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About This Book 

Climate change is a complex societal issue that we must comprehend to better 
deal with its challenge. Climate change has a significant impact on people’s lives, 
energy demand, food security, etc. The book provides an overview relevant to various 
biological mechanisms that regulate carbon exchanges between the major compo-
nents and their response to climate change. The Book will address the need to use a 
multifactor experimental approach to understand how soil microorganisms and their 
activities adapt to climate change and the implications of carbon cycle feedback. 
The most pressing concern is a clearer understanding of the biological factors that 
regulate carbon exchanges between land, oceans, and the atmosphere and how these 
exchanges will respond to climate change via climate–ecosystem feedbacks, which 
could augment or quell regional and global climate change. Terrestrial ecosystems 
play an important role in climate feedback as they produce and absorb greenhouse 
gases like carbon dioxide, methane, and nitrous oxides. The current book will focus on 
recent research designed to use beneficial microbes such as plant growth-promoting 
microorganisms, fungi, endophytic microbes, and others to improve understanding 
of the interaction and their potential role in promoting advanced management for 
sustainable agricultural solutions. Changes in climatic conditions impact all aspects 
of the agricultural ecosystem, including yield in terms of quantity and nutritional 
quality. Understanding the influence on the native microbiome, such as the distri-
bution of methanogens and methanotrophs, nutritional content, microbial biomass, 
and other factors, is becoming increasingly crucial to establishing climate-resilient 
agriculture.
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Chapter 1 
Diversity and Biogeography of Soil 
Bacterial Communities 

Soheila Aghaei Dargiri and Ali Movahedi 

Abstract Soil microbial communities are essential for crucial soil activities such as 
litter decomposition, nitrogen cycling, and plant productivity, which are necessary 
for human health. The scientific knowledge of microbial biogeography is woefully 
lacking when it appears to soil bacteria, despite the widespread expectation that 
soil bacterial communities directly impact many ecosystem processes. Researchers 
are becoming increasingly interested in the global distribution of soil microbes and 
the influence of environmental change at the regional level. This is because of the 
high microbial diversity that soils contain and their important role in biogeochem-
ical cycling. As a result, we now know that the bacterial diversity of soil is high, 
and the composition and diversity of soil bacterial communities change with various 
biological and non-biological stresses. The full range of microbial diversity can 
now be analyzed using ribosomal DNA. Such research could also shed light on 
the environmental factors influencing microbial community change. These more 
accurate models could anticipate the temporal-spatial dynamics of soil biodiversity 
and ecosystem functions in changing contexts, which could help with soil biodiver-
sity conservation and ecological function presentation in the face of future climate 
change. Such knowledge could aid humans in coping with future environmental 
changes and increase our ability to predict microbial communities accurately and 
their function in a changing world. We propose the following difficulties and research 
opportunities for future microbial biogeographic investigations.
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Introduction 

A central purpose of microbial ecology is to link microbial distribution templates 
to underlying ecological activities. Developing links is significant for both funda-
mental knowledge and practical consequences, for instance, in manufacturing precise 
universal biodiversity evaluations and prioritizing management aims in the face of 
both native and worldwide alternation [1–3]. However, getting this critically hinges 
on our abilities too much specific biodiversity in the first period, with different 
methodological and theoretical alternations limiting our comprehensive of microbial 
distribution templates and their underlying ecological stimulus. 

Soil bacteria are the early drivers of ecological activities [4–6]. Several bacteria 
depend on the manufacture or attraction of greenhouse gases such as CO2, CH4, and 
N2O [7]. Proteobacteria and Acidobacteria are the most phyla in soil bacteria [8–10]. 
It has been shown in the reports that the structure and diversity of soil bacteria is 
increased by soil characteristics and plant species. Soil pH is a significant agent in 
reining bacterial community manufacture [3]. Further, soil specifications as well as 
impact soil bacterial community combination and variety, such as nutrient accessi-
bility [11–13] and plant variety [14–16]. The release of bacterial communities in prior 
studies found that the association of soil bacteria was increased by soil exclusivity, 
climatic, or other particular [17–19]. Comprehensive mechanisms that influence the 
abundance, distribution, and diversity of organisms over spatial and temporal levels 
are basic challenges in ecology. Several macroecological laws have been proposed 
for plants and animals to explain the physiological, ecological, and certain evolu-
tionary factors that underpin these templates. Microorganisms also display spatial 
and temporal patterns in abundance, dispersion, and diversity [20–24]. However, 
it is uncertain if macroecological criteria defined for plants and animals apply to 
microorganisms and whether they may improve forecasts of microbe abundance, 
distribution, and variety. 

Definitions 

Diversity 

The overall number of species present, i.e., species richness or abundance, and the 
distribution of individuals among those species, i.e., species evenness or species 
equitability, have been classified as biodiversity [25, 26]. Because of the necessity of 
observing the entirety, functionality, and long-term sustainability of both natural and 
managed terrestrial ecosystems, the biodiversity of soil biota is becoming more and 
more necessary recently [27–33]. However, our understanding of soil biota biodi-
versity remains hazy due to a lack of acceptable methodologies for assessing the 
contribution of various soil biota components to ecosystems [34].
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We can distinguish the effects of various ecological processes on a community 
structure by quantifying and comparing biodiversity. There are numerous approaches 
to evaluating biodiversity [33], but they always fall into two categories: differentiation 
diversity or inventory diversity. Inventory diversity measurements describe diversity 
inside an environment (alpha diversity, according to Whittaker [35]), whereas differ-
entiation diversity describes diversity turnover between environments (beta diver-
sity). As a result, a community with high inventory diversity has great biodiversity 
within a habitat at a specific spatial scale, whereas two distinct communities with 
high differentiation diversity share only a few species. Numerous assessment variety 
statistics qualify the biodiversity based on a set of parameters. All consider the 
number of different taxa present in a particular sample and additional information on 
the evenness in relative abundance (e.g., Shannon index and heterogeneity measures). 
Others include the level of phylogenetic diversity (PD) within samples, which may be 
especially important in varied microbial communities [36, 37]. Significantly, assess-
ment diversity characteristics may assay biodiversity on any scale. Usually, alpha 
diversity, also known as “native diversity” refers to diversity at the lowest spatial 
scale of analysis, whereas gamma diversity is a statistic for regional (landscape) 
diversity. 

Biogeography 

After various decades of using molecular phylogenetic tools to study microbial 
community composition, we now learn that there are similarities in biogeograph-
ical templates in microbial and microbial communities [20, 38]. Biogeography is 
the study of the distribution of taxa through space and time, and it has provided 
essential insights into the mechanisms that sustain and generate species variety [39]. 
Numerous studies have shown that microbial communities can display biogeographic 
patterns, which are often qualitatively comparable to those of macroorganisms [40– 
42]. Understanding why microorganisms differ quantitatively in their distribution 
from plants and animals is crucial for various reasons. For starters, biogeographic 
patterns can lighten the fundamental processes governing biodiversity. Quantitative 
discrepancies in biogeographic patterns could imply that bacteria and larger species 
have different underlying mechanisms. Second, biogeography serves as the conserva-
tion and environmental management framework, including bio-prospecting. Under-
standing whether microbial and plant/animal biogeography follow distinct patterns 
is critical for developing effective management and conservation strategies [43–45]. 
Some argue that bacteria have weak biogeographic patterns because they differ funda-
mentally in ways that influence their biogeography, such as high abundance, lifespan, 
or dispersion capacities [9]. Others, however, have claimed that these discrepancies 
are byproducts of the method used to study microbial biogeography [21, 46]. 

Biogeographic patterns are well known to change quantitatively with geograph-
ical scale. This holds true for microorganisms [21, 47] as well as bigger organisms
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[48, 49]. Environmental filtering is thought to be a more important driver of biogeo-
graphic patterns at smaller spatial scales [20, 21, 50], whereas dispersal limitation 
and/or diversification are supposed to be more important drivers of large-scale spatial 
patterns [40, 51, 52] though dispersal limitation can also play a role at local scales 
[21, 53]. 

Changes in Soil Microbial Biogeography in the World 

Soils would not be without the activity and diversity of millions of soil-inhabitant 
animals and microorganisms. The targets of soil microbial biogeography are to 
research the ecological spreads of soil microbial variety, community components, 
and functional properties among spaces and times from regional to worldwide 
measures. The research of microbial biogeography is necessary to realize further 
the systems that produce and preserve microbial variety and regulate key ecosystem 
activities, such as nutrient cycling, organic substance analysis, crop fertility, and 
general health [54]. 

Ecological Factor and the Global Distribution of Soil 
Microbial Communities 

Over the recent two decades, investigations have considerably improved our science 
of the deployments of soil microbial settlements from native, regional, and conti-
nental to worldwide amounts. From a classic geographical view, a negative rela-
tionship between space from the equator and the variety of plants and animals 
was mainly mentioned in the recent century [55]. Bacteria, protists, and planktonic 
foraminifera in marine habitats are negatively connected with the global latitudinal 
gradient [56, 57]. Nevertheless, the greatest investigations have not identified the 
attendance attitude of soil biodiversity worldwide in soil mechanisms. The trend 
of growing diversity from the poles to the orbit has been ultimately proven in the 
Southern Hemisphere. Environmental factors are the most important global drivers 
of the dispersion of soil microbial communities. Additionally, on a broad regional 
scale, aboveground-belowground interactions and rhizosphere-microbe relationships 
are important drivers of soil microbial diversity. The effects of historical factors (such 
as climatic legacies) (6, 26) as well as the characteristics of microorganisms them-
selves (such as body size, the ability to colonize, and adhesion) (41) on microbial 
distribution should be considered besides the effects of current environmental factors 
(such as climate, soil, plants, and animals) (Fig. 1.1).

Microorganisms are interdependent [58], resulting in a variety of ecologically 
significant but ad hoc relationships such as hostile, aggressive, mutualistic, and
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Fig. 1.1 Changes in soil microbial biogeography in the world

predator-prey interactions [59]. This complication of the interactions between micro-
bial partners has been prospected frequently by applying lattice analysis [60, 61]. 
The application of relationship networks in microbial ecology [62] has improved 
our valence to quantify the surface of microbial co-occurrence templates, compre-
hend the drivers of microbial community complex (e.g., soil carbon and pH and 
vegetation figures) [63–65], and know many joined taxa and keystone types [66, 67] 
among environmental gradients [64]. The extent of microbial networks is slightly 
modern and must be created based on years of experiments in researching crop and 
animal communities [68, 69]. Although we are yet absent a powerful document 
of the ecological perspective which occurs in network conclusion, that needs an 
experimental configuration rather in the future [70]. 

Ecosystem Function and Soil Microbial Biogeography 

Soil biodiversity displays active patterns in regulating ecological functions and 
ecosystem amenities [71–73]. One of the primary goals of soil microbial biogeog-
raphy is to link the distribution of microbial communities to the ecological services 
that they’re backing, which contain both single (nutrient cycling, crop fertility, and 
general safety) [74–77] and many (ecosystem multifunctionality) activities [72, 73]. 
The final experimental function identifies which microbial variety [78] and micro-
biome complication [79] are responsible for which ecological function. Subsequent 
experimental labor and worldwide projects must emphasize isolation and culture
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of soil microbial species and acquiring data through total-genome sequencing, 
proteomics, and metabolomics-based materials to allocate particular functions to 
specific species [78, 80–83]. This information is critical for identifying soil organisms 
to cultivate crop production and combat pests in the field. This data will consider-
ably improve our current taxonomy of soil bacteria of the greatest variety that remain 
unidentified. Global initiatives should encourage taxonomists to devote a portion of 
their careers to culturing and isolating taxa, a fundamental task that is required to 
advance the field of microbial ecology but is often overlooked, in part because it is 
time-consuming and does not always result in prestigious publications, hampered 
researchers’ early careers (Fig. 1.1). 

Soil Biodiversity Global Atlases and Their Functions in Global
-Change Scenarios 

The recent outward of the first worldwide atlases of the abundance or biodiversity 
of bacteria [84, 85], fungi [86], nematodes [87, 88], earthworms [89], mycorrhizal 
fungi, and N fixer organisms [90], highlighting possible locations including unknown 
species, was a major violation in soil microbial biogeography [91]. The various span 
of soil specifications (e.g., soil pH) and climatic situations have been used to predict 
and plan the worldwide dispensations of many soil organisms at zonal [92, 93], 
national [94, 95], and continental [96, 97], and global [86, 98] scales. These attempts 
have propelled the first national atlas of bacterial biodiversity among European Union 
(EU) member states based on the available EU-wide soil pH information [96] and the 
first French national atlas of soil bacterial enrichment [94]. More national tires are 
needed to map the dispensation of soil organisms among their territories, an effort that 
forms the basis for the national protection of soil biodiversity. Worldwide initiatives 
are needed to major study how significant land applications, such as agriculture 
(https://www.globalsustainableagriculture.org), adjust the global distributions of soil 
organisms (Fig. 1.1). 

Biogeography of Microbial Communities 

Soil pH was the most influential environmental factor on bacterial diversity, with 
neutral soils having the most diverse and acidic soils having the lowest. These studies 
also found that taxa-area connections were poor in soil microorganisms, showing that 
microbial biogeography differs fundamentally from “macroorganisms.” Jones [99] 
established the ecological features of specific populations such as Acidobacteria 
and validated the role of soil pH in their dispersion by applying a pyrosequencing 
approach to ribosomal sequences in the same soil samples. Johnson [99], on the other 
hand, found that changes in the genetic structure of bacterial communities from

https://www.globalsustainableagriculture.org
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various agricultural soils were connected with soil texture and electrical conduc-
tivity rather than pH. The overall discrepancy of these results could be attributed 
to an insufficient sampling approach in terms of the number and representativeness 
of soils sampled. However, it emphasizes the need for more studies on microbial-
biogeography to understand the determinism of microbial diversity better, especially 
since this directly affects a wide range of ecosystem functions and thus the quality 
of our environment. 

Soil Bacterial Diversity 

Microorganisms are a rich source of genetic variation, but they are still poorly under-
stood and researched [100]. Bacteria contribute significantly to this variety as one of 
the three domains in the evolutionary tree (Archaea, Bacteria, and Eucarya) [101]. 
The bacterial group has a long evolutionary history, allowing it to inhabit most 
terrestrial habitats. Bacteria account for the majority of biomass on Earth and are 
responsible for vital life processes such as the carbon, nitrogen, and sulfur cycle. As a 
result, there is intra-specific diversity besides bacterial species diversity. As a result, 
there is intra-specific diversity and bacterial species diversity. The total number of 
genes found in strains characterizes the bacterial genome, which can be divided into 
two groups: (i) the core, composed of genes found in at least 95% of strains and 
essential for the cell’s life cycle; and (ii) the auxiliary group, found in only 5% of 
strains and responsible for species adaptation in different environments [102]. The 
core is preserved in species through speciation and vertical transmission; however, 
the auxiliary group does not identify the species because it is unique to each strain. 
This last collection of genes is also passed horizontally from strain to strain and 
between species [103]. This concept indicates that bacterial diversity is not static 
due to the high reproduction capacity linked to the short life cycle and high cell 
multiplication rates, which results in a high adaptability value and rapid reactions to 
environmental change [102, 104]. 

Soil bacteria are important components of soil ecosystems because they participate 
in the mineralization of organic matter, the biogeochemical cycling of carbon and 
nitrogen, and various other soil processes [105–107]. Soil qualities [9, 108], plant 
species [109], litter quality, and root exudates [33, 110, 111], as well as temperature 
and precipitation under different climatic situations, can all influence their spread 
[112, 113]. Microbial community study has traditionally relied on culture procedures 
employing a variety of culture media designed to maximize the recovery of various 
microbial species [114]. However, culture-dependent approaches are not commonly 
employed currently because it has been showed that most microorganisms cannot be 
cultivated in vitro [115, 116], probably because of constraints in supplying particular 
growth conditions in culture media [117].
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Conclusion 

This chapter investigates the biogeographically distribution patterns of bacterial 
communities in soil. Native soil characteristics are dominant factors in shaping 
bacterial communities and are equally responsible for their changes. In addition, 
geographic distance was also an important factor in changes in bacterial communi-
ties at scale. Since soil microorganisms play an essential role in many ecosystem 
processes, cataloging community structures and their differences will help to predict 
better landscape-scale responses to environmental changes, such as erosion and soil 
transformations. Further work prospects include understanding the diversity patterns 
of another major group of soil microorganisms. 
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Chapter 2 
Microbial Consortium: A Boon 
for a Sustainable Agriculture 

Manoj Kaushal, Sunita Devi, Kailash Chand Kumawat, and Ajay Kumar 

Abstract Rhizosphere is a highly activated region in the soil where microbial 
number and diversity is huge. These belowground microbes are interacted with each 
other as well as with the plant roots and some of these interactions are benefi-
cial for plant growth. The plant signalling molecules (like root exudates) produced 
by plants shapes the microbial diversity in the rhizospheric region. Some of the 
rhizosphere microbes are useful for the plant development and are known as plant 
growth promoting rhizomicrobes (PGPR). These PGPR exerted various plant growth 
promoting effects by various mechanisms like phosphate solubilisation, nitrogen 
fixation, plant growth hormones production, secretion of antimicrobial compounds 
etc. These PGPR are excellent substitute for chemical inputs used for increasing 
crop production as chemical inputs disrupt the soil biological as well as chemical 
property. The PGPR formulation used as biofertilizer and are generally use single 
microbial strain. But the application of single microbial strain biofertilizer in soil 
showed inconsistency in the results. Research studies have showed that application 
of biofertilizer containing two or more microbial strains also known as co-inoculation 
or consortium is more beneficial as compared to single microbial strain application. 
Therefore, in the present chapter the importance of biofertilizer containing microbial 
consortium for the application in sustainable agriculture is discussed.
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Introduction 

With increase in human population there is demand of increasing crop production to 
main the food supply at equilibrium. Initially usage of chemical fertilizers achieve this 
target but continuous and increased usage of these chemical fertilizers have adverse 
affect on soil biological health which degrades the soil physico-chemical properties 
as well as these chemicals enter into the food chain and cause diseases in human [1]. 
Microorganisms are marvellous alternate for sustainable agriculture to overcome the 
issues encountered by the usage of chemical fertilizers. Plant associated microbiome 
is found to promote plant health therefore worldwide scientists trying to explore 
these useful microorganisms [2]. The huge diversity of these useful microbes is 
persisting mainly in the rhizospheric region (soil surrounding the plant root) because 
of exudation from plant roots which serve as nutrients for the microbes [2, 3]. These 
rhizospheric microbes reported to exert beneficial effect on plant growth by various 
mechanisms like helping in absorbing nutrients, conversion of non-usable form of 
nutrients to available form, protect plant from pathogens by secreting antimicrobial 
compounds, improve stress tolerance capacity of plants under adverse growth condi-
tions etc. [4]. So, utilizing these beneficial microbes in agriculture not only decrease 
our dependence on chemical inputs but also improve soil health along with improved 
crop production. 

The plant roots and rhizopsheric microbiome are not only connected physically 
but also chemically. The microbiome composition in the rhizopshere is influenced 
by signal molecules produced by the plant roots like root exudates. The root exudates 
shape the microbial composition in the rhizospheric region and microbial diversity 
varies with the plant species [5]. In the same harmony, rhizospheric microbes also 
influence the plant growth and perform other ecological cycles. These diverse rhizo-
spheric microbes communicate in the rhizosphere using various mechanisms like 
quorum sensing to maintain homeostasis in this region [6]. 

These rhizosphere associated microbes which exerted positive effect on plant 
growth are known as Plant Growth Promoting Rhizomicrobes (PGPR) which includes 
bacteria as well as fungi. These PGPR colonize the root zone soil or may be present 
intracellularly within plant cell and exert positive growth affect on plant growth 
when applied to soil or surface of plant or seed [4]. The application of these PGPR 
not only improves the crop production under sustainable agriculture but also after 
continues use of these PGPR for 3–4 years there is no need to apply inocula of these 
beneficial strains as they naturally build up in sufficient quantity within soil ecosystem 
[7]. These PGPR are used as biofertilizers which may be phosphate solubilizers or 
nitrogen fixers etc. using bacteria or cyanobacteria or fungi or their combination. 

Generally, biofertilizers containing single PGPR strain is applied in the agricul-
tural soil but due to inconsistent performance of single microbial strain it is always 
beneficial to use mixed microbial culture or co-inoculation or consortium for the 
application in agriculture. This application of microbial consortium is helpful in 
exploiting the synergistic interaction of microbes or complimentary benefits for plant 
growth [8, 9]. The biofertilizer consortium basically consists of different compatible
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microbial strains (allochthonous) with diverse plant growth promoting attributes. 
The genetically different microbes in the consortium have different ability to adapt 
to various adverse soil conditions like pH, moisture, temperature etc. [10]. After 
application in the soil, these different consortium microbial strains can be activated 
by the root exudates or other plant physiological response in the rhizosphere region. 
The production of single biofertilizer strain in industry is costly as compared to the 
production of biofertilizer consortium [8, 10]. Also, with the application of biofer-
tilizer consortium in the soil multiple plant growth promoting traits are activated 
simultaneously in the rhizospheric region. So, overall usage of microbial consor-
tium is broad spectrum as compared to the application of single microbial strain. 
Therefore, to achieve improved plant growth the microbial consortium with multi-
farious plant growth traits are excellent tool over single microbial strain application 
in sustainable agriculture. 

Multifarious PGP Attributes 

The growth and development of plants are influenced by PGPR through a variety 
of direct and indirect mechanisms [5], which may be active concurrently or sequen-
tially at diverse phases of plant growth and development (Table 2.1). Figure 2.1 
depicts each of these mechanisms, which are then detailed in depth below for a 
better understanding.

Direct Mechanisms 

The most vital nutrient in terms of plant growth and yield is nitrogen. Notwith-
standing that there is over 78 percent of N2 in the atmosphere, plants cannot use it. 
The process of biological nitrogen fixation (BNF) converts atmospheric N2 into plant-
available forms, with N2 being converted to NH3 by nitrogen-fixing microorganisms 
[27]. An enzyme called nitrogenase complex catalyses the N2-fixation process [28]. 
The dinitrogenase reductase offers electrons with strong reducing power, which are 
then utilized by dinitrogenase for reducing N2 to NH3. The  N2-fixing mechanism 
differs structurally among different bacterial taxa. The enzyme, molybdenum nitro-
genase that found in almost all diazotrophs, catalyses the majority of BNF [29]. 
Examples of diazotrophic bacteria that freely fix and supply nitrogen to a variety of 
plants include Bacillus, Azospirillum, Anabaena, Azotobacter, Nostoc, Clostridium, 
Klebsiella, Rhodobacter, and Paenibacillus [30]. Some diazotrophs, like Herbaspir-
illum spp., Azospirillum spp., and, Azoarcus spp., form endophytic and/or associative 
relationships with an array of plant roots, including cereal roots. The main Azospir-
illum species researched worldwide are A. lipoferum and A. brasilense, which are 
commonly used for inoculating maize, sugarcane, and rice.A. brasilense exhibit the 
potential to change the root architecture of plants by stimulating the growth and
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Table 2.1 Mechanisms of plant growth by different microbes isolated from the rhizosphere 

Biological role Type of 
association 

Organism involved Mechanism References 

Nitrogen fixation Free living Anabaena, 
Azotobacter„ 
Nostoc, 
Clostridium, 
Klebsiella 

Convert non-usable 
form of nitrogen 
into usable form and 
make available to 
plant roots 

[11] 

Associative 
symbiotic 

Azospirillum, 
Herbaspirillum, 
Azoarcus, 
Enterobacter, 
Pantoea 

[12, 13] 

Symbiotic Azolla, Anabaena, 
Frankia, 
Rhizobium 

[14, 15] 

Phosphate 
solubilisation & 
mobilization 

Fungi Aspergillus, 
Arbuscular 
mycorrhiza, 
Glomus, 
Penicillium, 
Talaromyces, 
Trichoderma 

Solubilize insoluble 
form of phosphorus 
into souluble form 
that is absorbed by 
the plant roots 

[16–20] 

Bacteria Bacillus, 
Burkholderia, 
Pseudomonas, 
Ralstonia 

[19, 21, 22] 

Production of plant 
growth promoting 
hormones 

Azorhizobium, 
Azotobacter, 
Bacillus, 
Bradyrhizobium, 
Pseudomona, 
Rhizobium, 
Streptomyces 

Various plant 
growth hormones 
produced which 
improve the plant 
growth and yield 

[23, 24] 

Antifungal activity Bacillus, 
Pseudomonas, 
Streptomyces 

Some microbes 
produce metabolites 
which have 
antifungal activity 
against plant 
pathogens 

[25, 26]

proliferation of lateral and adventitious roots, as well as root hairs [31] besides 
synthesizing NO via a variety of pathways. Root organogenesis, formation of root 
hairs along with lateral and adventitious roots, all require NO [32]. 

Rhizobia are the most well-known group of bacteria that exhibit the poten-
tial to fix nitrogen (>200 kg N/ha/ year) symbiotically with the plant species of 
Fabaceae /Leguminosae family in both temperate [33] and tropical [34] regions. 
However, two other bacterial genera, Cyanobacteria and Frankia, can also fix



2 Microbial Consortium: A Boon for a Sustainable Agriculture 19

Fig. 2.1 Direct and indirect mechanisms of plant growth-promotion

nitrogen in a symbiotic relationship with plants. For nitrogen fixation, cyanobac-
teria can develop a symbiotic relationship with an array of plants viz., bryophytes, 
gymnosperms, and angiosperms, while Frankia fix nitrogen by nodulating the 
actinorhizal plants Chang et al. [35]. 

Cyanobacteria serve as the main source of fixed nitrogen in the Arctic as well 
as terrestrial ecosystems [36]. For instance, in northern boreal forests, a high 
copiousness of cyanobacterial—feather moss associations contribute around 1.5– 
2.0 kg N/ha/year [37]. Species of the genera viz., Anabaena, Tolypothrix, Nostoc, 
Aulosira, Scytonema, and Cylindrospermum are found in abundance in the rice fields, 
all of which contribute significantly to rice fertility. Cyanobacteria have been docu-
mented to contribute approximately 20–30 kg N/ha every season, plus organic matter, 
which is significant for economically disadvantaged farmers who cannot afford to 
invest in expensive chemical nitrogen fertilizers. The amalgam of Anabaena (a free-
living N2- fixing diazotroph) with Azolla provides a natural way to provide nitrogen 
to rice plants growing under waterlogged conditions [38]. Rice biofertilization with 
Anabaena provides high nitrogen levels (up to 50 kg/ha), minimizes nitrogen loss 
through ammonia volatilization, and promotes the growth and development of plant 
[39]. 

The genus, Frankia, is comprised of aerobic, free-living, and symbiotic soil actino-
mycetes (family: Frankiaceae) that fixes nitrogen in the range of 2–300 kg N/ha/year, 
in harsh environments including mines, reclaimed, and degraded lands [40]. 
Around 200 Frankia strains, belonging to the genera viz., Agromyces, Arthrobacter,
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Corynebacterium, Micromonospora, Mycobacterium, Streptomyces and Propioni-
bacteria have been recovered from anarray of actinorhizal plant species, but not all, 
exhibiting N2 fixing potential [41]. 

Phytohormone biosynthesis is also documented to encourage plant growth 
directly. Several species of genera Azotobacter, Alcaligenes, Azospirillum, Bradyrhi-
zobium, Bacillus, Brevibacillus, Enterobacter, Burkholderia, Klebsiella, Pseu-
domonas, Mycobacterium, Serratia, and Rhizobium produce and release phytohor-
mones viz., auxin, gibberellin, cytokinin, ethylene, and abscisic acid [42–44]. Indole-
3-acetic acid (IAA) is the most commonly researched auxin in the world. Growth 
stimulation plus a transitory increase in IAA levels was observed in wheat seedlings 
upon treatment with Bacillus subtilis 11BM spores [45]. Pseudomonas aeruginosa 
and/or Mesorhizobium sp. produced IAA, which enhanced potassium and phos-
phate uptake in chickpea inoculated with these bacteria [46]. Species of genera viz., 
Bacillus spp., Burkholderia cepacia, Promicromonospora spp., and Herbaspirillum 
seropedicae are potential gibberellins (GAs) producers. B. siamensis is reported to 
enhance growth in banana plants via GA production [47]. GA3, produced by Azospir-
illum was verified to be imperative in increasing plant growth while, co-inoculation 
of Pseudomonas fluorescens plus Azospirillum brasilense boosted wheat biomass 
and yield [48]. 

Roots are accountable for the synthesis of 1-aminocyclopropane-1-carboxylate 
(ACC), which is a direct ethylene precursor. PGPR with ACC deaminase, an enzyme 
that converts ACC to α-ketobutyrate and ammonium and thereby decreases ethy-
lene levels, can metabolize ACC. Ethylene promotes the elongation process of plant 
root under normal and stressed environments at low concentrations. Because ACC 
deaminase lowers ethylene levels, modifying ACC levels in hosts may assist in allevi-
ating the negative impacts of abiotic and biotic stressors. Besides ethylene, Abscisic 
acid (ABA) also regulates plant growth in stressful environments. PGPR exhibiting 
ABA-producing activities include Bacillus licheniformis, Achromobacter xylosoxi-
dans, Bacillus pumilus, Brevibacterium halotolerans, Bacillus subtilis, Pseudomonas 
putida, and Lysinibacillus fusiformis [49]. 

PGPR also provide nutrients like phosphorus, and potassium to plants under 
nutrient-limited environs [50, 51]. Phosphorus is typically present in soil as hydrox-
yapatite, rock phosphate and/or calcium phosphate, and is mostly found in the form 
of either phytate (organic form), or insoluble phosphate (inorganic form). PGPR 
exhibit the potential to solubilize phosphate either via organic acid production or 
phytase activity [52]. Phytase producing bacteria belong to the genera viz., Bacillus, 
Enterobacter, Klebsiella, and Pseudomonas while, Bacillus, Burkholderia, Erwinia, 
Paenibacillus, Pseudomonas, Rhizobium, and Serratia genera have all been docu-
mented to solubilize phosphate- via release of organic acids like oxalate, citrate, and 
acetate [53, 54]. 

Besides phosphorus and, nitrogen, PGPR can efficiently stimulate plant growth via 
solubilization and absorption of other nutrients [49, 51]. For instance, a noteworthy 
upsurge in the uptake of potassium, calcium, and magnesium via their solubilization 
was observed by Ogut et al. [53] after inoculating wheat with Bacillus sp. or Pseu-
domonas sp. in calcareous soil without applying fertilizers. Under water-stressed
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conditions, Bacillus megaterium boosted phosphorus, calcium, boron, iron, copper, 
zinc, and manganese absorption as well as biomass in trefoil plants [55]. 

Iron is another micronutrient that plays an indispensable role in an array of 
metabolic activities, and its deficiency impairs key plant metabolic activities like 
respiration and photosynthesis. Rhizobacteria like Pseudomonas, Bacillus, Kleb-
siella, Enterobacter, Rhodococcus are known to produce siderophores which are 
tiny iron—chelating molecules that allow iron to be transported to root cells under 
iron-limiting conditions. This mechanism aids plant growth while also creating an 
unfavourable environment for phytopathogens that cannot thrive in iron-deficient 
environments [32, 56]. To demolish soilborne pathogen’s cell walls, Paenibacillus, 
Bacillus, Serratia, Pantoea, and Enterobacter secrete lytic enzymes such amylase, 
chitinase, β-1, 3-glucanase, and protease [56]. 

Indirect Mechanisms 

Numerous literature sources reveal that PGPR serve the function of protective agents 
against soil-inhabiting pathogens [57]. Rhizobacteria can limit disease development 
via multiple ways, for instance, antagonistic effect of pseudomonads via synthe-
sizing a multitude of antibiotics viz., pyoluteorin, phenazine, pyrrolnitrin, tropolone, 
tensin, amphisin etc. [58]; competition for nutritional substrates and ecological niches 
with phytopathogens plus other detrimental microbes proliferating in the rhizosphere 
[59]; production of cell wall degrading molecules like chitinases, β-1,3-glucanase, 
and biosurfactants [60], production of ammonia and hydrogen cyanide like volatile 
organic inhibitory molecules [61]; and induced resistance [62]. 

Recent scientific findings have reported that biofilm production in the rhizosphere 
plays a significant role in rhizobacteria’s mode of action on root pathogens. The 
high population density of bacteria in biofilms is ascribed for the production of 
diverse metabolites like toxins and antibiotics in their periphery, which suppress 
phytopathogens in the soil. For instance, in case of Bacillus subtilis, biofilm is made 
up of surfactins, which are cyclic molecules containing lipids and amino acids that 
operate as potent biosurfactants with antimicrobial (antibacterial and antifungal) 
properties besides inducing resistance in plants [63]. The particulars of antagonist 
effect of B. subtilis strain SG6 on Fusarium hyphae as discerned by electron micro-
scopic studies reveal the evident anomaly in mycelial growth that can be allied 
with the influence of chitinase like cell wall degrading enzymes [60]. Other toxic 
compounds obtained from B. subtilis include lipopeptide antibiotics, belong to the 
surfactin and iturin group that are accountable for plant disease suppression. In the 
rhizospheric region, antagonism encompassing competition for nutrients and space 
within an ecological niche is also crucial. This was demonstrated in on B. mega-
terium, a bacterium that can competently colonize roots and diminish Rhizoctonia 
solani [64]. 

Rhizobacteria produce siderophores as a secondary byproduct of their 
metabolism. These compounds exhibit the potential of sequestering Fe3+ ions, which
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are mandatory for cell growth and metabolism. In this context, plant root’s colonizing 
bacteria might display competition for the iron available in the soil, inhibiting the 
growth of other rhizospheric microbes. Siderophore-producing PGPR can inhibit 
harmful microbes from proliferating around the root [65]. 

To combat phytopathogens, plants possess a basal natural defensive system, but 
additional systems can be activated or induced to boost plant resistance [66]. Induced 
systemic resistance (ISR) and acquired systemic resistance (ASR) are two types of 
resistance induction that have been researched extensively. ISR is commenced by 
non-pathogenic rhizospheric microbes and does not entail the salicylic acid signalling 
route or synthesis of plant pathogenesis related proteins (PRPs); instead, ethylene and 
jasmonic acid-mediated—resistance-signaling pathway is activated [67]. In ASR, on 
plant’s exposure to a pathogen that act as an inducing agent, defence mechanisms 
are activated both at the induction site that exhibits necrosis like changes as well 
as another distant sites, providing systematic protection to plant against subsequent 
infections caused by an array of pathogens [68]. ASR is followed by a rise in salicylic 
acid content and the build up of PRPs, which are plant defense mechanisms [69]. 

In nutshell, growing usage of PGPR could be envisaged amongst major avenues 
to maintain or enhance yield while reducing environmental imprint via explanation 
of many mechanisms that will assist to make these plant-beneficial rhizobacteria a 
valued partner in agriculture to generate future insights. 

Microbial Consortium in Agriculture (Bacteria-Bacteria 
and Bacteria-Fungi Consortium) 

Microbes possess functional attributes that regulates the plant growth, improve the 
availability soil nutrients, and provides protection against stress conditions. These 
traits led to vast exploration of microbial strains followed by commercialization. 
However, in any niche area, composition and structure of microbes played crucial 
role in overall beneficial functions enhancement. Microbial consortia that have syner-
gistic interactions among themselves can exhibit high level performance compared 
to single strains due to the diverse set of plant growth promotion attributes and 
biocontrol mechanisms [8]. These microbial consortia are equipped with RIDER 
mechanism that helps in higher nutrient uptake and ameliorating drought and salinity 
under extreme environments [70]. Others are crucial for maintaining soil health by 
nutrient assimilation, N-fixations excluding the conventional methods of agricultural 
production. Before developing a microbial consortium, first steps are needed. This 
means that the compatibility of the microorganisms used in the host plant in ques-
tion, and the co-occlusion of these microorganisms, directly or indirectly affect the 
host. Inoculation in combination with beneficial microorganisms showed improved 
plant growth and yield characteristics as well as germination, nutrient absorption, 
plant height, number of branches, tuber formation, yield, and total crop biomass. 
The consortium’s proposals improve the efficiency, consistency, and reliability of
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microorganisms in a variety of soil conditions [71]. The combination of biocontrol 
agents in the consortium is said to provide a higher level of protection and have the 
potential to control multiple plant diseases. 

Bacteria–Bacteria Interactions 

Bacterial consortiums are usually referred to as groups of different strains of bacteria 
that can live together in the community. Rhizobacteria that promote plant growth 
(PGPR) can inhabit the soil or rhizosphere zone along with other bacterial strains 
[72]. Bacterial diversity has properties that promote plant growth and development, 
as well as general benefits that contribute to one health approach. There are many 
factors that influence the bacterial consortium, and interactions between consortium 
members are important for long-term stability. The interaction of these bacteria can 
be positive, negative, or neutral [73]. Positive associations include mutualism, proto-
cooperation, and commensalism. Biocontrol mechanisms are the example of positive 
associations which employs various biological control bacterial strains having growth 
promoting traits to achieve desired results. These types of positive interactions require 
compatibility of consortium strains in soil and/ or rhizosphere zones and devoid of 
any kind of competition within the group. Evaluation is likely the maximum crit-
ical section for the duration of improvement of microbial consortium as it gives a 
know-how of its contribution in reducing stress and growing plant boom. Attempts 
are being made to expand microbial consortium for pests and diseases suppression 
and plant growth promotion. The important concept at the back of using bacterial 
consortiums is that an unmarried microorganism does now no longer always offer 
safety in opposition to a couple of pathogens, so the use of a set of microorgan-
isms guarantees that safety in opposition to a couple of goal pathogens is provided 
[71, 74]. 

On the other hand, negative interactions bring about suppression of bacterial 
individuals of the consortium, disrupting network shape and characteristic. These 
consist of amensalism, predation, parasitoids, and competition. Competition arises 
whilst individuals of the bacterial consortium want the equal resources. It‘s nutri-
ents, water, or even the space. Therefore, fast-developing strains dominate over time. 
Neutral interaction happens whilst the two bacterial species devour distinctive mate-
rials (nutritional differences) and do now no longer produce compounds that inhibit 
individuals of the consortium. In agriculture, individuals of the consortium actively 
have interaction whilst symbiotic associations are preferred to attain solid overall 
performance in long-time period cultivation for you to attain the useful outcomes 
anticipated whilst carried out to producing crops. 

In this regard, bacterial consortium is presently most effective superficially under-
stood. The interaction among consortium relies upon at the generation, recognition, 
and reaction of extracellular signaling molecules that adjust and shape bacterial 
populations within the consortium. In the consortium, most effective compatible 
bacterial strains are worried in changing plant protection responses that have an
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effect on plant health and production [75]. Bacterial consortium interactions are 
based closely on molecular signals. Among them, quorum sensing performs a critical 
function in bacterial compatibility in consortium formulations [76]. Of the numerous 
signaling molecules, the acylhomoserine lactone (AHL) signaling molecule is the 
maximum outstanding identified in bacterial strains [77]. On the alternative hand, 
AHL produced through bacterial consortium of S. liquefaciens and S. phymuthica 
help in root improvement and plant biomass. Other bacterial strains including S. 
fredii and P. aananatis form biofilm within the roots of Oryza sativa and Phaseolus 
vulgaris [78]. 

Other vital signaling compounds stated in bacterial consortia are unstable 
compounds called volatile organic compounds (VOCs), which are identified 
with bacteria–bacteria and plant–bacteria communications [79]. These compounds 
encompass terpenoids, alkanes, alkenes, ketones, sulfur-containing compounds, and 
alcohols that act as low-molecular-weight compounds. Individual and bacterial 
consortium of A. brasilense Sp7, P. putida KT2440, Acinetobacter sp. EMM02, 
and Sphingomonas sp. OF178A are the crucial examples of bacterium- maize seed 
interactions [80]. It was also observed that the inoculation of the bacterial consortium 
also improves the bacterial colonization. Bacterial colonization is predicated upon on 
the plant variety. The colonization of a consortium formulated with G. diazotroph-
icus, H. seropedicae, H. rubrisubalbicans, A. amazonense, and B. tropica differ in 
different forms of sugar cane (SP70-1143 and SP 813,250) [81]. 

It is essential to confirm the protection of bacterial consortium earlier than theyŕe 
used as biofertilizers, especially if theyŕe carefully associated with pathogenic bacte-
rial traces. For instance, Bacillus sp. (RZ2MS9) and B. ambifaria (RZ2MS16) gift 
a cap potential threat because of their taxonomic proximity to pathogenic groups 
[82]. The coinoculation of maize with A. brasilense and B. subtillis has addition-
ally proven more advantages than individual inoculation [83]. The maize inoculation 
with a consortium with A. chrococcum and A. liporefum ended in increments in 
shoot and seed dry weight, plant height, and yield as compared to the individual 
inoculation of bacterium and the control [84]. Nitrogen fertilization at 100% and the 
consortium plus 50% urea resulted the best increments in height, diameter, dry root 
weight, and grain weight compared to non-inoculated plants. These results confirmed 
that the bacterial consortium stimulates the growth of maize whilst a 1/2 of dose of 
mineral nitrogen utilized in conventional agricultural practices. In another study, the 
rice inoculation with a consortium (blended Pseudomonas culture in addition to A. 
Chroococcum and A. brasilense), the benefits of 50% mineral phosphorus were like 
the total dose of phosphorus and consortium [85, 86]. In sunflowers, the bacterial 
consortium (Azotobacter sp. and Azospirillum sp.), 50% nitrogen fertilization was 
identified in addition to the highest grain production, oil and protein levels. Most 
studies in which plants were inoculated with bacterial consortium found spikes in 
yield and biomass [87, 88]. 

Plants interact with indole generating and phosphate solubilizing bacteria at low 
nutrient situations. However, in a mild nutrient scheme, plants selectively partner 
with bacteria with a better potential for phosphate solubilization [89, 90]. Better 
plant growth and productivity with 50% urea plus the bacterial consortium could be
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because of the excessive phosphate solubilization functionality and indole manufac-
turing by few members of bacterial consortium [91]. However, it‘s miles important 
to do extra research addressing this topic, possibly the use of bacterial consortium in 
those mechanisms to confirm their roles in nutrient solubilization and plant growth. 
More research is also needed to outline the function of bacterial consortium on 
plant inoculation that provides an opportunity to implement sustainable agricultural 
practices without compromising crop yields. 

Bacteria-Fungal Interactions 

It is now feasible to behavior studies on the character and composition of microbial 
interactions with plants using next-technology sequencing (NGS) techniques. Many 
bacterial and fungal interactions play role in plant improvement through nutrient 
mobilization and to cope up with numerous biotic and abiotic stresses [92]. For 
instance, phosphate may be solubilized through phytases secreted by soil-borne 
bacteria or fungi, thus favoring its uptake. Another low-molecular-weight molecule 
of microbial consortium are called siderophores that are the starting place with an 
excessive affinity for iron and contribute to solubilize iron within the rhizosphere. 
Biological nitrogen fixation is the most important form of symbiotic association with 
a microbial consortium that resolves N2. The exchange of nutrients between plants, 
fungi (rootstock fungi) and bacteria help improve plant nutrition, including nitrogen 
uptake. Plant N uptake can be increased in the presence of symbiotic persistent and 
binding N2 bacteria and mycorrhizal fungi (AMF). The minerals are taken up from 
the soil by mycorrhizal fungi and contribute to higher plant uptake. The minerals are 
then secreted by the fungal cells at the dendritic interface and picked up by the plant 
cells. Apart from N, the phosphatase released by bacteria associated with fungi, inor-
ganic phosphate is absorbed by fungi and plant cells via the phosphate vector (PT). 
Phosphate polymers can be stored inside and outside the radical fungi at the plant 
roots. Polyphosphate is decomposed and inorganic phosphates are then transported 
to the ambient interface [93, 94]. 

Rhizobium is an alphaproteobacteria that usually causes persistent N2 symbiosis 
with leguminous plants. This is the most characteristic process of endosymbiosis in 
plants containing N2 bacteria. Some root species are able to induce the formation 
of N2-fixing root nodules in the non-vegetative plant Parasponia sp. [95, 96]. Other 
blue bacteria (cyanobacteria) that dissolve N2 can be associated with plants and offer 
NH4 

+ hosts without forming specialized nodules. In general, those blue bacteria that 
solve N2 symbiotics belong to the Nostoc species. They can distinguish between 
specialized cells referred to as heterocysts that fix nitrogen in plants. In symbiotic 
rhizobia-legumes, plants benefit from reduced N2 doubling even when microbes 
utilize carbohydrates provided by host plants [97, 98]. When there is an interaction 
between plants and nitrogen-fixing microorganisms, the location of the roots is rich 
in carbohydrates, in root exudates. In a few cases, AMF is associated with various 
microbes within the root area. Although these triangular interactions have not yet



26 M. Kaushal et al.

been accurately classified, they appear to rely heavily on food exchanges between 
the plant host and microbes. These exchanges include the exudate secretions with the 
help of fungi to facilitate access to plants [99, 100]. For example, microorganisms can 
be larger without problems in melting phosphates more than fungi, thus reinforcing 
all fungi and plants. In addition, some species of Paenibacillus are N2 stabilizers able 
to dissolve phosphate and iron and secrete phytohormones [50]. Many plant-related 
fungi are colonized with the help of the use of endogenous diazotrophs that can 
present N to fungi [101–103]. 

Many of these tripartites may want a symbiotic status that dissolves larger green 
fungi and N2, and there is no doubt that the use of plants will increase N acqui-
sition. Therefore, additional studies to discover microorganisms that support the 
current state of symbiotic affiliation between plant life, bacterial and fungal consor-
tium show that these three affiliations enhance plant N acquisition, especially under 
reduced fertilization conditions. Linking plant life to a more complex bacterial-fungal 
consortium is all other approaches that have the potential to improve overall plant 
performance. This is because fungal inoculation mixed with a bacterial consortium 
away from unfertilized soil promotes nutrient (N and P) uptake [104]. 

Conclusions and Future Prospects 

In the agricultural sector, the concern for sustainable food production that satisfies 
the demands of the global human population has become a critical problem. To meet 
present and future food demand, the development of innovative sustainable solutions 
to boost crop yields and quality while also restoring soil fertility is critical. Microbial 
consortiahave the potential to be a long-term and successful strategy for various 
abiotic and biotic stress conditions. Microbial consortia offer a long-term and cost-
effective solution to plant productivity losses caused by changing climate variables, 
as well as help in the optimization of human inputs in the agro-ecosystem. The use of 
microbial consortium may also aid in the maintenance of agro-ecosystem ecological 
balance by minimizing the use of pesticides and/or heavy metals in agricultural 
activities. Furthermore, microbial consortium efficiency varied greatly depending on 
the crop and ambient circumstances. Future study should concentrate on generating 
more precise products, such as diving further into the interactions of the microbial 
strains with indigenous plant-associated microbiomes. 
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Abstract There are various performances done by microbes in ecosystem, which 
are very beneficial for microorganisms, plants and animals including soil aggre-
gation, improved soil, water cycling and soil nutrients. Fungi, Bacteria, Protozoa, 
Nematodes, and Actinomycetes are few different types of microbes present in soil. 
In terms of soil dynamic, diversity and vegetation abundance, Plants are significant 
factors. The maximum rapid modifications because of soil moisture and tempera-
ture alternations or with the aid of the influx of sparkling organic depend on some 
stage in the numerous hours or days. They’re usually associated with the microbial 
activity. Seasonal dynamics are resulting from annual variations in precipitation and 
temperature that affect the network of flora. The microbial biomass and the taxo-
nomic composition of soil microbial communities range appreciably all through the 
12 months, taking that in consideration during sample analysis and comparisons of
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various soils. The lengthy-time period dynamics of microbial colonies at some stage 
in number one, in addition to modifications inside the taxonomic composition of 
microbial groups. The range of microbial communities in long-term dynamics can 
range in distinct ways. The longest elements of soil microbial networks are connected 
with changes in bioclimatic circumstances. The see of predetermination changes in 
soil microbial networks is suitable in explores different avenues regarding engineered 
changes in climatic boundaries. 

Introduction 

Soil microbial networks assume a significant part in biological systems working 
and are on the field scale fundamental for plant nourishment and wellbeing. For 
a bigger scope, they add to worldwide component cycling [1, 2]. Besides, they are 
engaged with the turnover cycles of natural matter, the breakdown of xenobiotics and 
the arrangement of soil totals. An environmental condition of soils relies upon the 
design and movement of soil microorganisms. The consequences of soil observing in 
different environments in various climatic zones of Ukraine showed an unmistakable 
pattern for the relationship between the agroecological conditions and movement of 
microbiocenosis [3, 4]. The main impact of farming movement on the dirt micro-
biota can be seen on the inadequately soddy-podzolic and dim woods soils, where 
the yield development without treatment brought about a lessening in the all-out 
count of microorganisms by 2.2–4.5 times. Utilization of farming measures pointed 
toward accomplishing greatest efficiency, explicitly the mix of mineral, natural and 
organic composts, adds to a typical 1.3–4.1 times expansion in all out include of 
microorganisms in the dirt, contrasted and non-prepared variations. The dirt of 
regular environments is portrayed by a high all out count of the microorganisms 
with a reasonable construction of different natural trophic gatherings and adjusted 
cycles of mineralization-immobilization, natural matter decay, and humus collection 
[5, 6]. 

Soil microbial networks are impacted by base up factors like the quality and 
primary properties of their detrital assets. They are especially restricted by the 
quality and, frequently heterogeneous, spatial conveyance of their detrital assets 
[5–7]. The conveyance of microbial species is likewise spatially heterogeneous, on 
the grounds that people are separated at neighbourhood locales in view of some-
what low supplement accessibility, unforgiving ecological circumstances, or contest 
[8, 9]. The variety of microbial networks, which results from these neighbourhood 
specific tensions, makes totally different utilitarian limits across soil conditions. For 
instance, it was contended [10] that a few networks have major areas of strength for 
a field advantage, wherein they corrupt litter from their current circumstance better 
than unfamiliar litter. Subsequently, microbial networks probably have a huge ability 
to show setting subordinate changes in their utilitarian characteristics in view of the 
nature of their assets.
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Microorganism working additionally not entirely settled by the ability to move 
rummaging techniques and take up natural supplements in the rhizosphere when 
plants discharge root exudates [11]. As a matter of fact, the biomass and exoenzyme 
creation of the microbial local area for the most part changes when supplements are 
added to the dirt [12]. There are areas of strength for obviously reliance in reactions 
of microbial networks to their asset base that might collaborate with hierarchical 
impacts to decide how soil microbial networks capability in various settings [13]. 

Slow eaters (detritivores/microbivores) likewise apply hierarchical consequences 
for organisms. High brushing tension by enormous or plentiful soil fauna can decrease 
microbial biomass [14], with microorganisms repaying by expanding their develop-
ment rates to keep up with something very similar or higher biomass when supple-
ments are not restricting [15, 16]. Subsequently, the greatness of the compensatory 
development reaction relies upon transaction between the strength of the touching 
effect and supplement accessibility. Microbial biomass [17] and capability [18] may  
stay high under brushing tension in supplement rich conditions however are bound 
to be discouraged in supplement unfortunate conditions. Considering that microbial 
biomass is connected with exoenzyme creation, microorganisms hence can intervene 
the flowing impacts of hunters on natural matter deterioration rate. 

Regardless of the changeability in microbial networks inside soils and their reac-
tion to natural settings, a few consensuses are starting to arise while looking at 
processes from the perspective of a measured methodology. In the first place, the 
reaction of the microbial local area to brushing pressure is exceptionally reliant upon 
the asset climate, with high asset conditions prompting compensatory development 
and low asset conditions prompting net biomass shortfall [19, 20]. 

Second, the impact of brushing pressure probably affects microbial local area 
creation and capability than on biomass essentially. Not with standing, microbial 
networks are seldom concentrated on utilizing this secluded point of view [21]. 
More observational instances of what the asset climate and nibblers mean for micro-
bial local area collaborations are expected to construct the prescient system we are 
proposing. 

Soil Microbial Networks 

Soil microbial networks possess the most organically assorted environments on the 
planet. A solitary gram of soil can uphold more than a few thousand parasitic taxa 
close to the root rhizosphere [22]. As referenced in different sections in this book, 
many elements can impact the microbial networks related with tree leaves, stems, 
and roots. Contrasts in have species [23], cultivar type inside an animal category, soil 
type, physiological status of host, and microorganism presence can impact variety 
in microbial networks [24, 25]. Biological equilibrium inside the related microbial 
local area is basic for plant wellbeing, particularly in the rhizosphere, and aggrava-
tions can cause uneven characters inside the microbial networks. Past examinations 
have recorded those helpful microbial connections can improve seedling power,
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seed germination, plant advancement, and plant development that led to higher plant 
efficiency, though goes after by plant microorganisms can change the microbiome 
construction, usefulness, and movement [26, 27]. 

Valuable microbial collaborations can prompt superior host opposition against 
pathogenic microorganisms and organisms. For instance, valuable microbial taxa 
can discharge different allelopathic synthetics and poisons that furnish the plant with 
defensive boundaries that block plant microorganisms. The rhizosphere has been 
displayed to contain different and complex natural networks that include microbes, 
growths, oomycetes, and numerous different microorganisms, for example, archaea, 
nematodes, and infections [28, 29]. Other tree organs, including leaves, branches, 
and stems, are likewise known to contain a different set-up of microbial taxa, yet 
by and large varieties are commonly lower than those tracked down in soils [30, 
31]. Albeit microbial variety can fluctuate enormously, microorganisms can extraor-
dinarily influence microbial networks. This section will momentarily survey the 
idea of path biome, how microbial networks safeguard against plant sickness, and 
different changes that can happen inside microbial networks within the sight of plant 
microorganisms. Since these exploration subjects are as of late creating in backwoods 
sciences, models will be gotten from editing frameworks as different as wheat, apples, 
and woods. True to form, microbial networks can be unfathomably different inside 
yearly versus enduring trimming frameworks; be that as it may, the impact of plant 
microorganisms on microbial networks and their biological jobs have been archived 
basically in different editing frameworks [32, 33]. 

The dirt microbial local area, which incorporates microorganisms, organisms, 
and archaea, gives critical biological system works and administrations [34]. The 
microbial local area helps abiotically in the physical organizing of the dirt through 
development of soil totals, expanding water maintenance and adds to natural matter 
arrangement and change. The dirt microbial local area is the vital driver of soil 
supplement cycling processes, is answerable for creation and utilization of ozone 
depleting substances and gives plant networks many advantages [35, 36]. These 
advantages incorporate direct upgrade of plant development through creation of 
bioactive mixtures, for example, indole acidic corrosive, and more noteworthy 
admittance to supplements and water through mycorrhizal symbioses. Mycorrhizal 
growths make establishes more open minded to stresses, for example, dry season, 
through a drawn out root-hyphal surface region and more impervious to bugs and 
microbes through actual assurance or creation of bioactive mixtures [37, 38]. 

Many soil processes, like disintegration and mineralization, are done by various 
microorganisms, and correction of upset locales with rescued soil, woods floor mate-
rial or peat (or other natural changes) is presumably satisfactory for fruitful re-
foundation of populaces and cycles. More testing is the compensation of miniature 
creatures answerable for the “thin” processes that are completed by a predetermined 
number of microbial species [38, 39]. Nitrogen obsession is one of these restricted 
cycles [40], and is answerable for the arrangement of exceptionally upset biolog-
ical systems. Microorganisms engaged with mutualistic symbioses, for example, 
mycorrhizal growths, are likewise cornerstone living beings, accordingly numerous
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rebuilding projects have zeroed in on re-establishing these organic entities and affilia-
tions (Hawkins et al., 2015), for instance in recovery of the Alberta oil sands [41, 42]. 
With the coming of high-throughput sequencing strategies, it is presently understood 
that dirt contain numerous microorganisms that we have close to zero insight into. 
It has been guessed that this ‘uncommon’ microbiome—an expected 2–28% of the 
absolute microbial local area—are liable for the vast majority of these ‘restricted’ 
processes [43, 44]. Proceeded with examination into recognition of these organic 
entities and explanation of their jobs in soil cycles will work with reclamation of soil 
capability on upset locales. Meanwhile, rehearses, for example, those referenced 
over, that energize a different soil microbial local area ought to be utilized, as high 
soil microbial variety builds the likelihood that these “tight” capabilities will be held 
following unsettling influences [12, 45]. 

In the AOSR, cutting edge sequencing has been utilized to think about soil 
microbial networks in restored soils with soils in encompassing normal boreal 
woods locales [46] (Fig. 13.5). ‘Species lavishness (alpha variety) of prokaryotic 
life forms (microscopic organisms and archaea) didn’t contrast among restored 
and normal soils, however the construction of the networks (beta-variety) varied. 
Copiotroph microscopic organisms (Actinobacteria, Bacteroidetes, and Proteobac-
teria), which flourish in supplement rich conditions and can quickly utilize an asset, 
were more bountiful in remade soils, while oligotrophic microorganisms (Actinobac-
teria, Cyanobacteria, Elusimicrobia, Firmicutes, Planctomycetes) which are better 
adjusted to supplement unfortunate conditions, were more plentiful in regular wood-
land soils. Copiotrophic microorganisms are restricted in their abilities to debase 
complex natural matter, which could frustrate deterioration in the recreated soils 
and aggregation [23, 26, 33, 47]. Nitrogen testimony, pH, earth content, and plant 
species were the primary factors related with the local area design of prokaryotes. 
Investigations of mycorrhizal organisms in the AOSR have exhibited a pattern of 
low quantities of mycorrhizal growths in youthful, recovered soils with expanding 
overflow following 15 years [48–51]. 

Checking of a characteristic chrono sequence (0–45 years) of post-coal-mining 
locales in Czechia has exhibited the progression of soil microbial networks that 
happens working together with soil improvement and plant progression [4–6]. During 
the initial 10 years when almost no vegetation was available, the dirt microbial local 
area was overwhelmed via autotrophic microorganisms and N2-fixing microscopic 
organisms like Gamma proteobacteria, Cyanobacteria and some Alpha proteobac-
teria. In early progression (10–20 years), the microbial local area moved from these 
sluggish developing oligotrophic microscopic organisms to quickly developing copi-
otroph microorganisms, agreeing with the presence of AMF and the advancement of 
trailblazer plants (spices and grasses) and arrival of root exudates. In mid-progression 
(20–30 years) there was fast advancement of spices and bushes, and the micro-
bial local area was improved with rhizobacteria like Rhizobiaceae, Bradyrhizobi-
aceae, and Agrobacterium. The fungal: bacterial proportion was maximal at mid-
progression because of the fast improvement of saprophytic micromycetes, agreeing 
with the gathering of natural matter through leaf litter, rhizo deposition and faunal 
fertilizers. In late progression (30–45 years), there was an expansion in non-cultivable
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microorganisms and slow-developing cultivable microbes like Firmicutes and Acti-
nobacteria. These examinations feature the powerful transaction of biotic and abiotic 
factors, both over-the-ground and subterranean, that support soil cycles and capability 
in both normal and recreated soils [2, 4–6]. 

Practices to re-establish soil microbial networks following significant aggrava-
tions, for example, surface mining can be assembled into those that re-establish the 
circumstances that would cultivate their development, and practices focused on once 
again introducing either the whole local area or explicit objective creatures. Rescue 
and substitution of dirt gives appropriate living space and if it has not been accumu-
lated for extremely lengthy additionally once again introduces a portion of the first 
microbial local area. If the dirt is to be stored for quite a while, revegetating it with 
wanted plant species could help with laying out propagule banks of the plants and 
furthermore supporting the dirt biota, in the surface layer of the reserve. Rehearses 
that improve soil water-holding limit and gathering of natural matter and supple-
ments will likewise make soils more favourable for microbial expansion. Sufficient 
soil air circulation can be supported by staying away from compaction and cautious 
situation of materials [49–53]. 

Re-immunization of microbial networks might be vital when the surficial mate-
rial is rock or overburden, or when the dirt has been stored for such a period that 
it as next to zero natural movement [8, 44, 51]. Arbuscular mycorrhizal organisms 
can stay reasonable in soil for as long as 5 months without even a trace of a host 
plant [54]. Some EMF spores (Wilcoxon mikolae) stay reasonable in soil for as long 
as 6 years, though different species, for example, Teleportal Terrestre, decline [55, 
56]. Regular entrance of soil microorganisms from encompassing scenes through air, 
water, birds, or creatures is conceivable, however might be slow [57]. One method-
ology for re-establishing such destinations is the utilization of an organic soil hull, 
included cyanobacteria, green growth, parasites, lichens, and greeneries, that copies 
the normal essential progression of soil improvement on exposed rock [58, 59]. These 
outside layers include 70% of dryland soil surfaces around the world. Soil adjust-
ment and water guideline and re-established the availability of the bacterial, parasitic, 
omnivore, and hunter food channels both over-the-ground and subterranean [59, 60]. 

Vaccination with nearby local soils has been demonstrated to be successful at 
expanding AMF and EMF disease and plant foundation and development on re-
established destinations [58, 59], and may likewise give local plants an upper hand 
over obtrusive species [61] in correlation with “unfamiliar” soil inocula [62]. The 
expression “biological coordinating” has been authored to make sense of that entire 
AMF people group are naturally adjusted to their neighborhood have soil climate 
thus will work best in their local soils [62, 63]. Essentially, concentrates on looking at 
local wellsprings of inoculum versus business inocula, especially zeroing in on AMF, 
have observed that local soil inocula is generally gainful for expanding plant biomass 
and supplement take-up and mycorrhizal colonization on reestablished destinations 
[59, 60, 62, 63]. 

Soil microbial networks play a few significant environmental and physiological 
capabilities (e.g., soil natural matter deterioration and control of its cycle, guideline
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of mineral supplement accessibility, air nitrogen obsession, development of mycor-
rhiza, creation of organically dynamic substances ready to invigorate plant devel-
opment) improving soil physical and compound circumstances and, subsequently, 
soil tenability for plants. There is a developing interest in support of agro system 
usefulness. It appears to be that dirt microbiota, especially its biodiversity, permits 
frameworks to more readily defeated normal and human-centered bothers, further 
developing their recuperation limit (i.e., versatility idea). Soil quality misfortune 
happens particularly in regions exposed to concentrated rural practices and to aimless 
utilization of outside input (e.g., composts, pesticides, water system water. This is the 
justification for why the advancement and the development of low-influence green 
methods ought to be worked with. Supportable practices can permit typical soil fruit-
fulness levels to return in the agrosystems with benefits on both soil ripeness and 
harvest yield quality and amount) [1, 64]. 

The olive tree (Olea europaea L.) is perhaps of the main yield in the Mediterranean 
Basin. In such a wide region, olive plantation the executives can be totally different 
relying upon pedoclimatic and financial circumstances and asset accessibility. This 
section reviews soil microbiological information of olive plantations exposed to 
various soil the board frameworks that have been applied for variable time spans 
under various pedoclimatic conditions. Specific consideration is given to changes in 
the design, elements, and intricacy of microbial networks to assess soil wellbeing 
status. Among the agronomic reasonable practices, the contribution of natural matter 
as fertilizer is perhaps of the main component influencing soil fruitfulness. Thus, 
cases of in situ manure creation in olive forests are examined [1, 11, 46]. 

Soil microbial networks possess the most organically different territories on the 
planet. A solitary gram of soil can uphold more than a few thousand parasitic taxa 
close to the root rhizosphere [65]. As referenced in different parts in this book, many 
variables can impact the microbial networks related with tree leaves, stems, and roots. 
Contrasts in have species [66], cultivar type inside an animal types, soil type, physi-
ological status of host, and microorganism presence can impact variety in microbial 
networks [24]. Environmental equilibrium inside the related microbial local area is 
basic for plant wellbeing, particularly in the rhizosphere, and aggravations can cause 
uneven characters inside the microbial networks. Past investigations have archived 
those gainful microbial connections can improve seedling energy, seed germination, 
plant advancement, and plant development that lead to higher plant efficiency, while 
assaults by plant microorganisms can adjust the microbiome design, usefulness, and 
action [1, 3, 20, 23]. 

Advantageous microbial collaborations can prompt superior host opposition 
against pathogenic microorganisms and growths. For instance, valuable microbial 
taxa can emit different allelopathic synthetic compounds and poisons that furnish 
the plant with defensive hindrances that hinder plant microorganisms. The rhizo-
sphere has been displayed to contain different and complex natural networks that 
envelop microbes, growths, oomycetes, and numerous different microorganisms, for 
example, archaea, nematodes, and infections. Other tree organs, including leaves, 
branches, and stems, are likewise known to contain a different set-up of microbial 
taxa, however in general varieties are normally lower than those tracked down in
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soils. Albeit microbial variety can change significantly, microorganisms can extraor-
dinarily influence microbial networks [17, 25, 33, 60]. This section will momen-
tarily survey the idea of path biome, how microbial networks safeguard against plant 
illness, and different changes that can happen inside microbial networks within the 
sight of plant microorganisms. Since these examination points are as of late creating 
in timberland sciences, models will be gotten from editing frameworks as different as 
wheat, apples, and woodlands. True to form, microbial networks can be immeasur-
ably unique inside yearly versus perpetual trimming frameworks; notwithstanding, 
the impact of plant microorganisms on microbial networks and their environmental 
jobs have been reported essentially in assorted editing frameworks [21, 34, 36, 39]. 

The fast expansion in industrialization has prompted colossal releases of impu-
rities into the climate. Chromium is the second most plentiful metal tracked down 
in most sullied locales. The most plentiful types of Cr in the climate, Cr(VI) and 
Cr(III), have differentiating characters. Chromium(III) is a fundamental supplement 
in that it adjusts glucose digestion in people. The dissolvability of Cr(III) is extremely 
low and for the most part hastens or edifices in normal soils pH (4–8). Interestingly, 
Cr(VI) is a class A cancer-causing agent, teratogen, and mutagen. The portability 
and solvency of Cr(VI) are far higher than that of Cr(III). In this manner, the oppor-
tunities for diffusing Cr(VI) through cell film are high, which will harm DNA. The 
versatility and bioavailability of these two species generally rely upon the pH and 
redox capability of the dirt. Of the accessible philosophies that can moderate Cr 
harmfulness soil flushing, sorption, decrease, EC, phytoremediation, and layer parti-
tion—remediation by decrease is viewed as the most practical procedure. Cr(VI) 
diminishes to Cr(III) within the sight of OC sources because of the great overflow 
of electrons in OC [67–70]. 

Soil microbial local area is extremely basic in determining the destiny of Cr in 
sullied soils. It has been noticed that normal weakening of Cr isn’t occurring in a 
tannery emanating sullied site notwithstanding the site being 225 years of age. This 
might be because of the oxidation of Cr(III) by Mn oxides. Phytoremediation is a 
demonstrated compelling strategy for recuperating tainted soils. Hyperaccumulating 
plants offer Cr remediation from soil and oceanic media. Nonetheless, relief of Cr-
polluted soil and water needs a multiscale approach, which includes the blend of 
physical, synthetic and organic instruments. The following are regions where future 
examination can zero in o [48, 53, 59, 67]. 

The change and elements of Cr in the dirt and sea-going media as impacted 
by biotic and abiotic systems to foster remediation procedures in various ecologi-
cally complex settings. The impact of heap soil properties (physical, substance and 
organic) and natural boundaries (precipitation and temperature) on the maintenance 
and versatility of Cr(VI) in various soils should be analysed under field conditions. 
A superior comprehension of the instrument of adsorption of Cr(VI) is expected 
to affirm the overall degree of inward circle and external circle complexation. This 
will extraordinarily assist with expanding the maintenance of Cr(VI) in tainted soil 
[39, 43, 48, 67–70]. 

In tannery emanating sullied soils, Cr(III) fixation is frequently higher than Cr(VI) 
species since Cr2 (SO4)3 is utilized as a collagen (conceal protein)-settling specialist.



3 Overview of Soil Microbe Dynamics in Different Biosystems 41

In any case, the Cr(VI) focus in these destinations has been displayed to increment 
over the long run. Subsequently, a top to bottom review ought to be finished on the 
components that oxidize Cr(III) to Cr(VI) in these locales. The drawn-out strength 
of Cr(III) in tannery gushing tainted locales. Finding the dynamic job of electrons 
in Cr(VI) decrease utilizing synchrotron-based applications. Expansion of natural 
changes expands DOC in the dirt. The DOC is made from a few useful gatherings. 
The portrayal of carbon, for example, aliphatic and sweet-smelling carbon, in DOC 
should be evaluated. The exchange of electrons assumes a significant part in Cr(VI) 
decrease. Hence, redox estimations during Cr(VI) decrease should be attempted 
[39, 43, 48, 67–70]. 

Analysing the impact of carbon-based materials like dark carbon and biochar 
over the drawn out to decide whether reoxidation of Cr(VI) in tainted soil is 
conceivable. Assessing the possible worth of other minimal expense alterations, for 
example, chitosan-based biowaste, ocean growth and burn fluid from biochar plants 
on decreasing Cr(VI) in water and soil should be attempted. 

Bioclimatic Changes and Long-Term Dynamics of Soil 
Microbial Communities 

The most long haul changes in the design of microbial networks are related with 
changes in climatic circumstances for a specific region. Precipitation, temperature, 
and the degree of insolation influence the vegetation cover and the substance and 
actual properties of the dirt which clearly, influences the design of the microbial local 
area. On account of a drawn out difference in the environment, the issue of recreating 
soil microbial networks of previous ages and demonstrating their progressions in 
what’s in store emerges [68–72]. 

One of the ways of concentrating on soil microbial networks of different ages 
is the microbiological investigation of covered soils. Soils covered under regular 
dregs under archeological (normally earthen) developments, well as soils in the 
frozen state (permafrost), draw in the consideration of scientists as potential docu-
ments of microbiological data safeguarded since their internment. In covered soils, 
elements of the vertical circulatetion of microorganisms along the profile are pre-
served. Covered humus skylines are generally characterized by a larger number, 
biomass, and species variety of microorganisms in examination with other mineral 
skylines [73, 74]. However the substance of feasible microbial biomass in the covered 
soils might be low, they ordinarily contain a lot of microbial DNA that can be saved 
in soils covered at a profundity of in excess of 100 m. A few creators propose that 
microbiological markers in paleosols ought to be thought of as one of the types of the 
dirt “organic memory,” which can be utilized to remake the miniature bial populace 
of these dirts before their covering. Be that as it may, soil entombment is seldom 
joined by complete preservation of microbial networks. Miniature living beings in 
covered soils hold their metabolic activity [75, 76].
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Covered soils can some of the time be equivalent to modern surface soils as 
far as complete CO2 emanations even in permafrost with freezing temperatures; 
numerous microorganisms protect their physiological movement [77]. At the point 
when the dirts are covered, the ordered and utilitarian design of microbial networks 
changes: there are fundamentally less saccharolytic microbes and more oligotrophs 
and anaerobic microorganisms in the covered skylines, and denitrification beats nitri-
fication. The ordered structure of the prokaryotic local area changes significantly after 
entombment; specifically, the relative abundance of Verrucomicrobia is extraordi-
narily decreased. Specific biological highlights are ordinary for infinitesimal para-
sites of paleosols. The absolute biomass and length of the mycelium of growths 
diminishes after soil entombment and a large portion of the parasitic biomass (up to 
70%) in covered soils con-sists of spores of generally little sizes [78, 79]. 

Among the developed structures, little spores and psychrotolerants are most boun-
tiful. The specificities of microbial networks in bramble ied soils are brought about 
by changes in the ecological conditions after internment. When in doubt, covered 
soils are singe acterized by decreased oxygen content and expanded carbon dioxide 
content, and lower temperature and dampness variances. Discontinuance of the 
contribution of new natural matter is particularly huge for the dirt microorganisms. 
The substance of natural matter in paleosols consistently diminishes in the initial 
100–300 years after entombment, after which the obliteration processes decelerate. 
As this happens, a piece of the natural matter as leftover humus (around 7% of the 
unique substance) can be put away in covered soils for endlessly prolonged stretch 
of time [9, 12, 38, 43, 68, 70]. 

The quantity of microbes and archaea in covered soils of the authentic period is 
by three-eight times lower, and the microbial bio-mass is by three-seven times lower 
than in the cutting edge surface soils. This proportion varies somewhat for soils 
covered at various times (quite a while back), and that implies that the fundamental 
misfortunes of microbial biomass happen during the main many years or hundreds of 
years after internment. In this way, the number, design, and variety of the microbial 
local area change essentially after soil entombment. A specific piece of the resting 
types of microorganisms, DNA, or other biomolecules can be inherited from the hour 
of soil internment, for instance, absorbed by earth minerals on a superficial level. In 
any case, the subject of how to isolate the microbiological markers of the “natural 
memory” of pale sols from the consequences of later changes in microbial networks 
after the dirt covering stays unsettled. Covered soils can give us information about 
the structure of microbial networks in the review region previously. Nonetheless, 
the investigation of covered soils can’t is deficient to anticipate future changes in 
microbial networks of present day soils upon potential changes in the bioclimatic 
circumstances [3, 4, 10, 11]. 

The investigation of future changes in soil microbial networks is conceivable 
utilizing “artificial chronosequences”—research facility or field experiments with 
displaying long haul changes in the dirt and ecological circumstances. For instance, 
experiments on recreating environment changes, including a dangerous atmospheric 
devation, which ordinarily incorporate counterfeit long haul climb in temperature 
and changes in precipitation and insolation levels in the exploratory region. These
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investigations endeavor to survey how the biomass, action, and different qualities of 
soil microbial networks are changed because of environmental change. For instance, 
such analyses survey the impact of an unnatural weather change recreation on the 
microbiomes of icy and boreal soils. Such an effect is communicated in a reduction 
in the wealth of growths, an expansion in the overflow of microscopic organisms, 
and an adjustment of the ordered organization of the local area [80, 81]. 

Simultaneously, momentary changes in temperature and dampness content may 
not influence the design of the microbial local area at all, or the impact might show up 
solely after decade of the experiment and just in the surface soil layer. Frequently, it 
is connected with the roundabout impact of changes in the overflow and organization 
of the plants on the dirt microbial local area. Whether the consequences of such tests 
are relevant to demonstrating the genuine elements of microbial networks because of 
cli-mate change is a disputable issue. Notwithstanding, right now, such a recreation 
of an Earth-wide temperature boost stays one of only a handful of exceptional ways 
of foreseeing long haul changes in soil microbial networks from now on [82, 83]. 

Soil microbial networks change inside a gigantic scope of time: from hours to 
centuries. In the most limited periods, under the effect of sudden changes in soil condi-
tions or the contribution of new natural matter, the action of microorganism’s changes 
fundamentally. Over longer periods, the complete biomass and ordered construction 
of the microbial local area change due to the elements of the sythesis of plants and 
physical and compound properties of the dirt (particularly, pH conditions). Changes 
in the all-out overflow and biomass of microorganisms are normally connected with 
the con-tent of soil natural matter. Processes joined by the aggregation of carbon in the 
dirt-beginning pedo-beginning or auxiliary rebuilding progressions—normally lead 
to an expansion in the microbial biomass and in the parasites/microorganisms propor-
tion. The absolute variety (α-variety, species extravagance) of microbial networks can 
either increment or diminish or stay unaltered during soil cycles of totally different 
lengths [33, 60, 64, 83–87]. 

Clearly, explicit examples of changes in microbial not entirely settled by a wide 
range of boundaries, and it appears to be difficult to isolate a solitary general pattern. 
The biomass and design of microbial networks in practically all dirts and environ-
ment types are exposed areas of strength for to elements. This ought to be thought 
about while contrasting microbial networks of spatially far off soils, particularly 
those examined at different times. In any event, throughout the mid-year season, the 
overflow and biomass of microorganisms can change by a few times, which mutilates 
the consequences of near examination of various soils. Plants are vital in control-
ling the elements of microbial networks. For brief timeframes, the effect of plants 
is communicated in changes in the movement of the arrival of root exudates and, 
for longer periods, in changes in the overflow and structure of the plant local area 
during different progressions. Other factors in the elements of microbial networks— 
temperature, dampness, physical and synthetic legitimate ties of the dirt-may like-
wise influence microorganisms by implication, through the guideline of vegetation 
[2, 4, 6, 14, 18, 45].
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Conclusion and Future Perspectives 

This study showed that dirt microbial local area is fundamental to accomplishing 
food security under environmental change while they moderate GHG emanations 
and further develop soil fruitfulness. This concentrate further rundowns microbial 
procedures in CSA as practical, modest, and eco-accommodating innovation that 
ought to be sought after. This study gave a profound comprehension of microbial 
innovations, soil and plant cooperation’s under CSA situation. This study focused 
on the requirement for environmental change variation and moderation while further 
developing food creation in the ongoing food framework. At long last, this study 
adds to comprehension of what environment changes mean for soil organisms and 
biological system cycles, and how agrarian practices under CSA mediations can 
accomplish environmental change variation, GHG relief, and food security. 
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Chapter 4 
Microbial Community Dynamics Due 
to Land Use Change: Some 
Circumstances in the Tropical Rain 
Forest of Indonesia 

Enny Widyati, Helbert, Yayan Wahyu C. Kusuma, Ragil S. B. Irianto, 
Neo E. Lelana, Irma Yeny, and Chao Gao 

Abstract This chapter discusses concerning land use shifting influences to the soil 
microorganisms dynamic, especially in Indonesia where the biggest tropical rain 
forest established. Indonesia is among the region with largest tropical rain forest 
in the world. The country is also rich in plants biodiversity associated with the 
biophysical and the climate conditions forming the tropical rain forest. The high 
of plant diversity of Indonesia forest is illustrated by Malik et al. (Jurnal Ilmiah 
Pendidikan Sains 1:35–42, 2020), in Kalimantan in a hectar of forest can be identified 
more than 150 species. 

Introduction 

Kusmana and Hikmat [1] summarized, despite the fact large of terrestrial region 
of Indonesia is only about 1.3% from total of the earth, 25% of world seed plants 
(spermatophytes) species are distributed in Indonesia. Hence, Indonesia is positioned 
as the 7th world plant biodiversity with about 20,000 numbers of species. Among 
the 20,000 species, 40% are endemic species (origin) of Indonesia. The most abun-
dance family is belong to Orchidaceae that is reached 4,000 species, followed by 
Dipterocarpaceae with 386 species numbers (70% of dipterocarps population in 
the world), Myrtaceae and Moraceae (each 500 species numbers); Ericaceae (737 
species), involved Rhododendron and Naccinium with 287 and 239 species numbers,
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respectively. Malik et al. [2] noticed that Indonesia is the producer of 75% of world 
rattan. 

Malik et al. [2] reviewed forest of Indonesia colonized by the world highest palm 
family (Arecaceae), for instance there is 122 species numbers of bamboo. Kusmana 
and Hikmat [1] also reported that Indonesia has a high diversity of ferns about 
4,000 species numbers, rattan about 332 species numbers involved of big stems of 
Genera Calamus (204 species) and Genera of Daemonorops (86 species). On the other 
hand, Indonesia also noticed as the center of distribution of Vavilov (biodiversity of 
cultivated plants) such as Syzygium aromaticum, Nephelium spp., Musa spp., Durio 
spp., and Myristica fragrans (ref). 

