2015;
Helar and Chavan 2015). Since toxicity is a major concern but nano-fertilizers are
attracting attention due to biocompatibility and unique properties. Thus, use of nano-
fertilizers is more efficient over traditional fertilizers (Kandasamy and Prema 2015).
Nanotechnology dependent fertilizers are a boon to the agricultural production for
fulfilling needs of tremendously growing population day by day (Prasad et al. 2017).

Overapplication of fertilizers and pesticides is hazardous to environment causing
pollution. So, targeted delivery and release of fertilizers is an important aspect.
Conventional methods are less reliable in terms of ecological pollution (Prasad
et al. 2017) (Fig. 22.2).

The Bio-fortification of some crops was done by ZnO, CuO and B2O3 to
introduce drought tolerance in soyabean plants. Precision agriculture focuses on
reduction in application of artificial pesticide, more nutrient regulation and enhanced

Nano-Gro

Master Nano
Chitosan
Organic
Fertilizer

Nano Max NPK
Fertilizer

Biozar Nano-
Fertilizer

Nano-Ag
Answer

Some
commercialized
nano-fertilizers

Nano Green

Fig. 22.2 Some nanofertilizer commercialized by small scale industries
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agricultural productivity. Sustainable agriculture includes energy and resources
utilization in a judicious manner. Nano urea enhanced grain yield by 44.5% although
modern fertilizer can enhance up to 10.2%. Special feature of nano based fertilizer is
their limited release, biocompatible, lesser leaching, targeted delivery and low
concentration requirement (Prasad et al. 2017; DeRosa et al. 2010).

22.3.3 Nanopesticides

Pesticide is a very significant part of huge scale agricultural production and progress
in this field for the development of target specific novel system is required. There-
fore, numerous types of pesticides are evaluated every year (Resh and Cardé 2009).
0.1% of pesticide is known to reach the destined site in the plant while the rest 99.9%
of pesticides degrades the ecology and environment (Carriger et al. 2006). The
versatile presence of pesticides made them tolerant to insects, weed plants and
pathogens (Rai and Ingle 2012). These pesticides can enter food chain and affect
the ecological balance. The concept of biopesticides came into light but they are very
slow and environment dependent for their efficiency which is a major drawback.
Nanopesticides work above all these limitations. It includes targeted release, low rate
of degradation and high efficiency, so can be used for a longer duration of time
(Chhipa 2017). It concludes that nanopesticides are more environment friendly,
sustainable with higher efficacy over conventional pesticides (Kah et al. 2019;
Usman et al. 2020). Nano-sized materials can be released in the field in any form
like partially or completely dissolved in solvent. Additionally, they require less
energy and resources. They are better adapted for pest management, required in
low amount, highly efficient and reduced extensive labour.

Nanopesticides have harmful impact on human health and welfare (Raliya et al.
2013) which are as follows: (a) skin can absorb pesticides due to their extremely
small size, (b) with respiration can reach heart and lungs, (c) material is not always
environmental friendly, etc. Popular examples of some nanopesticides are as
follows: imidacloprid (IMI) is a potent insecticide affecting pests systematically.
In vitro studies revealed the use of IMI and found to be 100% mortal for Coleoptera,
Tenebrionidae. In addition, nano-IMI can be degraded in the presence of light which
proves its eco-friendly nature. Nanopesticides do not affect the soil microbiome
around the rhizosphere region of the soil (Guan et al. 2008). Other example is
permethrin in the nano-formulated form against Aedes aegypti (Kumar et al.
2013a, b).

Chlorfenapyr linked with silica nanoparticles is known to cause double insecti-
cidal performance than with soil matter particles (Song et al. 2012). Above results
revealed the future prospect of using these NPs as pesticides which are effective
agents for management of pests.

Nanosilica was reported for its efficacy against pest post harvesting. Antimicro-
bial activity of NPs is effective against viral, bacterial and fungal pathogens. Silica
based silver NPs are known to degrade harmful fungi like Colletotrichum
gloeosporioides and Rhizoctonia solani.
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Anti-fungal activity against silver NPs was studied in Raffaelea sp. attacking oak
trees (Park et al. 2006; Kim et al. 2009). Weedicides are important for sustainable
agriculture. Nanoherbicide depends on biodegradable polymeric material which
enhances the ability of herbicides. The nanoparticles encapsulated with atrazine
were proved on Brassica spp. enhanced herbicidal property and reduces its mobile
property (Pereira et al. 2014).

Various inorganic NPs were studied (Ag, Cu, Al2O3, ZnO, TiO2 and ZrO2) for
toxicity analysis on earthworms and Cu, Ag and TiO2 were found to be toxic. The
reproducing ability of earthworm was reduced due to Ag (Heckmann et al. 2011).
The earthworms’ behaviour is also known to be affected due to Ag NPs.

The poly(epsiloncaprolactone) nanocapsules loaded herbicides in encapsulated
form decrease the toxicity to Pseudokirchneriella subcapitata and Prochilodus
lineatus although enhanced toxicity in Daphnia similis (Clemente et al. 2014;
Arduini et al. 2016). Detailed and practical knowledge of nanoparticles risk assess-
ment techniques are required at functional and cellular level so that these can be used
on a higher scale (Pandey et al. 2018; Tiwari et al. 2020).

22.3.4 Nanobiosensors

Biosensors are amalgamation of receptor-transducer which are applied to monitor
physical or chemical properties of medium in the presence of organic material to
detect biological entities (Sun et al. 2007). Nanobiosensors are advanced biosensors
which use transducer for detection of trace elements in nature. They contain
nanoparticles for detection through transducer which act as asignalling agent to
detect single or multi enzyme complexes. The nanoparticles popularly used in
these sensors are noble metals or quantum dots. The transduced signal can be of
optical, magnetic or electrical form. The elements recognized are proteins,
antibodies, aptamers, etc. Solo compounds for detection can be pesticides, nutrients
and soil parameters and complexes are metalloids like Pb, Hg, Cr, etc.
Nanobiosensors are implied to various agricultural fields like water, soil, pesticides,
fertilizers management, etc. They are highly sensitive, stable, have easy detection
technology and high surface area makes them more effective over old sensors
(Scognamiglio 2013). They work on the mechanism of switch which can be either
in OFF/ON form (Arduini et al. 2016;Usman et al. 2020).

Early disease detection and trace pollutants detection can be useful for avoiding
loss in full seasonal produce. Use of nanochips makes them more portable than
others for detection kits at large scale (Ullah et al. 2018). In the class of different
pesticides organo-phosphates, atrazines, carbamates are detected even in trace quan-
tity because they are heterogeneous among soil particles. They can be detected by
using nanosensors attached with piezoelectric transducers using antigen–antibody
(Ag-Ab) interaction studies for blocking enzyme action (Ivask et al. 2002; Přibyl
et al. 2006). The cost of these biosensors vary account to the type of material used in
its construction and effective working is about 10% of active molecules from a
mixture. Their efficiency improvement is a whole new domain of research (Liu et al.
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2011). They are popularly used in detection of soil and water pollutants. Although
they can be used for quantification of soil’s composition such as total organic
substances, carbon, sodium chloride, nitrate, they are limited to lab studies
(Antonacci et al. 2018).

An example of nanosensor is ceramic coated material integrated with Ag/Pd
electrodes or with graphene oxide (Liu et al. 2011). They exploit the properties of
nanomaterials. They are nowadays applied for monitoring early plant pathogenic
diseases and soil water pollutants (Hu et al. 2014). This is a whole new system of
agriculture for sustainable development which requires a lot of guidelines and
processing for field scale application. The major drawback is entrance of these
nano elements in food chain which limits their application. So, a holistic research
is required for more detailed interactive study of ecosystem.

22.3.5 Nano-bioremediation

The process of remediation of different types of pollutants in the nature can be
using NPs.

It reduces their movement and convert them to lesser toxic alternatives or by
carrying out their transformation. Various types of NPs are used for removal of
harmful pollutants in nature. So, far it was used in three branches (1) for Soil
pollution, (2) Organic contaminants and (3) Inorganic contaminants (Usman et al.
2020).

22.3.5.1 Nano-Bioremediation of Soil Pollution
Nano based materials are used in the remediation of polluted soil as NPs are of
unique properties due to their shape and size. There is a huge amount of research
going on in this field as they can carry out biosorption, desorption, transformation,
complexation, precipitation, oxidation and reduction to alter its toxic potential and
making it eco-friendly (Guerra et al. 2018). The main phenomenon which governs
bioremediation in soil is sorption and desorption process of remediation (Hamid
et al. 2020; Usman et al. 2020).

The methods include mobility enhancing agents for increasing the soil pollutants
and reducing their movement in the soil and making them more available for
purification processes. Some of these also act as carriers which bind with pollutants
present in the soil which reduces their probability of entering in food web (Robinson
et al. 2009). Magnetically, some contaminants can be separated; for examples, soil
particles with metalloids in the presence of NPs (Boente et al. 2018a, b). These
methods are both in situ and ex situ favourable but within a confined zone. So, in this
field we require NPs which can adhere to the contaminants for a longer period of
time for their removal. In this respect magnetic NPs work best due to their high
adherence properties than other forms of nanomaterials. It is a more reliable, easy,
less labour intensive and efficient method. Their easy separation at the end of the
whole process makes them such a useful entity (Ajmal et al. 2018; Fu et al. 2018).
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For example, NPs based on the polyacrylamide modified magnetite NPs can be
used to prevent soil erosion by 90% and leaching is confined by 82% (Zheng et al.
2020). In situ methods are more reliable and efficient for pollutant removal in the soil
(Hamid et al. 2020). The amalgamation of nanotechnology and biology can be
helpful in the remediation of highly polluted soil.

22.3.5.2 Nano-Bioremediation of Organic Contaminants
Organic pollutants are very abundant in nature causing pollution, and nano sciences
have great potential for removal of these pollutants. They can be remediated first by
dechlorination and sequential dehalogenation for effective removal by NPs (Bokare
et al. 2010). They researched the potential applications of NPs like Pd and Fe and
their bioremediation potential of 2,4,40-trichloro-20-hydroxydiphenyl ether (TCS)
polluted soil and water. It was reported that Pb and Fe can be reductively
dechlorinated in anaerobic conditions with formation of product. Le et al. (2015)
examined the ability of oxidation reduction process by NPs for effective remedia-
tion. Many variants of compounds like biphenyl were dechlorinated by NPs such as
Pb and Fe. And in the next step of the process toxicity can be regulated Burkholderia
xenovorans of the leftover biphenyls. NPs are not found to be harmful for
Burkholderia xenovorans. Moreover, NPs help in enhancing bioavailable property
of pollutants so that their degradation can be easily assessed. Manipulation in
membrane properties also helps in easy degradation of organic pollutants (Gong
et al. 2018). Wu et al. (2020) examined the role of Ni and Fe NPs on toxicity studies
of polybrominated diphenyl ethers (PBDEs). If NMs are applied on plant parts, they
reduced their phytotoxicity against PBDEs. This study is the demarcation that if NPs
and bioremediation processes it will lead to a reduction of toxicity in soil
contaminants (Usman et al. 2020).

22.3.5.3 Nanomaterial Assisted Remediation of Inorganic
Contaminants

Nanoparticles are essentially used for enhancing the phytoremediation potential of
plants against heavy metals in the contaminated soil. Phytoremediation includes
processes like phytovolatilization, phytosequestration, phytostabilization,
phytodegradation, etc. It is a very environment friendly and low-cost technique.
Nano-titanium oxide on Cd was examined by Singh and Lee (2016) in soyabean
plants. It prevents the deposition of Cd and protected the plants from oxidative
damage due to Cd overload. The role of (NHAP) Nano-hydroxyapatite and nano-
sized carbon black (NCB) on the lead (Pb) phytoremediation by extraction studies on
ryegrass plant has been studied by some scientific groups (Liang et al. 2017).

NMs can help in deposition of heavy metals in plants upper parts by changing
their cell wall properties (Hu et al. 2014) and cotransport and translocation (Hu et al.
2014). Similarly, Cd and graphene oxide can have harmful effect on Microcystis
aeruginosa by modulating reactive oxygen species generation (Tang et al. 2015).
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22.4 Hurdles to Overcome in Nanotechnology for Its
Application in Plant Agriculture

The most important drawback which limits the use of nanotechnology in fields is
majorly divided into two frontiers which are as follows: (a) Large-scale production
and (b) safety principles. Many tactics have also been suggested to conquer these
barriers (Hofmann et al. 2020).

22.4.1 Large-Scale Production

Important barriers are recognized which are disturbing the process of actualization of
large potential of nanotechnology application in agriculture. Scale up to delivery at
field scale. There is insufficient information and research about targeted delivery at
field scale. Mainly soil and leaves applications are methods in old agricultural
practices and chemicals around 50% reach their target like leaf, root or pest. So,
the solution to this problem is coating NPs with directing biological molecules or
adjusting surface size and charge, can enhance absorption percentage and follow
targeting to well destined plant cell compartments and organelles, like the nucleus,
mitochondria and chloroplasts (Mitter et al. 2017).

Improved protection of plant and variable distribution of nutrients while at the
same time conserving the beautiful natural resources (like water, energy, raw
materials, etc.) which are lost in conventional methods. On the other hand, ammonia,
nitrogen dioxide and the greenhouse gases enhance nitrogen distribution to crops.
Formulations which enhance leaf attachment and precision spraying can be done by
foliar delivery. NPs made for agricultural soil have been researched in laboratory
scale, but further research of concentrations is still needed applications. Presently,
soil utilization cost which was for conventional agricultural linked chemicals, the
financial and embodied resource costs of many nanoparticles are very high beyond
practical usage at large scale. The leaf-based uptake of nanoparticles is appreciated
in recent times.Recent research explained almost 100% absorption of foliar-applied
gold nanomaterials in wheat crop was found to be very efficient. On the other hand,
utilizing help of polyvinylpyrrolidone coating shows that leaf application as an
efficient alternative for cost management.The major point is how to deliver these
NPs at field level needs an outlook and research (Hofmann et al. 2020).

