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Preface

To attain the unprecedented food demand for burgeoning population, tremendous
pressure on the crop yield enhancement is at present a challenging task. The limited
cultivated land disturbs ecosystem and climate change congested and stressed to
meet out the requirement for feeding the hungry billions of the world. Due to the
impact of climate change, plant pests that ravage major crops are becoming more
destructive and posing an increasing threat to food severity and the environment. In
addition, pests destroy up to 40% of global crops and cost $220 billion in losses.

Sustainable plant health management is fundamental to achieve a sustainable
agri-food system. The United Nations declared 2020 as the International Year of
Plant Health (IYPH), and it was extended until July 1, 2021, due to the COVID-19
pandemic. Since then, the conditions built on this legacy to raise awareness on how
protecting plant health can reap hunger, preserve eco-environment, and boost overall
sustainable developments.

More research till date, on majority of plant–microbe interactions considered so
far a concern by using single microorganisms as antagonist to a pathogen, given that
each pathogen is likely to have a specific ecological niche and optimum physiolog-
ical conditions of temperature and pH to grow. Hence, how a single microbial strain
covers all these situations is a competitive environment. But alteration is now not to
expect a single organism to perform effectively against a wide range of biotic and
abiotic stresses. It is, therefore, microbial consortium where two or more interacting
organisms have synergistic, additive, or mutual complementary in nature contains
the desired beneficial effects on plants and soil. The huge impact of microbial
consortium on the rhizosphere microbial community is an added advantage to the
concept of microbe engineering and sustainable growth and development of crops.

The contents of the book have 17 chapters that cover facets in three sections.
Section I includes basic and fundamentals of microbial consortium, section II
comprises contributions to agriculture and sustainability while section III is based
on ecosystem and productivity. A due account is provided on microbial consortium
with special emphasis on bacterial combinations and their mixture based on diverse

v



genera for exploitation of beneficial bacteria in improving agricultural system with
economic benefits is sound production of human food.

vi Preface

The book will be useful not only for researchers but also for students interested in
strengthening their knowledge in Agricultural Microbiology, Phytopathology, Ecol-
ogy, Environmental Science, and Agronomy. The book is also a benefit to those who
are interested in Organic farming and Crop science.

We would like to express our sincere thanks to all contributors for their much-
needed scholarly contribution and mutual co-operation. The updated and authorita-
tive information organized in a befitted manner is definitely of great scientific value.
We acknowledge the assistance rendered by our research scholars.

We wish to record our special thanks to Prof. Naveen Arora, series editor, for his
professional suggestions. Our heartful gratitude to Ms. Akanksha Tyagi and her
team for extending valuable support in multivarious ways to facilitate completion of
this task. Thanks are due to UGC, New Delhi for awarding BSR fellowship to
D.K.M. that served as a prologue to arrange the base for compilation of this book.

Haridwar, India Dinesh Kumar Maheshwari
Palwal, India Shrivardhan Dheeman
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Chapter 1
An Overall Insight Into the Attributes,
Interactions, and Future Applications
of “Microbial Consortium” for Plant
Growth Promotion with Contemporary
Approaches

Dinesh Kumar Maheshwari, Ankita Das, Shrivardhan Dheeman,
and Piyush Pandey

Abstract Plant-associated microorganisms in the form of microbial consortia play
an important role in agricultural production. The use of single strain or individual
microorganism-based bioformulation has limitations. Thus, having a microbial
consortium, where two or more interacting microorganisms have additive, synergis-
tic, or mutual complementarity in nature, results in the desired effects on plants and
soil. In this review, we have discussed the insights of interactions and mechanisms
through which an effective microbial consortium promotes plant growth, improves
nutrient utilization efficiency, enhances yield, induces tolerance to abiotic stresses,
may contribute toward pest and phytopathogen management., etc. within the rhizo-
sphere under their efficient root colonization and biofilm formation. In addition, the
activity of microbial consortia has also been highlighted, mainly as a species of plant
growth- and health-promoting bacteria. Furthermore, there is a huge impact of
microbial consortia on the rhizosphere, which is enhanced by the concept of
microbiome engineering and strain improvement. Augmentation of soil with syn-
thetic microbial communities (SynComs), which are extended versions of traditional
consortia, is recently being realized as a tool to modulate the complete rhizosphere
microbiome for beneficial effects. This article is aimed to explain the wide horizon of
the use of microbial consortia that facilitates the sustainable development of agri-
culture and its applications for human welfare.

D. K. Maheshwari
Department of Botany and Microbiology, Faculty of Life Sciences, Gurukul Kangri (Deemed to
be University), Haridwar, India
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1.1 Introduction

The soil-plant ecosystem’s complexity often presents challenges for the single strain
bioinoculants, when applied for plant growth promotion and disease control. By
combining several microorganisms in the multi-species consortium, multiple bene-
ficial activities are also added, and thus it is assumed that at least this group of
microbes, i.e., the microbial consortium, will have more functional traits; hence, they
perform better than respective individual microbial isolates (Woo and Pepe 2018;
Nuti and Giovannetti 2015).

A microbial consortium is a group of different species of beneficial microorgan-
isms, mainly plant growth-promoting bacteria, that act together as a microbial
community. The co-culture of two or more microbial populations interacting syner-
gistically forms a microbial consortium. It can perform diverse functions more
efficiently which is difficult (not so efficient) or even impossible to carry out by a
single organism. Since the division of labor is quite common in nature, it can be
easily characterized in microorganisms established due to microbe-microbe interac-
tions (Tshikantwa et al. 2018). Microbial consortia are “microbial cell factories”
representing new synthetic biology approaches (Roell et al. 2019).

The microbial consortium proved effective in plant-microbe interactions,
improvement of the soil profile, and soil nutrient status, which is supportive to
induce plant growth, plant development in general, and enhancement of crop
productivity. The microbial consortium helps in biofertilization, bioremediation,
phytostimulation, and biological control of pests and pathogens (Sharma et al.
2018). They act in the solubilization of minerals in the soil, secreting phytohor-
mones, producing enzymes (i.e., ACC deaminase) and chemical metabolites, and
contributing to the bio-removal of soil pollutants and heavy metals (Arora et al.
2010; Pandey et al. 2012; Zhang et al. 2019a, b; Santoyo et al. 2021).

The synergism of microorganisms comprises the microbial consortium offering a
new scope in agro-practices toward sustainable development. This may also avoid
the agricultural requirements of microbial inoculants’ trade-off in individual micro-
bial populations.

1.2 Microbe-Microbe Interactions

The interactions between/among the species or strains play a major role in the
beneficial effects of bacterial consortia (Singh et al. 2019). The consortium (bearing
bacteria) can be classified into three types. It is based upon the effect on each other,
for example, (a) positive or stimulatory, (b) negative or inhibitory, and (c) neutral.
The positive interactions comprise generating a network supporting individual



members through cross-feeding wherein one bacterium utilizes the metabolic end
products as nutrients for another member. Mutualism, protocooperation, and com-
mensalism are some of the features. In mutualism, each or one of the members is
benefitted in an obligatory association due to the exchange of required substances or
mutual removal of toxins (Roell et al. 2019), while in the case of protocooperation,
the interaction that occurs between species is beneficial to the growth rate of both
populations but is not required either to persist. Similarly, commensalism is a
positive one-way interaction in which one member benefits while the other remains
unaffected (Dubey and Maheshwari 2022).

1 An Overall Insight Into the Attributes, Interactions, and. . . 5

The suppression or inhibitory action of one another leads to the negative inter-
actions that occur due to their growth inhibition of the structure and function. Such
processes are (i) amensalism, (ii) predation, (iii) parasitism, and (iv) competition.
When the growth of one of the members is affected due to the secretion of inhibitory
substances (unidirectional), it is called amensalism, while predation and parasitism
involved the growth of one species that depends upon the other species. Competition
is mainly due to nutrition or space; therefore, the fast-growing organism dominated.
In neutral interactions, members of the consortium do not influence each other. It
occurs when two or more species consume different nutrients and neither produces
any inhibitory compound to another consortium (Chaneton and Bonsall 2000).

1.3 Microbial Consortia

1.3.1 Definition and Design

A microbial consortium constitutes two or more compatible microorganisms of
diverse/similar genera of different species in synergistic or additive interactions
(Stockwell et al. 2011; Sarma et al. 2015). Long back, Higa and Parr (1994)
advocated the use of effective microorganisms (EM) in the growth promotion of
crops. The EM may also contain non-microbial biostimulants and stress-mediated/
stress-protective nutrients. Even less-defined microbial populations originating from
the fermentation of various natural substrates, farmyard manure, or composting
processes are recommended as inoculants. The microbial consortia contain a net-
work of microorganisms and represent an elegant way to identify specific microbes
that have a more central position in the network, often defined as “keystone” species
or “hub.” Such microorganisms generally co-occur with other taxa and likely exert a
strong influence on the structure of microbial communities. The identified “hub”
species may act on microbial communities and/or indirectly through (a) cascade
modifications in the interconnected microbial network, (b) competition for space and
nutrients, (c) alteration of the plant immunity, and (d) modification of the host
physiology as identified (Kang et al. 2020). Microbial consortia consists either
(i) a synthetic assembly by combining several isolated strains (Puentes-Téllez and
Salles 2018) or (ii) complex microbial communities from nature (Skariyachan et al.



