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Abstract

Our planet and its inhabitants have been shaped by micro organisms for over 3.5
billion years. Various studies have been carried out on interactions between these
microbes and plants but traditionally emphasized on pathogenic interactions.
After numerous depictions and attempts to evaluate the incident and their imper-
sonation to boost microbial diversity linked with flora, it is pretended that
somewhat a dinky portion of plant-interacting microbes are pathogenic or harm-
ful comparable to the beneficial one. Mostly microbes inhabiting plant-related
alcoves have impartial or advantageous roles in plant buildup. Soil microbiome
symbolizes the immense reservoir of biological diversity acknowledged in the
world so far. In the present chapter, we counsel the perception that for sustainable
development of agriculture we have to understand the mechanisms by which
plants interact with their microbiome. This interaction may directly affect the
plant health and development which ultimately leads to the organization of novel
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microbiome-driven strategies. In addition, for the benefit of agriculture and food
production, we also discussthe potential for root microbiome modification. So, in
the above-mentioned context this article will help the researchers to uncover the
critical areas of the microbiome that many researchers were not able to explore
earlier.
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15.1 Introduction

Microbes are considered a prime requisite for the prolongation of life on Earth, yet
we figure out the little bit about the plurality of beneficial microbes present in the
environments such as soils, oceans, in the atmosphere and even those living on and
in our own bodies (Turner et al. 2013). Nowadays, understanding the plant-
associated microbial communities and their impact on plant health and development
is gaining much interest for sustainable agriculture (Beirn et al. 2017). Soil is
referred to as the greatest reservoir of microbial diversity consisting of both benefi-
cial and harmful microbes and plant roots are in a close association to these microbial
communities (Gams 2007; Bue’e et al. 2009; Berendsen et al. 2012). This narrow
soil zone around the plant root is known as rhizosphere and known as the most active
zone for soil microbial activities. Root microbiome or microbial community
associated with the plant root is also mentioned as the plant’s second genome
since composite genome size of the communities of microbes is much larger
compared to the plant genome (Lareen et al. 2016). The structure of the rhizosphere
communities of microbes is influenced by root exudates in a very coordinated way.
However, regarding this connection between microbiome assemblage, root
exudates, and plant development our knowledge is still limited (Chaparro et al.
2014).

A blooming recognition of biodiversity and its function in combination with
advances in data analytics technologies and omics is needed for sustaining the brisk
advances in microbiome exploration and research (Srivastava et al. 2015). One
propulsive motivation regarding harnessing beneficial microbes and reducing
impacts of detrimental microbes in both humans and crop plants is nearly common
(Busby et al. 2017). Joshua Lederberg was the first who antecedently used the word
“microbiome” and defined it as the “ecological community of commensal
microorganisms, symbionts or pathogens, which literally occupy a space in our
body” (Lederberg and McCray 2001). Recently, in the presence of specific sets of
collective microbes, it was found that most of the features of the host have been
linked with the human body which contributes as a great reservoir of microbes
proved during the Human Microbiome Project (Turnbaugh et al. 2006; Djikeng et al.
2011; The Human Microbiome Project Consortium 2012). Just a while ago, the
utilization of this idiom has been widely tested with the contrasting sets of microbes
found in particular hosts or populates of present surroundings (Boon et al. 2014;
Ofek et al. 2014). Boon et al. (2014) projected that the most excellent ever descrip-
tion of “microbiome” would relate to the set of genes encountered in partnership of a



specific environment with the host, thus showing the less influence of the link among
taxonomy and range of capabilities of the microbial community members. The
conceptual importance of the microbiome to plants is made doable only by using
detected presumptions, which carry out various imperative activities in association
with significant microbial faction. This issue has been addressed by some authors,
viz. Bulgarelli et al. (2013), Turner et al. (2013), and Rout (2014).
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In the present chapter, special emphasis has been put on the characterization of
phyto-microbiomes by not only depicting the sub-divisions where the microbes live
(phyllosphere, endosphere, and rhizosphere) but also by discussing the need of
interactions among plants and microorganisms (Srivastava et al. 2011). The efforts
related to microbiome will improve the prognosis of ecosystem response and will
assist the progress of the development of new, robust, microbiome-based solutions
against significant challenges of our time. So, in the present article, the perception is
that for more sustainable development of agriculture we have to understand the
mechanisms by which plants interact with the beneficial microbiome.