22.4.2 Safety Principles

Agriculture is staple diet source for such a large population and should be cautiously
controlled for safety of food. Nano dependent technology can be very harmful for
human beings and mother earth. It is not about assessment but also a major global
concern. For example, in many countries, soil additives, fertilizers will suffer
regulatory hurdles as compared to pesticides and genetically modified crops. An
example of ribonucleicacid interference (RNAi), technique at nano-scale requires
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high cost and skilled labour. If nano-size particles treatment is limited to seed level,
their exposure and toxicity can be reduced.

The role of NPs cannot be avoided at small and large scale and different phases of
plant growth and development. Evaluative and extensive procedure of elemental
traces should be performed (Hofmann et al. 2020).

22.5 Conclusion

Nanotechnology has wide range of applications in agriculture like nano-fertilizers,
nanopesticides, nanobiosensors, bioremediation techniques, etc. However, the harm-
ful effects of NPs are a major concern. Toxic effects of nanoparticles on plant growth
and development have been reported. The NPs application specially targeted site
delivery, fertilizer use and efficacy should be enhanced at a larger scale. More field
studies should be performed for effective applications of necessary data and imple-
mentation. The limitations of field trials should be removed by effective integration
of different branches of research. Standardized methods and procedure should be
followed for potential applications of these NMs on a large scale. For sustainable
agriculture the entrance of nano sciences in agriculture is a necessary requirement for
feeding such a large growing population. Toxicity studies and their routes can be
examined for making them more environment friendly and removing all the barriers
of food chain entrance. If these methods will be successful, it can positively enhance
our economy as India GDP is largely influenced by agriculture. Academic and
industries working together by joining hands in collaboration is a way of making
the path for nanotechnology in agriculture (Hofmann et al. 2020).

Similarly, rhizosphere modelling studies are a new frontier for studying dynamic
and versatile nature of rhizosphere. Manipulation of rhizosphere by modelling
studies can assist yield enhancement along with their use in phytoremediation.
Advanced imaging, modelling with in silico tools can be used as tool for rhizo-
sphere. Their detailed knowledge can assist in modulating biotic and abiotic factors
required for yield enhancement in agriculture (York et al. 2016).
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New Strategies for Commercialization
of Microbial Technologies 23
Pritam Patil and Angana Sarkar

Abstract

Since the last few decades, many discoveries have been taken place in the field of
microbiology and its applications in various fields like agriculture,
pharmaceuticals, sewage treatments, healthcare, etc. But the main problem is to
commercialize these new technologies on large scale for welfare of society. Many
hurdles are present in the way of this commercialization, foremost being the lack
of awareness, use of same old strategies which are laborious, time consuming,
expensive and also lack of resources. Therefore, there is a need of new
technologies to be introduced for commercialization. For example, governments
of many countries have taken initiative against the problem of antimicrobial
resistance (AMR), i.e. microbial resistance to antibiotics. In this approach, they
conducted a national consultation to give a platform for researchers to meet with
industries and share their technologies. Many governments have started giving
funding for new technological projects. Vendors also have started new strategies
to promote new technologies by providing new platforms, resources. In the field
of agriculture, new technologies like recombinant crops for insect resistance,
disease resistance are developed but are not commercialized due to lack of
strategy. For this, main strategy is to make farmers aware about the new
developments. In this chapter, such new strategies developed by governments,
industries and other organizations are discussed.
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23.1 Introduction

Ever speculated, why milk turns into curd or why dough gets bubbles after keeping it
for overnight or why there is smell from ripen vegetable. In all these phenomena, one
thing is common, i.e. microorganisms. And the field which studies these
microorganisms is microbiology and application of this field to various other fields
using proper technology is called as microbial technology. Since after the discovery
of microscope by Antonie van Leeuwenhoek in 1676, field of microbiology emerged
as potential field of study (Lane 2015). Then Robert Hooke made his first recorded
observation of moulds in fruits. Then after that field of bacteriology emerged when
Ferdinand Cohn observed bacteria Bacillus and Beggiatoa. Then Louis Pasteur
considered as father of modern microbiology after his contribution of the process
of pasteurization and vaccine of anthrax, fowl cholera and rabies. He also gave the
theory of spontaneous generation. Robert Koch is considered as father of medical
microbiology for his contribution of germ theory of disease which states that every
disease is caused by a pathogenic organism. He was the first one to isolate pure
culture of bacteria (Madigan and Martinko 2006). After their discoveries, microbi-
ology became a field of extensive research. And now we know that, behind produc-
tion of curd, Lactobacillus is responsible. Bubbles formed in the batter are due to
formation of carbon dioxide by microbes during their growth. Hence from our home
to various industrial products like pharmaceuticals, beverages, etc., microbiology is
wide spread (https://lib.guides.umbc.edu/c.php?g¼836720&p¼6561140#s-lg-box-
wrapper-24463833).

In a paper, the time of microbiology has been divided into 3 golden eras. The first
golden era, i.e. second half of the nineteenth century, discovery of pathogens which
caused diseases in humans and animals takes place. Also, bacterial physiology
which contains their cultivation techniques, identification, their classification was
done. Also, there was some research done on medical microbiology like viruses were
identified, concept of vaccination, etc. In the second golden era, i.e. first half of the
twentieth century, research focussed mainly on bacterial genetics. Their genetic
material, mechanism of gene expression, etc., were identified. Also, research was
done on the membrane transport in microbes. In the third golden era, i.e. the second
half of the twentieth century, research focusses on genetic manipulation, microbial
ecology, role of microbes in chronic diseases. Also, research was done on microbial
physiology, i.e. mechanism of their signal transduction, interaction between
microbes were found out (Maloy 2006).

Nowadays, microbiology is applied to almost each and every field like agricul-
ture, geology, genetic engineering, food industry, beverage, fuel industry, medical
and health care, etc. Also, microbiology is spread into various environments from
forests to hot springs, from soil to volcanos, from rivers to oceans. And due to this
feature, there are vast environments which are still remain to discover for their
microbiological research (https://www.labmanager.com/ask-the-expert/ask-the-
expert-what-s-changed-in-microbiology-over-the-past-decade-7288).

As microbiology is widespread in almost every field, many products are being
formed every day. But, only production of a product does not solve its purpose and is
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not valuable unless it is commercialized in the market using a proper procedure of
commercialization. And to make this process smooth and easy, many acts have been
developed. Commercialization of a product starts when a business identifies the need
of market and uses scientific and engineering aspects to fulfil that need (Michael
et al. 1990). For the convenience of both, consumer and producer, many rules and
regulations have been developed like consumer safety act, patent acts, intellectual
property rights, acts for genetically modified organism or plants, etc. To ensure the
safety of a new invention, an act is made that is The Patent Act, 1970. This act
encompasses all the necessary guidelines and measures that need to take to avoid
larceny of a person’s ideas or invention. This act also includes whole process of
patenting a product or an idea in India, so that whole process will be smooth and
hustle free (http://www.ipindia.nic.in/writereaddata/Portal/IPOAct/1_31_1_patent-
act-1970-11march2015). Then, to ensure safety of consumer, The Consumer Pro-
tection Act, 1986, was made. By this act, consumer can complaint regarding a
product to government so that proper testing and checking of that product shall be
done. This act gives consumer some power to make sure their safety. The revision
made in 2019, made consumer to complaint regarding a product from anywhere in
India through consumer affairs portal (https://consumeraffairs.nic.in/acts-and-rules/
consumer-protection). For genetically modified organism or plants, there has been
separate act made so that there will be a control over use, manufacture or sale of
genetically modified organisms or plants. This act is Environment Protection act,
1989. And there has been made some additions to it for genetic modifications. Then
Recombinant DNA guidelines, 1990 was made in addition to first law (Ahuja 2018).

In this chapter, we will be focussing on advancements in microbial technology,
basic process of commercialization of a product made from using various microbial
technologies, its current scenario, problems associated with current strategies and
therefore some new strategies that can be made to make this process simple and
effective.

23.2 Advancements in Microbial Technologies

Microbiology, due to its potential and possible applications in almost every field, has
made many advancements in recent years. Also, due to large improvements in
genetic engineering, bioprocess technologies, microbial technology has gained
much of the interest. After the invention of microscope by Antonie van
Leeuwenhoek in 1676, microbiology has never seen any setbacks. As the
advancements are being made, similarly commercialization of microbial products
also taking place at high rates. And still, this field is attracting many researchers from
the globe, which is helping in more and more development. Most of the development
is made in the field of applied microbiology in agriculture, health care, fermentation
technologies, food technology, etc. And nowadays, advancement is going on in the
field of microbes in nanotechnology, sustainable energy sources, etc.

Agriculture is the most benefitted field due to advancements in microbial tech-
nology. As, many new beneficial microbes have been identified. Also there have
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been many advancements in their detection, identification and application
technologies. Microbes are identified and applied in many ways like biopesticides,
biofertilizers, nitrogen fixing bacteria, plant growth promoting rhizobacteria, etc. In
the field of agriculture microbiology, major advancement has been occurred in
analysing and understanding the interaction between plants and microbes
(Bhattacharyya and Jha 2012). Along with that, development has been done in
production technologies. Fermentation, bioprocess technology and recombinant
DNA technology are the main areas, whose developments have great impact on
development in agriculture microbiology. Advancement in fermentation technology
has enabled production of biofertilizers and biopesticides at both small and large
scales (Borkar 2015). And due to these advancements, commercialization has
become easy. Both solid state and liquid fermentation technologies have developed,
but liquid fermentation is the most widely used production technology due to its
properties like flexibility, wide range of raw materials, easy scale up, high produc-
tivity, etc. (Hölker et al. 2004).

Another field that has been most benefitted is health care. Many new drugs,
detection techniques, vaccines are being developed day by day. Nowadays many
drugs are being produced using microbes as production factories, such field is called
biopharma. The first application of microbiology in the field of heath care was the
antibiotics when Alexander Fleming discovered Penicillin G from the mould of
Penicillium genus (Tan and Tatsumura 2015). Since then, antibiotics are produced
using various fungi, bacteria, etc. Nowadays, most of the focus is on recombinant
DNA technology, which helps in maximizing the productivity, ease of the process,
specificity, etc. Many human proteins are produced in microbes using rDNA tech-
nology. Escherichia coli is the most commonly used host for production, as it is the
most studied microorganism (Maya et al. 2017). rDNA technology in the field of
microbial technology flourished after the discovery of Humulin, which is human
insulin produced by using E. coli (Celeste et al. 2012). In the field of clinical
microbiology also many advancements have been done like developments of kits
for early and less time-consuming detection of a disease. New technologies are also
used in this field to have precise, correct and rapid diagnostic of a disease, like mass
spectrometry, polymerase chain reaction (currently being used in detection of
COVID-19 detection), cell sorters, chromatographic technologies, fluorescence
technologies, etc. For example, MALDI-TOF spectrometry is used in clinical
microbiology in the twenty-first century to identify microbial species. It can pre-
cisely differentiate between closely related species (Oviañoa and Rodríguez-Sánchez
2020). There is a new concept evolving these days as mobile microbiology. In this
concept, molecular methods are used to detect microbes that cause infectious
disease. This will help us in early detection and rapid treatments (Sanguinetti et al.
2020).

There have been many developments in the field of sustainable energy develop-
ment. As non-renewable sources are being depleted day by day, there is a need of
new methods to produce fuels. Algae are being used for production of biofuels due to
their high fat storing capacity. Many countries have already approved algae for their
use in production of biofuels. Biodiesel is the main fuel produced using algal
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biomass (Lin et al. 2011). As algae being photosynthetic, require very less cost and
resources for their growth and also have high biomass production rates along with
that fat storing capacity is more in algae than other microbes. After the processing,
algal biomass can be utilized as cattle feed (GuanHua et al. 2010). Hence there have
been many developments to produce biofuels using algal biomass. Firstly,
developments in its production are done so to have higher biomass, e.g. use of
ponds instead of large glass vessels, photobioreactors, media optimization for the
large tanks, etc. Many developments are made in purification also, as microalgae is
mostly used its purification is time consuming and very expensive. So, new
techniques like centrifugation, electrochemical harvesting, etc., are used. Process
optimization is also done to have higher fat content. Then, detection techniques are
also improved like Chromatography (Miao and Wu 2006). In the context of clean
energy, hydrogen is considered as an important source when it is produced by the
process of green technology which is the most environmentally way to produce
it. Hence, microbial fuel cells are in the phase of development and results are
showing promising values (Maeda et al. 2012). Also, biogas is another option for
clean energy, which is produced by microbes after anaerobic fermentation of
agricultural wastes. It is a good alternative for fossil fuels which involves production
of carbon dioxide and other greenhouse gases responsible for air pollution
(Rasimphi et al. 2019). Bioremediation, i.e. removal of pollutants using biological
entities, mostly microbes, is a new field that is developing these days. As it does not
produce any harmful substances but also produces value added products (Dangi et al.
2019).