2017). In this scenario, the enrichment process is often used to get the desired
microbial consortia.

6 D. K. Maheshwari et al.

1.3.2 Types, Process, and Development

Bashan and Prabhu (2020) highlighted the formation of advanced consortia with
microbe-based products. Two types of consortia, i.e., simple and complex, are based
on their differences in fermentation strategy (production of a large population of
bacteria to be later formulated into an inoculant). For this, strains are grown
individually or in combination including staggering into other species/strains in a
suitable medium for all the plant growth-promoting (PGP) organisms. The consis-
tency in results under field conditions is a benchmark of the success of bacterial
consortia application which not only depends upon the type and function of strains
but also includes their adaptation to adverse climate conditions, survival, and
persistence in the soil after application (Verbruggen et al. 2013; Gosal and Kaur
2017).

1.4 Formulations: Difficulties and Success

Consortia formulation can be carried out by using selected PGP bacteria by com-
bining a uniform bacterial cell concentration of all the participating strains. Later,
after mixing, inoculant suspensions are prepared to achieve a final bacterial concen-
tration of approximately 108 CFU/ml (∼OD 600) as described by Gomez et al.
(2021). To ensure different genera of PGP bacteria, for consortia formulations, the
strain must be evaluated for some traits such as N fixation, P solubilization,
siderophore production, IAA production, biofilm formation, ACC deaminase activ-
ity, etc. Thus, PGPR selected are recommended to design and construct microbial-
based bioformulation for their application in a wide range of agro-ecosystem
(Pandey et al. 2005, 2010). Santoyo et al. (2021) described plant growth stimulation
by microbial consortia. Although many publications are appearing on plant-microbe
interaction, it is significant to note that comparatively few appeared on the use of
microbial consortium to perform plant growth and development enhancement to
perform a variety of tasks in an ecosystem.

Consortium communication is governed by molecular signals. In this, quorum
sensing plays a major role in the compatibility of bacterial communities comprising
consortium formulations. Quorum sensing (QS) allows bacteria to switch between
two gene expression programs: (i) at low density for individual and social behavior
and (ii) at high cell density for social and group behaviors which are preferential for
consortia (Ng and Bassler 2009). The QS enables bacterial cells in a formulation to
function in unison, and they carry out as a collective, not allowing the desired effect
of compatible consortia (Schikora et al. 2016).
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A proper description of the consortium, the taxonomic affiliation of the strains
and identification protocols, the process of formulation, the effect of edaphic and
other related parameters, and the population of consortia formulations can be carried
out by using selected PGP bacteria. The PGP strain is to be evaluated for their nature
not to inhibit the growth of each other by the “cross-streaking” method of Pierson
and Weller (1994). This was further confirmed by the filter paper disk method as
given by Sindhu et al. (1999). The strains are further listed for their consortium-
forming abilities following the spectrophotometric method of Shanmugam et al.
(2002). In one of the reports from our research group, we have designed different
combinations of bacteria, viz., (i) Pseudomonas aeruginosaKRP1 + B. licheniformis
KRB1, (ii) B. licheniformis KRB1 + Sinorhizobium meliloti RMP1, (iii) S. meliloti
RMP1 + P. aeruginosa KRP1, and (iv) KRP1 + RMP1, a multi-species bacterial
consortium of all the above strains (Maheshwari et al. 2010). The healthy seeds
of Brassica campestris (Indian mustard) were bacterized with KRP1, KRB1, or
RMP1 and by consortia as given above, and the maximum enhancement of vegeta-
tive growth parameters was observed in the consortium, in comparison to those that
emerged due to individual treatment with KRP1, KRB1, or RMP1. This application
of bacterial consortium proved to be most desirable for plant growth and develop-
ment of B. campestris (Maheshwari et al. 2010).

According to Nuti and Giovannetti (2015), microbial consortia are based on
multiple PGP microbial strains with complementary properties. Sometimes
non-microbial biostimulants and stress-protective nutrients are added to reduce the
product cost. Molina-Romero et al. (2021) observed the potential of a second-
generation consortium formulated with Azospirillum brasilense SP7, Pseudomonas
putida KT2440, Acinetobacter sp. EMM02, and Sphingomonas sp. OF-178A. The
bacterial strains present in the consortium proved compatible and efficient for field
applications and resistant to desiccation.

1.5 Root Colonization and Biofilm Formation

PGPR-plant interaction is an intricate and interdependent relationship that involved
not only the microorganisms but also other abiotic and biotic factors of the rhizo-
sphere region that also play a role in their successful partnership (Kshetri et al. 2015).
Root colonization and biofilm formation by the microbial community and the
underlying principles are also behind the success of these organisms to tide over
unfavorable conditions as suggested (Dutta and Podile 2010). The nature of bacterial
genera and their relationship with host plants are exhibited by aggressive root
colonization due to adequate adhesiveness to its surface. The adhesion improved
when the strains of Azotobacter brasilence, Acinetobacter spp., and Sphingomonas
spp. were applied to Zea mays together in a consortium. The inoculation of the
bacterial consortium also improves the root colonization capacity in comparison to
that of individual treatments. De Oliveira et al. (2006) observed the root colonization
of a consortium formulated with Gluconacetobacter diazotrophicus, Herbaspirillum



seropedicae, H. rubrisubalbicans, Azospirillum amazonense, and Burkholderia
tropica. Even the different isolates of Burkholderia sp. RHT8 and RHT12 led to
synergism and root colonization in fenugreek’s rhizosphere (Kumar et al. 2017). The
combined effects of rhizo-competitive rhizosphere and non-rhizosphere Bacillus
species enhanced the growth and yield in Eleusine coracana (Dheeman et al. 2020).

8 D. K. Maheshwari et al.

Root zone or “rhizosphere effect” is pronounced due to the successful establish-
ment of bacterial consortia. This phenomenon is a crucial step to obtaining the
beneficial effect of consortia on the host plant, which is further improved due to
adequate adhesion and colonization (Shahzad et al. 2013). A significant difference
was seen in maize when inoculated with A. brasilense, P. putida, Acinetobacter, and
Sphingomonas spp. together. The plant taxa, variety, and other morphological
features are also supportive of bacterial colonization formulated with
Gluconacetobacter diazotrophicus, Herbaspirillum seropedicae,
H. rubrisubalbicans, Azotobacter amazonense, and Burkholderia tropica in sugar-
cane (De Oliveira et al. 2006). The colonization capability of consortia of P. striata
and Piriformospora indica is also dependent on corn varieties as observed by Singh
et al. (2009). Earlier, Gusain and Bhandari (2019) studied the root colonization of
Sinorhizobium meliloti, A. chroococcum, Serratia marcescens, and P. aeruginosa in
different combinations of consortia which showed quite effective colonization in
comparison to their counterparts. Santoyo et al. (2021) described plant growth
stimulation and root colonization by microbial consortia.

The bacterial biofilm formation occurs quite commonly on the root surface and
represents a hotspot for microbial interactions assisting them to form a consortium. It
plays a significant role in the ecological network for shaping microbial communities
for playing their role in sustainable agrobiological practices. The desired role of
microbe-microbe interaction or mixed consortium involved in stimulating ecosystem
functioning as well as in the enhancement of plant productivity (Pandit et al. 2020).

Currently, bioinformatics tools have been devised and used to investigate inter-
microbial co-occurrence networks from community profiling or metagenomic data
(Faust and Raes 2012); Layeghifard et al. 2017) study of the microbial networks.
Plant interaction tends to indicate that positive correlation dominates among
microbes from the same kingdom, whereas negative interaction primarily occurs
through inter-kingdom microbe-microbe interaction (Agler et al. 2016). Thus, the
role of microbial consortia is complex, and a more holistic understanding of micro-
bial networks for holobiont fitness, is required (Hassani et al. 2018).

Aggressive bacterial genera in the root rhizosphere must have adequate adhesion
and root colonization. Molina-Romero et al. (2021) highlighted that the adhesion
improved when strains of A. brasilense, Acinetobacter sp., and Sphingomonas
sp. were applied to maize together in a consortium. The inoculation of the bacterial
consortium improved the bacterial colonization capacity in comparison to that of
individual treatments. In another study, De Oliveira et al. (2006) observed the
colonization of a consortium formulated with Gluconacetobacter diazotrophicus,
Herbaspirillum seropedicae, H. rubrisubalbicans, Azospirillum amazonense, and
Burkholderia tropica.
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In addition, the bacterial consortium offered an alternative allowing the efficient
use of half of the recommended dose of nitrogen fertilizer. The use of the consortium
allowed the lowering of a 50% mineral N application and generated beneficial
agronomic practices along with the lower cost to the cultivars (Molina-Romero
et al. 2021). Recently, a new approach is devised wherein the effect of microbial
consortia is applied as fertilizer coating. For this, the use of illumine high-throughput
sequencing (HTS) is involved to influence the bulk soil and rhizosphere microbial
community applied to potato fields (Overbeek et al. 2021). On the other hand,
bacterial consortium acts as a substitute to chemical fertilizers such as urea, DAP,
etc. because decreased application of chemical fertilization along with bacterial
consortium exhibited a similar effect on plant growth and yield as revealed while
applying the recommended doses of chemical fertilizers (Kumar et al. 2010; Da
Costa et al. 2013).