15.2 Plant-Associated Microbial Communities in Cropping
System

Being represented as the most biodiverse ecosystem on Earth, soil characteristics in
the form of matrix and texture are crucial for the soil to serve as the reservoir of
microbes that interact with flora and fauna of the particular surroundings (Vogel
et al. 2009). The soil microbiome is culpable for their signature series of actions to
achieve a significant result which are directly related to plant health occurring under
this environment (Attwood et al. 2019; Compant et al. 2019). For instance, the soil
microbiome has the capability to suppress various phytopathogenic diseases by
impressing some restrictions on physiological functions of the related pathogens
vital in infecting and colonizing plant tissues (Weller et al. 2002; Mendes et al.
2011). Evenly, the soil microbiomes also pass on a certain degree of resistance to the
system against “invaders,” thereby connecting the microbiome diversity to its
peculiar ability to limit the situation or prohibit the survival and dissemination of
exogenic microorganisms (van Elsas et al. 2012).

Astounding potential has been shown by plant-associated microbiomes during
the improvement of plant yields in farming/cropping systems (Lyu et al. 2020).
There are many pieces of evidence which prove that the biological technologies
using microbes or their metabolites are beneficial in the enhancement of crop yield
by nutrient uptake, by managing pests/pathogens and also by mitigating the plant
abiotic stress responses. However, for utter realization of the technological potential
of microbes, their consistency and efficacy under the wide-ranging extent of the real-
world environment need to be upgraded. While the use of biopesticides and
biofertilizers is rapidly expanding to cover a wide range of soils, crop varieties,
and environments, crop breeding programs have yet to incorporate the selection of
beneficial plant-microbe interactions in order to breed “microbe-optimized plants.”
Developing attempts to delve into microbiome engineering could lead to microbial



consortia that are exceptionally adapted to hold the plants. The combination of all the
three approaches should be unified for the enormous benefits and also to boost
agricultural production significantly (Trivedi et al. 2017).
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Fig. 15.1 Microbiome interaction fulfilling multiple sustainable development goals (SDGs)

Undoubtedly, development of some traditional agricultural practices has not so
far been able to meet the future requirements because they are neither economical
nor environmentally feasible. So, there is an urgent need for complimentary feasible
approaches to meet the global food demands of the booming population. Another
way to develop advanced and improved sustainable crop production methods is to
embellish the beneficial plant-associated microbiome having the potential to increase
crop growth and vigor, biotic/abiotic stress tolerance, nutrient use efficiency, and
disease resistance (Fig. 15.1). If this potentiality of microbes could be harnessed
under real-world conditions, it will be very effective in the improvement of farm
productivity and produce quality sustainably framing healthy environmental, social,
and robust economic outcomes (Trivedi et al. 2017). Because microbe-based
formulations can raise the crop yields and also prove promising to or replace, reduce,
or at least complement the chemical source of pesticides and fertilizers. Nowadays,
many agro-chemical companies have initiated attempts to explore individual
microorganisms which can be used as biocontrol or biofertilizer products and also
to develop carrier-based inoculants of beneficial strains. An increase of 10–20% in
the production of economically important crops has resulted in large-scale field trials
(Pérez-Jaramillo et al. 2016).

Considering the microbiome an effective constituent of the host and also respon-
sible for biotic and abiotic changes in the environmental conditions, it is important to
understand the composition of the most important diverse plant microbiomes in a
better way. Recent studies are more focused to understand the major phylogenetic
and functional factors that can influence microbial assembly. The plant microbiome
can be separated into three major components, i.e., rhizosphere, endosphere, and
phyllosphere (Hardoim et al. 2008; Hirsch and Mauchline 2012) (Fig. 15.2). The
rhizospheric zone of soil contributes as a most active narrow zone for soil microbial



activities beneficial for plant metabolism (Bulgarelli et al. 2013; Philippot et al.
2013). Endosphere is composed of microbial habitats in the plant system the
members of which inhabit inner tissues of the plant asymptomatically (Hallmann
et al. 1997; Hardoim et al. 2008), and the phyllosphere is inhabited by the microbes
capable to colonize plant surfaces (Lindow and Brandl 2003; Lambais et al. 2006).
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Fig. 15.2 Schematic representation of the major sources for microbes that compose the plant-
associated communities: the rhizosphere, endosphere, and phyllosphere