However, along with the increase of population and development, lots of forests 
convert into many land utilization caused a deforestation phenomenon. Referring 
to [3], sometimes deforestation is planned for infrastructure development even it 
gave several negative impacts to the environment. It was reported, forest coverage of 
Indonesia during in 12 years (1985–1997) was drastically reduced from 119 million 
ha to 95 million ha [4]. Several activities such as intensive forest management, 
illegal logging, mining, agriculture, transmigration, forest fire, and land grabbing 
are indicated as the major reason for deforestation and forest degradation [5]. In 
addition, the excessive oilpalm plantation and mining activities in the forest area 
lead to enormously increase of forest vulnerability [4]. 

Plant is a sessile organism hence they need assistance from various microbes 
living around them for reaching nutrients, growth factors, and safeguard against 
pathogens. Plants actively initiate in assembling a favorable environment to invite 
beneficial microbes colonized around their root system. On the other hand, vegetation 
(species, stage of growth, etc.) determine structure and composition of soil microbes 
[6]. Various studies shown that many plant-microbes association have a remarkable 
impact on germination of seeds; vigor of seedlings; plant nutrition; plant disease; as 
well as plant growing, development and yield [7]. 

Berg and Smalla [8] have summarized from earlier studies, essentially every plant 
species requires a set of microorganism communities in its rhizosphere, both to 
support its growth (nutrient availability and growth factors) and its specific health 
(biocontrol and anti-pathogens). Therefore, it is crucial to consider knowledge on the 
plant-rhizosphere community interrelation in developing strategy for soil treatments, 
multi-species cropping, and crop rotations. The characteristic of plant species is vital 
for biological control applications. Moreover, it is also important to recognize the 
existing specific association among plants and microbes in correlation to issues of 
nature conservation. It means that once a plant species distinct, soil rhizosphere 
community will be disturbed. 

Pitman and Jorgensen [9] discovered approximately 22–47% of the world’s plants 
are threatened with extinction. Unknown microbial diversity may be impacted when 
plants become extinct. Improved understanding on specific interactions among plants 
with microorganisms in their rhizosphere is useful for reforestation activities that 
include replanting degraded forests and woodlands with native tree stock. It is also
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reported, the interactions among microorganism and plant are crucial issues influ-
encing the invasive species competition with the indigenous flora. Hence, the influ-
ence of climate-change on interaction among vegetations and microorganisms, i.e. 
on plant diseases, is also urgent to be calculated. 

The activities causing to forest coverage changing is presumed to give many 
alterations to the underground organisms, involved soil microorganisms. Further-
more, this chapter discussing review results on the dynamic and function of forest 
coverage related to development and planning from previous publications (journals, 
IOP proceedings, books, reports, etc.), especially focused on (1) the dynamic of 
soil microbe under forest harvesting/tree cutting; (2) the role of soil microbes to the 
succession of pioneer in the secondary forest, involved to the invasive alien species 
distribution, (3) the alteration of soil microbes population due to land use change 
from natural to monoculture plantation, (4) responsibility of soil microorganisms on 
the mining land and the limitations to reclamation achievement. 

The Dynamic of Soil Microbes Under Forest Harvesting/Tree 
Cutting 

Plants are the initiator in rhizosphere configuration and controlling the composition 
and structure of root-microbial communities by releasing diverse organic compounds 
from photosynthesis [10]. It is estimated at 10–30% of photo-synthate [11], collec-
tively labeled as root exudates [12] released to the root zone, for attracting soil 
microorganism and creating an unique environment known as the rhizosphere [13]. 

The rhizosphere recognized as the confine zone around and impacted by roots, 
is a hotspot for a variety of organisms and is the most dynamic ecosystems [14, 
15]. In the rhizosphere is colonized by nematodes, arthropods, protozoa, algae, 
archaea, bacteria, fungi, oomycetes, and viruses [16, 15]. Most of them compose 
the complexity of food web using the large proportion of nutrients supplied by the 
plant, involved root exudates, border cells, mucilage [7]. The root exudates is a major 
driving force, with functions to attract and deter soil microbes hence the structure, 
size, and array of rhizosphere colonization match with the types, growth, and the 
stage of plant development [17, 7, 6]. Berg and Smalla [8] concluded, the rhizo-
sphere is the important area for plant nutrition, health and productivity. Rhizosphere 
determine nutrient cycling in terrestrial ecosystems and ecosystem functioning. 

Therefore, tree harvesting is perhaps the most harmful to trees since it removes all 
plant portions that operate as photosynthetic patches. This is an important process 
in the manufacturing of root exudates. Kögel-Knabner [18] found a half portion 
of root exudates is released as sugars, the main source of carbon for soil microbes 
[19]. Furthermore, tree felling is thought to influence the rhizosphere’s interaction 
between plants and microbes. 

Earlier studies, on a larger scale, the practice of forest harvesting conducted by 
clear-cutting. It removes in excess of the tree bole, which remarkable decreasing the



54 E. Widyati et al.

total content of soil nitrogen and biomass of microbes (Johnson and Curtis 2001). 
This resulted a niche selecting some sensitive taxa and alter structure of soil commu-
nity [20], which can be considered as an environmental screening [21]. The loss of 
susceptible microbes due to tree harvesting may support the colonization of better-
adapted microbes, it shift the microbial community hence modify the process of 
decomposition [22, 23]. 

Specifically, the reset of soil community is due to forest harvesting contributes 
large amount of soil organic compound into soil. Referring to [24] huge of avail-
able organic C should facilitate copiotrophs microorganisms. Tate [25] divided soil 
microbes into two groups. Copiotrophs microbes group is opportunist, when resource 
conditions are plentiful, they prefer to ingest unstable soil organic C pools, then 
aggressively grow. In contrast, oligotrophic group have slower growth speed and are 
incapable to compete with the copiotrophs in poor nutrient circumstances [25]. 

Study on short rotation coppice monoculture plantation of Callyandra 
callothyrsus in Majalengka District, Indonesia by Widyati et al. [10] found cutting 
decreased the below ground sugars flux by 80% and lead to decrease the soil pH 
rapidly. The depletion of total soil sugar is hypothesized as the strategy for C. 
calothyrsus to survive and regenerate after being cut. Sugar deficiency causes major 
alteration in the size and composition of rhizosphere community. Another survival 
strategy for limiting adjacent competitor populations in the rhizosphere of callyandra 
is to increase soil acidity [10]. 

The Role of Soil Microbes to the Succession of Pioneer 
in the Secondary Forest, Involved to the Invasive Alien 
Species Distribution 

Once forested land opened due to harvesting, fire, or other catastrophes, this is the 
opportunity for a new plant to occupy this new habitat. Vegetation formation in the 
earth is started with seed dispersal and establishment of seedlings in soil. A seed reach 
the new habitat by seed dispersal vectors, such as animals, wind, water, or human 
being. Nelson [26] reported the impact of environment and microbial interactions 
in plant development take place initially in germination and early growth stages. 
The microbiome developing throughout seed sprouting and spreads to seedlings and 
diverse organs of full-grown plants after a long time may contain microbes that 
were picked up along the way [26]. Afterwards, an extensive range of biotic (plant 
traits) and abiotic (soil properties) variables determine the diversity of structure and 
function of the microbial communities in the new rhizosphere assemblage [8]. 

From the seed stage onward, interactions between plants and microorganisms 
have been documented, the interaction is known as seed microbiome [26]. Further-
more, [26] classified seed microbiome into endophytic and epiphytic microbiota. 
Endophytic microbiota are microbes living inside seed tissues and inherited to its 
descendant through progeny process during seedlings development, while epiphytic
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microbiota are microbes inhabiting outside seed and may or may not be adopted 
to inner tissues of seeds and transmitted either vertically to their seedlings or hori-
zontally to other plants [26]. Previous studies reported that seed-associated bacterial 
distinct due to species of plant [27], plant traits [28], stages of seed development [29], 
topographical locations [30], and the existence of plant pathogen [31]. Links et al. 
[27] explained seed endophytic bacteria deliver almost the entire species assemblage 
from where the seed microbiome recruited, it indicated that in some plant species 
the seed endophytic were substantially conserved. The seed endophytic microbiota 
is frequently dissimilar with the soil bacteria colonized the plants rhizosphere [32]. It 
is indicated that, the microbes colonizing the seed is predominantly brought from the 
parent plant environment [26], it carried away from the habitat where the origin of 
the host plants grow [33]. It is not clearly explained, either local site characteristics 
or host genotypes assembly the bacterial seed microbiome [33, 30]. 

Plants have an impact on soil microbial populations; every plant type is presumed 
to form a distinguish rhizosphere communities. Root exudates are the main force to 
carry out the selection process [8]. The type of vegetation determines the confor-
mation of substances released by roots, which determines the relative abundance 
of microorganisms surrounding the roots [34]. To shape their own rhizosphere, 
plants allocate nutrients for the desired microbes, in the contrary it deliver unique 
antimicrobial metabolites to get rid the unwanted microorganisms. 

The interested phenomenon on succession is invasive plant occupation, which 
has remarkable effects on the society of soil microorganisms [35]. The invasive plant 
species generally characterized by their capacity to grow rapidly, hence they will 
immediately replace the origin vegetation composition [36]. In the new ecosystem, 
these exotic plants will change the net primary productivity (NPP) and nutrient 
cycling processes [37]. Because there is an intently link among the plant aboveground 
and belowground subsystems, hence the alteration in species plant dominant in a 
community will simultaneously affect interactions among plants and microorganisms 
in the rhizosphere. Afterward, it determine the nutrient cycle processes [38]. It is due 
to, substances released by plant root facilitate the rhizosphere association, which in 
reciprocate they decompose organic matter to provide nutrients to the plants [39]. 
Zhang et al. [40] found more peculiar fixed carbon released in the rhizosphere of 
Spartina alterniflora Loisel., an invasive species, than it found in the native plants. In 
consequence, the carbon turnover effectiveness at the plant-soil boundary increase 
with the intention of achieving successful invasion. 

Significant modification on the assembly of soil microbial associations, biomass, 
and their activities due to plant infiltrations determine the fundamental ecosystem 
behaviors such as decomposition of soil organic matter and nutrient cycling [41]. 
Stefanowicz et al. [42] convinced that the invader plants change belowground micro-
bial performance significantly only in two growing seasons. The modification of soil 
environment is the effort of the invasive species to construct their proper niche to 
support the growth and successfully conquer the new habitat [42]. 

Stefanowicz et al. [42] summarized, the various alterations due to invasion of 
alien species can be classified into: impact on soil physic-chemicals (nutrients and
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pH), impact on soil communities (soil bacteri and fungy, ectomycorrhiza and endo-
mycorrhizal fungi), impact on microbial activities (enzymatic and respiration). Char-
acteristic of the plant invaders such as crown formation, rooting architecture, or 
chemical content of tissue define the distinction in the reactions of soil to plant inva-
sion [42]. Root exudate is a selection tool in a rhizosphere because a root exudate 
with a certain composition is only suitable for the structure of a particular microbial 
community, otherwise, that composition can be a killing machine for other microbial 
groups [43]. Thus, it can be understood that the introduction of new plant species 
into a habitat, massively, will lead to dramatic reformation of the community of 
underground microbes as consequences of the powerfull reciprocal influence. 

It is widely recognized that invasive plants brought negative impacts to the indige-
nous plant communities, even the invader often completely eliminate native species 
and change the habitat to a monodominant communities [44]. The shift in plant 
composition by exotic plant species interfere the linkage between above-ground 
communities [45], it modify soil chemical properties (pH, N content, N mineral-
ization processes) due to revolution in the structure of microbial communities that 
control the main biogeochemical cycles in the habitat. 

Every exotic species has a unique consequence to the physico-chemical charac-
teristics of the soil in its new habitat [46]. Study on invasive species showed, they 
caused alteration on soil physical attributes, especially the soil porosity, tempera-
ture, water-holding capacity, and moisture [47]. This is due to the changes in the 
vegetation type in the habitat which has different in tissue biomass characteristics, 
rooting depth, leaf area index, and transpiration rate [48]. Modification in soil mois-
ture and root exudate composition result in changes in the rhizospheric microbial 
flora to promotethe further invasiveness [49]. More over, the invasion also influence 
the chemical characteristics of soil due to the shifting of soil organic matter input, 
paterns of cycling of carbon and nitrogen, and soil pH. Invasive species also found 
to release of some allelopathic substances [50, 51, 52]. 

The belowground microbial community strongly determines the invasive capacity 
of exotic plant species [53]. Li et al. [53] reported one of most destructive invasive 
weeds in China, Ageratina adenophora, which formed a single species community 
rapidly. The existence of A. adenophora resulted in shifting of microbial compo-
sition either in the bulk soil or rhizosphere, for example Bradyrhizobium replace 
Aeromicrobium [53], the specific microbes rule in N-cycling processes. Li et al. [53] 
confirmed that A. adenophora change the soil pH of the rhizosphere environment 
to impose homogenous microbial communities. They selected appropriate microbial 
communities in providing their obligations in soils to encourage their invasiveness. 

In Indonesia there are several invasive species incidences that caused alteration on 
the habitat dramatically. In Batukahu National Park, there were 10 identified invasive 
plant species member of 10 genera and five families [54]; which were classified as 
40% herbs, and 30% each shrubs and grasses [54]. 

The most phenomenal invasive species in Indonesia is Vachellia nilotica (L.) P.J.H. 
Hurter & Mabb commonly known as thorny acacia, is notorious for its ability to 
conquer diverse environment, especially grassland (Fig. 4.1.) After being introduced 
for the first time in the 1969, to the Baluran National Park (BNP), Indonesia, the
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Fig. 4.1 Vachellia nilotica in The BNP (a) and  Merremia peltata (b) the most remarkable invasive 
species in Indonesia 

tree currently has invaded wild bull habitat of the national park more than half area 
[55]. BNP is the biggest Bull (Bos sondaicus) in Indonesia with 1500–2000 ha of 
savannah ecosystem [56]. The invasion of V. nilotica threatened the population of 
the bulls due to the invasive species eradicated the bulls feeding plants. 

Another terrific invasive plant in Indonesia is Merremia peltata causing serious 
hazards to the regeneration of indigenous plant [57]. Both the opened areas and the 
bared land, before planting for estate and agriculture, in entire regions of Indonesia 
are susceptible to be invaded by this species [57]. This species has a large underground 
tuber. They climb and cover all over crowns of the woody plants, hence it disturb 
the photosynthesis process [57]. Merremia is classified into a fast-growing plant that 
is regenerate by rooting their nodes, or by resprouting and rooting the broken stem 
fragments [58]. The species dispersal also occurred by seeds that is unconsciously 
carried away by human activities or as a result of soil displacements [59]. Yudaputra 
[57] estimated that currently, M. peltata have influenced or perhaps destroyed the 
habitat of 30.4% of total terrestrial ecosystem of Indonesia. 

Unfortunately, the study on the influents of invasive plant species in Indonesia on 
the microbial population and biogeochemical process in soil is lacking. Due to each 
plant species need a specific collective microbes forming their own microbiome, the 
gaps of the information is inspiration to conduct further studies. 

Alteration of Soil Microbes Population Due to Land Use 
Shifting from Natural Forest to Monoculture Plantation 

In natural forests, the presence of various types of plants growing together in a 
site will complement each other so that nutrient absorption becomes more efficient 
[60]. Multispecies swards have shown a variety of diversity benefits on aboveground 
performance, including yield, nitrogen contents, and even soil-legacy effects on a 
subsequent crop [61]. Diverse plant functional attributes in multispecies vegetations
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resulted in complementarity of resource acquisition [62, 63], such as growing season 
[64], rooting depth [65], and N2 fixation capability [65]. Importantly, [61] explained 
that these plant species diversity beneficial impacts resulted from interactions across 
the plant species and are thus more than merely the comparative contribution of each 
species (their identity effect). 

The large-scale development of monoculture forest plantation will eventually 
replace the ecosystem’s community. Plantation species are typically chosen for their 
highly adaptable traits, which are comparable characteristics to those of invasive 
plants. Monoculture cultivation’s success in an ecosystem has replaced native plant 
dominance with exotic species. Due to changes in the content of plant root rhizode-
position into the rhizosphere, these alien species modify the network between above-
ground and belowground communities in new settings [45]. Because the root exudate 
generated by new plantations has a different composition than the original soil envi-
ronment, it alters the structure and function of the soil community of rhizosphere. 
Consequently, massive planting of new species as monoculture commonly drasti-
cally changes the important characteristic of soil such as pH, component of nitrogen 
and carbon, rate of mineralization and nitrification, and portion of essential elements 
such as potassium (K), calcium (Ca), and magnesium (Mg) (Table 4.1) [66]. 

The biotic and abiotic properties in soil can be modified by plant, and this will 
give impact to other plants that subsequently grow in this ecosystem. In multi-species 
plantation the effect of a plant type to the belowground ecosystem will be very 
complex [69]. It is depend on what it function and abundance in the ecosystem, it is 
also determined by species composition exist in the ecosystem and the characteristics 
of the soil [69]. Previous study carried out by Fox et al. [61] found that soil microbial 
community structures were highly driven by plant species identity. The difference 
physiology of plant species such as structures, differing root biomass, and symbiotic 
N2-fixation induced soil physicochemical change.

Table 4.1 Increase of deforestation from 4 important sectors during 2016–2017 (analyzed from 
[67, 68]) 

Land 
use 
change 

Year (ha) Forest 
conversion 
until 2020 
(%) 

2016 2017 2018 2019 2020 

IPF 10,842,974 11,178,601 11,439,445 11,258,485 11,141,179 9.092 

OPP 11,201,500 12,383,100 14,326,300 14,456,600 14,858,300 12.310 

RP 3,637,300 3,659,100 3,671,100 3,675,900 3,681,300 3.030 

MO 27,316.84 65,047.14 147,825.75 249,005.94 559,218.59 0.463 

IPF: industrial forest plantation 
OPP: oil palm plantation 
RP: rubber plantation 
MO: mining operation 
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Furthermore, poor species diversity on monoculture changes the rhizosphere 
microbial community [70]. Since, soil microbe abundance, composition, and diver-
sity are strongly affected by plant species [71], changes in plant composition from 
multi- to monoculture modify the rhizosphere properties. Intensive monoculture 
activities over a long period lead to nutrient depletion because plants with the same 
growth rate in even-age forests require large amounts of the same nutrients [72]. As a 
result, they will release the same root exudate to invite microbes for helping grow and 
improving fitness. This continuous process will give negative impacts on soil func-
tion and yield sustainability due to different performance of their new rhizosphere 
composition. 

Soil microbes have vital rule in a variety of ecological activities, including organic 
matter decomposition, nitrogen cycling, and plant productivity [73, 74]. The study 
of how different plant species and their configurations, such as forbs, grasses, and 
legumes, regulate their collaborated microbial association is receiving more consid-
eration (e.g., [75, 76]). Within a particular soil type, distinct plant species found to 
assemblage-distinguished configuration of microbial colonization [77]. The diverse 
physiologies and features of different species, such as root architectures and activi-
ties, root productivity and array of rhizodeposition, are fundamental determinants of 
such variations [61] (Fig. 4.2). 

After plants were dead or harvested, these changes in the soil microbiome medi-
ated by plant left as “legacy” and determine the other plant species that grow subse-
quently (plant-soil feedbacks) [78]. The kind of soil-transferred legacy effects varies 
depending on different parameters, such as the prior plant, climate conditions, and 
soil type [79]. Rhizodeposits and litter attributes of plants determine soil microor-
ganism [78]. Legacy effect is strongly defined by the amount and type of transmitted-
persistance residue in the soil when the previous crop is removed [61]. The persistence 
best adapted decomposers to plant residues under the prevailing situations [80] may  
be assisted by the retaining of such plant excess in the soil environment, keeping this 
crucial macronutrient accessible in the habitat. 

These kinds of legacy effects are likely to have wider ecological consequences. 
Plant legacy effects on the microbiome may effect on competition among plants,

Fig. 4.2 Monoculture oil palm plantation (a) and natural forest (b). Source Google images 
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establishment and succession of plant, and the composition of the overlying plants 
[81]. Plants legacy can either negatively or positively effect succeeding plant species. 
Negatively effects occur when there are plant pathogens congregations in the soil and 
positively effect through the build-up of beneficial microbes [78]. So, that why one 
of negative effects of monoculture plantations is the occurrence of soil pathogens 
because its legacy may be the accumulation of pathogens. 

The same species of plant has the same root system so the area of competition 
in the absorption of nutrients and water will be stronger [82]. The root competition 
of the same species of plants occurs three to five times greater than if they compete 
with different species [83]. To conquer the neighboring plants, they will release 
allellochemical, the compounds released frequently have impact either increase the 
growth of soil-borne pathogens or prevent the growth of advantageous microbes 
[84]. Similar plants will release similar allellochemicals, and there will be more 
buildup over time with recurrent plantation. The formation of numerous diseases 
known as replanting disease has been linked to one of the important chemicals in 
the allelopathic system: phenolic acid [85]. The phenolic acid level in soil was 400 
percent higher in a continuous monoculture rye plantation than in a diverse cropping 
system, resulting in a decreased actinomycetes population [86]. Actinomycetes play 
a pivotal role in the rhizosphere, such as preventing plants from various soil-borne 
pathogens [87]. 

Role of Soil Microbes on Mining Land and the Limitations 
to Reclamation Achievement 

Indonesia has the biggest deposit of mineral in the world, such as second position 
for gold and third for nikkel of the global supply (ESDM 2016). Indonesia also 
has 34.8 billion tons of coal deposit (the 8th position) (ESDM 2021). In one hand, 
mining sectors are the enormous source for the country income. On the other hand, 
minning results significant ecological effects such as soil erosion, holes formation, 
and biodiversity loss. Soil and water on ex-mining sites contaminated due to the 
chemicals used in the ore purification processes. Ex-mining sites are characterized by 
poor in macronutrients but rich in heavy metals, acidic soil reaction and inappropriate 
soil texture and moisture. Nikkel, tin, and coal mining are among the harmful to the 
forest area, due to those are operated in opened pit mining (OPM) that remove all of 
soil layers above the ore deposits, included the vegetation. The removal of vegetation 
brings immense consequence to the elimination of the origin soil microbiome, the 
essential actors in soil functioning and biogeochemical cycling. 

The most tremendous consequence of OPM is the incident of acid mine drainage 
that is much more detrimental to the environment. The OPM systems reveal layers of 
rock containing sulfide compounds, expose to atmospheric oxygen hence it undergoes 
oxidation. This oxidation process will cause the previously inert rock to become 
reactive and release very strong sulfuric acid to the environment. Consequently, it
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will quickly acidify the surrounding waters and soil. The study conducted by Widyati 
[88] on ex-coal mining soil in South Sumatera, Indonesia, soil pH may decrease up to 
2.8. This condition may dissolves metals, immobilizes various macro elements hence 
they are not available to plants, which can result in the death of various aquatic biota, 
as well. 

Referring to Akcil and Koldas [89] mining of nickel, gold, and copper, is accom-
panied by acid drainage problems, that is in long-term destruct water bodies and 
life. When sulfide-containing rocks are exposed to oxygen and water, it resulted a 
phenomenon called acid-mine drainage (AMD) [89]; released sulfuric acid solution 
that will be polluted the surface water (rainwater, pond water) and shallow subsur-
face water. Once AMD is happened, extremely acidic water rich in heavy metals will 
be continually formed and transported follow the water movement [89]. The AMD 
phenomenon can be illustrated in the following reactions (Fig. 4.3) [89]: 

(1) 2FeS2 (S)  + 7O2 (g)  + 2H2O (l) →2Fe2+ (aq) + 4SO4 
2−

(aq) + 4H+ 
(aq) 

The initial reaction is the sulfide mineral such as pyrite (FeS2) reacts with 
atmospheric oxygen and in the moist condition will dissolve ferrous (Fe2+) 
ion. The ferrous will be immediately oxidized into ferric (Fe3+) ion (reaction 2). 
AMD formation will be rapider in the region with high rainfall, like in Indonesia. 

(2) 4Fe2+ (aq) + O2 (g)  + 4H+ 
(aq)→4Fe3+ (aq) + 2H2O (l) 

The rate of acid generation is strongly determined by the chemical, biolog-
ical and physical attributes of the rocks and environments. Waste rock dump 
permeability is particularly the important physical factors. High permeability 
of dumping rock facilitates excessive oxygen access, which is contributes to 
rapid chemical reaction rates [89]. The acid environment favor the colonization

Fig. 4.3 AMD is characterized by forming reddish color (a) or torquize (b). The picture taken at 
the ex-coal mining in South Sumatra (a) and at the ex-cement mining land in Sukabumi West Java 
(b)
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of bacteria Acidithiobacillus ferrooxidans and the bacteria will be most favorable 
when the water pH is less than 3.2 [89]. The bacteria is classified as lithotrophs 
(“litho” means “rock”) groups that are getting energy rock weathering. It is also 
classified as chemotroph organisms that get energy from oxidation of inorganic 
compound i.e. FeS2 [90]. Bacteria A. ferrooxidans rapidly release lead and zinc 
from the rocks [90]. Removing soil layers rich in soil organic matter (top soil 
and sub soil) due to mining excavation give advantages to the bacteria group, 
and rapidly colonize in the habitat. 

This reactions undergo either spontaneously or being catalyzed by A. ferroox-
idans. The cathion Fe3+ will oxydize much more pyrite and release more ion 
responsible in acidifying the environment.

(3) FeS2 (S)  + 14Fe3+ (aq) + 8H2O (l) → 15Fe2+ (aq) + 2SO4 
2-

(aq) + 16H+ 
(aq) 

Other problem inherited by mining operation is talling, that can be highly diverse 
in their physic-chemical characteristics, generally is described as sandy or silty 
soil, and toxic peculiarities. Tailings from ore-metal minings are constantly not 
only sulphidic but also rich in residual metals and metalloids (mainly Arsenic) 
[90]. In many places of the world, surface stabilization by revegetation (i.e. 
phytostabilization) is essential to decrease the negative effects of legacy tailings. 
However, phytostabilization of sulphidic-based metal tailings through phytore-
mediation is limited by the tailings’ incapacity to facilitate the growth of vege-
tations [90]. Phytoremediation is a technology employing plant activities to 
absorb and eliminate elemental contaminants or decline their concentration in 
soil [91]. Avoidance and tolerance are two defense schemes employed by plants 
to deal with heavy metals poisonous in soils [92]. It is highly recommended to 
apply phytoremediation in ex-opened pit mining area with unsteady structure 
and high soil erosion, or on tailing of metal extraction [93]. The application 
of phytoremediation needs heavy metal detoxification as precondition process 
[94]. 

Beneficial microbes found in association with plants playing as phytoremediation 
activities. Earlier studies showed alteration in community structure of roots of pioneer 
grown in tailing containing Pb and Zn and improvement on microbial biomass [90]. 
Soil microbes can be engaged to assist in improving ex-mining land, directly or indi-
rectly. Directly, microbial communities help in biogeochemical cycling of tailings. 
In the oxidized layer of neutralized base metal tailings can be colonized by microbial 
with significant biomass. However, the microbial diversity (mainly bacteria) is lower 
than it in the unpolluted soils [93]. The soil microbes population can be improved 
by inoculation. Introduction of sulphate-reducing bacteria inoculum to the ex-coal 
mining soils, have been improved the pH and soil nutrients [88], hence improve the 
seedlings planted as revegetation [95]. The bacteria reduced SO4 

2− into S2 that is 
immobile [88]. 

Indirectly, favorable microbes in the rhizosphere of revegetation plants facilitate 
the revegetation process in a variety of manners. For example, arbuscular mycorrhizas 
acting as a prohibiting barricade for heavy metal uptake by absorption, adsorption, 
or chelation process [96]. (2) Microorganisms promote immobilize the metal ions by
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adsorbing metals to their cell walls, creating chelators, and stimulating precipitation 
processes [97]. They can also help with phytostabilization by increasing root surface 
and depth, as well as acting as a separation barricade to protect shoots from ion 
translocation from roots [98]. (3) Microbes directly stimulate root multiplication, 
promote plant development, increase plant tolerance to heavy metal, and improve 
plant health. 

The group of plant growth-promoting rhizobacteria (PGPR) can be employed in 
ex-mining revegetation because their ability to enhance plant growth and fitness, 
improve plant nutrition, and the most important is their protection to plants from 
heavy metal uptake and translocation [97]. This is performed through producing 
organic acids, enzymes, siderophores, antibiotics, and phytohormones, among other 
chemicals [97]. 

Future Strategies 

As one of most populated country in the world (more than 270 millions), Indonesia, 
will encounter food, energy, and water security in the future. The situation may be 
aggravated by environment destruction and climate change. It is need tight collabo-
ration among all stakes in formulating smart strategies to deal with the challenges, 
included strengthen knowledge on importance of soil microbial to improve land 
productivity, to clean pollution, as well as to enhance land revegetation. 

a. Optimize land utilization in food, water and energy nexus to preserve defor-
estation. 
Cultivation of mixed crops that produce food, bioenergy and species that quickly 
increase water catchment needs to be developed to prevent expansion of defor-
estation and optimize land productivity. In addition, the use of local varieties 
needs to be expanded for restoring biodiversity, also reducing destruction of the 
microbiome due to “strange rhizophere assemblage” by invasive exotic species. 

b. Rhizosphere engineered for environment friendly agriculture. 
Plants rhizosphere can be engineered to produce substances for increasing 
nutrient availability, for defensing from biotic and abiotic pressures, or for 
promoting the growth of beneficial bacteria. Rhizosphere engineering can involve 
inoculation of beneficial microbial populations to the selected plants. Soil amend-
ment can be applied to enhance the fitness of root associated bacterial communi-
ties. Hence, the rhizosphere favor selected bacteria collaborative synergically in 
consortia appropriate for barricading roots from pathogens. Rhizosphere engi-
neering with various activities of PGPR improve the soil aggregation, soil health 
and fertility, hence facilitate plant growth better and increase the productivity. 

c. Ex-mining rehabilitation and revegetation employ beneficial microbes 
The crucial step in ex-mining reclamation process is soil amendment to 
provide favorable environment for revegetation planting. To improve revegetation 
succeed, both organic and inorganic ameliorants can be added to the contaminated
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soil. Inorganic amendment is aimed to modify metal toxicity, reduce heavy metal 
bioavailability through adjustment soil reaction [99]. While, organic amendment 
is intended to increase the organic matter content. Those soil organic improve-
ments add essential nutrients of the soil, improve physic, chemical and biological 
soil attributes, improve water-holding capacity which can benefit plant colo-
nization in ex-mining sites. Earlier study on augmentation the ex-coal mining 
with material consists of raw organic matter, such as paper mills sludge, in a 
huge dosage (50%) successfully depleted the population of bacteria Thiobacillus 
thiooxidans in the ex-mining soil [88], that is recognized as biocatalyzer of AMD. 

Another key method for maximizing the success of ex-mine land revegetation 
is species selection. The selected species should be tolerant to heavy metal envi-
ronments, have a dense roots system and have capability to preserve soil struc-
ture, and prevent soil erosion, [92]. Qualification of selected plants for ex-mining 
revegetation such as fast growing for building large canopy in in a short period 
of time. It will assist land to modify microclimates, rapidly. They also produce 
lots of biomass that can be supplied to soil as organic matter. On the other hand, 
the selected plant should be effortless to cultivate in the field [91, 100]. The most 
familiar pioneer is acacias which have the ability to rehabilitate soils by absorbing 
and storing heavy metals like zinc (Zn), lead (Pb), copper (Cu), cadmium (Cd), 
and chromium (Cr) in their leaves, shoots, and roots [93]. Including microbes in 
ex-mining revegetation activities for example microbes enabling nitrogen fixa-
tion [101] that will improve not only soil remediation, soil amendment, but also 
assist plant to grow better in the severe environment. 
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22. Hernesmaa A, Björkölf K, Jørgensen KS, Haahtela K, Romantschuk M (2008) Potential 
impacts of clear-felling on microbial activities in boreal humus and mineral soil layers. Boreal 
Environ Res 13:525–538 
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Chapter 5 
Climate Change and Microbes: 
Mechanisms of Action in Terrestrial 
and Aquatic Biosystems 

Sonal Kalbande, Arun Goud, Vishal Hivare, Mukesh Bhendarkar, 
and Karankumar Ramteke 

Abstract The most crucial issue in the contemporary environmental picture is 
climate change. Climate change causes changes in a variety of elements at the same 
time, resulting in complicated alterations in the terrestrial and aquatic microbial 
population. These issues develop due to rising CO2 levels, greenhouse gases in the 
atmosphere, changing temperature trends, and global warming, which directly and 
indirectly affect soil microbial communities. Microbial interactions play a vital role 
in the worldwide fluctuations of the significant biogenic greenhouse gases (carbon 
dioxide (CO2), nitrous oxide, and methane). They usually respond to climate change 
immediately. Microbes regulate terrestrial and aquatic greenhouse gas fluxes. Thus, 
considering microbe’s intricate interactions with various biotic and abiotic variables. 
The promise of lowering greenhouse gas emissions by regulating terrestrial and 
aquatic microbial processes to combat climate change is a tempting option for the 
future. This environmental issue is resolved by changing the microbial community 
structure and composition, a key feedback response mechanism for climate change 
when microbial communities and their mechanisms are coupled, a good strategy for 
addressing climate change emerges.
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Introduction 

Currently, climate change is universally acknowledged as the most significant 
contemporary human threat. Based on a recent study by the Intergovernmental Panel 
on Climate Change [16], the situation is worsening, with 3,300 million people consid-
ered to be highly vulnerable to the effects of climate change and existing unsustain-
able development models increasing ecosystems and human susceptibility to climate 
risks. Microbes are the only life forms in specific habitats, such as deep seas and 
extreme environments. Microbes inhabit all the environments on earth. Microbes 
have been on Earth for at least 3.8 billion years, and despite any potential extinction 
events, they seem likely to last a long time [6]. 

As part of multiple processes, including the carbon and nitrogen cycles, microbes 
use and produce greenhouse gases such as carbon dioxide and methane. Microbes 
are essential to climate change models because they can respond positively and 
negatively to temperature. Numerous studies have demonstrated the importance of 
microorganisms to climate change. 

It is difficult to determine their function in the ecosystem due to their diversity 
and the wide variety of responses to environmental change. However, microbes are 
rarely referred in conversations on climate change. Due to a lack of knowledge, 
most climate change models have not effectively accounted for microbial activity 
concerning climate change and its effects on the microbial population; this review 
aims to understand better the role of microorganisms in terrestrial and aquatic envi-
ronments. The review emphasizes how vital the biosphere’s microbial component is 
as both a “victim” and a “producer” of climate change. 

Climate Change 

“Climate change” refers to long-term modifications in weather patterns and temper-
atures. These changes could be natural, like when the sun’s cycle changes, but since 
the 1800s, people have been the main factor in earth’s climate change. Most of the 
time, this is because they use fuels like coal, oil, and natural gas, which are made 
of carbon [29]. Changes in global temperatures and the frequency of heat waves, 
droughts, floods, storms, and other extreme weather occurrences are all part of this. 

System of Climate 

The atmosphere, the oceans, the cryosphere (snow and ice), the land surface, the 
biosphere, and their interactions make up the very complex global system known as 
the climate system [12]. These interactions determine both daily weather and long-
term climate averages. Natural occurrences like volcanic eruptions, solar radiation,
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and changes in the composition of the atmosphere by humans impact the internal 
dynamics of climate systems. The sun is the sole source of energy for the climate 
system. The equilibrium of radiation on earth can be affected by three primary factors: 

1. By modifying the amount of solar energy flowing in. 
2. By altering the amount of reflected solar radiation (known as “albedo”). 
3. By modifying the amount of long wave radiation that earth emits back into space. 

Feedback mechanisms both directly and indirectly affect the climate [14]. 

Factors Leading to Climate Change 

Greenhouse gas emissions have increased significantly in recent years due to natural 
events such as volcanic eruptions and human activities. Carbon dioxide, methane, 
nitrous oxide, and halocarbons are some gases that fall under this category. Due to 
the gradual accumulation of these gases in the atmosphere, the concentration of these 
gases gradually increases over time. During the time of industrialization, all of these 
gases have seen prominent peaks in their concentrations. Many different factors also 
contribute to the acceleration of climate change. Some of these elements are beyond 
our ability to manage because they are naturally occurring and are not affected by 
human activities. Climate change has also been caused by other natural events such 
as meteor strikes, which dramatically impact the earth’s conditions. The climate is 
also impacted by variations in the sun and the earth’s orbit [8]. When fossil fuels 
are used for ignition, cooling, transportation, construction, and cement production, 
carbon dioxide is produced, thereby speeding up climate change. 

Additionally, it is released by microbial decomposition, respiration, and defor-
estation. Because of fossil fuels and biomass burning, aerosols, including organic 
chemicals, black carbon, and sulfide compounds, have increased. Aerosols are tiny 
particles that vary in size, concentration, and chemical composition and are present 
in the atmosphere. Although some aerosols are created using different materials that 
are immediately discharged into the atmosphere, others are created using factory 
processes. There exist both naturally occurring and artificially produced materials. 

As a direct result of human activities such as open-pit mining and industrial 
processes, there is more dust in the atmosphere. Natural aerosols are volcanic sulfate 
and dust aerosols, sea salt aerosols, land- and ocean-based biogenic emissions, and 
surface-emitted mineral dust. The biggest culprit, however, has been the explosion of 
CO2 released into the atmosphere due to human activity, especially when seen over 
the previous century. Fifty percent of the world’s carbon is emitted by just 10 percent 
of the population, according to a 2015 Oxfam research. Human activities such as 
fossil fuel production, distribution and combustion, landfills and garbage, animal 
husbandry, biomass burning, and rice agriculture contribute to methane production. 
Wetlands and oceans are unique producers of methane emissions due to their natural 
processes [23].
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Microorganisms and Climate Change 

The sustained life of all higher trophic living species depends on the presence of 
microorganisms. Microorganisms are essential to the process of carbon and nutrient 
cycling, as well as to the maintenance of animal and plant health (including human 
health), as well as to the functioning of agriculture and global food, even though 
microorganisms are crucial in minimizing the consequences of climate change. 

Role of Aquatic Microbes 

According to the Census of Marine Life, microbial biomass makes up 90% of aquatic 
biomass. Aquatic microbes are abundant, perform essential ecological tasks, and are 
the backbone of ocean food webs, which in turn support the global carbon and nutrient 
cycles by fixing carbon and nitrogen and remineralizing organic compounds [3]. 

The micro, nano, and picoplankton found in the ocean, including bacteria and 
archaea, are responsible for most of the ocean’s carbon cycle’s mechanical processes. 
In aquatic environments, primary microbial production plays a vital role in the seques-
tration of CO2. As a result, aquatic bacteria release CO2 into the atmosphere as they 
recycle nutrients for use in aquatic food chains. The aquatic ecosystem is also a 
considerable contributor to methane emissions into the atmosphere. Because methane 
is constantly escaping from holes in the ocean floor and each of these methane seeps 
has its unique population of methane-eating bacteria because no species are consis-
tent over the entirety of the deep sea at these places. These microorganisms can 
remove approximately 75% of the newly produced methane before it is released into 
the atmosphere. As a result, these species play an essential role in protecting the 
climate by reducing greenhouse gas emissions [28]. 

Role of Terrestrial Microbes 

Around 1029 microorganisms can be found in all terrestrial ecosystems, which is 
similar to the number seen in marine habitats [13]. Microorganisms are the prin-
ciple organic matter decomposers in a spectrum of terrestrial ecosystems, liberating 
nutrients for plant growth and greenhouse gases such as CO2 and CH4 into the 
soil. Microbes play a crucial role in altering the emission of greenhouse gases. 
The Interactions between microbes and biotic, abiotic factors lead to these alter-
ations. It’s well understood that microbes play an important role in determining 
the concentrations of greenhouse gases. Microbes react and impact climate change 
(through greenhouse gas emissions), and climate change affects microbial responses 
(e.g., increased CO2, warming, and changes in precipitation) oxygen minimum zone 
(OMZ), or oxygen most community. Microorganisms in the soil control the amount
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of organic carbon sequestered there, and the amount returned to the atmosphere. 
They also indirectly affect the amount of carbon sequestered in plants and soils by 
providing macronutrients (nitrogen and phosphorus) that regulate plant productivity 
[4]. 

Atmospheric permafrost is the most significant terrestrial carbon sink due to the 
accumulation of carbon from organic matter (the remains of plants, animals, and 
microorganisms) [18, 21]. Terrestrial ecosystems rely mostly on higher plants for 
net primary production to remove CO2 from the atmosphere. However, microbes 
also play an essential role in net carbon exchange through decomposition and 
heterotrophic respiration, indirectly through their roles as plant pathogens or 
symbionts and their influence on soil nutrient availability. The decomposition of 
organic matter by soil bacteria leads to an annual release of between 50 and 75 Pg. 
of carbon into the atmosphere; this release is 7.5–8 times more than the total amount 
of carbon emitted by humans across the globe [9]. This mechanism is vulnerable 
to the impacts of global warming, which have the potential to exacerbate atmo-
spheric warming by creating carbon cycle-climate feedbacks. These feedbacks can 
be considered a positive feedback loop in which the carbon cycle influences climate. 

Climate Change: Mechanisms of Action 

Temperature, precipitation, and the seasons’ duration are all climate change indica-
tors [24]. Consequently, the mechanism of action is mostly shown with variations in 
moisture and temperature. 

Aquatic Microorganisms 

Climate changes have an impact on the microbial community’s structure and capa-
bilities both directly and indirectly. Climate change has speeded global warming by 
decomposing organic matter, thereby increasing carbon dioxide emissions into the 
atmosphere [26, 31]. Microbes and enzymes also stimulate warming by decomposing 
organic matter more efficiently, emitting toxic compounds into the environment, and 
averting climate change. Nearly the ocean covers 70% of the surface of the planet. 
has a mean depth of 4,000 m, and is diverse chemically and physically, with over 50 
biomes ranging from poles to tropics and from oceanic surface to the dark abyssal 
zones. Microbes in the ocean account for about 98% of the global biomass; they 
produce 50% of the planet’s oxygen and are the main processors of greenhouse 
gases. Marine microbes can also alleviate the effects of climate change [30]. With an 
evolutionary history of nearly 4 billion years, the oceanic microbes have adapted to 
continuously changing earth’s environment and developed resiliency and physiolog-
ical plasticity, which would offer some protection from artificial climate changes. At 
present, the rate of climate change is higher in the earth’s history due to heat-trapping
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greenhouse gases, posing a huge threat to marine microbes [27]. An increase in green 
gases elevates the global temperature, thereby increasing the temperature of the sea 
surface. In this century, due to global warming, there is expected to be an increase in 
surface ocean water temperature from 2 to 6 °C [19]. This wide range of temperature 
fluctuations may directly affect water chemistry, thereby majorly affecting microbes’ 
growth and biological activity. 

Increasing temperature affects biological processes and reduces water density of 
water and thus affecting the stratification and cycling of organismal dispersal and 
nutrient transport. Enhance in stratification also increases the pace of future warming. 
Hot upper layers in deeper lakes may reduce air exchange, usually one of the processes 
of adding oxygen to water. Large anoxic dead zones that cannot support life may result 
from this. The oxygen minimum zone (OMZ) has increased due to ocean warming 
over the last five decades, reducing oxygen solubility [20]. Increased carbon dioxide 
levels could assist changes in composition and competition among algal communi-
ties. In the aquatic ecosystem, the abundance of microbes is inversely proportional 
to temperature. The water’s important property, i.e., viscosity, also relies on temper-
ature, and its changes significantly impact the growth rate of consumers, carrying 
capacity, and the mean density of apex predators. Oceanic phytoplankton multipli-
cation and cell density are higher, and early decaying occurs at a higher temperature. 
Temperature and other environmental factors determine the global biogeography of 
phytoplankton and select species based on optimal growth potential [15]. The effects 
of warming on controlling the phytoplankton dynamics in aquatic systems, such as 
lakes and the open ocean have been reported. 

Survival of phytoplankton at high temperatures depends on phenotypic domes-
tication, mutation, and selection. Microbes can adapt to adverse conditions due to 
phenotypic acclimation, which results from physiological modifications. A general 
trend indicates that warming favors smaller phytoplankton’s as they have more toler-
ance to increasing temperature. Nature selection toward small-size primary producers 
possesses a great effect on biogeochemical cycles. Both marine and freshwater 
microalgae growth rates are affected by temperature, showing rapid responses to 
climate changes. Such changes are exhibited by changing algal species in the oceanic 
environment. These effects on algae are useful in understanding the past and detecting 
current anomalies. For example, changes in red algae pigmentation indicate an irra-
diation state and are therefore good signs of climate change. In some micro-algal 
species, the increase in temperature increases metabolism and growth. And also, 
competition at the species and community level is altered among other sensitive 
species. A prominent role is played temperature in the distribution of algal species. 
In general, microorganisms disperse more than macroscopic organisms [2]. It is 
mentioned that the algal species Fucus distichus disticus is distributed to the north 
of 13° isotherms in Britain. A 1–2 °C increase in seawater temperatures in summer 
could lead to a shift by 13° isotherms northward by this species and their disap-
pearance in Britain [11]. Because of decreasing nutrient contents and shallowing of 
the surface mixed layer, remote sensing data show that diatom populations dropped 
globally from 1998 to 2012, mainly in the North Pacific [6].
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In marine microbial food webs, the Heterotrophic bacteria occupy the central 
position. Temperature regulates the metabolic activity of heterotrophic bacteria and 
their interactions with other compartments in the web. In aquatic systems, the bacte-
rioplankton activity is mainly determined by temperature, and because of their huge 
numbers and significant turnover, these play an important role in biogeochemical 
cycles. Important ecosystem processes such as bacterial production, growth effi-
ciency, respiration, and bacterial–grazer trophic interactions may alter in warmer 
oceanic water. A higher correlation is found between temperature and bacterial 
activity in estuarine and coastal environments than in the open ocean and freshwater 
environments. As temperatures increases, the grazer’s predation rates are anticipated 
to surge in proportion to the predator’s body mass. Temperature and no substrate 
availability limit the bacterial productivity in cooler temperate coastal regions. 
However, the rising ocean temperatures may favour heterotrophic bacterioplankton 
over phytoplankton, which may lead to substantial heterotrophic yield. 

Terrestrial Microbes 

Soil microbes play a vital role in maintaining climate by controlling the turnover 
rate of soil organic matter (SOM), the biggest organic carbon pool in the lithosphere. 
Microbial communities found in soil carry out Carbon (C) and nutrient cycling in 
ecosystems. Rising atmospheric carbon dioxide levels, changing weather patterns, 
and global warming may affect the microbial populations in soil directly or indirectly. 
We have little understanding of how climate change affects soil microbes and climate. 
Multiple factors are altered because of climate change that brings complex changes 
in the soil microbial community. These alterations may have a major impact on 
the microbes and plants and also on the carbon balance of the soil [7]. Interactions 
between multiple variables of climate change factors could selectively target specific 
soil microbes, which could lead to changes in communities that may ultimately 
determine the state of ecosystems in the future [5]. 

Biotic and abiotic factors like temperature, litter inputs, and moisture affect micro-
bial activities. And both abiotic and biotic factors are affected by atmospheric and 
climatic changes. Climate changes induce stress in abiotic factors, which may change 
the diversity of soil microbes and their processes [22]. Microbe’s activity, processing, 
and turnover ability enhance with increasing temperature, which may cause the 
microbial community to shift towards representatives adapted to high temperatures 
and faster growth rates. For instance, climate change in western USA had effect on the 
arid topsoil cyanobacteria i.e. Microcoleus vaginatus and Microcoleus steenstrupii. 
As the temperature increased, the thermo-tolerant Microcoleus steenstrupii replaced 
and outcompeted the Microcoleus vaginatus, which is psychrotolerant. These bacteria 
maintain the topsoil microbial population as they control soil erosion [10]. The 
quantity and function of soil microbes are affected by climate change. Microor-
ganisms that control cycles, like denitrification, nitrification, nitrogen fixation, and 
methanogenesis, are also affected which may affect other ecosystem processes.
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Increased microbial activity because of climate change may also elevate soil respi-
ration [32]. Changes in the structure of the microbial community, availability of 
substrate, quality, and quantity of plant litter, and available carbon abundance brought 
by an increase in temperature trigger alterations in soil respiration. Soil respiration 
and temperature are correlated positively and may be inhibited at high or low moisture 
content. And also, the enzyme production rate is affected by alterations in moisture 
and temperature because of its effect on the availability of substrate, enzyme, and 
microbial efficiency. The N-degrading enzymes are less sensitive to temperature 
than enzymes degrading C [25]. Soil respiration, microbial biomass turnover, and 
soil organic matter are greater in tropical regions when compared to temperate soils 
[17]. 

Plants are prominent biotic factors that change the soil respiration rates by emitting 
carbon substrates from roots and also alter temperature and soil moisture through 
evaporation and by giving shade and altering the amount of precipitation. Moisture 
also plays an important effect in soil respiration patterns in many land ecosystems. 
The microbial activity could also be suppressed by moisture in many environments 
like saltwater and soils. Moisture may have severe effects on dynamics and the 
emission of carbon dioxide [1]. 

Climate Change Effect on Microorganisms 

Climate change affects the speed in direct and indirect ways or slows down the compo-
sition of land and aquatic-based microbial groups and their roles. The following are 
the effects of climate change on microorganisms: biodiversity stimulation, diversity, 
and composition can lead to extinction or alteration, which can have beneficial or 
adverse effects on the reduction or effect on its physiology and the production of 
greenhouse gases. The architecture of the microbial community changes in response 
to rising temperatures, which also affects the structure of the microbial community 
changing with increasing temperature, which also affects the accelerating processes 
such as respiration, fermentation, and methane production. The resulting heat waves, 
wildfires, intense storms, rising floods, natural disasters, extreme heat, poor air 
quality, drought, injury caused by spread and emerging diseases, and death risks 
are all involved in the impact of global warming on biotic and abiotic elements. The 
effects of bacteria, fungi, algae, and archaea on: first, an acceleration of global climate 
change is as follows warming caused by the breakdown of the organic component; 
second, an increase in carbon dioxide flux into the atmosphere. 

Climate change impacts terrestrial microbes through altering temperature patterns, 
changing precipitation, increasing carbon dioxide levels, and altering ecosystems, 
among other things. Climate change impacts aquatic ecosystems due to increased 
ocean stratification, a rise in the temperature of coastal waters, the extinction of 
species, and an increase in the nitrogen-fixing capacity of plants and animals. Due to 
the warming of the ocean, primary output has been reduced. The melting of ice, the 
prevalence of storms, the rising amounts of carbon dioxide, variations in particular
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Fig. 5.1 Effect of Climate change on microbial diversity and functioning 

ocean bacteria, and increase in toxic algal blooms are all effects of climate change 
(Fig. 5.1). 

Mitigation Strategies 

1. A better understanding of microbial interactions might help build climate 
change remedies. 

2. Strategies to reduce emissions in agriculture are provided by an understanding 
of the ecophysiology of the microorganisms that convert N2O to N2. 

3. Reduce the usage of synthetic chemical fertilizers in agriculture and replace 
them with beneficial microorganisms as bio-fertilizers, which eliminate imme-
diately all greenhouse gas emissions. 

4. Rumen microbiome manipulation and breeding programs targeting host genetic 
variables alter microbial community responses. The United Nations’ 17 Sustain-
able Development Goals can be addressed by implementing microbial tech-
nologies, which provide practical solutions (chemicals, materials, energy, and 
remediation) for these issues. 

5. It is essential to introduce new species into the ecosystem regularly. 
6. Improving the ability of biotic organisms to withstand drought.
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7. Implementing afforestation programs on a global scale. The sequestration of 
carbon is then easily managed. 

8. Getting people to support these actions will be much easier if they know more 
about microorganism’s crucial roles in global warming, called “microbiology 
literacy. 

9. Using bio-based chemicals and polymers because they reduce greenhouse gas 
emissions. 

10. Plastic bags can be recycled and reused to reduce the impact of land-based 
pollution on maritime ecosystems. 

11. Increasing the general public’s knowledge of microbiology will help them make 
more environmentally responsible judgments (Fig. 5.2). 

Fig. 5.2 Mitigation strategies for climate change
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Conclusion 

To the scientific community’s admiration, bacteria play a vital role in determining 
greenhouse gas emissions. Estimates of these bacteria’s long- and short-term reac-
tions to changing climate and their direct and indirect effects can be used to deter-
mine their potential contributions. We can use microbes as a natural resource to 
combat global warming if they are appropriately utilized. Consequently, ignoring 
this could be a significant contribution to the problem’s worsening. Investigating this 
issue, learning more about the underlying mechanisms, and using that knowledge in 
developing practical solutions are long overdue. 
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Chapter 6 
Plant Exudates and Microbial 
Interaction—A Change in Dynamics 

Dawa Dolma Bhutia, Saroj Belbase, Jiwan Paudel, and Shrvan Kumar 

Abstract Plant rhizosphere encompasses a dynamic zone of interactions between 
microorganisms and their respective plant hosts. This phytobiome has a significant 
role in the growth, development and fitness of the plants that ultimately contributes 
in increasing the productivity since the root zone is enriched by the compounds that 
are being secreted by both microorganism and plants. This chapter deals with the 
mechanisms that drive the root exudation process and its effect on the rhizospheric 
microbes and overall plant health. Root system architecture is influenced by the influx 
and efflux of metabolites at the tip of the root and the root exudates in turn are greatly 
influenced by microbes as they establish a strong sink for plant carbon that increases 
the gradient concentration of metabolites. These root exudates that are passively lost 
from roots of plants (including primary metabolites—sugar, amino acids and organic 
acids) by diffusion, are being utilized by the rhizosphere- abiding microbes and by 
the plants themselves for sensing the nutrient availability and signaling to transport 
the nutrient through the use of nutrient transporters. 

Introduction 

Plants rely on soil for water and nutrients, which are distributed unevenly and often 
dynamically. Plants have evolved ways to affect the physicochemical characteristics 
and microbial populations of the rhizosphere, i.e. the soil compartment under the 
influence of the roots, in order to optimize their foraging activities. This constant 
interplay between root-soil microbiome interactions produces new features that affect 
plant nutrition and health [1]. Plants achieve this by changing the design and structure 
of their root systems in response to environmental cues, allowing them to explore 
different soil layers and locate and exploit water and nutrient-rich regions [2]. Plants
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have also evolved systems to change soil physicochemical parameters and microbial 
populations under the influence of roots (the rhizosphere) in order to increase their 
foraging activities [56]. 

Holobiont 

Holobiont refers to the single biological entity comprising the interaction between 
hosts and its endosymbiont in all types of ecosystems and its genetic information (host 
genome and associated microbial genomes) is termed as hologenome. Lynn Margulis 
first introduced the term Holobiont in 1991 [3]. Holobiont is a holistic approach of 
defining every natural animal and plant i.e., host and diverse symbiotic microbes and 
viruses [4]. Microbial symbionts can be transmitted from parent to offspring by a 
variety of methods viz. cytoplasmic inheritance, coprophagy, direct contact during 
and after birth, and the environment. Also, the host-associated microbes contribute 
to the anatomy, behavior, physiology, fitness, innate and adaptive immunity and also 
to genetic variation and to the origin and evolution of holobiont [53]. The nature of 
universal presence of host associated microbes and their role in host ecology, biology 
and evolution has widened the concept of holobiont in several branches of biology. 
Further the development of NGS and newer molecular techniques also proved the 
ubiquitous nature of microorganism and their role in biological and evolutionary 
processes [3]. Similarly, the hologenome concept of evolution postulates that the 
holobiont with its hologenome is a level of selection in evolution which is likely to 
occur between the host and the microbes but also among microbes [55]. Acquisition 
of microbes and microbial genes is a powerful mechanism for driving the evolution 
of complexity and exhibit synergetic phenotypes that are subjected to evolutionary 
forces. Within the holobiont population, the phenotypes encoded by nuclear genome, 
beneficial, deleterious and neutral microbes in microbiome are subjected to drift 
and selection. Evolution proceeds both via cooperation and competition, working 
in parallel [55]. The change in host genome and subsequent change in symbiotic 
microbes genomes results in genetic variation among the hologenomes [54]. The 
genetic variation of the microbiome outnumbers that of the host genome, and it 
increases far faster than that of the host genome. Given that genetic variation is the 
raw material on which evolution eventually works, microbial sources of hologenomic 
variation are possible targets of evolution, and scientists must consider include the 
microbiome in the general study of evolution, despite its intrinsic complexity [53]. 

The plant can regulate its microbiome to adapt to its surroundings in real time. 
The core microbiota must be established at multiple hierarchical scales of ecology 
to better understand the amount of plant dependency on microbiotic components, 
whereas pan-microbiome research would increase characterization of the functions 
exhibited [4]. The change in availability of phosphorous in the soil resulted the shift 
in aarbuscular-mycorrhizal fungal communities in the rhizospheric area of wild grass 
Holcus lanatus that was detected through the use of metatranscriptomics. Hence, the 
holobint can also be determined with changes in relation with soil types [5].
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Extended Phenotype 

The term “extended phenotype” is not new; it is drawn from Dawkins’ (1982) 
proposal that an organism’s phenotype should extend from its cellular components 
to its surroundings. Manipulation of an organism’s physical environment and behav-
ioral changes, both of which can begin at the gene level, are examples of extended 
phenotypes. Other evolutionary biology concepts provide a larger understanding of 
heredity that is shaped at numerous levels beyond the individual, with natural selec-
tion acting on ecological units other than the individual [6]. Extended phenotype 
in terms of community genetics perspective can be defined as the effect of genes 
at level higher than the population and focuses on the intraspecific genetic varia-
tion that is due to the extended phenotypic genes—a heritable character [7]. The 
rhizosphere is thought of as an extended root phenotype, a representation of plant 
genes’ effects on their environment both within and outside the organism [1]. The 
notion of multilevel selection, often known as group selection, is maybe one of the 
most important among them [6]. Qualitative Trait Locus and genetic mapping tech-
nique are important in understanding the genetic basis of quantitative variation as 
few genes can have significant difference in phenotypic character or large number of 
genes can have small effect [8], which can significantly alter an extended phenotype 
and resulting interaction. 

Extended phenotype is expected to shift in dominant and keystone species due to 
genotype– environment interaction [7]. The microbiota in the rhizospheric layer is 
shaped by the plant genotype that drives the plant phenotypic characters establishing a 
correlation between the plant microbiota and host plant phenotypic character. Also, 
the environmental factors can drive the development of plant phenotypes and the 
assembly of plant microbiota [9]. Soil pH, nutrient profile, environmental factors 
(temperature, water availability and UV radiation) altered the bacterial communities 
in the phyllospheric and rhizospheric bacterial communities of Boecherastricta. In 
the drought stress condition plant root sites produces root glucosinolate for culticle 
thickness that ultimately affects the root associated bacteria of Boecherastricta [10]. 
A plant growing in nitrogen-limited soils could gain a fitness advantage over competi-
tors by enriching its rhizosphere for microbial communities that enhance nutrient 
capture and utilization capabilities [6]. 

Natural selection occurring on complete groups of organisms as well as individuals 
is known as multilevel selection. By applying the notion to the plant rhizosphere, 
researchers may be able to better understand the intricate interactions that occur in 
microbe-microbe and microbe-plant networks, which can be influenced by natural 
and artificial selection at multiple levels. Given the sorts of selection forces that drive 
microbial density-dependent rhizosphere activities like nutrient cycling, applying this 
notion to microbiome science might be extremely beneficial. Selection may work 
on numerous levels of organization across biological units to alter the observable 
phenotype, according to a core component of multilevel selection theory. Individual 
and group-level selection forces continually interact in the plant rhizosphere to shape 
the phenotype of the rhizosphere [6].
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Mechanism of Plant Root Exaduation 

Living roots release a variety of organic substances into the soil (Known as rhizode-
posits), which alter the rhizosphere’s physicochemical properties [11]. Primary 
and secondary metabolic products, volatile organic carbon compounds, cell debris 
orginated from the root cap (i.e. border cells), and metabolites derived from root 
epidermal cell senescence as well as root turnover are all found in rhizodeposits 
[12]. Roots lose on average 17% of the net C fixed by photosynthesis, which is 
recovered via rhizosphere respiration (12%) and soil residues (5%), corresponding 
to 50% of the C exported by shoots to belowground [13]. Rhizodeposit amount and 
composition vary greatly depending on plant community diversity, plant species, 
genotypes, plant age, and growth circumstances. Root tips are the first plant tissue 
to detect changing soil surroundings and are key exudation hotspots in a variety of 
ways. 

Some of the mechanism involved in rhizodeposition includes: 

Root Border Cells Sloughing Off 

The tip portion of root cap of the plant roots containing the apical meristems gets 
sloughs off as the root wends through the soil pores. In some context, the entire cap 
gets slog off particularly in mature branched roots as a result of pathogen attack or 
normal developmental processes [14]. These sloughed off cells are generated from 
the cap and differentiated into statocytes which are then able to secrete mucilages 
[13]. These cells are also referred as border cells [15]. These border cells are viable 
for several days even after separation from the root tip. Its function is-

(a) Decrease in frictional resistance as the root wends in the soil. 
(b) Change in rhizospheric microbial dynamics by attracting the pathogens and 

preventing the possible damage to root meristem. 
(c) Promoting gene expression in symbiotic microorganism. 
(d) Protection against heavy metal toxicity [16, 17]. 

Secretion of Mucilage by Roots 

The mucilage (polymerized sugar) are supposed to be secreted actively from root 
cap cells, however, being observed at the surface of roots in the form of droplets [12, 
18]. As an illustration, mucilage is being secreted by root hair and fibrillar mucilage 
by epidermal cells in case of Sorghum [19]. Mucilage is composed of polymerized 
sugar, upto 6% proteins, sugars (glucose, fructose, xylose, galactose, arabinose) [20]. 
The mucilage is being generated in the endoplasmic reticulum, completed in Golgi 
sassules and transported to the cell surface through golgi vesicles and plasmalemma 
by exocytocis [13].
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Root Exudation 

The root of plant excrete a wide variety of compounds which includes amino acids, 
simple and complex sugar, organic acids, alcohol, phenols, hormone, enzymes, 
protein and polypeptides. The plant-derived primary and secondary metabolites 
diffuse or are actively transferred from root cells to soil [1]. Concentration gradi-
ents stimulate the movement of low-molecular-weight substances including sugar, 
amino acids, and organic acids from root cells to the rhizosphere. In undifferenti-
ated root tip tissues, the lack of an apoplastic barrier (i.e. Suberin, casparian strip, 
or sclerenchyma) favors passive diffusion of hydrophilic substances through the 
plasma membrane, which is mediated by specialized transporters. Transmembrane 
primary active transporters (ATP-dependent transporters) such as ABC transporters 
or secondary active transporters (associated with H + pumps) are required for the 
expulsion of high-molecular-weight substances such as polysaccharides, proteins, 
alkaloids, and phenolics [21]. 

Role of Compounds in Host-Microbe and Microbe Microbe 
Interaction 

Different studies have demonstrated the importance of various root exudates 
which includes polypeptides, organic acids, carbohydrates, amino acids, simple and 
complex sugars, sterols, phenolics that serve as a carbon source for rhizobacteria 
[13, 22]. The presence of various plant metabolities was discovered in lyophilized 
root exudates of Brachypodium distachyon according to metabolomics study which 
includes in Table 6.1.

(i) Carbohydrates and their derivatives (glucose, fructose, xylose, sucrose, 
trehalose, maltose, galactose, and others); 

(ii) Sugar alcohols (β-mannosylglycerate, myo-inositol, galactinol, 
2-deoxyerythritol, ribitol, threitol and cellobitol); 

(iii) Amino acids and derivatives (glutamine, tyrosine, glutamic acid, asparagine, 
aspartic acid, valine, phenylalanine, isoleucine, glycine, serine, proline, 
leucine, tryptophan, cysteine, methionine, citrulline, and others); 

(iv) Organic acids (aconitic, allantoic, γ-aminobutyric, azelaic, citric, fumaric, 2-
furoic, D-glyceric, 3-hydroxypropionic, α-ketoadipic, malic, methylmalonic, 
nicotinic, quinic, succinic, threonic); 

(v) Assorted metabolites including heterocyclic compounds, phenolics, and 
biogenic amines, etc. (3-hydroxypyridine, maleimide, noradrenaline, 4-
hydroxy-3-methoxybenzoate, 5-methoxytryptamine, uracil, aminomalonic 
acid, palmitic acid, and urea) [23].
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The formation of the microbial rhizosphere is very dynamic, and it is largely 
controlled by rhizodeposits [24], which may serve as key carbon sources for microor-
ganisms, as well as signaling chemicals and antimicrobial compounds [1]. These 
compounds serve as carbon and energy sources for rhizobacteria, and the presence of 
the intact corresponding catabolic pathways is essential for competitive colonization 
of roots and disease suppression [25]. The chemo-attractants [22], osmoprotectants 
[23] for beneficial microorganism in different plant models esteems root colonization. 
The root exudates also contained osmoprotectants that may help microorganisms to 
persist in the rhizosphere of drought-stressed plants. Bacillus subtilis RR4 showed 
a positive response to chemotactic ability towards Malic Acid (MA) -organic acid-
and induce biosynthesis of MA in rice roots [22]. 

Xylose, major structural component of plant cell wall is dominant constitute of 
root exudate in wide range of plant [26, 27]. Most of the Gram positive bacteria are 
capable to catabolize xylose and utilize as a sole source of carbon. In vivo expression 
technologies being utilized for profiling of Pseudomonas fluorescens SBW25 and 
identified xylose isomerase among genome regions whose expression is specifically 
induced during bacterial colonization of sugar beet seedlings [28]. The aggressive 
colonization of Pseudomonas fluorescens in xylose rich region of sugarbeet and other 
crops i.e., wheat, maize, pea inhibit the damping off pathogen Pythium ultimum [28], 
changing the dynamics of the rhizospheric region.A genome-wide transposon muta-
genesis approach (RB-TnSeq) for screen of Pseudomonas simiae identified genes for 
the catabolism of myo-inositol, carbohydrate metabolism, among traits essential for 
the colonization of Arabidopsis thaliana roots [29]. Furthermore, secondary metabo-
lites like coumarins, which are well-known iron-mobilizing exudates, influence the 
rhizosphere microbiome in Arabidopsis by acting as antimicrobials against fungal 
infections [30]. Other secondary metabolites from maize and legume root exudates, 
such as benzoxazinoids and canavanine, have been found to have similar activities. 
In Brachypodium and barley, architectural features including root type and root hairs 
have been discovered to have a considerable impact on the makeup of rhizosphere 
microbial communities [31]. 

Differential exudation patterns affect microbial colonization along growing roots, 
changing the distribution of microbial biomass along the root as well as the kine-
matics of root tip development across soil profiles [32]. Chemotaxis toward signaling 
molecules released by roots pulls microorganisms to the vicinity of root surfaces, 
whereas root elongation rate modulates the dynamics of root surface adherence and 
longitudinal transport along elongating roots. In general, a greater and more diverse 
number of active bacteria accumulate towards the root tip, whereas fewer microbial 
taxa are associated with the root extension zone. Bacterial density gradually declines 
from the elongation zone to the mature root zone [33]. Bacterial density gradually 
declines from the elongation zone to the mature root zone. This is most likely due to 
the fast growth of root epidermal cell size (up to 30 times in 6 h when cells transit the 
elongation zone), which ‘dilutes’ microbial cells living on the root surface until they 
divide and form a continuous biofilm in the maturation zone. Dispersion of rhizo-
sphere bacteria and chemotactic motions may also influence changes in rhizosphere 
populations that favor the presence of bacterial decomposers [33, 34]. Lombardi
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et al. [35] observed the root exudates (Peroxidase and Oxylipins) released during the 
time of stress by Fusarium oxysporum in tomato triggered the number of spores of 
Trichoderma harzianum. 

Mycorrizal Association with Plants 

Mycorrhizas (‘fungus roots’) are symbiotic relationships between plants and special-
ized soil fungi. There are seven different varieties of mycorrhizas, yet many of them 
are fairly similar. The most common kind of mycorrhiza is vesicular–arbuscularmy-
corrhizas (VAM, also known as arbuscularmycorrhizas) [36]. The very advantageous 
symbiosis between the plant root and the fungal symbiont has spurred the diversity 
of plant root shape as well as VAM structure and function, according to research 
on vesicular-arbuscularmycorrhiza (VAM) [6]. Due to the interchange of restricted 
energy and nutritional resources, mycorrhizal evolution would have moved from 
endophytic hyphae to balanced relationships where partners were interdependent 
[36]. The AM (Arbuscular Mycorrihizae) colonization particularly Glomus etuni-
catum, G. intraradices and G. mosseae around the root of Sorghum bicolor had 
increased the bacterial number in the rhizospheric soil [37]. 

The species composition on the soil microbes is affected by the specific selection 
pressure from the roots and the arbuscularmycorrhizal exudation in the mycorrhizo-
sphere soil and through the exchange of nutritional compounds [37]. Exudates gener-
ated by the arbuscularmycorrhizal fungus Rhizophagus irregularis, in particular, have 
been demonstrated to encourage bacterial growth and affect bacterial community 
structure, resulting in an increase in the abundance of certain Gammaproteobac-
teria including a taxon within the Enterobacteriaceae [38]. Notably, the capacity 
of bacteria to colonize the mycosphere is linked to their ability to utilise certain 
carbonaceous chemicals prevalent in mycosphere exudates including L-arabinose, 
L-leucine, m-inositol, m-arabitol, D-mannitol, and D-trehalose through BIOLOG-
based substrate utilization test [39]. The effect of presence and absence of the arbus-
cularmycorrhizal fungus Glomus hoi in the soil was studied and demonstrated that 
the fungus has a considerable impact on bacterial community structure, implying 
that nitrogen export by the fungus is a major driving force behind bacterial commu-
nity shifts [40]. Fungal hyphae or fruiting bodies have long been recognized as key 
habitats that may be colonized by particular bacterial taxa, including Pseudomonas 
strains and bacteria from the Oxalobacteraceae, Bacillaceae, and Burkholderiaceae 
families, among others, as part of the mycosphere [37, 41, 42]. Hence, fungal exudates 
appear to have a specialized function in mycosphere colonization by promoting the 
development of certain bacteria or altering the structure of the bacterial population. 

Plant roots produce carbon-rich rhizodeposits that contain low-molecular-weight 
compounds, lysates, and mucilages. These exudates feed soil microorganisms and 
regulate their attachment to host plants [23]. Microbes’ varied strategies for coop-
erating and competing on plant tissues show that microbe-microbe interactions play 
critical roles in forming and organizing microbial networks in nature. As a result, the
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interaction of host-microbe and microbe-microbe is likely crucial for the creation of 
complex and diversified multi-kingdom plant-associated microbiota [40]. 

Phytobiome in Plant Growth and Development 

Varied populations of microorganisms that live on the root surface (rhizoplane) and 
in the endophytic compartment have an impact on plant health [43], particularly on 
plant growth, productivity, carbon sequestration and phytoremediation. Microbes in 
the rhizosphere can help plants grow and operate better by boosting their resistance to 
pathogens, retaining more water, absorbing and using more nutrients, and generally 
enhancing their development [44]. Colonization of the root occurs despite a sophis-
ticated plant immune system, suggesting finely tuned discrimination of mutualists 
and commensals from pathogens [32]. This root microbiome is hypothesized to be 
controlled by host plant immunological function, root exudate-mediated commu-
nication and metabolic compatibility, as well as intermicrobial interactions within 
the rhizosphere, and is recruited from surrounding soil communities [32, 45]. These 
interactions are crucial for the creation of a root-associated bacterial population that 
is different from that of the surrounding soil, especially during the early colonization 
stage. Plant genetic variables, particularly immunological phytohormone pathways, 
have been shown to have a role in regulating bacteria’s capacity to colonize plants 
in several investigations of plant diseases [46]. 

Conclusion 

Rhizodeposition representing loss of energy for plants alters the microbial dynamics 
through the interrelated processes like organic matter dynamics, nutrient cycling, 
soil-borne pathogen and inoculants dynamics, pollutants biovailability etc. [13]. Root 
development modifies soil structure around the root and thus contributes to the forma-
tion of the rhizosphere. Novel engineering strategies to improve biological product 
development, and will facilitate the mechanistic exploration of the root colonization 
process [29]. In order to determine the various mechanism underlying in the interac-
tion of plant root exudates and rhizobiome dynamics, integeration of omics technique 
is a must. Metabolomics, metagenomics, plant transcriptomics, metatranscriptomics, 
and plant genetics are some of the approaches that combined can disentangle the 
complex interactions occurring between members of the holobiont [35].