Other characteristics such as strain evaluation to salinity stress under drought
resistance cannot be ruled out, to stimulate crop growth and improve tolerance to
abiotic stresses, and prove more effective in extreme climate change conditions.
Microbial inoculants may improve salt tolerance by altering hormonal root-shoot
signaling that manages IAA production in plants by bacterial action, thus having the
potential in enhancing salt tolerance (Etesami and Maheshwari 2018). Such an
approach is beneficial for a realistic assessment of the potential of microbial con-
sortia in a climate change world.

1.6 Abiotic Stress: Action and Mechanism

The application of microbial consortia can reduce the negative effects that arise due
to abiotic stress conditions on crops. But for their effective application in the crops,
novel approaches are required to explore bacteria-bacteria and plant-bacteria inter-
actions or bacteria-fungi interactions. Isolating and identifying the stress-tolerant or
stress-resistant microbes to recalcitrant agrochemicals and heavy metals is important
(Xia et al. 2020; Katiyar et al. 2021).

Abiotic stresses inhibit plant growth and development due to oxidative damage
attacking DNA and cellular membranes. The antioxidant enzymes neutralize the
reactive molecules; thus, cells are protected. PGPB having catalase and peroxidase
properties are proven more protective. The beneficial bacteria also produce trehalose
which also benefits the plants to abiotic stress (Glick 2015; Kumar and Verma 2018).
Microbial production of phytohormones also protects plants by the involvement of
various physiological actions. PGPB induces the level of proline in plants. Proline
scavenges reactive oxygen molecules and acts to stabilize proteins through molec-
ular chaperons in stress conditions (Meena et al. 2019). The effect of the consortium
of Bacillus cereus AR156, B. subtilis SM21, and Serratia sp. XY21 was reported to
develop healthy cucumber plants, with much darker green leaves containing
increased proline and chlorophyll contents, and induce superoxide dismutase activ-
ity (Wang et al. 2012). An increase in ethylene level is injurious to plants causing



senescence and other deleterious effects which occur due to the accumulation of a
consortium of ACC deaminase-producing bacteria (Ochrobactrum
pseudogrignonense, Pseudomonas sp., and B. subtilis) that significantly increased
early vegetative growth plant parameters in Vigna mungo and P. sativum.
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As human populations continue to increase, the disturbance of the soil ecosystem
to enhance productivity may place greater demand on supplying soil essential
nutrients. Therefore, it is essential to increase the understanding of the biological,
physical, and chemical properties of soil along with the soil-microbe-plant relation-
ship to enhance productivity with available nutrient pools (Millard and Singh 2010).
The soil native ability to supply sufficient nutrients continuously decreases and
emerges as a greater challenge for enhancing the productivity of crops and the
quality of water, air, and fragile soil ecosystems. The relationship of soil-plant-
microbes especially soil interaction influences plant compounds accurately, iden-
tifies the yield-limiting potential factors and growth and development, and mini-
mizes the influence of those to manage the enhancement productivity (Metcalfe et al.
2011). Most of the research during the last decades was focused on the use of
fertilizers and manures. Thus, information on the integrated approach of plant
nutrition on the sustainability of soil fertility and crop productivity is necessary.

Soil fertility is the status or the inherent capacity of the soil to supply nutrients to
plants in adequate amounts in suitable proportions. On the other hand, soil produc-
tivity is the capacity of the soil to produce crops with a specific system of manage-
ment and is expressed in terms of yields (Van Ittersum et al. 2013). All productive
soils are fertile, but all fertile soils are not necessarily productive. To produce crops
of economic value and to maintain the health of the soil without deterioration is most
important. Modern farming, driven by economic constraints, is forced to use artifi-
cial fertilizers, often to the detriment of the soil’s natural fertility (Rana and Rana
2011).

1.7 Metagenomics and Biotechnological Approach
to Increase Efficiency of Microbial Consortium
for Plant Growth Promotion

When compared to single microorganisms, consortia are superior throughout many
situations. The selection of consortium members in a way that maximizes perfor-
mance is a significant obstacle. Microbial consortia have the advantage of being
more adaptive to environmental changes due to their high stability, resilience, and
multifunction. Human health, bioremediation and biodegradation, chemical and
bioenergy generation, and food manufacturing are just a few of the areas where
microbial consortia are playing crucial roles in the developing sector (Lee et al.
2013). Recent breakthroughs in synthetic biology have significantly enhanced both
the synthesis of microbial consortia and the comprehension of microbial communi-
cation mechanisms (Song et al. 2014). Cell-cell interactions in relatively small



synthetic microbial consortia have recently been studied. Synthetic microbial con-
sortia are typically less complex and easier to genetically modify than real microbial
consortia, making the interaction and control processes easier to explore (Sanchez-
Gorostiaga et al. 2019).
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1.7.1 Microbiome Engineering

Microorganisms found on or within a plant have been shown to have beneficial
effects, such as promoting growth or inhibiting pathogens (Ab Rahman et al. 2018).
Altering the microbiome with plant growth-promoting rhizobacteria (PGPR) can
improve plant development and reduce infections and abiotic stress (Kumar et al.
2018). Microbiome engineering can enhance agricultural yields and resilience by
manipulating the plant holobiome. The plant’s genotype is also very important for
the formation and function of rhizospheric microbiomes and for getting the most out
of PGPR (Arif et al. 2020). Beneficial interactions between plants and microbes have
been studied to learn how to change plant genomes to attract and keep beneficial
microbiomes. Different plant genotypes attract helpful and disease-suppressing
microorganisms to varying degrees, reorganizing the microbiome assembly (Gao
et al. 2021). The endophytic microbiome of plants also influences functional genes
related to plant growth promotion (Singha et al. 2021).

The study of plant functional genomics during mutually beneficial plant-microbe
interactions has allowed the manipulation of plant genomes to entice and sustain
such microbiomes (Rosier et al. 2018; Vandana et al. 2021). This led to the idea of
“designer plants.” These genetically modified plants can release hormones or other
substances that attract and keep good microbiomes (Stringlis et al. 2018). The
targeted crop’s yield can be dramatically increased through the application of a
consortium that is compatible with the chosen plant and able to repair the
rhizospheric microbiome (Tabacchioni et al. 2021). Several studies have also
pointed out that wild-type relatives of domesticated crops can help us learn more
about the role of genes in wild plants that are linked to microbiome assembly (Pérez-
Jaramillo et al. 2018). The microbiome is often commonly referred to as the brain of
a given environment because of the significant impact it has on the general health
and well-being of that environment (Lavazza and Sironi 2019). Inoculated groups of
microorganisms can rebuild the structure and function of the microbiome in plants
and soil. Microbes create functional consortia in the rhizosphere; soil conditioning
and important microbial strains can modify the rhizosphere microbiome’s structure
(Voges 2019). It is feasible to create artificial consortia with several functions for
promoting plant development. This could fix some of the problems with traditional
microbial biofertilizers, like not getting along with the host, not being able to
compete well with native microbes, and not being able to adapt to the local
environment (Hart et al. 2018). The development of the optimum artificial microbial
consortium involves studying the microbes’ origin, getting and cultivating the
microorganisms, optimizing microbial interactions as per compatibility, and finally



investigating the consortia’s performance. Microbiome breeding is another tech-
nique by which the microbiome can be altered for betterment. It requires allowing
the host to filter which populations of bacteria are permitted to interact with it and
will be passed straight to their progeny, thus indirectly affecting the microbiome
(Mueller and Linksvayer 2022). This strategy involves spreading a microbiome-
influenced phenotype of the host. For example, to study the microbial influence on
the flowering pattern of Arabidopsis thaliana, the early and late flowering micro-
cosms are studied over generations, and it was found that more phenotypic inflores-
cence was observed in the plants inoculated with microbiome from late flowering
plants. The repeatability of flowering phenotypes shows that microbiomes can be
regulated to influence plant characteristics and coordinate soil resource pools
(Panke-Buisse et al. 2015, 2017). In the same study, an increase in total biomass
and increased enzyme activity for the mineralization of nitrogen were observed in
Brassica rapa when inoculated with the same (Panke-Buisse et al. 2015). Likewise,
microbiome transformation is another technique where the beneficial microbiota
from one species was inoculated in other species to promote plant growth (Arif et al.
2020). For example, Leptospermum scoparium is reported to release antibacterial
agents to counter the growth of Pseudomonas pathogens. A similar biocontrol
activity was observed in the kiwi plant when PGP bacterial microbiome from this
species was inoculated in it (Wicaksono et al. 2018).
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1.7.2 Molecular Tools to Increase Efficiency of Microbiome
Engineering

Understanding the physiological and biochemical functionality of the consortium
can be greatly aided by genetic engineering or the use of molecular tools in the
microorganism involved with plant growth promotion. The extensive collection of
genes that are engaged in the processes will be taken into consideration as potential
targets to achieve an accurate comprehension of the function that each gene is
carrying out (Kumar et al. 2020). The discovery of RNA interference (RNAi) and
CRISPR is the most recent and commonly used biotechnological development in
genetic tools in this regard (Boettcher and McManus 2015; Schultenkämper et al.
2020). RNAi relies on an endogenous process that regulates gene expression with
short RNAs. Synthetic tiny RNAs (siRNAs or short hairpin RNAs) can be used to
seize the indigenous RNAi mechanism. Either way, the inserted RNA is put into the
RNA-induced silencing complex (RISC), which promotes target mRNA destruction
(Carthew and Sontheimer 2009; Mohr et al. 2014). Reduced amounts of the target
protein are the result achieved post-translationally by targeting the expression of the
corresponding mRNA (Boettcher and McManus 2015).