23.3 Steps of Commercialization of Microbial Product: Lab
to Market

As shown in Fig. 23.1, a basic process of commercialization starts when the producer
thoughts of a product. For example, a product is a drug to be used in healthcare. Then
steps will be as follows:

First, isolation of specific microbes has to be done which will have capacity of
producing that product. Then screening for the microbe with high production ability
has to be done. Screening can be done with various methods. After selection of a
specific microbe, process has to be optimized for the production. If there is need to
modify the microbe genetically, then specific modifications have to be done. Then
after that, again optimization of process parameters for genetically modified
microbes will be done. Then, lab production will be done. And then, process will
be transferred to the pilot scale. After studying on the pilot scale, product has to be
analysed for various aspects of safety and then registration of the product will be
done for its further production at industrial scale. Then drug will be released in the
market and post market study will be done so that its efficacy and market survival
will be studied. In this way, commercialization of a microbial product is done.
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Fig. 23.1 Steps of commercialization of microbial product
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23.4 Current Scenario of Commercialization

Currently many products are being commercialized world-wide and many of them
are produced by using microbes. Many antibiotics, drugs, health care products,
beverages, etc., are being produced by microbes. Table 23.1 gives an overview of
some products synthesized using microbes and are used in various fields. Nowadays,
due to increase in the awareness about microbiology, products developed from
microbes have gathered much interest and are also readily accepted by consumer.
In India, from the last decade, many companies have commercialized their products
and technologies as shown in Table 23.2.

Many products have been developed in the field of agriculture, specially
biopesticides and bio stimulants. As the microbes do not show any side effects
towards the growth of plant and also do not have any harmful effects to the soil after
prolonged use. Hence their use had been increased from last few years (Ravensberg
2011). Also, wide variety of microbes can be used like fungi, bacteria, algae, etc.,
hence products are also of wide variety. Fungi can be used for disease control, pest
control, etc. Bacteria can be used for pest control, improvement of growth of plant,
improving soil quality, etc. (Vega et al. 2009). Some viruses are also used for control
of insects. For example, baculoviruses are used to control attack of caterpillars and
codling moths. In some countries, yeasts are also used to control diseases
(Ravensberg 2014). In India, during last few years there are many products that
have been commercialized, for example, NEMATOX by Sri Biotech India Ltd. is a
formulation of Paecilomyces lilacinus to control nematode. India is the 12th largest
producer of chemical pesticides and these are extensively used to fulfil our ever-
increasing demands. India has the Insecticide Act, 1968 section 9(3) to regulate
production and commercialization of biopesticides. Under this section,
287 pesticides were registered, out of which, only 4.2% pesticides are biopesticides
(Vendan 2016). Currently, more focus is on environmental safety, so considering
this objective European Union and some other countries have reviewed their
regulations. European countries have established a new law 91/414/CEE, which
reduced the number of active substances from 900 to 400 (http://europa.eu.int/
comm/food). In the United States, pesticide registration is governed by Environmen-
tal Protection Agency (EPA), which is under the Federal Insecticide, Fungicide and
Rodenticide Act, 1988. This is to prevent adverse effects on consumers.

Some examples from the field of heath care are given in Table 23.2 like
Compactin is a product used as an agent to lower the cholesterol level in the body
(Blunt et al. 2014). Taxol is a compound which has antitumour and antifungal
activities and is derived from Sorangium cellulosum (Newman et al. 2000). Hence,
microbiology has very wide applications in many fields.
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23.5 Problems Associated with Commercialization of Microbial
Products

As microbial products are very useful in day-to-day life but their commercialization
has many problems associated with it. As products are extracted from
microorganisms, so their safety and efficacy have to be tested vigorously, hence
regulatory issues are associated with it. In the United States, European countries,
there is no legal definition for biofertilizers. Every organism which has potential use
in agricultural applications is considered as possible product. But in India, there is a
legal framework on use and commercialization of biofertilizers. The Ministry of
Agriculture introduced order in 2006 to include biofertilizers under essential
commodities act, 1966 (Malusa and Vassilev 2014). Hence, due to this law there

Table 23.2 Some commercialized microbial products in India in recent times

S. no. Product Field Organization Application

1 Rivastigmine
Transdermal
patch

Health care Sparsha Pharma
International,
Hyderabad

Used in efficient drug
delivery. Reduces the amount
of residual drug

2 Clot Specific
Streptokinase

Health care Symmetrix
Biotech, Mumbai
& CSIR,
Chandigarh

Thrombolytic therapeutic
protein

3 Hepatitis B
and& DTP
vaccine

Health care Shantha
Biotechnics,
Hyderabad

Combined vaccine for
hepatitis B and DTP

4 Revac-B Health care Bharat Biotech
International,
Hyderabad

Vaccine for hepatitis B

5 Enoxaparin Heath care Gland pharma,
Hyderabad

Low molecular weight
heparin used in bypass and
other surgeries

6 GRANT Agriculture Sri Biotech
Laboratories India,
Hyderabad

Formulation of Bacillus
thuringiensis to control pests

7 NEMATOX Agriculture Sri Biotech
Laboratories India,
Hyderabad

Formulation of Paecilomyces
lilacinus to control nematodes

8 TEEKA Agriculture Sri Biotech
Laboratories India,
Hyderabad

Formulation of Bacillus
pumilus to improve
absorption of nutrients from
soil

9 Symbion-N Biofertilizers T. Stanes &
Company Ltd.

Consortium of soil borne
microbes to increase intake of
nutrient by plants

10 Cyclosporin
A

Health care Novartis, India Immunosuppressant in organ
transplant derived from
Tolypocladium inflatum
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have been many restrictions on manufacture and marketing standards. (Sekar et al.
2016). In biopesticides based on Bacillus thuringiensis, there are many issues to
commercialize them. As the plant has to be modified genetically or its formulation is
made and applied on plants. But there are many regulations for commercialization of
biopesticide which makes the process difficult and time consuming thus expensive.
Hence regulations invisibly act as barriers for the development and commercializa-
tion of the biopesticides (Blok et al. 2006). In India, due to lack of knowledge about
biopesticides and false information, market of biopesticides is low, thus making it
difficult to commercialize a product (Sansinenea 2016). In case of healthcare
products like drugs, antioxidants, anti-inflammatory products antibiotics, strict
regulations are present as they are meant to be inserted in human body by some
means. Hence strict regulations regarding their safety and efficacy are maintained.
For example, astaxanthin is an antioxidant having higher efficacy than beta-carotene,
is produced by some microbes and some microbes engineered to do so. But till date,
only naturally occurring astaxanthin is approved by regulatory authorities for human
consumption. As ‘natural’ and ‘natural identical’ label has to be given to the
microbially produced astaxanthin (Capelli et al. 2013). And genetically modified
organisms have higher production rate but regulations for genetically modified
organism and its use in production of some products are very strict and registration
of such product is expensive hence many producers do not involve in commerciali-
zation of such products (Zhang et al. 2020). Hence there are many problems
associated with commercialization of microbial products in every field and market,
whether it is native or genetically modified.

23.6 Need of New Strategies

Although microbial products are being used day by day, still there is need to improve
and develop new strategies. Currently governments and people of many countries,
like India, do not consider use of genetically modified plants in agriculture. They
consider them to be against the moral and ethical values. Still, biotechnological
technologies are not being used in considerable amount in microbiology. Many
countries have stringent rules for commercialization of a microbial product than
other chemically produced products. For example, in case of astaxanthin, many
researchers have produced it in many microbes. But still, only naturally occurring
astaxanthin is commercialized. Astaxanthin produced by genetically modified
organisms is not accepted by regulatory authorities and also by the consumer,
although they have high TRY (titre, rate, yield) values. Same is the case with
other nutraceuticals, cosmetic products (Novoveská et al. 2019). Furthermore,
many farmers consider chemical pesticides rather than microbial pesticides, know-
ing that chemicals have harmful effects on soil. This is due to lack of awareness
regarding the microbial pesticides. Government has a big role in this process, as they
should encourage people to go for microbial pesticides rather than chemical. Also,
there are no stringent rules regarding the minimum cell count of microbes in the
formulation (Villaverde et al. 2014). Hence, many pesticides do not work when
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applied to crops. Hence there should be strict rules and regulations for the same and
also there should be an authority which will monitor all these processes.

In case of healthcare field, there are very stringent rules applied to any products.
This is necessary because those products are directly ingested by the consumer so
they have to be 99.99% pure and without any contaminations. But the time required
by these products to reach to the market is very high. On a regular basis, a vaccine
takes around 8–9 years before it could reach the consumer (https://bioprocessintl.
com/2019/frameworks-and-strategies-for-commercialization-success-in-the-biophar
maceutical-ecosystem/). So, this time can be reduced by using new strategies. Many
companies face the problem of finding representatives on whom a drug can be tested.
So, there should be a process by which people can willingly participate in this
process.

Hence to answer all these problems in commercialization, there is need to develop
new strategies and implement them in practice. So that the whole process becomes
smooth and less expensive.

23.7 Future Prospects

Although, microbial technologies have developed on a large extent so far. But still
there is lack of awareness, research, discoveries in this field. This field has wide
applications in many other fields but is limited due to less research and techniques.
Also, many new rules and regulations should be formed to encourage this field. As
this field has no harmful effects on the nature and human health, hence this should be
encouraged. New strategies to commercialize products are to be made and practiced.
If microbial technology gets more developed, then there will many new products that
can be discovered from locations that were never researched before. Many new
organisms with new properties beneficial to human and also to nature can be
identified. But on the contrary part, there should be strict rules on use of such
techniques. Because genetic engineering can be used for many harmful applications
which can be dangerous to us and mainly to nature.
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Abstract

Increased use of chemical fertilizers to support crop production has resulted in
global soil, water, and air pollution. It is generally agreed that the only solution is
to improve the exploitation of beneficial bacteria that play a key role in increasing
the supply of inaccessible minerals to plants in uninterrupted soil conditions.
Main attention is paid to biotechnologies that are not completely used as tools for
the production of biofertilizers, such as microbial co-immobilization and
co-cultivation. Biotechnological processing and combined use of active
microorganisms/organic compounds (biostimulants) such as plant extracts and
exudates, not only promotes plant growth and development but also plant-
bacterial interactions. This chapter focuses on the improvement in the techniques
for development and formulation of microbial inoculants as well as the most
significant potential and innovative strategies in this area are discussed.
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24.1 Introduction

Chemical fertilizers have been widely used to achieve more yields in recent years.
This intense implementation has raised questions about agro-environmental contam-
ination and has led to a decline in the quality of goods. Excessive use of chemicals
like phosphate and nitrogen fertilizers not only accelerates water eutrophication and
acidification of soils, but groundwater, rivers, and the environment can also be
polluted. In addition, chemical-based agriculture has had a detrimental effect on
beneficial soil microbial ecosystems, dramatically diminishing microbial biodiver-
sity. Environmental problems such as clean water pollution, energy conservation,
and soil erosion compel farmers to adopt planting methods that have a lower impact
on the environment. In this context, reduced use of chemical fertilizers with
increased use of organic fertilizers should be considered as compulsory mitigation
measures from agricultural activities. In recent years, a variety of organic fertilizers
have been launched, which also serve as natural stimulators for plant growth and
development (Khan et al. 2009). A specific category of fertilizer of this type consists
of products based on plant growth-promoting microorganisms (PGPM). Arbuscular
mycorrhizal fungus (AMF), plant growth-promoting rhizobacteria (PGPR), and
nitrogen-fixing rhizobia, commonly classified as PGPR, are considered beneficial
for plant nutrient cultivation in three major categories of microorganisms
(Gousterova et al. 2008). Depending on their application, different microbial
inoculants may be classified into various groups, even if the precise meaning of
these categories is still not clear. However, the biofertilizer group is most commonly
used in products containing microorganisms that increase the availability and
absorption of plant nutrients (such as rhizobia and mycorrhizal fungi) (Mehta et al.
2015; Guleria et al. 2014). Increased interest developed in the use and application of
these products is growing due to the increase in the efficiency of nutrient absorption
and the demands of society for more green production technologies, increasing the
cost of agrochemicals. In addition, secondary positive effects of biofertilizers and
phytostimulators that would improve their utility as bio-inoculants. A suitable
inoculum, that is, a microbial fertilizer (biofertilizer) containing organic matter that
can colonize the rhizosphere and increase plant growth, should be developed to
maximize the benefits provided by PGPM. Multifunctional biofertilizers have been
produced to decrease the application of chemical fertilizers by around 1/3–1/
2 (Sharma et al. 2015; Walia et al. 2013). However, it should be observed that
microbial fertilizers have not been usually accepted by farmers, since their beneficial
effects are also difficult to duplicate. It is very much strongly clear that if microbial
fertilizers are not correctly prepared, formulated, and/or administered, no advantages
can be extracted from the biofertilizer. Due to better biotechnological production
systems, numerous private firms are now selling commercial inoculants on the
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foreign market, both citing a large improvement in production and product efficiency
for a wide-ranging variety of crops. Quite often, however, inoculants are of low
consistency.

There have been examples of inoculant products sold in both developed and
developing countries that do not have rhizobia or show high levels of contamination
with other species (Herrmann and Lesueur 2013). Clearly, the failure of biofertilizers
to perform their basic functions on any application scale indicates problems
associated with the production and construction of the inoculum. There are several
steps in the production of a viable inoculant: (1) Selection of a suitable culture and
isolation of an efficient and successful indigenous multifunctional microorganism
for a particular soil-plant system (or crop variety); (2) characterization of the selected
microorganisms in an ideal medium with suitable conditions for cultivation and
growth; (3) multiplication of microbial mass; (4) choice of carrier; (5) creation of a
method of formulation to ensure microbial persistence, even under stressful
conditions, in soil environments; (6) field application studies; (7) large-scale indus-
trial-level studies and production; (8) transfer of biotechnological know-how to the
industrial level in the production of biofertilizers; and (9) construction of a system
for quality control and storage (Vassilev et al. 2015; Walia et al. 2017). In order for
the process to lead to the quality microbial fertilizer you want, each of these steps
requires equal attention. This chapter provides an overview of present-day studies
and prevailing technology for improving microbial fertilizer manufacturing and soil
bio-fertilization, with a specific emphasis on each individual phase of the process.