92 D. D. Bhutia et al.

References 

1. de la Fuente Cantó C, Simonin M, King E, Moulin L, Bennett MJ, Castrillo G, Laplaze L (2020) 
An extended root phenotype: the rhizosphere, its formation and impacts on plant fitness. Plant 
J 103(3):951–964. https://doi.org/10.1111/TPJ.14781 

2. Lynch JP (2019) Root phenotypes for improved nutrient capture: an underexploited opportunity 
for global agriculture. New Phytol 223(2):548–564. https://doi.org/10.1111/NPH.15738 

3. Simon JC, Marchesi JR, Mougel C, Selosse MA (2019) Host-microbiota interactions: 
from holobiont theory to analysis. Microbiome 7(1):1–5. https://doi.org/10.1186/s40168-019-
0619-4 

4. Vandenkoornhuyse P, Quaiser A, Duhamel M, Le Van A, Dufresne A (2015) The importance 
of the microbiome of the plant holobiont. New Phytol 206(4):1196–1206. https://doi.org/10. 
1111/nph.13312 

5. Young, E, Carey M, Meharg AA, Meharg C (2018) Microbiome and ecotypic adaption of Holcus 
lanatus (L.) to extremes of its soil pH range, investigated through transcriptome sequencing. 
Microbiome 6(1): 48. https://doi.org/10.1186/S40168-018-0434-3/FIGURES/8 

6. Garcia J, Kao-Kniffin J (2018) Microbial group dynamics in plant rhizospheres and their 
implications on nutrient cycling. Front Microbiol 9:1516. https://doi.org/10.3389/fmicb.2018. 
01516 

7. Whitham TG, Young WP, Martinsen GD, Gehring CA, Schweitzer JA, Shuster SM, Wimp GM, 
Fischer DG, Bailey JK, Lindroth RL, Scott W, Kuske CR (2003) Community and ecosystem 
genetics: a consequence of the extended phenotype. Ecol Soc Am 84(3):559–573. https://doi. 
org/10.1890/0012-9658%282003%29084%5B0559%3ACAEGAC%5D2.0.CO%3B2 

8. Leal SM (2001) Genetics and analysis of quantitative traits. Am J Hum Genet 68(2):548–549 
9. Li Y, Wu X, Chen T, Wang W, Liu G, Zhang W, Li S, Wang M, Zhao C, Zhou H, Zhang G 

(2018) Plant phenotypic traits eventually shape its microbiota: a common garden test. Front 
Microbiol 9:2479. https://doi.org/10.3389/FMICB.2018.02479/BIBTEX 

10. Wagner MR, Lundberg DS, del Rio TG, Tringe SG, Dangl JL, Mitchell-Olds T (2016) Host 
genotype and age shape the leaf and root microbiomes of a wild perennial plant. Nat Commun 
7(1):12151. https://doi.org/10.1038/ncomms12151 

11. Hinsinger P, Bengough AG, Vetterlein D, Young IM (2009) Rhizosphere: biophysics, biogeo-
chemistry and ecological relevance. Plant Soil 321(1):117–152. https://doi.org/10.1007/S11 
104-008-9885-9 

12. Sasse J, Martinoia E, Northen T (2018) Feed your friends: do plant exudates shape the root 
microbiome? Trends Plant Sci 23(1):25–41. https://doi.org/10.1016/j.tplants.2017.09.003 

13. Nguyen C (2009) Rhizodeposition of organic C by plant: mechanisms and controls. Sustain 
Agri 23:97–123. https://doi.org/10.1007/978-90-481-2666-8_9 

14. Varney GT, McCully ME (1991) The branch roots of Zea. II. Developmental loss of the apical 
meristem in field-grown roots on JSTOR. New Phytol 118(4):535–546. https://www.jstor.org/ 
stable/2557581?seq=1#metadata_info_tab_contents 

15. Hawes MC (1990) Living plant cells released from the root cap: a regulator of microbial 
populations in the rhizosphere? Plant Soil 129(1):19–27. https://doi.org/10.1007/BF00011687 

16. Bengough AG, McKenzie BM (1997) Sloughing of root cap cells decreases the frictional 
resistance to maize (Zea mays L.) root growth. J Exp Bot 48(4):885–893. https://doi.org/10. 
1093/JXB/48.4.885 

17. Miyasaka SC, Hawes MC (2001) Possible role of root border cells in detection and avoidance 
of aluminum toxicity. Plant Physiol 125(4):1978–1987. https://doi.org/10.1104/PP.125.4.1978 

18. Oades JM (1978) Mucilages atthe root surface. J Soil Sci 29(1):1–16. https://doi.org/10.1111/ 
J.1365-2389.1978.TB02025.X 

19. Werker E, Kislev M (1978) Mucilage on the root surface and root hairs of Sorghum: hetero-
geneity in structure, manner of production and site of accumulation. Ann Bot 42(4):809–816. 
https://doi.org/10.1093/OXFORDJOURNALS.AOB.A085520

https://doi.org/10.1111/TPJ.14781
https://doi.org/10.1111/NPH.15738
https://doi.org/10.1186/s40168-019-0619-4
https://doi.org/10.1186/s40168-019-0619-4
https://doi.org/10.1111/nph.13312
https://doi.org/10.1111/nph.13312
https://doi.org/10.1186/S40168-018-0434-3/FIGURES/8
https://doi.org/10.3389/fmicb.2018.01516
https://doi.org/10.3389/fmicb.2018.01516
https://doi.org/10.1890/0012-9658%282003%29084%5B0559%3ACAEGAC%5D2.0.CO%3B2
https://doi.org/10.1890/0012-9658%282003%29084%5B0559%3ACAEGAC%5D2.0.CO%3B2
https://doi.org/10.3389/FMICB.2018.02479/BIBTEX
https://doi.org/10.1038/ncomms12151
https://doi.org/10.1007/S11104-008-9885-9
https://doi.org/10.1007/S11104-008-9885-9
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1007/978-90-481-2666-8_9
https://www.jstor.org/stable/2557581?seq=1#metadata_info_tab_contents
https://www.jstor.org/stable/2557581?seq=1#metadata_info_tab_contents
https://doi.org/10.1007/BF00011687
https://doi.org/10.1093/JXB/48.4.885
https://doi.org/10.1093/JXB/48.4.885
https://doi.org/10.1104/PP.125.4.1978
https://doi.org/10.1111/J.1365-2389.1978.TB02025.X
https://doi.org/10.1111/J.1365-2389.1978.TB02025.X
https://doi.org/10.1093/OXFORDJOURNALS.AOB.A085520


6 Plant Exudates and Microbial Interaction—A Change in Dynamics 93

20. Bacic A, Moody S, Mccomb J, Hinch J, Clarke A (1987) Extracellular polysaccharides from 
shaken liquid cultures of Zea mays. Funct Plant Biol 14(6):633–641. https://doi.org/10.1071/ 
PP9870633 

21. Oleghe E, Naveed M, Baggs EM, Hallett PD (2017) Plant exudates improve the mechanical 
conditions for root penetration through compacted soils. Plant Soil 421(1–2):19–30. https:// 
doi.org/10.1007/S11104-017-3424-5/FIGURES/8 

22. Kandaswamy R, Baskar B, Srinath S, Usha B (2018) Plant-growth-promoting rhizobacteria 
Bacillus subtilis RR4 isolated from rice rhizosphere induces malic acid biosynthesis in rice 
roots. Can J Microbiol 64(1):20–27. https://doi.org/10.1139/CJM-2017-0409 

23. Mavrodi OV, McWilliams JR, Peter JO, Berim A, Hassan KA, Elbourne LDH, LeTourneau 
MK, Gang DR, Paulsen IT, Weller DM, Thomashow LS, Flynt AS, Mavrodi DV (2021) Root 
exudates alter the expression of diverse metabolic, transport, regulatory, and stress response 
genes in rhizosphere Pseudomonas. Front Microbiol 12:698. https://doi.org/10.3389/FMICB. 
2021.651282/BIBTEX 

24. Zolla G, Bakker MG, Badri DV, Chaparro JM, Sheflin AM, Manter DK, Vivanco J (2013) 
Understanding root-microbiome interactions. Mol Microb Ecol Rhizosphere 2:743–754. 
https://doi.org/10.1002/9781118297674.CH70 

25. Lugtenberg B, Kamilova F (2009) Plant-growth-promoting Rhizobacteria. Annu Rev Microbiol 
63(1):541–556. https://doi.org/10.1146/annurev.micro.62.081307.162918 

26. Rennie EA, Scheller HV (2014) Xylan biosynthesis. Curr Opin Biotechnol 26:100–107. https:// 
doi.org/10.1016/j.copbio.2013.11.013 

27. Rovira AD (1959) Root excretions in relation to the rhizosphere effect. Plant Soil 11(1):53–64. 
https://doi.org/10.1007/BF01394753 

28. Liu Y, Rainey PB, Zhang XX (2015) Molecular mechanisms of xylose utilization by Pseu-
domonas fluorescens: overlapping genetic responses to xylose, xylulose, ribose and mannitol. 
Mol Microbiol 98(3):553–570. https://doi.org/10.1111/MMI.13142 

29. Cole BJ, Feltcher ME, Waters RJ, Wetmore KM, Mucyn TS, Ryan EM, Wang G, Ul-Hasan 
S, McDonald M, Yoshikuni Y, Malmstrom RR, Deutschbauer AM, Dangl JL, Visel A (2017) 
Genome-wide identification of bacterial plant colonization genes. PLoS Biol 15(9):e2002860. 
https://doi.org/10.1371/JOURNAL.PBIO.2002860 

30. Stringlis IA, De Jonge R, Pieterse CMJ (2019) The age of coumarins in plant-microbe 
interactions. Plant Cell Physiol 60(7):1405–1419. https://doi.org/10.1093/PCP/PCZ076 

31. Cotton TEA, Pétriacq P, Cameron DD, Meselmani MA, Schwarzenbacher R, Rolfe SA, Ton J 
(2019) Metabolic regulation of the maize rhizobiome by benzoxazinoids. ISME J 13(7):1647– 
1658. https://doi.org/10.1038/s41396-019-0375-2 

32. Lundberg DS, Lebeis SL, Paredes SH, Yourstone S, Gehring J, Malfatti S, Tremblay J, 
Engelbrektson A, Kunin V, del Rio TG, Edgar RC, Eickhorst T, Ley RE, Hugenholtz P, 
Tringe SG, Dangl JL (2012) Defining the core Arabidopsis thaliana root microbiome. Nature 
488(7409):86–90. https://doi.org/10.1038/nature11237 

33. Massalha H, Korenblum E, Malitsky S, Shapiro OH, Aharoni A (2017) Live imaging of root– 
bacteria interactions in a microfluidics setup. Proc Natl Acad Sci 114(17):4549–4554. https:// 
doi.org/10.1073/pnas.1618584114 

34. Berendsen RL, Pieterse CMJ, Bakker PAHM (2012) The rhizosphere microbiome and plant 
health. Trends Plant Sci 17(8):478–486. https://doi.org/10.1016/j.tplants.2012.04.001 

35. Lombardi N, Vitale S, Turr ÀD, Reverberi M, Fanelli C, Vinale F, Marra R, Ruocco M, Pascale 
A, D’Errico G, Woo SL, Lorito M (2018) Root exudates of stressed plants stimulate and attract 
Trichoderma soil fungi. Mol Plant-Microbe Interact 31(10):982–994. https://doi.org/10.1094/ 
MPMI-12-17-0310-R/ASSET/IMAGES/LARGE/MPMI-12-17-0310-R_T3.JPEG 

36. Brundrett MC (2002) Coevolution of roots and mycorrhizas of land plants. New Phytol 
154(2):275–304. https://doi.org/10.1046/j.1469-8137.2002.00397.x 

37. Andrade G, Mihara KL, Linderman RG, Bethlenfalvay GJ (1997) Bacteria from rhizosphere 
and hyphosphere soils of different arbuscular-mycorrhizal fungi. Plant and Soil 192(1):71–79. 
https://www.jstor.org/stable/42948049?seq=7#metadata_info_tab_contents

https://doi.org/10.1071/PP9870633
https://doi.org/10.1071/PP9870633
https://doi.org/10.1007/S11104-017-3424-5/FIGURES/8
https://doi.org/10.1007/S11104-017-3424-5/FIGURES/8
https://doi.org/10.1139/CJM-2017-0409
https://doi.org/10.3389/FMICB.2021.651282/BIBTEX
https://doi.org/10.3389/FMICB.2021.651282/BIBTEX
https://doi.org/10.1002/9781118297674.CH70
https://doi.org/10.1146/annurev.micro.62.081307.162918
https://doi.org/10.1016/j.copbio.2013.11.013
https://doi.org/10.1016/j.copbio.2013.11.013
https://doi.org/10.1007/BF01394753
https://doi.org/10.1111/MMI.13142
https://doi.org/10.1371/JOURNAL.PBIO.2002860
https://doi.org/10.1093/PCP/PCZ076
https://doi.org/10.1038/s41396-019-0375-2
https://doi.org/10.1038/nature11237
https://doi.org/10.1073/pnas.1618584114
https://doi.org/10.1073/pnas.1618584114
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1094/MPMI-12-17-0310-R/ASSET/IMAGES/LARGE/MPMI-12-17-0310-R_T3.JPEG
https://doi.org/10.1094/MPMI-12-17-0310-R/ASSET/IMAGES/LARGE/MPMI-12-17-0310-R_T3.JPEG
https://doi.org/10.1046/j.1469-8137.2002.00397.x
https://www.jstor.org/stable/42948049?seq=7#metadata_info_tab_contents


94 D. D. Bhutia et al.

38. Toljander JF, Lindahl BD, Paul LR, Elfstrand M, Finlay RD (2007) Influence of arbuscular 
mycorrhizal mycelial exudates on soil bacterial growth and community structure. FEMS 
Microbiol Ecol 61(2):295–304. https://doi.org/10.1111/j.1574-6941.2007.00337.x 

39. Warmink JA, Nazir R, van Elsas JD (2009) Universal and species-specific bacterial ‘fungiphiles’ 
in the mycospheres of different basidiomycetous fungi. Environ Microbiol 11(2):300–312. 
https://doi.org/10.1111/j.1462-2920.2008.01767.x 

40. Hassani MA, Durán P, Hacquard S (2018) Microbial interactions within the plant holobiont. 
Microbiome 6(1):1–17. https://doi.org/10.1186/S40168-018-0445-0 

41. Scheublin TR, Sanders IR, Keel C, Van Der Meer JR (2010) Characterisation of microbial 
communities colonising the hyphal surfaces of arbuscular mycorrhizal fungi. ISME J 4(6):752– 
763. https://doi.org/10.1038/ismej.2010.5 

42. Warmink JA, Van Elsas JD (2009) Migratory response of soil bacteria to Lyophyllum sp. 
strain Karsten in soil microcosms. Appl Environ Microbiol 75(9):2820–2830. https://doi.org/ 
10.1128/AEM.02110-08 

43. Bulgarelli D, Schlaeppi K, Spaepen S, van Themaat EVL, Schulze-Lefert P (2013) Structure 
and functions of the bacterial microbiota of plants. Annu Rev Plant Biol 64(1):807–838. https:// 
doi.org/10.1146/annurev-arplant-050312-120106 

44. Olanrewaju OS, Ayangbenro AS, Glick BR, Babalola OO (2019) Plant health: feedback effect of 
root exudates-rhizobiome interactions. Appl Microbiol Biotechnol 103(3):1155–1166. https:// 
doi.org/10.1007/s00253-018-9556-6 

45. Bai Y, Müller DB, Srinivas G, Garrido-Oter R, Potthoff E, Rott M, Dombrowski N, Münch 
PC, Spaepen S, Remus-Emsermann M, Hüttel B, McHardy AC, Vorholt JA, Schulze-Lefert P 
(2015) Functional overlap of the Arabidopsis leaf and root microbiota. Nature 528:364–369. 
https://doi.org/10.1038/nature16192 

46. Jones JDG, Dangl JL (2006) The plant immune system. Nature 444:323–329. https://doi.org/ 
10.1038/nature05286 

47. Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, Verbruggen E, Fellbaum CR, 
Kowalchuk GA, Hart MM, Bago A, Palmer TM, West SA, Kumar AS, Lakshmanan V, Caplan 
JL, Powell D, Czymmek KJ, Levia DF, Bais HP (2012) Rhizobacteria Bacillus subtilis restricts 
foliar pathogen entry through stomata. Plant J: Cell Mol Biol 72(4):694–706. https://doi.org/ 
10.1111/J.1365-313X.2012.05116.X 

48. Neal AL, Ahmad S, Gordon-Weeks R, Ton J (2012) Benzoxazinoids in root exudates of maize 
attract Pseudomonas putida to the Rhizosphere. PLoS ONE 7(4):e35498. https://doi.org/10. 
1371/JOURNAL.PONE.0035498 

49. Planchamp C, Glauser G, Mauch-Mani B (2015) Root inoculation with Pseudomonas putida 
KT2440 induces transcriptional and metabolic changes and systemic resistance in maize plants. 
Front Plant Sci 5:719. https://doi.org/10.3389/FPLS.2014.00719/ABSTRACT 

50. Abdel-Lateif K, Bogusz D, Hocher V (2012) The role of flavonoids in the establishment of 
plant roots endosymbioses with arbuscular mycorrhiza fungi, rhizobia and Frankia bacteria. 
Plant Signal Behav 7(6):636. https://doi.org/10.4161/PSB.20039 

51. Weller DM, Raaijmakers JM, Mc Spadden Gardener BB, Thomashow LS (2003) Micro-
bial populations responsible for specific soil suppressiveness to plant pathogens. Ann Rev 
Phytopathol 40(1):309–348. https://doi.org/10.1146/ANNUREV.PHYTO.40.030402.110010 

52. Uddin MN, Rahman UU, Khan W, Uddin N, Muhammad M (2018) Effect of trichoderma 
harzianum on tomato plant growth and its antagonistic activity against Phythium ultimum and 
Phytopthora capsici. Egypt J Biol Pest Contr 28(1):1–6. https://doi.org/10.1186/S41938-018-
0032-5/FIGURES/8 

53. Bordenstein SR, Theis KR (2015) Host biology in light of the microbiome: ten principles of 
holobionts and hologenomes. PLoS Biol 13(8):e1002226. https://doi.org/10.1371/JOURNAL. 
PBIO.1002226 

54. Rosenberg E, Sharon G, Zilber-Rosenberg I (2009) The hologenome theory of evolution 
contains Lamarckian aspects within a Darwinian framework. Environ Microbiol 11(12):2959– 
2962. https://doi.org/10.1111/J.1462-2920.2009.01995.X

https://doi.org/10.1111/j.1574-6941.2007.00337.x
https://doi.org/10.1111/j.1462-2920.2008.01767.x
https://doi.org/10.1186/S40168-018-0445-0
https://doi.org/10.1038/ismej.2010.5
https://doi.org/10.1128/AEM.02110-08
https://doi.org/10.1128/AEM.02110-08
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1007/s00253-018-9556-6
https://doi.org/10.1007/s00253-018-9556-6
https://doi.org/10.1038/nature16192
https://doi.org/10.1038/nature05286
https://doi.org/10.1038/nature05286
https://doi.org/10.1111/J.1365-313X.2012.05116.X
https://doi.org/10.1111/J.1365-313X.2012.05116.X
https://doi.org/10.1371/JOURNAL.PONE.0035498
https://doi.org/10.1371/JOURNAL.PONE.0035498
https://doi.org/10.3389/FPLS.2014.00719/ABSTRACT
https://doi.org/10.4161/PSB.20039
https://doi.org/10.1146/ANNUREV.PHYTO.40.030402.110010
https://doi.org/10.1186/S41938-018-0032-5/FIGURES/8
https://doi.org/10.1186/S41938-018-0032-5/FIGURES/8
https://doi.org/10.1371/JOURNAL.PBIO.1002226
https://doi.org/10.1371/JOURNAL.PBIO.1002226
https://doi.org/10.1111/J.1462-2920.2009.01995.X


6 Plant Exudates and Microbial Interaction—A Change in Dynamics 95

55. Rosenberg E, Zilber-Rosenberg I (2016) Microbes drive evolution of animals and plants: the 
hologenome concept. MBio 7(2):e01395-e1415. https://doi.org/10.1128/mBio.01395-15 

56. York LM, Carminati A, Mooney SJ, Ritz K, Bennett MJ (2016) The holistic rhizosphere: 
integrating zones, processes, and semantics in the soil influenced by roots. J Exp Bot 
67(12):3629–3643. https://doi.org/10.1093/JXB/ERW108

https://doi.org/10.1128/mBio.01395-15
https://doi.org/10.1093/JXB/ERW108


Chapter 7 
Climate Change:- General Overview 
and Implications on Agriculture 
and Allied Sectors 
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Asif Mohi Ud Din Rather, I. A. Bisati, H. A. Malik, and Sabiha Ashraf 

Abstract Perhaps the greatest problem the world is currently facing is climate 
change, and the future existence of man depends on how effectively this challenge is 
currently tackled. Climate change phenomenon has resulted in disasters across the 
globe. Sustainability of agriculture, habitation and human healthiness depends on 
how quickly and effectively we are able to tackle this problem. On a global scale, 
both agriculture and climate are interconnected processes. The projected effects of 
global warming on agro-climatic conditions, such as temperature and precipitation in 
particular, moreover on glacier run-off in general, are expected to be significantly 
increased. These factors determine the biosphere’s ability to sustainably generate 
food for both humans and animals. Crop production would also be affected by rising 
carbon dioxide levels. The imbalance of climatic factors due to climate change will 
determine the consequences of climate change on the agriculture and allied sectors. 
Understanding the global climate change phenomenon, will help us to effectively 
foresee and modify farming practices to sustain and increase agricultural production. 
According to recent scientific findings, India will face an adverse effect of global 
warming. Food security and productivity, fresh water availability, forest biodiversity, 
fisheries, and other agri allied activities would suffer adversely. Unfortunately, the 
people that depend on farming, fishing, and living in the forests will be badly impacted 
through climate change.
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Introduction 

Over a period of time any change in climate which take place whether due to nature 
or due to anthropogenous is referred to as climate change [1]. On earth, the most 
essential component influencing patterns of livelihood has been the climate. Today, 
it is universally accepted that one of the biggest environmental issues of our time is 
climate change. Additionally, it has caused a serious impact on all over the world and 
is becoming a local and paticular problem in all countries of the world. However, in 
order to analyse it properly it created crusade effects in emerging nations in the world 
viz., India. Mean while, if we analyse the dramatic change in the global warming in 
J&K (India), it has been seen that lot of alternations take place in rainfall regime over a 
period of time, not only this degradation of water bodies has been observed at a greater 
pace, greater human animal conflict in recent years and rising temperature during the 
flowering period leads to drying of the stigmas which hampers the fruit set becoming 
a menance to the orchardists in our horticulture state [2]. Growing anthropogenic 
strains are worsening this situation, and the changing climate is provoking daily 
human affairs, which are already impacted in different ways. Global warming has 
resulted in melting of polar ice caps leading to increased water levels of oceans. 
Global mean temperature over the years is increasing which is mainly depicted in 
global mean temperature anamoly (Table 7.1). The main causes of this global mean 
temperature anomly are mainly due to the mushrooming growth of industries and 
methane gases emissions produced by the ruminants. Global warming has led to 
onset of earlier spring and late winters, as well as shorter and warmer winters [3, 
4]. The vulnerability of economically weaker section of population will be more 
to climate change and will find it difficult to adapt since they are unable to handle 
the existing environmental challenges, such as water stress and drought. India must 
develop numerous measures to deal with the impending hazards of climate change, 
which are in addition to the already high environmental stress levels. This should 
include (i) Research to better understand challenges related to climate change; (ii) 
implementing sustainable development strategies; (iii) Developing the ability of the 
poor to adapt; and (iv) pursuing a worldwide agreement to reduce the green house 
gas emissions in a greatest possible way. Any delay in addressing climate change 
would increase the cost of future initiatives and make them extremely tough to agree 
upon. It has been found that shortage of food grains in Kashmir valley has reached up 
to 40%, while as 30% was observed in vegetable production and 69% in case of oil 
seeds for 6 million population, putting the Kashmir valley under greater threat due to 
food insecurity [5]. Due to the climate change in Kashmir valley more than 90% of 
the paddy lands are converted into apple orchard which could lead to the reduction in 
food grain population may be over 60% in coming decades if we consider the current 
rate of change into account. Due to erratic rainfall regime in the Kashmir valley at 
least 11,909 kanals of paddy land have been shifted into orcharding system in most 
parts of the Kashmir valley viz., Anantnag, Baramulla, Shopian etc. [2]. The change 
in shifting of land into orcharding system is clearly mentioned in Table 7.2.
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Table 7.1 Global mean 
temperature anomaly 

Year Temperature anomalies (°C) 

2011 0.37 

2012 0.42 

2013 0.34 

2014 0.32 

2015 0.49 

2016 0.33 

2017 0.45 

2018 0.48 

2019 0.43 

2020 0.52 

Table 7.2 Shifting of paddy 
land into orcharding system 
in most parts of the Kashmir 
Valley (Figures given in table 
are approximate) 

Sl. No District Total area km2 Land changed (in 
kanals*) 

1 Anantnag 3,984 3700 

2 Bandipora 398 695 

3 Baramulla 4,588 1152 

4 Budgam 1,371 1112 

5 Kulgam 1250 

6 Pulwama 1,398 2500 

7 Shopian 1500 

A kanal mostly use as land measuremet in Kashmir valley, 
equivalent to 505.857 m2 or 0.125 acres 

Source A report on climate change and its impact in Kashmir [2] 

Causes of Climate Change 

Fossil fuel burning. 
Deforestation. 
Increase in industrialization. 
Faulty agriculture activities. 
Urbanization. 
Wetland destruction. 
Land use pattern.
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Impact of Climate Change on Agriculture 

The greenhouse effect is a natural phenomenon that significantly affects the climate 
of the earth. It creates the comparatively warm and affable climate on the surface of 
the earth that has allows humans and other life forms to flourish. The main factor 
behind the overall rise in the earth’s atmospheric temperature, which led to global 
warming are the human activities such as indiscriminate cutting of forests which 
have led to increased levels of greenhouse gases (GHGs) such as methane (CH4), 
carbon dioxide (CO2), water vapour (H2O), nitrous oxide (N2O), hydrofluorocarbons 
(HFCs), sulphur hexafluoride (SF6), and perfluorocarbons (PFCs) [5]. It ios expected 
that the average surface temperature of earth will increase by 1.4–5.8 °C by 2100 AD 
from 0.74 °C since the late 19th Century with significant regional differences, which 
leads to increase in sea level and decline in the area covered under snow and glaciers 
[6]. The net photosynthetic rate will increase with an increase in the atmospheric 
CO2 concentration. Increase in carbon dioxide level in the atmosphere results in 
reduction in water loss besides results in reducing the stomatal pores which are main 
gateways for the water and gaseous exchange [7]. In some crop plants, the reduction 
in transpiration could be 30%. However, as the response of stomata to CO2 inter-
acts with numerous environmental factors such as light intensity and temperature 
and plant parameters, it is still very difficult to forecast how the rise in atmospheric 
CO2 will affect stomata’s responsiveness [7]. The primary source of yield losses 
brought on by simultaneous increases in atmospheric CO2 and temperature is spikelet 
sterility induced by high temperatures [8]. Stomatal opening decreases under condi-
tions of elevated CO2 which increase resistance to water loss from leaves. When night 
temperatures are higher than 21 °C, increased CO2 levels may also directly hinder 
the maintenance of respiration rate. A few hours of exposure to high temperatures 
can significantly lower pollen viability, which will result in yield loss. Temperatures 
greater than 35 °C significantly enhance the sterility of spikelets [8] and increased 
CO2 levels could exacerbate this problem, possibly due to decreased transpirational 
cooling [8]. Gas emissions and the effects of land use are primarily driven by the 
agricultural sector. Agriculture consumes a lot of fossil fuels and land, the practices 
like zero tillage, paddy farming, and livestock raising contribute to greenhouse gas 
emissions [9]. The process of zero tillage is now prohibited in several countries due 
to the conversion of sub surface carbon into carbon carbon dioxide. According to 
IPCC, fossil fuels, land use, and human activity, are the main factors of the rise in 
greenhouse gases, as it has been observed during the previous 250 years [10]. A wide 
range of repercussions from climate change will affect agriculture. Crop yield will be 
reduced. For instance, a rise in temperature from 1–4 0C can result in the reduction 
of grain output of 0–49% in rice, 5–40% in potatoes, 13–30% in green gram, and 
11–36% in soya bean. According to research on the effects of climate change on 
the of rice productivity in Punjab, rice grain production will decrease by 5.4, 7.4, 
and 25.1%, with continuous increase of temperatuere respectively. The cooked rice 
grains produced by plants raised in high CO2 conditions would be firmer than those 
produced by plants that are being used. But the levels of zinc and iron, which are vital
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for human nutrition, would be lesser. Additionally, when the temperature and CO2 

levels increase simultaneously, the protein content of the grain reduces. Studies have 
demonstrated that greater CO2 levels result in decreased nitrogen uptake by plants 
producing crops with decreased nutritional content. This would mostly affect popula-
tions in under developed economies who are less able to make up for it by consuming 
more food, consuming a wider variety of foods, or perhaps taking supplements. 

In case of soil temperature it has been ascertained that it affects the rates of release 
of nutrients and organic matter decomposition. Although nutrient availability will 
rise at high temperatures in the short term, however organic matter content will 
decrease significantly, lowering soil fertility in the long run. The quality of produce 
is affected by high temperatures. Increased temperature can adversely affect basmati 
grain elongation and aroma as well as test weight and amylase content. 

Potential setbacks are currently faced by the dairy industry. Although the ideal 
temperature for milk production is between 40 and 75 °F, heat stress can result at 
temperatures as low as 75 °F particularly on humid days, which can cause a 5–20% 
reduction in milk output [11]. The livestock yields reduced by 10% in U.S. under 
a 5.0 °C increase in temperature and yield loss for dairy farms in Appalachia, the 
Delta States, Texas, the Southeast and the Southern Plains was estimated at 1% for 
a 1.5 °C increase in temperature above normal [12]. 

It is anticipated that the increased atmospheric temperatures observed in recent 
decades will result in a more active hydrological cycle which will lead to more intense 
rainfall events. Degradation of the soil and erosion are more likely to happen. Global 
warming would also affect the fertility of the soil. Since the proportion of carbon 
to nitrogen being constant, doubling carbon is likely to indicate a larger storage of 
nitrogen as nitrates in soils, supplying plants with more fertiliser and improving 
yields. The option to switch to less expensive fertilisation techniques may arise if 
the average nitrogen requirements drop. 

Climate Change and Its Consequences on Temperate Fruits. 

Climate change has a potential to greatly affect all of agriculture in the same way as 
agriculture affects climate change. Global warming may have an impact on chilling 
requirement, risk of frost, flowering time, growing season length, fruit quality and 
maturity. Increased evapo transpiration, as a result of global warming, will increase 
the irrigation demand. Pollen viability has been greatly influenced by increased 
temperatures, which has resulted in flower drop in apricot and peach. The surface 
temperature of fruit increases due to prolonged exposure to direct sunlight, which 
result in increased ripening. 

The chilling temperature during winters is important for bud formation in 
temperate fruit crops. Trees produce their vegetative and reproductive buds in the 
summer, and these buds continue to remain dormant if they have not acquired the 
required level of chilling temperature. However, because of the continuing global 
warming, temperate fruits did not receive the necessary amount of chilling, which
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causes a number of adverse effects such as delayed vegetative growth, decreased fruit 
set, and decreased fruit quality. Pollen desiccation, reduced viability of pollen grains 
and ovules, and pollinator mortality are all results of temperature rise [13]. Increase in 
winter temperature, anticipated in all scenario will result in a very substantial increase 
in the number of days with temperature above freezing above 5 °C, thus extending 
and advancing growing season [14]. Some Italian authors have noted a tendency 
toward an increasing tendency to spring frost, although this is not solely ascribed to 
climate change, it may also occur due to the proliferation of early flowering culti-
vars viz., peach or the expansion of growing regions into areas more susceptible to 
frost (Tables 7.3 and 7.4). Inhibition of respiration and protein synthesis, as well as 
an increase in protein breakdown and ethylene generation, are often the immediate 
impacts of increased doses. In case of increase of temperature in temperate fruits 
following things will happen.

. During the recent years in Kashmir valley (india) increase in temperature due 
to global warmimg results in advance bud formation which result in the earlier 
blooming and fruit set. Mean while the higher temperature in the spring cause 
frost damage to fruit crops (Fig. 7.1).

. Flowering may be delayed as mean temperature increases in winter. 

Table 7.3 Morphological 
analysis, production and 
germination in vitro pollen 
grains of peach trees ‘Granda’ 
under distinct environments 
during the pre-blooming and 
blooming period [14] 

Treatment/year 2018 2019 

Anthers no normal pollen (%) 

Greenhouse 8.89 88.23 

Orchard 5.84 2.22 

Average 7.37 45.23 

Anthers with more than 50% abortive pollen grains (%) 

Greenhouse 41.11 100.00 

Orchard 19.91 33.25 

Average 30.51 66.63 

Production of pollen grains/anther 

Greenhouse 180.00 91.67 

Orchard 455.00 226.67 

Average 317.50 159.17 

Germination at 20 °C (%)  

Greenhouse 0.67 2.85 

Orchard 41.06 4.62 

Average 20.87 3.74 

Germination of pollen grains at 25 °C (%) 

Greenhouse 5.68 4.01 

Orchard 0.00 3.65 

Average 2.84 3.83
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Table 7.4 Fruit set and 
production in peach variety 
Granda [14] 

Treatment year 2004 2005 Average 

Fruit set (%) 

Greenhouse 0.00 0.46 0.23 

Orchard 2.22 5.59 3.90 

Average 1.11 3.03 CV = 39.12% 

Yield (kg/tree) 

Greenhouse 0.00 0.35 0.18 

Orchard 9.29 28.73 19.01 

Average 4.65 14.54 CV = 60.05%

Fig. 7.1 Frost damage to apple due to low temperature indicates scarring viz., collapsing of fruits 
near to calyx

Potential Consequences of Climate Change on Diseases, 
Pests and Weeds 

Increases in agricultural, forest, and structural insect pests and weeds are likely to 
be increased by the increase in temperature. Droughts, more frequent storms, higher 
rainfall, and other extreme weather events are brought on by global warming. All 
of this will impact plant development and encourage more insects [16, 17]. Warm-
weather pests will begin reproducing earlier since winters will be milder and shorter 
[18]. It is anticipated that as temperatures rise and rainfall increases, the prevalence 
of many plant diseases, particularly those brought on by fungi, would rise. Plant 
pathogens overwinter more successfully when the winters are warmer. Many fungal 
pathogens grow best between 22-28 °C. It has also been observed that increase in 
plant growth due to increase in temperature also results in host plant densities [19]. In 
Japan, rice stripe disease is more likely to spread due to erratic climate change [20]. 
It’s possible that global warming has already contributed to the spread and severity 
of some potato virus diseases in India. The severity of the oak dieback caused by
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Phytophthora cinnamomi has been implicated by global warming. Warm, damp soil 
is favourable to this pathogen. Plant diseases caused by the climate change greatly 
affect thge most of the food and fruit crops which have direct impact on the human 
beings [21]. An increase in rainfall due to global warming would prolong the wet 
seasons and increase atmospheric humidity in some regions. This could facilitate 
the development of fungal diseases coupled with greater temperatures. Similarly, 
increased pressure from insects and disease vectors may occur as a result of higher 
temperatures and humidity. 

Impact of Climate Change on Fisheries 

Fresh water fisheries are anticipated to experience short-term impacts from climate 
change due to changes in nutrient levels, average water temperature, and prolonged 
dry season and elevated water levels. Such changes will then have an adverse effect on 
the quality, productivity, output, viability of fish and entrepreneurship development 
in fisheries sector which will have an adverse impact on the fishing community lead 
to snatching of their livelihood. According to the IPCC [21], river flow rates during 
the dry season are anticipated to decrease throughout south Asia and the majority of 
African river basins, leading to reduced fish production. As glaciers melt and lose 
their ability to provide predictable and controlled water flows, bigger fluctuations in 
river flows are projected throughout time. Researchers discovered that the effects of 
climatic uncertainty on fish productivity have already started to be experienced by 
lake fisheries. 

Alternative or Cleaner Approaches 

Organic Agriculture 

Organic farming produces considerably lower greenhouse gas emissions (GHG) and 
sequesters carbon in the soil rapidly and efficiently. Global implementation of organic 
agriculture would result in additional reduction in emissions of approximately 0.6 
to 0.7 Gt CO2 through the avoidance of biomass burning (CH4 and NO2 emissions) 
and the prevention of 0.41 Gt CO2 emitted from the fossil fuel consumption for 
chemical nitrogen fertilizer production per year [22]. Organic farming eliminates 
resource and financial constraints in farming, improving the access to local food. As 
the organic farming does not use expensive external inputs like chemical fertilisers, 
pesticides, and gasoline, input prices are much lower. Lower expenses eliminate the 
need for credit and ensuing debt, which reduces financial risk. The cost of external 
chemical inputs will increase as the price of fossil fuels rises, making reliance on 
these inputs insecure. Additionally, organic farming lowers risk by diversification of 
food and income sources, which lowers the risks related to a particular crop failure. In
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spite of all these potentials the penetration of natural/organic farming is very weak 
due to the biased Government extension methods. Absence of credible/accessible 
certification schemes for organic growers prevents them to compete successfully in 
export markets [23]. This is primarily due to the fact multinational companies are 
dictating research priorities in food production/processing etc. and hence, there is 
low priority for locally relevant/self reliant solutions. 

In short, organic farming/Agriculture is a farming system which results in main-
tainting and restoring the ecological balance of whole biosphere. Moreover, organic 
foods fetches higher prices around 70–80 than the traditional agriculture system [24]. 
Comparing it with the traditional system, non judicious application of fungicides and 
pesticides is on peak directely enter the food chain, penetrating into the water bodies, 
harming the livestock sector and results in depletion of natural ecosystem [25]. 

Mitigation and Adaptation Measures 

India needs multipronged approach so as to deal with long pending challenges of 
global warming besides high environmental stress level. The following challenges 
should comprises of.

. Research to better comprehend concerns related to climate change.

. Implementing sustainable development strategies.

. Improving the adaptive capacity of the impoverished.

. Pursuing a global agreement to cut greenhouse gas emissions at the earliest.

. Understanding the relation between combating climate change and economic 
development from a longer perspective is necessary. India should not simply 
concentrate on short-term financial gain from global organisations and proce-
dures related to combating climate change. The government ought to approach it 
as a major issue with potentially grave socioeconomic and environmental reper-
cussions, in order to minimize the mitigation of climate change on the society and 
people in genereal long-term solutions need to be sought out.

. Development of new genotypes resistant to increased CO2 concentrations, 
temperature, and drought.

. Crop diversification.

. It is important to have a well-informed public discussion that includes all the inter-
ested parties, including policymakers, experts, environmental non-governmental 
organizations, industrial groups, mass media, farmers and fishermen’s represen-
tatives. Given the urgency, the severity, and a variety of implications for various 
stakeholders, the development of national climate change policies should be 
broad-based.

. Creating climate impact modules that provide a greater understanding of how 
agriculture, forestry, and farming are affected by climate change would help to be 
better prepared at local level.
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. The people living on the coastal areas need be shift to safer place and budget for 
that part need to be discussed and voted.

. Capacity building programs for the rice-fish cultivation needs to adopted through 
national adaptation program of action on climate change. Dissemination of 
knowledge regarding the organic cultivation of the crops needs to prioritized.

. Promotion of “best crop-fish farming practices” through farmer’s capacity 
building and networking. Conceptualization and implementation of “National 
Adaptation program of Action on climate change. Through the judicious applica-
tion of organic manure, fertilizers, irrigation water, nitrification inhibitors, fertil-
izer location, and fertilizer scheduling, improvement in the management of rice 
production can be done.

. Improve the management of the cattle population, particularly the diet of rumi-
nants. By using limited tillage and managing residues, soil organic carbon content 
can be increased.

. Through improved machinery designs and resource conservation techniques, 
increase the efficiency of utilization in agriculture.

. Increasing the area under biofuels and agroforestry by altering the land use pattern, 
without affecting the production of food grains.

. The cost of adaption is considerable. In order to respond urgently to climate 
change, a new model of development is required. Research funds are needed to 
develop crop types that can sequester more carbon and produce better biofuels and 
still being drought, heat, and flood tolerant. In addition, funding are also needed 
for other industries to adapt.

. Agro forestry, that is the growing of trees along with crops, can assist farmers in 
coping with some of the adverse effects of climatic change. Cultivation of cover 
crops and planting of trees along the boundaries of the farm should be done in 
order to lessen the soil erosion and restoration of soil fertility. Improved fallow 
practices are also quite promising. Utilizing retained rainwater as effectively as 
possible through agro forestry techniques may be one of the most efficient ways 
to increase the systems’ ability to adapt to climate changes. 

Potential Research Approaches for Optimizing Yield 
Increase Under Changing Climatic Scenario 

Role of Microbes in Mitigating Climate Change 

Climate change results in a significant change in temperature and precipitation 
causing global heating, increase in sea level, shifting of people to highland areas 
and tremendous environmental effects. During the recent years a lot of research 
takes place in mitigating climatic change and it has been found that microbial world 
could result in more prompt impact. Microbial world have a more important role 
in mitigating global warming and could result in the reduction in carbon dioxide,
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methane and other green house gases which is increasing due to indiscriminate cutting 
of forests. It has been observed that the plant micro climate and plant rhizosphere 
contains thousand of micro-organisms viz., plant growth promoting bacteria and plant 
growth promoting fungi. Rhizobacteria plays an important role in fixing atmospheric 
nitrogen while as mycorrihizae provide phosphate and nitrate to the plant for growth 
and developmental processes [26]. It has also been observed that certain microbial 
organisms provide resistance to biotic and abiotic stress factors. It has been found 
that some mycorrhizal and endophytic fungi and plant growth promoting bacteria 
offers signicant resistance to the plants against drought, heat, pathogens and certain 
toxic elements in the rhizosphere [27]. Stomatal closure in plants due to the various 
droughts shows water loss by increase in the level of Abscisic acid, ethylene and 
salicyclic acid. Drought tolerance in plants showed many changes mainly in absiscic 
acid, ethylene and cytokinons to the PGPR. Root morphology in such plants is modi-
fied to release endogenous plant harmones by signaling the IAA-induced pathway 
for root growth which has been found in A. brasilense in aerobic conditions [28]. It 
has been found that Inoculation of plant species with certain bacterium species can 
increase its tolerance to drought by isolating its drought-responsive gene, ERD15, 
from A. thaliana when inoculated with Paenibacillus polymyxa. Microbes mainly 
help to improve the plant to an abiotic stress by meticulously alter the plant struc-
ture and their physiology [29]. It has been found that microbial electro-synthesis 
produces important products from the electricity using carbon dioxide and other 
organic carbon as an input sources. During this process acetate, butyrate, and other 
commodity chemicals are produced during the reaction subsequently caproate and 
caprylate are produced which become a source for the building blocks for the various 
chemical industries. So the efficient harvesting of carbon could lead to microbial 
carbon reduction [30]. 

The paradigm shift to combat climate change is to reduce the green house gases 
by the microbial way. It has been found that microbial world played an important 
role in optimizing the present concentration of green house gases. The major use 
of microbial world could solve this of global warming in nearby future [31]. So 
the microbial system could solve this problem by the use of nutrient cycling in 
order to reduction of the green house gases and altering the genetic material [32]. 
In this case the best way to elimination of green house gaseous is to support the 
mutual existence of microbial communities and biogeochemical cycles. It has been 
ascertained that the green house gaseous acts as building blocks for the microbial 
system and formation of their cell structure. In the present world various microbes 
have been discovered to cope the changing global warming due to the continuous 
change in climate change. Most dynamic change will come into existence by the 
research on the DNA sequencing of the microbial and their physiology in order to 
get advance research on the climate change. So in order to counter the climatic change 
in the present world more research should take place by knowing all the well known 
aspects of the microbial biome.

. Development of low chilling stone, pome and nut fruits cultivars [33]
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. Cultivation of high-value crops like walnut, peach, apricot and kiwi as a 
diversification strategy.

. Marker assisted selection and development of transgenics resistant to abiotic and 
biotic resistance

. Better Weather Forecasting and Crop Insurance Schemes 

Conclusion 

It is well recognized that climate influences human affairs in several ways, primarily 
through its impact on basic amenities of livelihood i.e. food, water and energy 
resources. However, appropriate measures together with strict laws need enforced 
at an earliest. In its development policies and plans, the government should put a 
special thought on concerns related to climate change adaptation. The development, 
distribution, and adoption of technology among farmers, as well as adequate finan-
cial investments, are required to promote climate change adaptation and mitigation. 
Further, a competent institutional framework is considered necessary for the state’s 
natural resources to be protected, preserved and managed scientifically. Development 
of a sustainable pathway is considered to be the most efficient way to combat the 
climate change, besides uses of renewable energy and plantation crops. 
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Chapter 8 
Soil Microbial Community and Climate 
Change Drivers 

Asma Nazir, Madiha Farooq, Bisma Farooq, Shahnaz Anjum, 
and Shayista Yousuf 

Abstract The biogeochemical cycling of macronutrients, micronutrients, and other 
components necessary for the development of plants and animal life is governed by 
the soil microbiome. As we focus our research efforts on one of the most serious 
issues affecting our planet, knowing and anticipating how climate change will affect 
soil microbiomes and the ecosystem services they provide is a huge challenge and 
significant potential. Studies predict that factors related to climate change, such as 
elevated atmospheric [CO2] and heat, will function together to change ecosystem 
features and processes, influencing species distributions and, presumably, organism 
interactions. On the other hand, it is harder to forecast how the microbial populations 
that control ecological processes would respond. In complex ecosystems, organisms 
interact with thousands of different species, some of which are useful, some of 
which are poisonous, and some of which have little to no impact. In this chapter, we 
examine the present level of knowledge about the effects of climate change on soil 
microorganisms in various climate-sensitive soil ecosystems, as well as prospective 
approaches that soil microorganisms may be used in to help lessen the detrimental 
effects of climate change.
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Introduction 

Although soil is one of the planet’s most diverse environments, it is also one of the 
least understood in terms of the identification and ecological functions of the micro-
biota. A significant amount of the annual CO2 flow to the atmosphere is caused by the 
activities of heterotrophic soil organisms, which also serve as the greatest repository 
of organic carbon (C) in the terrestrial biosphere. Global temperatures have risen in 
step with constantly rising CO2 levels. According to the most recent US national 
climate assessment [1–4], the climate is expected to continue to change with more 
unpredictable and intense weather patterns. Since soil microbes play a major part in 
the cycling of nutrients and soil organic carbon (SOC), they also play a significant 
part in the production and consumption of greenhouse gases like CO2, CH4, and 
N2O. However, due to unknown modifications in soil carbon and nitrogen stores, as 
well as variations in microbial responses between different soil locations, it has been 
challenging to predict whether soil will act as a source or sink of greenhouse gases 
under future climate scenarios [5–8]. Therefore, despite the fact that soil microbial 
ecology is crucial for predicting future climate impacts, integrating it with landscape-
scale climate models is still difficult. The fact that soil microbes would mineralize 
more SOC and significantly increase greenhouse gas (CO2 and CH4) emissions, 
aggravating warming trends, is one of the main concerns with climate change [9, 
10]. This is concerning since the overall amount of soil carbon, including that found 
in permafrost, is thought to be around 3,300 pentagrams (Pg), which is around five 
times more than the amount of CO2 present in the atmosphere today [11, 12]. The 
future growth or decline of this stock of soil carbon is, however, highly unknown 
according to climate models. Measuring variations in soil respiration has been the 
main source of empirical data for field studies on climate change. Determining how 
bulk soil carbon reserves vary with climatic changes is also necessary in order to 
enhance models of soil carbon-climate feedback [13, 14]. 

Soil microbes perform the dual functions of mineralizing SOC and stabilizing 
carbon inputs into organic forms. The net flux of CH4 and CO2 to the atmosphere is 
controlled by the balance between these two processes. The microbial carbon utiliza-
tion efficiency is the portion of the carbon substrate that is kept in the microbial 
biomass as opposed to that which is respired as CO2. Climate change has increased 
heterotrophic respiration of SOC globally, which has increased atmospheric CO2 

inputs [15]. However, higher soil carbon inputs resulting from increased plant growth 
[16] and autotrophic fixation by soil microbes could offset soil carbon losses to the 
atmosphere. Additionally, the amount, content, and chemistry of plant litter as well 
as any pre-existing SOC affect how sensitively SOC decomposes at different temper-
atures [17]. Thus, even within certain biomes, the local biogeochemical environment 
has a significant impact on how organisms respond metabolically to climate. In order 
to improve climate change models, it is imperative to develop a mathematical under-
standing of the microbial ecology that drives ecosystem carbon use efficiency and 
the feedback with climate forcing.
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Effects of the Soil Microbiome on the Characteristics 
of Emerging Ecosystems 

The majority of soil microorganisms have developed coping mechanisms to deal 
with shifting environmental conditions because soil habitats are dynamic systems. 
The resident microorganisms often adapt, go dormant, or perish when the envi-
ronment changes. Depending on their genetic and physiological conditions, soil 
microorganisms respond to environmental stress in various ways [18]. 

The degree of disruption and the amount of time required to control gene transcrip-
tion and translation, as well as to amass mutations or new genes through horizontal 
gene transfer, determine how quickly an organism adapts to change. Quantifying 
microbial physiological responses, such as drought resistance, dormancy, or reacti-
vation, nonetheless, continues to be a significant challenge in modeling ecological 
responses to change at the moment [19]. 

The stability and resistance of the microbial community to future perturbations 
may change as the community’s structure does. The ability of a single species to adapt 
will be impacted by the interactions between microbial populations in communities 
as a result of climate change [20]. As a result of differences in how various species 
react to temperature increases, for instance, their dispersal patterns may shift. It is 
possible to predict how the soil microbiome will react to various climate change 
scenarios by focusing on specific functional traits in the soil microbiome, such as the 
prevalence of fast-growing, opportunistic “r-strategists” as opposed to slow-growing 
“K-strategists,” as well as environmental characteristics [21]. 

In order to establish a useful baseline for comparison as the climate changes, 
high-throughput sequencing has proven crucial in exposing the microbial diversity 
and composition in distinct soil ecosystems. However, it is now understood that 
compositional data does not always guide function Not every participant in a group, 
or even every cell within a population, is operational at all times [22]. The complicated 
interplay of gene regulation primarily controls which genes are expressed and access 
to resources, controls activity. The soil microbiome’s phenotypic response to climate 
change is impacted by variations in soil moisture, temperature, and local atmospheric 
chemistry. 

Microbial gene expression is induced by the interaction of the heterogeneous 
genetic potential within the soil microbiome with environmental changes. The 
metaphenome, which is the microbiome’s collective phenotypic output, produces 
elemental cycling at the ecosystem level [19]. Soil microbiome management in 
response to climate change and the improvement of climate models depend heavily on 
our understanding of the factors that link small-scale microbial traits to larger-scale 
ecosystem responses. 

The underlying bacterial-scale mechanisms that regulate environment responses 
to climate change are currently poorly defined. Instead of reacting to average environ-
mental conditions, soil microorganisms react to sudden microscale variables that set 
off biochemical pathways, microbial reflexes, and metabolic relationships. Temporal 
pauses in biogeochemical responses to sudden environmental change are common
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as soil microorganisms acclimatize. Contrarily, a slow change, like a rise in temper-
ature, gives evolution more time to select for organisms or genotypes that permit 
endurance to the stress circumstances brought on by the heat. The response of the 
community is also influenced by its historical background. 

Influence of the Soil Environment on Microbial Responses 
to Climate Change 

It is challenging to generalize the effects of climate change on soil microbiomes 
across various soil ecosystems due to the vast differences amongst soils in terms of 
their biotic and abiotic features. There are variations in biogeochemistry within a 
certain soil class that control the kinds of microorganisms that are present, including 
pH [23] and salinity [24]. Furthermore, the microbial dwellings and niches [25] that 
are created in the soil are influenced by its morphology and water content, which has 
a domino effect on the metabolism of nutrients and carbon. To better understand how 
species relationships and metabolism are impacted by climate change, it is necessary 
to study the fine-scale dispersion and interconnectivity of microbial communities in 
soils [26]. This data is crucial for understanding carbon cycling because how soil 
bacteria species distribute carbon eventually defines whether or not it persists in 
soil and how changes in climate alter such processes [27]. It is well recognized that 
population of microbes communicate and respire CO2, N2O, and CH4 in different 
soil niches, but the energetics and thermodynamic parameters of the organic carbon 
electron acceptors that run microbial metabolism are poorly understood in the context 
of the soil environment. The description of the physiological response surface, or 
metaphenome, of the microbial communities living in the soils of our planet is the 
current challenge. 

Effects of Environmental Change 

There are many physiological and community responses that soil microorganisms 
adopt to adapt to the changing environmental conditions brought on by climate 
change. Due to the varied expected climate change variables across geographic loca-
tions, it is impossible to generalize across diverse terrestrial ecosystems, which is 
why we present some instances to provide context.
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Raised Carbon Dioxide (CO2) 

Data from a number of eCO2 field studies has been useful in understanding how 
microbes may come to this impending climate change. Data from a number of 
eCO2 field studies has been useful in understanding how microbes may come to this 
impending climate change. In order to contrast prolonged exposure to increased and 
atmospheric CO2 levels, FACE (free-air CO2 enrichment) experiments been arranged 
across a variety of ecoregions. The microbiota has changed with eCO2, according 
to several investigations. Ecosystem-specific responses in addition to typical soil 
bacterial responses, like with eCO2, acido-bacterial rates increase, found by a one-
decade cross-biome investigation [28]. eCO2 led to a shift in archaea and fungus and 
bacterial strain species in Australian grasslands. Researchers are being diligent to 
comprehend how ecological characteristics of microbial communities are mirrored 
by phylogenetic shifts. A foundation for incorporating microbial physiology into 
ecosystem ecology is provided by a gene-based approach. 

By examining the abundance of particular genes in metagenomes, changes in the 
potential roles played by the soil microbiome under eCO2 have also been identified. 
By examining the abundance of particular genes in metagenomes, changes in the 
potential roles played by the soil microbiome under eCO2 have also been identified 
[29]. In the BioCON grassland experiment, eCO2-stimulated increases in gene fami-
lies linked to decomposition, nitrogen fixation, and dissimilatory nitrate reduction 
were observed, while fewer abundances of gene families linked to glutamine forma-
tion and anaerobic ammonium oxidation were found. Genes of microbes involved in 
breakdown, nitrogen fixation, carbon fixation, CH4 metabolism, nitrogen mineraliza-
tion, and denitrification were all upregulated in arid grasslands exposed to eCO2 [30]. 

Understanding the changes in gene activities related to the cycling of organic 
matter in soil (SOM) allows for a better comprehension of how eCO2 affects microor-
ganisms. However, it is still problematic to provide information for globally terres-
trial ecosystem models because eCO2 trials have not been conducted widely with 
duplicate data sets. 

The quantification of carbon exchange between the atmosphere and the soil is a key 
scientific area of plant–microbe connections. Plant biomass, carbon uptake by roots, 
and soil microbial activity can all be improved by eCO2. An important scientific area 
for measuring carbon exchange in between environment and the topsoil is plant– 
microbe relationship. Equivalent CO2 can improve soil microbial activity, carbon 
sharing to roots, and plant biomass [31–33]. 

The frequency and pattern of carbon imports to the rhizosphere are influenced 
by how various species of plants react to elevated CO2. The eCO2-induced rise in 
rhizodeposition can ‘prime’ the microbial breakdown of existing SOC [34]. Priming 
is the process of speeding the degradation of old SOC by introducing new microbi-
ological feedstock, such as production of litter and/or root exudates, both of which 
could be accelerated by elevated CO. A review consolidating meta-examination and 
demonstration uncovered that eCO2 at first invigorates photosynthesis and carbon
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contributions to soil. In any case, over decadal timescales, eCO2 expanded the micro-
bial deterioration of SOM [35, 36]. Anticipating the balance between carbon gath-
ering through mineral affiliation and soil aggregation [37] and sped up decay via 
priming [38] stays an extra test. This is on the grounds that adjustments of soil 
carbon stocks are hard to find [39] and the basic science managing SOM deteriora-
tion has not been found. The soil may become drier as temperature increases together 
with a rise in the soil’s wetness brought on by elevated CO2 [28]. In the Australian 
grassland study [28], when eCO2 was linked with warming, there was a decline, 
even though overall fungal richness expanded under elevated CO2. The supply of 
water and micronutrients, that affect photosynthesis, microbial breakdown, and the 
net buildup of carbon sequestration, also affects the indelible effects of elevated CO2 

on soil C reserves. Predicting the responses of soil ecosystems’ microbiota compo-
sition to variations in CO2 necessitates a comprehension of how such changes react 
with other significant environmental parameters such as temperature, precipitation, 
and nutrients (such as phosphorus). 

Elevated Temperature 

The growth rates and outputs of pure microbial cultures are impacted by tempera-
ture. The expression of heat shock proteins and alterations in the lipid content of cell 
membranes, which diminish membrane integrity, are two physiological reactions of 
microbes to elevated temperature. The growth rates and outputs of pure microbial 
cultures are impacted by temperature. The expression of heat shock proteins and alter-
ations in the lipid content of cell membranes, which diminish membrane integrity, are 
two physiological reactions of microbes to elevated temperature. Although techno-
logical developments in sequence analysis and functional gene assays have showed 
colony and functional gene alterations in result of higher temperatures in the field-
work, evaluating the temperature sensitivity of soil microbes in situ has proven to 
be more challenging [39, 40]. The biome being examined also influences how the 
soil microbiome reacts to rising temperatures (for instance, distinguishing between 
woodland and grassland). For illustration, temperature rise has been demonstrated to 
have differential effects on soil fungi in various coniferous forest ecosystems, leading 
to either stimulation [41] or suppression of fungal biomass and activity. These vari-
ations are likely caused by variations in soil moisture and/or vegetation at various 
points [42, 43]. A long-term soil warming experiment was carried out at the Harvard 
Forest Ecological Research Station Long Term Ecological Research site, wherein 
soil was thawed by 5 °C above ambient temperature for up to 26 years in order to 
assess the effects of prolonged soil warming on the soil microbiome of temperate 
forests [38, 43]. 

Short-term reductions in microbial biomass and temperature adaptation of soil 
respiration were implicated for the apparent acclimation of soil respiration [13]. The 
physiological adaptations of various populations must yet be measured in a field
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setting. To fill this knowledge vacuum and measure microbial population changes in 
the field, new isotopic techniques are now available. 

The interaction between drought, heat, and plant type ultimately decides how 
tolerant bacterial communities are to extreme heat. On Wyoming grasslands, the 
Prairie Heating and CO2 Enrichment (PHACE) experiment investigated the effects 
of twelve years of elevated CO2 coupled with warming [44]. Under eCO2 itself 
and in conjunction with warming, genetic variants in the recycling of nitrogen and 
carbon were amplified. However, heat alone suppressed nitrogen turnover. Variations 
in precipitation being magnified by the favorable flora community response, which 
resulted in a rise in biomas [45]. The enhanced plant biomass thereby largely coun-
tered the rising carbon loss via respiration, even while warming accelerated both the 
carbon intake into soil and soil respiration. Collectively, those actions would work 
to diminish the global warming’s positive feedback loop and halt soil C loss. To sum 
up, whereas most climate analysis shows positive feedback as a result of warming 
due to increased soil respiration and a decrease in soil storage, there are confounding 
experimental data that are mostly ecosystem dependent [7, 8, 41]. 
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Chapter 9 
Impact of Climate Change on Soil 
Activity (Nitrifying, Denitrifying) 
and Other Interactions 

Vishal Hivare, Sonal Kalbande, Rakesh R. Jadhav, and Dattatraya Dalvi 

Abstract Though the soil is our motherland, it directly influences quantitative and 
qualitative crop traits, which determine food security and human health. Unfortu-
nately, it is a complicated environment for microbes, and the anatomy and phys-
iology of microorganisms in soil are immensely complicated. These ambiguities 
make it difficult to forecast the consequences of climate change on the behavior of 
soil microorganisms. Drought stress is currently the most severe Impact of climate 
change and significant, concerning, and dangerous abiotic stresses that cause changes 
in the soil environment that influence soil organisms such as microbes and plants. 
It alters the functionality and activity of soil microorganisms in charge of essen-
tial ecosystem services and processes. Due to the decrease in microbial activity and 
production of enzymes (such as oxidoreductases, hydrolases, dehydrogenases, cata-
lase, urease, phosphatases, and glucosidase) and disruption of microbial structure 
caused by these stress conditions, soil fertility declines, plant productivity falls, and 
economic loss occurs. To identify more effective strategies for reducing the effects of 
drought and managing agricultural activities under challenging conditions profitably, 
a thorough understanding of many factors is needed to address potential approaches 
like genome editing and molecular analysis (metagenomics, transcriptomics, and 
metabolomics).
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Introduction 

The most significant threat to human health in the twenty-first century, according to 
the WHO, is climate change. Modern climate change includes both human-caused 
global warming and its impact on the Earth’s atmospheric circulation. Human activity 
has caused a 30% increase in the atmospheric concentration of carbon dioxide (CO2), 
the main greenhouse gas. In addition, plant species’ interactions with soil microor-
ganisms are likely to be significantly affected by changes in temperature, ozone, 
nitrogen deposition, and rainfall patterns [1]. 

Plant and soil health is essential for all lifestyles on this planet. vegetation displays 
ecological areas, and flowers reply to climatic variables, including temperature and 
precipitation. It is likewise nicely understood that plant energy depends on soil traits 
and fitness and that robust interaction among biota above and below ground govern 
each domain’s functioning [2]. 

Soil is a wonderful source of medium for plant development and microbial 
community. Interaction between plants and microbes can be beneficial or harmful 
based on the climate [3]. Symbiotic or non-symbiotic bacteria and a highly special-
ized group of fungi are responsible for favourable plant–microbe interactions (mycor-
rhizal fungi). Beneficial plant-associated bacteria, including those from the genus 
Azospirillum, the genus Bacillus, the genus Pseudomonas, the genus Rhizobium, 
the genus Serratia, the genus Stenotrophomonas, and the genus Streptomyces, have 
been shown to promote plant development and resilience to pathological condi-
tions and abiotic stresses. However, global warming and extreme weather conditions 
increased CO2 levels and warmth in the atmosphere, hampered microorganism’s 
ability to improve plant development and resistance to infections. It also accelerated 
the spread and severity of many plant diseases, resulting in the appearance of new 
lethal mutants and significantly impacting the agricultural system and crop produc-
tion [4]. Agriculture is regarded as the most sensitive sector to climate change. In 
the current climate change scenario, utilizing plant–microbe interaction is crucial to 
increase food production for the population explosion. As individuals, societal action 
leaders, and researchers with domain expertise, we may work to reverse the current 
trend. 

Climate Change—A Global Issue 

The global development agenda will be influenced and defined by climate resilience 
attempts to address climate change. However, a climate warming system affects 
many people’s access to necessities, including freshwater, nutrition security, and 
energy. Climate change and sustainable development are closely related in many 
ways. Particularly those nations that are least developed and undeveloped will be 
among those that are most badly impacted and least prepared to handle the anticipated 
shocks to their social, economic, and environmental systems [5].
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The UN Protocol on Climate Change was implemented as part of the “Rio Conven-
tion,” which was adopted during the Rio Earth Summit in 1992. The political response 
to climate change on a global scale officially began with this (UNFCCC). The 
objective of this convention was to prevent “dangerous human interference with 
the climate system” by outlining a plan for controlling atmospheric greenhouse gas 
(GHG) concentrations. The COP21/CMP1 Conference of the Parties, which met in 
Paris, France, in December 2015, adopted the Paris Agreement. This international 
agreement aims to keep the rise in global temperatures for this century well below 2 
degrees Celsius and to support efforts to limit the temperature rise to 1.5 °C above 
pre-industrial levels. 

The Member States reiterate in the 2030 Agenda for Sustainable Development 
their commitment to halting environmental deterioration and tackling climate change 
as soon as practicable. The Agenda states that one of the main issues of our day is 
climate change and claims that it is challenging for all countries to achieve sustain-
able development due to worries about its negative repercussions. Increasing global 
temperatures, increasing sea levels, the acidity of the ocean, and other effects of 
climate change significantly negatively impact coastal regions and low-lying coastal 
countries, especially those least developed countries and Small Island Developing 
States. Numerous societies, as well as the planet’s biological systems, are in danger 
of extinction [6]. 

The World summit on sustainable development Conference’s final report, The 
Future We Want, places a strong emphasis on the immediacy of the global issue 
of climate change and how it would ultimately influence each nation’s capacity to 
sustain its growth. The study captures the concern of the Member States on the rapidly 
rising greenhouse gas emissions and the vulnerability of all countries, particularly 
emerging nations, to the adverse effects of climate change. To execute an acceptable 
and successful global response to climate change, Member States have asked for the 
highest level of engagement and cooperation from all nations [7]. 

Impact of Climate Change on Plants 

The altering environmental conditions affect all living beings within the civilization 
[8]. Ecological changes impact the terrestrial and worldwide distribution of numerous 
crops and their yields. Changing climatic circumstances have improved the produc-
tivity of plants cultivated in higher latitudes like maize, wheat, and sugar beets while 
decreasing the productivity of plants grown in numerous lower latitudes like maize 
and wheat [9]. Numerous studies show that between 1980 and 2008, global wheat 
and maize yields declined by 5.5% and 3.8%, respectively, compared to their yield 
forecasts assuming steady climatic circumstances [10]. 

Numerous climatic conditions are known to impact the growth and productivity 
of plant systems. Physical characteristics are typically incorporated, such as temper-
ature, rainfall patterns, CO2 levels, changes in agricultural environments, and the 
adaptability of humanoid groups. Temperature is the most critical aspect of changing
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environmental conditions because of its apparent nature. Its impacts on the growth 
of the plant system are only fully comprehended up to the best levels for crop devel-
opment. Some crops may benefit from the increase in warmth and carbon dioxide 
levels, but only to a limited extent. For example, crops like wheat and soybeans might 
benefit from greater CO2 levels when cultivated at appropriate temperatures [11]. 

Consequently, changing climatic conditions might be advantageous for plant 
systems, yet, abrupt shifts in environmental factors endanger plant systems. However, 
the favourable impacts of shifting climatic conditions on plant yields have been 
predicted to exceed the negative ones until 2030, after which any additional ampli-
fication of climatic change will mostly have a negative effect. Consequently, maize, 
wheat, and rice yields will all suffer in the second half of the twenty-first century, 
with tropical countries suffering more than temperate ones [12]. 

Global Agricultural Ecosystem and Extreme Climate Events 

One of the main factors contributing to climate change and the greenhouse effect is 
the large number of greenhouse gases released by the agricultural sector. Contrarily, 
climate change considerably impacts agricultural production and risks food security. 
According to the World Food Programme, people should always have access to an 
adequate supply of safe and wholesome food to satisfy their dietary demands and food 
choices. Currently, a food shortage poses the most significant risk to food security. 
More than 10% of the world’s population is underweight even though there is enough 
food to feed everyone [13]. Climate change is predicted to exacerbate food poverty 
by increasing food prices and lowering output. The fight against climate change 
may result in higher food prices. The scarce water supply for food production is 
strained by drought and increased agricultural water demand. There may be more 
land competition in areas where the climate is unfavorable for agriculture. Price 
increases for crops may result from extreme weather phenomena linked to climate 
change [14]. 

Agriculture is the industry most at risk from climate change because of its size 
and susceptibility to weather changes. Changes in temperature and rainfall signifi-
cantly impact the amount of food that can be cultivated. Temperature, precipitation, 
and CO2 fertilization affect various crops, locations, and changing things. Warmer 
temperatures reduce yield, but more rain will likely alleviate this issue [15]. 

Climate change affects agricultural productivity depending on where you reside 
and your irrigation type. Extra irrigations may harm the environment, yet they may 
also increase agricultural productivity [16]. Temperature increases are pretty likely 
to shorten crop length, reducing agricultural production. Wheat, rice, and maize 
production are anticipated to fall as it is predicted that temperature will rise by 
2 °C in temperate and tropical regions over the next few decades. This indicates 
that tropical crops are more vulnerable to climate change since they are closer to 
their high-temperature optimums, making them more susceptible to stress from high 
temperatures [17].
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Insect pests and diseases thrive in warm, moist environments. They all impact how 
much food we can grow due to factors such as temperature, rainfall, wind speed, and 
humidity, and their absence could have resulted in an overestimation of the costs of 
climate change [18]. Due to climate change, droughts are anticipated to worsen in 
most parts of the world. Drought-affected areas are expected to increase from 15.4 
to 44% by 2100. Africa is regarded to be the most vulnerable continent. Because of 
the dry weather, arid areas are anticipated to lose more than half of their food output 
by 2050 and more than 90% by 2100 [19]. 

This year, many people in India may experience temperature surges ranging from 
2.33 to 4.78 °C. Climate change would lower food production in many Sub-Saharan 
African communities by 6–24% during the next few decades. Solomon Islanders are 
expected to consume more seafood than they produce by 2050 [20]. This is because 
they are expected to consume more fish than they produce. CO2 levels in the atmo-
sphere should increase agricultural output. During heat waves, CO2 levels will double 
and stay higher for longer. This could be detrimental to the farming industry. The 
intensity of climate change’s effects on tropical areas of impoverished countries will 
be dictated by where they are and how hot it is. According to agricultural estimates 
based on resource and environmental research, wheat and rice yields in northwest 
India could grow by 28% and 15%, respectively, if CO2 levels rose twice as much as 
they do currently. Non-leguminous C3 crops grown in high CO2 circumstances have 
reduced N, Fe, Zn, and S levels, all of which are found in proteins [21]. Weather 
changes have increased the number of bacteria and enzymes in the soil. There were 
many more bacteria in the temperature gradient tunnel when the temperature was 
4–5 °C higher than in the field, but not as many in the area. This happens when there 
is a lot of CO2 in the atmosphere. When temperatures hit 29 °C, rice crops develop 
more quickly, vegetatively and reproductively, and produce more seeds. However, as 
the temperature rose, the seeds did not set as well as they had previously [22]. 

Plants and Microbe Interaction in Response to Climate 
Change 

Plants and a range of taxonomically organized microbial communities are closely 
related. The microbiome (microbiota and their genomes), composed of bacteria, 
fungus, protists, nematodes, and viruses, colonizes all exposed plant tissues. The 
host plant interacts intricately and dynamically with the microbiome in the soil, 
rhizosphere, roots, and other plant tissues. The environment substantially impacts 
these interactions, which can improve a plant’s resistance to environmental dangers. 
Despite advances in our consideration of the role of the microbiome in plant devel-
opment and health, there are still many obstacles to overcome before we can harness 
microbial connections and features to increase plant flexibility to climate change. 
External factors, including temperature, moisture content, and nutrient status, can 
impact the interactions between symbiotic and pathogenic plant microbes. Therefore,
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it is crucial to understand how climatic conditions affect plant–microbe interactions 
to anticipate disease outbreaks, develop effective symbioses and biocontrol agents, 
and create agricultural systems more resilient to climate change [23]. 

Pathogen-Plant Interaction 

Three-way interactions between the environment, the host, and the pathogen, which 
operate on a scale from resistance to sickness, affect plant health and productivity. 
The quantity and behavior of pathogens, host–pathogen interplay, and the formation 
of novel diseases could all be affected by climate change [24]. As global temperatures 
rise, many plant infections are predicted to spread proportionately more widely [25]. 
To make matters worse, several commonly employed treatments for diseases don’t 
work well in hot climates [26]. Dryness and high temperatures can weaken ETI 
(Effector Triggered Immunity) and cause disease in various plant pathobiology [27]. 
Most research on how climate change affects host-disease interactions has relied on 
overly simplistic models that only account for one host plant and one pathogen. 

In contrast, the interaction and rivalry of the pathobiota and other members of 
the plant microbiome influence the development of pathogens. In contrast, plants 
interact in their natural habitat with various potentially harmful microbes [28]. We 
still don’t know how the pathobiota and plant microflora will interact in response to 
ongoing abiotic stressors. 

Positive Plant–Microbe Interactions 

Climate change will impact beneficial plant–microbe interactions in a variety of ways. 
For example, warming might decrease the amount of available photosynthate below 
ground, restricting the size and diameter of roots [29]. Therefore, it is preferable to 
use arbuscular mycorrhizal fungus (AMF) species with reduced needs for carbon 
(C) as they are less prone to colonize roots [30]. Abiotic stresses can have adverse 
effects on plants. However, some plant microbiome inhabitants have characteris-
tics that mitigate those effects. Extracellular polymeric substances (EPS), which can 
form hydrophobic biofilms that protect plants from desiccation, are a few examples. 
Another is the production of 1-aminocyclopropane-1-carboxylate (ACC) deaminase, 
which enhances stress tolerance by controlling ethylene levels in plants. For instance, 
a novel mechanism for how heat shock factor A2 (HSFA2) induces thermotolerance 
in plants methylates heat stress memory genes. It enhances thermotolerance in plants 
when HSFA2 is produced persistently through the ethylene signaling pathway and 
the transcription factor EIN3 [31]. It’s even conceivable that some bacteria that aid 
in plant growth may also help plants overcome various challenge [32]. It is likely 
that multiple microbiome pathways that may be active simultaneously improve plant
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performance under stress. However, our knowledge of the interconnected molec-
ular pathways that start the series of interactions between plants and the microbiota 
associated with climate change is insufficient (Table 9.1).

Nitrifying and Denitrifying Interactions 

The consequences of the global shift on belowground nitrogen (N) cycle activities 
affect plant populations, productivity, and trace gas effluxes. However, few in vivo 
studies have looked at how different global change components interact to affect 
nitrification or denitrification. 

Over 4 years, the interplay between the nitrifying and denitrifying enzyme activi-
ties (NEA and DEA) in an annual grassland ecosystem in response to various aspects 
of climate change (rising atmospheric CO2 concentration, temperature, precipitation) 
has studied [33]. To shed insight on the mechanisms behind NEA and DEA’s response 
to environmental change, they looked at the correlations between these activities and 
soil moisture, microbial biomass C and N, and soil extractable N. Elevated CO2 

reduces NEA activity across all examined climate change components and their 
interactions with other treatments. NEA was unaffected by temperature changes or 
precipitation. Temperature increase had no discernible impact on DEA. 

The duration of climate change affected highland grassland fields, N2O fluxes and 
related microbial enzymatic activity, microbial population abundance, and commu-
nity diversity have been studied [34]. Warming, summer drought, and high CO2 

benefitted N2O fluxes, nitrification, N2O release through denitrification, and the 
population size of N2O reducers and NH4 oxidizers. In situ, N2O changes were 
more closely related to microbial population increase in warmer environments than 
in the control site. 

Barnard et al. investigated how NEA and DEA, soil microbial N, and soil organic 
N responded to increased CO2 in the European grasslands. The study revealed that 
increasing CO2 had little to no effect on soil extractable [NH4 

+] and [NO3], NEA, 
DEA, and microbial biomass N, DEA, and NEA at some sites. However, it was 
predicted that DEA and soil [NO3] would decline by 22 and 45% in French grasslands, 
respectivel [35]. 

Alteration in Microbial Distribution 

It is generally known that plant communities react to climate changes and that these 
reactions can change how plants are distributed in space. Several studies have made 
assumptions about possible alterations in the habitats of numerous plant species 
under extreme climatic condition [36]. However, there aren’t many publications 
that discuss how allied soil bacteria may alter the host distribution to maintain a 
good or bad relationship with the host plants. It has been found that plants adapt
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to changing climatic circumstances more quickly than soil-native microbes due to 
their superior dispersion capabilities. At the level of local communities, there is a 
shortage of knowledge on microbial dispersal, which only helps to increase worry. 
Few changes have been caused by scattering in essential microbial functions like a 
breakdown. However, modifications to plant and microbe dispersion capacities can 
influence plant establishment, production, and communication within a community, 
for instance, by changing the input predominance of plant litter [37]. 

Although it is well known that microbiological species also respond to climate 
changes, it is usually unknown how quickly or frequently isolated microbiological 
groups may adapt to climatic changes. Therefore, it is still necessary to answer 
the questions, such as how much microbiological dispersal restraint matters for 
ecosystem purposes and how rapidly microbial systems will acclimatize to changing 
environment. By altering their distribution within the soil systems, the microbial 
communities that live there may respond to the strain brought on by climate changes. 
For instance, in search of the ideal thermal range, the higher soil surface temperatures 
may cause soil bacteria to move deep within the soil profile. This type of microbiota 
reclassification in soil systems can potentially modify plant–microbe process rela-
tions. It is yet unknown to what extent interactions between microorganisms and 
plants due to direct and indirect effects of climate change may still be necessary for 
ecosystem functioning. Viral, bacterial, and cyanobacterial members will be more 
prevalent in future sub-Antarctic zone waters due to shallow mixed layers and rising 
iron levels. As a result of the region’s iron restriction, autotrophic and heterotrophic 
bacterial and viral populations have declined in the waters of the Polar Frontal Zone. 
An increase in the number of bacteria in heated plots with higher CO2 proportions 
has been noticed, but a decrease in bacterial abundance in heated plots with ambient 
CO2 levels. The relative richness of Acidobacteria and Proteobacteria was affected 
by variations in rainfall, with Acidobacteria falling and Proteobacteria increasing in 
wet treatments compared to dry ones [38]. 

Plant–Microbe Communication 

There is a communication pathway between the bacteria and the host plant. Plants 
release compounds under stress that attracts microorganisms that can boost plant 
resistance [39]. For instance, actinobacteria are enriched with the genetic ability 
to transport and utilize glycerol-3-phosphate (G3P) for growth due to glycerol-
3-phosphate (G3P) secretion caused by root dryness [40]. Drought decreases the 
quantity of iron and phytosiderophores available in the rhizosphere, allowing for 
Actinobacteria enrichment, which may thrive in low iron settings, improving their 
fitness advantage and capacity to encourage plant development. The host phenotypic 
plasticity that the plant microbiome also influences can impact plant phenology in a 
changing climate [41]. For instance, rhizosphere bacteria can regulate the flowering 
time by modifying the nitrogen (N) cycle and converting the amino acid tryptophan 
in root exudates to the phytohormone indoleacetic acid [42].
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Furthermore, plants communicate with insects, nematodes, and bacteria using 
volatile organic compounds (VOC). It is suggested that variations in the plant immune 
system or the host’s stress signalling network may be related to variations in the 
microbiome’s makeup caused by drought and warmth that are mediated by root 
exudates. VOC emissions are increasing due to climate change. To increase plant 
resistance to climatic stresses, it is essential to comprehend the molecular interactions 
that abiotic stresses have with metabolites to change the composition and efficiency 
of the plant microbiome (Fig. 9.1). 

Fig. 9.1 Impact of climate change on the plant-associated microbiome. Source P. T. B. D. B. K. E. B. 
B. K. S. (2022). Plant-microbiome interactions under a changing world: responses, consequences 
and perspectives. Pankaj Trivedi 1, Bruna D Batista 2, Kathryn E Bazany1, Brajesh K Singh 2 3. 
https://pubmed.ncbi.nlm.nih.gov/35118660/]

https://pubmed.ncbi.nlm.nih.gov/35118660/
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Climate Change Mitigation and Adaptation Strategies 

Farmers’ assessments of the severity and threat of climate change serve as the primary 
drivers of voluntary mitigation. However, the accessibility of crucial information 
affects the adaption [43]. The number of people who experience water stress will 
also decrease due to mitigating measures, but those who do will still need adaptation 
techniques because of the increased stress [44]. Farmers can apply climate-resilient 
technology by combining conventional and agro-ecological management strategies, 
such as biodiversification, soil management, and water harvesting. These manage-
ment strategies result in resilient soils and cropping systems, which boost carbon 
sequestration, improve soil quality and health, and reduce soil erosion, all of which 
help ensure food security in the face of climate change [45]. 

The most successful educational initiatives for raising awareness of climate 
change for ecological development focus on regional, practical, and local aspects 
and may be monitored by individual behaviour [46]. The fact that most farmer’s 
favoured adaptations but a tiny percentage favoured GHG reductions highlights the 
need to focus on programmes with both adaptation and mitigation components. The 
three main adaptive mitigation strategies are cropping system technologies, resource-
conservation technologies, and socioeconomic or policy interventions. Due to a lack 
of information, small and marginal farmers are less able to adapt to climate change, 
making them more vulnerable to losses [47]. A lack of management measures and 
financial repercussions make farmers in African nations particularly susceptible to 
climate change. Changes in sowing dates are just one agronomic tactic that can 
be utilized to lessen the consequences of climate change. Simple strategies to cut 
GHG emissions include alternate rice drying, mid-season drainage, better feeds for 
cattle, improved N-use efficiency, and soil carbon. The ability of the agroforestry 
sector to lower atmospheric GHG concentrations and assist small farmers in Kenya 
in their adaptation to climate change can be advantageous. The use of alternate 
rice drying, mid-season drainage, better feeds for cattle, improved N-use efficiency, 
and soil carbon are a few simple ways to lower GHG emissions. Simple adaptation 
strategies to mitigate climate change’s consequences include modifying planting 
dates and cultivars. The diffusion of technology will significantly impact farmers’ 
responses to climate change. The primary priorities are capacity building, public 
research assistance, and market integration. 

Technologies that maintain soil structure deliver nutrients or water, or both, 
are most beneficial in reducing climate change. In semi-arid West Africa, it has 
been demonstrated that Zai, stone bunds, half-moons, and the application of nutri-
ents are appropriate technologies for preserving food production and safeguarding 
smallholder farmers [48]. In Punjab, Pakistan, studies on climate-smart agriculture 
practices showed that cotton yield increased with higher returns and more efficient 
resource utilization. However, the climate is changing, which severely impacts the 
ability to grow rice and wheat. The Indo-Gangetic plain is particularly vulnerable 
[49]. Nevertheless, farmers have indicated that they are receptive to utilizing climate-
smart agriculture practices that can substitute more profitable farming techniques for
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traditional ones. The most popular CSA technologies in the western Indo-Gangetic 
Plains (IGP) are direct sowing, LLL, zero tillage, crop insurance, and irrigation 
scheduling [50]. 

In contrast, weather warning services, crop insurance, and laser land levelling 
(LLL) are most popular in the eastern Indo-Gangetic Plains (IGP). These miti-
gating strategies have significant potential for flexibility and mitigation. However, 
they depend on various elements, such as a technology’s relevance to the field, 
public perception, commercial viability, and technical complexity. These techniques 
perform best when several interventions are employed in conjunction with one 
another [51]. 

Conclusion and Future Perspective 

All higher organisms, including those in the plant kingdom, have their origins in the 
microbial world. Both plants and microbes have developed a few ways to enhance 
their health. However, plants and microorganisms have developed in specific envi-
ronments and can only withstand a certain amount of environmental change. In 
addition to exceeding their tolerance limit, the difference in the climate stresses 
out microorganisms, reducing both their productivity and the ecological function 
given to them. Rapid change is constantly testing plants’ fitness and operational 
effectiveness and microbial systems in the world’s climatic circumstances. Every 
conceivable ecological process is recognized to be primarily driven by microbial 
systems. Extreme weather conditions are known to interfere with these activities, 
disturbing the functioning of microorganisms. The modification of these processes 
is also known to interfere with plant productivity, which reducing agricultural output 
might soon result in a state of food insecurity. Therefore, repairing ecosystem harm 
brought on by climatic change and further halting these constantly shifting condi-
tions may be practical tools in overcoming this obstacle. Restoration of arable and 
degraded lands can remove up to 51 gigatons of CO2 from the atmosphere, which can 
further help increase food production by 17.6 megatons annually. Reducing water 
use in the agriculture sector without sacrificing agricultural output would also help 
attain a milestone toward acclimatizing to shifting climatic conditions since agri-
cultural inputs account for 70% of freshwater extractions. Additionally, reducing 
human intervention and implementing sustainable techniques like afforestation can 
help limit the effects of climate change. 