CRISPR is a revolutionary way to change the genes of plants to improve specific
traits, and thus it has become one of the most useful tools in the field of functional
genomics (Pérez-Jaramillo et al. 2018). One important use of CRISPR-based genetic



engineering tools is to alter the genes of plants or microbes to study how the genes
work. One of the best things about the CRISPR tool is that it can completely shut
down the target gene. To do this, designer plants could be genetically engineered
using the CRISPR tool to make and release mass hormones or exudates that attract
and keep beneficial microbial populations in the rhizosphere microbiome ecosystem
(Bisht et al. 2019) (Fig. 1.1).
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Fig. 1.1 Different approaches for employing microbiome engineering through the application of
consortium

1.7.3 Next-Generation Microbial Synthetic Communities
(SynComs) for Plant Yield Promotion

From basic natural or synthetic consortia to a more complex applied consortium of
microbes, omics-based techniques can paint a comprehensive picture of a consor-
tium’s operation. Based on single omics approaches, metabolomics, metagenomics,
transcriptomics, and metaproteomics have been developed to make it easier to study
groups of microbes (Chandran et al. 2020). Quantifying the meta-proteome in a
group of microorganisms is important for understanding how different protein
functions work together and how they change over time which makes it the best of
the different meta-omics approaches at showing how a microbial consortium’s
system works (Franzosa et al. 2015). Rapid developments in mass spectrometry



have led to the creation of many quantification strategies. Among these techniques,
the isobaric leveling method and isobaric tags for relative and absolute quantitation
(iTRAQ) are widely utilized for comparative proteomic research because of their
high sensitivity and accuracy. The metabolomic analysis of the consortium dedicated
to any process gives a prediction of how the combined effects the production of
intermediate metabolites so that the best can be grouped to obtain the best results
(Ma et al. 2019).
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SynComs are microbial consortia designed to imitate the natural microbiome. The
goal is to minimize the sophistication of the microbiome while keeping some of the
natural interactions between bacteria and hosts, offering a spectrum of capabilities
unattainable by a single bacterium. Additionally, synergistic interactions between
members of SynComs may improve community stability (Kaminsky et al. 2019;
McCarty and Ledesma-Amaro 2019). To unlock the potential of soil microbes and
boost agricultural yields, microbial synthetic communities (SynComs) have been
proposed as a useful technique that incorporates both microbial ecology and genetics
in the construction of inoculants. The goal of this strategy is to identify and then
recruit a group of microbes that can stimulate plant development in a variety of
climates and the face of harsh events (York 2018). In recent times, the focus has been
given to the development of microbially based goods due to the worldwide potential
of these SynComs to boost agricultural production and sustainability (Singh et al.
2020).

Computational approaches, such as machine learning algorithms, will improve
the screening and identification of beneficial bacteria, as well as the process of
establishing the optimal microbe combination for a particular plant phenotype
(Harfouche et al. 2019). The growing number of reference genomes and
metagenomes in public databases helps to find bacteria with desirable features, and
by using these genomic information and gene expression patterns, one can choose
microorganisms with plant-beneficial functional features or metabolic capabilities
(Vorholt et al. 2017). Genome surveys for several gene markers will be critical to
finding relevant microorganisms because important properties like colonization
efficiency and frequency of other attributes are likely to relate to multiple genes,
and to solve this problem, genomics-based datasets filter microbiological candidates
on a genomic markers’ basis (Finkel et al. 2017). Thus, genome and metagenome
sequencing, together with microbial characterization, could assist in building
SynComs that bestow stable plant phenotypes and increase plant colonization and
permanence (De Souza et al. 2020). A systematic flow to develop a successful
SynCom is presented in Fig. 1.2.

In another way, SynComs help in understanding the physiology and function of
microorganisms and the parameters regulating community assembly by manipulat-
ing a SynCom formulation by adding, removing, or replacing microorganisms
(Vorholt et al. 2017). For example, removing a single strain of Enterobacter cloacae
reduced the activity of microbial consortium which was related to reducing the
severity of maize blight disease (Niu et al. 2017). Similarly, a SynCom with more
microorganisms from the indica strain had a bigger effect on rice growth than a
SynCom with more microorganisms from the japonica strain (Zhang et al. 2019a, b).



1 An Overall Insight Into the Attributes, Interactions, and. . . 15

Fig. 1.2 A blueprint for the customization of stable and efficient synthetic microbial communities
(SynComs), with the goal of increasing the resistance of crops to environmental challenges and
yield production

Few obstacles or problems exist with the employment of SynComs. Most micro-
bial species are likely to be uncultivable, making it difficult to assemble in a
microbial consortium. Further, the cost of sequencing hundreds of thousands of
samples is extremely expensive (Lewis et al. 2021). In addition, soil microbiomes
are complicated, and the relationships between soil single taxa and environmental
factors are inadequately documented, limiting our understanding of microbial can-
didates that might be employed to increase plant growth and productivity in the wild
(Jayaraj et al. 2016). Therefore, most of the recently developed SynComs are
comprised of bacteria only and a group of culturable microbes equipped with good
plant growth-promoting dexterities.

1.8 Application: Microbial Inoculation and Soil
Community

Microbial inoculation directly impacts the soil microbial community to increase the
relative abundance of inoculated microbial genera. The rhizospheric microbial
community composition differed substantially from the bulk soil microbial commu-
nity composition (Overbeek et al. 2021). For example, in the case of potato roots,
enrichment of the rhizosphere community over bulk soil was observed for



Proteobacteria and Eurotiomycetes. A similar difference in the microbial community
was also observed by several workers (Berendsen et al. 2012; Xue et al. 2018). The
external input of microorganisms closely associated with the rhizosphere contributed
as core microorganisms and the alteration in the rhizospheric microbiome help in
designing microbial inoculants beneficial to the plants growing under a variety of
soil conditions (Sathya et al. 2017).
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The biological management for the growth and development of plants is still at an
early stage of development, while the approach appears to have tremendous poten-
tial, and many of the basic concepts necessary for the implementation are in place,
and apparent obstacles such as information on biomass, formation of a product, site
of application, and registration difficulties exist (Kumar et al. 2017). For increasing
crop productivity and the maintenance and improvement of soil fertility for sustain-
able crop production, the multifunctional formulation may be promoted that involves
microbial consortium utilizing the PGPR, which has been proven better and
eco-friendly in comparison to that of formulation alone (Kshetri et al. 2017).

The microbial consortia are also used to control and optimize various industrial
processes. Puentes-Téllez and Salles (2018) described the construction of effective
minimal active microbial consortia for lignocellulose degradation. The simplifica-
tion of the microbial community makes it easier to help and understand the individ-
ual roles of the strains in the consortia.

Skariyachan et al. (2018) worked on polymer degradation by novel thermophilic
consortia of Brevibacillus spp. and Aneurinibacillus sp. associated with waste
management landfills and sewage treatment plants. Earlier, the authors formulated
bacterial consortia from plastic-contaminated cow dung. It is interesting to note that
Subhashchandrabose et al. (2011) studied the biotechnology potential of consortia of
cyanobacteria/microalgae and bacteria.

The PGP strain was evaluated for their nature to inhibit the growth of each other
by the “cross-streaking” method of Pierson and Weller (1994). This was further
confirmed by the filter paper disk method as given by Sindhu et al. (1999). The
strains are further listed for their consortium-forming abilities following the spec-
trophotometric method of Shanmugam et al. (2002). Recently, Baliyan et al. (2022)
reviewed the bacteriophage cocktails and antibacterial agents in crop protection.