24.2 Techniques for Improving Microbial Inoculant
Formulations

The agrochemicals like the conventional fertilizers and pesticides, which have been
used indiscriminately, may have led to short-term gains in agricultural productivity.
However, in the long run, these chemicals have not only affected the soil fertility and
environment, but also taken a toll on human health (Magauzi et al. 2011). On the
other hand, due to the ever increasing world population and rapidly diminishing
arable land, the burden on the agriculture sector is piling up. So, an effective
microbial inoculant not only needs to be environmentally suitable but also should
be capable of increasing the plant productivity under the field conditions. Although
many microbial strains show promise in the lab scale experiments, not many of them
actually prove to be effective under field conditions (Vassilev et al. 2015). Several
factors like the harsh environmental conditions, unfavorable soil characteristics as
well as competition from the indigenous microflora might be responsible for this
(Mehta et al. 2019; Kumar et al. 2015). So, for development of an effective microbial
inoculant, not only there is requirement of an efficient microbial culture, but also it is
imperative to design a proper formulation. Arora et al. (2010) have suggested that a
good formulation of microbial inoculant is associated with higher number as well as
increased activity of the inoculated microbes in soil. Thus improving the
formulations of the biofertilizers is absolutely essential for the development of
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microbial inoculants which are not only safe for the environment but are also capable
of meeting the requirements of the farmers (Bashan et al. 2014). Keeping this in
mind, various approaches like the use of carrier materials as well as cell immobili-
zation have been proposed. Based on the physical state, the bio-inoculant formula-
tion may be liquid or solid. The formulations may also be various forms like
concentrated dry or wet dust, granules, and briquettes (Stamenković et al. 2018).
The details of these approaches are being discussed in the following sections.

24.2.1 Solid Carrier Material as Inoculant Formulation

An ideal carrier material is expected to allow the microbial culture to remain alive
during the entire shelf life and deliver it in appropriate physiological state, hence the
carrier is expected to possess adequate moisture holding capacity, pH-buffering
capacity, appropriate level of porousness, etc. It is also expected to be
eco-friendly, non-toxic, easy to sterilize, easy to handle and store, and keeping in
mind the product economics, it should also be cheap and readily available (Rivera-
Cruz et al. 2008; Malusá et al. 2012a, b; Mehta et al. 2019). The choice of carrier is
also governed by the type of microbe and the required level of its viability as well as
the mode of application (Stamenković et al. 2018). The solid carriers have been
broadly grouped into four major categories, viz. various types of soils (like inorganic
soil, coal, peat, etc.), plant waste materials (like spent mushroom manure, farmyard
manure, wheat bran, soymeal, etc.), various inert materials (like vermiculite, perlite,
rock phosphate, etc.), and lyophilized microbes and oil dried bacteria (Sahu and
Brahmaprakash 2016). The carriers have been used individually as well as in
conjunction with others. The dried microbial cultures may also further be mixed
with other carriers or may be directly applied. In these, some cryoprotectants like
mannitol, microcrystalline cellulose as well as a carbon source or cellular protectant
like glucose, sucrose, maltose, trehalose, molasses, glycerol, etc. are supplemented
to enhance the effectiveness and shelf life of the inoculant (Garcia-Fraile et al. 2015).

Peat has been used quite commonly as a carrier earlier and provides nutrient rich
and protective environment to the microbes but there are many disadvantages
associated with peat (Mahanty et al. 2016). The variations in the composition of
peat, availability issues as well as difficulty in sterilization leading to higher proba-
bility of contamination are some of the shortcomings (Malusá et al. 2012a, b). Talc is
another carrier which has been used by many workers. Sinha et al. (2018) reported
better control of Fusarium oxysporum f. sp. capsici as well as enhancement in plant
height, root length, and yield in case of 1% talc-based formulation of Trichoderma
harzianum in chilli plants. Basheer et al. (2019) reported that a formulation of talc,
carboxymethyl cellulose, and calcium carbonate containing novel endophytic Bacil-
lus sp. CaB5 had a positive effect on the growth of cow pea and lady’s finger plants.
Also, stable microbial count was observed in the formulation even up to 45 days.
Another carrier which has been gaining importance is the biochar. Biochar, which is
the solid residue left after pyrolysis of biomass, is rich in nutrients, has good water
holding capacity and is already used as soil amendment (Egamberdieva et al. 2018).
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Pastor-Bueis et al. (2019) reported that a formulation of autochthonous Rhizobium
leguminosarum bv. phaseoli strain based on biochar and perlite proved to be very
promising in case of common bean.

Apart from these various plant based carriers or wastes of agricultural and
industrial sectors have also been found to been assessed by different researchers.
This approach also provides a better way of waste management. Wang et al. (2015)
reported that mixture of wheat husk and 20% perlite resulted in enhancement of
available phosphorus content in case of a biofertilizer containing Aspergillus niger.
Wheat bran based formulation of fungal endophytes resulted in better plant growth
as compared to talc-based formulation (Mastan et al. 2019). Arif et al. (2017) have
reported that application of nitrogen enriched compost supplemented with plant
growth-promoting rhizobacteria led to enhancement in seed quality and nutrient
use efficiency in sun flower. Adeoye et al. (2019) found a formulation containing
de-chromed tannery waste and egg shells to be suitable for Bradyrhizobium
japonicum. Paliya et al. (2019) reported sludge ash to be very promising carrier
material for Rhizobium inoculant formulation. The shelf life of the formulation was
found to be quite long (150 days) and it also resulted in higher nodulation and
pronounced enhancement in the growth of lentil plants.

Another new approach which has been suggested by some workers for improving
the shelf life as well as decreasing the contamination of microbial inoculants is the
fluid bed drying (Brahmaprakash and Sahu 2012). The technique is already com-
monly used in food industry. Sahu et al. (2013) have reported that in case of a
microbial consortium subjected to fluid bed drying, survival of up to 180 days
without any contamination was there.

24.2.2 Liquid Carrier Material as Inoculant Formulation

Liquid microbial inoculants form another important category. As per Mahanty et al.
(2016), these may be “based on aqueous (broth cultures), mineral or organic oils, oil
in water, or polymer-based suspensions.” However, apart from the nutrients for
microbes, these formulations generally have some other additives which perform
various roles like act as cell protectants, help in stability of the formulation, better
adhesive properties, protection after application etc. (Sahu and Brahmaprakash
2016). The liquid carriers allow easier handling, easier supplementation of appropri-
ate additives, as well as easier application (Herrmann and Lesueur 2013; Bashan
et al. 2014; Kaur and Kaur 2018). Also, the higher cell concentrations in case of
liquid formulations usually lower quantity application leads to good efficiency
(Mahanty et al. 2016). Some researchers have also reported longer shelf lives and
lesser probability of contamination (Gopal and Baby 2016). Liquid formulations
which are based on broth cannot be expected to offer protection to the microbes
especially when exposed to the harsh field conditions, that is why the role of
protectants becomes even more significant. Polysaccharides like resins like gum
arabic, Carboxymethylcellulose, polyvinyl alcohol derivatives, glycerol, sucrose,
etc. are some of the commonly used additives (Shaikh and Sayyed 2015, John
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et al. 2011: Mehta et al. 2013). Another advantage of the liquid formulations
containing appropriate additives lies in the fact that they not only allow development
of higher microbial concentrations, but also promote the formation of cysts and
spores, which in turn promotes better survival of the microbes under stressful
conditions. Vendan and Thangaraju (2007) reported one hundred per cent conver-
sion of Azospirillum vegetative cells to cysts within 96 hours in a cyst inducing
minimal salt medium. They also reported survival of cysts up to fourteen months.
Moreover, the formulation also allowed survival of the microbes under high temper-
ature as well as desiccation.

Santosh (2015) assessed the survival of the bacteria Rhizobium, Azotobacter,
Azospirillum, and Bacillus megaterium in Yeast extract mannitol broth, Waksman
medium No.77 broth, Dobereiner’s malic acid broth with NH4Cl (1g/l), and
Pikovskaya broths, respectively, supplemented with various cell protectants (alone
and in combinations) glycerol (0.5%), polyvinylpyrrolidone (PVP, 0.5%), polyeth-
ylene glycol (0.5%), gum arabic (0.5%), and sodium alginate (0.1%). It was
concluded that in case of all the bacteria, the formulation with 0.5% PVP and
0.5% glycerol, maximum increase in the shelf life was observed. Neneng (2020)
reported a liquid formulation comprising of 15% sugar and 85% coconut water
containing two microbial consortia (designated as KHY and IBT, comprising of
cellulolytic microbes, nitrogen-fixing bacteria, and phosphate solubilizing bacteria)
proved to be the best.

24.2.3 Application of Cell Immobilization for Bio-inoculant
Formation

Another approach for bio-inoculant formulation which is gaining popularity is the
cell immobilization or the bio-immobilization technique. In this technique, the cells
are mixed with appropriate polymer allowed to undergo solidification leading to the
immobilization of the cells within the matrix. The cells may be further allowed to
grow and then dried (Sahu and Brahmaprakash 2016). The media may further be
supplemented with nutrients to enhance the shelf life of the product The greatest
advantage of this approach lies in the fact that the matrix provides temporary
protection to the microbes from both harsh field conditions as well as competition
with indigenous microflora, and allows controlled release of microbial cells (Sahu
and Brahmaprakash 2016; Stamenković et al. 2018). Some of the polymers which
have been used for immobilization include agar, methoxy pectin, gellan, xanthan,
alginate, and carrageenan (Vassilev et al. 2014, 2020).

Although there are several advantages of immobilization approach, there are
some constraints also. One of the major problem is the higher production cost
owing to the additional cost of polymeric carrier as well as labor and handling
charges (Sahu and Brahmaprakash 2016; Bashan et al. 2016). Moreover, the lower
stability and mechanical strength of the polymeric carriers may also impede the
large-scale application of this technique. So, some researchers have suggested that
this approach can be applied for co-immobilization of more than one type of
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microbes together (Hickert et al. 2014), which will bring down the cost of produc-
tion. For improving the characteristics of the polymer, Kekez et al. (2016) have
proposed the use of different polymers together (like levan and polystyrene) which
combine the best features of both types of materials lead to improvement in the
characteristics of the final product. Other possible solution could be looking for
cheaper alternative polymers (Vassilev et al. 2020). Nano-additives might also offer
some novel solutions by improving the shelf life, survival or delivery of the final
product (Jampílek and Králová 2017; Prasad et al. 2017). However, all these aspects
call for more in-depth investigations. In the conventional immobilization approach, a
variety of additives have been used for various purposes, some of which are being
discussed in the following sections.

24.2.3.1 Additives Effect on the Efficacy of Immobilized Inoculants
Whole cell immobilization techniques, applicable to both viable and non-viable cell-
systems, can be broadly divided into:

1. Adsorption: physical process, done using solid/water insoluble additives.
2. Aggregation/ cross-linking/covalent bonding: there is covalent bond formed

between the cells and the carrier, no matrix or capsule is used.
3. Confinement or encapsulation: cells are enclosed in a semipermeable membrane

or capsule.
4. Entrapment: cells do not form any bond with the matrix, are merely trapped in

it. Matrix is formed by polymerization.

The effects of immobilization of cells are observed on its physiology, mobility
and its interaction with its microenvironment, including the carrier/additives acting
as the support material. The chemistry of these interactions is still being studied to
define the mechanisms that will predict the immobilized cell’s behavior in terms of
its physical and metabolic characteristics. The selection of immobilization technique
will depend upon these bio-thermo-dynamic principles (Karel et al. 1985).

The criteria for development and selection of additives during the preparation of
cell-based immobilized microbial inoculants are (Fig. 24.1):

a. The additives need to be economically sustainable in terms of the overall cost of
the process development. The additives that act as bulking agents decrease the
operational and processing cost.

b. The product must have high potential for microbial colonization in the soil and/or
plant, as well as survival of microbes during storage.

c. The additive must be compatible and stable for use in both agricultural soil and
plants.

d. There should be no deleterious impact of the product/additive on the nutritional
status and microflora of the soil, and vice versa, preferably having benefitting
potential for both soil and plant.
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For making the laboratory prepared and greenhouse tested bio-inoculants work
under field conditions, their commercial sustainability and cell viability needs to be
enhanced, through the role of additives. Hence, the microbial inoculant once
introduced into the soil, should be able to survive and multiply in the presence of
the existing microbiome of the soil and plant, and sustain a viability (106–107 cells/
plant) at which the beneficial effects may be obtained (Bashan et al. 2016; Vassilev
et al. 2020).

The carriers/ additives define the type of microbial formulation prepared for
immobilized cell inoculants—liquid, cell free, solid, or gel based, which are
summarized in Table 24.1.

Common methods being used more often for cell immobilization in preparation
of microbial inoculants are given below:

a. Gel-cell immobilized inoculants: This technique of bio-immobilization utilizes
water soluble polymers like methoxy pectin, agar, gums (gellan, xanthan, locust
bean), carrageenan and alginate as carriers, additives or encapsulation media for
microbial inoculants to be applied as biofertilizers in soil-plant systems (Bashan
1998; Vassilev et al. 2014).

b. Microencapsulation: In this technique core material (cell/spore) is coated or
entrapped within a polymer forming microspheres (size: 1–1000 μm). It increases
capacity for cell loading, cell survival, and production rate. Matrix is semiperme-
able and cells are physically confined/ protected from external environment,
keeping the internal microenvironment suitable for microbial survival (Rathore
et al. 2013).

c. Interfacial polymerization: It is a method used for microencapsulation that
utilizes the polymerization of two different reactive monomers that form the

Fig. 24.1 Role of additives in preparation of immobilized microbial inoculants
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polymeric film at the point of contact / interface of their respective immiscible
phases (Perignon et al. 2014).

d. Nano-encapsulation: It is the latest technique of cell entrapment or encapsulation,
having strong potential for the future of immobilized microbial inoculants. The
capsule is biologically or chemically derived and is ultrathin (<100 nm) yet
sturdy. It can be used even for the non-spore forming cells. It has the advantage of
cyto-compatibility and mimics the naturally occurring cell-in-shell structures.
These “nanoshells” may be phenolics-based or silica-based coatings, resulting
in environmentally resistant hybrids. They have the potential of cost effective-
ness, increased shelf life, and protection of the microbial strain from environmen-
tal stressors. As mentioned previously, these newer age technologies need further
evaluation for their effects on cells’ characteristics as well as on the environment
(Jampílek and Králová 2017; Park et al. 2016; Prasad et al. 2017).