15.3 Plant Selection for the Rhizosphere Microbial
Communities

The soil region under the influence of the roots is known as the rhizosphere zone of a
plant (Hiltner 1904; Hartmann et al. 2008; Philippot et al. 2013). Root exudates
determine soil microflora by releasing some selective growth substrates thereby
selectively influencing the expansion of fungi and bacteria that colonize the rhizo-
sphere zone of a plant by altering the soil chemistry of the environs. In return,
microbes also influence the quantity, components, and composition of miscellaneous
root exudates by affecting cell metabolism, root cell leakage, and plant nutrition.
Microbial communities of the rhizosphere zone can vary on the basis of differences
in rhizo-deposition and exudation in structure and species composition of specific
root zones at different locations or soil type, plant species, nutritional status, age, and
stress, be it biotic or abiotic (De Leij et al. 1994; Mahaffee and Kloepper 1997;



Lupwayi et al. 1998; Griffiths et al. 1999). Some root exudates secreted during the
growth of new roots in the elongation zone just following the root tips are beneficial
for the growth of colonizers of primary root that can efficiently utilize organic acids
and degradable sugars. But in the older root zones, primarily carbon is put in place of
safe-keeping as sloughed cells and consisting of more recalcitrant materials, includ-
ing lignified hemicellulose and cellulose so that bacteria and fungi in these older root
zones are probably adapted for oligotrophic conditions. Other nutritionally specific
zones include the sites of lateral root emergence and non-growing root tips, distinctly
known as nutrient-rich environments colonized by mature communities of microbes
(Yang and Crowley 2000). In nutshell, taking all these above-mentioned effects
together, plants have evolved to grant the rhizosphere zone to attract specific
microbes necessary for the growth and development of plants (Mendes et al. 2011;
Prashar et al. 2014).
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15.4 Endosphere—A Niche for Intimate Friends

Diverse communities of various microbes consisting of bacteria, archaebacteria,
fungi, and other protistic taxa spending some parts of their life cycle by living inside
the plants are technically known as endophytes (Hardoim et al. 2015; Pavithra et al.
2020). Further, over the coming years the concept of endophyte is likely to change
and expectedly will evolve by some researchers realizing that plant tissues could be
colonized by bacteria as much as fungi living inside plants (Hallmann et al. 1997).
This concept of endophytes proves that plants are firmly associated with the
microbes present in their surroundings particularly with those living inside the plants
rather than living alone as lone entities. Recently emerged concept of the “plant
microbiome,” i.e., the composite genomes of microbes living associated with plants
has paved the way for the stimulation of new ideas regarding the evolution of plants
where selective forces do not act solely on the plant genome itself but rather on the
entire plant, including its microbial community. Hologenome approach for vertical
transmission of beneficial traits provided by endophytes to plants is the best example
used to explain the Lamarckian concepts of acquired heritable characters (Rosenberg
et al. 2009).

While the observation of the microbial cells presents inside the plant tissues, De
Bary (1866) was the first person who described the presence of other non-pathogenic
organisms inside plants. This observation was explored at the end of the last century
until after the emergence of the endophytic concept. Universally, the concept behind
endophytes is based on the capacity to identify the microbial cells from formerly
surface-sterilized plant tissues (Hallmann et al. 1997); in nutshell this proves that
these microorganisms are not epiphytes. A functional definition for endophytes was
also provided by Petrini (1991), as “Organisms which colonize plant tissues inter-
nally while spending some part of their life cycle without causing any apparent
harm.” Endophytic communities have been divided into two sub-groups, viz. “obli-
gate” and “facultative” by some authors (Das et al. 2021) (Ref., if any, please).
Hardoim et al. (2008) classify the obligate endophytes as those which depend on



plant metabolism for their survival, being spread among plants by the activity of
vectors or by vertical transmission. The endophytes living outside the host during a
certain stage of their life cycle are known as facultative endophytes, which are
recruited by the plant from adjacent communities in the form of bulk soil, mainly
through the rhizosphere zone (Andreote et al. 2014; Harman and Uphoff 2019).
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In nutshell, the endophytic microbes play crucial roles in plant growth, develop-
ment, and diversification. The increased awareness and information related to
endophytes provide intuitiveness into the complexity of the plant microbiome. The
basic nature of plant–endophyte interactions ranges from mutualism to pathogenicity
depending on the set of biotic and abiotic factors including environmental
conditions, microbes, and plant genotypes along with their dynamic connection of
interactions within the plant biome. Accordingly, the latest insights into evolution,
plant ecosystem functioning, and multipartite interactions are fulfilled by the concept
of endophytism (Hardoim et al. 2015).