1.9 Conclusions

The development of artificial consortiums developed with multifarious characteris-
tics is a growing interest in using similar or diverse genera of beneficial bacteria in
agriculture applications. The microbial consortia offer consistency and higher repro-
ducibility of data under various environmental conditions and provide a broader
array of the mechanism of action in comparison to that of individual beneficial
bacteria applied alone for friendly crop production and protection system in agri-
culture. However, some critical challenges are yet to be resolved. Certain issues with
the registration and marketing of formulations comprising mixed cultures limit their



potential use in modern agriculture. The difficulties in understanding the specific role
of each component of microbial consortium and their desirable effects may limit the
predicted effect on the growth and development of crops. The molecular tools and
biotechnological approach involving plant-microbe interaction, soil-microbe engi-
neering, metagenomic soil profile, and next-generation synthetic microbial consortia
are some of the most useful tools to make it easier to study microbe involved in the
design and construction of microbial consortium systems. Further, bioinformatics
and computational tools may improve the understanding of function of microbial
consortia and their products for sustainable agriculture.
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Chapter 2
Beneficial Microbial Mixtures for Efficient
Biocontrol of Plant Diseases: Impediments
and Success

Shrivardhan Dheeman , Mukesh Kumar, and Dinesh Kumar Maheshwari

Abstract Microbial consortium is a naturally occurring beneficial microbiome in
the vicinity of plant root system. Artificially, bacterial mixture can be prepared after
selecting them for a shared purpose of benefits such as nutrients, space, and other
multifunctional benefit to the plants. The mixture of strains formulated in the form of
bio-inoculants of microbial consortium can be seen in various ways including its use
for biological control of plant diseases. Extensively, the applications of the microbial
consortium have been proven more beneficial to the plants in comparison to the use
of individual microorganisms, precisely contributing to sustainable development of
overall ecosystem. The exploitation of microbial consortia is challenging to study
synergism at eco-microbiological level thus offering a new scope of research
towards rhizospheric bioengineering. Microbe–microbe interaction, etc., at theoret-
ical and practical level may pay attention towards rediscovering. Their role as
potential contender of boosting agricultural productivity is for the future benefits
of the ever-increasing population. This review highlights the present state of knowl-
edge and purpose of this scientific commentary to develop novel methods of using
microbial mixtures that have relevance to developing microbial consortia for agri-
culture use. The success, impediments, and failure have also been presented to bring
new scientific insight and technologies for wide dissemination of knowledge in
scientific community. The research-based evidence clearly shows the advantages
of microbial consortia whose function to plants or soil rhizosphere stimulate the
natural process to overall benefits to plants in agro-ecosystems.
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2.1 Introduction

The concept of biological control of plant diseases in fact arose in the 1920s and
1930s when some plant pathogens were suppressed and were not able to cause
diseases that occurred by introducing antibiotic producing microbes to the natural
habitats. Garret (1965) defined biological control in plant disease as “Any condition
under which, or practice whereby survival or activity of a pathogen is reduced
through the agency of any other living organism (except man himself), with the
result that there is a reduction in incidence of disease caused by the pathogens.” On
the other hand, Beirner (1967) has proposed that “Biological control is effect by
another organism or group of organisms.” But the most comprehensive definition of
biological control is “the reduction of inoculum density or disease producing
activities of pathogen or parasite in its active or dormant state, by one or more
organisms, host, or antagonists” (Bakker and Cook 1974).

More than one organism can control the wide spectrum of pathogens by applied
antagonists largely remains an unfulfilled goal for biological control. There are three
main approaches to achieve this goal: (i) modify the genetics of the biocontrol agent
to add mechanisms of disease suppression that are operable against more than one
pathogen, (ii) alter the environment to favor the biological control agent and to
disfavor competitive microflora, and (iii) develop strain mixtures or consortia with
superior biocontrol activity (Janisiewicz 1988). Several strategies for formulating
consortia of biocontrol agents could be envisioned including consortia of organisms
with differential plant colonization patterns; consortia of antagonists that control
different pathogens; consortia of antagonists with different mechanisms of disease
suppression; consortia of taxonomically different organisms; and consortia of antag-
onists with different optimum temperature, pH, and moisture conditions. Microor-
ganisms as biocontrol agents typically have a relatively narrow spectrum of activity
compared with synthetic pesticides as described by Bakker (1991) and Janisiewicz
(1996) that often exhibited inconsistent performance in practical agriculture,
resulting in limited commercial use of biocontrol approaches for suppression of
plant pathogens (Backman et al. 1997).

In more research till date, in biological control, majority of plant–microbe
interactions considered so far concern single biocontrol agents as antagonist to a
single pathogen. Considerably, why do we expect a single biocontrol strain to
perform effectively against a wide range of plant pathogens given that each pathogen
is likely to have a specific ecological niche and a specific set of conditions (nutrients,
temperature, pH, etc.) under which it is active? How can a single biocontrol strain
cover all these situations in a competitive environment where its own activities are
being constrained? Shanmugam et al. (2002) stated that it is not possible to isolate a
single microorganism for effective biocontrol activity in a particular soil type that
may act in similar manner across a range of quite different soil types. It is therefore a
promising trend in the field of inoculation technology, the use of mixed inoculants or
consortia (combination of microorganisms) that interact synergistically. Long back,
Pierson and Weller (1994) have shown that a combination of biocontrol strains gives



high level of plants’ protection, suppresses multiple plant diseases, and reduces
variability of biological control (Guetsky et al. 2002). Several others (Nandakumar
et al. 2001; Jetiyanon and Kloepper 2002, Jetiyanon et al. 2003; de Boer et al. 2003;
Romano and Kolter 2005) have shown that combining microorganisms not only
improved plant growth but also enhanced control over several bacterial and fungal
plant diseases (Fig. 2.1).
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Fig. 2.1 Microbial agents and their mode of action in biocontrol

Since a single biocontrol agent is not likely to be active in all kinds of soil
environment and agriculture ecosystem, the use of consortia or mixtures of two or
more microbial strains is one of the better approaches to enhance the level and
consistency in disease control (Raupach and Kloepper 1998; Fukui et al. 1999; de
Boer et al. 2003). Mondal et al. (2020) addressed some important issues of microbial
consortium as an integrated past of below ground plant-soil ecosystem for their
invaluable role in sustainable crop production due to the wide array of remunerative
roles to their host plants.

The artificially constructing microbial strain combinations, i.e., consortia forma-
tion strictly empirical and based on the premise of combining several effective
strains which may lead to additive or synergistic effect. Currently, there is no
in vitro test that predicts which strain will have biocontrol activity and which ones
will be compatible in consortium. Thus, combinations must be screened in situ as
individual strains are. We initially assumed that PGPR strains comprising effective



combinations would be mutually non-inhibitory because of overlapping niche in the
rhizosphere and the proven ability of PGPR strains to produce inhibitory secondary
metabolites (Keel et al. 1992; Kempf et al. 1993).
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2.2 Protocol Strategy: Artificial Microbial Consortia,
Construction, and Mode of Applications

Interest in synthetic or artificial microbial consortia has immense importance in
diverse fields of applied microbiology and biotechnology. In plant disease control,
applications with higher reproducibility provide a breakthrough in field research.
Still there are challenges to commercialize the microbial consortia in the market.
Registration process of individual microorganisms as biopesticide is quite clear all
over the globe but in case of microbial consortia, the issue is still in its infancy, and
hence discourage the scientists. Czajkowski et al. (2020) described the problems of
using microbial consortia in biological control are mainly due to lack of proper
guidelines of registration and commercialization. Other difficulties such as specific
refer of each microorganism of a consortium as well as their mechanism of action yet
to be understood both at physiological and molecular level. These genuine issues are
required to be emphasized on a more advanced level and subject of research for their
application to suppress multiple plant diseases. Although, modern scientific tools
such as omic approach is available now to resolve various issues, e.g., identification
of genome of bacterial strains sequences for construction of consortia, their action
and mechanism, feasibility in agro-biological application for environment-friendly
crop protection. Maciag et al. (2022) have addressed some of the above issues by
sequencing the complete genome of bacterial strains comprising the great five
(GF) synthetic microbial consortium effective against potato soft rot caused by
Pectobacterium and Dickeya spp. (Krzyzanowska et al. 2019; Maciag et al. 2020).

The in vitro spectrophotometric interaction studies for growth parameters indi-
cated establishment of protocooperation among S. meliloti MPR4, P. aeruginosa
LRP7, A. chroococcum TRA2, and S. marcescens MTCC97. This is due to the
non-reactive nature of secondary metabolites produced by S. marcescens action
among each other. Interaction of four rhizobacteria showed that all were able to
grow even in the presence of culture filtrates of one another. Earlier,
Protocooperation action of different groups of bacteria was observed by number of
workers (Pierson and Weller 1994; Duffy et al. 1996; Guetsky et al. 2002;
Shanmugam et al. 2002; de Boer et al. 2003). Gera and Sharma (2004) prepared a
consortium of Azotobacter, Azospirillum, Pseudomonas,, and Rhizobium growing
all the bacteria in a single medium and found that the bacteria did not affect the
growth of other bacteria in the consortium. Hence, protocooperation behavior among
S. meliloti MPR4, P. aeruginosa LRP7, A. chroococcum TRA2, and S. marcescens
MTCC97 proved their significance.
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Gera and Sharma (2004) developed a consortium (Biomix) containing the species
Azotobacter, Azospirillum, Pseudomonas, and Rhizobium. Inoculation of Biomix on
pearl millet increased the plant growth parameters over un-inoculated control as well
as over plants inoculated with individual cultures. Vishwakarma et al. (2020)
highlighted the importance of plant–microbe interactions and microbial consortia
application for enhancing sustainable agriculture besides giving suggestions to
understand microbial formulation compositions, their concrete identification for
better utilization in various plant species. Niu et al. (2020) emphasized the
interaction-related factors to be considered when constructing multiple-strain bio-
logical control consortia and proposed a workflow for assembling them by applying
a reductionist synthetic community approach. A diverse group of PGP consortia
having antagonistic nature against disease-causing pathogens in Camellia sinensis
have shown their worth in curbing soil-borne as well as foliar/stem diseases;
however, very limited commercial bioformulations have found field applications,
despite so many cutting-edge research (Bora and Bora 2021). Eze et al. (2021)
studied the diversity and metagenome analysis of a bacterial consortium involved in
pollution control of terrestrial and aquatic environment by petroleum contaminants.
The dominant genus Acidocella could serve as an effective inoculum for the
bioremediation of sites polluted especially with diesel fuel. A similar approach
may also resolve certain basic issues in sustaining agro-biological practices. Rokni
et al. (2021) observed the significance of the tripartite consortium for the biocontrol
activity against Phytophthora capsici on Capsicum annum; such combination pro-
vides a promising feature as a complement for crop nutrition and enhances the plant
tolerance to P. capsici.