The preparation of the immobilized microbial cell inoculations requires various
kinds of additives or carriers or supports that are summarized in Table 24.2.

Complex formulations can be designed containing more than one type of additive
to enhance the stability of the cell-shell system and increase the inoculum efficacy,
like skim milk and clay materials, chitosan-starch formulation, alginate-chitosan
beads, bentonite and kaolin in alginate-glycerol encapsulations, alginate-bentonite-
starch microencapsulations, perlite-alginate microbeads in CaCl2—paraffin
emulsions, skim milk—alginate cell beads, bentonite-skim milk—alginate

Table 24.1 Types of microbial inoculant formulations based on carriers/additives

1. Liquid inoculants (Bashan et al. 2016;
Malusà et al. 2016):
a. The microbial cultures are prepared in

aqueous, oil based or polymeric carriers/
additives
b. Advantage: "dispersion capacity,

stability, and viscosity of cell suspension
c. Disadvantage: # viability after

inoculation in soil, as liquid additives get
dispersed in soil

3. Solid formulations (Adholeya and Das 2012;
Malusá et al. 2012a, b; Sahu and
Brahmaprakash 2016):
a. Carriers/ additives may be organic,

inorganic, granular, powdery or solid forms
b. Basis of classification is particle size or

mode of application
c. Example: peat, vermiculite, compost,

perlite, agro-industrial wastes, calcium sulfate,
rock phosphate, polysaccharides
d. Advantage: " cell viability and # cost

Disadvantage: Require more research for
commercial applications.

2. Cell-free formulations (post-biotic) (Bashan
et al. 2016; Mendes et al. 2017; Vassilev et al.
2017):
a. It contains the beneficial extracts from

microbial culture, including their metabolic
by-products
b. The products may include antibiotics,

lytic enzymes, siderophores, toxins as
insecticide/pesticide, or solubilised
phosphates. Example: filtrates from
fermentation broths
c. Advantage: " plant growth and protection
d. Disadvantage: effects last for limited

period only, and require repeated inoculation

4. Solid state fermentations (Vassilev and
Mendes 2018):
a. Uses agro-industrial wastes (solid

substrates + liquid wastes)
b. Advantages: two microbial strains may be

co-cultivated enrichment, " soluble P, "
bioactivity control
c. Disadvantages: requires standardization

5. Gel-cell immobilized inoculants: Most recent
technology, having advantages of both liquid
and solid formulations
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Table 24.2 Types of additives and their characteristics used in preparation of immobilised
microbial inoculants

S. No. Additives Characteristics Examples Microbial strains

1. Polysaccharide or
clay mineral
combinations
(Bashan et al. 2002;
He et al. 2017;
Liffourrena and
Lucchesi 2018;
Zohar-Perez et al.
2003)

• " protection to the
inoculum
• Ensure controlled
release of cells into
environment
• Act as bulking
agents
• Protection from
UV damage
• Make thicker shell
for the cell
• " porosity
• " Solid content/
biomass, protein
content, etc.
• " Cell gel
mechanical
stability.
• " Microbial
colonization

Pyrophyllite,
bentonite and
kaolin

Pantoea
agglomerans,
Trichoderma
harzianum,
Raoultella
planticola,
Pseudomonas
putida, Arabidopsis
thaliana

2. Skim milk (Bashan
et al. 2002; Power
et al. 2011; Vassileva
et al. 1999)

• " Cell viability and
cell number during
storage and after
inoculation
• " Rate of cell
release into
environment
• " Plant
mycorrhizae
• " Microbial
colonization
• " P-solubilising
activity

3–10% skim
milk

Azospirillum
brasilense,
Pseudomonas
fluorescens,
Enterobacter sp.

3. Starch (Bashan et al.
2002; Dunkle and
Shasha 1989; Kim
et al. 2005; Stinson
et al. 2003; Vassilev
et al. 2020)

• # Physical stress to
inoculum
• " Cell viability
• Protection from
UV
• " Plant health and
compatibility with
microflora
• Used for both
bacterial and fungal
strains
• Porosity of beads "
with cell activity in
time

Dried starch
beads or
capsules with
liquid core

Bacillus
thuringiensis,
Metarhizium
anisopliae,
Beauveria bassiana,
Fusarium
oxysporum,
Muscodor albus and
Muscodor roseus

4. Chitin and chitosan
(oligosaccharide)

• " Cell
multiplication

Chitin in dry
olive wastes,

Bacillus subtilis,
Penicillium

(continued)
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formulation, carrageenan—skim milk and bentonite-montmorillonite formulation,
and so on (Vassilev et al. 2020).

24.2.3.1.1 Other Additives Besides Starch and Sugars

Humic Acid
Humic acid (HA) is a complex mixture of stable compounds that is soluble in
alkaline solution formed by microbial decomposition of organic life (plant and
animals) in the soil (Ekin 1883). They contain a larger reservoir of organic Nitrogen
and Carbon. Humic acid is generally solubilized at higher pH. Humic substances
(HS) has both direct and indirect effect on the plant growth, in which they directly
interact with the plant root and activates the physiological processes in the plant,
whereas indirect effects involves its pH buffering action, mobilizing nutrients and
increase in water retention rate (Pukalchik et al. 2018). Direct effect and indirect
effect of humic substances on plants were already studied on various agricultural
crops (Ekin 2019; Baldotto et al. 2010; Schmidt et al. 2007; Pishchik et al. 2016).
However, an integrated approach has been adopted by the researchers both in

Table 24.2 (continued)

S. No. Additives Characteristics Examples Microbial strains

(Berger et al. 2014;
Muxika et al. 2017;
Perez and Francois
2016; Vassilev et al.
2020)

• Antifungal,
Antibacterial,
non-toxic, easily
modifiable,
chelating agent, and
biodegradable
• " Plant health
• " P-solubilising
activity
• Bio-control
activity
• Better storage and
farm application
• " Stress tolerance
and antioxidant
activity
• " Osmoregulation
in plants

chitosan-
CaCl2
solution

janthinellum,
A. brasilense and
P. fluorescens

5. Sugars (Mishra et al.
2013; Morgan et al.
2006)

• Protection of cells
from osmotic stress,
physical damage,
drying
• " Cell viability and
cell multiplication
rate
• " Encapsulation
and storage
efficiency

Glucose,
sucrose,
trehalose

Raoultella
terrigena,
B. bassiana
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developed and developing countries that include combined application of humic
substances and plant growth-promoting rhizobacteria (PGPR) in promoting plant
growth and yield under glass house and field condition (Nardi et al. 2017; Dobbss
et al. 2010). An enhanced interaction of rhizospheric bacteria with the plant
enhances nutrition supply to the plant, tolerance to abiotic stress, and improvement
of crop quality traits. Humic acid and PGPRs are known to enhance the plant
biomass (root and shoot) formation and stimulating soil microflora (Fig. 24.2).

A study conducted by Schoebitz et al. (2016) on combined application of PGPRs
and humic acid in promoting plant growth of blueberry, demonstrated that
synergestic effect was observed on agronomical parameters of plant. H+-ATPase
activity in the plant induces in the presences of humic subst coances, that further
energies secondary ion transporters and promote nitrate uptake, which is facilitated
by ion channels (Canellas and Olivares 2017). Another morphological benefit,
induced within the plant by humic substance addition is lateral roots emergence.
The endophytic bacteria enter the plant through infection sites (root tips, root cracks,
and lateral root) increasing the root formation (lateral roots), root hair density and
length. Thereby, providing more opportunity for the PGPRs to enter the plant and
promote its growth and development (Nardi et al. 2017). Similarly, an integrated
approach adapted for safflower production under semiarid conditions using two
plant growth-promoting rhizobacteria (Bacillus megaterium and Bacillus subtilis)

(a) Effect soil biochemical process 

(b) Casacading effect of C and N 
transformation

(c) Effect on diversity of soil 
microbial community

(d) Improvement of soil health

(e) Improve development of soil 
community

(f) Auxin-like effect

Fig. 24.2 Application of humic substances (a) By controlling soil enzymes that effects the supply
of C and N to soil and process of organic matter decomposition. (b) Redox functional group of HA
act as electron donor for bacterial respiration. (c) Effect bacterial community more than soil fungi
and actinomycetes. (d) Increasing the density of earthworm in soil, by mitigated the damage
inflicted by nickel and deltamethrin on DNA, protein and lipid membrane. (e) It activates molecular
signaling for the transition from growth form to dormant form in the growth media. (f) Induction of
ATPase activity in the plasma membrane, help in root elongation
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and humic acid by Ekin (1883). A synergism between improved nutritional status
and plant stimulation factor leads to increase in plant height, stem diameter, number
of branches, capitula per plant, whereas B. subtilis helps in nitrogen fixation and
B. megaterium enhances phosphorous solubilization. Availability of nutrients to the
plant enhances by architectural and biochemical changes in the root system induced
by humic substances that enhances the root surface area (Canellas and Olivares
2017). Humic acid directly effects the generation of reactive oxygen species within
the plant that helps inducement of root growth and the spread of lateral root
(Cordeiro et al. 2011). Plant constitutes the border cell that acts as a first living
boundary for the plant that helps in environmental sensing and regulates the interac-
tion of rhizospheric microbes in the soil ecosystem. The mucilage compound
secreted by the humic acid within the soil helps in protecting this border cells and
enhances their viability. Similarly, Ahmed et al. (2010) studied the combined effect
of plant growth-promoting bacteria and humic acid to improve the canola nourish-
ment and yield. PGPR application resulted in a greater tolerance level of canola
plants for B. brassicae and some other pathogenic microorganism by accelerating
plant growth (Pineda et al. 2010), whereas humic acid helps in improving the
phenotypic characteristic improvement. Some research has shown that humic acid
application could increase the growth indices such as the dry weight, fresh weight,
and shoot length of maize (Eyheraguibel et al. 2008) and pepper (Gulser et al. 2010).

Protein Hydrolysate (PH)
Reducing the agriculture impact on human and soil health and simultaneously
enhancing the yield of crop are major challenges that we are facing today.
Biostimulant (animal or plant origin) is a promising and sustainable solution adopted
by the researchers to deal with the solution. PHs are “mixtures of polypeptides,
oligopeptides, and amino acids or individual amino acid (glutamate and proline) that
are manufactured from protein sources using partial hydrolysis (Schaafsma 2009). It
can be by-product of animal (i.e., leather, viscera, feathers, blood) or plant origin
(i.e., vegetable by-products) and in biomass of dedicated legume crops (i.e., seeds,
hay) that has undergone hydrolysis either by using chemicals (with strong acids or
alkalis) and/or enzymatic hydrolysis (Maini 2006; Schiavon et al. 2008; Du Jardin
2015; Halpern et al. 2015). It is a sustainable and environmentally friendly approach
that utilizes the waste from agro-industries. Currently, plant derived protein pro-
duced from enzymatic hydrolysis, whereas mostly market available protein hydro-
lysate produced using chemical hydrolysis (Colla et al. 2014) i.e. collagen from
leather by-products in Europe, India and China; fish by-products in United States.
PHs play key roles through the modulation of plant molecular and physiological
processes that trigger growth, increase the yield of plant, and help the plant to cope
with the alleviated abiotic stress of crops (i.e. salinity, heavy metal, thermal, nutrient
stress, and water stress) (Calvo et al. 2014; Yakhin et al. 2017; Botta 2013; Cerdán
et al. 2009; Colla et al. 2013, 2014; Ertani et al. 2013). Protein hydrolysate enhances
the yield and phenotypic characteristic of plant, i.e. increased shoot, root biomass,
and productivity. PHs improve the rhizospheric microbial community and its enzy-
matic activities by improving micronutrient mobility (i.e. Fe, Zn, Mn, and Cu) and
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also modifications in the root architecture of plants, in particular root length, density
and number of lateral roots (Fig. 24.2). Direct effects of PHs on plants include
stimulation of carbon and nitrogen metabolism, as well as regulation of N uptake
mediated by key enzymes involved in the N assimilation process and regulation of
the activity of three enzymes involved in the tricarboxylic acid cycle (citrate
synthase, isocitrate dehydrogenase, and malate dehydrogenase) (Colla et al. 2014).

Cerdán et al. (2009) demonstrated the effectiveness of two commercial protein
hydrolysate using root and foliar application to improve the alkalinity tolerance in
tomato plant. The effectiveness and mode of action of biostimulant (protein hydro-
lysate) vary depending upon the origin and mode of action. Its effectiveness on plant
vary upon the species, cultivars, phonological stages, growing conditions, concen-
tration, and permeability to leaf. Similarly, Botta (2013) uses animal based protein
hydrolysate (obtained by enzymatic hydrolysis) under controlled environmental
condition on lettuce to deal with the cold stress conditions. An enhanced
shoot growth, root growth and enhanced stomatal conductance were observed in
protein hydrolysate treated lettuce as compared to untreated plants. An improved
photosynthetic efficiency, enhancement of chlorophyll content, increase in higher
photosynthetic efficiency, and improvement of carotenoid were some physiological
changes observed in protein hydrolysate treated ryegrass in comparison with
untreated plants (control) grown under controlled environmental condition of
36 �C. An increase in secondary metabolite production (e.g., terpenes,
glucosinolates) on lettuce plants were observed by Lucini et al. (2015) after foliar
application of plant derived PH that was grown under saline conditions. Its because
of secondary metabolites production that activates the defense pathway within the
plant under stress condition that improves the salinity tolerance of lettuce plant
(Fig. 24.3).