15.5 Microbial Groups Living in the Phyllosphere

A third component of the plant microbiome, i.e., the phyllosphere is made up of
microbes colonizing the aerial plant tissues although this term can be used for any
extrinsic plant surfaces (Vorholt 2012). The phyllosphere contributed as an enor-
mous environment on Earth that is supposed to be an area of 6.4 � 108 km2 fully
colonized by microbes (Morris and Kinkel 2002).

Our knowledge regarding the phyllosphere microbiology or the microbiome of
aerial parts of plants has historically lagged comparative to the rhizosphere or the
below-ground habitat of plants, particularly concerning fundamental investigations
such as which microbes are prevalent and what activities do they perform there.
However, for the enhancement in this regard recently floated cultivation-
independent studies have revealed that a few bacterial phyla predominate in the
aerial parts of several distinct plants and the plant factors which are involved in
shaping these phyllosphere communities, feature specific adaptations, and exhibit
multipartite relationships both with host plants and among community members.
Awareness regarding the structural principles of indigenous microbial phyllosphere
populations will help us develop an understanding of the phyllosphere microbiota
also showing advantageous promotion of plant growth and protection.

Many fungi whether they are filamentous or yeasts-like, bacteria, algae, and at
lower densities some protozoa and nematodes are comprised by the phyllosphere
community (Lindow and Brandl 2003). Out of all, the bacterial community is the
major group presented in the phyllosphere the numbers being between 105 and 107

cells/cm2 (Andrews and Harris 2000). Microflora of phyllosphere is characterized to
thrive well in an oligotrophic environment, i.e., live under harsh environmental
conditions where there is an unavailability of nutrients and under fluctuating
conditions of humidity, presence of ultraviolet radiations along with a wide range
of temperature and pH (Andrews and Harris 2000).
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The microbial communities of the phyllosphere performing an efficient role in the
processes related to plant growth, for example, by fixation of nitrogen,
biosynthesizing phytohormones along with the protection of plants facing biotic
stresses (Jones 1970; Freiberg 1998; Brandl et al. 2001; Kishore et al. 2005). These
above-mentioned activities make them the main contributor of many global pro-
cesses such as the sequestration of carbon (Bulgarelli et al. 2013), and they can also
be potentially used for the sustainable development of agriculture. Thus, microbes
present in the phyllospheric region play a promising role to offer the eco-friendly
protection of plants (Lindow and Brandl 2003).

15.6 Microbial Interaction Across the Cropping Systems

Farming/cropping systems are broadly grouped into (1) those which use chemical or
synthetic means of pest control and nutrient fertilization (a.k.a. conventional), and
(2) those which favor an integrated system with the goal of sustainability
(a.k.a. organic). Within each system, a number of management techniques may be
used which collectively alter the above-ground and below-ground biodiversity,
including chemical use, fertilization, irrigation, crop rotation or crop-fallow
rotations, co-cropping, and livestock grazing. Several studies broadly comparing
organic and conventional systems have shown differences in crop production,
competition by weeds, pests, or microbial pathogens (Pollnac et al. 2009). Notably,
organic farming, and often the increased soil organic matter associated with organic
farms, is selected for a higher overall microbial diversity (Flohre et al. 2011;
Chaudhry et al. 2012; Pershina et al. 2015; Hartmann et al. 2015; Ishaq et al. 2016).