The beneficial effects of microbial consortia generally occur due to their mode of
application in controlling diseases in plants. The effect mainly occurred because of
different nature of microorganisms inhabiting this complex system and contribute to
the application of consortia success with increased consistency in effective control of
the pathogens present in the plant/and or in soil. Hence, designing of the synthetic or
artificial consortia for biological protection depends upon the recruitment of bene-
ficial microorganisms. It is now generally accepted that applications of microbial
consortia and their mode of action contribute to understanding plant health and
fitness success.

2.2.1 Cocktail and Combined Effect

By combining microorganisms, multiple antifungals, as well as PGP traits, can be
combined, and one may assume that at least one biocontrol agent will be functional
under the conditions faced by the released biocontrol agent. Certain combinations of
PGPR performed better than individual strains and suggest the importance of
additive and interactive effects among introduced bacteria in biological control
(Pierson and Weller 1994). A seed application of a combination of three PGPR,
Bacillus pumilus, Bacillus subtilis, and Curtobacterium flaccumfaciens provided



greater control of several pathogens on Cucumis sativus L. than their individual
application (Raupach and Kloepper 1998). The combinations of Paenibacillus spp.
and Streptomyces spp. suppressed fusarium wilt of cucumber better than when either
used alone (Singh et al. 1999). The combinations of Escherichia coli S17R1 and
Burkholderia cepacia BC-B provided greater suppression of cucumber seedlings
pathogenesis in field soil naturally infested with Pythium spp. and Fusarium spp.
than seed treated with the strain BC-B or S1781 or Enterobacter cloacae 501R3
(Roberts et al. 1997). A combination of two Pseudomonas strains, antagonizing by
competition for iron and inducing resistance, respectively reduced fusarium wilt in
radish more than each strain by itself (de Boer et al. 1999). Palmieri et al. (2017)
concluded that a microbial consortium comprised of Serratia marcescens,
P. fluorescens, Rahnella aquatilis, and B. amyloliquefaciens efficiently controlled
F. oxysporum and F. solani with a consistently higher efficacy. The strains were
screened based on mutual compatibility when grown in a mixture and a process of
antagonism against both Fusarium pathogens. Moreover, combinations of biocontrol
strains are expected to result in a higher level of protection (Dunne et al. 1998) by
reduced variability of biological control (Guetsky et al. 2002), and hence have the
potential to suppress multiple plant diseases (Jetiyanon and Kloepper 2002).
Nautiyal et al. (2005, 2006) developed a microbial consortium comprising
B. subtilis and B. lentimorbus and a method of production involving synergistic
composition. The microbial consortium comprising only bacterial strains showed
effectiveness in checking damping-off caused by Pythium aphanidermatum in chili
whereas combined effect of two different strains of P. putida having different
disease-suppressive mechanisms enhanced suppression of fusarium wilt in radish
(de Boer et al. 2003). Dutta et al. (2008) reported combined use of B. cereus and
P. aeruginosa with rhizobia for induction of systemic resistance against fusarium
wilt in Cajanus cajan. Two or more than two microbial components associated with
consortia formation were found more effective than that of an individual organism
(Maheshwari et al. 2013).
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A microbial consortium is a group of different species of microorganisms that act
together as a community. For developing a consortium one can choose microorgan-
isms that are resistant to environmental shock, fast acting, synergistically active,
producing natural enzymatic activity, easy to handle, have long shelf life, good
sustainability, non-pathogenic, non-corrosive of consistent quality, and economical
in nature. For the success of consortia, compatibility of microbes used in the mixture,
their cooperation in mutual interaction (beneficial), and establishment in the rhizo-
sphere besides lack of competition among them are prerequisite and necessary
requirements for a microbial consortium to quality the eligibility criteria for sustain-
able strategy and application.
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2.2.2 Co-inoculation

Recent studies showed a promising trend in the field of inoculation technology,
where the use of mixed inoculants or consortia (combinations of microorganisms)
that interact synergistically are currently being devised. Microbial studies performed
without plants indicate that some mixture allow the bacteria to interact positively
with each other through physical or biochemical metabolic activities that may
enhance some beneficial aspects of their physiology such as nitrogen fixation. An
example of this is Azospirillum, one of the most studied bacterium that is associated
with plants (Bashan and Holguin 1997). It may associate with sugar of polysaccha-
ride degrading bacteria (PDB), establishing a metabolic association where the sugar
degrading bacteria produce degradation and fermentation products used by
Azospirillum as a carbon source that in turn provides PDB with nitrogen.
Shanmugam et al. (2002) determined the effectiveness of root rot control with
co-inoculation to Pseudomonas fluorescens and Rhizobium sp. Plant studies have
shown that the beneficial effects of Azospirillum on plants can be enhanced by
co-inoculation with other microorganisms (Alagawadi and Gaur 1992; Belimov
et al. 1995). Co-inoculation, frequently, increased growth and yield compared to
single inoculation provided the plants with more balanced nutrition and improved
absorption of nitrogen, phosphorus, and mineral nutrients.

Apparently, co-inoculation (inoculation of more than one microorganism in the
same culture. medium) is a delicate approach in which differences in root coloniza-
tion ability of bacterial growth rate easily affect successful growth promotion.
Co-inoculation (Xavier and Germida 2002) and co-culture (Hogan and Kolter
2002) of microbes have been observed to perform tasks better than their individual
microbes. To summarize a few, a number of different mixtures of bacteria (Pierson
andWeller 1994; Raaijmakers et al. 1995; Kloepper 1996; de Boer et al. 1997, 2003;
Schisler et al. 1997; Sung and Chung 1997a, b; Nandakumar et al. 2001;
Shanmugam et al. 2002), fungi (Paulitz and Baker 1990; Budge et al. 1995; d
Boer et al. 1997) and mixtures of fungi and bacteria (Park et al. 1988; Lemanceau
and Alabouvette 1991; Duffy and Weller 1995; Janisiewicz 1996; Leeman et al.
1996; Leibinger et al. 1997; Romano and Kolter 2005) have shown significance in
growth and development of crop plants (Fig. 2.2).

Co-inoculation frequently increases growth and yield, compared to single inoc-
ulation providing the plants with more balanced nutrition and improves absorption
of nitrogen, phosphorus, and mineral nutrients (Xavier and Germida 2002).
Co-inoculation of Bacillus spp. with Bradyrhizobium japonicum enhanced soybean
plant growth (Bai et al. 2003). Jensenm et al. (2002) have determined the effective-
ness of root rot control with co-inoculation of B. subtilis and Rhizobium spp. Hence,
synergistic behavior between P. aeruginosa KRP1, S. meliloti RMP1, and
B. licheniformis KRBI proved their significance for their use as co-inoculants
consortium. In one of our work plans, we observed seven different PGPR strains,
viz., P. aeruginosa KRP1, KRP7, GRCI, B. licheniformis KRB1, and
B. licheniformisMTCC424. Sinorhizobium meliloti RMP1 and Serratia marcescens
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97 form consortium (Table 2.1). The screening of the strains was based on spectrum
inhibition (antagonism) during bacterial–bacterial interactions. Since, in vitro fungal
growth inhibition assay byPGPR in consortia (P. aeruginosaKRP1+B. licheniformis
KRB1+ S. meliloti RMP1) showed 89% and 85% inhibition of radial growth of
S. sclerotiorum and F. oxysporum, which is comparatively higher with respect to
their co-inoculated and application of individual strains. Thus, antagonistic action
was more pronounced in mixed culture of P. aeruginosa KRP1, B. licheniformis
KRBI, and S. meliloti RMP1. It is therefore confirmed that compatible nature of
bacterial metabolites is significant in disease suppression and plant growth
promotion.
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Fig. 2.2 Effect of beneficial microbial mixture on growth of plant

Table 2.1 In vitro interaction among selected PGPR for the preparation of microbial consortium

Strains KRP1 KRP7 GRC1 KRB1 MTCC 429 RMP1 MTCC 97

KRP1 + + - + -
KRP7 - - + - +

GRC1 - + - +

KRB1 + - - + -
MTCC 429 - - + -
RMP1 + + - +

MTCC 97 - - +

Abbreviation: KRP1, KRP7, GRCI—P. aeruginosa; MTCC429 B. licheniformis; KRB1—
B. licheniformis; RMP1 Sinorhizobium meliloti; MTCC 97—Serratia marcescens (+), growth
present; (-), growth was inhibited

To develop a mutualistic relationship among each other, antagonistic actions of
the selected bacterial strains were first tested by cross streaking, which was later
confirmed by filter paper disc method in vitro. P. aeruginosa KRP1, B. licheniformis
KRB1, and S. meliloti RMP1 did not inhibit the growth of each other under
co-culture conditions. Thus, no antagonistic behavior of organisms towards each



another was noticed. While other strains, viz., P. aeruginosa KRP7 and GRC1,
B. licheniformis MTCC429, and S. marcescens 97 inhibited the growth of KRP1,
KRB1, and RMP1 as evident by their growth-suppressing activities on solid plates
which ruled out the possibility of using the above strains in consortium preparation
(Table 2.1).