To conclude this study, we would like to emphasize that despite our focus on 
how temperature, circadian rhythm, moisture, and nutrients affect plant–microbe 
interactions, other environmental factors, most notably atmospheric CO2 concen-
tration, have attracted increasing consideration. Furthermore, there are innumer-
able instances of how the environment affects relationships between animals and 
microbes. These include (1) the Impact of ultraviolet radiation (UV-R) on the skin 
microbiome; (2) the disruption of the circadian clock by the gut microbiome; (3) the 
effects of climate change on the frequency and severity of viral diseases affecting
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marine animals as well as coral reef bleaching; (4) the role of nutrition in animal 
immunity. There are probably critical cross-kingdom principles that have not yet 
been discovered. The study of how climate affects host-microbe interactions in both 
the plant and animal kingdoms has a more significant impact on our comprehension 
of how current and future host-microbe interactions in both the plant and animal 
realms may therefore are influenced by global climatic conditions. 
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Chapter 10 
Soil Microbial Biochemical Activity 
and Influence of Climate Change 

Madiha Farooq, Asma Nazir, Shahnaz Anjum, Bisma Farooq, 
and Shayista Yousuf 

Abstract Climate change, particularly temperature rise and increased carbon 
dioxide (CO2) concentration, is a major source of concern nowadays. Inter-annual 
climate variability is noticeable and has a big impact on agricultural production. The 
abundance and activity of beneficial soil microorganisms, which aid in the decom-
position of organic matter and the determination of plant nutrient availability, have 
an impact on soil productivity. It is critical to reduce CO2 and other major green-
house gas (GHG) emissions by implementing various strategies in land use planning 
and increasing soil organic matter by employing various techniques that will not 
only aid in reducing greenhouse gas emissions and mitigating the impact of climate 
change on the beneficial soil microbial community but will also provide additional 
benefits to farmers in the form of reduced labour, costs, and grain yields. Changes 
in land use and human activities have had a substantial impact on gaseous nitrogen 
(N) losses and the global nitrogen cycle in recent decades, contributing to regional 
and global atmospheric changes. Microbial activity (nitrifiers and/or denitrifies) and 
abiotic variables, such as soil temperature, oxygenation, mineral nitrogen, pH, carbon 
availability, and water content, all influence N2O emissions. As a result, knowing 
how microbial and environmental variables interact is crucial for estimating potential 
N2O fluxes from soils under climate change.
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Introduction 

Worldwide changes, for example, warming are straightforwardly adjusting microbial 
soil breath rates since soil microorganisms, and the cycles they intervene, are tempera-
ture delicate. More than 100 years back Svante Arrhenius anticipated that proceeding 
with the ignition of non-renewable energy sources would prompt a multiplying of 
carbon dioxide in the environment and related environment warming [1–3]. Despite 
this advance notice, we are presently confronted with the anticipated multiplying 
of air carbon dioxide and worldwide temperature increment of 1.3 °C before this 
century’s over if no approach changes are made [3, 4]. Besides, in addition to the fact 
that we are confronted with climbing worldwide temperatures moving atmospheric 
conditions, sea fermentation, and the likely loss of numerous species on the planet 
(Intergovernmental Panel on Climate Change. These elements will all uniquely affect 
land use, land cover, soil quality, and efficiency. As the environment changes perpet-
ually, it turns out to be additional essential to figure out potential responses from soils 
to the environmental framework. It’s undeniably true that microorganisms, which are 
related to plants, may animate plant development and improve protection from infec-
tion and abiotic stresses. The impacts of environmental change factors, like raised 
CO2, dry spells, and temperature on valuable plant-microorganism associations are 
progressively being investigated [5–8]. Organic entities live working together with a 
huge number of different species, for example, a few helpful and pathogenic species 
which significantly affect complex networks. Since normal networks are made out 
of organic entities with altogether different life history characteristics and dispersal 
capacity, not all of the microbial local areas may answer climatic change factors like-
wise. Among the various variables connected with environmental change, raised CO2 

impacted the overflow of arbuscular and ectomycorrhizal parasites, while the conse-
quences for plant-development-advancing microorganisms and endophytic organ-
isms were more factors. The climb in temperature consequences for gainful plant-
related microorganisms was more factor, positive, unbiased, and negative, which were 
similarly normal and fluctuated significantly with the temperature range. Similarly, 
plant-development-advancing microorganisms decidedly impacted plants exposed 
to dry spell pressure. Networks of soil microorganisms (soil microbiomes) assume a 
significant part in biogeochemical cycles and backing plant development. Here we 
centre essentially around the jobs that the dirt microbiome plays in cycling soil natural 
carbon and the effect of environmental change on the dirt carbon cycle. We initially 
talk about current difficulties in understanding the jobs completed by exceptionally 
different and heterogeneous soil microbiomes and survey existing information holes 
in understanding what environmental change will mean for soil carbon cycling by the 
dirt microbiome. Since soil microbiome dependability is a critical measurement to 
comprehend as the environment transforms, we examine various parts of steadiness, 
including obstruction, strength, and practical redundancy [6–8]. We then survey late 
examination relating to the effect of significant environmental irritations on the dirt 
microbiome and the capabilities that they do. At long last, we audit new trial philoso-
phies and demonstrate approaches to a work in progress that ought to work with how
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we might interpret the mind-boggling nature of the dirt microbiome to foresee its 
future reactions more readily to environmental change. The soil microbiome adds to 
organic framework prosperity in different ways, including biogeochemical cycling, 
bioremediation, plant advancement, and fundamental productivity [2–7]. Its work 
in ozone exhausting substance radiations and mediating soil regular carbon (SOC) 
is very convincing thinking about future climate assumptions. Natural change and 
changes in the land the chiefs practices can unfairly impact soil readiness and SOC 
[9] which subsequently impacts the soil microbiome and its net effect on soil carbon 
sequestration. 

Challenges 

Soil environments are profoundly mind-boggling and dependent upon various scene 
scale bothers that administer whether soil carbon is held or delivered to the air [5–9]. 
A definitive destiny of SOC is an element of the joined exercises of plants and subter-
ranean organic entities, including soil microorganisms. Although dirt microorgan-
isms are known to help plenty of biogeochemical capabilities connected with carbon 
cycling [7, 8] by far most of the dirt microbiome stays crude and has generally secre-
tive capabilities. Just a simple part of soil microbial life has been indexed to date, 
albeit new soil microorganisms [7]. and infections are progressively being found [8]. 
This absence of information brings about the vulnerability of the commitment of 
soil microorganisms to SOC cycling and ruins the development of exact prescient 
models for worldwide carbon transition under environmental change [9]. Thusly, we 
are continually refining how we might interpret the biochemical capability of the dirt 
microbiome and the metabolic destiny of SOC. 

The absence of data concerning the dirt microbiome metabolic potential makes 
it especially testing to precisely represent the changes in microbial exercises that 
happen because of natural change. For instance, plant-determined carbon data sources 
can prime microbial movement to deteriorate existing SOC at rates higher than model 
assumptions, bringing about mistakes inside prescient models of carbon motions [10]. 
To represent this, a reasonable model known as the microbial carbon siphon has been 
created to characterize how soil microorganisms change and settle soil natural matter 
[11]. In this model, microbial metabolic exercises for carbon turnover are isolated into 
two classes: ex vivo adjustment, alluding to the change of plant-determined carbon 
by extracellular proteins, and in vivo turnover, for intracellular carbon utilized in 
microbial biomass turnover or stored as dead microbial biomass, alluded to as necro-
mass. The differentiating effects of catabolic exercises that discharge SOC as carbon 
dioxide (CO2), versus anabolic pathways that produce stable carbon compounds, 
control net carbon consistency standards. Specifically, microbial carbon sequestra-
tion addresses an underrepresented part of soil carbon motion that the microbial 
carbon siphon model endeavours address [11, 12]. A connected area of vulnerability 
is the way the kind of plant-determined carbon upgrades microbial SOC stockpiling 
or on the other hand speeds up SOC decay [12]. For instance, leaf litter and needle
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litter act as wellsprings of carbon for microbial development in woods soils, yet litter 
science and pH changes by vegetation type [e.g., among root and foliar litter [13]. or 
deciduous and coniferous timberland litter [14]. Thus, these biochemical contrasts 
impact SOC levels through changing decay elements [15]. Likewise, an expanded 
variety of plant networks builds paces of rhizodeposition, invigorating microbial 
movement and SOC stockpiling even though dirt ultimately arrives at an immersion 
point past which they can’t store extra carbon [15, 16]. 

Quiet likewise influences microbial metabolic rates. Many soil microorganisms 
are fleetingly dynamic, shifting back and forth between lethargic and dynamic states 
[17]. In any event, during lethargy, some dirt microorganisms are fit for using their 
energy stores to process SOC and add to soil biomass turnover, but at more slow 
rates [17–19]. By and by, dynamic individuals from the dirt local area contribute the 
most to biogeochemical changes, and another worldview is to move examinations 
from ordered profiles and toward microbiome useful pathways and aggregates [19]. 
Nonetheless, current sequencing innovations for local area organizations addition-
ally measure torpid microorganisms and, surprisingly, exogenous DNA [20, 21]. and 
are in this way one-sided against dynamic working individuals from the local area. 
Refining ways to deal with centre-around capability is consequently expected to help 
model development through a more exact appraisal of certifiable cycles. Another test 
is representing the science and actual design of soils themselves, the two of which 
impact SOC disintegration. Customarily, slow paces of carbon turnover were believed 
to be owing to actual assurance of carbon particles in micro aggregates or mineral 
affiliations [22]. or their substance stubbornness to biodegradation [23]. The ongoing 
worldview develops how mineral affiliations happen, specifically through soil parti-
cles’ sorption of biopolymers from microbial and plant necromass [24, 25]. for sure, 
profound soil natural matter is predominantly contained organism-determined items 
[26]. Also, the spatiotemporal construction of soils is heterogeneous and dynamic, 
with “problem areas” or “hot minutes” of microbial action [27]. For example, water 
accessibility is commonly lopsided, so carbon cycling is restricted to regions with 
adequate water, or to microorganisms equipped for managing to dry up pressure 
[e.g., through the creation of extracellular polymeric substances to keep a hydrated 
microenvironment [28]. What’s more, different variables impacting SOC mineral-
ization incorporate the presence of anaerobic versus vigorous microsites (anaerobic 
breath of carbon being less vivaciously ideal than oxygen consuming), accessibility 
of electron acceptors, and redox status of the dirt [29]. 

Dependability Metrics of Soil Microbiome 

A main pressing issue of environmental change is its effect on soil microbiome steadi-
ness and capability and likewise biological system supportability [30–32]. Meta-
examinations have exhibited that in roughly 80% of distributed investigations, soil 
aggravations evoked quantifiable consequences for microbiome strength [32, 33]. 
Local area steadiness is normally qualified concerning at least one of three principal
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measurements: opposition (staying unaltered during unsettling influence), flexibility 
(recuperation to a steady state), and practical overt repetitiveness (utilitarian profiles 
are kept up with despite ordered shifts) [32]. In a perfect world, these measure-
ments would be integrated into microbiome aggravation studies, however, limits in 
examining time and exertion frequently block this chance. Specifically, the level of 
opposition is much of the time quantifiable during and following an unsettling influ-
ence, however, flexibility patterns may just be noticeable years after the fact [34]. 
As environment aggravations expand in seriousness or recurrence, understanding 
microbiome response examples will further develop a forecast of future reactions. 
In this manner, these measurements address a significant thought to consider while 
planning aggravation tests, and each is checked exhaustively underneath. 

Obstruction 

Most aggravation studies have zeroed in on opposition as opposed to strength because 
of its relative simplicity of evaluation. Obstruction is normally estimated as move-
ments in the local area or utilitarian profiles under pressure. For instance, soil water 
impediment unfavourably influences individuals from the Proteobacteria phylum and 
increments relative overflows of individuals from Actinobacteria as well as Firmi-
cutes phyla [35]. Through their impacts on phylogenetic profiles, aggravations will 
thus influence the environment working. For instance, soil drying adjusted the wealth 
of societies for microorganisms engaged with methane oxidation [36]. while soil 
warming or raised carbon dioxide (eCO2) impacted smelling salts oxidizing organ-
isms [37]. Anthropogenic nitrogen affidavit (through inordinate manure expansion) 
can enhance nitrogen-cycling processes, including urea disintegration and tricar-
boxylate transport [38, 39]. A few natural burdens might frustrate carbon going 
through diminishing metabolic variety of a local area [40] or by restricting microbial 
take-up of carbon through diminished dispersion rates [41] For instance, enzymatic 
action rates, including that of carbon cycling chemicals (beta-glucosidase, aminopep-
tidase) or other supplement cycling proteins (corrosive phosphatase, arylsulfatase), 
have been demonstrated to be stifled under a dry spell and following soil consuming 
[42, 43] As a result, expectations of how stress influences biogeochemical processes 
for carbon and nitrogen mineralization need to represent microbial reactions. 

Microbial life techniques are intently attached to the opposition, specifical propor-
tions of K-to r-chose organic entities. (K-chose microorganisms augment endurance 
by being slow developing and asset proficient, while r-chose organic entities are 
energy and asset wasteful yet boost endurance through fast paces of develop-
ment and proliferation.) In one review, networks with higher proportions of Gram-
positive (typically K-chose) to Gram-negative (ordinarily r-chose) microbes were 
more impervious to eCO2 [44] K-chose living beings are related to more slow devel-
opment, higher catalyst substrate affinities, and use of additional hard-headed types 
of carbon [45] qualities attached to pressure obstruction. Conversely, r-chose organic 
entities are ordinarily more subject to labile carbon compounds for development, for
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example, those delivered into the rhizosphere through plant root exudates. Since 
some endemic plant species decline rhizodeposition into the soil under dry spell 
pressure to keep a carbon supply for their endurance, there is a consumption of 
labile SOC stocks into the encompassing soil. As the chief excess carbon sources 
are hard-headed carbon particles, K-tacticians are preferred over r-specialists [35]. 

Physiological variation is an asset escalated however compelling method for 
giving pressure obstruction. Some dirt microorganisms have embraced thicker cell 
walls to endure drying up pressure [35], and additionally layer transformations to 
endure openness to poisonous metals [34]. Past openness to a pressure condition [34] 
can prime a local area to oppose future burdens with a comparative method of activity, 
for instance, through upregulation of as well as an expanded scattering of opposi-
tion qualities [32, 46]. Nonetheless, interest in an original opposition instrument 
frequently has the compromise of losing a past one, and organisms might become 
helpless to a pressure that they were beforehand impervious to [34]. These patterns 
have been noticed for various (non-climate change-related) biological unsettling 
influences: For instance, long-haul copper pressure thwarted the dirt microbiome’s 
ability to answer fluctuating natural circumstances [47]. Essentially, persistently 
stomped on dryland soils were less ready to answer rewetting than non-stomped-
on ones [48]. The safest networks frequently show practical versatility and shift 
metabolic profiles as a component of ecological circumstances, improving their 
survivability if a specific speciality is obliterated [33]. Be that as it may, it is not 
yet clear whether physiological variations and additionally utilitarian pliancy will 
be boundless enough under environmental change unsettling influences to guarantee 
the endurance of soil biological systems. 

Versatility 

The peculiarity of soil microbiome versatility is ostensibly underreported, as studies 
consolidating a long-enough time course to follow full recuperation are remarkable 
[32]. In any event, when unequivocally estimated, pre-aggravation profiles might 
require a very long time to restore [49], and now and again putatively irreversible 
changes happen [30, 50] these patterns stress the significance of long haul studies 
consolidating decadal timescales to follow microbial reactions to unsettling influ-
ence [51–53]. In a meta-examination of short-and long haul unsettling influences, 
recuperation was by and large seen in the under portion of the examinations [33]. 
As aggravations expand in recurrence and term, for example, during environmental 
change, it is basic to grasp how, if, by any means, microbiomes can recuperate. 

Like obstruction, microbiome strength might be evaluated because of order as well 
as practical profiles. One methodology for estimating strength is through bunching 
taxa in light of recuperation designs—for instance, taxa that increment under pres-
sure before in this way diminishing during recuperation would frame one group, 
though taxa that show the contrary pattern would shape another [54]. Flexibility 
can likewise change by the pace of recuperation. For instance, individuals from the
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Planctomycetes, Crenarchaea, and Acidobacteria phyla recuperated quicker after a 
dirt warming treatment than did Actinobacteria or Verrucomicrobia [55]. Nonethe-
less, not all individuals from a given phylum answer generally in a similar way. 
For instance, explicit classes inside the Acidobacteria and Proteobacteria phyla were 
displayed to vary in their versatilities to dry spell pressure [35]. Particular flexibility 
patterns by phyla have suggestions for the carbon cycling processes they intervene, 
as individual taxa have trademark development and carbon absorption designs [56]. 
For instance, Actinobacteria overflow was adversely connected with carbon miner-
alization, though Bacteroidetes and Proteobacteria were emphatically related [57]. 
Subsequently, paces of soil carbon cycling will generally rely on how quick indi-
viduals from these phyla recuperate to a given pressure. Also, for practical profiles, 
versatility relies upon the capability being referred to and the phylogenetic goal that 
is being analyzed. For instance, nitrification is less tough than denitrification [32, 58], 
probable since it is intervened by a smaller organization of microorganisms. Thusly, 
capabilities in light of extensively dispersed proteins by and large have more obstruc-
tion but lower flexibility, while those with barely circulated chemicals, like complex 
polysaccharide debasement, have less opposition yet higher strength [59]. One more 
disparity between opposition and flexibility is the impact of earlier pressure—past 
openness to a pressure frequently diminishes paces of versatility to another one, 
though obstruction is by and large fortified [43]. 

A few variables add to microbial strength. One is commonness: Highly bountiful 
as well as broadly scattered life forms are less inclined to be crushed by the pres-
sure. One more technique for strong organisms is to enter lethargy, framing what is 
known as the microbial seed bank [60]. In the two situations, getting through organ-
isms are better ready to reseed the dirt microbiome upon stress enhancement [33]. 
Quick ribosome union and more limited age times are favourable characteristics, as 
they speed up recuperation; in any case, quickly developing taxa (e.g., r-specialists) 
are frequently exceptionally asset subordinate and accordingly more powerless to 
push [45]. By and large local area strength is likewise helped by pressure opposition 
systems, as they might be passed from lenient to vulnerable people using the quality 
stream to help recuperation [61]. On the other hand, lenient however less charitable 
living beings might hush up about opposition instruments, developing quickly under 
a given pressure condition while helpless creatures cease to exist [60]. In outra-
geous cases, deft people have been displayed to adjust their metabolic pathways to 
consolidate a generally distressing harmful compound as a carbon/nitrogen source 
[62]. Indeed, even through and through enmity against other recuperating gatherings 
might help strength, which was placed as the purpose for expanded survivability for 
microorganisms compared with parasites after soil warming [63].
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Environmental Change Impacts on the Soil Microbiome 

Environmental change-related aggravations can altogether modify soil microbial 
local area and utilitarian profiles [5]. If dirt carbon or potentially nitrogen cycling are 
impacted, this can thusly influence environmental change either through certain criti-
cisms to the climate (e.g., ozone harming substance outflows) or negative inputs (e.g., 
carbon immobilization into microbial or plant biomass) [12]. A better comprehension 
of how soil microorganisms answer to environmental change will thusly eventually 
further develop environment models. In any case, environmental change can conjure 
a few unmistakable bothers or in any event, intensifying aggravations, which can 
apply to differentiate impacts on the dirt microbiome [5]. Given the vulnerability 
concerning the transaction between various environmental change factors, ongoing 
examinations have started to consolidate different elements in the blend [37, 64–67]. 
Here, we explicitly audit soil microbiome reactions to soil warming and eCO2, and 
how these variables cooperate straightforwardly and in a roundabout way to impact 
change in soil local area and utilitarian profiles. 

Soil Warming 

Current environment models foresee a worldwide temperature climb of generally 
3.7 °C by 2100 [68]. Considering that dirt microbial networks are certifiably impacted 
by warming [5], this addresses an inescapable effect of environmental change on 
the dirt microbiome. Soil warming is remembered to influence occupant micro-
bial networks in a stepwise design. To start with, natural carbon deterioration rates 
are improved over a shorter time, expanding microbial biomass. One investigation 
discovered that the dirt microbial populace size expanded by 40–150% under soil 
warming [68]. Then, microbial breath has been displayed to decline over the long 
run as labile carbon is drained [69]. Following quite a while of openness, changes 
have been seen in microbial physiologies, local area structure, and user profiles, 
both as microorganisms adjust to warming, and as their digestion movements use 
the leftover headstrong carbon sources [70]. The subtleties behind these means are 
illustrated beneath. 

Warming has been seen to increment microbiome local area variety and wealth 
[55, 71, 72], as well as to enhance individuals from the Acidobacteria and Acti-
nobacteria phyla and class Alphaproteobacteria [55, 69, 73]. These ordered move-
ments cross-over with utilitarian profiles: Oligotrophic taxa (i.e., slow-developing 
microorganisms fit for getting by in supplement unfortunate circumstances, e.g., Acti-
nobacteria) are advanced over copiotrophic taxa (i.e., quickly developing organisms 
improved for supplement rich conditions, e.g., Bacteroidetes), perhaps as a reaction 
to changing soil carbon synthesis [74]. For instance, warming medicines enduring 
5 to 8 years were displayed to incline toward more stubborn carbon-corrupting taxa 
from the Actinobacteria or Acidobacteria, despite not many generally quantifiable
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reactions in local area arrangement [52]. Quantifiable contrasts in utilitarian societies 
answerable for smelling salts oxidation [37] or diazotrophs [72] have additionally 
been noticed following soil warming. 

Microbial capability can be influenced by warming both straightforwardly (e.g., 
through speed increase of enzymatic rates) or by implication (invigorating plant 
development and rhizodeposition and modifying soil properties). For instance, the 
cycling of phosphorus and sulfur has been demonstrated to be invigorated under 
warming [70, 75], however, making surmisings for carbon and nitrogen cycling is 
more troublesome. Warming has been exhibited to raise paces of nitrogen cycling 
processes, including denitrification, nitrogen obsession, nitrification, and nitrogen 
mineralization [75], although its accurate impacts rely upon the quality/process under 
study [70]. For instance, now and again warming stifled specific nitrogen cycling 
capabilities [65, 72]. One clarification is negative criticism: Warming increments soil 
inorganic nitrogen and plant nitrogen pool sizes [66], at last, discouraging paces of 
microbial disintegration and nitrogen cycling [76, 77]. Consequently, it is conceivable 
that nitrogen cycling can move over the long run as a component of the span/greatness 
of warming and nitrogen accessibility. 

Paradoxically, carbon cycling has been demonstrated to be at first advanced by 
warming [73, 74] assuming carbon bioavailability is adequate. The temperature 
optima of extracellular chemicals for carbon corruption are with the end goal that 
warming can go about as a boost [69]. Over significant stretches of warming, studies 
have noticed diminished quantities of qualities engaged with labile carbon debase-
ment, with expansions in those for refractory carbon digestion [65, 70, 74] and a 
higher variety of mindful practical organization [73]. These discoveries might be in 
some measure part of the way owing to water misfortune from dissipation during 
warming. At the point when soil dampness is controlled, labile carbon corruption can 
stay invigorated while debasement of headstrong carbon is unaltered [75]. Carbon 
cycling shifts likewise fluctuate by soil layer, where natural and mineral skylines have 
various reactions in sugar corruption potential after decadal timescales of warming 
[52]. Dissecting soil warming as a solitary element hence addresses a sub-standard 
methodology, as warming is probably going to be combined with other environmental 
change factors that likewise impact carbon cycling, consumption of soil dampness 
as well as eCO2. 

Raised Carbon Dioxide 

Similarly, as with warming, eCO2 affects the dirt microbiome. For the time being, 
eCO2 increments breath rates, microbial biomass, and hereditary signs for carbon 
cycling processes [78]. It additionally animates plant creation and rhizodeposition, 
thus preparing copiotrophs in the rhizosphere to separate labile and (later) refractory 
carbon [65, 79, 80]. By the by, ordered patterns for soil microbiomes under eCO2 are 
in no way, shape or form reliably. One review examining patterns of eCO2 across soil



146 M. Farooq et al.

environments observed that the main normal reaction was consumption of Acidobac-
teria Groups 1 and 2 [81]. Like warming, be that as it may, over a long timescale 
eCO2 is anticipated to improve for oligotrophs. Following 14 years of eCO2 in a 
California field, diminishes in copiotrophic (r-chose) Bacteroidetes were noticed, 
alongside expansions in organisms with lower rRNA duplicate numbers, a typical 
quality of oligotrophs (K-chose) [82]. Under warming, enhancement of oligotrophic 
microorganisms is normal, because of diminished soil dampness and consumption 
of labile carbon. On the other hand, eCO2 is anticipated to invigorate the plant and 
microbial development, which drains soil nitrogen. Thus, soil carbon cycling is antic-
ipated to decline. To be sure, over longer timescales of eCO2 treatment, there was 
a detailed stamped decline in soil carbon cycling, with practically no adjustment of 
carbon corruption [82]. Such circumstances will consequently incline toward more 
slow developing, asset-effective oligotrophic microorganisms. Under eCO2, enzy-
matic exercises for phosphorus cycling will generally increment [65, 78, 82, 83], 
however, nitrogen cycling is more factor. Expansions in plant net essential creation, 
microbial immobilization of soil nitrogen, and microbial denitrification rates will all 
drain soil mineral nitrogen [66, 82, 84]. As an outcome, keeping up with soil nitrogen 
accessibility (and likewise plant/microbial development rates) requires an expansion 
in relative paces of nitrogen cycling and mineralization. Improved nitrogen cycling 
under eCO2 has been noticed [37, 53, 78, 79, 85, 86], albeit genuine enzymatic rates 
are frequently unaltered or decline [82]. This error might be inferable from higher 
overflows of nitrogen fixers (e.g., Rhizobiales) or smelling salts oxidizers [37, 85], 
albeit this is certainly not an all-inclusive pattern [44, 77]. Varying outcomes for 
nitrogen cycling are sporadically seen across eCO2 studies and might be affected by 
fluctuation in puzzling variables, for example, soil dampness accessibility, nearness 
to root exudates, soil profundity, and level of nitrogen constraint [44, 79]. What’s 
more, the environment referred to, e.g., agroecosystems may have various outcomes 
from crude woods [81]. 

Combinatorial and Indirect Effects 

Taking into account any environmental change figure detachment neglects to address 
the exchange between them that is probably going to affect soils in genuine situa-
tions. To represent this information hole, numerous new I nvestigations have inte-
grated multifactorial plans, whether with eCO2 and warming [37, 65–67], eCO2 and 
raised ozone [79, 85, 87], eCO2 and nitrogen expansion [44], or different mixes. 
Frequently, varying outcomes are found for blends contrasted with single-factor 
medicines, featuring the significance of this methodology. For example, in one 
examination displaying the impacts of warming as well as eCO2 on field soils in 
a cotton agroecosystem, the blend of warming with eCO2 incited shifts in smelling 
salts oxidizing microbial networks and expansions in soil nitrification rates, though 
barely any tremendous impacts were seen for warming alone [37]. Frequently, a 
blend of irritations brings about one variable constricting the impacts of the other.
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Concerning eCO2 and warming, frequently eCO2 checks warming-actuated diminish 
in soil dampness or elevate plant rhizodeposition to keep up with carbon cycling and 
heterotrophic breath as carbon is exhausted under warming [65]. Almost certainly, 
the general significance of the two variables fluctuates by climate. For instance, 
various patterns may be found in prairies contrasted with woods, or agroecosystems 
contrasted with icy biomes [5]. For example, in a dryland local area study, warming 
beat eCO2 [67], while in a prairie concentration the contrary pattern was noticed [65]. 
In the last option study, the mix of eCO2 and warming had comparable impacts to 
eCO2 alone—warming diminished signals for carbon cycling, alkali oxidation, and 
creation, though eCO2 and the blend had the contrary pattern. Prominently, a subset 
of eCO2-invigorated qualities for nitrogen cycling and carbon corruption were not 
generally improved under the blend, including qualities for unmanageable carbon 
debasement [65], which might be a consequence of expanded rhizodeposition of 
labile carbon blocking the need for such qualities. 

A confusing variable for concentrating on unsettling influence reactions in the dirt 
microbiome is unravelling directly from circuitous impacts. As talked about above, 
eCO2 by implication influences soil networks through expanded plant rhizodepo-
sition, soil nitrogen limit, and higher soil dampness content (eCO2 actuates plant 
water protection through diminished stomatal conductance) [65, 83, 88], as well as 
through root exudate profiles, soil construction, or leaf litter science [85]. On the other 
hand, warming invigorates plant development however brings down soil dampness 
through dissipation, and such changes in water accessibility might greatly affect the 
dirt microbiome than warming alone [55, 89]. In particular, improvement for olig-
otrophs under warming might be to some extent because of their higher compound 
substrate affinities addressing a benefit as dispersion diminishes submerged limit 
[74]. Other confounding variables incorporate treatment length [73, 79], irregularity 
[83], and soil profundity or skyline [52, 81, 90]. Such errors feature the significance 
of representing jumbling boundaries during soil annoyance studies. 

Microbial Biochemical Pathways and Climate Change 

Albeit the reaction of the dirt microbiome is frequently learned at a significant level, 
for example, local area-wide ordered shifts, one more significant part of environ-
mental change reaction is how explicit biochemical pathways are impacted. A new 
report on warmed soils from Arctic and Antarctic conditions tracked down various 
normal metabolic reactions [84]. For instance, methane creation and digestion of 
acetic acid derivation and di-and mono-methylamine expanded as temperatures were 
raised from 1 °C to 30 °C, while diminishes were considered in propionate and acetic 
acid derivation oxidation to be well as digestion of H2 and formate [91]. Moreover, as 
temperatures were raised above 7 °C, the rate-restricting step for methane creation 
moved from propionate oxidation to polysaccharide hydrolysis. Additionally, the 
drying of Puerto Rican soils expanded signals for carbon digestion catalysts including 
beta-glucosidase, cellobiohydrolase, N-acetylglucosaminidase, and xylanase [92].
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Nonetheless, this impact was diminished through pretreatment of soils with a reen-
acted dry spell, recommending long haul changes to soil working considering an 
aggravation might improve impacts of future burdens. 

Microbial biochemical pathways are additionally by implication impacted by 
environmental change influences on plant-microorganism associations. A new report 
found that organisms take up less plant-inferred carbon under both intensity and dry 
season pressure [93, 94]. Besides, environmental change might modify plant cover 
[88] or plant local area profiles, e.g., through plant movement to colder climes [77] 
or expanded proportions of C4:C3 plant types [75]. Reactions in rhizodeposition 
under pressure can likewise shift by plant species or cultivar [85]. For instance, wild-
type plants were displayed to have higher paces of root exudation under eCO2 than 
developed assortments [88], as did C4 grasses compared with C3 plants [70, 75]. 
As a result of changing kind and amount of plant-determined carbon contributions 
to the dirt, different microbial pathways for carbon take-up and digestion will be 
invigorated. 

Climate Change Impacts on Soil Carbon 

An International Soil Carbon Network was as of late settled to distinguish holes 
in SOC demonstrating [95]. One of the greatest difficulties distinguished was the 
location of changes in SOC, because of two its spatiotemporal variety across soil 
biological systems and a deficient comprehension of the cycles overseeing whether 
SOC is balanced out or decayed. Preferably, models would be gotten from unthinking 
understandings of SOC elements, however, most are rather founded on reenactments, 
because of difficulties in acquiring observational information and estimating SOC 
[96]. Instances of flow research need to remember comprehension of SOC elements 
for soil (micro)aggregate microenvironments and what preparing means for soil 
carbon turnover [96]. At last, the joining of robotic bits of knowledge from sub-
atomic information into environment models will better foresee the destiny of soil 
carbon under environmental change. 

One more region that should be tended to is the incorporation of environment-
important microbial cycles. Most environment models expect that dirt natural matter 
deterioration is a first-request rot process between theoretical pools. In 2009 there 
were 33 SOC models addressed inside the Global Change and Terrestrial Ecosys-
tems Soil Organic Matter Network data set, and 30 of those were multicompart-
ment, process-based models [97], in which rot rates are regularly communicated as 
a component of carbon focus and a rate steady. Albeit worldwide models consol-
idate data about soil and environment properties [4], microbial cycles may not be 
remembered for first-request suspicions [97]. Upon their consideration, notwith-
standing, the prescient capacity for SOC destiny under environment is certifiably 
improved [98]. This has brought about proceeded with the advancement of further 
developed Earth System Models (ESMs) that incorporate microbial impacts on SOC 
transition [4, 97], and new models for connecting decay to the size and action of the
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dirt microbiome [99]. These improvements feature the significance of second-request 
processes (microbial exercises for SOC change) for anticipating SOC transition either 
as microbial biomass or as respiratory misfortune to the climate as CO2. Models 
expect to anticipate what environmental warming will mean for soil-obtained ozone-
harming substance discharge from now on, which requires observational judgments 
of the degree of soil carbon criticisms. Nonetheless, environment forecasts might be 
founded on obsolete soil models that don’t mirror the ongoing logical agreement on 
soil carbon development and adjustment [100]. For instance, even though SOC is the 
consequence of net results (breath) and sources of info (carbon obsession) of plant-
determined carbon, most observational information has zeroed in on yields alone, 
neglecting to represent conceivable compensatory impacts like elevated soil carbon 
development [100]. An equilibrium of carbon results and data sources is caught by 
ESMs [98], yet isn’t yet broadly remembered for worldwide expectations [101]. 

Conversely, models on SOC motion have started to incorporate parts of the plant-
soil biological system, including plant types and mineral communications, which 
might fluidly affect SOC transition contingent upon explicit conditions. The CORPSE 
(Carbon, Organisms, Rhizosphere and Protection in the Soil Environment) model 
incorporates parts of preparing and soil security, which advance soil deterioration and 
carbon stockpiling, separately [102]. In any case, after getting observational informa-
tion, they found differentiating results from the two soil warming examinations: At 
one site (Oak Ridge, Tennessee), carbon adjustment in the dirt surpassed SOC short-
fall from preparing under warming, though at a different site (FACE at Duke Forest, 
North Carolina) the contrary pattern was found, bringing about net SOC deficit [102]. 
These reproductions showed expanded CO2 levels invigorated preparing to a more 
noteworthy degree than carbon capacity, which will yield a net worldwide carbon 
shortfall under environmental change. Different models have consolidated data on 
plant utilitarian sorts (e.g., C3 versus C4 grasses, broadleaf versus needleleaf) that 
thus recognize plant soil inputs [97]. As of late another model (MEMS v1.0) was 
proposed, connecting soil natural matter science with both microbial handling and 
cooperation with soil minerals, to further develop environment model forecasts [102]. 
On a connected note, a demonstrating approach has as of late been recommended 
that considers microbial life methodologies [64]. Even though dirt microbial life 
methodologies have normally been doled out to two classifications—quickly devel-
oping r-planners and more slowly developing, energy-monitoring K-tacticians—the 
new model parts life techniques into three classifications: Y for development yield, 
A for asset procurement, and S for stress resistance. Every one of these three classes 
would address a benefit under an alternate arrangement of ecological circumstances 
and availabilities, with the end goal that it would be improbable for an organism to 
have a place with multiple [64, 103–106]. Moreover, as every classification has a 
particular profile for carbon use, approving this system will assist with foreseeing 
generally speaking microbial carbon cycling rates and dynamic cycles.
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Conclusions 

A new source of inspiration underscored the significance of understanding ecological 
microorganisms notwithstanding environmental change. Plentiful proof uncovers 
that dirt microorganisms are impacted by environmental change-related unsettling 
influences with significant inputs to biological system wellbeing and environment 
constraining. Under these aggravations, changes in microbial local area creation and 
work will thus have repercussions for interkingdom collaborations, biogeochemical 
cycling, and carbon stream, in manners that might compound or weaken environ-
mental change. As we start to completely comprehend key jobs done by microorgan-
isms possessing soil biological systems, this information might be utilized to antic-
ipate what basic metabolic cycles are meant for by ecological change, and might be 
utilized for alleviation of negative parts of environmental change. 
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Chapter 11 
Climate Change Drivers and Soil 
Microbe-Plant Interactions 

Sangeeta Singh, Tanmaya Kumar Bhoi, Ifrah Khan, Vipula Vyas, 
R. Athulya, Atiraj Rathi, and Ipsita Samal 

Abstract Climate change is one of the most important global concerns of modern 
era, with economic, social, scientific, political, moral, and ethical aspects. The soil 
ecosystem, which encompasses an enormous diversity of microbial life, is critical in 
this regard because it is a key component of the carbon and nitrogen cycles and is 
associated in the removal of greenhouse gases in the atmosphere which contribute to 
climate change. The microbial world is an important component of various biogeo-
chemical cycles, and its role in climate change must be considered. Microbes, on the 
other hand, are rarely mentioned in climate change discussions. Microbial activity 
has not been taken into account sufficiently in most climates due to a lack of adequate 
understanding. Therefore, this book chapter provides an insight into the the intrinsic 
and extrinsic attributes, direct and indirect mechanism and emerging technologies 
for understanding of plant–microbe responses to climatic change that confer reason 
of soil microbial communities to climate extremes. 

Introduction 

For more than 12,000 years, Earth’s climate remained stable which in turn is vital for 
human kind’s very existence [1]. During the past century, the typical global tempera-
ture increased close to a 1.5°F, and in next 100 years, it is expected to rise an additional 
0.5°F–8.6°F. This is a critical problem since even little changes in the average global 
temperature can lead to significant changes in the weather and climate [2]. The micro-
bial communiity is extremely significant for this context because it plays a crucial
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role in the nitrogen and carbon cycles and is proportionately involved in the removal 
and emission of gases that play a partin climate change, such as methane and CO2 [3]. 
While heterotrophic microorganisms break down organic substances to release green-
house gases, photosynthetic microbes consume atmospheric carbon dioxide. The net 
carbon flux is primarily determined by the balance between the two processes, and 
it varies across different ecosystems based on climatic factors like temperature. As 
a result, microbial reactions play a critical role in the earth’s carbon cycle because 
they not only lock up large amounts of carbon but also release it, according to [4, 
5]. It is important to emphasise that most greenhouse gases, including CO2, CH4, 
and N2O, are produced by microbes [6]. In this book chapter we have discussed 
about the various action mechanisms of climate change including the mechanisms 
affecting the microbial community, alterations in microbial diversity, the physiolog-
ical alterations, action mechanisms on plants, variations in moisture content, and the 
various consequences on microorganisms due to change in climate, rising tempera-
tures, altered precipitation, increased CO2 emissions, drought situations and try to 
elaborate on emerging technologies and better comprehension of plant and microbe 
responses to variations in climate and their interactions. Respectively the end of 
the chapter deals with mitigation strategies like mulching, use of organic residues, 
fertilisers, crop and landscape administration are also taken into account. 

Action Mechanisms of Climate Change 

Temperature, precipitation, and changes in length of seasons are all indicators of 
climate change [7]. Therefore, the major ways in which its mechanism of action is 
exhibited are changes in temperature and moisture levels. 

Mechanisms Affecting the Microbes 

Soil microbial populations are affected both directly and indirectly by climate change 
elements such as increased atmospheric CO2, changing temperature forms, and 
overall warming [8]. In addition, as a result of multiple components changing abruptly 
because of climate change, the terrestrial microbial population undergoes compli-
cated alterations [8]. The microbial population, plants, and soil carbon balance may 
all be notably impacted by such large-scale changes brought on by climate change [9, 
10]. Nonetheless, interactivity between different climate alterationelementsare also 
possibly discerning towards certain soil microorganisms, which can lead to conver-
sions in factions that may ultimately determine the future condition of ecospheres [8].
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Alterations in the Microbial Variety 

Negative impact like Abiotic stress brought on by climate change can change the 
variety and functioning of soil microbes [11]. Because different microbial species 
prefer different temperature scales for activity and growth, an increase in tempera-
ture may have an effect on how the microbial population is formed [6, 12]. Swiftness 
of processing of microorganisms, yield, as well as activity is prompted with an 
increase in temperature. Therefore, the microbial community shifts in approval of 
the species with sped up rates of development and better tolerance for higher temper-
atures [8]. The effects of climate change on two important cyanobacteria, namely 
Microcoleus steenstrupii and Microcoleus vaginatus, present in topsoil of arid region 
of western USA, exemplifies this impact. As global temperatures rise, the former, 
which is thermotolerant, has been observed to replace the latter and even outcom-
peteit, which ispsychrotolerant. These microorganisms are essential for preserving 
the topsoil’s microbial community, whose traits are necessary for preventing soil 
erosion [13]. For the reason thatmicrobial community differ in terms of sensitivity 
to temperature, physiology, andgrowth rates,it shows that climate change alters both 
the relative abundance and activity of soil microbial populations. Therefore, as a 
result it has a direct impact on how these organisms’ particular functions are regu-
lated [9, 10]. Warming-related variations in the population of microbes’ organisation 
may also result in a decrease in the amount of substrate that is readily available 
[14]. In the same context, it shall be noted that both bacteria and fungi abundance is 
likely to be impacted by global warming [14]. It is noteworthysincecertain microbes 
control ecological processes like nitrification, denitrification, nitrogen fixation, and 
methanogenesis. Therefore, changes in their relative abundance have a direct effect 
on how quickly these processes occur. Although, because a diversity of organisms 
manage some activities thattake place at a very coarserate (viz., as mineralization 
of nitrogen), abiotic factors like moisture and temperature have a greater impact on 
these processes than microbial community makeup [9, 10]. 

Conversions in Physiology 

Rising temperature increases the upkeep of microbes, which leads to escalation in 
demand of themaintainence of microbial community (respiration per biomass) [15]. 
As a result, heat increases soil respiration by accelerating soil microbial activity [16, 
17]. Changes occurring in the respiration of soil is started because of alterations in the 
available carbon comparative abundance [18], composition of the microbial commu-
nity [19], the quantity and quality of plant litter [17] and the availability of substrate 
[20, 21], which are all associated with temperature elevation. Therefore, it is believed 
that due to sensitivity to temperature of microbial metabolism and also the activities 
they engage in, changes all over the globe changes such as temperature increase 
can directly impact the rates of respiration of soil bacteria [9, 10]. Temperature and
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moisture levels are firmly connected, and high or low moisture levels may restrict 
soil respiration [22]. Although, until other factors like moisture and substrate become 
limited or the conformation/formation of a forest stand is reformed or changed, it 
is unlikely that the microbial community’s makeup will change or that adaptations 
will occur that indicate a rise in soil respiration [14]. Changes in soil temperature 
and moisture brought on by differences in precipitation can also affect soil respi-
ration [23]. In this context, enzyme activity should also be taken into account. It 
is important to note that, as temperatures rise, microbes allocate more nutrients for 
the development of enzymes (to obtain the additional nutrients needed) [24, 25]. 
In reality, due to direct and indirect effects on microbial production of enzymes and 
turnover rates, climatic change causes long-term changes in enzyme pools in addition 
to minisculechanges in activity of enzymes steered by thermodynamics [26, 27]. Due 
to their impacts on substrate availability, enzyme efficiency, and microbial efficiency, 
variations in temperature and moisture have an impact on both the comprehensive 
and relative rates of production of enzymes. If soil temperature rises, increasing the 
processing of substrate and the existing enzyme pool becomes available, microor-
ganisms may devote less energy to producing enzymes if biomass of micobes stays 
constant [28]. It should be recognised that C-degrading enzymes are more tempera-
ture sensitive than N-degrading enzymes [29–31]. Substrate temperature sensitivity 
is a related issue that is influenced by a number of variables including oxygen avail-
ability, moisture content and accessibility (surface assimilation and accumulation 
state) [20]. The relationship between temperature and soil respiration can be under-
stood by looking at substrate usage and microbial development [32]. Additionally, 
the kind of soil influences soil microbial activity, which may be a relevant role in this 
case. Due to the characteristics of allophone, it ought to be emphasised that microbi-
ological activity is minimal in soil made of volcanic ash [33]. The fact that microbial 
biomass turnover, respiration and soil organic matter are all higher in tropical soils 
than in temperate soils serves as an illustration of the importance of temperature with 
regard to these processes [34]. 

Action Mechanisms on Plants 

Plants are significant biotic components that are crucial in this context. By allowing 
roots to release carbon substrates [35, 36], changing temperature of soilas well 
asmoisture with the help ofshade and transpiration [37], and changing the quantity 
of rain that ultimately reaches the soil, they modify rates of soil microbial respira-
tion. Additionally, the type of plant remnants and quality viz., organic matter, that 
reaches the soil and the respiration of soil, are determined by the constitution of 
the vegetation. The variation in soil respiration beneath evergreen and deciduous 
forests serves as one example of this [38]. According to [39], the kind of anthro-
pogenic land use and management and plant cover both affect the nature of organic 
materials in soils with a comparable geology. This is very significant since the key 
factors affecting how sensitive soil respiration is to temperature are the availability
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of temperature-dependent substrate release and rapidly decomposable carbon [32]. 
Changes in the sensitivity of temperature of organic matter of soil disintegration can 
result in significant inaccuracies in models of C-cycle [32]. 

Undulation in Moisture 

Changes in moisture, a major variable that significantly affects the patterns of soil 
respiration in many terrestrial ecosystems, is another way that climate change has an 
impact on soil ecosystems [40]. Numerous variables that change with the moisture 
present and amount of water, such as gas diffusion, water movement, solute diffu-
sion, and the motility and survival of microorganisms, have an impact on microbial 
activity and, consequently, decomposition [22, 41]. Additionally, moisture could 
reduce activity of microbes in a variety of settings, including soils and saltwater. 
Less water availability diminishes intracellular water potential, which in turn lessens 
enzyme activity and hydration [42]. The release and dynamics of CO2 can be signifi-
cantly impacted by soil moisture [40]. All of this is demonstrated by the observation 
that in grasslands, temperature and soil moisture are the key regulators of respiration 
in soil, that in turn controls CO2 response between soil and atmosphere [40]. 

Consequences of Climate Change on Microbes 

Microbes respond dynamically to both abiotic and biotic stimuli [43], therefore 
the consequences of change in climate on these microorganisms are evident. In 
general, soil microbes are extremely active and respond promptly to environmental 
factors [34]. However, the relevance of each environmental component is regulated 
by temporal and spatial dimensions [44]. At higher latitudes, the consequences of 
temperature rise on microbial processes are projected to be most severe [20, 45]. 

Rising Temperature 

By 2100, the average global surface temperature is expected to rise by 1.1 to 6.4 °C, 
which may have an impact on soil carbon sequestration by potentially accelerating 
heterotrophic microbial activities [46]. Droughts in the [40] area may become more 
frequent, intense, and long-lasting as temperatures rise [47]. The structure and activ-
ities of soil microbial communities are known to be sensitive to variations in both 
temperature and water accessibility [48]. Temperature increases hasten microbial 
breakdown, increasing CO2 released by soil thereby creating a positive feedback 
loop to climate change [49]. Because of global warming, by 2100, it is anticipated
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that 25 percent of permafrost might melt resulting in releasing around 100 Peta-
grams (Pg) of carbon for microbial breakdown [20]. The enormous organic carbon 
stocks (400 Pg, or 4,000 million tonnes) in these soils are susceptible to higher 
breakdown rates due to higher melting rates and depths in high-latitude permafrost. 
Flooding of melted permafrost regions generates anaerobic conditions conducive to 
methanogenesis breakdown. Increased temperature is closely related to increased 
soil respiration, and a 2 °C increase in world average temperature is anticipated to 
increase soil carbon release by 10 Pg, owing mostly to increased microbial activity. 
The ideal scales of temperature for optimum activity and growth are different for 
different microbial groups. Rising temperatures can influence the composition of the 
microflora, which can limit the emission of organic carbon of soil in some circum-
stances due to the extinction of acclimatised microbiota [50]. Tropical soils emit 
more CO2 than temperate soils because to higher and longer heat regimes, where the 
overall rate of disintegration of organic matter is substantially faster due to increased 
microbial activity. Changes in soil temperature are anticipated to change microbial-
operated nitrification and denitrification activities in the environment of soil due to 
population shifts indenitrifiers and nitrifiers. Changes in the soil microenvironment 
can induce community changes and changed metabolic reactions in microorganisms 
engaged in soil nutrient cycle, as well as an increase or decrease in the viability and 
pathogenicity of soil-mediated pathogenic bacteria such as Salmonella typhimurium. 
As a result of the lower temperature, microbial growth and activities normally reduces 
in the winter. In general, extremely high temperatures are harmful to many bacteria. 
Indeed, some organisms may be able to endure such harsh environments by trans-
forming into dormant forms that can withstand high temperatures. Although, such 
typical periodical/seasonal patterns might differ in individual ecosystems of soil. For 
example, in arctic soil, microbial density is at its peak in late winter when tempera-
ture is reduced [51]. The ideal average temperature for microbe life is about around 
20 °C, whereas the upper limit is somewhere near 50 °C [52]. 

Altered Precipitation 

The rate of decomposition of soil organic carbon and another significant regulator 
of terrestrial microbial community structure is soil moisture, which can be influ-
enced by the IPCC’s (Intergovernmental Panel on Climate Change) projected 20 
percent increase or decrease in precipitation. Long dry periods may restrict micro-
bial growth and decomposition, having a negative feedback effect on carbon flux 
in some ecosystems. Carbon dioxide generation is also influenced by the periodic 
soaking and drying of soil. When dry soils are re wetted, the activities of latent 
bacteria rises. This adds to increased CO2 evolution during soil rewetting. Soil mois-
ture can have an influence on chemical engineers both directly and indirectly. Soil 
moisture has a direct impact on bacteria’s physiological condition and may impede 
their ability to breakdown various types of natural substances [53]. The soil mois-
ture values required for optimum microbial activity vary according to type of soil
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and microbial community diversity [54]. Soil moisture also has an indirect effect 
on microbial community development, activity, and composition by changing the 
quality and amount of plant litter formation. These can have an impact on plant– 
microbe interactions. Since availability of water and temperature are driving forces 
of N mineralization, denitrification, and microbial activity in dry land soils [55, 56], 
changing climate will have a significant impact on these processes through its impact 
on soil water and temperature availability [57, 58]. 

Increased CO2 

Anthropogenic CO2 emissions are to blame for the current rise in atmospheric CO2. 
Carbon dioxide levels in the atmosphere are rising at a 0.4 percent annual pace and are 
expected to double by 2100, owing mostly to anthropogenic activities including fossil 
fuel consumption and land-use changes. An estimated 30–40% of 2o produced by 
human activities into the atmosphere dissolves in seas, rivers, and reservoirs [59, 60], 
contributing to ocean acidification. The direct impact of increasing CO2 on above-
ground biomass production has indeed been widely researched [61]. It has been 
demonstrated that increasing above-ground net plant productivity (ANPP) increases 
C availability below-ground and boosts soil microbial activity [62]. Plants’ average 
growth rate is accelerated by high CO2 concentrations, allowing them to store more 
CO2. Plant development was accompanied by a rise in soil respiration as a result of 
the increased availability of nutrients for breakdown by producing more CO2 into 
the atmosphere. Increased CO2 levels have an impact on the root zone’s release of 
pliable sugars, organic acids, and amino acids, which can promote microbial activity. 
Long-term, it is thought that increased microbial biomass brought on by improved 
carbon release from roots may cause soil nitrogen to become immobilised, lowering 
the amount of nitrogen available to plants and creating a feedback loop that restricts 
further growth in plant development. The improved soil C:N ratio that follows may 
favour greater fungus diversity and dominance. Fungal cell walls are mostly made 
of carbon polymers (chitin and melatin), which are significantly more resistant to 
being destroyed than those found in bacterial membranes and walls (peptidoglycan 
and phospholipids). This means that fungi are more efficient at assimilating carbon 
(they store more carbon than they metabolise) than bacteria. As a result, soil respi-
ration rates are often low in fungi-dominated environments, increasing the potential 
for carbon storage. A rise in atmospheric CO2 may be one of the repercussions of 
climate change, and it can drastically alter the soil environment by changing the 
distribution of above and below-ground nutrients. Because CO2 is the basic building 
block of photosynthesis, a rise in atmospheric CO2 might result in enhanced plant 
growth. This may lead to an increase in rate of production of litter and a change 
in molecular structure of litter, which may result in a change in digestibility. Such 
changes will subsequently have an impact on the type of organic matter accessible to 
soil microbes [63]. As a result, altered litter generation may alter total carbon supply 
and N movement between plants and microbes [64]. Furthermore, rising CO2 levels
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may result in increased root development, which will have a considerable influence 
on soil structure and serious ramifications for soil biota. 

Droughts 

As temperatures rise, the intensity and severity of drought episodes in mesic ecosys-
tems are expected to rise as well [65]. Water stress is predicted to have an impact 
on both microbial and plant populations, by disrupting important nutrient cycles 
and plant–microbe responses. Drought lowered soil moisture dramatically, gener-
ating unfavourable growth circumstances that resulted in a 50–80% fall in microbial 
population number [66]. Drought stress has been demonstrated to affect both the 
initiation and functioning of legume Rhizobium symbiosis [67, 68]. According to 
[69], populations of Rhizobium leguminosarum and Rhizobium japonicum declined 
biphasically in drying soils. 

New Developments and Improved Knowledge 
of Plant–Microbe Response to Climate Change 

To understand complex community dynamics and function, studies attempting to 
understand microbial dynamics have traditionally relied on methods like DGGE 
(denaturing gel gradient electrophoresis), TRFLP (terminal restriction fragment 
length polymorphism), PLFA (phospholipid fatty acid analysis), or simply measures 
of biomass. In general, these methods have shown trends in the make-up of micro-
bial communities [70], but they do not show responses from particular taxa and only 
offer a scant amount of information regarding functional changes. Researchers are 
now focusing on microbial interactions with hosts that are more functionally signif-
icant and at the highest resolution thanks to the development of new sequencing 
techniques and the -omics revolution. Researchers can identify changes in microbial 
communities that will enhance their comprehension of which bacteria are present 
in an environment and what their potential roles are by employing the methods of 
meta-genomics, transcriptomics, proteomics, and metabolomics [71, 72]. One tool 
that can be used to focus on the active microbial community, which is involved in a 
variety of tasks, is stable isotope probing [73]. When these methods are used more 
frequently, researchers are faced with a number of difficulties, such as determining 
which methods produce the most accurate results and how to analyse these enor-
mous datasets in the most precise and pertinent ways. Amplicon sequencing of the 
16 s rRNA gene has become popular for determining the makeup of the bacterial 
community in ecosystems [74]. Although this generates a lot of data at a depth where 
species accumulation curves are starting to saturate, it has very little to no impact on
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future functional changes in communities [75]. In order to comprehend the composi-
tion of microbial communities as well as their potential for function, some scientists 
are now using shotgun metagenomics to look at the variety of functional genes that 
are present in a habitat. The data produced by this method could be used to deter-
mine function, but it lacks the depth of amplicon sequencing and might miss rare 
taxa [76–78]. It is crucial to start sampling microbial communities at a size that is 
appropriate for the diversity and function of these tiny creatures, especially with the 
introduction of several new technologies targeted at understanding the dynamics of 
soil microorganisms. 

At such a coarse geographic scale, it could be challenging to detect mean-
ingful diversity patterns about these communities due to the significant variation 
contained in a soil sample [79]. Microorganisms can interact at the scale of the 
soil aggregate or at the plant root-soil interface, and there are significant differ-
ences between soil aggregates [80]. Future study should take into account the ques-
tions regarding diversity and function they are asking and appropriately alter their 
sampling technique to completely begin understanding how microbes interact with 
one another and their plant hosts. Beyond the question of what instruments to use 
to research microbial populations, the problem of how to interpret these signifi-
cant datasets is a complex one [78]. Today, a variety of software programmes are 
available to assist with processing and analysis, including qiime [81], mothur [82], 
and less well-known tools like IMTORNADO [83], which assign taxonomy iden-
tity by utilising a variety of different taxonomic databases. The given dataset may 
produce different results depending on which of these processing approaches is 
used and which taxonomy is used when accessing the various databases. To enable 
dataset comparisons between laboratories and research teams, researchers must start 
contrasting diverse approaches and creating a standard procedure. Researchers must 
specifically investigate which processing pipeline produces the most pertinent results 
quickly, which database contains the most up-to-date and accurate taxonomic infor-
mation for the taxa of interest, and how to standardise analyses across research 
groups in order to extract the most information from a given dataset. The molec-
ular underpinnings of plant-microbial interactions at the plant root-soil interface, 
where microorganisms are prevalent and closely interact with plant roots, are also 
becoming better understood thanks to technological advancements [84]. It is diffi-
cult to identify how various soil bacterial subgroups enter the plant root and popu-
late it. We are starting to put together the molecular foundation for these inter-
actions by utilising state-of-the-art sequencing technologies that enable the rapid 
and affordable sequencing of entire organismal genomes. The genome of the ecto-
mycorrhizal fungus Laccaria exhibits unusual characteristics, such as effector type 
small-secreted proteins with unknown functions that are only produced in symbiotic 
tissues, according to studies on the mutualistic relationship between Laccaria and its 
plant host [85]. Additionally, the plant host Populus has complete D-mannose lectin-
like receptor gene deletions, which significantly reduces Laccaria colonisation [86]. 
By comprehending the molecular underpinnings of these interactions, the microbial 
population can be controlled to enhance plant and ecosystem level functions. It will 
also allow researchers to start creating microbial communities that can boost plant
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growth, carbon allocation, and carbon storage, as well as beginning to forecast which 
microbes will live in the plant root endosphere. 

Climate Change Effects on Plant–Microbe Interactions 

Some plant species are adapting to climate change by moving to higher elevations 
and latitudes, flowering and leafing out earlier in the growing season, and changing 
the expression of advantageous features [87–92]. On a smaller scale the arctic has 
become increasingly shrubby as a result of warming, with woody shrubs replacing 
grasses and forbs in some parts. This change in the ecosystem’s features has led 
to carbon feedbacks in these systems [93–96]. Soil communities, especially those 
that are strongly connected with plants, have the potential to speed up or slow down 
changes in plant communities. Studies by [97–99], for instance, found that micro-
bial communities associated with rootscould have a big impact on phenology, plant 
survival, and the expression of functional characteristics. All of these characteristics 
are sensitive to climatic variations. There is currently a lack of knowledge regarding 
how interactions among plants, the microbial population with which they coexist, 
and climate change impact ecosystem processes [100, 101]. The carbon balance in 
the soil, changes in the overwhelming majority of the soil microbial community, 
and plant growth and establishment may all be adversely affected by climate change 
for a very long time. In reality, interactions between plants and soil ecosystems, 
such as plant-soil feedbacks, are among the most important yet poorly understood 
controllers of soil nitrogen and carbon dynamics. The interactions between plants 
and soil communities will decide how an ecosystem responds if soil microbial popu-
lations shift as a result of climate change, which effects the establishment and growth 
of plant species. Recent studies have shown that the early responses of the local soil 
ecosystem might shield plants from drought stress [102]. There is mounting evidence 
that shifts in microbial diversity may affect the selection of functional characteristics 
in plants [103]. The indirect impacts of climate on plants and the soil communi-
ties that support them can differ greatly from the direct effects of temperature on 
the majority of the soil community. [43] discovered, for instance, that changes in 
precipitation had an impact on the soil community and its function in an oldfield in 
TN (USA), but that the impact of precipitation on the composition and function of 
the soil community varied depending on the plant the soil was obtained from. To 
evaluate the influence of climate change on communities and functions, soil samples 
were collected and homogenised from various parts of the site. These results suggest 
that the reactions of soil ecosystems to climate change may be cancelled out if the 
mix of plant communities’ changes along with climate change. Most research may 
not adequately capture these community and functional modifications because soils 
are collected from many plant species and homogenised together [43]. These inter-
actions may progressively build up in the soil system and alter ecosystem function
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(like carbon cycling) and trajectory (like plant establishment), given the strong inter-
actions between plants and the soil communities they are linked with;Strong interac-
tions between plants and the soil communities they are linked with may eventually 
accumulate in the soil system and alter ecosystem function (like carbon cycling) 
and trajectory (like plant establishment); however, research must be conducted to 
distinguish these interactions. 

Alleviation Schemes 

The same methods that boost productivity and resistance to climate change give 
favourable co-benefits in terms of agricultural GHG reduction. There are three basic 
techniques for regulating GHGs in agricultural production: (a) lowering emissions, 
(b) increasing carbon removal from the atmosphere, and (c) minimizing emissions by 
using bioenergy or agricultural expansion rather than growth [104]. There is a positive 
relationship amongst soil organic carbon and crop output; methods that improve 
fertility of the soil productivity also reduce GHG emissions, especially in places 
wherein soil degradation is a major concern [105]. Reference [106] distinguishes 
between actions with high and low mitigation potential, as well as those with high 
and low food security prospects. 

Light Soil Sealing/Mulching 

The technique of mulching involves covering the soil’s surface to prevent erosion and 
boost fertility. Mulch is frequently laid down at the beginning of the growing season 
for crops and can be replaced as necessary. By retaining both heat and moisture, it 
first helps to warm the soil. Mulch can be created from a variety of substances, such 
as organic waste products (such as hay, bark, and agricultural residue), manures, 
wastewater sludge, and rubber or plastic covers. 

Utilization of Organic Waste (Compost, Manure, and Sludge) 

The amount of organic matter in soil is increased by a variety of carbon-rich wastes, 
including coffee-berry pulp, sludge, grain and legume straw, animal manure, etc. 
Before being applied to the field for agricultural reasons, organic leftovers should be 
given time to degrade. For microbes to grow and flourish, they need both carbon and 
nitrogen, and the addition of carbon-rich substances makes soil nutrients momentarily 
immobile.
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Fertilizers 

Microorganisms become more active when nitrogen is made readily available to them 
by some inorganic nitrogenous fertilisers in large quantities. As a result, low-quality 
organic inputs and soil’s organic content break down more quickly, leaving less soil 
carbon behind and the organic matter content of the soil continuing to decline. This 
causes the soil to become less healthy and its ability to hold water to decline. 

Crop Administration/Selection of Species of Crop 

The sort of habitat that soil fauna can access depends on the agricultural crop that 
is chosen. Legumes, for instance, can act as organic fertilisers by boosting soil N 
levels through a symbiotic relationship with rhizobia. Because crop changes affect 
the populations of biological regulators, crop rotations can also help to reduce the 
accumulation of diseases and pests. In order to reduce nitrous oxide emissions, it is 
essential to employ crop management techniques that encourage N usage efficiency 
and yield. 

Landscape Administration/Hedgerows and Grassy Field 
Margins 

The establishment of bushes and trees or grassland strips next to intensively farmed 
fields offers soil fauna a permanent habitat, food, and a secure environment. Due to 
their limited mobility, shrubs, as opposed to grassy field boundaries, are much more 
advantageous to soil critters, especially bio-controls; soil bacteria will have very little 
spread into the fields. This is important since 10% of the soil-dwelling species found 
on farms are only found in field edges. 

Microbial Communities and Mitigation Strategies 

Managing Microbial Communities and Reducing CO2 Release 

Around 2,000 Pg of organic carbon may be found in soils, which is double the 
quantity in the atmosphere and three times the amount in plants [46, 107]. It has 
been suggested that land use may be adjusted to sequester an additional 1 Pg of 
carbon every year in soil since different land types, such as woodlands, pastures, and 
agricultural land, have varying capacities to store carbon [107, 108].
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Using Microbial Community Management to Lower Methane 
Emissions 

Worldwide, methane memissions are perhaps more directly regulated by microbes 
than carbon dioxide (CO2) emissions. Microbial methanogenesis, it’s a process which 
is performed by a variety of anaerobic archaea in seas, termite guts, wetlands, etc., 
accounts for the majority of natural emissions of methane ranging approximately up 
to 250 million tonnes methane per year. However, emissions from human activity, 
majorly fossil fuel extraction and landfills, outnumbers the natural sources. 

Conclusion 

It is admirable that microbes play a role in regulating the amount of greenhouse gases 
in the atmosphere, but the scientific community still needs to fully comprehend and 
value this contribution. Given the reported unpredictability, it is obvious that knowing 
the immediate and long-term impacts of climate change on these bacteria, as well as 
their associated short- and long-term feedbacks, would aid in our comprehension of 
the potential contributions of these microbes. If used appropriately, microbes have 
the potential to be an important natural resource for reducing climate change. It 
might become a big problem rapidly if not managed carefully. It is imperative that 
we research this topic thoroughly and comprehend the underlying mechanics and 
then effectively apply what we learn to the formulation of solutions. 

Future Perspectives 

According to projections on the World Meteorological Organization Website, the 
average global surface air temperature could rise from 1.4 °C and 5.8 °C by the 
year 2100, and predictions state that a 2 °C rise in global temperature would result 
in an increase in the release of soil carbon of 106 kg (i.e., 10 petagrams) of CO2 
and some other greenhouse gases [62, 109, 110]. This could set off a chain reaction 
that would cause the temperature to rise even more and the surroundings to alter. 
Climate change is predicted to result in more precipitation throughout the winter 
months in northern medium and high latitudes as well as Antarctica. Instead of 
being spread out over multiple mild occurrences, larger amounts of rainwateris more 
probable to be discharged withiin a few extremely large outbreaks (World Meteo-
rological Organization Website). As a result, various ecological factors in terrestrial 
and aquatic environments are anticipated to alter, which will have a significant effect 
on microbes. There are several models that forecast how such environmental changes 
may affect bacteria [111, 112]. Recent modelling methods and research, however, 
have shown that soil warming over a long period of timedepicts a larger greater than
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initially believed positive feedback between atmospheric soil organic matter release 
and climate warming [113]. Terrestrial ecosystems in the region of arctic are predicted 
to be especially hard hit by the issue. Consequently, the Arctic has been emphasised 
as a crucial area for identifying climate change [114]. But there are few mechani-
cally determined models that forecast how soils will respond to climate change [115]. 
Separate ecosystems are probably going to react to the problem in different ways. 
For instance, it has been predicted that in reaction to climate change, European forest 
soils will behave as CO2 sinks, on the other handsoils in the agricultural areacould 
lose organic matter and subsequently release CO2 [116, 117]. 
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Chapter 12 
Climate Changing Impact on Microbes 
and Their Interactions with Plants: 
An Overview 

Niraj Singh and Pranjal Pratim Das 

Abstract Global warming and climate change are the burning issues that affect all 
domains of life on earth directly or indirectly. In the context of microorganisms, it is 
now well known that diverse communities of microbes are associated with plants and 
play a crucial role in plant health by stimulating plant growth, enhancing resistance 
to diseases, biotic and abiotic stresses. Climate change is an emerging threat to 
disrupt plant–microbe interactions network at local to global scales. Interactions 
between plants and their associated microbes have critical influences on population 
dynamics, community composition, plant ecosystem, and on evolutionary processes. 
In the recent past, several researchers have highlighted that the plant microbiome has 
an important role in maintaining soil nutrient balance which is easily available for 
plants and it also provides strength to plants under stress conditions. In this review, we 
have highlighted recent research works related to climate influence on plant–microbe 
interactions and the mechanisms by which environmental factors create an impact 
on diverse plant-associated microbes, symbiotic associations, and plant-microbiota 
interactions. This review has indicated that presently, there is a great need for in-
depth research in this area to increase an accurate understanding of climate change’s 
impact on plant–microbe interactions in nature. 

Introduction 

Climate is defined as the long-term weather conditions of a place that includes 
humidity, temperature, atmospheric pressure, wind, precipitation, etc. A climate is 
a complex system that has developed due to the interactions of multiple factors, 
such as water bodies, oceans, ponds, the earth’s environment, atmosphere, glaciers
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as well as different forms of life or organisms. Climate change has been considered 
a major emerging threat to all domains of life on this planet. As the most diverse 
and abundant organisms, microorganisms and their associated activities are greatly 
affected by a changing climate. Microorganisms have a diverse community, colo-
nizing soil, plants, and animals in aquatic and terrestrial conditions [5, 29, 33]. In 
the global warming era, the study to understand the impact of the resilient climate 
on microfauna and microflora is very limited and it requires more attention on it. 
Being ubiquitous, microorganisms are affected in all different environments such 
as marine, terrestrial, and agricultural ecosystems by climate change [7]. Due to 
variations in temperature, rainfall patterns, and biotic and abiotic stress conditions 
such as drought, salinity, ozone stress, pathogens, climate durability, and seasonal 
abnormalities have created a great impact on the structural and bio-diversity of micro-
bial communities associated with plants. Plants harbor diverse types of microbiomes, 
such as endosphere-if the microbes are present inside termed and episphere-if present 
outside of the tissue and/or plant [39]. Soil is also considered as one of the best 
repositories of microbial population, whereas plants interact with this diverse micro-
bial community and other entities present in nature. The microbial communities are 
classified as a rhizosphere, endosphere, and phyllosphere in the environment [78]. 
Plants and microbial populations encompass to form a “halobiont”. Generally, halo-
bionts are defined as the association of a host with various microbial species around 
them and together they form an ecological unit. Microbes interact with plants at 
diverse locations and do ecological functions in the both above-ground and below-
ground environments. Microbes also act as major drivers of the different element 
cycles, such are nitrogen, carbon, and phosphorus. Over and above, microbes also 
play a potential role in maintaining resistance to the climatic change impact and 
against other types of stress responses. Earlier in the case of microbes, most of the 
studies were focused on their role as pathogens while at present, advances in the 
high-throughput sequencing and molecular techniques have helped us to improve 
our understanding of the beneficial roles of microbial communities for hosts and 
ecosystems [5, 29, 33]. Network of plant–microbe interactions involve a diverse 
variety of microbial populations from a number of different kingdoms [64, 85]. 
Plant-associated microbes are further defined by species of host plants and parts of 
plants, such as leaf, stem, root, and tissue location [3, 41]. Beneficial impacts of 
plant–microbe interactions like plant health have been demonstrated in number of 
research findings, such as root-associated microbiota play an important role in plant 
growth promotion and also enhance resistance against biotic and abiotic stresses [50, 
85]. The leaf-associated microbial community has also been shown to be involved 
in fitness and growth promotion of the host [18, 66], resilience to abiotic stresses 
[41], and plant protection against pathogens and disease [31]. Further, positive corre-
lations have been found between the plant-associated diverse microbial community 
and ecosystem’s productivity [42], and it also has been observed that the decrease 
in microbial diversity was correlated with pathogen infection and disease propaga-
tion [40]. These observations and experimental data of plant-associated microbes 
have been strongly indicating the importance of an accurate understanding of the 
molecular mechanisms of host-microbe interactions to drive the better adaptation
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of plants to climate change and the global warming effect. While climate change is 
emerging as a big threat but conversations on its crucial link with plant-associated 
microbes are still rare outside of the microbiologist and allied science community. It 
has already been well reported that climate change severely affects the crop yield of 
many agriculturally important crops around worldwide [40, 76, 92] and it is expected 
to intensify the negative impact of climate variability on crop yield in the coming 
decades. Therefore, some innovative approaches are urgently required to minimize 
the influence of climate change on plants. In order to tackle climate change and plant 
health issues, it is very much important to learn how a changing climate will affect 
the microbes and their relationships with plants and their environment. 

Impact of Global Warming and Drought 

Due to climate change, different forms of life across the earth are currently experi-
encing the rising temperatures [46]. O’Brien and Lindow have reported that due to 
rising temperature, bacterial colonizing pathways are affected in plant leaf surfaces 
[56]. A few recently published articles also have shown the influence of rising temper-
atures on plant–microbe interactions, [15, 82], immune system of host plants, [12] 
and soil microbes [26]. Numbers of studies have shown that temperature plays as 
one of the main drivers to develop and maintain the community composition of soil 
microbes [23], phyllosphere fungal [16], and ectomycorrhizal fungi [74]. The impact 
of intra-annual changing of temperature also have been studied via seasonality, which 
is observed to be a key determinant to maintain the composition of the microbial 
community in soil, such as in the rhizosphere [24] and the phyllosphere [25, 34, 58, 
63]. Apart from temperature, abiotic factors also vary with seasonality and these vari-
ations also have a crucial role in the shaping of microbial communities. For example, 
in case of phyllosphere fungal assemblage, the number of days of frost in spring was 
found to be one of the key factors for dissimilarities in assemblage of phyllosphere 
fungal [16]. Peñuelas et al. have found that the bacterial and fungal phyllosphere 
communities were higher under spring and winter in comparison to Mediterranean 
summer [58]. Other studies also have reported that the root associated microbial 
communities are extremely variable during the growing season but clear predictable 
patterns in community composition still to be detected [21, 61]. Furthermore, Grady 
et al. observed variation of core leaf bacterial and archaeal communities in the early, 
mid, and late phases of switch grass growing season [25]. These observations have 
indicated that seasonality also influence the assembly of microbial community. Soil 
community composition of bacterial and archaeal has been found to vary signifi-
cantly between semi-arid, arid and Mediterranean climates, which is indicating the 
availability of water acting as a key component in shaping communities composition 
in ecosystems [4]. Further, dry climatic condition influences the fungal community 
of soil, such as it increases the fungal diversity and total abundance in soil [28, 
35]. While it reduces bacterial diversity, the soil with a history of water stress have
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shown lower bacterial diversity and abundance [44]. Generally, warm climate condi-
tion increases bacterial diversity and bacterial abundance used to enhanced under 
normal precipitation patterns, while drought along with warming condition signif-
icantly decreases the bacterial abundance [68]. However, the combined impact of 
drought and warming on microbial growth and diversity determination still have to 
be investigated for proper understanding. It is also reported that drought-adapted 
microbiota are observed for plants subjected to subsequent water stress [35, 44]. It is 
also now well known that some endophytes can improve host drought resilience, such 
as Lolium sp. and its endophyte Epichloe [47]. It was also found that functionality of 
leaf and root microbiota is affected by drought condition [30]. As global change in 
climates accelerating, these research findings and observation have highlighted the 
need to enhance our understanding about the impact of climate variation on micro-
bial community diversity/abundance and its role for the maintenance of ecosystem 
productivity to tackle the prolonged warming and drought. 

Climate Variation Impact on Plant Microbiomes Assemblage 

Plant microbiome assembly is a complex ecological process of continuous coevolu-
tion over millions of years that is governed by a number of factors. Plants system 
attracts the desired soil microbe’s community to colonize and develop the plant 
microbiomes. The seed-associated microbiome facilitates the germination of seed 
and plant growth. Last few decades, host microbiome is gaining more attention from 
concerned researchers. Host microbiome is defined as the microbial community 
present in a particular species, irrespective of environmental conditions, seasons, 
and management, and plays a crucial role in the host’s functions [72, 77]. Microbes 
are very sensitive to temperature and moisture to perform their physiological and 
metabolic function and therefore, climate variability act as an important factor that 
affect the assembly of the plant microbiome directly or indirectly. 

Due to rapid fluctuation in the environmental conditions, the direct influence 
of climate change is likely to be more pronounced on the microbial communities 
covering the outer surface (phyllosphere) in comparison to those microbes in the 
internal plant tissue environments i.e., the endosphere community [77]. The soil 
microbiome is directly influenced by climate, while the rhizosphere microbiome 
is not only impacted by the external climate but also indirectly influenced by the 
plant host responses such as root exudation, plant physiology variation, morphology, 
and immune response. In the recent past, many researchers suggested that plant-
associated microbiome always give a consistent response to climate change [55, 83, 
88]. Under reduced moisture conditions and drought, it was observed that a number 
of plant species selectively recruit gram-positive bacteria (due to thicker cell walls) 
to enhance tolerant against desiccation, while it reduces the gram-negative bacte-
rial population in the root region and rhizosphere [55, 89]. The exact understanding 
of impacts of climate change on plant–microbiome assembly is a big challenge 
due to the interconnection of multiple factors and complex interaction processes.
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Under climatic stress, plant–microbiome interactions are modulated by chemical 
communications. For example, plants have developed an exudation-mediated ‘cry 
for help’ mechanism for the recruitment of a stress-relieving microbiome when plant 
is exposed to stressful environmental conditions [49]. In the current scenario, there 
is a very limited knowledge available regarding the indirect influence of climate 
change on microbiome assembly in the host plants. Over and above, plants also 
have developed a mechanism to incorporate desired microbes and it acts as a 
multi-layered microbial management system for the most favourable microbes for 
incorporation into the plant tissues and to distinguish friend from foe [27, 75]. In 
the plant’s first immune layer, where pattern recognition receptors recognize the 
microbe-associated molecular patterns, such as bacterial flagellin or fungal chitin, it 
induces microbe-associated molecular patterns’ triggered immunity (MTI) while in 
the case of the second immune layer, pathogen effectors are recognized by nucleotide-
binding leucine-rich repeat (NLR) resulting to the plants’ effector-triggered immu-
nity (ETI). Changing climate, warming, and drought have altered the plant immu-
nity and the shape of the plant–microbiome. It is reported that warming can affect 
both an increase [11] and decrease [32] in MTI and to suppress ETI in plants [12, 
19]. Suppression of ETI disrupts the host-mediated microbial colonization network 
which may cause dysbiosis in endosphere microbial communities living inside the 
plant tissues. Further, under the suitable environmental condition of mechanism of 
effector-triggered immunity suppression, plants reduce their immune response to the 
colonization of beneficial microbes and these microbes coordinate with the host to 
provide stress relief. During rapidly fluctuating surrounding environments, plants 
also modulate immunity through dynamic changes in hormonal pathways, such as 
salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA), and ethylene [48]. 
During warm and drought climates, salicylic acid production decreases and it is 
involved, via interaction with some other plant hormones such as jasmonic acid, in the 
assembly of both epiphytic and endophytic microbial communities [45]. Drought-
induced production of abscisic acid, antagonistically it acts to salicylic-mediated 
immune signalling, changes in the different classes of defense metabolites and it 
allocation or distribution, plant hormones, and signalling molecules under climate 
change play a role in plant microbiome assembly. 

Climate Changing Impact on Plant–Microbe Interactions 

At present, climate changing is increasing globally and it is a prevalent phenomenon 
affecting our food security worldwide. Climate change has resulted in the increased 
concentrations of CO2 in the atmosphere, temperature elevation, and has changed the 
patterns of rainfall across the various parts of the globe (Fig. 12.1). The progression 
of climatic aberration may lead to several abiotic stresses and pathogen attack, which 
is detrimental to plants and crops. Besides, the changing climatic patterns disturb the 
hydrological cycle and availability of water which may also influence on agricultural
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Fig. 12.1 Climate change and plant-microbe interactions 

production [36]. The variable climatic conditions also have affected the structure, 
function, assemblage, and interactions of microbes with host and non-host plants [17]. 

Plant–Microbiome Communication 

A system of communication exists between the host plant and microbiomes. Under 
stress environment, generally, plants exude some metabolites to recruit selective 
microorganisms to enhance plant resilience [44]. For example, in the drought-affected 
area, plants induce the secretion of glycerol-3-phosphate (G3P) in the roots enriching 
actinobacteria with the genetic potential to transport and utilize G3P for growth [89]. 
Drought induces a reduction in the iron and phytosiderophore availability in the 
rhizosphere and facilitates the actinobacteria population, which can adapt under low 
iron conditions and increase both the fitness and plant growth promotion ability [89]. 
The microbiome, associated with plants, also influences the host’s phenotypic plas-
ticity, which can impact plant phenology in a changing climate [17]. It is reported 
that microorganisms present in the rhizosphere may modulate the timing of flow-
ering through the nitrogen (N) cycle and by the conversion of tryptophan in root 
exudates to the phytohormones-indoleacetic acid [49]. Moreover, plants also use
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volatile organic compounds to attract microbes, insects, and nematodes [87]. Rising 
of climate temperature increases the volatile compound emissions and it is also 
hypothesized that root exudate-mediated variation in microbial community compo-
sition may influence the changes in the immune responses of host plants, or signalling 
within the host. Deciphering the molecular mechanism of abiotic stresses influence 
the reshaping the microbes’ composition and function of the plant microbiome is very 
much required to understand for developing strategies to enhance plant resilience 
under climate stresses. 