15.7 Soil Fertilization

Soil fertilization utilizes organic matter (mulching) or chemical supplementation to
add nutrients back into the soil. Long-term use of mineral fertilizers has been shown
to increase bacterial and fungal diversity, microbial biomass carbon, as well as
dehydrogenase and another enzyme activity (Luo et al. 2015). However, these
benefits are variable depending on the type and source of minerals. Using only
mineral nitrogen (typically ammonium sulfate) does not increase soil microbial
diversity (Ramirez et al. 2010; Luo et al. 2015; Zhalnina et al. 2015) and may
even reduce it (Campbell et al. 2010). Phosphorous-only supplementation has a
similar lack of effect (Zhalnina et al. 2015) except where it was limiting (Su et al.
2015). This reduction may be driven by a shift toward more acidic soil which tends
to reduce total microbial diversity and shift toward acid-tolerant species, such as
within the bacterial phylum Acidobacteria (Lauber et al. 2009; Rousk et al. 2010;
Fierer et al. 2013; Zhalnina et al. 2015). It may also be a function of the relative type
and amount of plant residues (Roesch et al. 2007), or a change in nutrient availability
and the C:N ratio in soil (Ramirez et al. 2010; Zhalnina et al. 2015).
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Animal manure has been shown to be significantly more effective at increasing
microbial biomass than mineral fertilization (Hartmann et al. 2015; Luo et al. 015).
Integrated livestock grazing has recently re-emerged as an alternative method of
crop-residue removal, specifically in organic systems (McKenzie et al. 2016). Its
implementation has been slow, especially in large production systems, as the use of
grazing livestock can be time- and labor-intensive. Inputs of feces and urine from
livestock grazing increases soil organic carbon and nitrogen (Liu et al. 2015), as well
as total microbial biomass (Liu et al. 2012, 2015). However, this may only be
reflected in bacterial biomass and not an increase in fungal biomass (Taddese et al.
2007). In systems where grazing pressure is high, this effect can be reversed as soil
nutrients are lost to erosion caused by a lack of plant cover material (Mofidi et al.
2012; Chen et al. 2015; Liu et al. 2015).

15.8 Cover Crops

Cover crops are grown as an alternative to fallowing or leaving a field unplanted to
rest. They provide additional economic benefit (Adusumilli and Fromme 2016;
Duzy et al. 2016), feed for livestock (Sulc and Franzluebbers 2014), reduce erosion,
and facilitate weed and insect pest management (Dabney et al. 2001; McKenzie et al.
2016; Duzy et al. 2016). Specifically, cover crops can reduce weed seed production
via competitive exclusion (Gallandt et al. 1998), or survivability of weed seeds gets
decreased by recruiting a microbial community which contributes to seed decay
(Dabney et al. 1996; Liebman and Davis 2000). Mineralization of cover crop
residues causes an increment in the organic matter of soil (Reeves 1994; Hartwig
and Ammon 2002), which can increase cation exchange capacity, and enhance the
cycling of macronutrients (Kamh et al. 1999).

Not only do the additional inputs of organic matter from cover crop residues
encourage microbial diversity, but they also allow the above-ground biomass to
generate more below-ground biomass (Wild 1993; Reeves 1994; Hu et al. 1999;
Hartwig and Ammon 2002; Snapp et al. 2004). Crop rotations can also improve soil
quality and microbial diversity (Ghimire et al. 2014). The use of legumes as a cover
crop or in rotation, or other crops which encourage rhizobial symbiotic bacteria to
biologically fix nitrogen, and the subsequent mineralization of those nitrogen-rich
plant residues back into the soil can provide usable available nitrogen for other plant
species (Snapp et al. 2004; Biederbeck et al. 2005). For example, bacterial liter
increased most in response to clover (Trifolium repens L.) conditioning compared
with wheat (Triticum aestivum L.), ryegrass (Lolium perenne L.), bentgrass (Agrostis
capillaris L.), or sucrose conditioning (Grayston et al. 1998). Additionally, micro-
bial communities differed strongly among the four cover crop conditioning species
(Grayston et al. 1998).
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15.9 Tillage

In both organic and conventional systems, tillage is the most common method of
incorporating crop residues back into soil, as well as redistributing weed seeds either
further into soil to prevent germination or onto the surface where they may be eaten.
Due to the disruptive nature of tillage in the first 30–50 cm of topsoil, significant
detriment can be done by physically destroying mycorrhizal root colonization
(McGonigle et al. 1990). Moreover, soil microbial diversity and density is highly
correlative to soil depth and local factors (e.g., oxygen content, UV light, moisture).
Thus, intensive soil tillage can drastically decrease soil microbial diversity and
density, specifically bacterial and fungal, through erosion and wind dispersion of
microorganisms or nutrients, or through selective culling of sub-surface species
brought to the surface (Lupwayi et al. 1998; Castillo et al. 2006; De Quadros et al.
2012; Mathew et al. 2012; Fierer et al. 2013; García-Orenes et al. 2013; Ghimire
et al. 2014). However, the addition of soil organic matter through mulching may
attenuate some of these adverse effects (García-Orenes et al. 2013; Ghimire et al.
2014). No-till systems typically have more soil carbon (Brevik 2013).