2 Beneficial Microbial Mixtures for Efficient Biocontrol of Plant Diseases:. . . 31

2.3 Biofilm and Quorum Sensing

In general, bacteria experience a certain degree of shelter and homeostasis when
residing in a biofilm. Competition for substrate is one of the major evolutionary
driving forces among different microorganisms which may effectively out-compete
others for better utilization of a given energy source. Both P. aeruginosa KRP1 and
S. meliloti RMP1 could grow together, and this cooperation maybe because both
belong to the same group with similar nutritional requirements. The strains showed a
mutual relationship with each other, which accounts that their growth corresponds to
their metabolic products also proved beneficial to plants (Saxena and Tilak 1994).
The results of in vitro interaction studies showed synergistic cooperation among
P. aeruginosa KRP1, B. licheniformis KRB1, and S. meliloti RMP1 due to the
non-inhibitory nature of secondary metabolites produced by these strains against
each other. A similar type of mutualistic, synergistic actions of different groups of
bacteria such as pseudomonads, rhizobia, bacilli, and Azotobacter were observed
earlier by many researchers (Pierson and Weller 1994; Lorito et al. 1994; Duffy et al.
1996; Dunne et al. 1998; Shanmugam et al. 2002; Guetsky et al. 2002; de Boer et al.
2003).

Berggen et al. (2001) observed neutral action of P. putida towards
R. leguminosarum during microbial interaction studies. On the other hand,
Shanmugam et al. (2002) reported positive interaction between P. fluorescens and
Rhizobium sp. under in vitro as well as in vivo conditions. Earlier most of the
workers have demonstrated the role of microbial consortia (containing different
PGPR) directly applied in the farmer’s field (Nandakumar et al. 2001; Guetsky
et al. 2002; Shanmugam et al. 2002; Jetiyanon and Kloepper 2002; de Boer et al.
2003). Recently, Wang et al. (2022) highlighted the improvement of biocontrol
efficacy of antagonists using a combination of microbial antagonists and additions.
Several recently postulated mechanisms of action such as biofilm formation and an
oxidative burst of reactive oxygen species are also described.

2.4 Factors Affecting the Efficacy of Consortia

The complexity of the soil ecosystem is constraint that make biological control of
these root pathogens by introducing antagonists as a challenge. The use of high
efficacy of biocontrol agents is generally observed under controlled environments.



Occasionally, introduction of antagonists that have been highly effective under
controlled environments is only moderately effective sometimes totally ineffective
when applied in the phyllosphere of commercially grown plants. For example, a
survey of 64 greenhouse experiments conducted all over the world revealed that in
approximately 70% of them, Trichoderma harzianum T59 suppressed Botrytis
cinerea infections in tomato and cucumber similarly to that chemical fungicide in
efficacy. In case of biocontrol, in 20% of the experiments conducted so far, the
efficacy of the biocontrol agents was found significantly increased in comparison to
that of the fungicides (Shtienberg and Elad 1997).
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A commercial product of mixture of three Bacillus subtilis strains with several
biocontrol mechanisms proved effective in controlling fungal soil pathogens after
disinfection by seed treating fungicides. Sung and Chung (1997a, b) showed that a
mixture of bacteria that produce chitinases and antibiotics could effectively suppress
rice sheath blight caused by Rhizoctonia solani. Dunne et al. (1998) demonstrated
that combining phloroglucinol-producing P. fluorescens and proteolytic bacteria
Stenotrophomonas maltophilia improved biocontrol of Pythium mediated
damping-off of sugar beet. Sung and Chung (1997a, b) demonstrated that
chitinase-producing Bacillus cereus when used in conjunction with antibiotic pro-
ducing P. fluorescens exhibited synergistic effect on the suppression of rice sheath
blight.

Combinations of fungi and bacteria have also been shown to provide enhanced
biocontrol. For instance, Trichoderma koningii combined with either Pseudomonas
chlororaphis 30-84 or P. fluorescens Q2-87 provided greater suppression of take-all
of wheat than T. koningii alone (Duffy et al. 1996). The non-pathogenic Fusarium
oxysporum Fo 47 combined with Pseudomonas putida WCS358 provided better
suppression of fusarium wilt of flax caused by F. oxysporum f. sp. lilii than either
alone (Duijff et al. 1999). To evolve a consortium, by combining effective strains
may lead to additive or synergistic effects. Hence, PGPR comprising effective
combinations as evidenced by their mutually non-inhibitory nature because of
overlapping niche in the rhizosphere proved ability of strains to produce inhibitory
secondary metabolites (Keel et al. 1992; Kempf et al. 1993). Such enhanced disease
suppression may involve not only different disease-suppressive mechanisms but can
also result from interaction between the introduced strains that positively influence
growth, root colonization, and/or activity of the strains.

Competition for substrate nutrition is one of the major evolutionary driving forces
in the bacterial world, and numerous experimental data obtained under well-
controlled conditions revealed how different organisms may effectively
out-compete others because of better utilization of a given energy source.
S. meliloti MPR4 and P. aeruginosa LRP7; A. chroococcum TRA2 and
S. marcescens MTCC297 were successfully grown as mixed cultures (unpublished
result). The cooperation of S. meliloti MPR4 and P. aeruginosa LRP7 was because
both belong to the same group being Gram-negative, aerobic non-spore-forming
rods, fast growing, and having quite similar nutritional requirements. The strains
having synergistic action on each other’s growth would be ideal due to the reason
that the microbial growth correspondents to their metabolic products which are



beneficial to plants (Saxena and Tilak 1994). Both S. meliloti MPR4 and
P. aeruginosa LRP7 produced similar types of siderophore (hydroxamate) in addi-
tion to IAA production and phosphate solubilization. During microbial interaction
with P. putida towards R. leguminosarum, nutritional action was observed (Berggen
et al. 2001). Shanmugam et al. (2002) obtained positive interaction between
P. fluorescens and Rhizobium sp. under in vitro as well as in vivo conditions.
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Many of the strains that might be members of microbial consortium were either
strongly inhibitory to or strongly inhibited other members of the consortium in the
in vitro assay. For example, strain P. aeruginosa GRC1 inhibited P. aeruginosa
LRP7, Bacillus licheniformis MTCC429, Bradyrhizobium (Arachis) ARH2,
Gluconacetobacter diazotrophicus; Sinorhizobium meliloti MPR4 was inhibitory
for S. meliloti RMP1, Bradyrhizobium (Arachis) AHR2, and Gluconacetobacter
diazotrophicus and itself inhibited by P. aeruginosa; GRC1 inhibited P. aeruginosa
LRP7, and Bacillus licheniformis MTCC429. They found some strains of Pseudo-
monas inhibited 8 of 10 PGPR and inhibited by 7 of 10 strains. In our study, volatile
substance HCN producing strains inhibited HCN deficient strains of the same group
of bacteria. It may be since HCN-producing bacteria themselves are resistant to it but
others may show susceptibility (Glick 1995). Thus, for the microbial consortium
preparations S. meliloti MPR4, P. aeruginosa LRP7, A. chroococcum TRA2, and
S. marcescens MTCC97, out of 10 were selected because of their non-inhibitory
nature to each other.

Disease management of root rot and wilt in Sesamum indicum. Combinations of
MPR4 + LRP7, LRP7 + Serratia, and microbial consortium involving S. meliloti
MPR4, P. aeruginosa LRP7, A. chroococcum TRA2, and S. marcescens MTCC97
reduced root rot incidence by 67%, 65%, and 74%, respectively and the wilt disease
incidence by 61%, 60%, and 69%, respectively. To suppress take-all disease in
wheat PGPR consortium gave better results in comparison to their single inoculation
(Pierson and Weller 1994). Consortium reduced the sheath blight disease in rice
more effectively than their single inoculants (Nandakumar et al. 2001). de Boer et al.
(2003) found 20% more reduction of wilt disease incidence by the application of the
combination of two fluorescent pseudomonads. Mineral uptake of phosphate due to
acid production, nitrogen assimilation, and nitrogen fixation besides indirect role of
siderophore in disease suppression results in enhanced plant growth and yield in
various crops (Noel et al. 1996; Antoun et al. 1998; Katiyar and Goel 2003;
El-Komy 2005). Jain et al. (2015) reported an increase in phenolics in plants because
of microbial consortium in control of Sclerotinia sclerotiorum in Pisum sativum.