Beneficial Plant–Microbe Interactions 

Climate change also has the diverse type of effects on beneficial plant–microbe 
interactions [12]. A warming climate decreases the photosynthate allocation in the 
underground part of the plants which affects the development of roots in diam-
eter as well as in length [60]. Consequently, root colonization of arbuscular mycor-
rhizal fungi (AMF) is reduced or AMF species with lower carbon (C) requirements 
get more favoured [8, 51]. Few members of the plant-associate microbial commu-
nity have traits that alleviate the impact of abiotic stresses on host plants [77, 79] 
(Table 12.1). For example, 1-aminocyclopropane-1-carboxylate (ACC) deaminase 
increases the stress tolerance by regulating the level of plant ethylene, and extra-
cellular polymeric substances (EPS) developed the hydrophobic biofilms that help 
plants from desiccation. Plant hormone enhances level to stimulate the plant growth 
and induces accumulation of osmolytes and/or detoxifies reactive oxygen species. It 
also influence nutrient and water uptake by increasing root surface area and modu-
lating the plant’s epigenetic regulation that help in the adaptation to new environ-
mental conditions. For example, Enterobacter sp. SA-87 induces thermotolerance 
by developing a novel mechanism in which heat shock factor A2 (HSFA2) consti-
tutively expressed via ethylene signalling pathway and transcription factor EIN3 
and these processes enhance the thermotolerance in plants [69]. In some plants, it 
also reported that growth-promoting bacteria help the plants to cope with multiple 
stresses [9, 43]. Researchers have validated that under stress conditions, improved 
plant performance is the result of the number of interactions in the plant microbiome 
that provide support against abiotic and biotic stresses. The scientific community still 
has a very limited understanding of the intertwined molecular mechanisms and the 
interactions between host plants and their microbiota under today’s climate change. 
Identifying and understanding these mechanisms and the factors that influence them 
will help in the development of some noval approaches to neutralize the impacts of 
climate change on plant health.
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Table 12.1 Plant–microbe interaction under adverse climatic conditions 

Sl No Microbes Plant species Abiotic stress References 

1 S. meliloti M. sativa Drought tolerance [54] 

2 Azotobacter Maize Drought stress [71] 

3 Salep gum and Spirulina 
platensis 

Maize Cd toxicity [67] 

4 Achromobacter xylosoxidans Mustard green Cu toxicity [59] 

5 Glucoacenatobacter 
diazotrophicus 

Sugarcane Drought [81] 

6 Pseudomonas sp. and Bacillus 
sp. 

Spinach Cd, Pb, Zn 
toxicity tolerance 

[70] 

7 Bacillus aryabhatti Soybean Heat stress 
tolerance 

[57] 

8 PGPB Sorghum Cr stress & heat 
stress tolerance 

[52] 

9 Rhizobium sp. Sunflower Drought [2] 

10 Microalgae-cyanobacteria Tomato Salt stress [53] 

11 Burkholderia sp. Tomato Cd toxicity 
tolerance 

[20] 

12 Cyanobacteria Arabidopsis Heat stress [13] 

13 Serratia sp. Chickpea Nutrient stress 
tolerance 

[91] 

14 Bacillus subtilis and 
Paenibacillus illinoinensis 

Pepper Drought tolerance [84] 

15 Pseudomonas 
frederiksbergensis OS261 

Red pepper Salt stress [10] 

16 Varivorax paradoxus 5C-2 Pea Salinity tolerance [86] 

17 Pseudomonas vancouverensis Tomato Chilling stress 
tolerance 

[73] 

18 Bacillus subtilis, Arthrobacter 
species 

Wheat Salinity stress [80] 

19 Cellulosimicrobium cellulans Chili Chromium 
toxicity tolerance 

[80] 

Pathogen–Plant Interactions 

A tripartite environment–host–pathogen interaction regulates the plant’s health and 
productivity from resistance to different diseases. Climate change and associated 
factors alter the pathogen behaviour by changing the host–pathogen interactions and 
they also enhance the emergence of new pathogens and disease conditions [14].
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Simultaneously, pathogens also can adopt different strategies of infection by modi-
fying their virulence system that potentially leading to the breakdown of R gene-
mediated plant resistance. It is already reported that warming and drought condi-
tions can break down effector-triggered immunity (ETI) and promote disease in plant 
system [12]. Climate change studies on host–pathogen interactions have generally 
used a simplified model system which composed of a single pathogen interaction 
with a single host plant. However, in nature, plants interact with a large number 
of pathogenic microbes (pathobiota) [6] wherein the pathogen establishment and 
disease state depend on the competition between the pathogens and members of the 
plant-associated microbiome. Currently, there is lack of proper understanding of the 
interaction between pathogenic microbes and plant microbiota under exposure to 
long-term abiotic stresses. 

Hormonal Crosstalk with Plant–Microbe Interactions Under 
Changing Climatic Conditions 

Plant hormones are organic substances that stimulate plant physiological processes. 
Phytohormones act as key regulators of plant growth and development and plant 
response to the surrounding environmental conditions. Climate change causes various 
stresses in plants, such as drought, salinity, heavy metals toxicity, incidence of 
pathogen attacks, and different diseases. Phytohormones are important regulators 
which provide a defence system to plants under abiotic and biotic stress conditions. 
Studies have shown that phytohormones improve plant growth and metabolic process 
under stress. ABA and auxin play key regulators role in abiotic stress tolerance [1]. 
The adverse impact of Pb on sunflower plant was mitigated by using the low auxin 
concentration with increased root growth. It is reported that seeds priming with 
auxin alleviate in many plant species that helps under abiotic stress [62]. Micro-
bial communities associated with plants play key role for stress tolerance under 
changing climatic perturbations. Besides, the microbial colony associated with the 
plants influenced the plant hormone [22]. Microbes, associated in root, stimulate 
mitigation of osmotic stress and salt stress by the production of phytohormones [90]. 
PGPR also provides protection to the plant under stress by inducing phytohormone 
signalling as well as activating the defence responses [37, 38, 70]. Thus, it is now 
well established that hormones have a positive role against stress in changing climatic 
scenarios. However, to identify the phytohormone modulation in plant system by the 
microbial population, under stress response, require further in-depth study. Over and 
above, identification of transcription factors and receptors are needed to understand 
gene expression levels after the application of microbial phytohormone. Hormonal 
signalling and crosstalk mechanism of plant associated microbe like PGPR and plant 
growth promoting fungus in nutrient acquisition requires deeper attention. The role 
of biotechnological approaches in plant–microbe hormonal crosstalk, under stress 
conditions, warrants a thorough investigation.
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Conclusion and Future Prospects 

Plant-associated microbial communities and their dynamics are well-known and 
concerned researchers in this aspect is still working toward a better understanding 
of the interaction networks of the microbe and its assemblages in plant systems. 
Above and below the ground, detail understanding on the several factors, that influ-
ence the plants-associated microbes, is still lacking. Recruitment number of desired 
microbes by plants near their root is called the rhizosphere that later enters inside 
the root system. Subsequently, various signal molecules coordinate the gathering of 
the plant microbiomes of the rhizosphere and phyllosphere. Molecular mechanisms 
linked with microbiome assembly, composition, and diversity in their function will 
provide tremendous scope for future research. Climate change is a global concern 
and it is enhancing climatic adversity as well as adversely affecting plant and micro-
bial growth. The negative impact of climate change on microbial structure and their 
functioning in ecological niches is also a matter of concern. It is very much necessary 
to understand to what extent manipulation of plant-associated microbial composi-
tion could be done to enhance crop yield through sustainable agriculture that could 
maintain the environment in an eco-friendly manner. To explore in-depth knowl-
edge about the plant–microbe interaction and host specificity, there is an urgent need 
for an advanced level of integrated innovative molecular approaches, such as meta-
omics, ecological models, and bioinformatics, which may confirm the interlink of 
the correlation between plant-associated microbial community and environmental 
factors under climate changes. 
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Chapter 13 
Soil Salinity and Climate Change: 
Microbiome-Based Strategies 
for Mitigation of Salt Stress 
to Sustainable Agriculture 

Manisha Phour and Satyavir S. Sindhu 

Abstract Global climate change, environmental stresses, intensification of crop-
ping practices, changed precipitation cycles, depleted water resources and reduction 
in soil fertility are the major constraints limiting crop productivity. Among various 
environmental (abiotic) stresses, soil salinity is one of the serious climate change 
impact, which affects about 20 and 33% of the total cultivated and irrigated agri-
cultural lands, respectively. In recent years, soil salinization of agricultural land, 
along with water and environmental pollution; have emerged as significant threats to 
worldwide food security and agricultural sustainability. Salt stress results from exces-
sive accumulation of salts in the soil that significantly affects soil fertility, stability, 
biodiversity, and consequently affects crop productivity. These problems necessi-
tated the search of sustainable and eco-friendly agri-technologies to ameliorate the 
adverse effects of salt stress on plant growth and crop yield. In this context, some 
microorganisms inhabiting either the plant rhizosphere in extreme environments, or 
within halophytic plant roots, also possessing other plant growth-promoting traits, 
showed enormous potential in enhancing the adaptation ability of stressed plants to 
salinity stress conditions. These plant-associated beneficial microbes play key role in 
salt stress mitigation by producing osmoprotectants, antioxidants, ACC deaminase 
enzyme, hormones, exopolysaccharides, organic acids, nitric oxide and siderophores 
along with increased nutrient availability. Subsequent inoculations of crop plants with 
such salt–tolerant plant growth–promoting bacteria (PGPB) were found to increase 
the plant growth and crop yield of different plants grown in saline soils. This review 
briefly summarizes the different biochemical and molecular mechanisms employed 
by rhizospheric microbial communities for alleviation of salinity stress. Further, in-
depth knowledge related to beneficial interactions of salt-tolerant microbes with the 
native crop plants is needed to facilitate plant growth and crop productivity under 
saline agro-ecosystems.
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Introduction 

Increasing crop production to fulfill world food demand is a key agricultural challenge 
for sustaining 70% of food sources in order to feed 9 billion people by 2050 [1]. 
Changing agro-climatic factors, using integrated management techniques, as well as 
current intensive cropping systems are the limiting constraints for increasing crop 
yield in agricultural systems [2, 3]. Climate change, declining water sources, soil 
salinization, water pollution and limited availability of cultivated land are the other 
major constraints to twenty-first century agriculture [4–7]. Moreover, crop yield is 
hampered by high winds, dryness, soil salinity, high temperatures, and flooding. 
Among all these constraints, soil salinity is a worst environmental stress that reduces 
area of productive land, plant growth, crop yield as well as quality of agri-produce 
[8–10]. In addition, farmers use excessive amount of nitrogenous and phosphatic 
fertilizers in intensive farming system for increasing food production [11, 12]. The 
injudicious use of chemical fertilizers in modern agriculture has further degraded 
soil and water quality, rendering soils biologically inert and often excessively saline, 
and it has even polluted surface and ground water [13]. It is estimated that between 
20 and 33% of the world’s agricultural lands have been damaged as a result of soil 
salinity, which has led to losses of $27.3 billion worldwide [3, 14]. 

Due to increasing problem of soil salinity, alternative strategies are needed to 
sustain agriculture production in salt-stressed soil and to increase crop yield in an 
eco-friendly and sustainable manner [15, 16]. The major strategies include plant 
genetic engineering, conventional breeding, and the use of salt-tolerant plant growth 
promoting rhizobacteria (ST-PGPR) as bio-inoculants in order to alleviate delete-
rious effects of high salt stress on plant growth and development [17–19]. In addi-
tion, increased salinity levels have also been reported to adversely affect microbial 
population and their plant-growth-promoting (PGP) properties [20]. These observa-
tions suggested the isolation and utilization of salt-tolerant plant-growth-promoting 
bacteria (PGPR) to protect crops from salinization and climate change. Therefore, 
different laboratories worldwide are currently involved in screening of salt-tolerant 
microorganisms obtained from different habitats and agroclimatic zones, and from 
various plant parts and regions i.e., phyllosphere, rhizosphere, and endorhizosphere, 
for their tolerance to high salt concentrations to cope up with high soil salinity 
levels. These halo-tolerant microorganisms are subsequently tested for mitigation 
of salinity stress on plants, for increasing nutrient uptake [21] and to enhance plant 
growth [22, 23]. Thus, application of selected salt-tolerant microbes in the form of 
bio-enhancers/bioprotectants may lead to increased survivability of crop plants under 
extreme saline conditions through alteration in various physiological, biochemical, 
and molecular pathways, resulting in enhancement of crop productivity [24–26]. 

Several microorganisms belonging to different genera, such as Azotobacter, 
Azospirillum, Bacillus, Burkholderia, Enterobacter, Enterococcus, Pantoea, Paeni-
bacillus, Pseudomonas, Rhizobium, Serratia, Stenotrophomonas and Variovorax
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have been found to induce stress tolerance in different crops and positively influ-
ence plant growth under adverse saline conditions [19, 26–30]. For instance, salt-
tolerant indigenous species of Pseudomonas, Agrobacterium, Klebsiella, Bacillus, 
and Ochrobactrum isolated from the halophytic plant, Arthrocnemum indicum, 
showed tolerance to 4–8% NaCl and improved productivity of groundnut in saline 
soil over uninoculated control plants [31]. Many salt-tolerant strains of Bacillus also 
possessed other plant growth promoting (PGP) traits along with high tolerance to 
excess of salt (4% NaCl) [32]. Some of the bacterial isolates showed salt tolerance 
even upto 10% NaCl along with excellent PGP attributes including solubilization 
of P, K and Zn, and production of indole-3-acetic acid (IAA), cell wall degrading 
enzymes, exopolysaccharides, biofilm, antibiotics, and siderophores [33–35]. 

Salt-tolerant bacteria employ several direct and indirect mechanisms to survive 
and proliferate under salt-stressed conditions in soil, and subsequently contribute 
towards amelioration of salt stress and stimulation of plant growth resulting into 
increased crop yield. Some of these salt-tolerant bacteria are currently being devel-
oped as biofertilizers; as a cost-effective environmental-friendly agri-technology to 
increase food production [36–39]. This chapter summarizes the characterization of 
salt-tolerant microbes and discusses various mechanisms involved in amelioration of 
salt stress. The use of salt-tolerant PGPR as bio-inoculants to improve crop production 
under salt stress conditions is also documented. Information provided in this chapter 
will help in understanding of plant-microbe interactions under saline environments 
to improve saline soil-based agriculture. 

Climate Change and Soil Salinization 

Agriculture is the most vulnerable sector that is often exposed to plethora of climate 
changes. Global warming, changes in precipitation patterns and recent abrupt changes 
in climatic conditions has increased incidence of abiotic and biotic stresses [6, 40]. 
The exposure of plants to stressed environments has been accounted for as major 
cause for stagnation of productivity in agriculture and horticulture crops [40, 41]. 
Recent climate changes accompanied by altered precipitation cycles and depleted 
water resources are further expected to exacerbate crop stresses [42]. Several abiotic 
stresses such as extreme temperatures (heat stress, cold and frost), drought, flooding, 
soil salinity and nutrient stress have been found to adversely affect crop cultivation, 
plant development and production of cereal as well as legume crops under field 
conditions [43, 44]. Besides, intensive utilization of agricultural lands for growth of 
exhaustive crops has further declined soil fertility and environmental degradation. 

Inter-seasonal climatic variability is a major concern among abiotic stress factors, 
which is normally reflected from year-to-year fluctuations in crop yields. The abiotic 
stresses, for example, extreme temperatures, dry season, flooding, salinity, metal 
stress and nutrient stress are the results of climate change and global warming, which 
causes alteration in precipitation patterns [6]. Abiotic stresses also cause land degra-
dation, which make soil nutrient deficient and more stress prone [43]. Abiotic stresses
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are blended and associated with each other. For instance, increase or reduction in 
rainfall, rise or fall in temperature brings dry spell stress. Dry spell stress at last gives 
rise to salinity stress, which causes alkalization of soil. The nutrients stay inacces-
sible to the plants developed in alkaline saline soil and it leads to nutrient-deprived 
circumstances or nutrient stress. Humidity in environment is another climatic vari-
ability. In moist regions, pace of precipitation is high and soil leaching decreases soil 
pH because of decrease of basic cations. Hence, decline in soil pH results in acidifi-
cation stress. Because of acidification stress, nutrient become inaccessible to plants 
and further leads to nutrient stress in the soil. Accordingly, abiotic stresses appear to 
be interconnected with each other and function as a chain because of variations in 
climatic environments [44]. 

The probability of occurrence of extreme climatic changes has increased in the last 
couple of decades and has reshaped the Earth’s ecosystems [43, 45]. Climate change 
has accelerated tenfold in the last century and green house gas (GHG) emissions have 
caused a rise of 0.9 °C in average temperature in the nineteenth century. Warming 
could reach 1.5 °C by 2050 due to deforestation, GHG emissions, and pollution of 
soil, water, and air. The enormous temperature rise has exacerbated droughts, food 
shortages, unexpected precipitation, and heat waves. On the other hand, farmers lack 
the appropriate management technologies to sustain agricultural productivity under 
forced abiotic stress conditions, which adversely influence plant growth and yield 
[43]. The climate change has also far-reaching effects on survival and functioning of 
beneficial microorganisms and climate-smart agricultural practices, which is vital to 
food supply and the global economy [45]. Climate change models have anticipated 
that warmer temperatures and increase in the frequency and term of dry spells during 
twenty-first century will have net negative consequences for productivity of agri-
cultural and horticultural crops. Natural disaster damages have topped $200 billion 
annually since 2016, and 95% of these losses are due to climate-related weather 
events like cyclones, floods, and droughts. The world’s population is predicted to 
top 9 billion by 2050, straining agricultural areas, which are already impacted by 
climate change. Thus, rapid climate change has threatened global food security due 
to its adverse effects on crop productivity [43]. 

Global Distribution of Saline Soils 

Human activities have disrupted the natural hydrological equilibrium in many agro-
climatic regions since the beginning of industrialization. These operations disrupt 
the natural distribution of salt in various landscapes and deteriorated the natural and 
agricultural environments. Soil salinization is a major threat to global food supply 
with changes in climatic conditions [46]. Poor drainage, brackish water irrigation, 
and long-term agricultural irrigation increase the salinity in soil [47]. The primary 
salinization area is less than one billion acres, where as secondary salinization has 
covered an area of 77 million hectares (with 58% occurring in irrigated areas and 
20% of all irrigated lands) [48, 49]. About 5.2 billion hectares of agricultural land
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worldwide are salt-affected and are unsuitable for crop cultivation [50]. Low rainfall, 
erosion of native rocks, excessively surface evaporation, use of inorganic fertiliser, 
irrigation with salty water, and unsustainable farming techniques all lead to soil 
salinization [51, 52]. By 2050, half of all arable land may be salt-affected. More than 
7 × 106 hectares of soil in India are salt-affected [53, 54]. 

Excessive accumulation of salts in the soil limits uptake of plant nutrients and 
water absorption, thereby disrupting plant growth and development processes [55]. 
Excess calcium, magnesium, sodium, sulphate, and chloride ions limit plant devel-
opment by causing soil salinization. Farmland salinization is increasing by 0.3–1.5 
million hectares per year, resulting in agricultural production losses of more than 
20%. The salinization of arable land will have an impact on agricultural revenue 
and economic development, along with global food supply; and crop productivity 
losses may cost about 12–27.3 billion dollars per year [14, 56]. Chemical or phys-
ical methods used for salt extraction from salt affected soils may contribute towards 
restoration of saline soils [14] (Fig. 13.1). For example, lime and gypsum are two 
chemical neutralizers [57], whereas, leaching, scraping and flushing are physical 
methods for salinity management [58]. In addition, crops that are tolerant to salt, such 
as barley, rice, wheat, mung bean, cotton, and canola, are being developed [59]. Only 
a small number of salt-tolerating genes have been investigated for their potential to 
enhance crop production in both normal and saline soil [60]. It is common to increase 
agricultural output by employing environment-friendly methods and upgrading irri-
gated land. Biotic and abiotic factors have an effect on the current agricultural system, 
making it more efficient and sustainable is a major challenge for agriculture scientists 
[61].

Recently, use of salt-tolerant plant growth-promoting rhizobacteria as biofertil-
izers has emerged as novel agri-technology for improving soil health and crop yield 
under salt stress conditions [7, 44, 62–65]. These salt-tolerant rhizobacteria produce 
osmo-regulators, antioxidants, exopolysaccharides, ACC deaminase, nitric oxide, 
phytohormones, siderophores and transporter proteins, which act as promising bio-
enhancer for increasing crop productivity and phytopathogen resistance, thereby 
sustaining soil health under salt stress conditions [3, 18, 39, 56, 64]. 

Salinity Stress and Impact on Plants and Microbes 

Soil salinity has emerged as a major environmental issue due to disastrous conse-
quences of salt deposition in soils and its detrimental influence on agriculture produc-
tion [4, 6, 14]. Plants acquire an array of protective genetic and metabolic mecha-
nisms during the course of evolution to combat adverse environmental fluctuations 
and stresses. Many a times, the burden of abiotic stresses is reduced with the contri-
bution of associated microbes. Various studies on plant-microbe interactions estab-
lished that salinity has profound effect on the survival and activity of soil-inhabiting 
microorganisms as well as on the growth of plants.
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Fig. 13.1 Environmental stresses induced by climate change and mechanisms involved in salt stress 
mitigation

Effect of Salinity Stress on Plants 

Presence of excess salt in soil is detrimental to plant health. Many stages of plant 
development, from germination through maturity, are known to be influenced by 
salinity. However, agricultural crops respond differentially to salinized soil condi-
tions. Usually, salinity reduces the agricultural output of most cereals, legumes, 
forages, and horticultural crops. In addition, salinity also alters the ecological balance 
and physicochemical properties of the soil. Salt stress leads in low agricultural yield, 
significant soil erosion, and limited socio-economic returns [66]. Additionally, salt 
stress has an effect on the morphological, biochemical, and physiological processes of 
the plant. These processes include germination of seeds, plant health, photosynthetic 
activity, protein synthesis, lipid metabolism, water holding capacity and absorption 
of nutrients [67–69]. For instance, the accumulation of sodium ions in leaf laminae 
hindered flowering in chickpea (Cicer arietinum L.) plants [70]. The buildup of 
sodium ions in plant tissues leads to the formation of different reactive oxygen 
species (ROS), which impede photosynthesis [71]. ROS are known to damage DNA 
and further induce lipid peroxidation, protein oxidation, enzyme inactivation, and 
chlorophyll degradation [72]. 

Under these saline conditions, plants use the salt overload sensitive (SOS) 
pathway, which is an essential protective mechanism used for sodium ion extrusion, 
potassium/sodium ion levels retention, and ion homeostasis [3, 73]. The negative



13 Soil Salinity and Climate Change: Microbiome-Based Strategies … 197

effects on the SOS system under salt stress include a reduction in germination of 
seeds, leaf area, and pigmentation; an increase in defoliation and senescence; and 
a reduction in reproductive capability. In addition, salt stress causes ion toxicity, 
restricts water transfer from soil solutions, limits nutrient absorption, and causes 
osmotic and oxidative stress. Thus, it affects the overall plant health [56, 74–77]. 
Additionally, salt stress suppresses the plant growth and development, including 
enzyme activity [78], DNA, RNA, and protein synthesis, and mitosis during the 
reproductive stage of the plant [19, 79]. Salinity also impairs reproductive develop-
ment in plants by retarding sporogenesis and stamen filament elongation, triggering 
ovule abortion and fertilized embryo senescence, and promoting programmed cell 
death in plant tissues. The survival and development of plants are monitored to deter-
mine their resistance to salt stress because they include the up- and down-regulation 
of physiological systems, such as osmotic balance [80]. Failure to attain equilibrium 
between these systems results in cell dehydration, loss of turgidity, and ultimately 
plant death [76]. Some studies have linked salt stress to stunted plant development 
and symbiosis in field peas, causing a decrease in biomass and production [81]. Even 
nutrient-rich weeds, such as Portulaca oleracea L., are significantly affected by salt, 
as seen by alterations in physiology and root architecture, as well as decreases in 
biomass and yield [82]. Thus, salt stress is hazardous at various stages of cereal 
and legume cropping systems, producing 15–100% loss in legumes and endangering 
food security [3, 83, 84]. 

The drastic effect of salt stress can be observed in terms of crop yield losses. The 
primary effects related to crop yield can be in terms of germination which either 
decreases or sometimes ceases under extreme saline conditions. Ali Khan et al. [85] 
showed that under saline conditions growth, yield, and biomass of pearl millet is 
adversely affected in terms of germination percentage, plant height, leaf area, total 
biomass and grain yield plant−1. Impact of salinity on pea was also found to adversely 
affect growth, yield and biomass [81]. Farooq et al. [83] also reviewed the effects of 
salt stress on grain legumes, and they described that in different legumes salinity may 
reduce crop yield by 12–100%. Salt tolerance of black cumin (Nigella sativa L.) and 
its effect on seed emergence and germination, and yield were studied by Faravani 
et al. [86]. They showed that an increase in salinity level from 0.3 to 9 dS m−1 

reduced the average seed and biological yield. Similarly, the effect of different levels 
of salinity on a weed plant Portulaca oleracea showed a reduction in biomass and 
yield, changes in physiological attributes, and alteration in stem and root structure 
[87]. Salinity has thus a wide level of impacts on seed germination, plant growth and 
crop yield of different crops. 

It was observed that chickpea crop is extremely susceptible to salt stress and 
salinity is main restrictive factor bringing about low production. Salinity additionally 
brought about poor plant growth, low nitrogen fixing ability, reduced nodule numbers 
and decreased percentage of tissue nitrogen in arid and semiarid regions, in this 
manner, bringing about 8–10% losses in chickpea yield [17, 88]. To distinguish 
tolerant genotypes from sensitive genotypes of chickpea, a concentration of 40 mmol 
L−1 NaCl was accounted for as optimum level of salinity [89]. Reduction in salinity 
levels was found to cause excellent recovery with substantial new shoot growth. The
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critical point of salinity level for seed yield reduction of chickpea was reported as low 
as 3 dS m−1 in field soils [90]. Rhizobial isolates also showed different growth rate 
at higher NaCl concentrations. Maximum growth rate was seen at 1% (w/v) NaCl 
and minimum growth rate was seen at 4% (w/v) NaCl [91]. Only 11.1% of isolates 
tolerated 5% NaCl concentration [91, 92]. 

Effects of Salinity on Soil Microorganisms 

In dry and semiarid locations, where precipitation is scarce and often insufficient to 
eliminate salts from the plant root zone, soil salinity is a significant constraint on agri-
cultural output [93, 94]. Both microorganisms and plants are negatively impacted by 
high salt concentrations [95]. However, the metabolic burden imposed by these stress 
tolerance systems might be deleterious to sensitive bacteria, reducing the activity of 
the cells that survive the stress [96–98]. Various reports on naturally saline soils have 
indicated that salinity has negative effects on microbial soil communities and their 
activity [95, 99–101]. The impact is usually more prominent in the rhizosphere due to 
enhanced consumption of water absorption by the plants as a result of transpiration. 
Accordingly, osmoadaptation necessitates a significant amount of energy [102, 103]. 

Omar et al. [104] reported that higher salt concentration upto 5% significantly 
decreased the entire microbiota. Other biotic and abiotic stresses (including soil 
salinity) have been reported to affect rhizosphere microbial composition, biodiver-
sity, microbial metabolic activity and functioning, agricultural residue decomposition 
and nutrient availability, soil health and plant development [19, 76, 105, 106]. There 
is genetic variation in salt tolerance among rhizobia, which can have a substantial 
impact on the productivity of legume crops. The capacity for growth and survival 
of different chickpea rhizobial strains in salt conditions varies greatly [107, 108]. It 
also has been found that rapid rhizobia growth is associated with greater salt toler-
ance. Changes in cell shape and size or abnormalities in the pattern of extracellular 
polysaccharides (EPS) and lipopolysaccharides (LPS) have been seen in rhizobia 
that have been exposed to salt stress [108–110]. The symbiosis is more vulnerable 
to salt stress than free-living rhizobia because legume plants are more sensitive to 
salinity stress in general. Many strains of Rhizobium spp. have had their inoculum 
viability, nodulation, and nitrogen-fixing abilities reported to be negatively impacted 
by salt stress [109]. 

Only 33% of bacterial isolates were able to survive in solutions containing more 
than 8% NaCl (w/v), and of those, only 19% displayed PGP characteristics at these 
concentrations, as reported by Upadhyay et al. [111]. Isolate SU8 had the highest 
proline content and synthesis, with 2.73 and 11.95 g mg protein at 0% and 10% 
NaCl (w/v), respectively. The synthesis of reducing sugars (RS) and total soluble 
sugars (TSS) in rhizobacterial isolates was inversely related to the concentration of 
salt (NaCl), which had the potential to lower salinity levels and promote the develop-
ment of agricultural crops grown in salty conditions. All of the rhizobacterial-isolated 
strains were able to grow up to a concentration of 4% NaCl, but their capacity
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to tolerate salt decreased with rising salt concentrations. The experiment involved 
screening of 40 rhizobacterial isolates for different concentrations of sodium chlo-
ride, ranging from 2 to 8% [20]. Garg and Sharma [112] identified and tested 10 
rhizobia from Trigonella foenumgraecum for stress tolerance. To evaluate the growth 
of the isolates, a yeast mannitol medium with a wide pH range (4–10) and varying 
NaCl concentrations (0.05–5%) was used. Increasing salt concentrations inhibited 
the development of Rhizobium strains. Shultana et al. [113] also isolated salt tolerant 
rhizospheric bacteria from rice roots grown in saline conditions (0.41–17.64 dS 
m−1). Salt tolerant rhizobacterial isolates were grown on Tryptic Soy Agar media 
plates with different NaCl concentration (0, 0.5, 1, 1.5, 2.0M) to check their salt 
tolerant capacity. Five highly salt tolerant strains were found to grow upto 2.0M NaCl, 
however increasing salt concentrations inhibited the growth of isolated rhizobacteria. 

Mechanisms of Salinity Stress Tolerance in Microbes 
and Plants 

The rhizosphere is the most favourable environment for microbial populations [114]. 
Numerous microorganisms, such as bacteria, fungi, actinomycetes, and archaea, 
populate the rhizosphere of different plants. These soil or rhizosphere-inhabiting 
bacteria influence the ecosystem function, plant health, and pollutant degradation 
[115, 116]. These microbial communities act as a catalyst for the transformation, 
decomposition, and recycling of soil nutrients and organic matter in the soil. Thus, 
microbial populations have been found to affect crop development both directly 
and indirectly. Some of these soil- or rhizosphere-inhabiting microorganisms have 
acquired the ability to survive high salt (NaCl) concentrations. These salt-tolerant 
microbes have the potential to boost productivity of both grains and legumes in arid 
and semi-arid regions for sustainable agriculture [117]. It has been demonstrated that 
various bacterial genera such as Klebsiella, Streptomyces, Pseudomonas, Agrobac-
terium, Bacillus, Enterobacter, Stenotrophomonas, Rhizobium and Ochromobacter 
enhance grain and legume production in saline circumstances [31, 118, 119]. As 
salinity increased in the rhizosphere, it affects root exudation, microbial population 
and degradation of organic materials [120]. A negative correlation was observed 
between EC of soil and microbial biomass, indicating that soil salinity has a negative 
effect on microbial biomass [121]. In similar studies, Nelson and Mele [122] observed 
that NaCl has an indirect influence on rhizospheric microbial diversity through root 
exudates and plant quantity/quality, as well as a direct effect via microbial toxi-
city. Under salt soil conditions, molecular signaling among microorganisms and 
plants play a substantial effect on their rhizospheric microbiota [123]. 

When rhizospheric bacteria are exposed to a highly osmosis conditions, fast turgor 
loss and dehydration occur to compensate for the outflow of water. Ionic instability 
is caused by elevated ion concentrations, which maintains K+ osmotic balance, acti-
vates osmotic responses, and up-regulates genes involved in adaptation, metabolism,
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defensive, and amino acid transport pathways in the cytoplasm. Furthermore, the 
production of organic solutes increases intracellular osmotic strength, which helps to 
stabilise biomolecules under salt stress conditions [124, 125]. The second mechanism 
of salt tolerant rhizospheric bacteria is exopolysaccharide (EPS) production, which 
alters membrane compositions such as periplasmic glucans, proteins, fatty acids, 
shorter peptidoglycans, and interpeptide bridges, and capsule content for acceler-
ated water retention, regulating carbon source usage in microbial cells, and protecting 
microbiota from osmotic stress [126–128]. Flexible surface appendages surrounding 
the microbial cell also act as a protective barrier at low electrolyte concentrations, 
decreasing osmotic stress and minimizing the damaging effects of ionic strength 
changes [129]. 

Various microorganisms, inhabiting the phyllosphere, rhizosphere, and endorhi-
zosphere, have been found to help plants in adaptation during salt stress by absorbtion 
of nutrients from soil leading to improvement in plant growth and development [21]. 
Besides this, metabolic activity and functioning of microbial enzymes under salt 
stress may improve seed germination, root architecture, chlorophyll content, biomass, 
and disease resistance. In brief, salt mitigation strategies include direct and indirect 
mechanisms leading to promotion of plant growth and increases in crop yield in saline 
soils (Fig. 13.2). Direct mechanisms include enhanced accumulation of osmoprotec-
tants such as glycine, betaine, trehalose, and proline [130, 131], upregulating produc-
tion of antioxidant enzymes, such as SOD, CAT, APX, and GR, to provide protection 
against oxidative stress [72, 132], maintaining high K+/Na+ ratio (ion homeostasis) 
and regulating the expression of ion transporters to protect against ion toxicity [72, 
133, 134], lowering of stress-induced hormone (ethylene) level with expression of 
ACC deaminase activity [37, 135], synthesizing of exopolysaccharides and biofilm 
formation to reduce Na+ ion accumulation in plant roots by binding to excessive Na+ 

ions and preventing their translocation to plant leaves via xylems [132, 136], and 
maintaining high levels of photosynthetic activity and stomatal conductance [137]. 
Other indirect mechanisms employed for salt stress amelioration by PGPR include 
enhancing nutrient availability and uptake, siderophore production for iron uptake, 
phosphate solubilization [136, 138], modulating plant growth hormones for root and 
shoot development, and by conferring disease resistance through inducing systemic 
tolerance, production of organic acids and nitric oxide [139], and secretion of extra-
cellular polymeric substances for increased soil aggregation to improve plant growth 
under salt stress [76, 140–142].

Under salinity stress, Pseudomonas sp. and Novosphingobium sp. from citrus and 
Distichlis spicata rhizobacterial strains reduced salicylic acid (SA), abscisic acid 
(ABA), and ethylene, as well as root proline and chloride accumulation and photo-
system II activity [143]. He et al. [144] identified a novel salt-tolerant Pseudomonas 
sp. in the rhizosphere of the desert shrub Haloxylon ammodendron, which caused 
perennial ryegrass to become salt-tolerant. Proteomic, genomics and transcriptomics 
studies characterized various transcription factors, gene expression, protein expres-
sion and microbial interactions in plant cells and microbes in response to salt 
tolerance [145]. For instance, Burkholderia phytofirmans strain induced long-term 
metabolic and transcriptional changes in Arabidopsis thaliana involving expression
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Fig. 13.2 Rhizobacteria-mediated adaptive responses of plants to salinity stress to promote plant 
growth

of genes related to ROS scavenging (APX2), lipoxygenase-2 reduction, and detoxi-
fying (Glyoxalase 7) under salt stress [146]. Some of the salt-tolerating PGPR strains 
regulated the expression of dehydroascorbate reductase, catalase (CAT), ascorbate 
peroxidase (APX), and glutathione reductase (GR) genes under salt stress condi-
tions [147]. Functional metagenomics was used to find numerous salt-tolerant genes 
in PGPR and some of the salt-tolerant PGPR strains alleviated salt stress along 
with biological control of phytopathogens [3, 84, 148–150]. Several PGPR strains 
synthesized phytohormones [e.g., IAA, cytokinins (CK), and gibberellins] as well 
as having ACC deaminase activity [64, 119, 135, 151]. 

Production and Accumulation of Osmoprotectants 

Stressed plants produce osmoprotectants like quaternary ammonium compounds 
such as betaine, proline, polyamines, glycine and other amino acids that improve 
water intake and reduce water losses, and dilute the concentrations of toxic ion [152, 
153]. Various plant growth promoting strains have been characterized, which possess 
the capacity to tolerate osmotic stress from K+ ions and osmolytes in the cytoplasm 
[154, 155]. At 2.5 mol L−1 NaCl, upregulation of the proA, proH, and proJ genes 
was observed in salt tolerant PGPR strains [156]. During salt stress, Halomonas sp.
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SBS 10 and Azospirillum spp. were found to accumulate proline, ectoine, glycine, 
betaine and trehalose, making maize plants resistant to salt stress [157, 158]. Inoc-
ulation of salt-stressed tomato plants with Pseudomonas extremorientalis TSAU20 
reported to have increased proline levels [159]. Similarly, increase in glycine and 
betaine levels conferring salt tolerance under osmotic stress, was observed in rice 
and sugarcane, when inoculated with B. pumilus, Pseudomonas pseudoalcaligenes, 
and Enterobacter sp. EN-21 [160, 161]. In wheat crop, inoculation with Dietzia 
natronolimnaea STR1 exhibited strong antioxidants activity and accumulation of 
proline under salt stress conditions [162]. Inoculating salt-stressed Acacia gerrardii 
with B. subtilis strain was reported to enhance proline levels and enhanced salt 
tolerance by maintaining water balance [150]. Trehalose, an osmoprotectant sugar, 
was found to confer salinity resistance, and many genes involved in biosynthesis of 
trehalose were identified in halo-tolerant PGPR strains [3, 163–165]. 

Antioxidant Enzyme Activity 

Salt-stressed plants produce different reactive oxygen species (ROS) that damage 
various proteins, lipids, and DNA [166]. The level of ROS-scavenging enzymes such 
as superoxide dismutase (SOD), APX and CAT was reduced on exposure of plants 
to abiotic stress i.e., salt and drought, and increased the lipid peroxidation [84, 167]. 
A wide range of antioxidant enzymes, such as superoxide dismutases, nitrate reduc-
tase (NR), catalase (CAT), peroxidase (POD) and glutathione reductase (GR) were 
produced by salt-tolerant PGPR strains under salinity stress [3, 145, 168]. Interest-
ingly, inoculation of chickpea plants with Azospirillum lipoferum strain FK1 caused 
enhanced expression of the anti-oxidant genes and also improved nutrient absorp-
tion, non-enzymatic metabolites and flavonoids leading to improvement in symbiotic 
efficiency [169]. Wheat plants co-inoculated with Azospirillum brasilense DSM1690 
and Pseudomonas fluorescens Ms-01 showed higher POD levels than uninoculated 
control plants [170]. Salt-tolerant Bacillus cereus strain Pb25 enhanced the level of 
antioxidant enzymes catalase and peroxidase in mungbean (Vigna radiata), when 
grown at 9 dS m−1 saline conditions [72]. After PGPR inoculation, salt-stressed 
plants may stimulate the expression of antioxidant enzyme-related genes, resulting 
in enhanced ROS-scavenging enzyme activity [171]. 

During salinity stress, peroxidation of lipids has been reported to increase malon-
dialdehyde (MDA) concentration, indicating damage to structural integrity of cell 
membrane and inoculation with salt tolerant PGPR strains reduced MDA accumula-
tion and thus, helped plants to combat salinity stress [172]. Similarly, the decreased 
levels of MDA were observed in rice seedlings after inoculation with Enterobacter 
sp. P23 even during salt stress [119]. Inoculation of PGPR strains viz. Serratia sp. 
SL-12 in wheat [118], and Klebsiella sp. IG3 in oat plants [173], were found to 
reduce MDA level. Thus, inoculation of plants with PGPR was found to increase 
biomass and nutrient efficiency in stressed plants by altering the level of antioxi-
dants and stomatal conductance [174]. Therefore, use of salt-tolerant rhizobacteria
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as bio-inoculants causes enhancement of plant growth under salinity stress condi-
tions through modulation of osmoprotectants levels, upregulation of the stress-related 
genes, and by enhanced production of enzymatic and non-enzymatic antioxidants in 
stressed plants. 

Reduced Uptake of Salt Ions by Microbes and Plants 

Another strategy for PGPR tolerance to high salt concentration is minimization 
of salt absorption by ion affinity transporter control, root structure alteration via 
broad rhizosheath, and cation trapping in exopolysaccharides. Microbes maintain 
ion homeostasis by boosting the K+/Na+ ratio and decreasing Na+ and Cl− in the 
shoot and leaves, respectively. Salt stress changes the expression of genes such 
as KT1, NHX2, SOS1, and HKT1, and these molecular alterations result in salt 
tolerance [146]. Niu et al. [175] reported that Pucciniella tenuiflora infected with 
Bacillus subtilis GB30 caused lower Na+ buildup, which was corroborated by the 
down-regulation of ptHKT2 and up-regulation of ptHKT1 and ptSOS1 genes in roots 
exposed to high NaCl concentrations (200 mmol L−1). 

Volatile organic compounds (VOCs) have been reported to play crucial role in 
many cases of PGPR interaction with plants especially antibiosis and biocontrol of 
plant pathogens, and regulation of auxins [176, 177]. During salt stress, VOCs down-
regulate the expression of high affinity K+ transporter (HKT1), but it is upregulated 
in shoots, which results in lower accumulation of Na+ inside the plant [178]. 

ACC Deaminase Activity and Lowering of Ethylene Formation 

Ethylene, a stress hormone, is synthesized under stressed conditions and affects a 
number of metabolic activities within plants [136]. In addition, plants release 1-
aminocyclopropane-1-carboxylic acid (ACC) in root exudates, which is converted 
to the stress hormone ethylene (C2H4) by the enzyme ACC oxidase. Ethylene has 
been demonstrated to play fundamental roles in root branching, root hair formation, 
nodule development and for amelioration of biotic as well as biotic stresses [33]. 
On the other hand, many plant growth-promoting bacteria possess the enzyme ACC 
deaminase; which scavenges the exuded ACC and thereby down-regulates ethylene 
production by cleaving ACC into α-ketobutyrate and ammonia [135, 179–182]. Low 
levels of ethylene acts in plant defence against different abiotic stresses [183], but 
excessive levels of ethylene can cause ethylene stress, which slows growth and devel-
opment in plants [184, 185]. Under stress conditions, plants produce ethylene, which 
subsequently affects legume nodule formation [186, 187]. Under salt stress, PGPR 
can convert ACC into ammonia and α-ketobutyrate, providing nitrogen to the plants 
[33, 76]. Rhizobacteria with ACC deaminase activity were reported to reduce salt 
stress and enhanced plant growth of tomato and rice [188].
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ACC deaminase activity has been reported in various salt–tolerant bacte-
rial genera belonging to Arthrobacter, Acidovorax, Bacillus, Brevibacterium, 
Enterobacter, Exiguobacterium, Gracilibacillus, Klebsiella, Methylobacterium, 
Planococcus, Pseudomonas, Rhizobium, Salinicoccus, Stenotrophomonas, Vari-
ovorax and Virgibacillus [189]. Inoculation of ACC deaminase-containing halo-
tolerant bacteria was found to ameliorate salt stress in plants and improved crop 
productivity under salinity stress [151, 190–192]. For instance, inoculation of salt-
tolerant ACC deaminase activity containing Enterobacter cloacae strain KBPD 
improved nodulation and symbiotic efficiency in Vigna radiata at 50, 100, and 
150 mmol L−1 NaCl concentrations [64]. Similarly, Tiwari et al. [193] found that 
ACC deaminase-producing salt tolerant PGPR strains improved plant cell biochem-
ical characteristics such as bio-compatible solute formation, membrane permeability, 
stability, and photosynthetic pigment production under salt and drought stress. Ali 
et al. [194] reported that inoculation with endophytc strains i.e., Pseudomonas 
migulae and Pseudomonas fluorescens containing ACC deaminase activity improved 
physiological indices in plants under stress conditions. 

In another study, inoculation of oat (Avena sativa) with Klebsiella sp. strain IG 
3 enhanced shoot and root lengths, plant biomass, and relative water contents under 
NaCl stress (100 mmol L−1) [173]. The concomitant higher expression of acds genes 
(encoding ACC deaminase) and ipdc genes (encoding IAA) was observed under 
stress conditions. Expression of ACC deaminase in ST-PGPR strains was demon-
strated to enhance the infection thread persistence during nodulation in legume crops, 
which is adversely affected by ethylene under salt stress conditions [187]. Shaharoona 
et al. [195] reported that the coinoculation of an ACC deaminase-possessing PGPR 
and Bradyrhizobium in mungbean (Vigna radiata L.) improved nodulation and other 
symbiotic traits by reducing ethylene as compared with the single Bradyrhizobium 
treatment. The ACC deaminase-producing halo-tolerant bacterial strains Brevibac-
terium iodinum RS16, Zimmermannella alba RS11, and Bacillus licheniformis RS56 
have been reported to reduce the secondary ethylene peak in red pepper plants at 
150 mmol L−1 NaCl [196]. The inoculation of lentils with ACC deaminase-producing 
PGPR led to higher plant growth, nodulation, and grain yield under oxidative stress 
conditions [197]. Arthrobacter sp. and Bacillus sp. producing IAA and ACC deam-
inase increased proline content under salt stress in sweet pepper and chickpea [198, 
199]. Chandra et al. [200] reported that three ACC deaminase-producing bacterial 
strains viz. Pseudomonas palleroniana DPB16, Pseudomonas sp. UW4, and V. para-
doxus RAA3, enhanced growth, nutrient uptake, osmolyte production, antioxidant 
enzyme activities, and grain yield of wheat under salt and drought stress conditions 
in contrast to the uninoculated control treatment. Thus, various inoculation studies 
in different crops suggested that ACC+ bacteria could be used as an eco-friendly 
inoculant to improve growth of salinity-sensitive crop plants [29, 192, 201]. 

Hussein et al. [202] evaluated eight yeast strains i.e., Yarrowia lipolytica YEAST-
1, Candida diddensiae YEAST-2, Trichosporon gamsii YEAST-5, T. ovoides 
YEAST-6, Y. lipolytica YEAST-16, C. subhashii YEAST-17, Saccharomyces cere-
visiae YEAST-30, and S. cerevisiae YEAST-34) for plant growth-promotion (PGP) 
traits, biofilm formation, seed germination and for alleviation of salinity stress in
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wheat (Triticum aestivum L.). Y. lipolytica YEAST-1 strain was found to enhance 
the plumule length of T. aestivum seedling by more than 4.0, 3.0, and 2.0 cm at 
salinity stress of 50, 100, and 200 mM NaCl, respectively, after 96 h of treatment. 
Highest expression of amino-cyclopropane-1-carboxylate deaminase (ACCD) genes 
was observed in S. cerevisiae YEAST-34, at 5 mM ACC. Inoculation of Y. lipolytica 
YEAST-1 enhanced the radicle length of T. aestivum seedling significantly by 0.8 cm 
at 50 mM NaCl, 0.7 at 100 mM NaCl, and 0.06 cm at 200 mM NaCl stress. 

Exopolysaccharide Production and Biofilm Formation 

Salt-tolerant PGPR strains were found to form exopolysaccharides (EPSs), which 
promote biofilm formation and root colonization leading to better plant-microbe 
interactions. Root colonization by exoploysaccharide producing salt tolerant rhizo-
spheric strains improves uptake of nutrients (i.e., potassium and phosphorus), disease 
resistance, plant development and growth [203]. EPSs improve soil particle aggrega-
tion, promote cation exchange, water and nutrient retention, environmental changes, 
and root colonization [204, 205]. Inoculation of Bacillus subtilis in salt-stressed 
Arabidopsis plants suppressed the upregulation of HKT1 (high-affinity potassium 
ion transporters), prevented excessive Na+ ion absorption by plant tissues and 
sustained ion homeostasis [132]. Similarly, salt resistance in oilseeds crops such 
as Brassica napus increased K+ retention and decreased K+ ion-permeable channel 
by activating H+-ATPase activity and maintaining a negative membrane potential 
[206]. Increased plasma membrane sodium/hydrogen ions or potassium/sodium 
ions exchange activity also increased ROS-mediated Na+ extrusion from plant roots 
[206]. Microorganisms and host plants, such as Triticum aestivum, Brassica sp., and 
Hordeum vulgare, were discovered to have a close link with salt tolerance [206–208]. 

Bacterization with salt-tolerant EPS-producing rhizobacteria was found to 
improve germination of seeds [203]. The development of biofilm, which was helped 
along by the synthesis of EPS, contributed to an increase in PGPR’s resilience to both 
abiotic or biotic stresses [209]. EPS-producing Enterobacter sp. P23 reduced Na+ 

ion concentration in rice seedlings by binding excess Na+ ions [119]. Similarly, co-
inoculation of salt-tolerant Halomonas variabilis HT1 and Planococcus rifietoensis 
RT4 at 200 mmol L−1 NaCl concentration was found to increase plant growth and 
soil aggregation by EPS, and biofilm development in chickpea [141]. Treatment with 
Enterobacter sp. MN17 and Bacillus sp. MN54 was reported to improve plant water 
condition and growth of Chenopodium quinoa at 400 mmol L−1 NaCl irrigation 
conditions [210]. Salt-tolerant EPS and biofilm-producing Marinobacter lipolyticus 
strain SM19, and B. subtilis sub sp. inaquosorum alleviated the deleterious effects 
of drought and salinity stress in Triticum aestivum [211]. Recently, Chu et al. [212] 
demonstrated the essential role of EPS-producing halo-tolerant Pseudomonas PS01 
in the regulation of the LOX2 gene related to salt stress tolerance in Arabidopsis 
thaliana.
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Siderophore Production 

Iron is the fourth most prevalent metal in the Earth and it also acts as a cofactor 
in 140 enzymes in plants. It is generally present as Fe3+ (ferric), insoluble (OH) 
hydroxides, and oxyhydroxides O (OH) under abundant O2 availability [213]. 
Soil- or rhizosphere-inhabiting microorganisms produce low-molecular-weight, 
iron chelators termed as siderophores [214]. Plants assimilate iron from bacteria-
produced siderophores either via ligand exchange, direct absorption of siderophore-
Fe complexes, or iron uptake [215, 216]. Numbers of studies have demonstrated that 
inoculations with siderophore-producing rhizobacteria enhance plant development 
through increased siderophore-mediated Fe-uptake [213]. Crowley and Kraemer 
[217] found a siderophore-mediated iron transport system in oat plants. They 
concluded that siderophores synthesized by rhizospheric bacteria transport the iron to 
oat plants, which has capabilities for absorbing Fe-siderophore complexes even when 
there is a scarcity of iron in the soil. In a similar manner, the Fe-pyoverdine complex 
that was produced by Pseudomonas fluorescens C7 was absorbed by Arabidopsis 
thaliana plants, which resulted in an increase of iron within the plant tissues as well 
as an improvement in plant development [218]. 

Sadeghi et al. [219] reported that siderophore production in Streptomyces increase 
wheat growth under saline conditions. Tank and Saraf [220] also found PGPR 
promotes growth of tomato plants grown under 2% NaCl conditions; and PGPR 
were demonstrated to solubilize insoluble P and produced siderophores. Similarly, 
bacterial strains viz. Halobacillus SL3 and Bacillus halodenitrificans PU62 were 
found to produce siderophores in saline conditions [23]. Siderophore-producing 
Pseudomonas sp. GRP-3 improved iron nutrition in Vigna radiata by reducing 
chlorosis and increasing chlorophyll content. Siderophore-producing rhizobacteria 
increased plant height and improved nitrogen uptake [221]. Rajkumar et al. [213] also  
found siderophore-producing Ensifer meliloti strains that suppressed groundnut char-
coal rot. Siderophore-producing salt-tolerant Bacillus aryabhattai MS3 strain was 
isolated from the root area of salt-prone rice fields and highest siderophore produc-
tion was observed, which estimated at 60% and 43% under non-saline and saline 
(200 mM NaCl) conditions, respectively [222]. The expression of the entD gene 
(involved in the biosynthesis of siderophore) was evidenced irrespective of saline 
states. The salt-tolerant Bacillus aryabhattai MS3 strain may enhance plant growth 
in saline soils with iron limitation. 

Phosphate Solubilization 

Phosphorous is the second most important vital macronutrient for plant growth and 
crop production [223, 224]. It plays a key role in the development of the root stem, the 
formation of seeds and flowers, nitrogen fixation, and disease resistance. Phosphorous
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exists in a bound and insoluble form with calcium in neutral soils [as tricalcium phos-
phate (Ca3PO4)2], or with iron and aluminium in acidic soils [as aluminium phosphate 
(Al3PO4) or iron phosphate (Fe3PO4) in soil [225]. Thus, the concentration of soluble 
or inorganic available phosphorus i.e., orthophosphate is very low in the soil [226]. 
Phosphate-solubilizing microorganisms (PSMs) possess the capability to transform 
insoluble form of phosphate into inorganic utilizable form mainly through organic 
acids production [227–230]. Various soil microbes including Azotobacter, Bacillus, 
Bradyrhizobium, Pseudomonas, Erwinia sp., Flavobacterium sp., Micrococcus sp., 
Corynebacterium, Nostoc, Serratia phosphaticum, Calothrix brauna, Burkholderia, 
Sarcina sp., Scytonema and Advenella kashmirensis have been found to solubilize 
phosphorous in soil [231–234]. 

Salt stress in soil has been reported to affect population of phosphorus solublizing 
microbes and their P-solubilization capability [235]. Alkaline soils containing high 
level of calcium-phosphate were found to increase P-solubilization [236]. High 
salt-tolerating rhizobacteria may solubilize phosphate, Zn and K, fix nitrogen, and 
produce ACC deaminase activity and phytohormones, making more nutrients avail-
able to plants even under abiotic (drought and salt) stress conditions [84]. For 
instance, Alteromonas sp. and Pseudomonas sp. solubilize phosphate at 2 mol L−1 

NaCl concentrations [237]. Some bacteria mineralize P by producing phosphatases 
and phytases enzymes. Mahdi et al. [238] reported that phosphate-solubilizing 
bacteria produce phosphatase enzyme, which releases P from minerals by replacing 
phosphate cations with H+. Potassium (K) is another most important nutrient for 
growth of plants after nitrogen and phosphorous [239]. Therefore, inoculation of 
halotolerant K solubilizing bacterial strains i.e., Acinetobacter pitti strain L1/4, 
A. pitti strain L3/3, Rhizobium pusense strain L3/4, Caprivadus oxalaticus strain 
L4/12 and Ochrobactrum ciceri strain L5/1 caused significant increases in the shoot 
length, fresh weight, dry weight and chlorophyll contents of rice plants under saline 
conditions [240]. 

Production of Phytohormones 

Auxins (indole acetic acid; IAA), cytokinins, gibberellins (GA), ethylene, and 
abscisic acid (ABA) constitute up the five major groups of phytohormones [241– 
244]. These plant and bacterial hormones, known as phytohormones, regulate a wide 
variety of physiological processes, including as cell division, development, gene 
expression, and stress responses, as well as the rate and form of root and shoot 
growth [245–247]. Phytohormones have been shown to improve a plant’s nutrient 
availability, water absorption capacity, and resistance to salt stress by increasing root 
hair length and root surface area [248–252]. The capability of plants to acclima-
tize to salinity stress depends on their interaction with beneficial potent microbes 
that have the ability to produce IAA, CK, and gibberellic acids (GAs) [145, 253]. 
Therefore, attempts are being made to identify PGPR strains that can help plants to
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overcome and mitigate salt stress by producing phytohormones. For instance, auxin-
producing salt-tolerant Leclercia adecarboxylata strain MO1 enhanced carbohydrate 
synthesis, chlorophyll fluorescence, ipdc gene expression, and organic acid produc-
tion in tomato [254]. IAA-producing PGPR strains were demonstrated to enhance 
ACC deaminase activity via a signalling cascade that hydrolyzed ACC into ammonia 
and α-ketobutyrate [33], allowing the plant to proliferate even under salt stress by 
lowering ethylene levels. 

Application of Enterobacter sp. found to enhance seed germination (48%) of 
rice at 150 mmol L−1 salt concentration [119]. Bacillus amyloliquefaciens SQR9 
strain improved maize seedling development, antioxidant enzyme activities (CAT, 
POD, and GR), total sugar content, and K+/Na+ ratio, under salt stress conditions. 
PGPR-inoculated plants retain K+ ions to minimise Na+ toxicity under salt stress 
[255]. Streptomyces lowers salt stress in wheat by producing auxins, according to 
Sadeghi et al. [219]. Auxins and GAs were found to lower the inhibitory effects 
of salt’s on wheat seedlings [23]. Enterobacter sp. EJ01 obtained from halophyte 
Dianthus increased salt tolerance (200 mmol L−1) in tomato plants by boosting 
desiccation, embryogenesis, proline biosynthesis, and stress-inducing and priming 
activities [256]. Ensifer meliloti genetically modified for enhanced production of IAA 
conferred the ability to tolerate 0.3 mol L−1 salt in Medicago truncatula [257]. Zahir 
et al. [258] found that inoculating a beneficial rhizospheric microbiome increased 
mungbean (Vigna radiata) growth and yield in saline environments via better IAA 
production. Thus, PGPR’s phytohormone synthesis is an exploitable trait; more 
research is needed to use these rhizosphere bacteria to lessen salinity’s effects. 
Pantoea agglomerans strain lma2 can produce 161 g mL−1 IAA at 200 mmol L−1 of 
NaCl, making it a potential PGPR under salt stress [259]. Numan et al. [78] showed  
extensive IAA production in durum wheat with osmotolerant PGPR Azospirillum 
brasilense NH at high salt concentrations, underlining IAA’s role in salt tolerance. 
Micrococcus luteus also increase maize growth by producing IAA [78]. As poten-
tial auxin makers, many rhizobia and rhizobacteria strains also found to withstand 
salt and osmotic stress in mung bean [260, 261]. Kuzmina et al. [234] reported that 
IAA production and phosphate-mobilizing activity of Advenella kashmirensis strain 
IB-K1 showed plant growth-promoting effects on wheat seedlings. Additionally, the 
presowing treatment of wheat (Triticum durum Desf.) seeds with A. kashmirensis 
strain IB-K1 effectively relieved the deleterious effect of salt stress on plant growth 
under moderate salinization level of cultured soil, which ultimately resulted in higher 
plant output. 

Gibberellin-producing bacterial isolates, such as Azospirillum sp., Bacillus 
pumilus, Bacillus licheniformis, and P. fluorescens, were reported by Bottini et al. 
[262]. Salinity stress reduces GA synthesis in plants, while PGPR inoculation 
increases endogenous GA [263], inducing salinity tolerance and preventing tissue 
damage [264]. For instance, increased endogenous GA levels in Promicromonospora 
sp. SE188, Burkholderia cepacia SE4, and Acinetobacter calcoaceticus SE370 
improved cucumber plant growth under salt stress, with increased proteins and antiox-
idant enzymes, and decreased sugars and ribonuclease [84, 265]. Attia et al. [266] 
showed that seed priming with gibberellic acid (GA3, 3 μM) partially attenuated the
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salt stress effect and efficiently reduced polyamines (PA; putrescine, spermidine and 
spermine) levels in salt-stressed seedlings of fennel (Foeniculum vulgare Mill.) as 
compared to the control. Organ and treatment-specific reduction in peroxidase and 
catalase activities were observed. In a similar manner, the responses of PA genes to 
salinity were found to be varied. In hypocotyls and cotyledons (H+C), up-regulation 
was observed for SPMS1, ODC1, and ADC1, whereas down-regulation was shown 
for SAMDC1 in the radicle. 

Another phytohormone abscisic acid (ABA) is produced by salt-tolerant strains 
of Achromobacter xylosoxidans, B. licheniformis, Proteus mirabilis, P. fluorescens, 
Stenotrophomonas maltophilia, and Bacillus megaterium produce [3, 243]. Recent 
reports suggested that ABA-mediated signalling increases salt tolerance in different 
crops. For instance, inoculation of Dietzia natronolimnaea STR1 and Bacillus 
amyloliquefaciens RWL-1 in wheat and rice altered auxin and ABA signalling 
cascades, resulting in increase of salinity tolerance [162, 267]. The mechanism 
involved in lowering the inhibitory effect of salt on plant development by abscisic 
acid is through increasing K+ and Ca2+ ions, reducing sugar and proline in the 
root, and neutralizing Na+ and chloride (Cl−) ions concentrations [268, 269]. Patel 
and Saraf [270] also identified salt-tolerant Pseudomonas putida, Pseudomonas 
stutzeri, and Stenotrophomonas maltophilia in Coleus rhizospheres with elevated 
CK, gibberellins, and IAA level under salt stress conditions. 

Cytokinins (CK) are involved in tissue differentiation and cell proliferation func-
tion, and act as master regulators in mitigating salinity stress in plants [271]. Many 
salt-tolerant species of Bacillus, Arthrobacter, Pseudomonas, Azospirillum, Azoto-
bacter, Arthrobacter, Halomonas, and Stenotrophomonas were reported to produce 
cytokinins [272]. Increased cytokinin production decreased ethylene, reducing leaf 
senescence in cereals and legumes, hence boosting plant growth [273, 274]. Sita 
and Kumar [275] provided a more in-depth explanation of the function of gamma-
aminobutyric acid (GABA) in the resistance of legumes to abiotic stress. Another 
phytohormone 5-aminolevulinic acid (ALA) has recently received wide applications 
due to its potential use as herbicide, insecticide, antimicrobial, alleviation of abiotic 
stress and plant growth stimulator under different stress conditions [276]. Growth 
rate of root and shoot, and leaf water relations of canola (Brassica napus) plants were 
improved by ALA application under different NaCl (100, 200 mM) concentrations 
[277]. Bacterial inoculation of mustard plants with ALA producing and salt tolerant 
(8% NaCl) isolate JMM15 showed 190.89% (at 0 dS m−1 EC), 123.18% (at 8 dS 
m−1 EC) and 230.86% (at 12 dS m−1 EC) increase in shoot dry weight at 80 days of 
growth under controlled greenhouse conditions [10]. 

Organic Acids Role in Amelioration of Salt Stress 

One of the most severe abiotic stressors that plants can experience is salinity stress, 
which can cause disruptions in their physiological, biochemical, and metabolic 
processes. The application of natural metabolites to the plant is a viable technique for
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mitigating the deleterious effects of stresses on plants. It has been observed that the 
use of salicylic acid (SA) has tremendous agronomic potential in terms of enhancing 
the stress response of a variety of agronomically valuable crops, such as barley, maize, 
sunflower, wheat, bean, strawberry, and chamomile, amongst others [278]. Under 
salt stress conditions, SA application has been reported to provide several benefi-
cial effects for plants i.e., the mitigation or reduction of photosynthetic pigments 
and photosynthetic performance, preservation of membrane integrity, stimulation 
of ABA and proline accumulation, reduction in lipid peroxidation and membrane 
permeability, lowering Na+ content and higher K+ concentration, etc. [278]. Treat-
ment of wheat seedlings with sinapic acid, caffeic acid, ferulic acid, and p-coumaric 
acid, in addition to SA, resulted in enhanced growth of the plants despite the pres-
ence of salt stress [279]. Caffeic acid protected cucumber from chilling stress [280], 
and application with ellagic acid expedited the germination and seedling growth of 
chickpea under osmotic stress conditions. In addition, the treatment with vanillic 
acid lowered the deleterious effects of salt stress in tomato plants [280–282]. It has 
been also observed that all of these phenolic acids enhance the antioxidant capacity 
of plants by improving the activity of antioxidant enzymes and the accumulation of 
nonenzymatic antioxidants. 

When comparing three different Brassica crops (kale, white cabbage, and Chinese 
cabbage), Lini’c et al. [283] found a positive correlation between phenolic acid 
levels and salinity tolerance, with kale being the most tolerant, white cabbage being 
moderately tolerant, and Chinese cabbage being the most sensitive species. Salicylic 
acid (SA) and ferulic acid (FA) were applied topically to plants and their effects 
on Chinese cabbage (Brassica rapa L. ssp. pekinensis (Lour.) Hanelt cv. Cantonner 
Witkrop) that had been exposed to short-term salt stress (150 mM NaCl, 72 h) were 
assessed [284]. Under salt stress conditions, rise in SA and proline concentration 
was reported whereas a decline in phenolic compounds, antioxidant activity, and 
photosynthetic performance (particularly owing to the degradation of PSI function) 
was observed. 

Both proline and SA levels dropped when salt-stressed plants were treated with 
SA and FA (10 mM). Interestingly, in FA and SA treatments, the content of polyphe-
nolic chemicals, notably FA, sinapic acid (SiA), kaempferol (KAE), and quercetin 
(QUE), enhanced in salt-stressed plants. As a result, there was an increase in antiox-
idant activities and a rise in photosynthetic efficiency. When comparing FA and 
SA, the latter was found to have a more beneficial alleviating impact on salt stress. 
Gholamnia et al. [285] also examined the effects of three different salt levels and two 
different temperatures on peppermint (Mentha piperita L.) by comparing the expres-
sion profiles of genes encoding proteins involved in the rosmarinic acid production 
pathway and various physiological responses. The upregulation of C4H and HPPR 
genes indicates the functions of these genes in defence mechanisms as well as the 
impacts of phenolic chemicals on oxidative stress inhibition.
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Nitric Oxide Production and Mitigation of Salt Stress 

Nitric oxide (NO) is a gaseous and highly reactive nitrogen species, which is produced 
under normal as well as environmental stress conditions in living cells. NO has 
been reported to regulate various developmental processes during plant growth such 
as seed germination, root growth, stomata closure, flowering, stress response, and 
cell death [286, 287]. NO also modulates production of reactive oxygen species 
(ROS) in plants after exposure to various abiotic stresses and subsequently, acti-
vate defence mechanisms through enhanced production of antioxidants [288, 289]. 
Production of nitric oxide also leads to altered gene expression and activation of 
various redox regulated genes encoding antioxidant enzymes such as glutathione 
peroxidase (GPx), superoxide dismutase (SOD), glutathione reductase (GR), ascor-
bate peroxidase (APX) and chloramphenicol acetyltransferase (CAT), and may result 
in suppression of lipid peroxidation or malondialdehyde (MDA) synthesis [290–292]. 
The exogenous application of NO enhanced the production of ascorbate, glutathione, 
total phenolic content, proline, and flavonoids in NaCl-treated spinach [293] and 
tomato plants [294]. In addition, NO acts as an endogenous modulator of several 
plant hormones resulting in the inhibition of the induced programmed cell death and 
aid in stomatal function in Arabidopsis, wheat and pea plants [295, 296]. 

Salt stress normally has a negative effect on ion homeostasis and osmotic balance 
of plant cells [94]. Intracellular ion imbalance inhibits soil nutrient uptake leading 
to nutrition deficiencies. Furthermore, salt stress provokes membrane disintegration, 
loss of metabolic function ion leakage, DNA defragmentation, and subsequent cell 
death [297]. Plants have evolved various protective mechanisms to ameliorate the 
negative effects of salt stress. NO mediated mitigation of stress and the underlying 
mechanisms have been extensively studied using different approaches [298–301]. 
For instance, regulation of Na+/K+ ratio and H+-ATPase of the plasma membrane 
is caused by NO, which confers salt tolerance in axenically grown cucumber plant 
[302]. Similarly, NO was demonstrated to activate the synthesis of H+-ATPase in 
maize seedlings, resulting in production of H+ gradient, which force the exchange of 
Na+/H+ and causes homeostasis of Na+ and K+ [303]. In another similar study, Zhao 
et al. [290] showed that NO acted as a signal in salt resistance in the calluses from two 
ecotypes of reed and induced the expression of the plasma membrane H+-ATPase, 
which provided protection by making a balance in K+:Na+ ion ratio. NO mediated 
protection against salt stress in vivo has been shown in Arabidopsis Atnoa1 mutants 
with impaired endogenous NO levels as these plants show enhanced sensitivity to salt 
stress, as well as reduced survival rates compared to wild type plants. Additionally, 
these mutants exhibited a greater Na+/K+ ratio in the shoots than the wild type plants 
[304, 305]. 

Besides this, NO donor sodium nitroprusside (SNP) has been found to alleviate 
osmotic stress tolerance and enhances seedling growth under salt stress in several 
plant species including rice, lupin, and cucumber [306, 307]. Increases in dry weights 
have been reported in maize, and seashore mallow seedlings after NO application 
under salt stress [303, 308]. In addition, the release of the nanoparticle known as
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chitosan nanoparticles (CS NPs) by NO treatment has been found to mitigate the toxic 
effects of salinity in maize plants [309]. The induction of polyamines is known to be 
closely associated with NO production or exogenous application of NO donors [308]. 
Therefore, NO-polyamine interaction may cause adaptive responses in plants for 
stress tolerance [310]. The increased levels of H2O2 in soybean due to the long-term 
salinity stress treatment, were reduced to the basal levels with exogenously-applied 
NO donor [311]. Adamu et al. [312] observed that treatment of salt-susceptible 
rice seedlings with SNP (NO donor) under salt stress caused a significant increase 
in the expression of OsHIPP38, OsGR1, and OsP5CS2 and provided a resistant 
response to salt stress. On the other hand, untreated control plants (lacking NO donor 
treatment) succumbed to salt-stress. Furthermore, SNP-treated plants produced more 
plant biomass under salt stress conditions. 

Inoculation Effects of Salt-Tolerant Bacteria in Improving 
Plant Growth of Different Crops 

The deleterious effects of salinity have been observed on plant growth and yield in 
various crops including mungbean, soybean, groundnut, pigeon pea, common bean, 
chickpea, groundnut, maize, tomato and cucumber. The main problem in the agricul-
ture sector is to find an alternate solution for salt-stressed soil that ensures agricultural 
sustainability while increasing yield production in an environment friendly manner 
[15, 16]. 

The capacity of halo-tolerant rhizobacteria to deal with high soil salinity problem 
is well acknowledged and bacterization with salt-tolerant rhizobacterial strains has 
been found to mitigate the deleterious effects of salts on plants [9, 313–317]. Thus, 
use of salt-tolerant microbes as bio-enhancers/bioprotectants not only increases agri-
cultural yield but also ensures plant survival in extreme salty conditions via physi-
ological, biochemical, and molecular routes [24]. Besides salt tolerance, other PGP 
traits of salt-tolerant rhizobacteria contributes towards improvement of plant growth 
and increases in crop yield of different crops including cereals, legumes, oil seeds, 
and vegetables (Table 13.1). Thus, development of microbial consortia consisting 
of different bacteria or bacteria with mycorrhizal fungi has emerged as another 
feasible approach for improved amelioration of plant abiotic and biotic stresses 
[26, 318–320]. 

When pepper plants were inoculated with Bacillus sp. TW4, they showed a 
decrease in osmotic stress, which is often seen in the form of salt (and/or drought) 
stress. Under the influence of abiotic stress, the expression of genes associated with 
ethylene metabolism was found to be suppressed in these pepper plant [198]. Bacillus 
sp. TW4 exhibited ACC deaminase activity, which may be associated to the lowered 
expression of these genes. It has also been found that salt stress also affects nodu-
lation during Phaseolus-Rhizobium interactions. However, in contrast to application 
of Rhizobium strain, Azospirillum inoculation of salt-stressed plants resulted in a



13 Soil Salinity and Climate Change: Microbiome-Based Strategies … 213

longer exudation of plant flavonoids, suggesting an upregulation of flavonoid genes 
[313]. In barley seedlings, inoculation with Azospirillum seemed to alleviate NaCl 
stress, exhibiting the response to salt stress [321]. Salinity reduced the dry mass of the 
roots and shoots of lettuce plants compared to the control plants growing in non-saline 
environments [322]. At both medium and high salt conditions, the plants inoculated 
with Pseudomonas mendocina exhibited significantly higher shoot biomass than the 
control plants. Reduced chlorosis, necrosis, and drying were also seen in salt-stressed 
Mt-RD64 plants in comparison to salt-stressed Mt-1021 plants [322]. The antioxidant 
enzymes such as superoxide dismutase, ascorbic peroxidase, glutathione reductase, 
and proline oxidase were also associated to mitigate the salt stress. 

Misra et al. [323] revealed the occurrence of most prominent group of ACC 
deaminase-producing salt tolerant Bacillus sp., which caused salt stress mitigation 
and improved grain yield of rice in different agro-ecological zones. Similarly, inoc-
ulation with Pseudomonas strain 002 [314] and Staphylococcus sciuri strain SAT-17 
[324], which were able to tolerate 75 and 150 mmol L−1 NaCl, respectively, were 
found to improve plant growth and biomass under salinity treatments. The inocula-
tion with saline-adapted Azospirillum strains was found to improve grain productivity 
in wheat [22]. Nadeem et al. [325] documented significantly improved plant height, 
root length, chlorophyll content, and grain yield in maize under salt stress conditions 
using ACC deaminase-producing PGPR. Similarly, significant stimulation of growth 
and seed germination was observed in cotton under saline conditions with the inocu-
lation of P. putida strain RS 198 [21]. Likewise, Upadhyay et al. [111] demonstrated 
that combined inoculation of B. subtilis and Arthrobacter sp. was found to mitigate 
soil salinity effects in wheat and caused improvement in plant biomass, total soluble 
sugars, and proline content. Inoculation of Halobacillus sp. and B. halodenitrificans 
also enhanced the growth parameters of wheat in salt-affected soils as compared with 
the uninoculated control at 320 mmol L−1 NaCl [23]. In similar studies, inoculation of 
wheat (Triticum aestivum L.) var. WH157 with salinity-tolerant Azotobacter strains 
i.e., ST3, ST6, ST9, ST17 and ST24 caused significant increase in total nitrogen, 
biomass and grain yield in earthern pots containing saline soil under pot house 
conditions [326]. Maximum increase in plant growth parameters were obtained after 
inoculation with Azotobacter strain ST24 at fertilization dose of 120 kg N ha−1 and 
its inoculation resulted in attaining 89.9 cm plant height, 6.1 g seed yield, 12.0 g 
shoot dry weight and 0.7% total nitrogen. 

Significant increases in seed germination and enhancement in plant growth have 
been reported by several workers due to osmoprotectant accumulation, modulation 
of gene expression associated with salt stress, and by induction of antioxidative 
enzymes against the ROS pathway [119, 327, 328]. Recently, Damodaran et al. 
[329] demonstrated enhanced grain yield in rice and wheat by using Lysinibacillus 
sp. that mitigated the harmful effects caused by high salt stress. Similarly, bacter-
ization of soybean with Bacillus firmus SW5 resulted in significant improvement 
in nutrient uptake, photosynthesis, gas exchange, flavonoid and phenolic contents, 
osmoprotectants, and antioxidant enzymes under salt stress conditions [330]. Treat-
ment of sunflower (Helianthus annus) with fluorescent Pseudomonas was found to
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positively affect plant biomass in salt stress conditions [331] whereas other bacte-
rial genera belonging to species of Pseudomonas, Ochrobactrum, Agrobacterium, 
and Klebsiella induced salt tolerance in groundnut [31]. Similarly, inoculation of a 
Pseudomonas strain isolated from halophilic grass Distichlis spicata was observed 
to improve the growth of different crops under salt stress [332]. 

Table 13.1 PGPRs conferring salt tolerance in plants 

PGPR strains Crop PGPR attributes References 

Aeromonas sp. Wheat (Triticum aestivum) EPS production [80] 

Acinetobacter johnsonii Maize (Zea mays L.) Enzymatic activities, 
nutrient uptake and 
antioxidant defence 

[335] 

Azotobacter 
chroococcum 

Maize Improved K+/Na+ ratio, 
polyphenol content and 
proline 

[336] 

Bacillus 
amyloliquefaciens 

Rice (Oryza sativa) Betaine, sucrose and 
trehalose 

[327] 

Bacillus 
amyloliquefaciens 

Rice Proline content [337] 

Glutamicibacter sp Rice Production of ACC 
deaminase 

[338] 

Micrococcus sp. Arabidopsis thaliana and 
rice 

Production of IAA and 
siderophore 

[339] 

Klebsiella oxytoca and 
Bacillus sp. 

Cotton seeds Antioxidative enzymes 
and photosynthetic 
pigment 

[340] 

Klebsiella sp. Oat (Avena sativa) Proline content, 
malondialdehyde content, 
antioxidant enzymes 

[173] 

Curtobacteriumsp. Barley (Hordeum vulgare 
L.), soybean (Glycine max 
L.) 

Production of proline and 
IAA 

[341] 

Bacillus baekryungensis 
DPM17 

okra (Abelmoschus 
esculentus) 

Phosphate solubilization, 
nitrogen fixation, 
production of ammonia, 
IAA and gibberellins 

[342] 

Arthrobacter woluwensis 
AK1 

Soybean (Glycine max L.) Production of IAA and 
ABA 

[343] 

Mesorhizobium sp. Chick pea (Cicer 
arietinum) 

ACC deaminase activity [344] 

Bacillus licheniformis, 
Pseudomonas 
plecoglossicida 

Sunflower Production of IAA, 
biofilm formation, 
phosphate solubilization, 
and ACC 
deaminase activity 

[345]

(continued)
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Table 13.1 (continued)

PGPR strains Crop PGPR attributes References

Bacillus marisflavi sp., 
Bacillus cereus 

Pisum sativum Production of ACC 
deaminase 

[346] 

Orchbactrum sp Groundnut (Arachis 
hypogaea L.) 

Production of IAA and 
ACC deaminase 

[347] 

Pseudomonas sp. Tomato Production of IAA, ACC 
deminase and EPS 

[164] 

Pantoea sp. Mungbean (Vigna radiata 
L.) 

ACC deaminase activity [348] 

Tsukamurella 
tyrosinosolvens, 
Burkholderia pyrrocinia 

Peanuts Increased catalase, 
superoxide dismutase and 
peroxidase activities 

[349] 

Streptomyces sp. and 
Bacillus sp. 

Ice-plant 
(Mesembryanthemum 
crystallinum L.) 

IAA, phosphorus 
solubilization, ACC 
deaminase, siderophore 
production 

[350] 

Saravanakumar and Samiyappan [333] showed that ACC deaminase-producing P. 
fluorescens strain TDK-1 significantly enhanced the growth of groundnut seedlings 
under salt stress conditions as compared with inoculation of strain lacking ACC 
deaminase activity. Inoculation of wheat with Chryseobacterium gleum sp. strain 
SUK possessing ACC deaminase activity showed significant stimulation of plant 
growth and enhancement in grain yield under salt stress conditions [64]. In another 
experiment, combined application of rhizobia and ACC deaminase-producing Pseu-
domonas on mungbean (Vigna radiata) showed superior growth, nodulation, and 
yield under salt stress conditions [261]. Similarly, coinoculation of soybean with 
salt-tolerating P. putida TSAU1 and ACC deaminase-producing Bacillus japonicum 
USDA 110 improved plant growth, macro- and micro-nutrient acquisitions, and seed 
protein content by modulating root architecture under salt stress conditions [159]. 
The combined inoculation of Variovorax paradoxus 5C-2 and Mesorhizobium loti 
strains possessing ACC deaminase activity had additive and synergistic effects on 
nodulation, root growth, and uptake of elements (e.g., N, P, Mg, Ca, Na, and Zn) 
in Lotus ornithopodioides and L. edulis [334]. Separate inoculation with the two 
bacterial strains viz. Rhizobium sp. LSMR-32 and Enterococcus mundtii LSMRS-
3, possessing multifunctional growth promoting traits, ameliorated salinity stress 
effects and increased seed germination, grain yield, plant height, biomass, chloro-
phyll content, and nutrient uptake compared to uninoculated plants under salt stress 
conditions [319]. Inoculation with both the strains increased nodule number, nodule 
biomass, and leghaemoglobin amount in spring mungbean along with increase in 
soil phosphatase and dehydrogenase levels. 