Help the plant to survive the stress by

increasing the exopolysaccharide (EPS) soil

production

Allevates stress effect by osmolytic

function, thus ensure various metabolic

plant processes in stressed environment

Enhances the shelf life of microbe by

maintaining high moisture

Potential soil conditioner and effective in

increasing organic carbon content in soil

Maintain the plant growth and increase high

dry matter yield

Influence biochemical soil behavior by

stimulating protease activity

Cultivation and preparation of microbial 

formulation

Fig. 24.3 Benefits of glycerol with PGPR in enhancing plant growth
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Similarly, foliar application of two types of natural plant biostimulants i.e.,
legume-derived protein hydrolysate or tropical plant extract on (Diplotaxi stenuifolia
(L.) DC.) was studied under glasshouse condition. It was observed that plant
biostimulant improves the physiological mechanism, enhances the growth of peren-
nial wall, vegetative growth in the plant. An enhanced yield, color and photosyn-
thetic status, improvement in quality, increase in Ca, P, phenols and ascorbic acid
content and antioxidant activity are some of the characteristics observed in the
treated plant.

Glycerol
Glycerol is an economical polyols, formed as side product during trans-esterification
of triglycerides with the monovalent alcohol to fatty acid alkyl esters (Vassilev et al.
2016). A larger amount of glycerol as a waste was generated from biodiesel
industries, whose disposal is an environmental concern. An alternative approach
has to be adopted by the biologist to efficiently convert this waste into high added
value products. Because of ease of availability and cheap in price, it play a multi-
functional role in the development of microbial inoculants. Glycerol is widely used
as biocontrol agent, preparation and cultivation of PGPR. It is applied as a supple-
ment of carbon source for the growth media and high water holding capacity thereby
protecting the microbial cell from desiccation (Fig. 24.4). Carbon sources have a
differential influence on the wide spectrum of antibiotic produced by the varied
biocontrol strains (Duffy and Défago 1999). Using the same approach Siddiqui and
Shaukat (2003) reported that nematicidal activity of P. aeruginosa strain IE-6S+ is
largely influenced by physiological factors such as carbon sources and mineral
nutrition (Zinc and glycerol). Zinc is among the most essential element, as it act as
a catalyst for varied enzymes and proteins secreted by the microbes and also
influences their cell membrane integrity.

As Seed coating material, Enhances nitrogen

uptake, assimilation and translocation

Increase Root and Shoot biomass (by stimulating auxin

and gibberellin activity)

Increase chlorophyll concentration

Improve net CO2 assimilation and

enhances the translocation of

photosynthates via phloem

Stimulate the production and accumulation of secondary

metabolites, (protein, total phenolic and flavanoid,

antioxidant activity)

Reduce nitrate in leafy

vegetables

Low fat content of protein hydrolysate favor nutrient

and peptide adsorption by microbes

Fig. 24.4 Benefits of protein hydrolysate as biostimulant for plant
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The success of bio-inoculant technology focuses on increasing the shelf life and
preparation of user friendly formulations. The carrier based bio-inoculants suffer
from high contamination, low field performance, and short shelf life (Hegde 2002).

Therefore, for the success of bio-inoculant technology the production of quality
inoculants with increased shelf life and user friendly formulation is the approach
need to be adopted by the researchers. The efficiency of liquid formulation prepared
using PGPR P. fluorescens and glycerol against Fusarium wilt under glasshouse and
field conditions was studied by Manikandan et al. (2010). Glycerol in the liquid
formulation was able to preserve the cell count of microbes even after 150 days, as it
holds a high amount of water and protect the cell from the desiccation effect by
slowing the drying rate, cell membrane and stabilize enzymes (Fillinger et al. 2001).
A significant reduction in mycelial growth of A. solani and F. oxysporum f. sp.
Lycopersici was observed under both glasshouse and field conditions. The adhesive
nature of liquid formulation (Kundu and Gaur 1981) also attributed to greater
number of antagonist cell adhesion to the seed surface and inhibition of plant
pathogens. A microbial formulation is required that increases the shelf life of the
microbial for its better establishment and controlled delivery within the plant. An
inorganic based formulation was prepared by Sarma et al. (2011) using fluorescent
pseudomonad strains and Piriformospora indica (Pi) under field and greenhouse
conditions. Formulation was prepared by adding glycerol and as a source of carbon
for keeping the cell viable, carboxymethylcellulose (CMC), that act as an adhesive
and inorganic carrier (Vermiculite). The addition of prepared formulation enhances
the growth of plant growth, i.e. shoot and root formation and simultaneously control
the incidence of wilt disease caused by Fusarium oxysporum F.sp. lycopersici in
tomato plants under glass house and field conditions.

Silicon
Silicon (Si) is among the most abundant element in the earth’s crust following
oxygen on the basis of mass or number of atoms (Ma 2005). Silicon constitute a
category of biostimulants that are non-essential for the plant nutrition but have the
potential to modify physiological processes of plant, along with the benefits of
growth and development. Silicon called as a quasi-essential element, as their pres-
ence stimulates the plant growth, whereas there deficiency leads to physical abnor-
mality in the plant (Rafi and Epstein 1997; Ma and Yamaji 2008). Silica provides
rigidity to the cell as it deposited in the epidermal layer of the cell wall. It is generally
translocated through xylem in the form of monosilicic acid Si(OH)4 (Barber and
Shone 1996) having tendency to polymerize. Its move through the apoplast of xylem
into the leaves, and taken up actively by cells i.e. trichomes (Savvas et al. 2002).
Silicon is capable of mitigating biotic stress, i.e. plant diseases, pest damage, and
abiotic stress such as heavy metal toxicity (Al and Mn), salinity, drought,
waterlogging, high radiation, nutrient imbalance, high temperature, wounding, and
freezing (Van Bockhaven et al. 2013; Zhu and Gong 2014). Level of water soluble
silica in the soil varies upon the soil type. Oxisols and Ultisols are among the soil
type that contains low level of silica, whereas Histosols contains higher level of Si
that improves pest and disease tolerance of agricultural crops (Haynes 2014).

614 A. Walia et al.



Guleria et al. (2014) found that root application of Si to wheat plant enhances its
resistance to green-aphids (Schizaphis graminum (Rond.) and reduces powdery
mildew severity (Guleria et al. 2014) as compared to its foliar applications. It also
helps in reduction in grazing of wheat plants by rabbits (Cotterill et al. 2007) and
slug feeding on wheat seedlings (Griffin et al. 2015). Si also provide mechanical
benefits to the plant cell wall by forming phytoliths that strengthens the stems and
reduce lodging (Ma 2004; Liang et al. 1996). Si is deposited in the cell wall upon
polymerization of SiO2 (Savvas and Ntatsi 2015), acting as a physical barrier for the
pest penetration and stimulates natural defense mechanisms (Pilon-Smits et al.
2009). Liang et al. (2005) demonstrated that Si adsorption by root can be either
active or passive flow that directly depends upon the concentration of Si in the soil
solution and accumulation efficiency of plant species. Rains et al. (2006)
demonstrated that the active uptake of Si by rice, wheat or other species involves a
similar mechanism, however, the difference in concentration is only in the degree of
their activity. Raven (2001) studied the accumulation of Si in rice and its effect upon
its metabolic process. It was estimated that the permeability of plasma membrane
and passive flow against a concentration gradient, responsible for the Si accumula-
tion within the plant species, that directly effects its growth and development. Some
microbes can also solubilize rock K by chelating silicon ions (Parmar and Sindhu
2013), therefore PGPR in combination with silica can promote plant growth and also
reduces the addition of N and P fertilizer into the soil, thereby maintaining soil health
and quality (Adesemoye et al. 2009).

24.2.3.2 Metabolites
Metabolites are intermediates and metabolism products, developed by microbes,
intended to manage and influence different internal and surrounding activities. These
were classified into primary and secondary metabolites. Primary metabolites are
considered to be necessary for proper growth in microorganisms, whereas secondary
metabolites do not play a role in formation, growth, and reproduction and are usually
developed during the steady-state growth process. They also inhibit unhealthy
species, as well as their own growth and production (Arora et al. 2010). The
regulation of metabolites, along with microbes promoting plant growth, can be
used even more effectively in agricultural applications compared to traditional
cell-based formulations. Inoculant formulations containing microbes or their
metabolites can be used to supply nutrients or bioregulators that directly or indirectly
impact plant growth through a range of mechanisms (Lugtenberg and Kamilova
2009). Microbes of the genera Azospirillum, Azotobacter, Bacillus, Bradyrhizobium,
Mesorhizobium, Pseudomonas, Rhizobium, Trichoderma, and mycorrhizal fungi are
commonly used in inoculum formulations. Various metabolite formulations can be
used to overcome the problems associated with cell-based formulations (Arora
2015). Without funding from the government and non-government sectors, the
desired results to increase the fertility of agricultural fields could not be achieved
by overcoming various environmental issues and the need for sustainability. Use of
metabolites and additives, in combination with cells, making the encapsulated
formulation more reliable and effective. Rhizobial inoculants mixed with flavonoids
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provide better nodulation, nitrogen fixation, and ability to tolerate abiotic stress
(Oldroyd 2013). Lipo-chitooligosaccharides (LCOs) play a significant role for the
symbiotic relationship of rhizobia with the roots of the legume and have beneficial
impact on crop yields (Adholeya and Das 2012). Similarly, mycorrhizae secreted
factors that activate typical symbiosis (SYM) pathways in the host plant and induce
mycorrhizae interaction with plants (Maillet et al. 2011).Various PGPRs, secrets
exopolysaccharides (EPS) that help in nodulation, root colonisation under stress
conditions, neutralise toxins and serve as a carbon source (Tewari and Arora 2014).
EPS can be easily produced at large scale and can be used in EPS modified
bioformulation to protect the cells. EPS may also play an important role in defending
plant roots under abiotic stress (Sandhya and Ali 2015). EPS as a carrier help to
protect the microbe from radiation, extreme pH, osmotic shock, desiccation etc. and
even from the predators (Seneviratne et al. 2011). EPS can therefore be used
effectively as a bioformulation for slow release of bioprotective carrier for better
adaptation PGP microbes in soil. It has been reported that the addition of
tryptophanic precursors stimulate the PGP to increase the production of IAA and
enhancement of root hair formation, plant biomass, grain yield, and even pathogen
control (Zahir et al. 2010). The use of phytohormones such as gibberlic acid,
cytokinins along with chitin as additives in formulations along with the inoculant
microbe has improved plant growth and biocontrol by supplying carbon and enhanc-
ing chitinase function. A number of agriculturally important microbes are known to
develop secondary metabolites that act as antibiotics and antifungal compounds
(Haas and Defago 2005). Likewise, the Bacillus sp. antibiotics such as zwittermycin
and kanosamine are also documented (Raaijmakers et al. 2002). Research also
indicates the usage metabolites based formulations, especially in the case of some
human pathogens such as Pseudomonas aeruginosa, Bacillus sp. Fungi such as
Purpureocillium lilacinum (Khare and Arora 2010; Cavello et al. 2015) and most of
the secondary metabolites are considered to have anti-phytopathogenic activities.

However, owing to the cost of processing, most of the metabolites are not
recommended and have not been developed in pure form in field trials. But in the
near future, and advancement in technological tools it is very likely to make these
metabolites use commercially in various applications of agriculture (Zacky and Ting
2015). These problems need to be resolved before the manufacture and implementa-
tion of cell-free formulations on a wide scale. Some of the metabolites are already in
use in bioformulation, which are cheaply available; other such additives have high
value for their inputs, which are needed at very low concentrations (Cavello et al.
2015). Such metabolite-based formulations can be useful even in varied geographic
and climatic areas, making them holistic and more appropriate to both the agro-
market and end-users. The updated formulations containing bacterial cells and
metabolites would be a sustainable and durable technology that enhances the
efficiency of agricultural process and their productivity manifold. These future
bioformulations can be described as amalgamation of microbe(s)-promoting plant
growth, carrier and additives that support the microbe in one way or another (Zahir
et al. 2010).

616 A. Walia et al.



24.2.3.3 Bioencapsulation
Bioencapsulation entails covering and preserving microorganisms that have been
poured into the soil for gradual and sustained release of PGPR in order to maximize
their effects on plant health and reduce their costs (Kim et al. 2012). Microbial
encapsulated cells under suitable condition can be stored at room temperature for a
long time by reducing the likelihood of diminished survival and this can be done by
adding important nutrients in the encapsulated matrix required for bacterial growth.
Bioencapsulation of PGPR have number of beneficial effects such as regulated
release of bacteria into the soil, protection of microorganisms from environmental
stress, and reduction of contamination that may happen during storage and transport
(John et al. 2011). Bioencapsulation of the microbial cells can be done by
introducing the active ingredient into the matrix and stabilizing it with chemical or
physico-chemical process. Different encapsulation methods have their own pros and
cons thus, the selection of effective bioencapsulation strategy depend upon the type
of strain, expense, processing conditions, etc. (Yeo et al. 2001; Rekha et al. 2007).
PGPR plays an important role in improving sustainable agriculture to increase the
yield of crops (Bashan et al. 2004; Rivera-Cruz et al. 2008) by development of
various phytohormones that enhance root growth, water absorption and nutrients
(Dobbelaere et al. 2001; Spaepen et al. 2007), non-symbiotic nitrogen fixation
(Pedraza 2008) and even solubilization of phosphate (Rodriguez et al. 2006; Zaidi
et al. 2009). Direct inoculation of PGPR without encapsulation could not be so
beneficial because the microorganisms are susceptible to environmental variations
and other stresses etc. but can be overcome through bioencapsulation (Wu et al.
2012; Schoebitz et al. 2013). Encapsulated beads used in the farm must be the size of
seed to make it easy for farmer to use in the fields just like sowing and can be carried
out at the same time and with the same seed drill near to the soil, favouring the
potency of microbial inoculants (Yeo et al. 2001). Most of the bioencapsulation
studies carried out only in the laboratories and under controlled conditions at a very
small scale. However, to generate a significant volume of inoculant, the use of
advanced bioencapsulation devices in large-scale field trials are needed (Tewari
and Arora 2014). In the future, the implementation of various new formulation
techniques will be developed as per the need of the agriculture sector to convert
the laboratory-scale experiments into a reality for fields.