15.10 Chemical Control and Bioremediation of Farmland

Chemical control used for managing agricultural systems has been shown to alter the
microbial community, notably in decreasing diversity (elFantroussi et al. 1999;
Lupwayi et al. 2004; Lo 2010). However, the persistence of pesticides and other
chemical contaminants in soil is also of concern for biological systems in natural and
agricultural settings, not only because they may accrue and affect other beneficial
organisms and soil health indicators, but many contain heavy metals which are toxic
(Hussain et al. 2009). Additionally, the local water sources and runoff may add
contaminants from exogenous sources. Phyto, microbial, or combined bioremedia-
tion of chemical contamination has been sought to degrade or detoxify pesticides
(i.e., herbicides, insecticides, fungicides, rodenticides), heavy metals, and
antibiotics.

For the above purpose, bacteria belonging to the genera Acinetobacter,
Alcaligenes, Arthrobacter, Bacillus, Burkholderia, Corynebacterium,
Flavobacterium, Micrococcus, Mycobacterium, Pseudomonas, Sphingomonas, and
Rhodococcus, and the fungus Phanerochaetechrysosporium are just a few of the
microorganisms shown to degrade different types of hydrocarbons from petroleum
spills (Kuhad et al. 2004; Hussain et al. 2007a, b, 2009; Das and Chandran 2011).
The degradation of chemicals, the sequestration of heavy metals, or the detoxifica-
tion of heavy metal compounds by microorganisms is dependent on the nature of the
compound, as well as on the ambient conditions of the environment (Kuhad et al.
2004; Singh 2008). Endosulfan degradation depends on soil type and oxygen
content (Kumar and Philip 2006a, b), as well as on soil texture, organic matter
content, inoculum concentration, pH, and specificity of bacterial strains used
(Hussain et al. 2007a). Similarly, dichlorodiphenyltrichloroethane (DDT),



metoxychlor, and gamma-hexachlorocyclohexane (gamma-HCH) degradation pro-
cesses are dependent on temperature (Baczynski et al. 2010). HCH degradation was
also shown to be dependent on oxygen content and nitrate concentration
(Langenhoff et al. 2002). An additional nutrient source, such as molasses, is often
needed to increase the rate of chemical degradation in culture (Lamichhane et al.
2012; Hussain et al. 2014).
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Field trials have been focused on removing chemical and metal contamination
from soil or water runoff, either using direct application of microorganisms or by the
use of a “biobed” as a biological filter or retaining system to remove contaminants
from farm wastewater (Antonious 2012). The bacteriumMycobacterium gilvum was
successfully used to degrade polycyclic aromatic hydrocarbons, and increase soil
bacterial diversity, on a vegetable farm (Ma et al. 2018). A strain of Arthrobacter and
another of Bacillus were used to reduce metal contamination in soil, improve rice
biomass production, and reduce the amount of metal accumulated in rice (Du et al.
2016). Halophilic bacteria were used to remove the salt left behind after the March
2011 tsunami in Japan, as well as green compost to restore organic matter that had
been washed away (Azizul and Omine 2013). Furthermore, bacteria that are able to
mitigate salt-stress in plants can promote growth into similarly affected areas (Cao
et al. 2008; Nabti et al. 2015).

The concept of remediating soil diversity toward a “more natural” community has
been slower to take root. A study of pre-agricultural prairie soil reported a very
different bacterial community than that found in the human-associated agricultural
soil (Fierer et al. 2013). Notably, prairie soils were dominated by the bacterial
phylum Verrucomicrobia, whereas agricultural soil shows a dominance of
Proteobacteria, Bacteroidetes, or Firmicutes (Lauber et al. 2009; Ishaq et al. 2016).
Verrucomicrobia grow more slowly, but survive better in nutrient-limiting soils.
Likewise, Acidobacteria are also known to survive under nutrient-limiting (oligotro-
phic) conditions (Fierer et al. 2012; Koyama et al. 2014; Greening et al. 2015; Kielak
et al. 2016). Moreover, Verrucomicrobia from pre-agricultural soil contained more
genes for carbohydrate metabolism than nitrogen metabolism (Fierer et al. 2013),
suggesting that their abundance in agricultural soil may be negatively selected for by
the use of nitrogen fertilizer. And, as Proteobacteria produce the quorum-sensing
molecule AHL which triggers beneficial and pathogenic responses from bacteria,
selecting for these species under agricultural conditions may be contributing to plant
disease dynamics.