Ullah et al. [351] inoculated wheat cv. Inqlab-91 seeds with cultures of Pseu-
domonas mendocina Khsr2, Pseudomonas putida Khsr4, Pseudomonas stutzeri 
Khsr3 and Azotobacter vinelandii Khsr1. The applied PGPR strains significantly
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improved the transfer of K, Ca, Mg and Zn from soil to plant shoots and reduced 
the transfer of Cr in inoculated plants over that of uninoculated soil. The maximum 
K+/Na+ ratio of rhizosphere soil and wheat leaves was recorded in Pseudomonas 
putida Khsr4 inoculation. The applied PGPR helped in selective uptake of K over 
Na and enhanced transfer of nutrients resulting in higher yield. Yield of ridge sown 
plot was 3.59% higher than drill sown plot, and 10.87% higher than broadcast sown 
plot respectively. Oliveira Lopes et al. [352] reported that synergistic interactions 
between five different rhizobia (B. elkanii BR 2003, B. pachyrhizi BR 3262, B. 
yuanmingense BR 3267, B. paxllaeri BR 10,398, and B. icense BR 10,399) and 
Azospirillum baldaniorum strain (Sp245), alone or in combination, attenuated the 
deleterious effects of salt stress (75 mM NaCl) on lima bean. Plants coinoculated with 
rhizobia and A. baldaniorum showed the highest value for root length, plant biomass 
(shoot, root, and nodules), number of nodules, and photosynthetic pigments. Coinoc-
ulated plants under salt stress showed a minor increase in sodium and the highest 
potassium content values, and nitrogen fixation efficiency than plants inoculated with 
rhizobia. 

Three isolates e.g., E-2, T-2, and T-1 (identified as Klebsiella sp. strain BAB-6433, 
Citrobacter freundii strain R2A5, and Citrobacter sp. DY1981, respectively) showed 
salt (NaCl) tolerance at concentrations of 7%, 6%, and 6%, respectively [353]. Inoc-
ulation of these salt-tolerant isolates significantly improved plant growth of paddy 
plants in a hydroponic study, ensuring nutrient availability to the plants grown under 
a nutrient (nitrate or phosphate) deprived growth matrix. Naseri et al. [354] reported 
that highest saline stress, 10 dS m−1, reduced shoot and root dry weight and root 
volume of tomato up to 51.3, 41.5, and 51.8%, respectively. In addition, it also 
increased stomatal resistance and proline content 2.01- and 3.66-folds and decreased 
K+/Na+ ratio 4.16-folds, respectively. Inoculation of Bacillus megaterium P2 on 
tomato plants was found to modulate salt tolerance mechanisms, improved plant 
growth factors, soil biological indicators and also balanced K+/Na+ uptake even at 
10 dS m−1 salinity level. However, the efficiency of strains was dependent on the 
magnitude of salt stress. In similar studies, Gritli et al. [26] evaluated the effect of 
different microbial inocula consisting of nodule-forming and nitrogen-fixing Rhizo-
bium laguerreae and arbuscular mycorrhizal fungus (AMF) Rhizophagus irregu-
laris, along with various plant growth-promoting bacteria (PGPB) including Bacillus 
subtilus, Bacillus simplex and Bacillus megaterium on alleviating salt stress in 
Lathyrus cicera under pot trial studies. Exposure of plants to salinity (100 mM 
NaCl) significantly reduced growth of L. cicera. On the other hand, inocula-
tion with different inocula enhanced plant growth and markedly promoted various 
biochemical traits, and resulted in mitigating deleterious effects of salinity stress 
on L. cicera. Coinoculation also upregulated the expression of two marker genes 
(LcHKT1 and LcNHX7) related to salinity tolerance.
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Genetic Engineering of Plants and Microbes for Efficient 
Alleviation of Salinity Stress 

In response to a wide range of environmental challenges, plants have evolved a wide 
range of strategies for modulating their rhizosphere. A deeper knowledge of the inter-
kingdom signaling and biological processes occurring between microbes and plants 
may provide insights as to how the rhizosphere might be controlled to enhance plant 
health and production [355–358]. In the long term, rhizosphere engineering might 
lessen our need for herbicides and pesticides by substituting beneficient microbiota, 
biostimulants, or transgenic plants for agrochemicals [359]. Rhizosphere engineering 
is possible through the appropriate selection of crop species and cultivars, by appli-
cation of stress-tolerant microbes as soil/seed treatments [360, 361]. Microorgan-
isms can be developed to enhance nutritional availability in addition to resistance 
to abiotic or biotic stresses, inhibition of harmful bacteria, or that can support the 
survival of beneficial microorganisms. Crops can be chosen by breeders to have bene-
ficial attributes, or beneficial microorganisms can be developed [5, 59, 362, 363]. The 
development of genetic techniques and the growing field of metagenomics will speed 
up research on the rhizosphere’s microbial diversity, and rhizosphere engineering will 
lead to efficient modification of microorganisms for ecologically sustainable farming 
practices [315, 364, 365]. 

Various genetic engineering techniques and molecular biology approaches are 
being employed recently to improve the beneficial traits in plants and microorgan-
isms to improve soil health resulting into increased plant growth and crop yield [361, 
366]. In addition, identification of novel effective microbial inoculants, detecting 
particular bacterial gene sequences, analyzing population density with copy number 
of particular functional genes and the persistence of microbial inoculants in soil is a 
never-ending process to achieve desirable impacts on crop productivity [367–370]. 
The genetic diversity of rhizobacterial isolates is shown by DNA finger printing 
[371]. For instance, two efficient bacterial isolates i.e., Bacillus cereus (P31) and 
Achromobacter xylosoxidans (P35) were identified by 16S rDNA analysis out of 
seven bacterial strains isolated from surface-sterilized sweet potato roots and these 
strains were recommended to decrease chemical fertilizer consumption in sustain-
able agriculture [372]. Enterobacter spp. exhibiting PGP features and isolated from 
maize roots was phylogenetically described using the MicroSeqTM 16S rDNA tech-
nology, and it showed the closest similarity (99.4%) with Enterobacter asburiae 
[373]. Bacillus, Delftia, Methylobacterium, Microbacterium, Paenibacillus, Staphy-
lococcus, and Stenotrophomonas were identified in common bean based on 16S 
rDNA sequences [374]. The inoculation of Dianthus caryophyllus roots with Kleb-
siella SGM 81 having ipdC gene significantly altered plant development in both 
laboratory and field environments, and caused an increase in root hair formation 
suggesting increased synthesis of auxins [375]. The presence of the acdS gene 
was detected in nine strains using PCR amplification and Microbacterium sp. ECI-
12A showed the highest ACC deaminase activity (539.1 nmol α-ketobutyrate mg−1
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protein h−1) [19]. Amplification of the pqq gene (involved in phosphate solubiliza-
tion) revealed similarities between the indigenous and previously sequenced Bacillus 
licheniformis strains in this gene and its surrounding regions [376]. 

Multiple strategies are utilized by halotolerant PGPR in order to overcome the 
effects of salinity stress. In saline agroecosystems, salt-tolerant rhizobacteria boost 
plant performance under abiotic stress, which leads to higher crop output [377]. 
There is still a paucity of knowledge on the salt tolerance mechanisms of halo-
tolerant PGPR. This lack of knowledge includes bacterial genes and proteogenomics 
in osmotolerance as well as plant-microbial interactions in saline soil. In spite of this, 
numerous studies on salt-resistant rhizobacteria have been carried out in the last ten 
years in order to investigate the molecular processes of gene expression when salt is 
present in the environment [378]. Ma et al. [379] have proposed that understanding 
the regulation networks of salt-tolerant rhizobacteria during abiotic stress could be 
a critical way of combating such stressors and promoting global food production in 
an environmentally acceptable manner. This method might be used to develop either 
specific microbes or beneficent microbial consortium to boost plant development 
in a variety of soil conditions. Thus, plant/soil-optimized microorganisms may be 
employed as inoculum for various crops in various soils. Various reports indicated 
that crop-specific soil microbiomes improve plant-microbe interactions over time 
[380]. 

Recently, functional metagenomics provided a magnificent way of identification 
of various genes responsible for salt resistance in microorganisms. Liu et al. [381] 
carried out whole genome analysis of a halotolerant PGPR Klebsiella sp. D5A and 
it revealed the presence of salt tolerance genes with a wide range of pH adaptability 
and PGP traits including phosphate solubilization, IAA biosynthesis, acetoin, and 
2,3-butanediol synthesis, siderophore production, and N2 fixation. The salt-stress 
induced damage in citrus plants was reduced by treatment with Pseudomonas putida 
and Novosphingobium sp., which resulted in lowering the level of abscisic acid (ABA) 
and salicylic acid (SA), reducing the efficiency of photosystem II (Fv/Fm), increasing 
accumulation of IAA in the leaf and inhibiting accumulation of root chloride and 
proline during salt stress [382]. A salt-tolerant Enterobacter sp. UPMR18 strain 
containing ACC deaminase showed plant growth-promoting effects through induc-
tion of reactive oxygen species scavenging enzymes including superoxide dismutase 
(SOD), ascorbate peroxidase (APX) and catalase (CAT) and upregulating to ROS 
pathway genes [143]. In similar studies, a novel salt-tolerant bacterial strain Pseu-
domonas sp. M30-35 was obtained from the rhizosphere of succulent xerohalophyte 
shrub Haloxylon ammodendron, which showed salt and drought tolerance capabili-
ties. Pseudomonas sp. M30-35 was found to contain 34 genes possessing homology 
with certain genes associated with PGP traits and abiotic stress tolerance [144]. 
Bacillus safensis VK strain showed salt tolerance up to 14% NaCl and pH ranging 
from 4 to 8 [383]. Several genes were characterized by genomic studies of B. safensis 
strain, which were associated with functioning of PGP traits under conditions of high 
salt concentrations, drought, heavy metals, and polyaromatic hydrocarbons contam-
ination. Sapre et al. [173] isolated Klebsiella sp. IG 3 from the rhizosphere of wheat
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and it showed salt tolerance up to 20%. This strain positively modulated the expres-
sion profile of rbcL (codes for the ribulose-1,5-bisphosphate carboxylase/oxygenase 
RuBisCo) and WRKY1 (transcription factor dealing with plants reaction to biotic 
stress) genes under salt-stress conditions. 

An integrated strategy that included already identified genetic variants, using 
diversified and new sources to produce novel variations. Moreover, instead of 
focusing on a single attribute or characterstics during breeding, it may be more 
productive to look for combinations of characteristics (Table 13.2). A variety of genes 
involved in various pathways that increase plant tolerance to abiotic stresses have 
been used in the development of transgenic plants in recent years. Genes encoding 
different enzymes involved in promoting tolerance to multiple abiotic stresses 
through modifications in membrane phospholipids, production of osmoprotectants, 
and late embryogenesis proteins can be introduced into cereal or legume plants using 
single-gene transformation [384]. In legumes, mass screening is being used to iden-
tify salt-tolerant germplasm for enhancement of legume genotype. Sehrawat et al. 
[385] assessed 117 mungbean genotypes for salt tolerance and observed signifi-
cant diversity in their efficiency under salt treatment, and classifying them as highly 
tolerant, moderately tolerant, sensitive, and extremely susceptible genotypes. Char-
acteristics such as germination and seedling growth, proline content, photosynthetic 
efficiency, osmoregulation, crop yield, nodule formation, and ion homeostasis were 
used to screen genotypes for salt stress resistance.

Various reports on the salt tolerant transgenic plants have shown that activating 
a stress-response signal transduction pathway is an effective and potential method 
for increasing plant tolerance to biotic stresses [406–408]. Co-activation of various 
stress-response pathways, with either synergistic or antagonistic effects, may emerge 
from simultaneous exposure of a plant to multiple abiotic stress conditions. To 
deal with abiotic stresses, numerous distinct stress hormones, including ethylene, 
jasmonic acid, and abscisic acid or reactive oxygen species activation, receptors and 
signaling complexes, and networks of transcription factors and mitogen-activated 
protein kinase (MAPK) cascades are likely to communicate with one another. It 
was recently discovered that ethylene plays a fundamental role in the response of 
Arabidopsis to heat and osmotic stress. It was also observed that the expression of the 
transcriptional co-activator MBF1c in Arabidopsis enhances the tolerance of trans-
genic plants to these stresses by activating the ethylene-response signal transduction 
pathway [409]. 

ERF1 genes in various species have been frequently reported to participate in 
abiotic and biotic stress responses. The overexpression of ERF1 gene in Arabidopsis 
enhanced the defense of transgenic plants against P. cucumerina [410], as well as 
their resistance against drought and salt stress [411]. The overexpression of ERF1 
gene in wheat strengthened the responses of the transgenic plants to pathogen stress 
and several abiotic stresses [412]. In Arabidopsis, AtERF1 gene played a positive role 
in salt, drought, and heat stress tolerance by regulating stress-specific gene, and by 
integrating jasmonic acid, ethylene, and abscisic acid signals [413]. Overexpression 
of the pepper CaERF5 gene in tobacco plants enhanced the resistance to Ralstonia 
solanacearum infection under the influence of salicylic acid, methyl jasmonate, and
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Table 13.2 Transgenic plants having improved salt tolerance 

Crops Transferred gene Observations References 

Wheat Mt1 D Turgor maintenance [386] 

Brassica SOS1 Plasma membrane Na+/K+ 

antiporter 
[387] 

h-type Trx proteins, 
AtTrx-h2 

Improved antioxidant enzyme 
activity 

[388] 

Tomato BADH1 Improves salt tolerance; 
accumulation of betaine 

[389] 

SIMYB 102 Salt tolerance by regulating 
Na+-K+ homeostasis and ROS 
balance 

[390] 

Arabidopsis thaliana JcDREB Transcription factor [391] 

Soybean WRKY11 Improves salt tolerance [392] 

Chickpea P5CS Synthesis and accumulation of 
proline 

[393] 

Mungbean codA Improve abiotic stress 
tolerance 

[394] 

VrWRKY Enhance abiotic stress 
tolerance 

[395] 

Common bean Asr1, Asr2 ABA signaling pathway [396] 

Alfalfa CsALDH12A1 Improves salt tolerance [397] 

GmDREB1 Conferred salt tolerance [398] 

IbOr Increased tolerance to multiple 
abiotic stresses 

[399] 

Faba bean PR10a Synthesis and accumulation of 
osmolytes 

[400] 

Populus OsCYP714D1 Improved the salt tolerance [401] 

Pigeon pea OsRuvB Improve salt tolerance through 
increases in chlorophyll 
content, relative water content, 
peroxidase and catalase 
activity 

[402] 

Peanut AhWRKY75 Increased antioxidant activity [403] 

Potato StCYS1 High proline and chlorophyll 
content 

[404] 

Birch BpERF1.1 Improved tolerance to cold, 
salt and drought stress 

[405]

ethylene [410]. In similar studies, overexpression of the soybean GmERF3 gene, 
an AP2/ERF type transcription factor improved the tolerance of transgenic tobacco
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against drought, salinity, and even mosaic disease [411]. Zhang et al. [405] over-
expressed BpERF1.1 gene in birch (Betula platyphylla Suk.) using Agrobacterium-
mediated infection method and obtained 11 transgenic lines with improved toler-
ance against multiple abiotic stresses. RNA-seq analysis identified 689 differentially 
expressed genes (DEGs) in the transgenic birch compared with WT, including 228 up-
regulated genes and 461 down-regulated genes. Gene ontology enrichment analysis 
showed that among these DEGs, 273 genes were involved in various plant biological 
processes, and 83% of them were involved in cellular processes, metabolic processes, 
biological regulation and response to stimulus (11%). Thus, BpERF1.1 gene was 
found to improve the tolerance and resistance of birch against cold, salt and drought 
stress, probably by interconnecting with other genes involved in plant response to 
abiotic stresses. 

Conclusions and Future Perspectives 

Extensive studies have been carried out to analyze various environmental factors, 
which affect soil fertility and cause agricultural yield losses due to salt stress [6, 
45, 414]. The study of ecological and evolutionary responses to salt stress in agroe-
cosystems could benefit from the identification and examination of significant local 
microorganisms that are found in salty environments [415]. It is impossible to exag-
gerate the significance of using metagenomic, proteogenomic, and metabolomic 
approaches in order to harness and discover new PGPR, as well as specific metabo-
lites and upregulated gene expression for the salt tolerance [145]. Given the effects 
of climate change, screening of sufficient salt-resistant PGPR strains is needed 
that may provide tolerance to abiotic stresses in order to maintain crop quality 
[416–418]. For developing novel and effective bio-enhancers, bioinoculants, and 
bio-protectants, characterization of essential metabolites, such as osmoprotectants, 
anti-oxidant enzymes, biosurfactants, phytohormone precursors and nutrients are 
needed. In agriculture, microbial consortia have become increasingly popular that 
may provide tolerance not only to abiotic stress, but also give resistance against 
phytopathogens [419]. 

Abiotic stresses are one of the most serious barriers to agricultural production 
on a global scale. Salt-tolerant microorganisms that are associated with rhizoplane, 
rhizosphere, and endophytic bacteria can play an important role in conferring abiotic 
stress resistance to plants. Currently, a lot of efforts are being made to improve 
the field efficacy of ACC deaminase-producing halo-tolerant bacteria. For instance, 
significant efforts are invested in development of improved biofertilizer formula-
tions and bioinoculants to resist salt stress in wheat and cucumber such as chitosan-
immobilized aggregated Methylobacterium oryzae strain CBMB20 [420], super 
absorbent polymer [421], and Paenibacillus beijingensis BJ-18 and Bacillus sp. L-56 
[422]. Inoculations of effective salt-tolerant bioinoculants will assist in the mitigation 
of the adverse effects of climate change and help in enhancing crop productivity in 
salt-stressed soils contributing to an expanded global food supply for ever-growing
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global population. These salt-tolerant biofertilizers will provide phytohormones and 
nutrients, lower ethylene levels, induce novel plant genes to accelerate osmolyte 
accumulation, increase K+ concentration, reduce Na+ uptake, and ultimately main-
taining a high K+ ions. Numerous plant species have demonstrated salt tolerance as 
a result of bacterization with PGPR. 

The production of stress-tolerant cultivars through conventional breeding and 
genetic engineering is essential, but the process is time-consuming and expensive. 
In comparison, the utilization of microorganisms to alleviate the negative effects of 
abiotic stresses is less expensive, friendlier to the environment, and requires less time. 
To maximize the benefits of microbial inoculants and enhance plant development and 
tolerance to a variety of biotic and abiotic stressors, new strategies will be developed 
once it is understood how the various microbial populations and plant systems are 
connected to one another. In the future, more in-depth research focusing on the gene 
expression level and multi-functional PGP features of salt-tolerating rhizobacteria 
needs to be carried out in order to build tailor-made bioformulations that may mitigate 
the effects of salinity stress under changing climate conditions and may boost plant 
growth under abiotic stresses in saline soil [423, 424]. 
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Chapter 14 
Over View of Symbiosis Mechanisms 
and Soil Quality Management Practices 
to Combat Environmental Changes 

Fadime Karabulut, Nowsheen Shameem, Nusrat Shafi, Javid A. Parray, 
Abeer Hashem, and Elsayed Fathi Abd-Allah 

Abstract Higher input requirements for high yields result in environmental issues 
and the depletion of natural resources in agricultural systems. The wide genetic 
variation in microbial species reveals that microorganisms with high potential that can 
adapt to different environmental conditions can be identified. Soil quality is defined as 
a soil feature that promotes biological activity, protects and maintains environmental 
quality, and fulfills the function of plant production within the boundaries of an 
ecosystem. The transformation of phosphorus and nitrogen, which are the building 
blocks of living cells, from organic form to inorganic and useful form is necessary 
for plants to be taken up by the microorganisms in the soil. The fixation of elemental 
nitrogen in the atmosphere takes place by microorganisms living symbiotically as 
well as non-symbiotically. Plant growth promoting bacteria (PGPR), on the other 
hand, colonize the rhizosphere and provide the potential to be a biological fertilizer 
in plant production as well as a biological control agent. Additionally, PGPR exhibits 
synergistic or antagonistic interactions with the soil and rhizosphere microorganisms

F. Karabulut (B) 
Department of Biology, Firat University, Elazıg 23119, Turkey 
e-mail: karabulutfadime9@gmail.com 

N. Shameem 
Department of Environmental Sciecne, SP College Srinagar Cluster University, Srinagar, JK, India 

N. Shafi 
Department of Chemistry, GDC Eidgah, Srinagar, JK, India 

J. A. Parray 
Department of Environmental Sciecne, GDC Eidgah, Srinagar, JK, India 

A. Hashem 
Botany and Microbiology Department, College of Science, King Saud University, Riyadh 11451, 
Saudi Arabia 

Mycology and Plant Disease Survey Department, Plant Pathology Research Institute, Giza, Egypt 

E. F. Abd-Allah 
Plant Production Department, College of Food and Agricultural Sciences, King Saud University, 
Riyadh 11451, Saudi Arabia 

Seed Pathology Research Department, Plant Pathology Research Institute, Giza, Egypt 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
J. A. Parray (ed.), Climate Change and Microbiome Dynamics, Climate Change 
Management, https://doi.org/10.1007/978-3-031-21079-2_14 

245

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-21079-2_14&domain=pdf
mailto:karabulutfadime9@gmail.com
https://doi.org/10.1007/978-3-031-21079-2_14


246 F. Karabulut et al.

that help or speed up plant growth. Biochar, a carbonaceous substance, is being used 
more frequently to clean up anthropogenically contaminated soils and restore their 
ecological functions. In addition, due to its high surface area, porosity, functional 
groups on its surface, and surface charge, biochar is an effective additive for the 
removal of inorganic and organic pollutants in water and soil. We think that this 
chapter will help answer questions about biochar’s feasibility, effectiveness, and 
safety so that it can be used to make the soil more fertile and get rid of pollutants in 
the soil. 

Introduction 

The soil, as one of the most complex habitats on the planet, supports a diverse range 
of life. It is the primary route by which most nutrients are obtained from the soil and 
essential nutrients such as trace elements (Cu, Zn, etc.) phosphorus, and nitrogen 
reach humans via plants [1]. Because of this, soil organisms are incredibly diverse 
and provide a variety of ecosystem services necessary for both natural and managed 
ecosystems to function sustainably. Soil biota is a diverse group of macroorganisms 
(micro-and macro-arthropods, earthworms, and termites) and microorganisms that 
participate in the global cycle of organic matter, energy, and nutrients (bacteria, fungi, 
algae, protozoa, and some nematodes). This is a crucial sign that soil biodiversity is 
reflected in the diversity of living things in the soil [2]. Most soil microorganisms 
can break down cellulose, hemicellulose, other polysaccharides, hydrocarbons, and 
lignin derivatives and convert them into usable forms. Furthermore, it converts the 
nitrogen, sulfur, and some minerals (Fe+3, Fe+2, and so on) in the soil into usable 
forms, allowing the plant nutrients required by the plant to become useful [3]. Biodi-
versity and soil microbiome functioning balance many complex processes, such 
as soil organisms that help crop and livestock production, harbor antibiotics and 
pathogens, control nutrient loads in soil and water, and balance the greenhouse gas 
cycle and climate change are examples [4]. The physical structures and products 
of these organisms, on the other hand, contribute significantly to the soil structure. 
Due to this, the sustainability of soil quality and food production is critical for the 
survival and continuity of microorganisms’ activities, which also play a role in the 
ecosystem cycle. Plants and microorganisms both obtain nutrients from the soil via 
organic waste accumulation and metabolic activities, and thus alter soil properties. 
Microorganisms have some direct effect on plants, such as hormone signal stimula-
tion and pathogen resistance. Metabolites released from the roots allow the plant to 
communicate with microorganisms. Exudates and metabolic activities, in particular, 
must be thoroughly investigated in order to comprehend the plant-microbe interac-
tion mechanism in the rhizosphere. Plants have a significant impact on the soil as well 
as the processes and conditions that affect plant life. A plant is a living organism that 
cannot actively move through the soil throughout its biological cycle. Plants have 
different tissues, each with a specific function, soil biota, and the plant-soil biota
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relationship can be positive or negative [5]. In other words, plant roots and microor-
ganisms communicate with one another in the rhizomicrobiome, the most active area 
of the soil. 

Rhizobacteria that colonize plant roots or the rhizosphere and support plant growth 
by directly immobilizing nutrients while also serving as defense regulators are known 
as plant growth-promoting rhizobacteria (PGPR). These rhizobacteria encourage 
plant growth and development in various environments through a number of mecha-
nisms [6]. PGPRs, which interact with plants via these mechanisms and provide them 
with numerous benefits, attract metabolites that are normally secreted by plant roots 
and used as nutrients. Plants introduce various inorganic ions (protons and other ions) 
and organic compounds (phenolics, carbohydrates, amino acids, carboxylic acids, 
e.g.) identified as potentially important low molecular weight metabolites or exudate 
into the rhizosphere to alter the biology and chemistry of the root microenviron-
ment [7]. Some of the most complex chemical, physical, and biological interactions 
that terrestrial plants experience take place at the root and in the surrounding soil 
environment (also known as the rhizosphere). These interactions take the form of 
root-microbe, root-insect, and root-root interactions [8]. These interactions, on the 
other hand, are classified as positive, neutral, or negative, and there is usually an antag-
onistic and symbiotic relationship between root and PGPR [9]. The term “beneficial 
plant-microbe interactions” refers to symbiotic relationships in which plants and 
microorganisms both benefit and suffer negative consequences [10]. Rhizospheric 
soil microorganisms, for example, contribute to plant nutrient absorption and utiliza-
tion; it also promotes plant growth and development by decomposing soil nutrients 
and converting them into usable forms [11]. Furthermore, a compound synthesized 
by PGPR and delivered to the plant facilitates the absorption of phytohormones or 
some nutrients from the environment, reduces or prevents the harmful effects of one 
or more phytopathogenic organisms, atmospheric nitrogen fixation, dissolution of 
some minerals (phosphorus) in the soil, HCN, antibiotics, siderophores, exopolysac-
charides, and volatile compounds that stimulate plant growth, and so on. It is involved 
in a variety of processes, including the production of various metabolites. As a result, 
PGPRs tend to advocate for soil sustainability and the health of dormant plants in 
the soil in an environmentally friendly manner [12]. It is becoming increasingly 
important as one of the most effective factors for removing biotic (bacteria, viruses, 
fungi, etc.) and abiotic (heavy metal, drought, salinity, temperature, etc.) stress and 
ensuring long-term agricultural production. In this context, soil microbial biomass 
is a crucial metric for assessing soil nutrition and fertility and is a vital part of a 
sizable ecosystem (rhizosphere microbiome). Biochar promotes plant growth and 
boosts crop yields. When applied and mixed at specific rates on problematic soils, 
it improves the physical, biological, and chemical quality criteria of the soil as well 
as its nutritional values. It aids in the reduction of chemical and organic fertilizer 
use, as well as the use of compost. It reduces greenhouse gas emissions from crop 
production, aids in carbon storage in the soil, and ensures that the carbon stored in 
the soil remains stable for years. By adsorbing agricultural chemicals, it prevents 
them from entering streams and groundwater, thereby promoting sustainable agri-
cultural production. It prevents nutrient washing in low porosity soils, especially
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during rainy weather. It aids in water conservation by increasing the soil’s moisture 
retention capacity. It keeps pesticides from being absorbed by plants while they are 
growing in the soil. It promotes some fungi’s growth in the soil, which helps plants 
grow and enhances the soil’s quality. It reduces CO2, CH4, and N2O gas emissions 
into the atmosphere from cultivated soils, thereby contributing to global warming. 
To reap the full benefits of biochar, it should be mixed with the soil’s lower layers 
using appropriate methods. Biochar is typically added to the furrows opened to the 
tree roots and covered with soil in the biochar application in gardens. Thus, adding 
biochar to the soil by mixing it with organic fertilizers or different composts improves 
its efficiency [13]. 

Biomass Structure and Sources 

All living or non-viable biological resources are considered biomass. Biomass is 
defined as “non-fossilized and biodegradable organic matter of plant, animal, and 
microorganism origin” by the United Nations Framework Convention on Climate 
Change (UNFCCC). Any material that contains organic carbon is considered to 
be biomass and comes from a variety of sources. Biomass includes plant mate-
rials, cellulosic materials, lignin substances, animal products, organic wastes, solid 
wastes, ocean/sea wastes, agricultural wastes, wastes of animal or human origin, 
and other natural carbon sources [14]. Green plants produce biomass by converting 
sunlight into a vegetative substance via photosynthesis. As a result, biomass is defined 
as organic matter that stores sunlight energy in its chemical bonds. This chemical 
energy is released when the bonds between C, H, and O are ruptured during combus-
tion, dissolution, or decomposition reactions. In the natural cycle, CO2 released by 
biomass combustion or thermal decomposition mixes with the atmosphere and then 
returns to plants via photosynthesis. As a result, the net CO2 emissions of biomass 
are nearly zero [15]. Ash, protein, extractives (non-soluble substances, nitrogenous 
compounds, chlorophyll, and waxes), and hemicellulose, cellulose, lignin, and pectin 
are among the constituents of biomass, each in varying amounts. The most important 
components that provide information about the type of biomass are the cellulose and 
lignin ratios. For example, while hard woody structures contain more cellulose, soft 
woody structures contain more lignin, and vegetative structures such as tree leaves 
and wheat straw contain more hemicellulose. Biomass resources are classified into 
four categories: woody plants (from forests and industries), herbaceous plants (from 
agricultural resources), aquatic plants, and animal manures (from animal origin). 
Aquatic plants and animal manures have a high moisture content, making them good 
raw materials for wet processes. Woody plants, on the other hand, are better suited 
and more cost-effective for processes such as gasification and pyrolysis [15].
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Biochar and Other Additives 

Lehmann asserts that biochar, a material rich in carbon with a smooth pore structure, 
is a byproduct of the thermal decomposition of biomass in an oxygen-free environ-
ment. In addition, biochar is a largely stable (recalcitrant) organic carbon compound 
created by pyrolyzing biomass at temperatures between 300 °C and 1000 °C in an 
oxygen-depleted environment. According to the researchers, in an oxygen-restricted 
environment, at temperatures between 300 °C and 600 °C, biomass from plants or 
animals is converted into biochar. As an environmentally friendly product, biochar 
is used in four basic areas: soil improvement, carbon sequestration in soil, climate 
change mitigation, energy production, and pollutant removal from soil and water [16]. 
Furthermore, biochar is a highly aromatic material with a C content ranging from 400 
to 800 g/kg [17]. Biochar—an organic substance with varying electrical charges— 
captures interest because of its pH, cation exchange capacity, surface adsorption 
capacity, and nutrient content. The soil’s capacity to hold water is increased by 
increasing its surface area and pore volume. These properties are directly related to 
the biochar’s production temperature [17]. 

Pyrolysis, hydrothermal carbonization, gasification, and torrefaction are included 
in biochar production technologies. Char formation is only possible through the 
thermal conversion of biomass. Thermal conversion yields biochar with an average 
energy density of 28 kJ/kg [18]. 

Biochar does not decompose quickly and remains stable in the soil for a long 
time because of its large surface area (300–2000 m2 g−1) and lack of nitrogen. In the 
semi-arid Mediterranean climate zone, carbonaceous compounds with a large surface 
area and a long soil retention time will be essential for soil structure and fertility due 
to the rapid decomposition of organic matter caused by heat and the disordered 
structure of the soil. Current research areas include the mechanisms used by plant 
root-mycorrhizal fungi to keep carbon bound more tightly in plant tissues and in 
the soil for a longer period of time for soil fertility (by doing more photosynthesis). 
Because charred plant material (biochar) contains little nitrogen and will not be 
decomposed by microorganisms, the carbon material will remain in the soil for a 
long time, increasing the organic carbon level. Because it retains more water and 
nutrients, biochar improves plant growth and soil structure. Biochar, or charred plant 
material with a large surface area, will contribute significantly to the retention of 
heavy metals in the soil, the retention of nutrients that will mix with drainage and 
groundwater, and the protection of the food web and human health in the soil. It is 
significant and unique that the carbon, which is linked by the plant path, is applied 
to the soil in a charred form without decomposing in the soil or mixing into the 
atmosphere. 

Priority one for science: 

1. How precisely can this amount of carbon be measured? How much carbon is 
actually released from the soil into the atmosphere? 

2. Is it possible to reintroduce carbon into the soil that has been released into the 
atmosphere?
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3. How much extra carbon is stored in plant tissues as a result of plant-mycorrhizal 
cooperation? How is this bound carbon in the soil preserved, and by what 
mechanism? How effective is biochar at storing carbon? 

4. Is it possible to increase carbon sequestration potential by improving soil 
structure? 

Scientists are in desperate need of answers to these questions. In this case, the 
research is mostly about how to make biochar and how to use it in soil. 

A key tactic for increasing soil organic matter and carbon bonding with plants is 
the use of plant residues as compost or animal manure. However, it is well known that 
when animal manure and compost decompose quickly in the soil, CO2 is released 
quickly into the atmosphere, and the carbon source added to the soil in a short period 
of time is lost in a significant amount. Small amounts of humus and other stable 
compounds are still present in the soil as a result of the quick decomposition of the 
organic fertilizer sources that are still applied to the soil today. Organic compounds 
that must be added to the soil as a result of burning agricultural stubbles and wastes 
are also burned and released as carbon into the atmosphere. As a result, the soil dete-
riorates on the one hand while the concentration of greenhouse gases that contribute 
to global climate change increases on the other. Carbonization (biochar) and re-use 
of plants that have been used in agriculture for a long time have been frequently 
discussed approaches in recent years in order to keep the carbon source that should 
be added to the soil in question in the soil for a long time. 

As a result, in recent years, it has been used as charred plant material with a 
high stable organic carbon content rather than material with a high decomposition 
property. Biochar is one of these, as it contains a lot of carbon and can persist for a 
long time in the soil. Biochar has long been used to meet energy demands. However, 
because of the effect of rising greenhouse gas levels on climate change, biochar is 
said to be an effective carbon binder. Biochar (terra preta de Indio), or black soil, 
is thought to have been used in the Amazon region 2500 years ago. According to 
research, the soils in this area are rich in organic matter, and the plants grow three 
times as quickly [19]. The ability of biochar’s carbon source to persist for a long time 
in the soil without decomposing is its most crucial characteristic. Biochar has a high 
nutrient content, a highly stable carbon content, a lime effect on the soil (for acid 
soils), a reactive surface area, and a redox potential, among other characteristics. It’s 
also a good fit for a high cation exchange capacity, bulk weight, porosity/microbial 
habitat, and porosity/water holding capacity. 

Biochar application reduced ammonium losses by 10% in a study [20]. It is ensured 
that soil pH is increased, Al toxicity is reduced, the soil tension resistance is reduced, 
and a habitat for soil organisms is created in acidic soils. According to Australian 
studies, soil tillage over carbon can be facilitated by the high biochar and water-
holding capacity of hard-tillage-resistant soils. The study found that using biochar 
improved the effectiveness of fertilizer use. Biochar has been found to increase 
fertilizer efficiency due to its large surface area. The way and method of applying 
biochar to the soil are determined by the agricultural farm’s production plan and 
structure. It is suggested that it be buried in the soil 10–20 cm deep as a scattering
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or tape method. Biochar application increased corn and wheat yields by 46–70% in 
the first year in a study conducted in field conditions in Australia [21]. 

Composting adds plant biomass to the soil as an organic source, thereby boosting 
the soil’s declining organic matter. Microorganisms decompose compost quickly 
due to its high nitrogen content. While the plant composting process decomposes the 
material quickly, biocharification can leave hundreds of compounds in the soil. For 
soil management, a carbon source that persists in the soil for a longer time is preferable 
to one that disappears over time. Depending on the state of the biomass, biochar is 
the preparation and application of a material containing 50–80% carbon. When the 
significant loss of carbon is compared to the composting of materials that can be 
produced through thermochemical or hydrothermal (hydrothermal carbonization) 
processes, biochar is seen as an important sustainable carbon source. 

In recent years, scientific organizations have been conducting serious basic 
research on biochar systems. The application and effects of biochar production have 
been the subject of research. The subject of biochar necessitates interdisciplinary 
research because it spans a wide range of disciplines, from chemistry to soil science. 
The following are some possible impacts of biochar on soil composition and crop 
yield:

• Increases nutrient efficiency while reducing fertilizer use.
• Increases the capacity and efficiency of water storage.
• Reduces the washing effect and fertilizer gas losses.
• Denitrification is reduced.
• Reduces the toxicity of Al
• Heavy metal’s availability is reduced.
• Increases the availability and retention of phosphorus in soil.
• Establishes an environment that is favorable for the development of mycorrhizae 

and N2 friction.
• Ensures long-term C accumulation in the soil. 

The qualities and preparation of the biochar that will be applied have a signifi-
cant impact on the physical fertility of the soil. Biochar is used up to 5–40 tons per 
hectare in many studies. Depending on the organic materials used and the technology 
employed, biochar can have a diverse range of biological, chemical, and physical 
properties. Biochar is expected to improve soil fertility and contribute to agricul-
tural productivity by ensuring its long-term viability, thanks to its large porosity 
and surface area [22]. Biochar’s physical and chemical properties will enhance soil 
retention and nutrient uptake [23], reduce soil loss and greenhouse gas (SG) emis-
sions [24], and bind pesticides, toxic substances, and heavy metals. Because of its 
substantial surface area, carbonized carbon source biochar is expected to have a high 
capacity to hold nutrients and water. Biochar application had a positive effect on 
spore germination, according to a study [25]. The capacity of the Biocar is increased 
by increasing the soil base saturation and water retention [26]. Biochar is frequently 
used in the purification of toxic substances and water due to its large surface area. 
At the same time, it facilitates plant root nutrient uptake by keeping nutrients in the 
soil column [27]. Because Biochar keeps nutrients in the soil column and prevents
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washing, it’s a good idea to use it. As a result, groundwater pollution is kept to a 
minimum. 

Important Criteria of Quality Soil 

Soil Physical Quality Criteria 

The ability of aggregates to withstand the relaxing and disintegrating effects of water 
and mechanical elements, such as active organs, is known as aggregate stability. 
The structural development of the soil is the result of aggregate formation. The 
arrangement, stability, size, and continuity of the pores in the soil are all determined 
by aggregate size. The amount of soil clay, the concentration of electrolytes, and 
the amount of organic matter all have an impact on how the soil aggregates. Tillage, 
organic matter and organisms, texture, and rotation all affect aggregate stability. Soil 
aeration and aggregate stability are both important for keeping water in the soil and 
making it productive. 

Factors such as deterioration in soil aggregation, infiltration, and erosion in the 
field have an impact on it. Erosion losses are reduced by increasing the percentage of 
stable aggregates. As a result, aggregate stability is one of the criteria used to gauge 
soil quality. Due to intensive soil processing for crop production, soil aggregation 
degrades. Increased tillage intensity, according to research, results in a rapid loss of 
soil organic matter, little biological activity, and a decline in aggregate stability [28]. 
Reduced tillage is more effective than conventional tillage at improving soil aggrega-
tion [29]. In general, it is asserted that adding plant residues to soil increases based on 
the volume of organic matter, which enhances the soil’s ability to bind together [30]. 
When used as a soil amendment, biochar can enhance the physicochemical charac-
teristics of degraded or nutrient-poor soils. The porosity and surface functionality of 
biochar determine its ability to retain soil water [31]. Increased soil porosity from 
biochar results in more soil surface area and easier water penetration, thanks to its 
porous internal structure. Previous research has demonstrated that adding biochar to 
unproductive soils can reduce bulk density, increase total pore volume, and improve 
water holding capacity [32]. Coal field soils have a lower bulk density than adjacent 
field soils 9% [33]. Total porosity rose to 50.6% in earth ovens from 45.7% in nearby 
field soils. Under coal furnaces, there was an 88% relative increase in soil saturated 
hydraulic conductivity, going from 6.1 to 11.4 cm h−1. In the coal furnaces, the hue, 
value, and chroma all changed by 8, 20, and 20%, respectively, darkening the color 
of the soil. The dark color of biochar increased the soil surface temperature by an 
average of 4 °C, while the surface albedo decreased by 37% in charcoal soils. Higher 
leaching rates have been found in coalfield soils, indicating that surface runoff and 
erosion at these furnace sites may be reduced. Different research results show that 
this is the most important thing about Terra Preta soil [34].
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The dry soil weight per unit volume is defined as the soil bulk weight. The increase 
in soil volume weight results in a reduction in the void volume, infiltration rate, and 
moisture content in the soil, as well as less aeration and a more resistant soil layer 
to plant roots. Plant root development slows as soil volume weight rises. As a result, 
bulk weight is thought to be a trustworthy indicator of soil quality. Depending on 
the type of plant grown, the texture of the soil, and the previous use of the soil, 
the volume weight of the soil has a detrimental effect on root and plant growth. 
If the bulk weight of the soil, which is an indicator of compaction, is too high, 
the nitrogen cycle slows down, runoff increases, soil temperature drops, and plant 
root growth slows down. While a medium-textured soil’s volume weight for plant 
growth is 1.3 g/cm3, the volume weight that stops plant root and stem development 
is 2 g/cm3 [35]. However, depending on the soil type, texture, and mineral substance 
content, the recommended volume weight value in agricultural soils is between 1.1 
and 1.4 g/cm3. Other research found that the volume weight for the mulch direct 
sowing method was 1.25–1.4 g/cm3, 1.11–1.22 g/cm3 for conventional tillage, and 
1.20–1.33 g/cm3 for reduced tillage over a 23-year period [36]. It varies between 
cm3, according to them. The volume weight of the mulch direct sowing method was 
higher than the other two methods, but it was still below the plant root development 
limits. 

Tillage changes the soil’s pore characteristics, which has an impact on water 
retention and infiltration. The quantity of macro pores in the soil reduces its ability 
to hold water and infiltration rate, whereas the quantity of micro pores boosts both 
of these properties. As a result, the increase in tillage density is accompanied by an 
increase in field traffic and soil compaction, which lowers the infiltration rate. The 
large number of small aggregates that are produced have a moisture content that 
is defined as the ideal soil moisture level for tillage. A seed bed made up of small 
aggregates can store moisture better than a seed bed made up of large aggregates 
[37]. The right amount of water and air capacity in the soil, as well as the right 
compaction rate, are all necessary for good root development. However, the amount 
of water required by the plant to complete its development should be greater than 
0.20 m3/m3, or between 0.15 and 0.25 m3/m3 [38]. 

According to the findings of the study, reduced tillage methods that allow seedbed 
preparation in one pass or direct sowing to the stubble are more beneficial than tradi-
tional tillage methods for increasing the infiltration rate and water holding capacity 
of the soil. 

Soil Chemical Quality Criteria 

Soil organic matter is an integral component of soil and is important for the nitrogen 
cycle, biological activity, cation exchange capacity, and aggregate stability. By 
increasing nitrogen content, enhancing physical characteristics, and lowering the risk 
of erosion, soil organic matter enhances soil quality [39]. The quantity and activity of 
the soil’s microbial mass determine how the organic matter cycle behaves. Therefore,
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the biological and biochemical characteristics of the soil are crucial in the develop-
ment of the soil’s ecology [40]. The nitrogen cycle and soil’s ability to hold water 
are both greatly improved by increased organic matter content [41]. Organic matter 
depletion lowers cation exchange capacity, aggregate stability, product yield, and, 
as a result, soil quality. In agricultural soils with tropical and semi-tropical climate 
characteristics, intensive soil cultivation reduces soil organic matter [28]. Tillage 
causes a loss of organic matter, which varies depending on soil type, climate, and 
crop rotation [41]. 

Organic matter accumulates on the topsoil as a result of topsoil tillage and minimal 
tillage [42]. The organic matter is dispersed along the base of the plow the due to deep 
tillage of the soil. When comparing the effects of traditional tillage and the stubble 
direct sowing method on soil organic matter content, the parcels where direct sowing 
is applied to the stubble accumulate more than 130% more organic matter on the soil 
surface than the parcels where conventional tillage is applied [43]. Reduced tillage 
techniques, according to various studies, raise the soil’s organic carbon, nitrogen, 
and phosphorus contents [42]. It has been discovered that tillage intensity decreases 
organic matter content in the 0–5 cm soil depth and that plots using the mulch direct 
sowing method accumulate 33% more organic matter [40]. By mixing the stubble 
into the soil, more organic matter is added to the soil at the depth of cultivation. 
Stubble accumulation in the top layer of agricultural soils improves soil quality by 
increasing organic matter content, particularly in plots where direct sowing is used. 
Furthermore, using minimum tillage and mulching techniques improves soil quality 
and crop productivity [44]. Soil tillage systems have a direct or indirect impact on soil 
pH, cation exchange capacity, and electrical conductivity. The pH of the soil decreases 
as soil organic matter content rises. Similar to this, the electrical conductivity of the 
top layer of soil rises as the rate of infiltration of the soil does. Washing the clay-
sized soil particles from top to bottom lowers the soil’s ability to exchange cations. 
However, as organic matter breaks down as a result of soil cultivation, the rate of 
oxidation affects the soil’s ability to exchange cations. 

The pH range in which the majority of plants can grow and produce their highest 
yields is their preferred range. Depending on the source of the fertilizer and the 
differential uptake and distribution of positively and negatively charged ions, crop 
harvesting, fertilizer application, and plant growth can all acidify the soil [45]. 

After other requirements, like the availability of water and nutrients, have been 
satisfied, acidic soils are typically amended by adding agricultural lime to raise the 
pH. Other conditions, such as the availability of water and nutrients, can promote the 
growth of plants. Previous research has demonstrated that high pH biochar lowers 
the toxicity of aluminum in red ferralitic soils, raises the pH of the soil by about one-
third of a lime, and raises calcium levels [46]. Different biochar types had different 
effects on soil pH, as was seen when they were applied. The pH of sandy soil rose 
from 7.1 to 8.1 when biochar made from 39 t ha-1 herbaceous feedstock was added, 
according to study. Depending on the pyrolysis temperature and the type of raw 
material utilized, the pH of the biochars used in this study ranges from 6.0 to 9.6. For 
biochars made from woody raw materials, the pH rise was less pronounced. When 
the biochars used in the study were added to silt loam soils at rates up to 39 t ha−1,
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there was a less dramatic overall pH increase. The higher buffering capacity of silt-
loam soils is thought to be the reason for the smaller pH increases. The salinity of 
soil was recently studied, scientists found that adding co-composed biochar, poultry 
manure, and pyrolignous solution to saline soil significantly reduced its salinity and 
raised the pH by 3.6 g.kg−1. [47]. Spontaneous surface oxidation reactions take place 
when fresh biochar is exposed to oxygen and water in the soil, increasing the net 
negative charge and subsequently the CEC. It has been discovered that high-negative-
charge biochar particles enhance soil aggregation and plant nutrient availability [48]. 
The high reactivity of biochar particle surfaces can be attributed in part to pH [49]. 
The actual CEC of the biochar varies with the feedstock and pyrolysis temperature 
because these functional groups act as the main sites for pH-dependent charges. In 
soils, biochar aging results in the development of quinine functional groups while 
increasing hydroxyl and carboxyl groups [50, 51]. Functional groups containing 
oxygen build up on the surface of biochar as it ages. When defining these properties, it 
is thought that both the aromaticity brought on by the H:C ratio and the oxidation state 
brought on by the O:C ratio are essential. Biochars that were fresh or artificially aged 
had a much higher negative charge than biochars that were naturally aged [52]. In the 
pH range of 7.0–11.0, fresh biochar had a very low surface negative charge and only 
a small positive charge [53], and after artificial oxidation, the surface negative charge 
increased up to pH 3.5 [54]. In contrast, fresh or artificially aged biochar had a lower 
negative surface charge than naturally aged biochar [52]. Rapid H+ consumption and 
mineral dissolution reaction set it apart in terms of element release kinetics. Biochar 
composition and structure are influenced by pyrolysis conditions and biomass type 
[55]. As a result, there are significant differences in biochar properties linked to 
changes in nutrient content and retention [56]. Also, because biochars have different 
physicochemical properties, the availability of nutrients to plants varies from one 
biochar to the next. Biochars made from fertilizer and animal product feedstocks 
have a higher nutrient content than those made from plant materials, particularly 
wood [57]. As opposed to being a primary source of nutrients, biochars may be more 
useful as a soil conditioner and a catalyst for nutrient conversion [58]. 

Biological Quality Criteria of Soil 

Soil organisms with biological activity in the soil contribute to soil quality improve-
ment by regulating the breakdown of waste materials with plant and animal origins, 
the biochemical cycle, and soil structure formation. Organisms in the soil; It is split 
into two categories: macro and micro. In the nitrogen cycle, soil aggregation, plant 
pathology, and plant development, microorganisms play a critical role [59]. Crop 
rotation, fertilization, and tillage are examples of soil management techniques that 
have an impact on microbial activity and macroorganism diversity. The physical and 
chemical properties of the soil have an immediate effect on the microbial activity 
that forms the basis for soil quality criteria. Changes in soil management are more 
quickly reflected in microbiological properties such as soil enzyme activity. In many
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studies, intensive soil processing is claimed to reduce the number of macro organism 
nests in the soil, allowing for an increase in infiltration rate and better aeration, and 
thus lowering soil quality [60]. 

Recent research has discovered that soil microbial mass and activity are influ-
enced by soil cultivation, mulching, product type, rotation, fertilization, pesticide 
applications, and drainage applications. According to their research, direct sowing 
produced 60% more microbial carbon mass in February, 140% more in May, and 
75% more in October than conventional tillage [43]. 

It has been discovered that plots where direct sowing is applied to the stubble at a 
soil depth of 0–10 cm have a higher rate of microbial mass than plots where conven-
tional tillage is used [61]. They also discovered that soils with stubble contained 
61–96% more microbial carbon and nitrogen than soils without stubble. The total 
organic carbon and nitrogen fractions in stubble fields are higher than in fields without 
stubble application, as can be seen [62]. According to studies, the addition of green 
manure to the soil boosts its N and P content while retaining organic matter and the 
physical, chemical, and biological properties [36]. Enzymes, which have a crucial 
function in soil microbial activities, allow chemical reactions to start and progress 
quickly in the soil. Because of their close relationship with soil microflora, enzyme 
activities are effective in changing soil properties and are thus considered a good soil 
quality criterion. When compared to other tillage systems, there is a higher amount 
of water-soluble carbon and enzyme activity at 5 cm of soil below the surface in 
soils where the stubble is directly sown [63]. Similarly, in stubble field conditions, it 
has been determined that the stubble direct sowing method has a higher amount of 
microbial mass and enzyme activity than other tillage systems. It has been discov-
ered that soils where organic agriculture is used have higher enzyme activity than 
soils where conventional tillage systems are used. The activity and longevity of the 
soil microbial mass are impacted by the carbon ingress into the soil. In continuous 
production areas, the direct sowing method applied to stubble and the presence of 
stubble on the soil surface improves microbial mass and activity. Reduced tillage, 
he claims, boosts the number of macro-organisms in the soil. They unearthed that 
the amount of microbial activity, total nitrogen and phosphorus in the soil, microbial 
mass, and enzyme activity were all significantly higher in soils from organic agri-
culture [64]. In some stubble field studies, it was discovered that areas, where the 
direct sowing method was used, had higher microbial activity and microbial mass 
than areas where conventional tillage was used [65]. 

As a soil amendment, biochar must enhance soil health because, once added, it 
cannot be removed from the soil [66]. In light of the soil’s properties, the climate, 
management practices, and especially the incorporation of organic matter, soils are 
complex communities of organisms that constantly change [67]. Applying biochar 
to soil is probably going to have a different impact on the soil biota than adding 
fresh organic matter; these effects might affect the variety, activity, and abundance of 
biotic communities in the soil [68]. The variations are brought on by biochar’s rela-
tive stability and the fact that it has a lower bioavailable carbon content than recently 
formed organic matter. Biochar’s ability to be porous has been demonstrated to alter 
biological functionality [69]. It also changes the availability of substrate and the
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activity of enzymes on or near the biochar particles. Instead of acting as the primary 
food source for microbes, biochar is thought to enhance the physical and chem-
ical conditions in soils [68]. Using slow-pyrolyzed wood biochar and phosphorus-
dissolving microbes (PSM) in various soil conditions in three different countries, it 
is more likely to be determined the impact of soil characteristics and crop type on the 
particular crop output of biochar (India, Thailand, and the United Kingdom). These 
results provided an explanation for why biochar significantly increased crop yields 
in P-deficient soils but was ineffective in boosting PSM activity for P mobilization 
in phosphate-rich soils [70]. 

Microbes can change the biomass and composition of microorganisms, and 
microbes can change the characteristics of biochar [68]. Its large surface area, porous 
structure, and capacity to adsorb soluble organic matter and inorganic nutrients, 
biochar is the ideal environment for microbes to thrive [71]. According to their phys-
ical and chemical characteristics, bacteria, actinomycetes, and arbuscular mycor-
rhizal fungi can all preferentially colonize biochar. They claimed that the addition of 
biochar increased microbial abundance [72]. This applies to bacteria, actinomycetes, 
and arbuscular mycorrhizal fungi, all of which have a preference for colonizing 
biochar depending on their physicochemical properties when peanut shell biochar is 
used. Similar to the above, applying 23.2 and 116.1 t C ha-1 of mango wood biochar 
increased P availability in soils by 163 and 208%, respectively, but reduced AMF 
abundance by 43 and 77% [73]. When compared to mycorrhizal fungi and high N 
applications, biochar, mycorrhizal fungi, and high N decreased above-ground plant 
biomass by 42% while encouraging mycorrhizal root colonization. This is proof that 
biochar and nitrogen are causing mycorrhizal fungus parasitism. In mycorrhizal-rich 
but nitrogen-deficient soils, biochar increased surface oxidation [74]. 

Studies [75] show that using fertilizer and biochar increases microbial biomass 
in comparison to mineral fertilizer. Microbial immobilization is a key mechanism 
for retaining nitrogen in soils that have been affected by leaching [76]. Microbial 
activity is stimulated by increased C availability, which leads to increased N demand, 
promoting NO3

− immobilization and recycling. Although there was no evidence of 
higher soil respiration rate, after adding glucose to biochar-modified soils, microbial 
growth rates increased, indicating low levels of biodegradable SOM but adequate 
soil nutrients to support microbial population growth [75]. The production of biochar 
increased crop yield, soil microbial biomass, plant tissue K concentration, total soil C 
and N, soil P and K, and nodulation with beans, red clover, soybeans, broad bean, and 
BNF [77]. Numerous researchers have looked into how biochar affects the structure 
of the soil and the activity of the microorganisms (Table 14.1).

Increasing the Organic Matter Content in Quality Soil 

The production of biogas from decomposing animal wastes in an airless environment, 
obtaining energy from biogas, and using the remaining materials as organomineral 
fertilizers are all considered good waste management practices. Vegetable waste,
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food waste, and organic waste from cities; In parks and gardens, tree leaves, pruning 
wastes, mowed grass wastes, greenhouse production wastes, plant stems and residues 
from which fruit or seeds have been removed, spoiled feed, straw, and silage wastes 
can all be composted and applied to the soil. Approximately 12.8 million tons of 
organic waste are released after plant production, with the majority of it being wasted. 
With the organic character of half of this discarded material, high-quality compost 
can be made. 

Some sources that can be used to increase the organic matter content of our soils 
include stoops, animal manures, vegetable and food industry wastes, wastewater 
treatment sludge, green manures, leonardite, and biochar. Stubble is one of the most 
significant sources of organic matter in the soil. The most prevalent sources of organic 
matter are animal wastes from animals like cattle, sheep, and poultry. They are an 
important source of nutrients in addition to being organic matter. After a largely anaer-
obic and long-term decomposition process, animal wastes are typically turned into 
uncontrolled heaps and used as organic fertilizers in agricultural areas. Uncontrolled 
anaerobic heaps release methane, one of the greenhouse gases blamed for global 
warming, plant nutrients are lost due to long-term decomposition and washing, and 
microbiological disinfection is impossible. As a result, it loses its effectiveness as 
a fertilizer and pollutes the environment. A significant amount of nutrients are lost 
due to washing and evaporation as a result of these wastes being stored in unsuitable 
conditions or applied to the land at random, and the expected benefit in terms of 
agricultural production and soil fertility cannot be fully realized. Furthermore, it has 
the potential to pollute both surface and underground water resources. 

A significant amount of economic gain will be achieved by applying compost 
made from plant and city wastes to soils, increasing the soil organic matter content, 
besides protecting or improving soil health. This is because the soil’s increased ability 
to hold water will result in water savings, and the nutrients it contains will result in 
less need for chemical fertilizers. Plant nutrients such as sulfur (S), potassium (K), 
phosphorus (P), nitrogen (N), zinc (Zn), humic-fulvic acid, and compost-derived 
organic matter are found together and used as a base fertilizer in organomineral 
fertilizers. Organomineral fertilizers, which are made as “organic matter+mineral 
fertilizer” by combining the beneficial effects of organic materials on soil fertility, 
reduce nutrient loss through washing while also increasing the efficiency of the 
minerals used by improving the soil’s fertility elements. 

Waste water treatment sludges; As public awareness of environmental issues 
grows, the amount of treatment sludge left over from waste water treatment in treat-
ment plants, which are now required to be built and operated, is gradually increasing. 
Today, it is critical to dispose of treatment sludge in an environmentally responsible 
manner in order to protect the natural environment and ensure its long-term viability. 
When organic resources are in short supply and these resources are scarce, wastew-
ater treatment sludge appears to be a viable alternative. Due to the organic matter 
it contains, sewage sludge initially increases the soils’ low levels of organic matter. 
Furthermore, it is considered to be a suitable material for enhancing plant growth and 
soil fertility due to the presence of some nutrients, particularly N and P. In addition
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to plant nutrients, sewage sludge contains toxic elements, pathogenic microorgan-
isms, and parasitic organism eggs, the contents of which vary depending on the 
characteristics of the wastewater and the processes used to obtain it. As a result, the 
chemical properties of the treatment sludge must be determined before it is applied 
to the soil. The total and useful N and P content of the sludge must be taken into 
account, especially when determining which soils to apply it to and at what rate. 
Depending on the sludge properties, there are some drawbacks and limitations to 
applying sewage sludge to soils. In order to avoid negative effects on soil ecosys-
tems, the environment, and human health, irregular and uncontrolled use of sewage 
sludge should be avoided, and multi-year trials on the use of sewage sludge in soils 
should be conducted [86]. 

Green Fertilization: Plants can get the nitrogen they need by adding mineral fertil-
izers to the soil or by bacteria binding atmospheric nitrogen to the soil. N2 gas, which 
accounts for 78% of the atmosphere, provides no direct benefit to plants or microor-
ganisms. Some microorganisms, on the other hand, bind free nitrogen gas in the 
atmosphere and convert it to ammonia, which plants can use. Biological nitrogen 
fixation is the term for this phenomenon. Natural nitrogen-fixing microorganisms, 
particularly Rhizobium spp. The value of biological nitrogen fixation, which is real-
ized through bacterial symbiosis with leguminous plants, is growing by the day. 
Microorganisms that play a role in nitrogen fixation reduce mineral nitrogen input, 
providing nitrogen to the soil at a lower cost while also reducing the problems that 
mineral nitrogen can cause. Legumes fix 70–300 kg of nitrogen per hectare each 
year in the soil. Forage crops such as clover, vetch, and clover attract attention as 
prominent plants in green manure. In 3–5-year crop rotation systems with clover 
species in arid areas with low organic matter, where the grain-fallow system is used, 
the ratio of nitrogen and organic matter in the soil increases from year to year [86]. 

Leonardite is a stratified clayey organic sedimentary rock that formed in prehis-
toric times as a result of the decomposition, humification, oxidation, and metamor-
phosis of plant and animal remains in aquatic environments such as lakes and swamps, 
as well as the influence of volcanic movements under pressure, temperature, and 
anaerobic conditions. It contains a lot of humic acid, and every lignite deposit could 
be a source of leonardite. One liter of liquid humic acid is said to be equivalent to 8 
tons of animal manure, while one kilogram of solid humic acid is said to be equiva-
lent to 30 tons of animal manure. Because of this, leonardite is often used in organic 
farming to improve the soil and add nutrients. 

Organic materials formed by barn manure, compost, and mulching to increase 
soil organic matter are mineralized over time, depending on soil cultivation, climate 
characteristics such as temperature and precipitation, and microorganism activity. 
As a result, it has been suggested in recent years that instead of composting, plant 
material be charred (biochar) and used as an organic carbon source in agriculture. 
Biochar has a high stable carbon content, a high cation exchange capacity, increases 
the water holding capacity of the soil due to its structure, and provides a good habitat 
for microbial organisms. There are studies that show how to increase corn, wheat, 
and alfalfa yields. When combined with compost, biochar is said to increase micro-
bial activity and productivity, decrease nitrogen oxide (N2O) and methane (CH4)



14 Over View of Symbiosis Mechanisms and Soil Quality Management … 263

emissions from the soil, and increase the soil’s ability to store carbon. However, 
because the use of biochar in agricultural applications is still relatively new, plant 
materials are carbonized using a variety of methods, ranging from traditional char-
coal production to a stove system and advanced automatic control systems, and the 
material produced varies accordingly. So, before biochar can be used in agricultural 
soils, long-term gravel trials need to be done to look at the types of materials made, 
the soil, and the crop yield [86]. 

Critical Symbiosis Mechanisms in Soil 

PAHs, which are widely distributed in various types of soils, contribute to biochar’s 
contribution to stable organic pollutant degradation. The problem with PAHs gener-
ated during the production of biochar and their impact on microbial communities 
[87]. There are two ways that biochar can be used to destroy organic pollutants. 
The activation of the natural microbial community is the first, and the second is the 
application of biochar to stimulate the soil self-cleaning process. Biochar application 
promotes the destruction of PAHs in soils contaminated by PAHs and HM due to 
HM adsorption [88]. Biochar made from sawdust and wheat straw has been shown 
to significantly reduce PAH levels in soils contaminated with petroleum products in 
studies. In comparison to biochar produced at a lower temperature (300 °C), biochar 
produced at a high pyrolysis temperature (500 °C) is more efficient. It also doesn’t 
appear to reduce the PAH content of the initial raw material. In general, for soil reme-
diation, biochar produced at higher temperatures has a higher sorption efficiency for 
organic pollutants. The high surface area and microporosity of biochars are most 
likely to blame for this [89]. The increased surface area of biochar is likely caused 
in large part by the pore size distribution, according to the positive relationship 
between micropore volume and surface area [90]. Additionally, the composition of 
soil microbial communities has significantly changed as a result of the rising propor-
tion of PAH-degrading taxa [91]. The biochar from bamboo (Bambusa vulgaris) 
showed decreased PAH bioavailability due to adsorption when heated to 700 °C, 
whereas the biochar from corn stalks (Zea mays) induced PAH degradation activation 
using microbial communities, the study cautions. The percentage of bacteria from 
the Arthrobacter and Flavobacterium genera has increased concurrently, as have the 
genes linked to PAH degradation [92]. The same group obtained similar results in 
rice field soils [93]. In the subsequent interaction with microorganism extermina-
tors, the type of biochar (feedstock and pyrolysis conditions) can now take center 
stage. Biochar with a low pyrolysis temperature will interact closely with PAHs, 
making them inaccessible to both plants and microorganisms. It affects things. The 
best biochars for absorbing non-polar pollutants are said to be those made at high 
pyrolysis temperatures because of their high structural aromaticity [90]. The second 
strategy is to use biochar as a delivery system for microbially destructive strains. 
Biochar is used to immobilize Pseudomonas putida, which has different starting raw
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materials and pyrolysis temperatures. As a result, the degradation of PAHs is signifi-
cantly increased. PAHs with 4–5 rings have a stronger effect than those with 3 and 6 
rings [94]. Mycobacterium gilvum immobilized on rice straw biochar led to a signif-
icantly higher rate of phenanthrene, floranthene, and pyrene degradation in soil that 
had previously been contaminated with PAHs when compared to biochar application 
alone or bacterial biomass alone [95]. One proposed mechanism is PAH adsorption 
on biochar followed by immobilized bacteria biodegradation. In cases of alginate 
adsorbed on biochar, the use of retained microbial consortia effectively reduces 
soil toxicity in combined pollution with Cr (VI) salt and pyrene [96]. Unknown 
microorganism-biochar interactions may contribute to the breakdown of persistent 
organic pollutants. In addition to sorption, it also entails the chemical interaction 
of pollutants with biochar, which can make the biochar more available to bacterial 
destroyers. Most likely, mechanisms involving free radicals are involved in this inter-
action [97]. PFR on the biochar surface, in particular, has been shown to interact with 
hydrogen peroxide, resulting in the formation of hydroxyl radicals that decompose 
2-chlorobiphenyl [97]. Chlorobenzene degradation in rice husk obtained at 550 °C 
has been demonstrated to be caused by the oxygen-active form formation mechanism 
[98]. Additionally, information on the function of biochar PFR in the p-degradation 
nitrophenol’s was discovered in tests carried out without the aid of microorganisms 
[99]. However, it is thought to be a strong possibility that these mechanisms also exist 
in nature. During the incubation of the PAH-reducing strain Achromobacter xylosox-
idans with various PAHs, information is also available regarding the accumulation 
of hydrogen peroxide in the medium [100]. 

Further interaction between hydrogen peroxide and biochar PFR can lead to the 
formation of hydroxyl radicals, which can destroy PAH aromatic structures and 
increase the availability of the material for bacterial transformation. Both the char-
acteristics of the carbon sorbent and the characteristics of the soil in which it is 
incorporated have an impact on the complicated system that governs the interac-
tion of microorganisms with biochar. This system becomes even more complicated 
when heavy metals and polyaromatic hydrocarbons are present in the soil. The 
system’s components all interact with one another simultaneously through a variety 
of physicochemical and biological processes. Figure 14.1. depicts the interaction of 
microorganisms and soil with biochar.

Conclusions and Future Perspectives 

Biochar has a variety of effects on soil properties (chemical, biological and physical). 
Increased soil pH and buffering capacity from biochar improve acidic soils. In order 
to do so, you’ll need to know the pH and salinity of the biochar you’re using in 
acidic soils. In fine-grained soils, biochar can improve infiltration and hydraulic 
conductivity. In addition, it appears that biochar has a stronger impact on hydraulic 
conductivity in coarse-textured soils than in fine-textured soils. By adding biochar 
to the surface, you can enhance particle transport by both water and wind (dust).
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Fig. 14.1 The relationship between biochar and soil-based microorganisms [101]

Factors such as the characteristics of the soil and biochar, the type of crop, and 
any potential costs all play a role in determining the rate at which biochar will be 
mixed into the soil. Use of biochar as an environmentally friendly sorbent for soil 
immobilization and agricultural soil improvement is critical. Pyrolysis conditions, 
biochar precursors, and soil properties all have an impact on its utility. The pH 
changes caused by biochar application, as well as the potential toxicity of biochar due 
to volatile pyrolysis product emissions, have a big impact on the way soil microbial 
communities work and what they eat. The complexities of biochar’s effect on soil, as 
well as differences in soil properties, can lead to conflicting data, making it difficult 
to compare experiment results. Biochar’s action on soil and microorganisms requires 
more research. This necessitates the development of a single biochar test model with 
a set of parameters to investigate. 
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Chapter 15 
Symbiosis Mechanisms and Usage 
of Other Additives Like Biochar in Soil 
Quality Management 

Soheila Aghaei Dargiri and Ali Movahedi 

Abstract Major improvements in farm management are required to establish further 
stable industry systems and strengthen poor regional economies. In global agricul-
ture, soil deterioration, including decreased fecundity and enhanced deterioration, is 
a serious worry. The impact of biochar on soil microbial populations is closely tied 
to agricultural food production. The complex interactions between plant roots and 
microorganisms take place in the plant rhizosphere. Biochar has the potential to be 
a new and valuable fertilizer, either directly or indirectly. This is because of their 
low fertility and the environmental and economic benefits they provide. In addition, 
previous studies/meta-analyses synthesized only microbial community responses to 
biochar based mainly on traditional techniques (such as PLFA and DGGE). With the 
rapid development of analytical methods (e.g., high throughput sequencing), in this 
study, we can examine the diversity and abundance of microorganisms with higher 
classification accuracy (such as bacteria and fungi) in biochar-modified soils. Condi-
tions or has the potential for targeted soil management. Although there is growing 
interest in utilizing biochar for soil management, some studies have found detrimental 
effects. There are still several research gaps and ambiguities to be addressed in this 
chapter. In future research, further relevant investigations, particularly long-term 
tests, will be required to close these information gaps. 

Knowledge Objectives 

1. The accurate service life of biochar is yet sometimes understood. We must fee 
rather a consideration to the decomposition rate of biochars in soil. Thus, we can 
choose biochar correctly and administer resources suitably.
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2. Comprehensive the interaction systems among biochar and soil microbes to 
disclose the systems of heterogeneous impacts of biochar on soil improvement. 

3. The effect of biochar on the functional ecology of microorganisms and its effects 
on soil were investigated. 

Introduction 

The requirements to expand rather supportable agriculture mechanisms and cure faint 
village economies necessitate the main alternation in agriculture management. Soil 
degradation, which contains reduced fertility and enhanced erosion, is relevant in 
global agriculture [1]. The world population is expected to reach 8 billion people by 
2024 [2], so food security and the distribution of human carbon dioxide (CO2) will be 
significant issues in sustainable human progress [3]. Biochar generation from agricul-
tural remains has the possibility of reducing both problems at the long time. Pyrolysis 
in the shortage of oxygen in organic substances [4] creates a yield with a high value of 
turbulent carbon, which has a long lifetime in soil [5]. Biochar modification of soils 
is as well as probably a strategy for enhancing plant efficiency [6–10], which maybe 
represent other requirements for the achievement and extension of the technology. 
Biochar has many permeable physical structures, which enhance the maintenance of 
soil humidity and nutrients [6, 9]. In addition, its main section of C, biochar as well 
as includes hydrogen (H), oxygen (O), magnesium (Mg), and macronutrients such 
as N, phosphorus (P), and potassium (K) that can enhance crop manufacturing for 
most crops around the world [11–16]. Biochar has added vital interest over the last 
two decades because of its possibilities as a C analysis, bioremediation, soil fertility, 
wastewater, and general environmental administration mechanism in agriculture [17]. 
Biochar addition in the soil has shown useful results in increasing nutrient persis-
tence, giving refuge to microorganisms, enhancing soil structure, and increasing the 
attraction of nutrients by plants, which eventually resulted in improvements in plant 
development and product [18, 19]. 

What is Symbiosis? 

Symbiosis is a phenomenon in which two or more organisms with distinct genealog-
ical histories live in close association with each other [20]. In the last decades, 
symbiosis, ‘the living together of unlike organisms’ [20], has moved from the 
outskirts of biology to a central location. The phenomenon is now regarded as a ubiq-
uitous ecological power and main driver of progress among the tree of life [21, 22]. 
Possibly the maximum joint symbioses are those among multicellular eukaryotes and 
microorganisms, containing bacteria, fungi, protozoa, and even viruses. Insects are 
the maximum varied and plentiful animals in earthly ecosystems and, owing to their 
numerical advantage, forsooth busy in the maximum microbial symbioses. While all
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insects encode endogenous systems expanding resource inception (e.g., digestion, 
nutrition, and detoxification), and position their own systems for replication, their 
inhabitant microbiota have been mostly co-opted to support these functions and to, 
sometimes, confer fully new property [23]. 

Plenty of specialized microbes construct their living through changes to host insect 
fitness. Universal symbionts have been shown to administer insect breeding and alter 
sex ratios—effects not ever to the hosts’ benefit [24, 25]. 

Background and Biochar Definition 

Biochar is known as “black gold” [26–28]. Biochar is a recalcitrant C that reduces 
slowly in the soil and can take thousands of years to damage [29, 30]. Biochar 
is a dark carbon-rich solid made by thermal analysis of biomass under oxygen-
bounded surroundings at temperatures usually between 300 and 700 °C [31–33]. In 
this chapter, we critically considered the impact of biochar on soil attributes, featuring 
soil physicochemical and biological attributes. Furthermore, the biochar systems in 
enhancing soil fertility were also chaptered. The instruction to further comprehend 
the interactions among biochar and soil, four appendix issues are subjected in which 
chapter (Fig. 15.1): (i) biochar as an origin of nutrients; (ii) attraction and diffusion 
of nutrients on biochar; (iii) the impression of biochar on attributes of soils; and (iv) 
the influence of biochar on biota in soil. Many studies have shown that biochar has 
great external areas [34], large charge densities [35], down bulk compression [36, 
37], stable porous structures, and numerous organic carbon contents [38–40], which 
may reduce soil bulk density (SBD) and gain large tissue soil water holding capacity 
(SWHC) due to its large surface area [41]. Biochar is as well as known as a much 
important implement of environmental management [34].

Biochar is a carbon-rich crop pyrolysis organized under oxygen-confined envi-
ronments and used purposely in soil used as an alternative to amend agronomic 
and environmental interests [4, 5, 42–47]. Similar to charcoal in key specifications 
containing the combination of permanent, rebellious forms of organic carbon [48], 
biochar is outstanding among the same substances of its predesignate application 
as a soil modification [49] and a long-term C storage strategy [50]. Feedstocks for 
biochar manufacture contain a large confine of substances such as agricultural crop 
and forestry residues, municipal wastes, and animal manures, among others [51, 52]. 
Biochars key attributes, that is up pH, porosity, particular level region, and CEC, are 
mainly associated with feedstock and manufacturing methods [53]. These attributes 
affect how the material’s interacts with soil’s physical, chemical, and biological 
elements as well as how the substance will behave in an ecosystem. [54, 55]. 

Biochar as a soil modification may increase soil productivity [56, 57] and maintain 
yield fertility [58, 59] by improving nutrient accessibility and decreasing leaching 
waste. This may reduce fertilizer needs [60–62] and even enhance plant nutrient 
provision [63]. Biochar as well as stimulates microbial activity and variety [31, 
64–66]. In addition, biochar may increase oil water property valence [67–69] and
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Fig. 15.1 The probable mechanisms for progress soil fertility

decrease emissions of greenhouse gases [40, 70, 71], also control the stimulus, 
bioaccessibility, and toxicity of contaminants [34, 72–74]. Biochar usage as well 
as may enhance soil carbon analysis possible for universal warming mitigation [49, 
75, 76] by carbon dioxide removal from the atmosphere. However, biochars long-
period compatibility for detain C are combined with permanent and rebellious forms 
of organic C after plant organic material has undergone pyrolysis. Likewise, crop 
answers to biochar use can differences by soil kind, which can change by charcoal 
origin. In several instants, no useful or even harmful impacts on soil nutrient condition 
and Plant performance is highlighted [77]. 

Biochar Impacts on Soil Attribute 

Biochar may increase plant development by physical improvement of soil specifi-
cation (bulk density, level region, water property valence, permeation [58, 68], and 
soil chemical specification (considerable salt, nutrient maintenance, accessibility, 
CEC, and pH) [78]. Besides, biochar amends soil biological attributes by enhancing 
variety and providing an appropriate environment for soil microbial communities 
[31, 79, 80]. Biochar’s rebellion against chemical and biological activities supports 
its long-time agronomic and environmental interests’ environment with a habitation 
period spanning hundreds to thousands of years [48, 81, 82].
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Biochar Impacts on Plant Development and Yield Fertility 

Metanalyses show biochar use can enhance upper land plant fertility by ~10 or even 
~25% [42, 83]. As described in prior parts, the improvements in plant development 
and crop yields with biochar use result from the amendment of physical, chemical, 
and biological attributes of soils. Nevertheless, the impacts of biochar use are not 
included useful. Jeffery [5] introduced 28–39% various in crop fertility (crop produc-
tion and aboveground biomass) Below biochar modification to soils. Important crop 
benefits from biochar use to soils have been presented for different crop varieties in 
several surroundings [45]. However, as might be expected, higher yield and fertility 
have been observed in humid areas. Minus impacts of biochar modification on crop 
fertility have been introduced in peat soils. 

Considerable produce crop reduction in biochar-improved soils has significantly 
enhanced soil C/N proportions that result in nitrogen immovability [84, 85]. The 
effectiveness of biochar in enhancing plant fertility is changing [83] and is impacted 
by climate, soil attributes, yield type, and experimental conditions [86]. Answer 
diversity as well as may be described by biochar feedstock and pyrolysis activities, 
along with the interactions that occur with soil use between biochar and the soil’s 
Biological and non-biological components [52]. Positive yield fertility has risen 
mostly in a vase than in ground experiments, in acidic than neutral soils, and sandy 
than in loam and silt soils [5, 87]. 

A significant frame of investigation has examined and discovered useful impacts 
of biochar use on salt-impacts soils [92], which are joint in the arid area. Hammer 
[93] recommended that the interaction of biochar and symbiotic microorganisms 
would be a foundation for common handling in agricultural mechanism (p 114). 
While these materials’ proposal promises, they point to suitable feedstock original 
and manufacturing, as numerous prices of several char may enhance soil salinity and 
sodicity [88]. 

Biochar Relationship of Microorganisms in Fertility 

Biochar has been displayed not alone to modify soil physicochemical attributes but to 
convert soil biological features [31, 55, 89–92]. These adjustments could enhance soil 
mechanism, including rising organic/mineral collection (aggregates) and bore region 
[93]. Increase nutrient cycles, which contain the gain of nutrient maintenance and 
immobilization, and the rise of nutrient reduction [66], thus promoting plant devel-
opment [94]. Furthermore, microorganisms, similar rhizosphere bacteria and fungi, 
may comfort plant development immediately [95, 96]. Brief, conversion in microbial 
community combination or activity obliged by biochar can enhance nutrient terms 
and plant development additionally the cycling of soil organic matter [55, 97, 98].
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Effect of Biochar on Microorganisms’ Community 

There are expanding specialties in using biochar as an alternative to administering in 
soil biota, and low adjustments of soil biota stimulated by biochar usage are equally 
powerful. Several systems can illustrate how biochar could influence microorganisms 
in soils: (1) adjustments in nutrient accessibility; (2) additions in other microbial 
communities; (3) modifications in plant-microbe signaling; and (4) environment 
establishment and defecation from hyphal grazers. Microbial attributes are major 
affected by the soil food web. In addition, the trophic mechanisms of the soil food 
web many depend on the amount, modality, and diffusion of organic matter. Although 
the slow rates of manufacturing soil organic matter compared with other carbon cycle 
flows, its comparative resistance to microbial analysis promotes the accumulation of 
organic materials in soil [99, 100]. 

Effect of Biochar on Microbial Plenty 

Moreover, nutrient and carbon accessibility may impact microbial plenty. This impact 
varied significantly from the similar figures of biochar and the specific microorgan-
isms group. It can be apparent that symbiotic connections with biota through altering 
nutrient provisions were divided from the similar demands of the plant. The effect 
of increasing C accumulation by important properties or root function in the rhizo-
sphere and C as energy material for heterotrophic microorganisms has been reported. 
[31]. 

Therefore, the effect on microbial plenty was comparable with the several spheres 
of biochar changes containing rhizosphere and mass soil. On the other hand, under 
nutrient-limiting surroundings, microbial plenty can be enhanced due to the larger 
nutrient accessibility after biochar implementation [101]. The possible causes were 
biochar-driven changes in nutrient persistence or the distribution of nutrients by the 
biochar [31]. Several previous types of research appear to show that the appendix 
features may overcome the effect of nutrient and C accesses on microbial biomass, 
(i) the available nutrient and C accessibility in soil; (ii) the increasable extent of 
nutrient and C; and (iii) the attributes of microorganisms. 