24.3 Impact of the Gel-Forming Polysaccharides on Plant
Health

Plant beneficial microorganisms released into the soil slowly and steadily if those are
encapsulated in suitable polymers matrixes such as alginate, carrageenan etc.
(Bashan et al. 2004). The beneficial impact of many polysaccharides on plants used
in encapsulation technologies are focused on the synergistic behaviour of growth
regulators, osmolytes and polysaccharides used (Bhattacharyya and Jha 2012).
There is clear evidence that polysaccharide gels play a significant role in abiotic
stress protection mechanisms for PGPR (Vassilev et al. 2012). The use of
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exopolysaccharide in encapsulation helps bacteria to grow under harsh conditions
(Sa et al. 2019). These provide hydrated microenvironment that supports all living
conditions for the microbial cells for their efficient growth and development (Chang
et al. 2004) beside acting as signal molecules controlling plant production and
defense (Larskaya and Gorshkova 2015). Various researchers studied the effect of
g-irradiation of polysaccharides such as chitosan, k-carrageenan alginate, etc. and
showed positive impact on plants growth and development (Hien et al. 2012) and
even some of them like oligochitosan, on gamma-irradiation, acts as growth stimu-
lator and antimicrobial agent under drought conditions (Muley et al. 2019). Alginate
gel beads improve the cell viability and stability of Lactobacillus fermentum when
exposed to particular environmental conditions (Liao et al. 2019) (Table 24.3).

Table 24.3 Showing various micro-organisms and their encapsulating agents along with benefits
and their health effect on plants

Gel-forming
agent Microorganism

Beneficial
effects Health effects on plant Reference

Pyrophyliite Pseudomonas
cepacia

Bulking agent • Protection from biotic
and abiotic stress by
providing a better micro-
environment in
rhizosphere
• Slow release of
microbial cells and
nutrients
• Controlled release
triggered by
environmental
conditions
• Healthy growth of cell
in a micro-fermenter
• Isolation of active
ingredients during
application
• Attract and kill
pathogens
• Two or more
bio-control agents can
be encapsulated together
• Maintain extended
metabolic activities
• Targeted delivery
• Worker protection

Rekha et al.
(2007)

Chitin Trichoderma
harzianum

Reduce UV
transmission

Zohar-
perez et al.
(2003)

Bentonite Raoultella
planticola

Continuous
cell release

He et al.
(2015)

Perlite Pseudomonas
putida

Cell-gell
stability

Liffourrena
and
Lucchesi
(2018)

Skim milk Azospirilum
brasilense

Increase cell
number in
bead

Bashan
et al. (2002)

Montmorilonite Enterobacter
sp.

Higher cell
servival rate

Oldroyd
(2013)

Clay minerals Pseudomonas
aeruginosa

Higher plant
growth
promotion

Tewari and
Arora
(2014)

Starch Fusarium
oxysporum

Extended self-
life

Ivanova
et al. (2005)

Olive waste Pencillium
janthinellum

Biocontrol
activity

Vassilev
et al. (2012)

Humic acid Bacillus
subtilis

Higher
survival rate

Young et al.
(2006)

Trehlose Raoultella
terrigena

Desiccation
protection

Schoebitz
et al. (2013)

Protein
hydrolysate

Bacillus
salmalaya

High
encapsulation
index

Vejan et al.
(2018)
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Inclusion of oligosaccharides in formulations can be expected in the near future
for better understanding of the relationship among carriers-additives-
microorganisms-soil-plant systems that is necessary for identifying strategies for
their use (Bhattacharyya and Jha 2012). Study on creation of suitable microenviron-
ment inside the capsules also is considered to promote encapsulation that supports
the overall use of these encapsulated carriers in the agriculture. Research scientists
are consistently using new approaches and modifying the existing strategies that
have already been proven track record in the biotechnological fields (Cavello et al.
2015; John et al. 2011). Further advancement in immobilization methodologies
should be focused on multidisciplinary scientists having expertise in microbiology/
biotechnology, plant physiology/pathology, and agricultural engineers to provide
effective, safe, economically reasonable, and easy-to-use complex biotechnological
products for plant growth and health that can revolutionize the agriculture sector.

24.4 Conclusion

The production, formulation, and application of microbial biofertilizers are the major
steps in biofertilizer technology. This brief analysis of certain biotechnological
methods used in the development and formulation of microbial inoculants shows
the great potential of additional unexploited features. Co-cultivation and
co-immobilization/encapsulation of compatible plant-beneficial microorganisms is
a highly promising strategy, which for several reasons, is expected to be studied in
the near future. Therefore, the co-cultivation of two or more different
microorganisms in free and/or immobilized form provides an optimal solution that
leads to a significantly enhanced production of both constitutively present and
cryptic compounds that are not usually contained in the producing strain's axenic
cultures. The approach of developing synthetic (artificial) microbial systems will
lead to the development of new methods for applying (formulating) a consortium of
microorganisms with different functional properties to maintain, sustain, or improve
soil fertility in order to better study different interactions in a soil–plant environment.
The aforementioned biotechnological tools may therefore be viewed as the first step
in this direction. Using the products of different microorganisms and plant
hormones, growth regulators, derivatives of humic acid, oligosaccharides, and
algal extracts, biocontrol substances and vitamins, further advantages could be
achieved. Solid-state fermentation processes provide an excellent tool for the
co-cultivation and research of compatible microorganisms, their associations,
improvements in the metabolite profile and secretion of novel products, as solid
medium cultures are typically carried out on the Petri dish scale and certain cultiva-
tion conditions make certain review impossible. Both SSF and immobilized-cell
systems can be effectively used in order to explore the range of stress tolerance of
plant-beneficial microorganisms and their metabolic function. The results of such
studies will result in biofertilizer products adapted to drought stress, low/high
temperatures, and/or resistant to high salt concentrations and low/high
pH. Therefore, when evaluating the existing and unrevealed potential of the
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biotechnological methods used in the development and formulation of traditional
and novel inoculant products, we should always take into account the functional
relationship between the large number of players in the exciting game called
biofertilizer technology. However, recent advances in technology-related microbial
research, plant–pathogen interactions, genomics, and genetic modification will also
help to refine the protocols needed for biofertilizer use. Therefore, the efficacy of
biofertilizers depends on the development of novel strategies which, by means of
advanced and improved techniques, are linked to the functions of various beneficial
bacteria and their proper application to fields.
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Abstract

Bioinoculants in agriculture are employed to promote crop growth and develop-
ment mainly by mobilizing soil nutrients and tolerance to abiotic stresses. As the
population is increasing, the demand for agricultural products also increases
which can be achieved by manipulating or introducing enhance agricultural
methods. In recent years, the application of chemical growth regulators,
fertilizers, and pesticides has increased that has imposed serious threats to
humankind. Therefore, bioinoculants are being targeted for achieving an
environment-friendly and economic alternative for sustainable farming. The
plant–microbiome associations play a critical part in plant’s growth and develop-
ment by changing over inaccessible nutritional components into an accessible
form. In conclusion, bioinoculants based sustainable agricultural frameworks
must be essential to address food security, biosafety, and soil management.
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25.1 Introduction

Bioinoculant or known as microbial inoculants are formed by beneficial
microorganisms that indirectly or directly help the host plant by promoting plant
growth and increasing nutrient availability. Microbial species show symbiosis or
free-living relationships within the plant root system primarily due to the deposition
of photosynthetic carbon in them (Joshi et al. 2019) and enhance plant growth by
changing over inaccessible nutritional components into accessible form (Bhardwaj
et al. 2014; Imam et al. 2017; Rawat et al. 2019). Microorganisms contain latent or
live cells for zinc, phosphate, potassium solubilization, and nitrogen-fixing that is
effective within the host plant’s rhizospheric root (Patil and Solanki 2016). When it
is utilized as a soil application or as seedling root dip or as seed treatment it rapidly
multiplies the microbes present which indirectly helps to increase the population in
the rhizosphere. Bioinoculants help in bioremediation, seed treatment by framing a
uniform covering of inoculants over seeds (Dangi et al. 2019). Humankind has
consistently been worried about food production to meet the expanding population
demand and, for quite a while, the arrangement was to extend agriculture to new
regions. In any case, this situation has changed in late many years, first because of
restrictions of unexplored cultivable land, yet additionally fortified by the improve-
ment of innovations that permit better returns, notwithstanding expanding environ-
mental concerns, promoting agricultural works on targeting accomplishing
sustainable production (Singh et al. 2020). In this manner, despite the fact that the
worldwide interest for food keeps on expanding, the ideas of agribusiness manage-
ability, recuperation of corrupted territories, and alleviation of natural effects are
increasing. Bioinoculant is used as biofertilizers when added to soil it promotes the
growth of a plant by increasing drought resistance, mobilization for soil nutrients,
and acts as biocontrol. It is needed for sustainable agriculture development for the
improvement of crop productivity. As the population is increasing the demand for
agricultural products also increases which can be achieved by manipulating or
introducing enhanced agricultural methods. Plant uses microbiota for the improve-
ment and growth in different manners like plant growth-promoting fungi, plant
growth-promoting rhizobacteria, phytostimulation (phytohormones communicated
by an organism like Azospirillum) that legitimately advances the development of
plants, by phytoremediation cycle (Pseudomonas, Trichoderma, Bacillus cereus)
that secures plant against harmful organism and substantial metals (Tang et al. 2020).
Bioinoculants which are used for enhancing the plant yield and growth are
arbuscular mycorrhizal fungi, rhizobacteria (naturally occurring), Piriformospora
indica fungus, etc. (Meena et al. 2017). It plays a role to solubilize the phosphorus
present in the soil, produce phytohormones on the stimulation of plant growth, in
mitigation of abiotic stress, in ameliorating biotic stress (Figs. 25.1, 25.2 and 25.3).
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Fig. 25.1 Role of PGPR in crop production

Fig. 25.2 Isolation and selection of best indigenous microbes
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Nowadays, natural raw materials are preferred for producing secondary
phytochemicals (Bhasin et al. 2019). Ashwagandha is one of the most powerful
herbs in Ayurvedic medicine. (Datta et al. 2017). Ashwagandha and Neem have
revered herb due to their bioactive ingredients, thus we need to cultivate it at a large
scale to fulfill the commercial demands (Singh et al. 2017; Singh et al. 2018a, b;
Gupta et al. 2019). Their cultivation can be greatly enhanced by using bioinoculants.
Production of ENA (extra neutral alcohol) from molasses of sugarcane employs the
addition of microbes in the Aero tiller machine operated daily to mix the effluent and
to aerate the press mud to stimulate microbial activity (Mishra et al. 2019; Singh
et al. 2019).

25.2 Problems Faced by the Farmers

Agro-synthetic overflow is a significant supporter of surface-water pollution. Abun-
dance and wrong use of chemical fertilizers bring about contamination of streams,
ocean, groundwater, and soil washing. Those chemicals can be taken inside the
human bodies through breathing, oral ingestion, and skin invasion. Despite wide-
spread microbial inoculants technology utilization in agriculture, it also faces some
challenges. Microbial inoculants have been applied (for the most part in research) in
the types of fluids (as root dips, soaks, sprays) or as dry formulations with the
immense success recorded, yet the greater part of these strategies is not practicable
for an enormous scope. This is because a huge sum is needed for the ideal use of the

Fig. 25.3 Utilisation of genetically modified inoculants
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inoculants (Callaghan 2016). PGPR is profoundly specific and focused on dissimilar
to chemical inputs that are the expansive range of products. It just affects a specific or
focused on a living being. Thus this brings about the irregularity of value and
adequacy under field conditions including different living beings act at the same
time (Timmusk et al. 2017). It is a genuine challenge to keep up the reasonability of
microorganisms under microbial formulations (Callaghan 2016). It has been
observed that the microbial viability fluctuated significantly in the treated seeds
along with the treatment strategy and capacity temperature. Expanded endurance of
microbial inoculants at surrounding stockpiling conditions is prescribed for micro-
bial inoculants to turn out to be essential for standard agribusiness. The storage of
microbial inoculants is also expensive and sometimes may become dangerous due to
poisonous biocontrol agents (Callaghan 2016).

25.3 Government Initiatives to Control Losses in the Crop
Cultivation

Recent studies have reported that biofertilizers can improve the food quality by
modifying the antioxidants, chlorophyll, and phenolics content (Khalid et al. 2017).
Azotobacter chroococcum and Glomus fasciculatum are known to enhance the
carotenoids, absolute phenolics, and anthocyanins in the lettuce. Numerous
microorganisms can be used as biopesticides as they exhibit antibacterial and
antifungal properties (Rani et al. 2018). Such bioinoculants are the potential source
to be used as biocontrol agents. They produce extracellular hydrolytic enzymes,
compete with other pathogenic microbes, and induce systemic acquired resistance
(Rani et al. 2018). Moreover, they are also known to regulate few plant hormones,
viz. auxin and ethylene. By doing so, they protect the plants from the parasitic attack.
Colletotrichum coccodes is well known mycoherbicide of velvetleaf. Similarly,
Trichoderma offers good biocontrol potential against several pathogens and thus
commercially available in the market (Harman et al. 2004).