15.11 Understanding and Exploiting Plant Beneficial Microbes

We all know about the link between the trillions of microorganisms that exist inside
the body related to our health. Earlier studies have already proved that some sort of
depressions and food allergies has been prevented by the activities of some healthy
microbiome present inside the body. These types of miniatures also perform a
favorable role in plant growth and development similar to what they do inside the
human body. Various methods are adopted for the addition of growth-promoting



bacteria or fungi by using a variety of ways like an addition inside the seed coats,
suspended in water and sprinkled on plant or soil surfaces, or mixed into mulches
that are added to the soil or placed around plant stems which will be beneficial for the
plant growth and development with a robust yield (Ishaq 2017; Srivastava et al.
2020). Nowadays, this microscopic world attracts more attention of researchers
looking for some new cost-effective eco-friendly techniques for the betterment of
agriculture production (Srivastava et al. 2019).
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15.12 Nitrogen Fixation

The entire range of flora present around the natural ecosystem is closely associated
with microbes, including bacteria and fungi (Finkel et al. 2017). The symbiotic
relationship between the plants and microbes has been proved by evidence of fossils
since the last four million years. To cope with the numerous challenges of the
environment, plants rely on microbes for growth since their evolution. For example,
various growth-promoting microorganisms such as fungi and bacteria can fix nitro-
gen from the air and then make it available to plants for growth and development.
Most of these microbes inhabit the surface of roots often inside special structures
known as root nodules (Gage 2004).

The first formal description of the enhancive role of soil microbes on agricultural
plant growth was given by Lorenz Hiltner in 1904, though agricultural treatments
anticipated to customize the microbial activities present in the soil have been utilized
since Roman times. For example, the Romans used to plant alfalfa and clover that
form close associations with nitrogen-fixing bacteria during the cultural practices
like crop rotations which were helpful in improving soil fertility. They didn’t exactly
know the scientific reason of this practice but now we do know that these plants can
elevate the nitrogen content of the soil.

There are also enormous fungal species that are able to build a symbiotic associ-
ation with the roots of different higher plants by forming some structures known as
mycorrhizae (Denison and Kiers 2011). Mycorrhizae spread into the root system of
the plant in association and the fungal mycelium intermingles or passes through the
plant cells/tissues with the help of some specific structures like Hartig net, vesicles,
and arbuscules. by which nutrient uptake or exchanges occur for enhancing plant
growth and development. By using these specific structures fungi enable the plant to
scavenge water from the surrounding soil and also allow the plant to exchange
sugars for nutrients. Microbes which are able to establish a mutually beneficial
partnership by forming specialized structures with the plants are scientifically
recognized as symbiotes (Skriabin 1923) (Table 15.1).



Important examples
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Table 15.1 Types of nitrogen fixation along with their examples

Type of nitrogen
fixation

Symbiotic Rhizobium and Azospirillum spp

Asymbiotic or free
living

Classified into three types:

(a) Aerobic Azotobacter, Beijerinckia, Nostoc, Anabaena, Tolypothrix, Aulosira

(b) Anaerobic Clostridium, Desulfovibrio, Rhodospirillum, Rhodopseudomonas,
Desulfotomaculum, Chromatium, Chlorobium

(c) Free living Klebsiella pneumoniae, Bacillus polymyxa

Associative
symbionts

Azospirillum, Herbaspirillum, Acetobacter diazotrophicus, Azoarcus

15.13 Balancing Action of Lodgepole Pine

Lodgepole pine is a perfect plant host example of beneficial non-symbiotic or free-
living bacteria and fungi (Beirn et al. 2017) which can live in the soil, plant roots, on
plant surfaces, or even within the plant tissues. Beneficial free-living microbes,
especially endophytes that live within plant tissues, whether they are acting as
symbiotes or not, are able to suppress the phytopathogens along with other harmful
organisms thereby affecting the plant metabolism and health. Additionally,
endophytes can also facilitate plant growth directly by regulating plant hormones,
activating plant immune responses, and also by providing supplementary nutrients to
the plant (Timmusk et al. 2017).

Despite the fact that endophytes have shown enormous potential needed for the
betterment of the plant health, discovering some non-symbiotic microbes that
usually produce significant positive growth responses under extremely variable
field conditions still remain a challenging task. Addition of any beneficial microbe
that can improve the growth of plants may not constantly be sufficient because some
other group of microorganisms present in the surroundings as a part of the plant’s
environment will also be affecting the interaction between the beneficial microbe
and the plant. For example, a bacterium being necessary for the growth of lodgepole
pine can be thwarted by the occurrence of another contending bacterium (Bent et al.
2001). According to the study this effect was shown by both, i.e., by endophytic
plant-beneficial bacterium as well as in case of those simply living on the root
surface of the plant.