Microbial plenty could be enhanced after microorganism’s sorb to biochar regions, 
which simulate them less sensitive to leaching in soil. Hydrophobic appeal, electro-
static elements, and induced expansion are included in the principal diffusion activ-
ities of biochar [102]. Furthermore, biochar, including a well-created hold structure, 
can supply a Microorganisms’ dwelling environment. Even bacteria and fungi are 
considered major preserved versus predators or competitors by climbing hold habi-
tats in biochar [103–105]. Biochar could be used to reduce toxins and chemical 
signals that might prevent microbial development. Pollock (1947) designated that 
biochar could release the development-limiting compounds.
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Additionally, high-temperature biochars have been discovered to have a tougher 
absorption on elements that are toxic to microorganisms [106, 107]. Furthermore, 
moisture can affect major microbial plenty. Microorganisms would be painful in 
the soil of intermittent cleaning, which can enhance the torpid or even cause death 
[108]. Biochar has a large water supporting capacity for the large level region that 
could advertise the development of microorganisms. Nevertheless, major argument 
cannot be acquired only from the initial resources and property of biochar. There 
is a conjecture that bacterial cells or development-controlling elements can play a 
significant key in absorption. 

Effect of Biochar on Microbial Composition and Structure 

The total of biochar can reason several modifications in microbial community struc-
ture, so trophic interactions are probably altered. Fortunately, few researchers have 
concentrated on the biological importance of the change in pH increased by biochar. 
Fortunately, some researchers have concentrated on the biological significance of the 
conversion in pH influenced by biochar. Sometimes, the diversity of microorganisms 
could be reduced or reduced after adding biochar to soil. For example, bacterial diver-
sity was influenced by as many as 25% in biochar-rich Terra preta soils compared 
to unmodified soils in both culture-independent [90] and culture-dependent [91] 
studies. 

Nonetheless, when compared to unaltered soils, Terra preta and a biochar-
amended temperate soil had less diversity of archaea [113] and fungi [114]. This 
information suggests that numerous microbial populations respond in various ways 
following biochar application into the soil. The mechanism of the soil microbial 
community in biochar-improved soils has been explored using down, medium-to-
high-resolution techniques such as PLFA, qPCR, DGGE, TGGE, and DNA and RNA 
studies. (Fig. 15.2).

Effect of Biochar on Microbial Activity 

In agroecosystems, decomposer microorganisms could raise nutrient distribution 
from soil organic substances to the rhizosphere of the crop, which is necessary for 
the entry of nutrients and the trouble in crop production [109]. Several indexes, such 
as enzymes and metabolism prices, may be utilized as an alternative to distinguishing 
the soil biological activity. With the influences of biological activities and community 
changes, the persistence of N and P was enhanced [31, 89, 105]; then, these activities 
can gain plant nutrient accessibility in nutrient-confined agroecosystems [110]. 

Domene [111] featured no important adjustments in microbial activity when 
divided as basal movement and feeding prices, noting that net microbial machining 
of organic C did not change with biochar application but with similarities in soil
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Fig. 15.2 The process for detecting microbial community combinations in biochar-improved soils 
and their comparative impactiveness during separability is difficult

texture. This conclusion followed other long-time studies below area surroundings 
with no change or fewer break prices [112]. Thus, the enhanced microbial activity is 
feasible based on the mineralizable organic extent of fresh biochars. 

Effect of Biochar on Functional Ecology of Microorganisms 

Adjustments of biochar can either gain or reeducation plenty of soil activities, thus C 
mineralization [55, 98], denitrification and methane oxidation [113, 114], and nutrient 
alternations [115]. Many causes can be accountable for these factors, thus, modified C 
sources or nutrient accessibility and absorption of inorganic and organic competition. 
Furthermore, many enzyme activities, water retention, and infiltration properties or 
changes in hold architecture can impact functional microbial ecology. In other words, 
modifications of soil activities could be appearing as a result of the modifications of 
microbial community structure, plenty, actually, and metabolism. The mineralization 
or oxidation of biochar itself will be impressed by the modifications of microbial 
attributes. 

Nevertheless, these soil activities apparition on several features, containing the 
quantities of available present C sources, the absorption of organic C of simple 
deterioration, the current of stable biochar, or the impact of pH and phenolic mate-
rials on the microbial community. Furthermore, biochar can enable the microbially 
induced alternations of nutrients in the soil. Moreover, microorganisms could create 
ethylene in fresh biochar, related to reducing N2O and CO2 emissions [71]. So, 
after biochar treatment, the improvements of microbial functional operations could
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decrease dictation of gaseous nutrient emissions, preserve nutrients, and facilitate 
nutrient cycling. 

The Impact of Biochar on Beneficial Soil Organisms 

Biochar has been the carbon-rich byproduct produced when biomass is heated in a 
sealed container with little or no accessible air with the goal of modifying soil and 
resources to intercept carbon (C) and hold or improve soil functions [59]. Biochar 
addition to soil has a major effect on crop yield and root colonization by microor-
ganisms (e.g., mycorrhizal fungi) and nematodes [116]. Interactions among biochar, 
soil, microbes, and plant roots were known to arise within a bit after usage in the 
soil [59]. Apparently, to [59], Dissolution, hydrolysis, carbonation, decarbonization, 
hydration, and redox reactions are the main methods affecting soil biochar weath-
ering and interactions by soil microbiota. The prices at which these responses arise 
are related to the nature of the comments, kind of biochar, and climatic circum-
stances. Biochar can impression physical and chemical attributes and also useful soil 
microorganisms similar to bacteria, fungi, and invertebrates in field and laboratory 
surroundings [116]. Biochar has too been shown to raise nutrient accessibility at a 
more prolonged period rate by improving nitrogen (N) mineralization or nitrifica-
tion [117, 118] as a result of enhancing microbial development and activity [31] and 
by decreasing soil nutrient losses due to its great ion interchange inclusion [119]. 
Several prior research have demonstrated that biochar has a good impact on soil 
fertility and can boost plant development [42, 120, 121], thereby having a devious 
positive impact on net ecosystem C perception. 

As a soil repair, biochar can increase microbial biomass [128], increase soil micro-
bial activity [35], and change the microbial community in soil [94]. Biochars utilized 
in soil may have an impact on soil microbial community structure due to their high 
attraction valence [35], changing soil pH [129], and microbial environment adjust-
ment. According to Lehmann [35], biochars include polycyclic aromatic hydrocar-
bons and other hazardous carbonyl chemicals that may have bactericidal or fungicidal 
properties. 

Biochar Impact on Rhizosphere Microorganisms 

The effect of biochar on the issue and biomass of microorganisms and their produc-
tiveness in colonizing plant roots were maximum. It may be related to the kind of soil 
which has been established. Biochar may enhance the biomass of microorganisms 
and their activity in soils. Kolb [122] noticed that enhancing doses of charcoal gain 
the populations of soil microbes as measured by their break activity.
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Biochar—Microorganism Interaction 

Biochar impacts the soil microbial actuality and biomass, alters the bacteria in the 
soil to fungal relationship and soil enzyme activity, and transforms the microbial 
community [123]. Biochar application may significantly alter the microbial commu-
nity structure even when it does not change the overall microbial activity and biomass. 
To understand the microbial responses to biochar, use in soils, gene version numbers 
serve as a more sensitive metric than microbial biomass [131]. Biochar exposes 
synergistic interactions to microorganisms by performing as an original of nutrients, 
enabling microbial colonization, giving microbial region, and removing/reducing 
contaminant toxicity from the nearby environment [124]. During the same period, 
several antagonistic impacts of biochar, such as distribution of remaining adverse 
elements/chemicals and immobilization of chosen nutrients, are also introduced. 
The efficiency of biochar to increase microbial remediation of organic contaminants 
would thus belong on the pure impact of the upper synergistic and antagonistic 
impacts and change from condition to condition (Fig. 15.3). 

Several techniques were used to experiment with microbial activity and commu-
nity structure, including fluorescence in situ hybridization (FISH), phospholipids 
fatty acid quantitation (PLFA), and the molecular fingerprinting of 16S rRNA

Fig. 15.3 Suggest mechanisms of biochar-microbe interactions and the environmental effects of 
biochar 
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gene fragments. Alternation in the comparative plenty of Acidobacteria, Actinobac-
teria, Gemmatimonadetes, and Verrucomicrobia was frequently discovered using 
numerous-by sequencing, under treatment with biochar [125, 126]. 

The connection between biochar and microbes is shown in the middle round 
region, while the wall four boxes illustrate the effects of their interaction on carbon 
analysis, soil activities (elemental cycling), pollutant degradation, and plant devel-
opment. Interactions among the biochar and the microbes and its impacts contain 
the following: (1) biochar may function as a microbial refuge with its pore mech-
anism; (2) via absorption of nutrient cations through functional groups, biochar 
may amend soil cation exchange valence and hold nutrients for microbial develop-
ment; (3) Biochar’s free radicals and volatile organic chemicals may be poisonous 
to numerous soil bacteria, preventing soil-borne diseases, and paying attention to 
plant development; (4) Biochar has the potential to affect soil properties (such as pH, 
water value, and aeration conditions) as well as the growth template of soil bacteria; 
(5) Biochar has the potential to adsorb enzyme molecules and boost soil enzyme 
operations and elemental durations; (6) Biochar may adsorb and increase the hydrol-
ysis of signaling molecules, disrupting microbial relationships and altering microbial 
community mechanisms; (7) biochar may raise the absorption (via biochar level func-
tional groups) and degradation of soil contaminants (facilitated via electron conduc-
tion among biochar, microbes, and contaminants), which may decrease the toxicity 
of contaminants to soil microbes. The interactions among biochar and soil microbes 
may change the microbial community and their metabolic pathways (which may 
be revealed by metagenomics resolution of microbial DNA sequencing), resulting in 
variable soil activities. There are interactions between various environmental impacts 
as good. 

The Microorganism Pattern in Soil Health Progress 

Soil microorganisms are active soil engineers, positioning the soil for plant devel-
opment by making nutrients available and key development regulators efficient. 
They also help with organic matter transformation and xenobiotic breakdown in 
the soil [127]. Inherent microbial communities provide various functional roles in 
adhering and absorbing mineral nutrients to physical levels, as well as decomposing 
organic wastes, to produce a section of soil [128–130]. The full roles of plants and 
microbes are property to the combability of soil for agriculture and farming [131]. 
It is outstanding that even little human interventions, such as the excess of sewage 
mud provided to gain the soil inhabitant microbial crowd of Proteobacteria and 
Bacteroidetes in bauxite productive access regions and increased the producer of 
soil organization [132]. Another from the soil establishment, the process of nutrient 
cycling, a necessary section to retain soil fertility, is steered by microbes in several 
biogeochemical cycles [133]. 

The application of rhizosphere bacteria to amend soil fertility instead of chem-
ical fertilizers has been encouraged to achieve supportable plant development [134].
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The amelioration of plant efficiency is an assembled procedure, including interac-
tion with particular microbes or consortiums. Novel approaches import symbiotic 
engineering relationships to the construction of nonlegumes and other main crops 
to make nitrogen [135, 136], thereby converting them into soil fertility-contributing 
plants. This will importantly amend the global food provisions and assistance to meet 
sustainability goals. 

The achievement of a chosen microbial inoculum relies on its might to prosper 
and function along with the autochthonous microbes and the abiotic ingredients of 
that habitat [128]. The duration and strangeness of the microbe in the soil hinge 
on how it interacts with other biotic ingredients in the ecosystem, and frequently, 
plant interactions with microbial consortia are rather impressive than signal microbes 
[137, 138]. So, soil fertility is undoubtedly associated with microbial diversity and 
its development-promoting qualities [139]. 

Microorganism Bioengineering for Soil Health Improvement 
Through Remediation 

Genetic engineered ones could be engaged for further efficiency due to the damage 
to native microbes in acclimatizing to the novel environment and performing depres-
sion of pollutants efficiently [140]. These engineered microorganisms may efficiently 
remediate most contaminants, which natural native microbes cannot degrade. A 
confine of molecular tools is accessible for making GMOs like biolistic change, elec-
troporation, conjugation, horizontal conduction of bacterial DNA, molecular cloning, 
and shift in protoplast. Transfer and expression of new genes with great degradation 
valency minimize the remediation period. Engineered microbes may remediate a 
variety of substances similar to toluene, octane, and amplitude of microorganisms 
in charcoal enhanced soil naphthalene, salicylate, and xylene by expressing genes 
encoded in the bacterial plasmid [141]. 

Interactions of Biochar and Microorganisms in Soil 

Biochar affects soil microbial activity and biomass, converts soil bacteria to fungus, 
increases soil enzyme activity, and changes the microbial community [134, 150, 151]. 
Even when microbial activity and biomass are not alternated, the use of biochar can 
modify the microbial community mechanism. To more effectively translate microbial 
responses to biochar use in soils, gene version concerns may serve as a more sensitive 
metric than microbial biomass [142].
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Biochar Attribute as a Possible Effective Microbial Transport 

Biofertilizers (rhizospheric beneficial microorganisms) have emerged as a feasible 
supplement to fertilizers in improved soil productivity in supportable agricultural 
systems. Plant development-promoting microorganisms can be incorporated into 
agricultural soils with the help of a suitable carrier matter capable of deploying 
enough viable populations of the microorganisms to carry out strategic patterns like 
phosphate solubilization, nitrogen fixation, phytohormone synthesis, humification, 
and plant conversion. Characteristics of a good carrier (simple processing and steril-
ization (autoclave, irradiation); non-toxicity for microbial and/or plant inoculum; 
moisture absorption; availability in sufficient quantity; high organic matter and 
nitrogen value; low cost; pH buffering capacity granular particles, porosity, surface 
characteristics, carrier-microbe mixture consistency) [143]. 

Microorganisms as Biofertilizers 

Due to the upper-mentioned subjects relevant to chemical fertilizers and pesticides, 
there has been a significant growth in tolerable agriculture using rather ecological 
and obvious ways, such as biopesticides and biofertilizers. Under optimal conditions, 
biofertilizers can also be inoculated on grains in the roots of various production plants, 
and they can also be applied to the soil immediately [144]. Biofertilizer is a material 
that includes habitats microorganisms that, when practical to seed, plant levels, or 
soil, mobilize the accessibility of nutrients, particularly by their biological activity, 
and advance plant development [145]. Biofertilizers improve nutrients by naturally 
fixing atmospheric nitrogen, solubilizing phosphorus, and stimulating plant growth 
through the incorporation of growth-promoting substances [146, 147]. They may be 
grouped in several routes, supported by their nature and subordinate. 

In this sense, the microorganisms, when practical to the soil or the plant, that aid 
enhance the accessibility of nutrients to production plants are known as biofertilizers, 
which are eco-friendly and inexpensively means to chemical fertilizers [148]. Several 
microorganisms utilize different strategies such as stabilization /mobilizing/recycling 
nutrients in the agricultural ecosystem to be useful for the crops, improving plant 
development and fertility [149]. 

The plant rhizosphere, the capillary area of soil comprehensive the root mechanism 
of growing plants, is colonized by a large confine of microbial taxa, out of which 
bacteria and fungi contain the most many groups [150]. Free-living soil bacteria 
that prosper in the rhizosphere colonize plant roots and comfort plant development 
are designated as plant-development-promoting rhizobacteria that produce and hide 
different regulatory chemicals in the plant roots’ presence assist in plant development 
promotion [151, 152]. 

Bacteria and fungi that inhabit the rhizosphere may subordinate as bio fertilizers 
that cultivate plants’ development and growth by comforting biotic and abiotic stress
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tolerance and suffering host plants’ nutrition. They may subordinate biopesticides 
because many microorganisms kill insects and other pests that threaten crops. More-
over, microorganisms have the capability to reduce and resolve adverse organic also 
mineral composed that stack in the soil as contaminating matters, which are the result 
of plenty of processes containing agriculture practices. They use the bioremediation 
function, gaining soil and plant safety [153]. 

Bacterial biofertilizers are a type of bacteria that aid in the stabilization of various 
nutrients required for plant development in soil [154]. They may repair nitrogen, 
solubilize phosphorus, potassium, or other micronutrients, and conceal organic 
substances that suppress plant diseases or promote plant development. Examples 
of the most favorite bacterial biofertilizers that have been practical are Azotobacter, 
Azospirillum, Rhizobium, and Bacillus, among others, as shown in Fig. 15.4 [155, 
156]. 

Rhizobium is utilized in legume crops, while Azotobacter and Azospirillum are 
employed in non-legume crops. Acetobacter has a strong preference for sugar [157]. 
Using these bacteria as biofertilizers to promote plant development and crop effi-
ciency, improve soil productivity, and control phytopathogens promotes support-
able agriculture by showing eco-friendly means to synthetic agrochemicals, such as 
chemical products and pesticides.

Fig. 15.4 Different types of organic fertilizers 
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The fungal biofertilizers form a symbiotic communication within the plant roots. 
Such communication is called mycorrhiza, which allows the distribution and attrac-
tion of nutrients, mainly phosphorus. Certain nutrients cannot spread easily into the 
soil, and the roots empty these nutrients from the comprehensive area. Arbuscular 
mycorrhiza is useful soil fungi that form a symbiotic communication with plants 
and plenty of crops through the roots of vascular plants [158]. The hyphae of these 
fungi develop in the evacuation area, enhancing the attraction level of plants and 
improving the availability of nutrients [159]. The symbiosis of arbuscular mycor-
rhiza fungi improves the plant rhizosphere microenvironment, gain the attraction of 
mineral elements by the plant, enhances stress and disease opposition, and cultivates 
plant development [160]. 

The usage of microbial biofertilizers has various benefits, as mentioned above, 
such as their simple application and down cost and their use impacts on soil and plants. 
However, several competitors have prevented their wide and prosperous application. 
Firstly, a primary good laboratory screening is necessary to search for a good and 
particular biofertilizer strain. In addition, making and quality control of biofertil-
izers import artificial technology and eligible and trained human resources, together 
with loss of sufferance financial resources to spread and the unacceptability of suit-
able transportation services along with storage facilities, construction it an involved 
method from the starting to the end. It must be highlighted between the basic matters 
that may be found, containing the needy kind of crops, the application of unproper 
strains, the little shelf life, the loss of qualified technical staff, the loss of awareness 
between farmers, and environmental restrictions, etc. [161]. Microbial strains shall 
be good to survive in soil, become with the production on which they are inoculated, 
and interact with native microflora in soil and abiotic effects to be effective and 
prosperous bio inoculants. 

Biochar Amendment with Microorganism 

The biological amendment of biochar may be achieved by pre-treating the feedstock 
with anaerobic digestion and making a film on the inner and outside levels of biochar 
[162]. Digestion of damaged matter by aerobic and anaerobic bacteria gains the 
economy by generating bio-fertilizers and biofuel. Biochar generated from bacterial 
digestion action a key pattern in improving hydrophobicity, CEC, and level region and 
is frequently employed to delete heavy metals, pharmaceuticals, and contaminants 
from polluted soils by expanding biofilms [163, 164]. Biochar-changed bio asphalt 
improves biomass usage and increases environmental conversion [165].
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Biochar Quality Variations as a Soil Modification 

Biochar crops from various sources change largely in characteristics and functions 
valence as a soil modification. Biochar is created from biomass matters using the ther-
mochemical technique pyrolysis, through which organic residues are heated in O2-
graties or many finites, ambient pressure environments for some time to be carbonized 
into charcoal, with the efficiency of pyrolysis bio-oil and syngas as by crops [166]. 
Forest waste, production debris, food processing losses, and manures containing 
sewage muck and biosolids are all used as joint biochar feedstock. These biomass 
matters are important variations in organic and ash compositions, attributing to the 
notable modality conversions of the resulting biochar crops. Carbonization (pyrol-
ysis) causes significant penetration of biochar quality attributes. Three parameters 
are generally applied to administer the carbonization situations: pyrolysis (peak) 
temperature, solid habitation period, and heating rate, stretching to a large confine 
of values [167]. A high temperature speeds the carbonization process, allowing the 
pyrolytic transformation of biomass to achieve a deeper surface and be perfect in a 
short amount of time [168, 169]. Biochar crops result from incomplete pyrolysis and 
contain considerable amounts of uncarbonized carbon (i.e., with the crystalline iden-
tity of the pioneer matters) [170, 171]. Biochar is the principal crop of slow pyrolysis 
and is still the crop of fast pyrolysis (pyrolysis bio-oil) and gasification (pyrolysis 
with mild oxidation—syngas). Carbonization conditions (temperature, considerable 
occupancy period, and heating rate) can be rectified using any of the three ther-
mochemical strategies to enhance main crop output. Even with several feedstocks, 
gasification and rapid pyrolysis biochars have less OC and a higher cinder value than 
products from slow pyrolysis. 

Plant Development and Soil Microflora Stimulation 

Many reports show that biochar can stimulate the soil microflora, resulting in greater 
carbon accumulation in the soil. Besides adsorbing organic materials, nutrients, and 
gases, biochars may suggest a region for bacteria, actinomycetes, and fungi [105]. It 
has been claimed that rapid heating of biomass (fast pyrolysis) will result in biochar 
with fewer microorganisms, smaller pores, and relatively liquid and gas compo-
nents [172]. Water containment growth after biochar application in soil has been 
successfully established [182], which can affect soil microbial communities. Biochar 
creates an ideal environment for important and diverse groups of soil microbes. 
The interaction of biochar with soil microbes, on the other hand, is an ongoing 
phenomenon. 

Applying biochar enhanced mycorrhizal production in clover bioassay plants by 
providing the appropriate situations for colonization of plant roots [173]. Warnock 
[119] summarized four systems through which biochar may influence the functioning 
of mycorrhizal fungi: (i) variation in the physical and chemical properties of soil,
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(ii) devious effects on mycorrhizae via offer to other soil microbes, (iii) plant fungus 
signaling interposition and detoxification of toxic chemicals on biochar, and (iv) 
providing shelter from mushroom browsers. 

Biochar-Microbe Interaction Mechanisms in Soil 

Biochar has an effect on soil microbial activity and biomass, changes the soil bacteria-
fungi connection and soil enzyme activity, and changes the microbial association 
mechanism [130, 133, 134, 150, 184]. The use of biochar can change the mecha-
nism of the microbial community even if it does not affect the microbial activity or 
biomass. Concerns about gene version may be a more sensitive metric than microbial 
biomass in interpreting the microbial response to biochar application in soils [142]. 
Several techniques, including ergosterol production, quantitative actual-period poly-
merase chain reaction (q-PCR), fluorescence in situ hybridization (FISH), phospho-
lipid fatty acid quantitation (PLFA), molecular fingerprinting of 16S rRNA gene frag-
ments using denaturing gradient gel electrophoresis (DGGE) and terminal restriction 
fragment length polymorphism (TRFLP), and high-throughput sequencing, are used 
to investigate microbial activity and community mechanisms [126, 142, 174–176]. 
Changes in the relative abundance of Acidobacteria, Actinobacteria, Gemmatimon-
adetes, and Verrucomicrobia with biochar treatment are largely detected utilizing 
high-throughput sequencing [125, 126]. By using these techniques, the effects of 
biochar in soil improvement can be investigated [126, 142, 174–176]. 

Biochar Provides a Haven for Microorganisms 

The advantages of biochar for microorganisms is that biochar may act as a shelter for 
microbes due to their mechanism [65]. The benefits of biochar for microorganisms 
include the ability of biochar to act as a sanctuary for germs due to its mechanism 
[177]. However, the colonization of bacterial cells and fungal hyphae is spatially 
heterogeneous among the biochar’s outside and inner pores [65, 178]. Three possible 
mechanisms have explained several patterns of microbial colonization in biochar 
surfaces and pores: (1) biochar pores have better nutrient availability than natural 
soil pores, (2) biochar pores may interact with soil organic matter (such as humic 
acids) be closed (3) Hazardous substances such as PAHs can be found in biochar 
(especially in fresh biochar) [65, 107, 179]. Microbial colonization on the surfaces 
and pores of biochar is also related to the aging process of biochar, which can be 
considered as temporal heterogeneity [65].
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Biochar Provides Nutrients for Soil Microorganisms 

Biochar contains nutrients (such as potassium, magnesium, sodium, nitrogen, and 
phosphorus) [191, 192] and enhances soil nutrients due to its large surface area, 
large pores, and negative charge [193Cation exchange valency (CEC) is an impor-
tant indicator of a soil’s ability to retain cationic ions and accumulate nutrients to 
support microbiological activity. The modified soil CEC that occurs from biochar 
application reflects a superior nutrient maintenance ability and a decreased nutrient 
loss via leaching, which is beneficial for soil microbial activity [126], particularly 
for microorganisms living in soils with a low organic matter content [64, 194–196]. 

Biochar provides nutrients to soil bacteria by absorbing nutritional cations and 
inorganic anions through its area functional groups, notably oxygen-containing 
groups such as the carboxylate group [180–185]. 

Studies Have Noted the Positive Effect of Biochar 

CEC at low and medium pyrolysis temperatures Several studies have shown that 
CEC of biochar increases with pyrolysis temperature [120, 184, 186]. Species and 
pyrolysis design parameters, including temperature, heating rate, and holding length, 
primarily distinguish biochar functional groups and, consequently, biochar’s poten-
tial to increase soil CEC [186–189]. In one study, biochar CEC was shown to be 
pH-dependent, increasing from low to neutral pH values [126], indicating possible 
interactions between pH and CEC transformation in biochar-treated soils. Further-
more, interaction between biochars and soil minerals may be responsible for the 
high-period retention of minerals during biochar aging [190]. Biochars are often 
lower in available carbon for microbial use because they have a better C/N ratio 
than their feedstocks and are difficult to reduce with microbes due to the loss in 
N accumulation. Bacteria and fungi are distinguished by their carbon origins and 
different tolerances to environmental factors such as pH and water position [176, 
191]. Some biochar compounds are known as microbial repressors, and they include 
benzene (the dominant product of pyrolysis prior to glowing combustion of char), 
methoxyphenols and phenols (the crop of pyrolysis of hemicelluloses and lignin), 
carboxylic acids, ketones, furans (which are commonly presented as sorbet VOCs 
on biochar), and PAHs [192–194]. 

Biochar Modifies Microbial Habitats 

Biochar may improve microbial habitats by increasing the physical properties of 
the soil. Biochar porosity may reduce soil bulk compaction, increase soil aeration 
[82], and control the transport of soil microorganisms in biochar-amended soil [177].
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Biochar may enhance the accessible water amount that penetration nutrient avail-
ability to microbial cells [78]. In addition, the biochar may enhance water value 
at the constant wilting part, which displays the ability of biochar, Due to its high 
porosity, it is difficult for plants to retain water. Water conservation in this strategy is 
especially valuable in sandy and damaged soils [78]. In addition, biochar is an alter-
native to water holding capacity, which has a stronger ability in soil to retain water 
compared to dry and wet cycles in the natural environment, which may encourage 
the maintenance of a constant microbial activity [195]. Pyrolysis parameters (espe-
cially temperature, heating rate, and time) and raw material compositions (eg, lignin 
and lipid concentrations) used to create biochar govern porosity, carbon stability, 
and nutrient uptake [177, 187, 196]. The role of biochar in improving soil properties 
and microbial habitats can be linked to the feedstock types and pyrolysis procedures 
employed in biochar production. 

Biochar Changes Soil Enzyme Activity 

Enzymes catalyze the majority of the elemental efficiency in soil, which describes 
nutrient bioaccessibility and contains a yield of C, N, P, and S. Soil enzymatic activ-
ities respond faster to soil management than other soil changes, and soil problem is 
a sign of biological changes and soil quality [197]. In the organic material analysis, 
decreased microbial abundance and soil enzyme activity may enhance C breakdown 
[198]. Possible systems involved in biochar influence on enzyme activity (1) Biochar 
adsorbs extracellular enzyme molecules and/or layers on the level or limits enzyme 
responses [215], thereby reducing their external dependence on layers [199]; (2) 
biochar penetrations enzyme activity with alters in soil physiochemical attributes 
(especially pH) [200]; and (3) Biochar produces a number of small compounds that 
are thought to serve as allosteric regulators or inhibitors of specific enzymes (for 
example, putative up-regulation of -N-acetylglucosaminidase activity with ethylene) 
[201]. The absorption (binding) of enzymes on biochar and soil organic matter can 
change the kinetic properties of enzyme activity [218, 219], and this is the most 
important system regulating soil enzyme activity [200]. 

The sorption efficiency of the enzyme and layers operations on the biochar mech-
anism: sorption of enzyme molecules on biochar levels is considered to be driven by 
non-coulombic forces among the primrose areas of the protein and the primrose areas 
of the biochar levels, and the sorption of little molecular polar layer (e.g., a disaccha-
ride) on charred fractions (mainly activated carbon) is stabilized through hydrogen 
bonding to polar level groups (e.g., COOH, SO4H, PO4H) on the sorbents [202]. 
Alternations in level functional groups in aged biochar change the sorption valence 
of enzyme and layer, thus impacting enzyme activity [203]. Biochar may reduce the 
activation energy (Ea, which is related to an enzyme’s temperature sensitivity) of 
an enzyme-catalyzed response and adjust the enzymatic sensitivity to temperature 
changes (in terms of Q10), resulting in higher b-glucosidase and arylsulfatase activity 
[199].
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Soil enzymes, on the other hand, respond quickly to soil management (e.g., organic 
material modification) [213], therefore changes in soil characteristics caused by 
biochar use should be considered For the third mechanism, biochar inhibitors may 
participate in enzyme-catalyzed responses as well: for example, following pyrolysis, 
plant biochars may liberate an issue of benzofurans, polycyclic fragrant hydrocar-
bons, and heterocyclic compounds, which are inhibitory compounds to soil enzymes 
[202]. 

Biochar Reduces the Toxicity of Pollutants for Soil 
Microorganisms 

As a soil conditioner, biochar may reduce the toxicity of soil pollutants to soil 
microbes [221]. Immobilization of soil pollutants (containing hard elements such 
as Al, Cd, Co, Cr, Mn and Ni as well as biological pollutants and PAHs) on biochar, 
and thus reducing their bioavailability, may be the main reason for reducing the 
toxicity of pollutants. soil to microbes and increase microbial biomass [204–206]. 

Biochar for Sustainable Soil Management 

Soil depression is a critical menace to the global environment and the United 
Nations Sustainable Development Goals [207, 208]. Sustainable soil management is 
called for by many stakeholders [209–211]. Biochar is constructed from the pyrol-
ysis of biomass under an oxygen-confined environment. The sense was brought 
about a decade forward, but its factual application may date behind pre-Columbian 
Amazonians [212]. 

Biochar for Soil Remediation 

Soil contamination by different heavy metals and metalloids is largely divided 
[213, 214], offending the public and creating disproportionate safety matters for 
disadvantaged groups [215, 216]. Biochar is impressive in immobilizing heavy 
metals containing Cd, Pb, etc. [217, 218]. Different amendment strategies have been 
prospected to strengthen the immobilization ability of biochar manufactured from 
a diverse feedstock [219, 220]. Besides the remediation of heavy metal polluted 
soil, biochar has as well as been a prospect to address different kinds of degraded 
ground. Biochar was used to comfort the rehabilitation of coal mine spoils [221]. 
Therefore, supportable soil management will need biochar matter to be high-tough 
and sustainable.
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Biochar for Nutrient Management 

Biochar is created from biomass containing many nutrient elements, such as nitrogen, 
phosphorus, Sulphur, and potassium. Pending pyrolysis and/or weathering opera-
tions, these elements may be transformed into mineral forms instead of bioacces-
sibility. Much research has focused on applying biochar as a nutrient enhancer or 
another nutrient preparatory. Moreover, biochar may maintain some nutrients, thus 
decreasing nutrient damage through leaching or gaseous transpiration. The last meta-
analysis showed that biochar only does not gain production in crops. However, when 
combined with mineral fertilizers, biochar could achieve a production yield of 15% 
compared to inorganic fertilizers [222]. Biochar may as well as change nutrient 
interaction, explaining the feasibility of nutrient optimization [223]. Biochar main-
tenances many promises for this matter may be constructed by a decentralized plain 
complex-up in one’s backyard or farm field [224], similar to what ancient people have 
accomplished. Research advance on this forefront may profit millions of smallholder 
farmers [225, 226]. 

Biochar for Soil Health 

Healthy soil and supportable agricultural action advance biodiversity [227, 228], 
which major increases necessary ecological services [229]. Biochar may change the 
physicochemical attributes of soil in many manners, thus improving soil health. For 
instance, biochar may improve soil addition release, water supply capacity, and soil 
compression. It is essential to comprehend further the effects impacting the period 
of biochar’s impact, and plan optimized use strategies accordingly. 

Biochar for Climate Alteration Reduce 

Soil shows the more incredible earthly carbon pool [230]. Soil carbon storage is 
impacted by farm management strategies [141, 231, 232], and soil microbial activities 
may as well as affect the transpiration of N2O [219, 233, 234], a greenhouse gas 
with 298 periods of atmospheric heat-trapping capability of CO2 [235]. Biochar use 
enhancement soil organic value in soil, resulting in carbon analysis [236]. Biochar 
surplus could reduce N2O transpiration induced by chaff reflux [237];. However, the 
biochar dosage needs to be optimized for great biochar dosage was found to decrease 
nitrogen maintenance and nitrogen application by productions [238].
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Response of Microbial Populations to Soils Amended 
with Biochar 

Biochar exhibits a range of physicochemical properties due to feedstock plantings, 
pyrolysis circumstances, and amendment processes (such as activation, magnetic 
amendment, and acid/basis treatments) [35, 239, 240]. Despite extensive research 
into the chemical and physical properties of biochar, the effects of biochar on soil 
biological functions remain unknown. Comprehensive effects of biochar on soil 
biological activities would necessitate long-term monitoring and investigation of 
changes in natural science properties in biochar-improved soils. The use of biochar 
will have cumulative effects on the natural science properties of the soil, including 
interactions between living and non-living factors and increasing their activities in the 
soil [124]. Over the preceding two years, studies have revealed that biochar-soil use 
could alter soil biological properties by enhancing soil microbial functional activities 
[241], (Fig. 15.5). Furthermore, the effects of biochar on soil biological character-
istics as influenced by other soil organisms and crops were investigated [199, 242]. 
Because soil microorganisms play an important role in soil ecosystem functions 
and services (e.g., driving biogeochemical cycles, suppressing pathogens, and main-
taining soil growth and health), the next phase of biochar research should focus on 
long-term effects. The use of biochar should focus on soil biota and soil health. It 
is critical to investigate the potential of biochar to improve soil quality in the face 
of future environmental changes [243]. Bacteria, fungi, nematodes, algae, archaea, 
actinomycetes, bacteriophages, and protozoa are all found in soil. These bacteria are 
involved in a variety of beneficial soil processes, including nutrient recycling, organic 
material recombination, soil-mechanism organization, discharge of plant develop-
ment advancements, organic pollutant degradation, and disease suppression [244]. 
Soil microbial functional processes and community mechanisms may be useful in 
differentiating the impacts of biochar on soil biological characteristics.

Future Research Directions 

Considering the physical, chemical and biological effects of biochar on soil discussed 
in this chapter, we suggest the following areas for further research:

1. The majority of studies have focused on the possible quantities of biochar 
employed in modifying soil fertility in relation to changing soil physicochemical 
characteristics. It is also important to test the value of which C-rich matter in 
modifying soil health via its effects on microbial variety and operation. 

2. By revealing the type of biochar as well as the soil species and composition 
of microorganisms, microbial interactions with soil and plants can be dramat-
ically altered. Consequently, investigating the interactions of microorganisms 
with different biochar processes, different prices of biochar use, and different
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Fig. 15.5 The effect of biochar on soil microorganisms and the microbial response to biochar use 
is shown schematically

types of plants in the above period is critical to recognize the value of biochar 
effects on soil microorganisms over time and under different conditions.

3. So far, research on biochar and microbial activities and interactions in soil has 
relied on small-scale laboratory incubations and greenhouse pot observations. It 
is recommended that a large-scale field experiment be conducted to study high-
periodic soil-plant interactions with microbes as affected by biochar application, 
with temporal variations in such high-periodic research. 

4. Based on this chapter and other articles, a major study using biochar as a growth 
promoter of specific soil microorganisms to achieve a desired goal (such as 
promoting soil nutrient cycling) should use customized biochar (actively Select 
biochar raw materials and production status). 

5. It is difficult to isolate the impacts of biochar on a specific soil biological exclu-
sivity or a specific soil microorganism in a microbial relationship. Artificial and 
sectioning-border analytical procedures like fluorescence in situ hybridization 
(FISH) and nanoscale secondary ion mass spectrometry (NanoSIMs) may be 
adopted to help improve theoretical science in this regard. 

6. The adoption of high-resolution molecular-based techniques such as PLFA, PCR, 
DGGE, TGGE, and DNA and RNA analyzes are needed to identify families, 
genera, or even surface types, which will be useful for developing comprehensive 
microbial mechanisms with biochar in improving soils.
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Conclusions 

Biochar may have direct effects on microbial and biomass development and help 
reduce pollutant risks in water and soil to a level suitable for human health and the 
environment. Biochar usage for the recovery of agricultural soil attributes and as 
an ecologically secure sorbent for the polluted soil immobilization has considerable 
possible. The effectiveness of its application to a significant extent depends on the 
pyrolysis situation, the biochar precursors, and soil attributes. The surplus of biochar 
may impact the soil attribute to a great extent. For a further comprehensive biochar 
effect system on the soil and microorganisms, it is essential to expand only the pattern 
of biochar experiments containing the list of parameters that much be studied. Before 
the beginning of current biochar application in agricultural function, it is essential 
to expand the international standards on possibly toxic pyrolysis yield value also the 
manners of removing possibly negative impacts by the alternative of pre-acting of 
biochar. The major research on biochar interactions with microorganisms and their 
composed extension in the soil will permit the use of many useful and ecologically 
safe instruments for soil remediation if acknowledge biochar of great modality is 
used. 
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Chapter 16 
Methanogenesis and Its Role 
in Climate-Change Alleviation 

Shahnaz Anjum, Asma Nazir, Bisma Farooq, Madeha Farooq, 
and Shayista Yousuf 

Abstract Methanogenesis is the biological generation of methane (CH4) by anaer-
obic microbes belonging to the Archaea domain, also known as methanogens. Under-
standing how microbial methanogenesis reacts to temperature is crucial for antici-
pating how this powerful greenhouse gas will interact with climate change. Microor-
ganisms in the environment play a significant role in both global and terrestrial 
methane emissions and sinks. Climate change mitigation efforts strive to reduce and 
prevent the emission of harmful greenhouse gases. Researchers have expanded on 
the importance of methylotrophic communities in global carbon cycle and reducing 
the influence of greenhouse gases such as methane, carbon dioxide, water vapours, 
and indirectly carbon derivatives in the environment because of their function in 
climate change mitigation. The positive response of the methylotrophic community 
is therefore changing the warm ground surface to cooler temperatures, resulting in 
a more adaptable habitat for species to survive. The reaction of respiratory carbon 
(C) emission to temperature change can be reduced over time by a compensatory 
thermal response in microbial activity. The mass-specific CH4 respiration rates of 
the methanogens drop with warming and rise with cooling, implying that micro-
bial methanogenesis has temperature-dependent compensatory responses. However, 
a complete mechanistic understanding of the reaction of methane cycle to global
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warming is still deficient. This chapter discusses the role of the methylotrophic 
community in reducing greenhouse gas emissions that cause climate change. 

Introduction 

For more than 12,000 years, the global climate has been steady, and this stability is 
essential to human survival [1]. However, throughout the past century, the average 
global temperature surged up by 1.5 °F, and within the next 100 years, it is predicted 
to rise by an additional 0.5–8.6 °F. This is a critical problem since even little changes 
in the average global temperature can lead to significant changes in the climate and 
weather [2]. According to the IPCC’s most recent Fifth Assessment Report, it is 
very likely that human activity is to blame for the phenomena of climate change 
that have been seen over the past few decades. Without a doubt, since the 1950s, the 
atmosphere and the seas have warmed, the amount of snow and ice has decreased, 
the sea level has risen, and greenhouse gas concentrations have pitched in a way 
that hasn’t happened in centuries or millennia [3]. Emitted greenhouse gases are 
the primary determinants of anthropogenic radiative forcing. Together, CO2, CH4, 
and N2O account for more than 80% of the total radiative forcing (the cause of the 
greenhouse effect), and their present concentrations and rates of growth are higher 
than those seen in the previous 800,000 and 20,000 years, respectively [4]. While 
CH4 (1.804 ppm) and N2O (0.324 ppm) have far higher warming potential than CO2, 
which is by far the most prevalent greenhouse gas (GHG) in the atmosphere (390 ppm; 
without accounting for H2O), this has moved research focus and potential mitiga-
tion techniques towards these non-CO2 GHGs [5]. At the moment, one of the most 
complicated challenges in the world is climate change, which has implications for the 
scientific, economic, social, political, moral, and ethical realms [49]. It is primarily 
brought about by the impacts of four greenhouse gases—carbon dioxide, methane, 
nitrous oxide, and chlorofluorocarbons—having greater atmospheric concentrations 
[6]. The first three gases that are released as a result of microbial activity have a 1, 12, 
and 298 year atmospheric lifespan and a 100, 25, and 114 year global warming poten-
tial, respectively (Center for Climate and Energy Solutions, USA Web site). Natural 
ecosystems are seen to be carbon sinks, like the ocean and forest, and protecting them 
through silviculture and green technology is seen as another strategy to mitigate the 
problem. Through its efforts to mitigate climate change, United Nations Environment 
Protection (UNEP) plays a significant role in maintaining a low-carbon society on a 
global scale. To reduce greenhouse gas emissions, a variety of innovative technolo-
gies are used, including solar power, tidal power, hydrogen fuel cells, wind power, 
and geothermal power [7]. Processes like the flow of greenhouse gases are impacted 
by climate change, particularly changes in temperature and moisture content, in one 
of two ways: by altering the physiology of already existing microbial populations, 
or by altering the makeup of the microbial community. It is commonly acknowl-
edged that microbes influence the concentration of GHGs such as CO2, CH4, and 
N2O [8]. The microbial world is extremely significant in this context because it
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plays a crucial role in the carbon and nitrogen cycles and is engaged in the emis-
sion and removal of gases that contribute to climate change, such as carbon dioxide 
and methane [9–11]. In 2005, the average global CO2 concentration was roughly 
380 ppm, which was nearly 80 ppm higher than the previous record high over the 
previous 650,000 years [12]. Numerous changes in the global environment brought 
about by microorganisms have also impacted them [13–15]. In reality, a number of 
microbes may be impacted by climate change, which might have an adverse effect 
on the environment, the economy, and society [16, 17]. While heterotrophic microor-
ganisms break down organic substances to release greenhouse gases, photosynthetic 
microbes consume atmospheric carbon dioxide. The net carbon flow is primarily 
determined by the balance between the two processes, and it varies across different 
ecosystems based on climatic factors like temperature. As a result, microbial reac-
tions play a critical role in the earth’s carbon cycle since they not only lock up 
large amounts of carbon but also release it [18–20]. It is important to emphasise that 
most greenhouse gases, including CO2, CH4, and N2O, are produced by bacteria 
[21]. Methane (CH4) is a GHG that is released into the environment by some micro-
bial communities, including those found in termite guts, rumens, marshes, and seas. 
As a carbon source, methane may be used by microorganisms like methanotrophs, 
which helps to lower the amount of GHGs in the environment. There is a knowledge 
deficit about the major reactions of soil bacterial and fungal populations to climate 
change, despite their active participation in terrestrial ecosystem function. Microbes 
that use reduced carbon substrates without a carbon–carbon bond are known as 
methylotrophs. Methanotrophic bacteria include both methylotrophs, which do not 
consume methane, and methanotrophs (which consume reduced carbon substrates 
other than methane). Apart from methane, this functional group may use substances 
like methanol, methylamine, dimethylamine, formate, and formaldehyde as its only 
sources of carbon and energy, and it frequently participates in the global carbon 
cycle [22, 23]. Only 5% of the world’s atmospheric CH4 sink is accounted for by 
methanotrophs’ biological oxidation of CH4 [20]. Prior to being released into the 
atmosphere, up to 90% of the CH4 generated in the soil is additionally oxidised 
by methanotrophs [24]. Since there is less microbial variety and less evaluation of 
bacterial and fungal communities, there is a vacuum in our understanding of dryland 
environments in particular. By discussing and describing the impact of aridity change 
(a sort of climate change) to soil bacterial and fungal diversity, this gap is partly 
narrowed [25]. They examined the composition and abundance of distinct dryland 
ecosystems across all continents, with the exception of Antarctica, and came to the 
conclusion that as aridity increased, bacterial and fungal populations shrank. The 
composition and number of Chloroflexi and Proteobacteria increased as a result 
of this sort of climatic change, while Verrucomicrobia and Acidobacteria dropped. 
A potentially effective method of reducing the effects of global climate change is 
the management of the microbial ecosystem. The ecology and function of benefi-
cial microbial communities must be understood in order to be managed. Due to the 
simplified CH4 pathway and the involvement of specialist bacteria, the CH4 biocycle 
is easier to understand than other GHG cycles.
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Methane 

Methane (CH4) is one of the three primary greenhouse gases, along with carbon 
dioxide (CO2) and nitrous oxide (N2O), and it has a 25-fold greater potential to cause 
global warming than CO2. The ozone layer’s deterioration is also impacted by CH4 

[26, 27]. About two thirds of the worldwide CH4 emissions, or total anthropogenic 
methane, are caused by men [25]. According to a study, agriculture is responsible for 
47–56% of all anthropogenic CH4 emissions, of which 12–37% may be of enteric 
origin [6, 28–30]. After stabilising for a while, methane concentrations have been 
rising again since 2007, which is now ascribed to changes in climate-induced methane 
releases from natural wetlands. Methane contributes 17% of radiative forcing [9]. The 
primary sources of human-related methane emissions include domestic ruminants, 
rice fields, carbon mines, landfills, and the use of fossil fuels [25]. On the other hand, 
methane is also released naturally from sources including termites, wetlands, and 
seas [31]. Ruminants are the main producers of CH4 among animals. Their huge 
fore stomach, or rumen, features an ongoing fermentation mechanism. More than 
70% of the stomach’s capacity is taken up by the rumen, which has a volume of 15 
L in sheep and 100–150 L in cattle [32]. The primary source of methane synthesis 
is microbial fermentation of hydrolyzed carbohydrates, which is seen as an energy 
loss for the animal [33–35]. Ruminant CH4 generation is influenced by a variety of 
variables, including ruminant intake, feed quality and type, energy intake, animal 
size, growth rate, output level, genetics, and ambient temperature [36]. Ruminant 
methane emission lowers the effectiveness of nutrient uptake. Therefore, one of 
the most significant objectives for animal nutritionists is to manipulate the rumen 
microbial environment to reduce methane emission by ruminants and to increase their 
performance. Reducing ruminant methane emissions improves production, increases 
nutrient use efficiency, and lessens the impact of methane on global warming [8]. 

Carbon Cycling and Climate Change 

The global carbon cycle of different ecosystems on earth provides the best expla-
nation for the fluxes of carbon in the environment. As a component of life and one 
of the most plentiful substances on earth, carbon is also a key factor in determining 
the world’s climate, its unpredictability, and the availability of energy for humanity. 
In the end, CO2 is used by plants during the process of photosynthesis after being 
removed from the atmosphere by the bacterial and fungal breakdown of dead tissues 
and organic components. A crucial class of bacteria known as methylotrophs uses 
greenhouse gases like CO2 and CH4 to reduce the effects of global warming [37]. 
Along with the many other autotrophs, including plants and bacteria that can make 
photosynthetic material, methanogens are among the organisms that use CO2 as a 
source of energy. Heterotrophs use organic substances for growth as well, converting 
them to CO2. Through a variety of chemical processes, including methanogenesis,
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methanotrophism, carbon dioxide fixation, anaerobic respiration, and fermentation, 
the equilibrium in carbon cycling is maintained. Methylotrophic bacteria oxidise 
methane, the second most prevalent and strong greenhouse gas, together with its 
derivatives (methanol, formaldehyde, methylamine, dimethylamine, trimethylamine, 
and formic acids) [24, 36, 37]. Methane is the second most important gas after CO2 

in terms of its contribution to global warming and the destruction of the ozone layer. 
Methanogenesis in animals and the decomposition of organic matter are signifi-
cant contributors to global warming since it is a powerful greenhouse gas with a 
global warming potential 25 times greater than carbon dioxide [38]. Although it 
may not be a net contributor since it uses ambient carbon dioxide to form organic 
material, its ultimate impact is to turn that carbon dioxide into methane, a consider-
ably more powerful greenhouse gas. Degradation and decomposition are processes 
that methylotrophic bacteria use to keep the environment’s carbon cycle in check. 
Organic molecules undergo biodegradation, which releases CO2 into the atmosphere 
[1]. Prokaryotes, such as Actinomycetes, Arthrobacters, Pseudomonads, and Fermi-
cutes, in addition to methylotrophic bacteria, play a critical role in the biodegradation 
of hazardous carbon and carbon derivatives. These microbial communities react to 
environmental change sensitively by looking at the various microbial populations of 
soil, which are markers of climate change. Numerous anthropogenic activities and 
interferences, such as, deforestation, construction of industries, combustion of fossil 
fuels by vehicles, air and water pollution have an impact on climate change or unan-
ticipated environmental variation [39]. Changes in the cycle of carbon and nitrogen 
across the globe have been impacted by these interferences. Climate change is caused 
by both the rise in greenhouse gases and the sum of all these atmospheric changes. 
Microbes have long had an impact on humanity, and we play a part in changing 
the energy balance and atmospheric composition. Methane, carbon dioxide, and 
nitrous oxide have been brought into the atmosphere as a result of human meddling 
and activity, and this induction predominates over greenhouse gas fluxes brought 
about by microorganisms [40]. Researchers also looked at the idea that bacterial and 
fungal communities expand more quickly in response to global warming. As they 
expand quickly, their respiration increases the amount of CO2 in the atmosphere, 
which warms the climate [41, 42]. In this way, microbial organisms contribute to and 
have an impact on climate change. Additionally, complicated metabolic processes 
in the carbon and nitrogen cycles are impacted by inorganic nutrients [43]. In the 
past, several methylotrophic strains have been described as actively contributing to 
climate change and lowering greenhouse gas emissions [2, 29–31]. On an individual 
level, action is required to combat global climate change across all nations. By using 
other fuels and adopting low-carbon lifestyles, GHG emissions may be minimised. 
Mitigation studies show that the amount of GHGs in the atmosphere is decreasing 
which slows down climate change. This reduction in GHGs is made possible by using 
less energy. Numerous bacteria are also contributing to the lowering and decrease of 
these hazardous gases.
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Methanogenesis 

Methanogenesis, also known as biomethanation, is a multi-step process involving 
several microorganisms, including those that are hydrolytic, fermentative, aceto-
genic, and most importantly, methanogenic. The term “methanogens” refers to anaer-
obic bacteria from the domain Archaea that are involved in the biological synthesis 
of methane. The sole metabolic process carried out by methanogens is methano-
genesis. Methanogens are only able to employ a few number of substrates that are 
derived from the anaerobic basement of the organic matter by hydrolytic and fermen-
tative bacteria for this metabolism [18]. That suggests that methanogens accept a 
terminal place in the trophic chains of microbes. These methanogens vary from 
bacteria and eukarya because they lack the peptidoglycan that bacteria and eukarya 
have in their cell walls [39]. Based on the substrate used for methane generation, 
there are three main routes for producing the gas: hydrogenotropic, acetoclastic, and 
methylotropic. The most common route among them is hydrogenotropic and aceto-
clastic. The majority of rumen methanogenesis is produced by hydrogenotrophic 
methanogens, which turn CO2 into CH4 [16]. Methanogenesis, or the process of 
producing methane, depends on alkyl radical-containing substances such formate, 
acetate, methanol, methyl sulphides, and methylamines. Substrate-specific methyl-
transferases convert the alkyl radical in these substances into CH4. Other bacteria 
and fungi found in the local microbial communities largely create these substrates by 
decomposing organic materials. Aerobic methanotrophic bacteria can utilise methane 
that escapes from anaerobic environments as a source of carbon and energy, or it can 
escape into the atmosphere, where it participates heavily in atmospheric chemical 
processes and is a significant greenhouse gas [44]. Methane generation is a signifi-
cant and common kind of microbial metabolism. It is the last stage of the breakdown 
of biomass in anoxic settings. The majority of natural gas accumulations are due to 
thermogenesis, with methanogenesis accounting for a sizeable portion of them [10, 
32, 33]. The methyl-oxidation route, similar to the first, is used to further oxidise 
an alkyl radical into CO2, which causes the hydrogenotrophic pathway to operate in 
the opposite direction. This results in the abbreviation equivalents for this methano-
genesis. Without oxygen and other electron acceptors like nitrate, sulphate, and iron, 
methanogenesis takes place. The release of ATP for numerous cellular functions 
results from the synthesis of methane. The methyl-coenzyme M reductase (Mcr) 
complex, which catalyses the last step of reducing methyl-coenzyme M to methane, 
is the essential enzyme in methanogenesis. As an alternative to the reducing equiv-
alents produced by the methyl-oxidation route, this mechanism makes absolute use 
of the H2 that is already available in the environment and is associated with an 
electron donor. It appears that the methanogens limited to this other pathway start 
to bond with the surroundings found in the gut. Acetate is a smart substrate for 
methanogenesis used by a few archaea that are connected to the Methanosarcinales 
[45]. Methanogens produce methane from H2 + CO2 (hydrogenotrophic), acetate 
(acetotrophic), or methanol and methylamines to provide energy (methylotrophic). 
These substrates are a byproduct of the decomposition of organic matter in anoxic
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habitats (such as wetlands, sediments, permafrost, and landfills), which is facilitated 
by a network of bacteria hydrolyzing polymers into monomers that may then be 
fermented. Temperature, quantity, and type of organic matter are all regulated by 
physical variables (such as water table/flooding in wetlands) or other microorgan-
isms or plants, which in turn govern concentrations of oxygen and alternative electron 
acceptors (e.g., NO3,NO2, Fe3+, SO4) [7, 44]. In general, nitrogen is thought to hinder 
the production of methane, either directly or indirectly, through hazardous denitri-
fying intermediates (NO2, N2O, and NO) or as an oxidant for denitrifiers (NO3, NO2 

that can compete with methanogens for substrate [3, 4]. Methanogens also require 
nitrogen as a nutrient, which they can obtain either by fixing N2 or by absorbing 
NH4+ or NO3. For the latter two, they must contend with plants and other bacteria 
(such denitrifiers), a relationship that has received little research. 

Methylotrophs Mitigating Methane 

Methane is the second most significant greenhouse gas after carbon dioxide in terms 
of its impact on short-term climate change. Future climatic harmony may be threat-
ened by the ongoing release of methane from many sources, whether from imme-
diate anthropogenic sources or perhaps quickly from the Arctic. As a result, there 
is a considerable worry about using different ways to reduce methane emission. 
Numerous anthropogenic and Arctic-related causes have given rise to the develop-
ment of a wide range of mitigating methods, but they still need to be improved 
upon before being used more widely. However, there are still a lot of unknowns 
regarding the precise processes, scope, and techniques of the Arctic’s fast methane 
emission. Being a significant GHG, methane has a variety of paths and mecha-
nisms for release into the environment, including wetlands, lakes, and oceans. It 
may also be distributed equally across wide regions or concentrated in tiny patches 
[46]. However, one of the most important processes for methane emission into the 
atmosphere is bubbles that are produced from the sediments of Arctic sources. A few 
sources in the Arctic, where methane is concentrated in pockets, may be used with 
the methane release mitigation technologies, even though most of them are based 
on restricted gas streams of 0.1% methane or greater. In addition to other methods, 
a few mitigating techniques designed specifically for rice fields and agricultural 
soils have also demonstrated promise for Arctic wetlands and thawing permafrost. 
However, a number of additional Arctic-specific mitigation techniques have been 
proposed; they need more research. In order to address current methane sources and 
prospective Arctic sources, experts have so far identified four relevant research and 
development areas: (1) Methane emission detection and measurement; (2) Small and 
distant methane stream mitigation; (3) Dilute (1000 ppm) methane stream mitiga-
tion; and (4) Methanotroph and methanogen ecology understanding. Additionally, 
the use of methylotrophs and a thorough explanation of soil methanotrophy might be 
a useful tool to address methane emissions naturally released from closed landfills
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and a significant drop in waste-related GHG emissions after methanotrophic reac-
tions [22]. Methanotrophs have developed and gained the ability to use CH4 as their 
only source of carbon and energy to grow aerobically. These bacteria are crucial in 
converting CH4 into organic compounds and releasing CO2 for use by autotrophs 
[40]. Additionally, the major component breakdown that results from a number of 
photochemical processes is the oxidation of methane in the atmosphere in the pres-
ence of hydroxyl (OH) radicals. The primary reactive species in the trophosphere 
is the hydroxyl radical, which is created photochemically in the atmosphere and 
interacts with many types of organic molecules [20]. A study on the biodegrada-
tion of methane and the buildup of polyhydroxybutyrate (PHB) utilising an isolated 
strain and a methanotrophic consortia has produced encouraging findings for the 
reduction of methane. It went on to explain that the isolate and the consortium 
had specific methane consumption rates of 100 and 17 mg CH4 g h-1, respectively. 
Additionally, the two-phase partitioning bioreactor (TPPB) was tested for its ability 
to remove methane from an air stream while containing 10% volume-to-volume 
silicon oil. The TPPB encouraged PHB production at rates of 34 and 38% w/w 
and advocated a 33–45% rise in methane removal. Under these circumstances, the 
consortium’s particular methane degradation rate reduced to that of the isolated 
strain while remaining unchanged for the collaboration. According to the study, 
strain CZ2 of the bacterium Methylobacterium organophilum is able to use methane 
and accumulate up to 57% (w/w) of PHB when nitrogen is scarce. Additionally, it 
was shown that Methylobacterium organophilum CZ2 and Methylosinus trichospo-
rium OB3b had similar specific CH4 (methane) consumption rates and capacities 
for accumulating PHB. So, methylotrophs contribute to reducing GHS emission 
into the environment and have enormous potential for producing PHB industrially 
from waste gases [47]. Since it is known that methylotrophic bacteria may use C1 
chemicals, such as methane, there is a persistent effort to identify and describe new 
species of methane-degrading bacteria. Therefore, by effectively using methane, 
such new methylotrophic bacteria may contribute to lessening the effects of global 
warming. Additionally, identifying and assessing specific plant growth-promoting 
(PGPR) strains for their capacity to decompose methane would undoubtedly open 
new doors for many uses of such cultures, including the promotion of plant growth, 
the tolerance of abiotic stress, and methane mitigation [30, 48]. The simplest spec-
trophotometric assay for methane screening using microbial strains was recently 
studied and compared to other methods available, including the traditional gas liquid 
chromatographic technique, assay of specific enzymes, and molecular analysis of the 
genes encoding methane monooxygenase and methanol dehydrogenase (mmo and 
mxaF) respectively. Jhala and associates were able to effectively restore bacterial 
cultures that degrade methane by enriching soil with water and using methane as 
the only carbon source [29]. Additionally, colorimetric plates assay identified the 
existence of soluble methane monooxygenase (sMMO) enzyme and measured their 
survival in evacuated tubes containing methane. By finding the genes encoding the 
enzymes (methane monooxygenase and ethanol dehydrogenase) and qualitatively 
estimating the enzyme activity in the isolates, it was possible to further confirm the 
ability of the isolates to degrade methane. Research on the slurry material taken
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from the Herman Pit, a former mercury mine, showed the importance of methan-
otropic bacteria in the aerobic removal of CH4 from sediments. Furthermore, the exis-
tence of acidophilic or acid-tolerant methanotrophs was shown by the methanogenic 
activity that was carried out under artificially acidic circumstances. Thus, maximal 
activity at pH 4.5 with incubated slurries was used to validate acid-tolerant methan-
otrophs. Such methanotrophs also had their sterol and hopanoid lipids extracted, 
which is a feature of methanotrophs, and their abundance was augmented by a rise 
in sediment methane consumption. Additionally, the genomic DNA isolated from 
methane-oxidizing enrichment cultures revealed an amplified sequence for the pmo 
A gene that matched methanotrophic Gammaproteobacteria. An enrichment culture 
was created under acidic conditions (pH 4.5) using methane oxidation [2]. Another 
important worry of the scientific community is the environment’s rising CO2 concen-
tration, and much focus is currently being placed on determining how methylotrophs 
contribute to CO2 mitigation. Since it is anticipated that waste-related biomass will 
be harvested sustainably and there would not be any net CO2 emissions because 
it is believed that CO2 produced by food waste decomposition can be absorbed 
by the following year’s crop, most biomass or biomass-based waste degradation is 
typically not included in domestic or international greenhouse gas inventory totals. 
GHG inventories, however, also include methane emissions from waste caused by 
anaerobic decomposition [22]. Formaldehyde (HCOH) and CO2 are typically two C1 
oxidation products involved in methanotrophic activities. Additionally, there are two 
mechanisms for assimilating carbon during methanotrophic metabolism: the serine 
pathway and the RuMP system. During methanotrophic metabolism, the serine route 
uses two moles of HCOH and one mole of CO2 to create a three-carbon intermediate. 
In the RuMP route, three moles of HCOH are used up, resulting in the generation 
of three major metabolic carbon intermediates. The RuMP route is therefore more 
effective than the serine pathway. Additionally, the RuMP route is superior than 
the serine pathway for both ATP consumption and molar yield values (g of cell 
dry weight/mol of substrate consumed), where bacteria utilise C1 compounds [23]. 
Because all methanogens are capable of removing CO2 from  the air, they do so by  
converting it to cell material and CH4. Methanotrophs have little effect on the carbon 
cycle, but they do have an impact on the amount of plentiful greenhouse gases in the 
atmosphere due to their metabolism. 

Methylotrophs Mitigating Methane in Paddy Fields 

One effect of the methane imbalance throughout the atmosphere is the global shift 
in the physiochemical characteristics of the climate. The finest illustration of signif-
icant methane sources is a rice field [12, 49, 50]. Since methane is produced in large 
quantities in rice fields, methanotrophic bacteria play a significant role in reducing 
methane through biodegradation. In the paddy field, there is a cycle of microbial 
activity wherein flooding circumstances encourage the methanogens, which produce 
methane gas. The methanotrophic bacteria there then trap the methane gas, converting
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it to methanol and biomass in the process. Methane monooxygenase (mmo) enzyme 
is a necessary component for methanotroph activity, and oxygen is needed to make 
it reactive. This methane oxidation enzyme system is stimulated by aerobic methan-
otrophs. The green algae that cover the surface of the flooded rice field typically 
cause this aerobic situation [51]. Methylotrophic isolates with functioning enzyme 
systems were collected from Gujarati wetland paddy fields, and upon biochemical 
and molecular analysis, they were identified as several species of Bacillus and Peni-
bacillus. The existence of the particulate methane monooxygenase (pmoA) genes 
that encode the subunits in gene cluster is demonstrated by the working enzyme 
system. While the mmoX gene encodes (part of the hydroxylase component) in 
Methylobacterium extrorquens, the presence of the pmoA gene implies methane 
use by bacteria like P. illinoisensis, B. aerius, B. subtilis, and Rhizobium sp. In a 
research, communities that are effective at using methane, such as P. illinoisensis 
and Rhizobium sp., were shown to have the mxaF gene, which codes for the subunit 
of the methanol dehydrogenase enzyme. A recognised bacterial group that promotes 
plant development was found to have methane breakdown enzymes and genes in the 
methane reducing communities isolated from wetland rice fields [30]. These partic-
ular methylotrophic communities are systematically arranged over the soil surface 
in paddy fields, with the capacity and power to digest the greenhouse gas methane, 
resulting in aerobic soil surface conditions. This well-organized film is related to the 
algal populations that are mostly seen in rice fields. By driving the activity of methane 
oxidation, the algal communities play a significant part in reducing greenhouse gas 
emissions in the environment. A thin coating of algae reduced methane emission in 
a microcosm experiment without rice plants. In addition, the presence of algae on 
the surface of submerged rice fields encouraged methanotrophs and constrained the 
number of methanogens. According to a study, in the presence of rice, CH4 emis-
sion occurs mostly through aerechyma [52, 53]. Studies confirm the involvement of 
methylotrophs in the reduction of greenhouse gas emissions in the environment. 

Enzymes Involved in Methane Production 

The complexity and uniqueness of methanogenesis as a type of anaerobic respira-
tion lies in the need for six exceptional coenzymes, including methanofuran, ferre-
doxin, methanopterin, coenzyme M, coenzyme B and coenzyme F420: a pathway 
and several specific membrane-bound enzyme complexes coupled to the creation of a 
proton gradient driving ATP synthesis [15]. CO2, acetate, and substances containing 
methyl groups, such as methanol, methylated amines, and methylated sulphides, are 
the three main substrates for the production of methane. Due to this, there are three 
separate routes for the formation of CH4: hydrogenotrophic, acetoclastic, and methy-
lotrophic [11, 14]. Although the three routes have different intermediates and enzyme 
processes, they nonetheless have common characteristics in the ultimate stages of 
CH4 synthesis. The yield of a carrier-bound methyl intermediate is influenced by 
both the hydrogenotrophic and acetoclastic processes. Methanopterin, a product of
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the hydrogenotrophic route, and sarcinapterin, a product of the acetoclastic pathway, 
are the carrier proteins. All three processes include the addition of the methyl group to 
coenzyme M via a particular, membrane-bound methyltransferase and the consequent 
decrease of methyl coenzyme M to CH4 via the crucial enzyme methyl coenzyme 
M reductase [54]. The three methanogenic processes are further explained in the 
supporting information in small print. Methyl coenzyme M reductase is made up of 
a dimer of the three subunits (McrA), (McrB), and (McrG), and it has a special active 
site termed coenzyme F430 that includes porphinoid nickel [19]. About 300 kDa is 
the apparent molecular mass of the enzyme. Methyl coenzyme M reductase has two 
specific isoenzymes that have been found [66]. The second enzyme has a different 
substrate affinity and is known as methyltransferase for methyl reductase two [5]. 
The mcrBDCGA operon codes for methyl coenzyme M reductase activity, whereas 
the MRT is encoded by the mrtBDGA operon [55, 56]. The mrt operon lacks the 
identical counterpart of gene mcrC [55]. The byproducts of the genes mcrC (McrC), 
mcrD (McrD), and mrtD (MrtD) are under 20 kDa are the. Their purpose is yet 
unknown and it is still unclear how primary sensors and signal transduction cascades 
work [57]. However, evidence for regulation was found in the availability of trace 
elements [58]. This is because many methanogenesis-related enzymes have trace 
metals (such as molybdenum, tungsten, selenium, and nickel) in their active sites. 
It was discovered that the abundance of the substrate H2 regulates the synthesis of 
various important methanogenesis-related enzymes together with MRC. The two 
isoenzymes of methyl coenzyme M reductase are differently expressed in Methan-
othermobacter species with the help of H2 availability, with isoenzyme I (methyl 
coenzyme M reductase) being predominately expressed in H2 limiting environments 
[47–56]. Control of gene expression of the methanogens is still poorly understood, 
necessitating more research. 

Current Status and Future Perspective 

The use of DNA extraction, PCR, sequencing, and probe biases, and a lack of bioin-
formatics support for next-generation sequencing and metaproteomics, continue to 
limit innovative technologies. The development of bioinformatics tools, however, has 
led to a noteworthy advancement in this sector in recent years. The current dispute 
will create quantitative information for bacteria involved in the CH4 cycle and to 
parameterize this data for substantial use in climate and ecological models. Because 
their metabolic capacities are not well known, many methanogens and methanotrophs 
are not cultivable. This is a crucial need for the accurate integration of microbiolog-
ical data in the prediction forms. Stable isotope probing and methods like DNA and 
RNA analysis can help determine the physiological capacities of different animals. 
Due to information gaps about DNA and RNA, stable isotope probing methods 
with a relatively high substrate concentration are required to label DNA sufficiently 
[57, 58]. PLFA-SIP, which combines stable isotope probing with PLFA, may detect 
active bacteria at ecologically relevant concentrations. This method, however, is
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unable to precisely identify microorganisms at the species level due to a lack of 
phylogenetic precision. Environmentally substantial amounts of substrate may be 
used for metagenomic and metaproteomic investigations thanks to technological 
advancements in SIP and associated apparatus [59–65]. Additionally, it is neces-
sary to classify the habitats used by populations of methanogens and methanotrophs. 
Therefore, a demonstration of niche adaptation in methanogens and methanotrophs 
was provided before [38, 66–72]. However, in the next three millimetres of water-
saturated soils, Reim and colleagues discovered vertical niche divergence in gamma 
proteobacterial methanotrophs [73]. Given the local commerce that may be identified 
on a small scale, this is very significant and indicates the necessity for specific niche 
identification. 

Conclusion 

Methanogenesis is the anaerobic production of methane by methanogenic Archaea. 
Methanogenesis can come from a variety of anthropogenic and natural sources 
(human sources). Methylotrophic bacteria use and break down reduced carbon 
molecules like methane, contributing significantly and significantly to climate 
change. This particular bacterial group is unusual in that it helps to maintain the 
climate by lowering greenhouse gas emissions. The rice field is the most prevalent 
environment for methanotrophs, where enzymatic activities are aided by other species 
including methanogens and algae. Although methane (CH4) emissions are projected 
to vary due to climate change, the dynamics of methanogens and methanotrophs 
under this transition have not yet been thoroughly studied. Agriculture, particu-
larly the rearing of cattle, is the largest anthropogenic source of methanogenesis. 
Methanogenesis from the production of animals and organic matter decomposition 
contributes significantly to global warming. The inclusion of microbial knowledge 
into the development of prediction models will be greatly aided if we can identify 
the niche separation for certain microbial groups with specified physiological capa-
bilities and their control. Furthermore, such information may be used to investigate 
extensive data on the generation of methane and the use of particular unidentified 
genes as a molecular pathway. 
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Chapter 17 
Potency of Three Cruciferous Plants 
Extracts as Agro-Phyto-Remidiator 
Against Root Knot Nematode 
Meloidogyne spp. in Daucus carota 
(Carrot) Under Climate Stress 
Conditions 

Baby Tabassum, Mohammad Hashim, and Jagriti Madan Dhingra 

Abstract Carrot, Daucas carota is another important crop that is most cultivated 
throughout India and consumed by human beings and animals. The root knot nema-
tode (RKN) Meloidogyne incognita infestation significantly reduces the yield of 
carrot at initial inoculums of 230–2300 J2/g soil. One strategy to address these 
concerns is to develop an effective agro-phyto-remediator to these tiny enemies 
that have zero toxicity to non-target organisms and can be applied at very low cost. 
Biochemical studies reveals that in certain cruciferous plants like Brassica rapa, 
Brassica botrytis and Raphanus sativous having nematicidal principle as α tetraethy-
lene and 5-1-3-butenyl 2,2 bithienyl, polyacetylene compounds like trans 3,11-
trideca-1-3,11-triene 5,7,9 trizene etc. targeted the percent mortality of Meloidogyne 
incognita juveniles increased almost equally from higher 100% upto 6.25% dilution 
after 24, 48, and 72 h exposure period of Raphanus sativus leaf extract, while Bras-
sica botrytis caused significant percent mortality of Meloidogyne juveniles i.e. 100% 
was observed within 24 h exposure with leaf extract in its 100 and 50% concentra-
tions whereas leaves extract of turnip was most effective and showed 100% J2 killed 
followed by 85.67–96.75% mortality with 50–6.25% dilation after 72 h exposure. 
Histo-pathological and molecular studies show infection of Meloidogyne incognita 
increased transpiration, photosynthesis or water content and decreased the level of 
sugars, ascorbic acid and fruit quality. In present study, observed high metabolic 
activities with intense cytoplasm and nuclei in giant cells produced by nematodes in 
the carrot.
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Introduction 

Nematodes show tremendous structural diversities and occur in almost all kinds of 
biotypes in enormous numbers. An acre of cultivable land contains 3,000,000,000 
nematodes while marine beach sand may contain approximately 11–18,000 or some-
times even 90,000 specimens of Anguina tritici Jairajpuri [1]. Upto 1930 approx-
imately 4,500 species of nematodes had been described which rose upto 9,000 by 
1950. The latter day numbers of investigated species are almost 15,000 but the esti-
mates of subsist species are around more or less 500,000 or more. It reminds the 
remark of the late eminent nematologist Dr. N. A. Cob of the US department of 
Agriculture, “If all the matter in the universe except the nematodes were swept away, 
our world would still be recognizable, we would find its mountains, hills, valleys, 
rivers, lakes and ocean represented by a film of nematodes”. 

Evaluated comprehensive average easy yield loss is 12.3% by plant parasitic 
nematodes in total prime crops. Annual 14% yield loss evaluated in 20 crops and 
average deprivations for 42 crops in advanced countries are reported almost 8.9% 
when contrast to 15.7% of developing countries. Uttar Pradesh is one of the most 
fertile states of India, where almost all types of crops and vegetables are extensively 
grown. The state leads in total production of a variety of crops though in many 
cases yield per acre is rather low but the farmers who are mostly ignorant of these 
microscopic nematode pests inhabiting the soil and attacking their crops, fail to 
understand the reason for crop failure. 102 known species belonging to 33 genera of 
Tylenchida and 59 species belonging to Dorylimids had been noticed in Utter Pradesh 
Sehgal et al. [2]. Moens and Wesemael [3] also reported that carrots (Daucus carota 
L.) great loss occurred by the RK nematode Meloidogyne chitwoodi. 

Carrot, Daucus carota is another important crop which is most cultivated 
throughout India and consumed by human beings as well as by animals. It is rich in 
carotene and is used in various ways of coloring butter and other food articles. Out 
of the major groups of carrot, Asiatic and Temperate groups are rich in carotenoids 
which contain appreciable quantity riboflavin and thiamine while the Asiatic types 
have more anthocyanin pigments and less of carotenoid pigments Gill and Kataria 
[4]; Rebecca et al. [5]; Raees-ul and Prasad [6]. 

In temperate regions carrot is seriously affected by Heterodera carotae. Greco 
and Brandonisio [7]; Moens and Wesemael [3] estimated 100% crop loss by the 
nematode. Other important nematode pests found on carrots are carrot cyst nematode 
and RKN, M. javanica and M. incognita respectively. M. javanica on carrot exhibits 
constriction, digitation and cracking in the tap root system. The RKN infection 
significantly reduces the yield loss in carrot at initial inoculum of 230–2300 J/g 
soil. Ribonuclease activity also decreases in carrot plants, tolerant to Meloidogyne 
hapla, whereas, increase in the secondary phloem and xylem tissues of susceptible 
plants have been noticed by Krypl and Janas [8]; Phillips [9] resulting in reduced 
functional metabolism. 

Nowadays, crop scientists are searching for simple, eco-healthy, economically low 
tactics which integrate into an overall nematode management system. In the current
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study also an endeavor has been made to calculate the impact of attract various parts 
of the cruciferous plants like Raphanus sativus, Brassica rapa and Brassica botrytis 
against Meloidogyne second stage juvenilies in in vitro and in vivo on D. carota 
plants. 

Histo-Pathological and Molecular Studies 

Histopathological and molecular studies reveal that there is an increase of total DNA 
and RNA in M. incognita infected regions of the host plant Masood and Saxena [10]; 
Phani et al. [11]; Bayani et al. [12]. Infection of M. incognita increased transpiration, 
photosynthesis or water content and decreased the level of sugars, ascorbic acid and 
fruit quality Tyagi and Rehman [13]; Ahmed et al. [14] recorded increased protein 
and ascorbic acid devoid of lignin in giant cells because of the M. incognita infection. 
Chlorophyll content also become low because of M. incognita Ganguly and Dasgupta 
[15]; Lu et al. [16] estimated low protein and Indole acetic acid activity and high 
auxin peroxidase activity in RKN infected gall than healthy roots. 

Bruno et al. [17]; Meidani et al. [18] observed high metabolic activity with intense 
cytoplasm and nuclei of giant cells produced due to nematodes in carrots. The culti-
vars susceptibility of M. javanica on carrot in terms of penetration development 
was observed by Debia et al. [19]. Also noticed that the symptoms produced by M. 
javanica on carrot include constriction, digitation and cracking in the tap root system. 
The RKN infection significantly yields loss of carrot at initial inoculum of 230–2300 
J2/g soil Huang and Charchar [20]. Such symptoms on root; as well quantitative 
estimation of yield loss was studied by Hay et al. [21] at different: inoculum levels 
and indicated 50 yield loss at 10 J2/g soil and no yield at 30–50 J2/g soil. 

Singh et al. [22] observed the physio-biochemical changes in carrot root caused 
by M. hapla and also reported reduction in protein synthesis and Protein Amino 
Lipid (PAL) levels in susceptible plants and increased level of RNA. The phenol 
level also increased in infected plants but was more resistant than susceptible plants. 
However, studies on tolerance and resistance of carrot to RKN by Meidani et al. 
[18] indicated a link, with high number of foliage and low soluble polysaccharide. 
The acidic fraction of pectins obtained from carrot contains 74% galacturonic acid. 
The oligogalacturonides containing fraction with the lower molecular weight turned 
out to be the most active in blocking the adherence of bacteria and epithelial cells 
in a biological test system by preparing oligo-galacturonic acids Therefore, two 
oligo-galacturonoides, produced by partial hydrolysis of carrot pectin in stomach are 
responsible for the anti-diarrheal activity of carrot soup by blocking the adherence 
of bacteria to epithelial cell Follrich et al. [23]. Agarwal and Ghosh [24] reported, 
carrot juice contains an alkaloid, pyrolidine, and daucine and is a refrigerant, a tonic 
and useful in the kitchen in many other ways. 

Krishnamurthy and Murthy [25] and Dhaliwal and Arora [26] reported economic 
losses due to pets between 6,000 and 29,000 crores, while Van Burkum and Sheshadri 
[27] probably for the first time accounted annual losses of Anguina tritici caused about
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10 million in wheat, 3 million in coffee by pratylenchus coffeae and Heterodera 
caused disease of Molya 8 million annually in Rajasthan, India. It is estimated that 
in South Asia 89,000 tonnes of chickpea are lost due to nematode infestation Cunha 
et al. [28]. 

Nematode damage is so insidious that it is highly devastating to crop. More than 
2000 plant parasitic species of nematodes are recorded and they tenanted every 
possible métier the plant offers. Thus, all the parts of the plants over and beneath the 
ground seem to be attacked by nematodes, which may be specifically ectoparasitic 
or endoparasitic. 

Chemical Control 

Chemical control of nematodes in soil dates back to 1881 when Kuhn applied 
carbon di-sulphide (CS2) to control sugar-beet cyst nematodes in Germany. After 
that, Bessey [29] also observed its efficacy against RKN. Then Mathews [30] found 
nematicidal qualities of chloropicrin (tear gas) and surplus chloropicrin of World War 
I was used in greenhouses, seed beds and special crops. With the commencement of 
World War II its use was deflected into war efforts and commercial soil fumigation 
terminated until Taylor and McBeth [31] manifested nematode control by methyl-
bromide (MBr), a broad spectrum biocide. The introduction of 1,2-Dichloropropane 
1,3-Dichloropropane and Ethylene Di-Bromide Haydock et al. [32] led to the accep-
tance and verify of the significance of phyto pathogenic nematodes in yield losses 
which increased nematode management options. This catalyzed the development 
of the phyto-nematology and fumigation industry as well. The problem of phyto-
toxicity of DD and EDB was overcome by the development of 1,2-Di Bromo,3 
Chloro-propane D’errico et al. [33]. In (2020) Talavera-Rubia et al. [34] reported 
nematicidal efficacy of milbemectin sodium. 