25.4 Impact of Climate Variability on Agriculture

There is an adverse effect of environmental stress on plant development, production,
and growth (Koskey et al. 2017). Microorganisms are reported to alleviate the
climatic stress, viz. drought stress, cold stress, and salt stress efficiently when
inoculated in the crops (Benidire et al. 2017; Youseif et al. 2017). Drought is abiotic
stress which affects plant productivity due to water imbalance. This dry period often
occurs and the disband of rainfall affects the area that relies on rainfall for water.
With some modification, plants can overcome drought stress at various levels such
as cellular, metabolic, and morphological levels. Bioinoculants reduce the drought
stress in the supplement to their natural mechanism. Arbuscular mycorrhizal fungi
can confer resistance to drought stress to its host plants by symbiosis process. One of
the major threats to the earth’s surface is the increase in salt content in the soil which
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can affect plant growth and yield. It is caused by natural processes such as mineral
weathering. In saline soil, there is high electric conductivity with low pH. Higher the
concentration of Cl� and Na+ ions in soil leads to lower yield and growth of the
plant. Various physiological processes of plants are affected by low osmotic poten-
tial due to which there is a decrease in plant water uptake. To alleviate salt stress
various microorganisms can be used such as endophytic fungi, arbuscular mycorrhi-
zal fungi.

25.5 Biotic Factors and their Effects on Crop Production

The crops are greatly affected by biotic factors. These factors may be categorized as
negative (due to plant pathogens) or positive (primarily mediated by plant growth-
promoting microorganisms).

25.5.1 Negative Effects

Human activities have greatly affected the environment that has ultimately
influenced the natural balance and ecosystem productivity (Asawa et al. 2019a, b).
Among the negative effects, MLN (maize lethal necrosis), a disease of the maize
observed in African countries could be an important example. The causative agent is
a synergistic interaction between maize chlorotic mottle virus (MCMV) and sugar-
cane mosaic virus (SCMV). It is known to reduce the crop yield at very high rate
(Karanja et al. 2018). Russian wheat aphid (RWA) is known to affect barley, wheat,
and other cereal grains worldwide, especially in Asia, Africa, Europe, the Middle
East, and America. The visual symptoms include stunting, necrosis, chlorosis,
wilting, rolled leaves, trapped awns, yellowish, whitish, and/or purple leaf markings.

25.5.2 Positive Effects

Apart from negative effects, several microorganisms positively affect plant growth
and enhance crop yield. Such microorganisms are known as plant growth-promoting
rhizobacteria (PGPR).

25.5.2.1 PGPR
PGPRs (plant growth-promoting rhizobacteria) are the microorganisms associated
with the plant’s rhizosphere. They are the important contributors towards enhanced
soil fertility and productivity. They minimize the adverse effects originated from
biotic as well abiotic factors. Moreover, they help in the removal of the
agrochemicals and the xenobiotics from the agroecosystems. Several studies have
been done to assess the beneficial effects of PGPR on the different crops including
cereals, vegetables, pulses, horticultural crops, etc. Moreover, efforts have also been
done to evaluate their potential in agroforestry and micro-phytoremediation. The
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potential PGPR candidates are Azospirillum, Azotobacter, Bacillus, Pseudomonas,
and Rhizobium (Suyal et al. 2014; Tomer et al. 2017; Kumar et al. 2018; Rajwar
et al. 2018). Application of PGPR has shown a significant reduction in the need of
chemical fertilizers and other chemical amendments. Following major mechanisms
are employed by the microorganisms to promote plant growth and development.

25.5.2.1.1 Production of Growth Regulators
PGPR produces many different types of antibiotics that combat against
phytopathogens and mainly include zwittermycin A, streptomycin, oligomycin A,
butyrolactones, oomycin A, kanosamine, phenazine-1-carboxylic acid, pyrrolnitrin,
pyoluteorin, xanthobaccin, viscosinamide, and 2,4-diacetyl phloroglucinol
(2,4-DAPG).

25.5.2.1.2 Increased Uptake of Minerals and Soil Fertility
The PGPRs are well known for their potential P solubilizing ability (mainly rock
phosphate) by producing phosphatase and organic acids and mineralize the unavail-
able fixed phosphate and make it available to plant roots. Soils contain a large
reservoir of total phosphorus (P) but a tiny proportion of this total is supplied to
the plants. The plants only absorb phosphorus in two forms, that is, the monobasic
(H2PO4

�1) and the diabasic (H2PO4
�2).

25.5.2.1.3 Induced Systemic Resistance (ISR)
It represents the plant’s defense ability to exclude or overcome the pathogen attacks.
The ISR mechanism steps are (1) linked to growth promotion, that is, developmental
escape, (2) reduced symptom expression, that is, physiological tolerance, (3) micro-
bial antagonisms, and (4) induction of biochemical-resistance. It can be represented
by reinforcement of the cell wall and production of pathogen-related proteins. PGPR
promotes plant growth by taming growth-restricting conditions in an indirect mode.
Moreover, they produce pathogen-antagonistic substances to protect the host plants
with the help of ISR mechanisms.

25.5.2.1.4 Siderophore Production
Some living-organisms (fungi, bacteria, grasses, etc.) are involved in the secretion of
high-affinity iron-chelating compounds which are referred as siderophores and
known as the strongest soluble Fe3+ binding agents. The enzymes used in the key
physiological processes of the plants, viz. photosynthesis, respiration, and metabo-
lism are greatly dependent on the iron as a co-factor.

However, its bio-availability is limited due to low solubility under neutral pH
conditions. In such Fe-limiting environments, PGPRs are known to be excellent
producers of siderophores which are selective ferric ion chelators. Application of
pyoverdine produced by Pseudomonas in the soils is advantageous to fusarium wilts.

25.5.2.2 Adaptation Strategies
The intricate and solid connection between soil degradation, environmental change,
and food weakness is a worldwide test. Sustainable agricultural frameworks must be
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essential to any plan to address environmental change and changeability, improve
inexhaustible freshwater flexibility and quality, re-establish degraded soils and
biological systems, and advance food security. These difficulties are being
exacerbated by expanding population and diminishing per capita of land that is
capable to produce a crop and sustainable freshwater gracefully, the expanding
recurrence of outrageous occasions, the diminishing strength of agroecosystems,
and expanding income and well-off way of life with developing an inclination
towards meat-based eating regimen and diminishing soil quality and use effective-
ness of sources of info. Turning around these descending spirals infers the usage of
demonstrated innovations, for example, protection horticulture, coordinated supple-
ment of the executives, accuracy agribusiness, agroforestry frameworks, and so
forth. The rebuilding of debased soil and desertified biological systems and the
formation of positive soil and environment C financial plans are significant. Urban
agriculture and green rooftops can decrease the vitality impression of creation chains
for metropolitan and non-urban zones and upgrade the reusing of side-effects.
Researchable needs to incorporate supportable land use and soil/water the
executive’s alternatives, reasonable soil administration, and usual way of doing
things towards installments to land directors for the provisioning of environment
administrations.

25.6 Microbial Inoculants

Inoculants have their creation living microorganisms that fit for profiting the
improvement of various plant species. These are diazotrophs, rhizobia, and others
that colonize the plant’s surfaces and make the positive associations. The beneficial
interaction of legumes rhizobia enhances the biological nitrogen fixation, which
regularly can completely fulfill the plant’s requirement on nitrogen. Also, other
diazotrophic microscopic organisms, for example, Azospirillum, set up
non-obligate associations with the plants and provide nitrogen to them (Santos
et al. 2019). Recent innovations and advancements are based on the applications
of microbial consortia that can enhance plant growth through various mechanisms
(Chibeba et al. 2015). Such microbial consortia which have proved their potential are
strongly recommended to the farmers (Bulegon et al. 2017; Ferri et al. 2017). The
first commercially available microbial inoculant “Nitragin,” was developed by USA
in 1896. It utilized gelatin as a carrier. Later, it was supplemented by peat to reduce
the microbial death rate. In 1956 first inoculants were introduced in the industry, in
Argentina, the inoculants industry was established in 1980 where reinoculation of
soybean was increased. In 2000 Brazil has made the first liquid inoculants of the
microorganisms. In India, more than 100 bioinoculants industries were established
in 2011. In 2014 first Brazilian inoculants were registered for co-inoculation. In 2016
China reaches 842 deposited patents of inoculants and Ghana establishes its first
inoculants industry. In 2019 Brazil sold 70 million doses of inoculants per year
(Santos et al. 2019). In any case, these days, expanded interest for food, enthusiasm
for practical horticulture, and expanding awareness about pest and pathogen that
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posesprotection from agrochemicals is exponentially raising the attention of the
world (Santos et al. 2017; Gundi et al. 2018).

25.7 Bioinoculated Crops

25.7.1 Soybean

Glycine max (Soybean) is an economically important, annual, herbaceous, dicotyle-
donous legume crop contributing to major portion of the edible oil worldwide.
Eastern Asia Argentina, Brazil, and the USA are the main soybean producers
worldwide. The success of the soybean crop lies in the biological nitrogen fixation.
The excessive application of agrochemicals, viz. xenobiotics, pesticides, fungicides
may kill the natural symbionts of the crop and thus greatly reduce the biological
nitrogen fixation.

25.7.2 Maize

Zea mays (maize) is the world’s third most cultivated cereals and native to Central
America. It is used for human consumption, animal feed, and several industrial
applications and thus is in great demand. The USA, China, and Brazil are among the
top producer and consumers of this crop. In recent years, it is being targeted for
producing biofuel. Maize is known to harbor several PGPB, especially the genus
Azospirillum. This genus is being explored for maize production worldwide.

25.7.3 Rice

Oryza sativa (rice) is native to Asia and cultivated since 120 million years. Presently,
this cereal crop is grown all over the world and covers approximately 11% of the
agricultural area worldwide (Singh et al. 2018a, b). It is a most common and staple
food for majority of the population in the world. The production of this crop is
greatly affected by abiotic as well as biotic factors. More importantly, climate
change and vulnerability towards pathogens have seriously affected its production
worldwide.

25.7.4 Faba Beans

Faba beans (Vicia faba L.) are used in China for 5000 years, however, their exact
origin is still unknown. Presently, this crop is grown all over the world due to its
adaptability towards a range of climatic and edaphic conditions. Brazil, China,
Egypt, Italy, Mexico, Spain, Morocco, the UK, and Russia are the main producers
and consumers. In recent years, climate change has severely affected its production.
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Several plant growth-promoting microorganisms are employed to improve its
production.

25.7.5 Vegetables

Tomato, potato, onion, and several other vegetable crops are consumed by millions
of people in their diet, as ingredients of hot dishes, consumed as salads, for the
manufacture of many products they also used as a raw material with great application
in the industry, mainly sauces. These crops are known to benefitted by several
PGPR, especially Azospirillum, Bacillus, and Pseudomonas (Heuvelink 2018;
Lima et al. 2018).

25.7.6 Legumes

Legumes are cultivated and consumed by a majority of the population worldwide.
They are known to harbor diversified rhizobial strains. Among these, Cicer arietinum
(Chickpea) is highly nutritive and most studied legume crop that is known to be
inhabited by Mesorhizobium strains. In recent years, isolation, characterization, and
development of novel rhizobial strains associated with the pulses are being targeted.

25.8 Bioinoculant Formulations

It is a mixture of selected microbial strain and a suitable carrier. The carrier substance
offers safe and steady application of the inoculants. It should have sufficient shelf
life, biodegradable, and should not be contaminated easily (Sahu et al. 2018;
Bhattacharyya et al. 2020). Several bio-formulation techniques are used now days;
among which some are being discussed below:

25.8.1 Cell Immobilization

Earlier macro-alginate beads of size 2-5 mm were used for the bacterial strain and
mycorrhiza fungi (Streptomycetes sp.) immobilization using kaolin-alginate formu-
lation. For 15 weeks starch and talcum powder were added and formulated to
increase Streptomycetes sp. survival rate. It was accounted for that
co-immobilization of the two microorganisms could give preferred outcomes over
a single microorganism.

638 M. Singh et al.



25.8.2 Encapsulation

In this process, microorganisms are entangled in polymeric matrix to improve
effectivity and stability. Initially, it involves the retention of usable ingredients
into a matrix (liquid or solid), the subsequent step comprises the solution splashing
on solid particles, and at the end adjustment by physico-chemical processes and a
chemical cycle of polymerization. This process ensures organisms under abiotic and
biotic stress conditions. Pseudomonas fluorescence upgrades the endurance of
microorganisms by colonizing Beta vulgaris and producing 2,4-diacetyl
phloroglucinol, an antifungal metabolite. Similarly, miniature alginate beads having
Beauveria bassiana are used to control Solenopsis invicta.

25.9 Conclusion

In recent years, scientific and commercial attention is being paid to the isolation and
development of novel bioinoculants due to their additional benefits over
agrochemicals. Although long-term storage of the seeds inoculated with
biopesticides has raised some issues. But the recent developments and innovations
emerge a ray of hope. Further, microorganisms have specific requirements which
must be taken into consideration before developing them as bioinoculants. Conclu-
sively, production of microbial inoculants seems additional benefits to the farmers
for environmental safety besides plant growth and development. Therefore, their
exploration should be encouraged to achieve enhanced crop production and agricul-
tural sustainability.
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