15.14 Microbial Cocktail

The sole meaning of the term is that if we isolate a phyto-beneficial microbe under a
protected environment, then it is not certain to be compatible under field conditions
unless it is scientifically tested exhaustively. During deciding the specific conditions
necessary for the optimum activities of plant-beneficial microorganisms it may also



be mandatory to consider the complete composition of the microbiome to which the
particular flora is supposed to be exposed either it is soil, root, or plant surface.
Exploring the microbes that can be exploited in agriculture for crop production is a
prime quest having a long debate (Schloter et al. 2018). During the study about these
arduous interactions of plants-microbiomes along with the favorable environmental
conditions, we also have to reveal that in what way or manner these age-old
traditional know-how and practices can be refined and utilized in the future.
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15.15 Advancement Required for Improving Microbiome
in Future

Treasured information regarding the genome desperately augments our knowledge
related to the diversity of microbial metabolic pathways used to access the novel and
innovative traits (Trivedi et al. 2017). These recent discoveries of novel genes
evolved some genetically engineered plants for disease resistance, stress, and herbi-
cide tolerance, and last but the ultimate is for crop improvement program
(Macdonald and Singh 2014). Nevertheless, most of these breakthroughs were
brought with the successful conclusion by inserting some minor or along with the
combo of many targeted genes (multiplexing). Forthcoming and imminent
researches have to focus on integrating the distinct plan of action, for example,
more than one gene of importance simultaneously be incorporated in transgenic
plants by using the multigenic approach. Other than this, we have to apply new tools
and resources to initiate intricate heterologous pathways into plants (Shih et al. 2016)
which possess the key to frame the useful clusters of synthetic genomes from
microbiomes, enable the shuffling and stacking of stress-tolerance and disease
resistance traits between the crop plants. Further intensification of the rate of novel
gene discovery will be fueled up by using the novel efficiency developed in the trait
discovery. For example, forward genetic screening based on the CRISPR–Cas9 will
be helpful in the future learning of plant–microbiome interactions to surpass partic-
ular genes and evolve as a best holistic strategy while explaining the process behind
the plant–microbiome interactions along with the uncovering of novel genes needed
for biotechnological applications and innovations (Barakate and Stephens 2016).

The integration of microbe-optimized crops for distinct types of soil, microbial
biofertilizers, optimized microbiomes, biocontrol microbes, and soil amendments
would be the ultimate purpose of action behind the enhancement of plant–microbe
interactions. Undoubtedly, being principally untapped, this area should be entitled to
considerable research attempts which will prove promising to address the issue of
food security by improving crop yields in a sustainable and eco-friendly manner.
Globally, the emerging microbiome along with existing microbial technologies and
correlated overtures offer advance and most sustainable methods for use to enhance
agriculture productivity. Furthermore, if the existing scientific and technological
challenges in this area can be planned out along with advanced work strategies (e.g.,
product registration, safety requirements) emerging microbial-based solutions can
potentially reconstruct the field of agriculture sustainably. Above all, it is universally
proven that the aforementioned approach can enable us to achieve the multiple



sustainable development goals (SDGs) if put into action in a truly systematic way
(Table 15.2).

15.16 Conclusions

Integration of the beneficial plant–microbe and microbiome interactions is the need
of the hour which may prove as a promising sustainable solution for the enhance-
ment of our agricultural production. Holistic ecological studies and reductionist
mechanistic discoveries both form a beneficial tactic for the study of plant
microbiomes during their interactions. Both schools of thought are substantiating
reflective awareness into the ecological operations that take command over plant–
microbe interactions likewise the specific molecular mechanisms work behind them.
The induction of enormous microbial isolates and of synthetic microbial
communities if blended with genetic resources of plants will significantly grant us
to tide over the chasm lying in between and to conduct reductionist hypothesis-
driven studies in increasingly complex ecological contexts up to field tests. These
significant advances will contribute to the next green revolution by potentially
revolutionizing knowledge regarding the interactions of plants and microbes occur-
ring in natural ecosystem being utilized in agriculture. This chapter notifies the role
of microbial diversity that can be beneficial for flora and will help the researchers to
uncover the critical areas of microbiome that many researchers had not been able to
explore earlier.
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