Nematode Control by Fumigants 

The rapidity and extent of the use of fumigant were the most interesting and surprising 
responses in the history of pesticides. Widespread use of fumigants started some-
where in 1950 as crop insurance and after having dominated an era of two decades, 
the fumigant nematicides gave way to nonvolatile non-fumigants organophosphates 
and carbamates in 1970s in due course of programs designed for insecticides. The 
non-fumigants were advantageous over fumigants being less phytotoxic Van Burkum 
and Hoestra [35] VC-13 (dichlofenthion), the first organophosphate nematicide was 
used to protect ornamental and turfs Perry et al. [36]; Gad [37]. Thionazin was the 
next important: nematicide used by Jenkin and Guengerich [38]. 

Other environmental impacts include phytotoxic effects to non-target organisms 
and residues in soil and crops. Some of them are carcinogenic and also produce
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suppressing effects on nitrifying bacteria Castro and Beiser [39] and Mckerny [40]. 
There is also risk to livestock in consumption of produce from pesticide treated soil 
Young et al. [41]. However, despite of their well-founded concerns about their impacts 
on unwanted elements, usable water, air quality, and food safety measurement of the 
crop protection chemicals are very likely to important contrivance in agriculture 
well into 21st because of the pivotal role in modern global food production Beyer 
[42], One strategy to inscription these concerns to develop practically effectual agro-
phyto-chemicals remediator that have minimum mephitic to non-target organisms 
and can be applied at economic rate. 

Agro-Phytoremediator 

Pest control agents from natural sources had evolved eco-healthy, economic as well as 
suppressed pest populations reported by many workers like Waterfield and Zilberman 
[43] and Zaki and Bhatti [44]. As plant products being naturally evolved ingredients, 
they preserved the natural equilibrium in the ecosystem. 

There are also several reports that cellulose when integrated in the soil reduced the 
percentage of plant parasitic nematodes (PPN). The population of P. penetrans and 
Heterodera tobacum was considerably inhibited by the application of chopped paper 
and white pine saw dust as reported by Miller and Edgington [45] and Miller and 
Weihrmenn [46] respectively. Mankau and Das [47] observed that addition of pure 
chitin to the soil inhibited the percentage of M. incognita and also the development 
of knot in root. Soil amended with the hydrated extract of sawdust reduced the 
salvation of eggs in M. javanica Sitaramiah [48]. In the various parts of the world 
there is a common use of oil cake as fertilizers. Lear [49] had reported reduction in M. 
javanica and Heterodera schactii by amending with Castor pomace. Hundred percent 
reductions of T. semi-penetrans were reported by Szczygłowska et al. [50]. In India 
exhaustive work had been done by Singh and Sitaramiah [51] who found oil cakes 
of Azadirachta indica, Ricinus communicus, Brassica, peanuts linseed, Madhuca 
indica etc. capable of reducing Meloidogyne population in field/plots. Tarla et al. 
[52] found oil cakes and its extracts harmful to the nematodes. Many other unusual 
amendments had been shown to reduce nematode percentage, however the related 
function is poorly defined till date but some of them may offer an effective means of 
nematode control only in small plots. 

Many weeds like Catharanthus, Chenopodium, Argemone, Datura, Ricinus and 
many more having phyto-therapeutic value had been reported by Abid and Maqbod 
[53]; Vats and Nandal [54] reported that the percentage loss of carrots (Daucus carota 
L.) damaged by the RKN Meloidogyme chitwoodi. Various effect of chemicals and 
their mode of action had also been studied in detail by many workers Douda et al. 
[55]; Pinheiro et al. [56]; Ahmad et al. [14]; Cunha et al. [28] from plants and had 
been proved toxic to nematodes. 

Green synthesis of silver nanoparticles by Cnidoscolus aconitifolius extract was 
experimented by Fabiyi [57] in plants of carrots infected by M. incognita juveniles
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in soil as reducing elements, whereas silver nitrate is the metal precursor. AgNPs 
treated carrot plants showed higher yield and inhibition of M. incognita as well. 

Management of nematodes by modern techniques 

Traditionally, physical, chemical, biological, cultural and regulatory methods are 
adopted for the management of these tiny nematodes. But modern biology is influ-
enced by ultra-modern techniques like gene cloning, genetic engineering; gene 
splicing and recombinant DNA used as resistance factors against RKN in egg plants. 
Another unusual approach to the plant genetic transformation is introducing foreign 
DNA by micro-projectile bombardment. Enormous amount of work is done in the 
identification of gene loci in nematodes pests in numbers of crops. Pireda et al. [58] 
derived head towards the location of chromosomal resistance to G. rostochiensis in 
the potato crops with RKN, Maloidogyne spp. (Klein) Anna et al. [59]; Rybczyński 
et al. [60]. The single dimensional Polyacrylamide Gel Electrophoresis (PAGE) on 
a fixed pH or pH gradient gel is more commonly used for characterization of nema-
todes. The pH gradient gels obtained with the incorporation of suitable ampholytes 
are used for isoelectric focusing of proteins Michael et al. [61]. 

The techniques of hybridization using specific primers, DNA polymerase 
enzymes, thermal cycling leading to Polymerase Chain Reaction (PCR) for DNA 
synthesis and use of Restriction Fragment Length Polymorphism (RFLP) among 
different population/species of a nematode taxon is gaining popularity in nematology 
these days. RFLP of mtDNA has been performed to convert several Meloidogyne 
species and genetic divergence in mt DNA was observed by Powers and Harris [62]. 
Castagnone-Sereno et al. [63]; Bairwa et al. [64] studied the phylogenetic relation-
ships between the amphimictic and pathogenetic species of Meloidogyne using DNA 
analysis. 

Material and Methods 

Cobb’s Technique Modified by Barker [65] 

The extractions of nematodes from the soil or roots were held by “Cobb’s sieving 
and decanting method” water was mixed in the soil by passing supernatant through 
100, 200 and 400 mesh sieves. Nematode suspensions thus collected were used to 
study the population dynamics and rate of infection. 

Calculations for population dynamics and rate of infection have been done by 
using following formulae: 

Norton’s Formulae [66]: 

1. Relative Abundance (RA)
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RA  = N umber  o f  samples  containing  di  f  f  erent  species  

N umber o f samples collected
× 100 

2. Relative Density (RD) 

RD  = Number  o f  indi  vidual  o f  a  species  in  a  sample  

T otal  number  o f  all  indi  viduals  in  a  sample  
× 100 

3. Relative Frequency (RF) 

RF  = Frequency o f one species 

T otal  number  o f  all  indi  viduals  in  a  sample  
× 100 

4. Dominance Value Index (DVI) 

DV I  = RA  + RF  + RD  

3 

Johnson [67]: 

a. For Histopathology 

Selected root parts of host plant 1–2 cm long washed properly then bleached 
in NaOCl (sodium hypochlorite) for one-two minute. After proper washing root 
parts were transferred into acid fuchsin stain then heated upto boiling point and 
cooled down at room temperature. Finally root parts were mounted in glycerin 
and microphotographs were taken for histo-pathological studies. 

b. For Histology 

Galled roots were preserved in 4% formalin for histology of M. incognita female 
by following procedure—Took the infected root parts of the carrot. Passed 
through ethanol series: 

50%—3 changes (30 min each) 
60%—for 30 min 
70%—overnight 
80%—for 30 min 
90%—for 30 min 
90%—15 min (2 changes)

• Cleared the material in methyl-benzoate (50–60) min and transferred to 20% 
celloidin solution in methyl-benzoate for at least 3 days.

• Passed through three changes of benzene, 10 min each.
• Passed through two changes, paraffin warmed at 70 °C, 10 min each.
• Embedded in clean paraffin.
• The ribbons were made with the help of a microtome and kept for all night at 

35–40 °C in the incubator.
• Mounted in DPX.
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• Sections were studied under microscope and suitable microphotographs had 
been taken. 

Details of Experimental Plants (In-Vitro) 

Fresh parts: of ten experimental plants categorized into three parts were taken. 

Cruciferous Plants: 

In India substantial study perform to inhibit the nematodes (Plant Parasitic) by the use 
of several cruciferous plants. Stahmann et al. [68] found the presence of antinemic 
phenyl isothiocyanate in crucifers. 

i. Brassica rapa (Turnip): It is a well-known vegetable which belongs to Family 
Cruciferae. It is largely cultivated for the sake of its leaves as well as the thickened 
roots Mathur [69]. 

ii. Brassica botrytis (Cauliflower): The cauliflower belongs to Family Cruciferae 
and is eaten for its inflorescence. The leaves are applied in gout and rheumatism 
Mathur [69]. 

iii. Raphanus sativus (Radish): Another member of Family Cruciferae is annual or 
biennial plants mostly cultivated during winter months for the fleshy tuberous 
roots. The juice of the fresh leaves is diuretic and laxative. The seeds are carmi-
native and also yield an essential oil. The roots are used as drugs for urinary 
complaints, piles and gastrodynia pains Mathur [69]. 

A. Reddy et al. [70]: It is used for the Mean Gall Index value (MGI) Scale 
1 = 1–25 galls without egg masses 
2 = 26–50 galls without egg masses 
3 = with numerous egg masses 

MGI = N umber  o f  total  galls  counted  in  each  replicate  

3 

B. Atwal and Balraj [71]: It is used for in vivo yield loss of D. carota. 
C. Statistical Calculation: Statistical calculation like minimum value, maximum 

value, average median value, standard deviation, correlation coefficient and root 
squared value were taken with the help of a computer package. 

Results and Discussion 

Histology of M. incognita Female 

Cross section of female body of Meloidogyne incognita through the anterior side 
showed esophageal gland lobe and intestine Whereas, in the posterior end sections
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showed various organs like ovary, oviduct, oviduct with oocytes, spermatheca, and 
uterus without eggs while, in some cases uterus with eggs as well as rectal gland had 
also been noticed (Figs. 17.1, 17.2, and 17.3). 

Almost in all cases ovaries, uterus and rectal glands had been noticed from the 
posterior end. Eisenback [72] observed that in the sections of female Meloidogyne, a  
large portion of the body cavity is filled by a pair of tubular, highly convoluted gonads. 
Approximately 60% of the gonad was occupied by ovaries. Spermatheca was located

Fig. 17.1 a Anterior posterior region of female M. incognita (L.S.), b female M. incognita through 
neck region (C.S.), c anterior lateral region of egg laying female M. incognita (C.S.), d posterior 
lateral region of female M. incognita (L.S.). e D. carota showing giant cell adjacent to vascular 
bundles and abnormal growth of tissues after 26 days inoculation of M. incognita J2 (L.S.)
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Fig. 17.2 a Anterior part of female M. incognita showing esophageal lobe and intestine (C.S.). 
b Posterior region of egg laying female of M. incognita showing (C.S.): (1) ovary, (2) oviduct 
with oocyte, (4) uterus, (3) rectal gland, (5) spermatheca. c Posterior region of female M. incognita 
showing (C.S.): (1) uterus, (2) rectal gland, (3) hyaline portion of the gelatinous sheath, (4) ruptured 
cell wall and cortical cells of D. carota, (5) abnormal vascular bundle of infected D. carota. d 
Hyperplasia and hypertrophy in infected D. carota after 15 days of the inoculation of J2 (L.S.)

posterior to the oviduct. Posterior to the spermatheca, the uterus was differentiated. 
The two uteri of the female reproductive tract fuse to form one common duct posterior 
to which laid a large rectal gland. The present observations were in confirmation of 
Viglierchio [73]; Nguyen and Duong [74] findings.
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Fig. 17.3 a Giant cells in the infected root of D. carota (20 days) after inoculation with M. incognita 
J2 sections through the posterior part of body. b Posterior end of female M. incognita showing (C.S.): 
(1) uterus with few eggs, (2) spermatheca and ovary, (3) rectal gland, (4) hyaline sheath with few 
eggs. c Infected root of D. carota showing feeding side in cortical cells and thick dense granular 
protoplasm in phloem and nurse cells (L.S.). d Posterior end of egg laying female of M. incognita 
showing (C.S.): (1) rectal gland, (3) uterus, (2) ovary and oviduct
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Histopathology of Carrot 

No visual symptoms were generally observed above the ground parts of the carrot. 
However, the nematode infestation resulted in the formation of cracks on tubers, 
forking of tap root accompanied by beads like galls on secondary roots and 
extensively reduced plant size. 

After gaining entry through the root cap epidermis, the second stage juveniles 
penetrate secondary roots inter-cellular as well as intra-cellular through the cortex, 
endodermis and pericycle and reach the phloem. Soon-after penetration, J2 began to 
feed, increased in size and became oriented perpendicularly towards the longitudinal 
perpendicular axis of the root having the posterior portion outside from the root 
(Fig. 17.4a, b). A slightly wider passage than the nematode bodies with thick walls 
was formed by the destruction of cortical cells. Soon after the infection, the juveniles 
were found to enlarge in size perhaps due to the pressure exerted on the cortical 
cells. The nematodes feed in the cortex as well as in the phloem. In the cortex, the 
cells at the feeding site stain pink red with lactophenol. The giant cells formed by M. 
incognita in carrot differed from those in roots of other susceptible crops, like tomato, 
by their thin walls and smaller size. Characteristic wound healing responses i.e. 
formation of callus like tissues or wound periderm and their precipitated constituents 
had also been observed. The proliferation of phloem cells at the feeding site was not 
so marked, though these cells had thick and dense granular protoplasm. In several 
sections hyperplasia of cortical and hypertrophy of pericycle cells and nurse cells 
had also been observed (Figs. 17.5 and 17.6).

Highly infected roots reveal histo-pathological changes which conduct to the 
element conjation as reported by Sudha and Prabhoo [75]. Whereas, in the histopatho-
logical studies Charles and Venkitesan [76] reported rupturing of cortical cells and 
formation of syncytial cells with thick end walls in the stellar region. Khan and 
Khan [77] observed reduced plant growth due to low and small size of stomata 
and trachoma. Procinai and Ambroguini [78] observed high metabolic activity with 
intense cytoplasm and nuclei in giant cells, produced by nematodes in carrots. 
Abnormal xylem and parenchyma with thickened cell walls were observed in all 
root knot nematode infected tissues except in rhizome meristems Routaray et al. 
[79]. Lanjewar and Shukla [80] found M. incognita was entering the cortex and stellar 
regions converting into giant cells. These giant cells showed karyotin nuclear divi-
sions and had thickened cell walls. Sasser and Carter [81] presumed that giant cells 
produced by parasitic activity were chiefly nurse cells in the vascular tissues, which 
had cell wall impressions to soak nutrients from nearby cells. These were produced 
by mitosis without cytokinesis Dropkin [82]. Haseeb et al. [83] observed greater 
oxidase and peroxidase activity in vascular bundles which might be responsible for 
delaying lignification. Corky wounds were found at infection sites in differentiated 
rhizomes and fresh roots Shah and Raju [84]. Whereby, characteristic wound healing 
responses like formation of callus like tissues or wound periderm at the wound site 
observed in present study had also been reported by Stobbe [85] in yam tubers who 
presumed that it might be due to the production of resin, gum, latex or callose and
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Fig. 17.4 a Embryogenesis in the M. incognita eggs and juvenile of the previous stage just before 
hatching. b Second stage juveniles (J2) of  M. incognita. c Spike tailed or sausage shaped J, larvae 
of M. incognita. d Fourth stage of female M. incognita. e Developing female of M. incognita. f 
Mature female of M. incognita

intense suberization in the wound area. Vilsoni et al. [86]; Valette et al. [87]; Alamgir 
[88] reported that the burrowing nematodes migrate intra-cellular which leads into 
the giant galleries in rhizomes by infestation of nematodes. 

Hence, the infestation of nematodes somehow, disturbed the metabolic activities 
of infected plants and in infected plants stellar regions of roots were occupied by 
developing females. Cortical cells in areas where females occurred showed rupture. 
The epidermis disintegrated, thus, allowing the body of the female to protrude out 
of the roots. The damage caused to the root tissues may suppress the flow of food 
materials to various parts of the plants. Moreover, the nutritive value of the tubers 
was lowered to a considerable extent. Additionally, dwarf tap root, constriction and 
formation of crack on tap root affected the yield reducing the market value of carrot.
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Fig. 17.5 a Normal root of D. carota showing exarch type of xylem (T.S.). b Infected root of D. 
carota showing characteristic “Callus” like tissue formation (T.S.). c Gall with J2 in secondary root 
of infected D. carota (W.M.). d Abnormal xylem and phloem cells in infected root of D. carota 
(W.M.). e Abnormal growth of vascular bundle in infected root of D. carota (W.M.)

Brassica rapa (Turnip) 

The nematostatic effect of Brassica rapa leaves, petiole and roots extracts on juvenile 
mortality showed in Tables 17.1 and 17.2. Leaves extract of turnip was most effective 
and showed 100% J2 killed followed by 85.67–96.75% mortality with 50–6.25% 
dilutions after 72 h exposure. In all the cases at lower concentrations the nematicidal 
activity started diminishing as less percent of juveniles’ mortality in root extract had 
been noticed. However, the efficacy of the stock solution of petiole and root extract 
was noticed to be 51.10–89.17%. The percent mortality increased from 31.10 to
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Fig. 17.6 a Developing female of M. incognita in the root of D. carota plant tissues (W.M.). b 
Infected secondary root with third stage larvae of M. incognita and abrupted stelar region of infected 
D. carota (W.M.). c Infected root of D. carota showing dense granular protoplasm and abundance 
of larvae of M. incognita in cortical region (T.S.). d Sausage shaped larvae of M. incognita along 
with damaged plant cells and precipitated constituents of infected D. carota (W.M.)

40.58% after 72 h exposure with 12.5% and 25% dose respectively but remained 
remarkably lower than the leaf extract in which the mortality also showed an upward 
trend with exposure timing.

Rao et al. [89] recorded 42.80% J2 mortality of M. incognita with root exudates 
and 55.07% with leaf extract of Brassica campestris after 48 h respectively which 
supported present findings. On the other hand Brassica rapa showed least suscepti-
bility to M. incognita among ten different vegetables examined by Kihika-Opanda 
et al. [90]. In India, Ahuja and Mukhopadhyay [91] also reported least 10–25% 
susceptibility of Brassica rapa against M. incognita in field and micro-plots exper-
iments among twenty three vegetables examined. Hence, may presume Brassica 
rapa to possess some antagonistic properties against M. incognita. Further proved 
by seedlings of tomato roots were dipped in the water extracts of oil seed cakes of 
Brassica rapa by Vijayalakshmi and Goswami [92] and then disclosed to M. incog-
nita (1000 J2/pot). After 45 days, the most significant enhancement in plant growth 
and marked inhibition in nematode infestation had been recorded with Brassica rapa 
aqueous extract. Feyisa et al. [93] also tested Brassica campestris aqueous leaf extract
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Table 17.1 In-vitro experiments of plant extracts 

Plant extract Exposure time (h) Doses % 

Barassica rapa 100 50 25 12.50 6.50 3.13 1 

Leaf 24 68.27 61.9 78.2 56.79 48.78 10.98 

48 92.39 76.75 65.22 68.83 63.43 24.39 4.45 

72 100 93.33 96.75 93.18 85.67 42.86 5.7 

Petiole 24 58.89 37.66 28.8 27.23 12.98 0 0 

48 83.37 49.38 34.44 29.52 12.55 2.18 0 

72 89.17 71.74 64.18 40.58 23.77 2.9 0 

Root 24 51.1 22.25 13.23 0 0 0 0 

48 75.83 48.16 17.16 6.16 0 0 0 

72 88.12 84.5 50.2 31.1 2.2 0 0 

Barassica botrytis 

Leaf 24 100 100 68.51 58.8 35.57 26.69 2.2 

48 100 100 100 93.35 86.5 28.53 6.65 

72 100 100 100 100 93.42 31.5 8.91 

Petiole 24 100 77.71 35.55 22.21 13.33 0 0 

48 100 78.5 42.56 26.68 17.77 2.22 0 

72 100 100 57.8 37.41 26.6 4.45 0 

Shoot 24 86.67 80 64.42 44.45 28.85 0 0 

48 100 82.14 73.3 46.2 37.59 0 0 

72 100 100 75.17 55.5 48.8 0 0 

Root 24 51.1 22.25 13.23 0 0 0 0 

48 75.83 48.16 17.16 6.16 0 0 0 

72 88.12 84.5 50.2 31.1 2.2 0 0 

Raphanus sativus 

Leaf 24 100 78.69 52.94 47.71 40.02 34 20.85 

48 100 87.89 65.22 65.1 56.54 44.54 24.78 

72 100 93.35 91.84 86.36 73.91 59.74 29.44 

Petiole 24 100 78.62 41.44 32.75 30.3 8.09 2.1 

48 100 85.89 53.21 50.54 48.83 11.22 3.5 

72 100 100 75.4 64.59 62 14.73 3.5 

Root 24 91.11 77.75 66.06 55.5 37.73 24.4 0 

48 100 88.51 71.01 64.44 44.2 35.55 6.1 

72 100 100 84.2 73.57 55.55 40 17.7
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Table 17.2 Statistical analysis of in-vitro experiments of Cruciferous plant extract with exposure 
hrs and doses against J2 of Meloidogyne 

Statistical analysis of in-vitro experiment 

Plant 
extracts 

Exposure 
time (h) 

Minimum 
value 

Maximum 
value 

Average Median 
value 

Standard 
deviation 

Correlation 
coefficient 

R-squared 

Brassica rapa 

Leaf 24 2 68.27 48.84 56.79 25.0583 −0.9133 0.8341 

48 4.45 92.39 58.34 68.83 29.4846 −0.9321 0.8688 

72 5.07 100 73.92 93.15 33.1787 −0.8501 0.7228 

Petiole 24 0 58.89 23.65 27.23 19.6758 −0.9122 0.9452 

48 0 84.17 41.76 40.58 32.134 −0.9904 0.981 

72 0 87.17 41.76 40.58 32.134 −0.9904 0.981 

Root 24 0 51.1 12.36 0 17.7731 −0.8425 0.7195 

48 0 75.83 21.04 6.16 27.5212 −0.8849 0.7831 

72 0 88.12 36.58 31.1 35.9094 −0.9574 0.9167 

Brassica botrytis 

Leaf 24 2.2 100 55.96 58.8 34.2412 −0.9866 0.9734 

48 6.65 100 73.57 93.35 36.176 −0.8618 0.7427 

72 8.91 100 76.26 100 36.0323 −0.8263 0.6828 

Petiole 24 0 100 35.54 22.21 36.1159 −0.9446 0.8923 

48 0 100 37.81 26.68 34.9129 −0.9643 0.9299 

72 0 100 46.49 37.41 38.2544 −0.9737 0.9481 

Shoot 24 0 86.67 43.48 44.45 33.0228 −0.9854 0.971 

48 0 100 48.46 46.2 36.3077 −0.9836 0.9675 

72 0 100 54.21 55.5 38.8056 −0.9688 0.9387 

Root 24 0 51.1 12.36 0 17.77 −0.8482 0.7195 

48 0 75.83 21.04 6.16 27.5212 −0.8849 0.7831 

72 0 88.12 36.58 31.1 35.9094 −0.9574 0.9167 

Raphanus sativus 

Leaf 24 20.85 100 53.45 47.71 25.2377 −0.9615 0.9246 

48 24.78 100 63.43 65.1 23.4209 −0.9791 0.9586 

72 29.44 100 76.37 86.36 22.8999 −0.9258 0.8572 

Petiole 24 2.1 100 41.5 32.75 33.1007 −0.9622 0.9258 

48 3.33 100 50.43 50.54 32.6906 −0.9695 0.94 

72 3.5 100 60.03 64.59 35.2619 −0.959 0.9197 

Root 24 0 91.11 50.36 55.5 29.4066 −0.9919 0.9838 

48 6.1 100 58.54 64.44 29.9799 −0.9873 0.9749 

72 17.7 100 67.28 73.57 28.8023 −0.9809 0.9699
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and found marked reduction in the hatching of egg in M. incognita. Aqueous extracts 
of Brassica rapa inhibition of hatching from mass eggs and penetration of juveniles 
of M. incognita into V. radiata as reported by Majumdar and Mishra [94]. 

Brassica botrytis (Cauliflower) 

The data present in Tables 17.1 and 17.2 showed that leaf extract of Brassica botrytis 
caused significant percent mortality of M. incognita juveniles than the other tested 
parts of this plant. Highest mortality i.e. 100% was observed within 24 h exposure 
with leaf extract in its 100 and 50% concentrations while with petiole extract in stock 
solution the same observation had been noticed. With 100 and 50% shoot extract 
100% mortality occurred after 48 h exposure. Higher concentration of root extract 
of B. botrytis suppressed mortality in comparison to other part’s extract, whereas, 
lowest 1% dilution of petiole, shoot and root extract was totally a failure to cause 
mortality. It was also proved statistically (Tables 17.1 and 17.2). Percent mortality 
in the leaf extract was less at 3.125 and 1% doses and in the petiole extract at 6.25 
and 3.125% dilution while in root extract at 12.5 and 6.25% doses when compared 
to higher concentrations. 

These findings confirmed the observations by Abid et al. [95] who noticed ethanol 
extract of Brassica botrytis causing 4, 10, and 23% juveniles’ mortality of M. javanica 
after 24, 48, and 72 h of exposure respectively in lower concentrations. Alam [96] 
reported that minced leaves of cauliflower inhibited the percentage of plant parasitic 
nematodes. Aisha et al. [97] reported seeds and oil cakes of Brassica species to 
be extremely nematicidal against Heterodera schachtii. The chopped floral parts of 
Brassica botrytis against Tylenchids had been reported very effective by Haseeb and 
Alam [98] while Chandravadana et al. [99] and Abid et al. [95] had also reported 
Brassica botrytis possessing nematicidal potential against M. incognita. Ahuja and 
Mukhopadhyay [91] reported Brassica botrytis to be resistant against M. incognita 
infestation. Whereby, Thies [100] studies that marked inhibition in root gall index of 
M. incognita with the treatment of oil cakes of Brassica species infecting different 
vegetables in the field trials. 

Raphanus sativus (Radish) 

The percent mortality of M. incognita juveniles increased almost equally from highest 
100% upto 6.25% dilutions after the exposure 24, 48, and 72 h. Root extract was 
interestingly more effective than petiole extract except the initial low mortality after 
24 h exposures was 91.11% instead of 100% mortality like petiole extract 100% dose. 
It was discernible that in the juveniles, exposed to 3.125 and 1% concentrations, 
mortality occurred from 8.09 to 59.74% and 2.10 to 29.44% respectively for 24, 48, 
and 72 h exposure in all the leaves, petiole and root extracts. In all cases a marked
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increment in percent mortality with the increment of treatment time (Tables 17.1 and 
17.2). No J2 mortality had been recorded in root extract at 24 h. 

The above findings support the work of Nandal and Bhatti [101] also confirming 
the result of root extract of seven alkaloids bearing plants including Raphanus, Bras-
sica botrytis, B. compestris and Mentha etc. were more inhibitory than shoot extracts 
for hatching of juveniles of M. incognita observed by Haseeb et al. [102]. According 
to Kerakalamatti et al. [103] experimented aqueous extracts of oil cakes R. sativus 
against Hoplolaimus indicus reported nematicidal efficacy. Gardner and Caswell-
Chen [104] tested cultivars of R. sativus against M. javanica and M. incognita finding 
all vascular plants to be exposed. On the contrary Belair [105] did not find R. sativus 
as the host for M. hapla. Muller [106] also reported that R. sativus was implicated in 
inhibiting the percentage of M. incognita studied under greenhouse and micro-plot 
conditions. 

Some of the workers detected certain toxic principles like ricinine (C8H8M2O2), 
sinigrin (Glycoside), quercetin (C15H10O7), arachin and conarchin, nimbidin and 
thiniomone which had been isolated from castor, mustard, mahua, groundnut and 
neem oil cakes respectively. On the other hand menthol and menthone were extracted 
from M. arvensis and certain alkaloids like ajmalicine, serpentine and reserpine from 
C. roseus. Agarwal and Ghosh [24] observed that all these compounds had inhibited 
nematode percentage. Decline in nematode percentage population probably appears 
due to production of fatty acids as suggested by Johnson [107]; Klemens and Gerard 
[108]. Whereas, Khan [109] proposed that probably the position of the “OH” group 
present in hydroquinone, arbutin, phloroglucinol, orcinol and resorcinol and in some 
pyrogallol, catechol and gallic acid, some precursor and compounds evinced in plants 
determine the toxicity against nematodes. 

Conclusions 

As far as the mechanism is concerned this is understood that the efficacy of plant 
extract is governed by composition of the compound present in plant parts and the 
degree of decomposition as influenced by the biological and physical environment 
of the soil. By and large, the following explanations have been given by different 
workers: The products from decomposition of plant matter are directly toxic to nema-
todes Ntalli et al. [110]. Organic matter present in plants on decomposition brings 
changes in the abiotic and biotic factor of plants surrounding it which results in 
the host-parasitic equation Vander Laan [111]. Organic amendments facilitate the 
soil array for higher root length, resulting in more absorption of the nutrients of 
the soil, and minimizing the distraction of nematodes. Widmer et al. [112]; Ansari 
et al. [113] suggested that biological management, uses of botanical and topsoil 
modification techniques record high among others practices of nematode control in 
environmental safety point of view. As almost 2400 plant species around the World 
known as pesticidal or nematicidal tendency, but now a days caution should be taken
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because many report shows phytochemicals contain many toxicants which may cause 
eco-toxicity, hepatotoxicity, cytotoxicity and even cause carcinogenicity. 
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Chapter 18 
Heavy Metals Pollution and Role of Soil 
PGPR: A Mitigation Approach 

Smita Patil, Abullais Ansari, Ashwini Sarje, and Ashok Bankar 

Abstract Heavy metal pollution is a serious threat to human health and the envi-
ronment. It is severely augmented by several industrial activities. The main causes of 
metal pollution include several industrial processes such as metal forging, smelting, 
mining, fossil fuel burning, and the use of sewage sludge on agricultural sites. Toxic 
heavy metals discharged from these sources adversely affect the population of soil 
microorganisms and the physicochemical properties of the soil, reducing soil fertility 
and crop productivity. These heavy metals are not biodegradable and remain in 
the environment. Several conventional methods are used for removal or detoxifi-
cation of heavy metals that have several drawbacks such as high cost, difficult to 
operate and toxic in nature. Therefore, bioremediation techniques have emerged as 
an alternative technique for remediation of heavy metals that have polluted soils. In 
metal-contaminated soil, the natural role of metal-tolerant plant growth-promoting 
rhizobacteria (PGPR) in maintaining soil fertility is fading with increasing use of 
pesticides. In addition to its role in detoxifying or removing toxic metals, rhizobac-
teria also promote plant growth via other mechanisms such as the production of 
growth promoting substances and siderophores. Phytoremediation is another new, 
low-cost in situ technology used to remove toxic pollutants from contaminated 
soil. The efficiency of phytoremediation can be enhanced by heavy-metal tolerant 
PGPR. In this book chapter, the significance of the PGPR for direct application to 
metal contaminated soil under a wide range of agro-ecological conditions has been 
discussed. The chapter also gives insight on re-establishment of metal contaminated 
soils and consequently, promotes crop productivity and their significance in phytore-
mediation. Thus, in the future bioremediation can be an effective technology for 
treatment of metal polluted environments.
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Introduction 

Some heavy metals are essential for living organisms at low concentrations but can 
be harmful at high concentrations [1, 2]. Toxic heavy metals are those which are not 
essential to life and are often toxic at lower concentrations [3]. Heavy metals have 
several physicochemical properties such as ubiquity, toxicity, accumulation, non-
biodegradability and persistence. Due to rapid urbanisation and several industrial 
activities a variety of toxic heavy metals are discharged into the soil environment 
[4, 5]. Heavy metals are constantly released into the environment through several 
human activities like mining, smelting, long-term use of mineral fertilizers, sewage 
sludge, pesticides, fuel and energy use, and wastewater [6, 7]. Most importantly, 
Cr, As, Cd, Ni, Cu, Pb, Co and Zn are commonly found in soil environment [8]. 
Heavy metal pollution has received special attention worldwide due to their negative 
impact on public health and the environment [6]. Heavy metals are accumulated in 
the human body through the food chain [2, 5, 9]. They have detrimental effects on 
various human body organs such as the digestive tract, kidneys, nervous system, skin, 
vascular muscles, and immune system. They can even cause congenital deficiencies 
and cancer [10]. The combined effects of several metals on humans can lead to 
complex stress regimes. Serious complications such as abdominal colitis, bloody 
diarrhoea, and renal failure due to high doses of heavy metals have been observed, 
but low dose exposure may be diagnosed as fatigue, anxiety, and neuropsychiatric 
disorders [11, 12]. Heavy metal soil pollution can reduce soil quality, soil fertility, 
microbial biodiversity, and plant productivity [13]. Accumulation of heavy metals 
in soil is a concern for the agricultural production sector, as increased uptake by 
plants can compromise food quality and quantity [14]. Management of heavy metal 
pollution is an important issue, as agricultural exports are sold internationally on the 
basis of environmental safety and sustainability [15]. 

Several methods have been used to remediate heavy metal-polluted soil and restore 
soil properties [6]. The suitable remediation techniques are selected based on the site 
characteristics, the nature of contaminants, the level of contamination, and the final 
use of the polluted soil. In general, physicochemical methods are widely used to 
remove heavy metals from polluted soil [6]. Traditional methods of heavy metal soil 
clean-up include extraction and immobilization of heavy metals, leading to exca-
vation of land [16]. The conventional physicochemical techniques used to remove 
heavy metals are simple, quick, and effective. However, these techniques are costly, 
consume large amounts of energy, produce toxic by-products, and are not eco-friendly 
[17, 18]. In addition, these methods affect the physicochemical properties of the soil, 
affect the microbial biodiversity and can make the soil unsuitable for agriculture. 

Therefore, to effectively manage heavy metal soil pollution, scientists have devel-
oped alternative biological approaches by using microorganisms [6, 17]. These 
microorganisms have some morphological, physiological, metabolic, and molecular 
characteristics to combat heavy metal toxicity. These properties can be used to remove 
heavy metals from polluted soil [17, 18]. Microbial remediation involves several 
microorganisms such as bacteria, microalgae, yeast and fungi to remove, transform,
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and detoxify heavy metals that remain in the environment [19–21]. Endogenous and 
exogenous microorganisms have several mechanisms to combat heavy metal toxi-
city. Microbial mechanisms such as extracellular or intracellular sequestration, metal 
chelating agent production, precipitation, enzymatic detoxification, and volatilization 
play important roles in bioremediation of heavy metal-polluted soils [20–24]. These 
biological approaches are chosen over physicochemical methods because they are 
simple, easy to implement, widely applicable, reliable, inexpensive, non-destructive, 
and eco-friendly [25]. Biological-based approaches are dependent on the type of 
microorganisms, the ability to resist metals, the degree of pollution, and the physic-
ochemical properties of the soil. However, these limitations can be overcome by 
developing new microbial species that express specific genes of interest [6, 17, 26]. 

Significance of Heavy Metal Tolerance Mechanisms in PGPR 

PGPR are soil bacteria that grow in the rhizosphere of plants and promote plant 
growth through several mechanisms. Plant roots interact with a number of different 
microorganisms, which affect the plant growth as well as soil conditions. Rhizosphere 
bacterial colonization is known to be beneficial to bacteria, but their presence may 
also be useful to plants. PGPR are found beneficial for several agricultural systems 
to enhance crop yield and quality [27, 28]. Heavy metal stress has been reduced by 
PGPR because they have various mechanisms to tolerate and allow the uptake of 
heavy metal ions inside cells. Such mechanisms include (1) metal transport through 
the plasma membrane (2) intracellular metal ion accumulation and sequestration (3) 
heavy metal precipitation (4) detoxification of heavy metals and (5) adsorption or 
desorption of metals as shown in Fig. 18.1 and metal tolerating PGPRs are listed in 
Table 18.1 [29–31].

The minimum inhibitory concentrations (MIC) of Cu, Cr, Ni, and Cd were 186.9± 
29.60, 88.0 ± 12.36, 153.81 ± 34.38, and 130.54 ± 28.21 µg/mL for P. aeruginosa, 
respectively [32]. It was reported that 32 bacterial isolates were obtained from metal-
contaminated soil samples. Among these bacterial isolates, C. oceanosedimentum 
showed high resistance to cadmium (18 mM) [34]. Similarly, Stenotrophomonas 
rhizophila was highly resistant to Cr (VI). This bacterial isolate completely reduced 
50 mg/L Cr (VI) within 48 h [33]. It was found that 27 rhizobacterial isolates were 
tested against Cr (VI). NT 15, NT19, NT20, and NT27 isolates were found to exhibit 
high Cr (VI) resistance in the presence of Cr (VI) at concentrations of 100–200 mg/L 
without loss of PGPR trait [36]. Six strains of rhizobacteria were isolated from heavy 
metal-contaminated soil in abandoned mines. These strains used were multi-tolerant 
to heavy metals and had some plant growth-promoting properties [46]. The PGPR 
have been used as seed inoculants to intentionally metal-treated or modified soils or 
already contaminated soils. The obtained results have shown a significant reduction 
in metal toxicity [47]. The PGPR are known to protect plants from metal toxicity, as 
well as to improve soil fertility and promote plant productivity by providing essential 
nutrients and growth regulators [48–50].
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Fig. 18.1 Possible metal tolerance mechanisms in PGPR [29–31] 

Table 18.1 List of heavy metal tolerating PGPR 

PGPR Metal tolerated Reference 

P. aeruginosa Cu, Cr, Ni, and Cd [32] 

Stenotrophomonas rhizophila Cr (VI) [33] 

C. oceanosedimentum Cd [34] 

P. aeruginosa and B. gladioli Cd [35] 

Pseudomonas sp Cr (VI) [36] 

Bacillus spp Cr [37] 

B. subtilis SJ101 Ni [38] 

B. licheniformis, M. luteus, and  P. fluorescens As [39] 

Pseudomonas Sp, Bacillus Sp, Cupriavidus Sp, and  
Acinetobacter Sp 

Pb, Cd, and Cu [40, 41] 

P. fluorescens Cd and Pb [42] 

Rhizobium sp. RP5 Zn and Ni [43] 

Rhizobacterium sp. D14 As [44] 

Sinorhizobium sp. Pb002 Pb [45]
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Heavy metals adhere to extracellular polymeric substances (EPSs) that are natu-
rally secreted by several bacterial cells, such as proteins, nucleic acids, fatty acids, 
polysaccharides, and humic substances. These EPSs have a very high binding affinity 
for heavy metals such as lead, cadmium and copper. Bacteria such as Staphylo-
coccus aureus, Micrococcus luteus, and Azotobacter spp. have been reported for 
production of exopolymer that show high metal binding affinity [51]. Plant growth is 
promoted by reducing the stress induced by the ethylene-mediated effects on plants 
by producing 1-aminocyclopropane-1-carboxylate (ACC) deaminase enzyme [52– 
54]. Some microbes have the ability to produce low molecular weight siderophores as 
iron-chelating agents for immobilization of iron. Siderophores also have a binding 
affinity for other toxic heavy metals. Therefore, siderophores have the ability to 
minimize the bioavailability of heavy metals and reduce their metal toxicity. Bacte-
rial metabolites are capable of crystallizing or precipitating heavy metals to reduce 
cellular uptake of heavy metals [55, 56]. 

The advantages of such microorganisms, with their multiple properties of metal 
resistance or reduction and the ability to promote plant growth through various mech-
anisms in metal-contaminated soil, are the most suitable options for bioremediation 
studies. PGPR can impose various indirect impacts on plants such as plant pathogen 
inhibition activity by competing for nutrients and space [57, 58]. In addition to the 
direct and indirect positive effects on biomass production, plant-associated bacteria 
can also contribute to increased metal availability and uptake, and reduced phyto-
toxicity of metals [59]. In recent years, PGPR has been shown to be effective in 
enhancing phytoremediation of petroleum and other pollutants [60, 61]. PGPR inter-
acts with toxic heavy metals in soil, reducing their bioavailability. Energy-dependent 
metal efflux systems such as ATPases and chemiosmotic ion or proton pumps have 
been reported for the uptake of Cr and Cd metallothionein by bacterial cells [55]. 
The mechanism of cytosolic metal sequestration has been previously reported. In 
this mechanism, metallothionein, a low-molecular weight, bacterial cells to detoxify 
heavy metals such as Cd, Cu, Hg, and Ag secrete cysteine rich metal binding protein. 
Methylation of heavy metals by bacterial cells has been reported as an alternative 
mechanism of bacteria [56, 62]. The metal reduction mechanism has been studied in 
several bacteria. For example, detoxification of chromium involves the reduction of 
Cr (VI) to Cr (III) reported previously [63]. 

PGPR has the ability to produce various metal chelating agents, such as 
siderophores and organic acids, in the soil environment. They can acidify the microen-
vironment and induce the changes in redox potential [64, 65]. Due to these inherent 
mechanisms, the rhizosphere bacterium, which promotes plant growth, is a potential 
candidate for soil metal remediation. PGPR can also contribute to the reduction of 
phytotoxicity of metals via biosorption and bioaccumulation mechanisms. Bacte-
rial cells have a very high surface-area-to-volume ratio and may adsorb more heavy 
metals than inorganic soil components either by a metabolism-independent passive 
or by a metabolism-dependent active process [66, 67]. Many authors suggest that the 
bacterial biosorption or bioaccumulation mechanism, along with other plant growth-
promoting properties, including ACC deaminase and plant hormone production, is 
involved in promoting plant growth in metal-contaminated soils [38, 68]. The genes
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encoding heavy metal resistance of microorganisms need to be identified. Several 
molecular techniques have been used to identify metal resistance genes in microor-
ganisms [69]. DNA microarray technique has been adopted as a powerful tool for 
identifying gene regulation under stress heavy metals [70]. The mass spectrometry-
based proteomic techniques have been used to investigate the patterns of proteins 
expression due to intracellular metal accumulation [71]. Whole-genome sequencing 
method has been shown to help identify genes that play an important role in enhancing 
metal accumulation process [72]. Similarly, transcriptomics analysis techniques have 
been used to identify genes responsible for effective metal accumulation processes 
[73]. In addition, bioinformatics and mathematical modelling have been used to 
analyse the microbial metal resistance capability [74]. Therefore, advanced tech-
niques have the potential to improve the metal bioaccumulation processes in the 
future. 

Rhizoremediation of Heavy Metal-Polluted Soil 

Rhizoremediation is the remediation of polluted soil by rhizobacteria observed in 
the rhizosphere of plants. The symbiosis of microorganisms and plants in the plant 
rhizosphere found to be useful as an effective restoration technique. This is a relatively 
novel approach and may provide a practical remedy [75, 76]. PGPR, which promote 
plant growth, are soil bacteria that grow in the rhizosphere of plants and promote plant 
growth through various mechanisms. Plant roots interact with a number of different 
microorganisms, which affect plant growth as well as soil conditions. Rhizosphere 
bacterial colonization is known to be beneficial to bacteria, but their presence may 
also be beneficial to plants [27, 28, 77]. Some PGPR strains have been applied to 
plants that grow in poor soils that are heavily contaminated with heavy metals. Under 
these conditions, uninoculated plants and plants inoculated with the LMR250 strain 
did not grow, while the other five bacterial inoculants restored plant growth. The 
best performing strain, Pseudarthrobacter oxydans LMR291, has been reported as 
an excellent biofertilizer or biostimulant that promotes plant growth in contaminated 
soil [46]. 

In addition, a pot assay was performed to determine if the Curtobacterium 
oceanosedimentum strain could promote Chili growth under cadmium stress. Bacte-
rial colonization significantly increased root and shoot lengths by up to 58% and 60%, 
respectively, compared to controls. After inoculation with the cadmium-resistant 
strain, the plants gained both fresh and dry weight. In both the control and inocu-
lated plants, cadmium accumulates more in the roots than in shoots, indicating that 
Chili stabilizes Cd levels. In addition to improving plant properties, Cd-resistant 
strains have also been shown to increase the amount of total plant chlorophyll, 
total phenol, proline, and ascorbic acid. The PGPR inoculants protect the plants 
from adverse effects of cadmium [34]. Inoculations of P. aeruginosa and B. gladioli 
showed improvements in root length, shoot length, and photosynthetic pigments.
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Levels of protein-bound and non-protein bound thiols were also increased in Cd-
treated seedlings. Therefore, microorganisms have growth promoting properties that 
allow them to reduce the metal toxicity in plants [35]. 

The PGPR NT27 isolate was a strain of the genus Pseudomonas. In the presence of 
Cr (VI), the shoot and root dry weights of M. sativa was increased by 97.6 and 95.4%, 
respectively, compared to uninoculated control plants. Chlorophyll content has also 
increased significantly, and the stress markers, hydrogen peroxide, malondialdehyde, 
and proline have decreased. Thus, chromium-tolerant Pseudomonas sp had a positive 
effect on shoots and roots of M. sativa plants by reducing chromium toxicity [36]. Six 
Cr-tolerant PGPR strains were isolated and identified as Bacillus spp. The consortium 
of Cr-tolerant strains was used for the inoculation in combination with Biochar. The 
highest increase in shoot and root length was (22–23.4%) and the highest increase in 
chlorophyll and SOD was (28–40%). Similarly, proline and sugar levels improved 
to 20.5% and 9.6%, respectively. A significant reduction in Cr uptake was recorded 
in the dry biomass of wheat plants, with Cr concentrations of 0.28 ± 1.01 mg/kg 
compared to controls. Therefore, according to the results, PGPR and biochar are an 
important tools for protecting plants from chromium toxicity and can be used as 
inoculum for better crop production [37]. Nearly 180 Cr (VI) resistant PGPRs were 
isolated, and after screening, 10 efficient bacteria that could function under Cr (VI) 
stress conditions were selected. Wheat seeds (Triticum aestivum L.) were inoculated 
with selected bacterial isolates and sown in Cr (VI) contaminated (20 mg/kg) pots. 
The results showed that Cr (VI) contaminated soil significantly suppressed plant 
growth and development. However, inoculation significantly improved plant growth 
parameters compared to uninoculated plants. In inoculated pots, soil Cr (VI) levels 
were reduced by up to 62%. Cr (VI) levels were up to 36% lower in roots and up to 
60% lower in shoots than uninoculated plants grown in contaminated pots [78]. 

The effects of PGPR, which stimulates plant growth under stress, are considered 
an effective strategy. It has been studied that plant grown in heavy metals polluted 
areas in the presence of PGPR were able to accumulate significant amounts of heavy 
metals in some plant parts than plants grown in soils without microbial flora [79]. 
The IAA-producing strain B. subtilis SJ101 promoted the growth of Brassica juncea 
in Ni-contaminated soil [38]. Similarly, Zn, Cu, Ni, and Co tolerant IAA producing 
strains were found to promote rapid root growth of B. juncea in soil contaminated 
with Cd [53]. Pinter et al. [39] found that siderophore production, phosphate solubi-
lization, and nitrogen fixation activity of As-resistant B. licheniformis, M. luteus, and 
P. fluorescens increase the biomass of grapevine in the presence of high As concen-
trations. Environmental adaptability of Cd, Pb, and Cu resistant bacterial strains 
obtained from rhizospheric soil of Boehmeria nivea growing around mine refineries 
[80]. Scientists revealed rhizosphere bacteria of the genera Pseudomonas, Bacillus, 
Cupriavidus, and Acinetobacter are resistant to Pb, Cd, and Cu. A wide range of 
plant growth promoting properties of rhizobia including nitrogen fixation, solubi-
lization of insoluble minerals such as phosphate, phytohormones and siderophores 
production, ACC deaminase synthesis, and volatile compounds such as acetoin and 
2, 3-butanediol. Thus, rhizobia are found to be good candidates for detoxification of 
heavy metals [40, 41].
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Of the 58 PGPR isolates, 8 bacterial strains were screened for multiple heavy 
metal tolerance, salt tolerance, indole-3-acetic acid, phosphate solubilization, and 
siderophore production, and finally the WW-40 strain was selected as a potent PGPR. 
Applying this strain under greenhouse conditions, the highest 52% of seed germi-
nation, 1078% of vigour index, 68.57% of shoot length, 71% root length, 44.44% 
of shoot fresh weight, 50% of root fresh weight, 52.38% of shoot biomass, and 
66.66% of root biomass increased significantly compared to heavy metal treatment 
maize seedlings. Chlorophyll content increased by 68.75% in the consortium with Zn 
compared to the Zn inoculated pot. Similarly, the carotenoid content of Zn consor-
tium pot increased by 57.89% and the xanthophylls content of the Zn consortium pot 
increased by 65.62% compared to other metal treatment pots. Therefore, the heavy 
metal resistant isolates that stand out in this study may be PGPR strains for both biore-
mediation and crop growth promotion [81]. The use of PGPR supports plant growth 
in contaminated soil, and urea-degrading bacteria can immobilize heavy metals by 
carbonate precipitation process. Therefore, dual treatment with such bacteria may 
be useful for plant growth and bioremediation in polluted soil. Pot experiments 
were carried out to grow radish plants in soil contaminated with Cd and Pb treated 
with PGPR P. fluorescens, and the results were compared with dual inoculation of 
P. fluorescens in combination with ureolytic S. epidermidis HJ2. The removal rate 
of Cd and Pb from the soil was 17% with PGPR alone, and more than 83% was 
reported with combined treatment [42]. Table 18.2 shows the importance of PGPR 
in phytoremediation of heavy metal contaminated soil. 

Table 18.2 PGPR-assisted phytoremediation of heavy metal contaminated soil 

PGPR Plant/s Heavy 
metal/s 

Impact on plant Reference 

B. licheniformis, M. 
luteus, and  P. 
fluorescens 

Grapevine Pb, Cd, 
and Cu 

Increased the biomass of 
grapevine 

[80] 

B. subtilis SJ101 B. juncea Ni Promoted the growth of 
plant 

[38] 

Pseudomonas Sp M. sativa Cr (VI) Increased shoot and root 
length, chlorophyll 
content enhanced 

[36] 

Bacillus Sp with 
biochar 

Wheat plant Cr Increased shoot and root 
length, chlorophyll 
content enhanced 

[37] 

C. 
oceanosedimentum 

Chili Cd Significantly increased 
root and shoot lengths 

[34]

(continued)
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Table 18.2 (continued)

PGPR Plant/s Heavy
metal/s

Impact on plant Reference

B. licheniformis, M. 
luteus, P. fluorescens 

Vitis vinifera As M. luteus increased plant 
biomass, protein content, 
and POX activity 
B. licheniformis 
increased plant biomass 
and APX 
P. fluorescens augmented 
POX activity 

[39] 

Bacillus megaterium B. campestris and 
B. rapa 

Cd Inoculation increased 
biomass, soluble 
proteins, and vitamin C 
content 

[82] 

B. safensis and P. 
fluorescens 

Helianthus annuus Zn and 
Pb 

Inoculation reduced Zn 
and Pb uptake by plant 
tissues 

[83] 

Klebsiella oxytoca H. annuus Co, Pb, 
and Zn 

Inoculation enhanced 
plant growth 

[84] 

Klebsiella sp. Vigna radiata Cd, Cu, 
and Pb 

Inoculation promoted 
plant growth under HM 
stress 

[85] 

Kocuria flava and B. 
vietnamensis 

Oryza sativa As Inoculation promoted 
plant growth (shoot and 
root length and weight) 

[86] 

Possible Rhizobacterial Strategies for Heavy Metals 
Bioremediation 

Rhizobacterial Biosorption of Heavy Metals 

Biosorption is a new biological technique that has been employed for the last 20 years. 
It is an inexpensive approach to remove heavy metals from polluted environments 
[87]. Biosorption is based on the ionic interactions between the extracellular surface 
of living cells or dead biomass with metal ions. Therefore, most of the pollu-
tants adhere on the cell surfaces instead of being oxidised by aerobic or anaer-
obic metabolism. Biosorption is considered as an effective technique for removal 
of various heavy metals from aqueous solutions [88, 89]. Researchers have shown 
that charged functional groups act as nucleation sites for the biosorption of various 
metal-containing precipitates. There are three mechanisms reported by which heavy 
metals can be adsorbed from contaminated environment: (1) Adsorption on the bacte-
rial cell surfaces (2) Additional surface complexation and precipitation of actinides 
and (3) Precipitation of actinides with bacterial cell lysates [90]. In microorganisms, 
heavy metals are accumulated through adsorption or absorption processes reported
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previously [91–93]. Adsorption is the main mechanism of heavy metal accumulation 
observed in several microorganisms. Adsorption is an energy-independent process 
that occurs in both living and non-living bacterial cells. However, absorption is an 
energy-dependent process that occurs in living bacterial cells [94]. Bacterial cell walls 
have some specific functional groups such as carboxyl, amine, phosphonate, and 
hydroxyl groups [95]. These functional groups are involved in metal binding on the 
cell surfaces [96]. Anionic carboxyl and phosphate groups contribute to overall nega-
tive charge on microbial cell walls. Almost all heavy metals are positively charged 
and easily interact with cell walls. Therefore, metal ions bind or accumulate inside 
the cell via cell membrane [97]. Thus, the success of the metal adsorption process 
depends on the diverse structure of the bacterial cell wall. Gram-positive bacterial cell 
wall consists of a thick layer of peptidoglycan, which has high adsorption capacity 
[98, 99]. Gram-positive bacteria have the ability to remove heavy metal cations due 
to their electronegative charges due to the presence of teichoic and teichuronic acids 
in the cell wall. Thus, metal binding mechanism depends on the chemical nature of 
cell biomass and ionic strength of metal ions [100, 101] (Fig. 18.2). 

Uptake of Cd (II) by biomass of Sphingomonas paucimobilis has been reported 
earlier. The ability of living cells to remove Cd (II) was found to be significantly 
higher than that of dead cells [104]. Another study also reported that live cells of 
Enterobacter cloacae TU cells were superior in removing Cd (II) compared to dead 
cells [105]. Huang et al. [106] studied those dead cells have been shown to have 
higher Cd (II) biosorption capacity than live cells [106]. It has also been shown that 
live and dead biomass of P. plecoglossicida have approximately the same Cd (II) 
biosorption capacity [107]. 

However, being biosorbent, little research has been carried out on live and dead 
cells of PGPR. The use of live or dead biomass to remove heavy metals continues

Fig. 18.2 Biosorption of heavy metals on bacterial cell surface [90, 102, 103] 
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to be debated. Therefore, living and non-living biomass of C. necator GX_5, Sphin-
gomonas sp. GX_15, and Curtobacterium sp. GX_31 have been used as biosor-
bents to compare their Cd (II) adsorption capacities [108]. Dead cells showed higher 
adsorption capacity than the live cells of Curtobacterium sp. GX_31. However, in 
the case of C. necator GX_5 and Sphingomonas sp. GX_15, the loading capacity of 
non-living biomass was stronger when compared with living biomass at 20 mg/L of 
Cd (II). After autoclaving, slight changes in the spectrum were observed, and FTIR 
analysis showed that more functional groups of the dead biosorbents were involved 
in Cd (II) binding. FTIR study also revealed that functional groups such as hydroxyl, 
amino, amide, and carboxyl groups played a vital role in complexation with Cd (II). 
Thus, it was concluded that dead cells are more effective biosorbents for Cd (II) 
remediation [108]. In another study, 10 different PGPRs were isolated, and identi-
fied as Arthrobacter globiformis, B. megaterium, B. cereus, B. pumilus, S. lentus, E. 
asburiae, S. paucimobilis, Pantoea spp., Rhizobium rhizogenes, and R. radiobacter. 
These isolates were tested for their arsenic biosorption capability. It was observed 
that all rhizobacteria showed arsenic biosorption capability. However, S. paucimo-
bilis showed the highest biosorption capacity for arsenic (146.4 ± 23.4 mg/g dry cell 
weight) [109]. 

Therefore, PGPR not only promotes plant growth, but are also promising biosor-
bents for removing heavy metals from the environment. However, there is still 
some debate about the biosorption and bioaccumulation processes, and their role 
in cadmium adsorption. Therefore, cadmium biosorption and bioaccumulation study 
was carried out by using three different Cd (II)-resistant PGPR such as C. necator 
GX_5, Sphingomonas sp. GX_15, and Curtobacterium sp. GX_31. The study found 
that the highest Cd (II) removal efficiency values for GX_5, GX_15, and GX_31 were 
25.05%, 53.88%, and 86.06%, respectively at 20 mg/L of Cd (II) [110]. Recently, 
several microorganisms are genetically modified to improve the metal sorption 
capacity [111, 112]. Bacteria such as S. xylosus and S. carnosus are transgenic strains 
that express two different polyhistidyl peptides (His3-Glu-His3 and His6) reported 
earlier [113]. Similarly, E. coli and P. putida strains have been employed for phos-
phate biosorption through phosphate-binding protein [114]. E. coli was genetically 
modified to express the Ni21 transport system and at the same time overexpress pea 
MT as a carboxyl-terminal fusion with glutathione S-transferase (GSTMT). This 
change improved the Ni21-accumulating capacity of E. coli [115]. 

Bioaccumulation of Heavy Metals by Rhizobacteria 

Uptake of heavy metals by microorganisms occurs in two main stages: (i) 
metabolism-independent; and (ii) metabolism-dependent [90]. In the first stage, metal 
binding takes place on the cell surface via various mechanisms such as adsorption, 
precipitation, complexation, ion-exchange, and crystallization [116]. In the second 
stage, the metal uptake in microorganisms occurs through bioaccumulation process. 
Heavy metal ions are adsorbed on the cell surface and slowly enter the cytoplasm of
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the cell. Therefore, the metal species remain immobilized within the cell cytoplasm 
of the cell. This process is also known as metal sequestration [69]. This process is 
slow and dependent on several factors such as metabolic energy, temperature and 
metabolic inhibitors [90]. 

Bioaccumulation process in which microorganisms use importer complexes to 
take up heavy metals into the intracellular space via translocation pathways through 
the lipid bilayer. Once heavy metals enter cells, they can be sequestrated by several 
proteins and peptide ligands [69]. Bacteria synthesize metal-binding proteins such 
as metallothionein (MT) after exposure to high concentrations of metals to enhance 
their metal-binding capacity [117]. Therefore, MTs have metal-binding capacity and 
are encoded by genes expressed in a diverse group of rhizobacteria to facilitate the 
accumulation of heavy metals [118]. Recombinant expression of inner membrane 
importers from three major transporter classes: (i) channels, (ii) secondary carriers, 
and (iii) primary active transporters are studied well to enhance heavy metal bioac-
cumulation by increasing cytoplasmic uptake from the periplasmic membrane [119] 
as shown in Fig. 18.3. 

Microorganisms employed for metal bioaccumulation must be metal tolerant to 
one or more metal contaminants at high concentrations. They also should have the 
metal biotransformational potential to convert toxic heavy metals into non-toxic

Fig. 18.3 Bioaccumulation of heavy metals by bacterial cell [90, 119] 
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forms [120, 121]. Thus, PGPRs not only promote plant growth but also found to be 
promising agents for heavy metal remediation. Li et al. [110] isolated three cadmium-
resistant PGPR namely Cupriavidus necator GX_5, Sphingomonas sp. GX_15, and 
Curtobacterium sp. GX_31 and used for bioaccumulation study under different Cd 
(II) concentrations. The study revealed that bioaccumulation was dominant in C. 
necator GX_5 and metal uptake was about 50.66–60.38%. The bioaccumulation 
study was also evidenced by different techniques such as SEM–EDX, TEM and FTIR 
spectroscopy. Further bioaccumulation study showed that heavy metals (cadmium 
and zinc) were mostly adhered on the cell wall instead of accumulating inside the 
cells [122]. In case of rhizobacteria, heavy metals in soluble and complex form 
are accumulated by live bacterial cells [123]. Studies on bioaccumulation of heavy 
metals by PGPR are very less reported and thus there is scope to carry out research 
in future. 

Rhizobacterial Exopolysaccharides (EPS) for Heavy Metal 
Remediation 

EPS is a complex mixture of high molecular weight biopolymer metabolites produced 
by several microorganisms that protects against harsh environmental conditions. 
Rhizobacterial EPS has high metal binding capability which composed of polysac-
charides, proteins, uronic acid, humic substances, lipids nucleic acid, and glycopro-
teins. Alginate (EPS) obtained from Azotobacter shows a strong metal binding capa-
bility. This property of EPS helps in remediation of toxic heavy metals by creating a 
microenvironment of essential metal ions to maintain the health of soil ecosystem and 
promotes plant growth [124–127]. EPS can assist in biofilm formation that protect 
cells in adverse conditions and helping plants by absorbing more water and nutri-
ents [128]. Biofilms have been employed in bioremediation processes because of 
their inherent ability to thrive in harsh environments. Bacterial biofilms are highly 
dense biomass embedded in EPS used for metal remediation via biosorption and 
bioaccumulation processes [129]. EPS of bacterial biofilm have high metal binding 
affinity. EPS form organometal complexes via electrostatic forces of attraction [129]. 
Thus, heavy metals are immobilised by bacterial biofilms via EPS and cell membrane 
components due to their high affinity towards heavy metals [130]. The ionic charges 
on the EPS of biofilm are due to several functional groups such as carboxyl, amino, 
phenol, phosphate, and sulfhydryl groups. These functional groups are responsible 
net negative charges on the EPS surface that assist the formation of organometallic 
complexes with heavy metals [129, 130]. Three-dimensional excitation-emission 
matrix (EEM) fluorescence spectroscopy was used to study the interaction of EPS of 
biofilm and Hg (II). In this study, EPS of biofilm is a class of organic ligands that are 
important for complexing with Hg (II) and have profound effects on chemical forms, 
mobility, bioavailability, and ecotoxicity of heavy metals in the aquatic environment 
[130]. Thus, EPS could be an effective biosorbent for heavy metals. EPS obtained
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from rhizobacteria exhibited strong heavy metal binding capacity, removing precip-
itated metal sulfides and oxides, leading to formation of EPS-metal complexes and 
thus, promoting remediation of heavy metals [131]. Carboxyl and phosphate groups 
of EPS produced by P. putida have been reported for adsorption of Cd2+ [132]. EPS of 
A. chroococcum strain XU1 exhibited biosorption capacity about 33.5 and 38.9 mg/g 
for lead and mercury, respectively [126]. 

It has been also reported that biofilm-grown cells have showed high resistance 
to heavy metals. Further study revealed that Pseudomonas biofilms was developed 
in presence of lead and zinc. However, there was no direct evidence provided by 
authors to prove the metal resistance potential of biofilms [133]. The nitrogen-fixing 
species Sinorhizobium meliloti has the ability to synthesize two different symbiosis-
promoting EPSs: (1) succinoglycan and (2) galactoglucan. These EPSs have been 
studied to play important roles in plant development and protection from environ-
mental stress. Researchers evaluated the role of EPS in bacterial resistance to heavy 
metals and metalloids, which are known to affect various biological processes. A 
recent study showed that EPS is essential for protecting bacteria from the toxicity 
of Hg (II) and As (III) stress. Biofilm formation has also been observed in the pres-
ence of heavy metals. Therefore, it was finally concluded that bacterial strain, which 
produces EPS have higher metal resistance ability compared to non-EPS bacterial 
strain [134]. PGPR such as Pseudomonas sp. H13 and Brevundomonas sp. H16 were 
reported for their ability to form biofilm and adsorbing heavy metals including Cu2+, 
Zn2+, Cd2+, and Pb2+. It has been observed that C–OH and P=O groups related to 
polysaccharides showed a significant role in heavy metal adsorption and immobiliza-
tion [135]. A biofilm forming cadmium tolerant PGPR, Aeromonas sp enhanced the 
root length and shoot height of augmented plant by 21.4 and 17.36%, respectively, as 
compared to the non-augmented plants. It was also noticed that bioaugmentation of 
Aeromonas sp. in the rhizosphere of Vetiveria zizanioides increased cadmium uptake 
by 67.7% in the soil treated with 15 mg/kg of Cd [136]. 

Rhizobacterial Biosurfactant Mediated Heavy Metal 
Remediation 

Biosurfactant-mediated metal remediation from metal-polluted soils is considered a 
promising environmental green technology [137]. Biosurfactants are surface-active 
molecules that reduce the surface tension between liquid and liquid or liquid and solid 
[138]. Several microorganisms such as bacteria, yeast, and fungi have been reported to 
be capable of producing biosurfactants. These biosurfactants are commonly used for 
remediation of heavy metals such as cadmium, lead and zinc [139]. Several bacte-
rial isolates within the genus Pseudomonas, Bacillus, Micrococcus, Arthrobacter, 
and Rahnella have been reported as potent producers of biosurfactants [140]. Endo-
phytic Rahnella sp. JN6 significantly enhanced the phytoremediation efficacy in



18 Heavy Metals Pollution and Role of Soil PGPR: A Mitigation Approach 363

cadmium, lead and zinc contaminated soil [141]. Rhizobacteria produce biosurfac-
tants that not only contribute to metal bioavailability but also promote plant growth. 
Biosurfactants are composed of polysaccharides, proteins, lipoproteins, lipopolysac-
charides, or complex mixtures. Many species of Acinetobacter have produced high-
molecular weight emulsifiers [77, 138]. However, rhamnolipids are the major class 
of biosurfactants produced by P. aeruginosa and other several microorganisms [139]. 

A potential of biosurfactant producing the endophytic Pseudomonas sp. Lk9 was 
tested for cadmium uptake and growth promotion of Solanum nigrum L. Researcher 
has found that Solanum nigrum L inoculated by Pseudomonas sp. Lk9 increases the 
cadmium availability, increases shoot dry biomass by 14% and total Cd accumu-
lated in the shoot by 46.6% mg/kg [142]. Similarly, Miscanthus sinensis inoculation 
with the biosurfactant-producing multimetal-tolerant endophytic P. koreensis AGB-1 
improved plant biomass by 54% and also increased metals content in roots and shoots 
[143]. Further study has been performed on the metal speciation by biosurfactant-
producing B. subtilis, P. aeruginosa, and P. fluorescence. This study showed that P. 
aeruginosa strain has high metal exchangeable fraction concentrations compared to 
other strains [144]. 

Conclusion 

Restoring soil contaminated with toxic metals is a major challenge. Several physico-
chemical methods are available for treating metal-contaminated soil. These methods 
have several disadvantages. Therefore, searching an alternative method is of high 
priority. A biological approach that fascinates many scientists because it has many 
advantages over traditional methods. Microbial remediation of heavy metal-polluted 
environment has emerged as an efficient green technology. There are several reports 
available on bioremediation of heavy metal-polluted soil by PGPR. 

It has been investigated that PGPR is a promising agent for remediation of heavy 
metal-contaminated soils. There are various strategies like biosorption, bioaccumula-
tion, EPS-assisted, bioleaching, biosurfactant-assisted, and biofilm-based techniques 
that have been used for restoration purposes. In the future, further research is needed 
to improve the bioremediation process with PGPR. Heavy metal tolerance in PGPR 
needs to be understood in detail, and genes responsible for metal tolerance need to 
be thoroughly studied in the future. Since the bioaccumulation of heavy metals by 
PGPR has not been sufficiently studied, it is very important to carry out the research 
work in detail. In order to develop efficient green technology in the future, it is neces-
sary to study the interaction between PGPR and heavy metals at the molecular level. 
PGPR-metal interactions need to be study at molecular level in order to develop 
efficient green technology in future. Further genetic modification in PGPR is of high 
importance to improve efficacy of bioremediation process. Another genetic manipu-
lation in PGPR is very important for improving the efficiency of the bioremediation 
process.
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Chapter 19 
The Utilization of Arbuscular 
Mycorrhiza to Support Revegetation 
on Degraded Tropical Peatland 
of Central Kalimantan 

Tri Wira Yuwati and Safinah Surya Hakim 

Abstract Tropical peatland in Indonesia especially in Central Kalimantan has been 
degraded due to various factors including repeating fires, illegal logging, and conver-
sion into other land use and inappropriate drainage such as the ex-Mega Rice Project. 
Efforts to revegetate this area have encountered many obstacles due to nutrient poor 
peat soil characteristic. Arbuscular mycorrhiza is one of potential soil microbes that 
can be utilized as plant growth-booster in bio-rehabilitation technology particularly 
in degraded land. However, this bio-rehabilitation-technology has not been utilized 
intensively to support revegetation of degraded tropical peatland. This paper aimed 
to summarize the recent progress on the utilization of arbuscular mycorrhiza fungi in 
supporting the plant’s growth of the peatland revegetation efforts. The result showed 
that arbuscular mycorrhiza application significantly increased plant’s growth and 
survival rates especially in the nursery stage. However, compatibility between arbus-
cular mycorrhiza fungal species and host plants was an important factor that deter-
mines the success of colonization and its contribution to plant’s growth performance. 
Appropriate combination of indigenous mycorrhizal fungal species and native peat-
land plant species needs to be considered for the success of this bio-rehabilitation 
technology in revegetating degraded tropical peatland. 

Introduction 

Eleven percent or approximately 44 million ha of the world’s peatland is tropical 
peatland [1]. The tropical peatland in Indonesia covers an area of 13.43 million 
ha distributed across four main islands namely Sumatera (5.85 Mha), Kalimantan 
(4.54 Mha), and Papua (3.01 Mha) and Sulawesi (0.024 Mha) [2]. The tropical
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peatland has ecologically important roles as carbon storage, hydrological control, 
and habitat of flora fauna and microbes. After 2015, the tropical peatland in South 
East Asia experienced massive changes and only 6% remains in pristine condition [3]. 
Fire, logging, drainage, and conversion into other land uses such as agriculture, oil 
palm plantation, Acacia plantations and smallholdings were causes of those massive 
changes [4–6]. Two thousand and fifteen fire has burnt 2.6 million ha of Indonesia’s 
tropical peatland and in order to restore it, the government of Indonesia established 
The Peatland Restoration Agency or Badan Restorasi Gambut in early 2016 [7]. 
The restoration policy includes rewetting, revegetation, and revitalization of local 
livelihood, known as the 3R approach. As of the end of 2019, the Peatland Restoration 
Agency claimed to construct 713 revegetation demonstration plots across various 
provinces of Indonesia namely Riau, Jambi, South Sumatera, South Kalimantan, and 
Central Kalimantan. The direct barriers of peatland revegetation includes physical, 
hidrological and biological constrains [8]. Most of Indonesia’s peatland characterised 
as lowland ombrotrophic meaning that it has low nutrient and acidic conditions [9]. 
Moreover, according to [8] the dense shrubs and ferns communities has caused the 
increased competition for nutrients and makes it difficult for indigenous plant species 
to survive. 

Soil microorganisms such as ectomycorrhizal and arbuscular mycorrhiza fungi 
(AMF) have the potential to be used as growth stimulators and bioremediation 
agents for degraded or polluted lands; but this potential has not been recognized 
or utilized until recently. There is a number of benefits potentially obtained from 
tree-mycorrhizal associations, such as increased seedling and mature plant growth, 
increased uptake of phosphorus (P) and other nutrients, increased root longevity, 
increased disease resistance, increased resistance to water stress and increased 
resistance to toxic elements [10]. 

A preliminary study to determine the presence of mycorrhizal association in 
peat swamp forest species found that there were mycorrhizal associations in the 
roots of peat swamp forest species such as Shorea balangeran (Balangeran), 
Gonistylus bancanus (Ramin), Cratoxylon arborescens (Gerunggang) and Calo-
phyllum soulattri (Kapur Naga) [11, 12]. The effect of Glomus clarum and Gisgasora 
decipiens inoculation on Dyera polyphylla and Aquilaria filaria under green house 
conditions was investigated [13]. The result showed that plant height, diameter and 
shoot and root dry weight of D. polyphylla and A. filaria increased after innoculation. 
The positive effect of G. clarum and G. aggregatum on Ploiariuum alternifolium and 
Calophyllum hosei was also reported [14]. 

This paper presented the result of AMF species innoculation research on several 
local peatland plant species namely Alstonia pneumatophora, Gonistylus bancanus, 
Stemonurus scorpioides, Callophylum soulattri, Tetramerista glabra and Palaquium 
sp in the nursery condition and also reporting the growth and survival after being 
planted in the field. The spores of Glomus clarum, Gigaspora decipiens and 
Enthrophospora sp. were isolated from degraded tropical peatland in Kalampangan, 
Central Kalimantan province. The spores were mass-produced by using Pueraria 
javanica as host plant in a pot culture with zeolite as the growth medium. The 
seedlings media were autoclaved-sterilized (121 °C for 15 min). The seedlings and
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cuttings were surfaced-sterilized with H2O2 5% for 5 min and rinsed with tap-water 
before sowing. Ten milligrams of the inoculums were applied. The plants were grown 
in the nursery for 24 weeks (6 months) and transplanted to the field. The growth 
performance and survival rate were recorded periodically. 

The Growth of Tropical Peatland Plant Species After AMF 
Innoculation 

The growth performance, number of leaves and survival rate of the tropical peatland 
plant species in the nursery and the field is presented in Table 19.1. The early height 
and diameter growth of C. soulattri increased after inoculated with G. clarum, G. 
decipiens and Enthrophospora sp. five months after inoculation in the nursery [15]. 
Moreover, for A. pneumatophora, inoculation with G. clarum significantly effect the 
height and diameter growth 6 months after transplanted in the field; while T. glabra 
and G. bancanus did not show any significant growth effect after AMF inoculation in 
the nursery and transplant to the field [16]. The study of [16] showed interesting result 
for S. scorpioides after AMF innoculation. There was no significant different in term 
of height and diameter growth in the nursery, however ten months after transplant 
to the field innoculated seedlings were shown better growth. Another study [17] 
showed a consistent effect of Gigaspora decipiens inoculation on A. pneumatophora 
24 weeks in the nursery and 5 years after transplanted in the field.

Moreover, the study [16] showed that G clarum  is significantly effect height 
growth of C. rotundatus 9 months after inoculation in the nursery. 

The effect of AMF innoculation varied between treatments and control both on 
the height and diameter. It was considered that the growth response to AMF colo-
nization appeared more than 24 weeks after innoculation because the growth of 
peat swamp species was slow [13]. The compatibility of AMF to the host plant was 
also considered. The AMF which was not compatible to the host plant would not 
result in positive symbiosis. This will lead to limited P-available absorption to the 
plant root. The height, diameter and survival rate of peat swamp plant species varied 
in the nursery and the field. The growth response to AMF colonization appeared 
longer after inoculation because of the slow groath of peat swamp plant species. The 
compatibility between AMF and its host plant should also be taken into consider-
ation. Indigenous mycorrhiza exploration and field trials of inoculated peat swamp 
plant species were needed to support the revegetation of degraded peatland especially 
in Central Kalimantan. It was expected that AMF application increase the growth 
and survival rate of seedlings in the nursery and the field.
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The Root Colonization of Tropical Peatland Plant Species 
After AMF Innoculation 

The root colonization after AMF innoculation is presented in Table 19.2. From Table 
19.2 we can see that root colonization was higher for inoculated seedlings compared 
with control. AMF colonization on plant’s roots showed variation from negative 
(parasite endophyte) to positive (mutualistic) [19]. High number of colonization 
does not always correlate with the benefit obtained by the host plants [20]. The AMF 
symbiosis is said to be effective when providing positive effect on the host plant 
and its environment. Those positive reaction is determined by various factors such 
as AMF species, soil types, the age of host plant and time needed for symbiosis to 
happen [21]. Inoculums, which could effectively colonize the roots, is potential to 
be utilized as inoculum source. However, each AMF genus owns different infection 
characteristics and various sporulation in different environmental condition [21]. 

Arbuscular mycorrhizal fungi are obligate symbiotic fungi that have been known 
to have a positive effect on plant growth. Arbuscular Mycorrhiza Fungi has four 
functional roles [21], namely: (1) as a bioprocessor, able to help the absorption of 
nutrients and water in plants from locations that are not reached by hair roots; (2) as

Table 19.2 Root colonization of tropical peatland species after AMF innoculation 

No Plant species AMF species Root 
colonization 
(%) 

Age Reference 

Nursery Field 

1 Alstonia 
pneumatophora 
(Pulai Rawa) 

Control 5.0 a 6 months [15] 

Glomus clarum 75 b 6 months 

Gigaspora sp. 70 b 6 months 

2 Callophylum 
soulattri 
(Kapur Naga) 

Control 0.0 a 5 months 

Glomus sp. 10.0 a 5 months 

Gigaspora sp. 2.0 a 5 months 

Enthrophospora sp. 3.0 a 5 months 

3 Tetramerista 
glabra 
(Punak) 

Control 0.0 a 6 months 

G. clarum 100 b 6 months 

Gigaspora 
decipiens 

45 b 6 months 

4 A. 
pneumatophore 

Control 0.0 a 24 weeks [17] 

Glomus clarum 80.0 b 24 weeks 

Gigaspora sp. 80.0 b 24 weeks 

5 G. bancanus Control 15.0 a 6 months 

Glomus clarum 10.0 a 6 months 

Gigaspora sp. 100.0 b 6 months

(continued)
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Table 19.2 (continued)

No Plant species AMF species Root
colonization
(%)

Age Reference

Nursery Field

6 Cratoxylon 
arborescens 
(Gerunggang) 

Control 0.0 a 3 months [18] 

Glomus sp. 1 20.0 a 3 months 

Glomus sp. 2ara> 60.0 b 3 months 

Glomus sp. 5 65.0 b 3 months 

Gigaspora sp. 70.0 b 3 months 

7 Combretocarpus 
rotundatus 
(Merapat) 

Control 0 9 months [16] 

G. clarum 29 9 months 

Gigaspora sp. 65 9 months

a bioprotector, capable of protecting plants from biotic stresses such as pathogens, 
pests and weeds as well as biotic stresses such as temperature, soil moisture, soil 
density and heavy metals; (3) as a bioactivator, able to help increase carbon storage 
in the rhizosphere so that the activity of microorganisms increases and (4) as a 
bioaggregator, able to increase soil aggregation. 

In the forestry sector, this AMF is widely recommended as a stimulant to accelerate 
plant growth (biofertilizer) in restoration activities of degraded land [22]. The use of 
AMF in the forestry sector can be seen from several related studies that have been 
carried out. AMF inoculation and composting increased the growth of teak seedlings 
on planting media from limestone ex-mining soil [23]. Provision of compost by 
inoculation of several doses of AMF on ultisol soil media also affects the increase 
in stem diameter of Surian seedlings [24]. Local AMF inoculum proved to be quite 
effective in increasing growth, biomass and nutrient uptake of nail wood seedlings 
Pericopsis mooniana [25]. 

Conclusion 

AMF application in tropical peatland plant species at nursery level showed varying 
effects on height, diameter growth and survival rate. Field test results showed that the 
application of mycorrhizae on tropical peatland plants could increase the diameter 
and number of leaves of the plants. AMF has prospects to be developed in order to 
support the revegetation of degraded peatlands in Central Kalimantan, but there are 
still challenges to be faced, namely the suitability of AMF with host plants and plant 
survival rate which is still low in the field. Further AMF exploration in peat swamp 
forest needs to be carried out to obtain new isolates that are compatible with the 
plants to be developed.
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