On the other hand, interactions between two or more introduced biocontrol agents
can also negatively influence disease control. de Boer et al. (1999) demonstrated that
Pseudomonas putida strain RE8 inhibits the growth of P. fluorescens strain RSIII
in vitro and both the strains RE8 and RSIII did not suppress Fusarium wilt of radish,
whereas the combination of RE8 with RSIII-9, i.e., a spontaneous mutant of RSIII,
was no longer inhibited growth by RE8, enhanced disease suppression. Such results
may be due to genetic modification of the strains RSIII that could yield desirable
results. Pierson and Weller (1994) established threshold densities of an antagonist as
a key factor in biological control, the rationale of using a mixture of antagonists’



isolates is a logical approach because mixtures more closely mimic microbial
communities and have multiple mechanisms of disease suppression (Schisler et al.
1997). It is likely that most cases of naturally occurring biological control result from
mixtures of antagonists, rather than from a high population of a single antagonist.
For example, mixture of antagonists is considered due to their action for protection
in disease-suppressive soils (Lemanceau and Alabouvette 1991; Schippers 1992).
Consequently, application of mixture of introduced biocontrol agents would more
closely mimic the natural situation and might broaden the spectrum of biocontrol
activity, enhance the efficacy and reliability of various mechanisms without the need
for genetic engineering (Hubbard et al. 1983). More recently, Minchev et al. (2021)
hypothesized that microbial consortia are more versatile, across wide application
strategies in biocontrol of both root and foliar diseases in tomatoes. The consortia
exhibited an extended functionality against Fusarium oxysporum and Botrytis
cinerea.
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2.5 Reason for Failure

In most of the investigations, the efficacy of individual biocontrol strain or combi-
nation of different strains was assessed by screening these agents against a single
isolate of the target pathogen. This could be one of the reasons for failure of
commercial bioinoculant as for evaluation no consideration of the genetic diversity
of the target pathogen population may exist among geographic region, within a given
field, or even among lesions of the same plant (Mc Donald et al. 1994; Budge et al.
1995).

Previous studies, of combinations of biological agents for plant diseases have
included mixtures of fungi (Budge et al. 1995; Datnoff et al. 1995; de Boer et al.
1997), mixtures of fungi and bacteria (Duffy et al. 1996; Janisiewicz 1996; Leeman
et al. 1996; Hassan et al. 1997; Leibinger et al. 1997), and mixtures of bacteria
(Pierson and Weller 1994; Janisiewicz and Bors 1995; Mazzola et al. 1995; Wei
et al. 1991; de Boer et al. 1997, 2003; Roberts et al. 1997; Sung and Chung 1997a, b;
Nandakumar et al. 2001; Shanmugam et al. 2002). Most of these reported on
biological control agents do not result in improved suppression of disease compared
with the individual antagonists (Hubbard et al. 1983; Sneh et al. 1984; Miller and
May 1991; Dandurand and Kundsen 1993). This incompatibility of the co-inoculants
is due to the action of biocontrol agents on each other as well as on the target
pathogen(s) (Leeman et al. 1996). This is an important prerequisite attribute of the
co-inoculated microorganisms (Baker 1990; de Boer et al. 1997). Enhancing bio-
logical control by using mixtures of antagonists may have advantages as it may
broaden the spectrum of activity, may enhance the efficacy and reliability of the
biological control, and allows the combination of various traits without employment
of genetic engineering (Mc Donald et al. 1994).
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2.6 Success Stones and Bottlenecks

For evaluating the activity and efficacy of microbial consortia to disease manage-
ment, it is a prerequisite to study the planting material, i.e., seeds seedling tubers
cutting even the root in soil (Czajkowski et al. 2020). The Synthetic or artificial
consortia if introduced into the native soil is more advantageous to the plant in
comparison to that of consortia synthesized by using non-native strains and applied
to the native soil. Their establishment near the root system is smoother and easier in
niche or even from effective all physiological reactions in an equilibrium supporting
the overall performance of the consortium as also observed by Sarma et al. (2015).
Combining beneficial microorganisms or co-inoculating the microorganisms with
prescreened and multifarious inherent traits in the associated microbes in consortia
seems to be the most strength forward approach to obtain them for use in plant
fitness.

The evaluation of the mechanistic compatibility of microbial consortia to check
the phytopathogens showed to be prioritized for their biocontrol activity. In micro-
bial consortia, strains exhibited diverse activity, e.g., Bacillus pumilus INR
7, B. subtilis GB03, and Curtobacterium flaccumfaciens ME1 showed biocontrol
activities wherein strain INR7 and ME1 impart ISR against R. solani and Fusarium
up, but when combined, they could control several pathogens causing soil and foliar
disease in plant. The origin for designing the microbial consortia preferably is to
obtain from the same habitat and positively influence compatibility of the consor-
tium (de Vrieze et al. 2018). The consortia in the field should not import any
mammalian toxicity and be ecologically and environment-friendly in the application
to the plant health and fitness under variable pathogen pressure.

Another desirable property of artificial microbial consortia is to recruit those
organisms in design which could develop disease-suppressed soil when subjected to
biotic stress. Berendsen et al. (2018) suggested designing synthetic microbial con-
sortia for biological control/plant protection. Using this approach, a consortium of
three bacteria namely, Xanthomonas sp. WCS 2014-23, Stenotrophomonas sp. WCS
2014-113, and Microbacter sp. WCS 2014-259 active against Hyaloperonospora
arabidopsidis. The pathogen-free Arabidopsis thaliana is obtained if microbial
consortia are applied prior to infection. It is also pertinent that consortia remain
active after application as supported by their effect in the natural environment which
further depends on nutrient availability between artificial media and national
resources (Kamilova et al. 2006). It is now generally accepted that designing and
constructing microbial consortia for application requires a better understanding of
the plant–microbe interactions, with special reference to the knowledge on how plant
recruits and colonize with the beneficial microbiome. The dominating bacterial
genera Bacillus and Pseudomonas species are more frequently proved beneficial
for biocontrol activity due to their antagonistic nature to plant pathogens hence used
both in proof-of-concept in vitro and in vivo (Hass and Defago 2005). Both
beneficial and harmful microorganisms live in the vicinity of plant roots, but plants
exploit a few of them for their mutual benefits and support. Both can reach an
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equilibrium state where invasion of the new microbe from external sources is quite
different (Scheuring and Yu 2012). If any, deviation occurs either due to a sudden
change in the microbiome or by the acquisition of the growth substances (root
exudates) the state of un-equilibrium leads to infection or damage. To avail the
benefits of microbial consortia application, impact of other stress such as effect of
climate change cannot be ruled out.
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Chapter 3
Rhizobacterial-Mediated Interactions
for Enhanced Symbiotic Performance
of the Root Nodule Rhizobia in Legumes

Ahmed Idris Hassen, Olubukola Oluranti Babalola, and Rene Carlson

Abstract The rhizospheres of several plant species including legumes harbour
rhizobacteria that are endowed with various beneficial traits and which act as direct
plant growth promoters, biological control agents or soil health enhancers due to
their versatile enzymes and genes. In the symbiotic interaction between legumes and
the rhizobia, free-living rhizobacteria play tremendous roles in facilitating the
process of nodulation and nitrogen fixation, biological processes highly susceptible
to soil abiotic factors in the rhizosphere. The rhizobacteria often referred to as plant
growth-promoting rhizobacteria (PGPR) mediate significant synergistic interaction
that involves the legume and the rhizobia resulting in improved functioning of
symbiotic nitrogen fixation (SNF). One aspect of applied microbiology in agriculture
involves the co-inoculation of legumes with rhizobia and PGPR that results in an
improved symbiotic performance of several field-grown legumes. This occurs due to
several PGPR traits that trigger essential interactions between the legume and its
micro-symbiont rhizobia. PGPR traits including ACC deaminase activity,
siderophore secretion, phosphate solubilization and the presence of abiotic stress
genes are crucially essential in the rhizobium-legume interaction. This review
highlights the mechanisms by which free-living rhizobacteria mediate the successful
symbiotic performances in the legume-rhizobium interactions resulting in increased
yield and quality of various economically important legumes globally.
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3.1 Introduction

Fertilizer N has had a tremendous impact on the global agricultural system for
several decades, and it is typically remembered for what is called the Green
Revolution of the 1970s and 1980s. This led to more than double increase in cereal
production including that of rice, maize and wheat in most developing nations during
that period (Conway 1998). Despite this, the prolonged usage of fertilizer N resulted
in higher level of water pollution by increasing the concentration of toxic nitrates in
drinking water supplies and eutrophication of lakes and rivers. Moreover, fertilizer N
is not cost-effective as it is costly and 50% of the applied fertilizer N is quite often
lost through leaching (Sprent and Sprent 1990; Zahran 1999; Subramanian et al.
2014; Amoo et al. 2021). The relatively high cost of fertilizer N as well as its impact
on the environment that put pressure on world food production resulted in a current
international emphasis on environmentally sustainable development that involves
the use of renewable resources.

Biological nitrogen fixation (BNF), the process by which the atmospheric nitro-
gen (N2) is converted into ammonia (NH3), is one of the best examples of
the application of renewable resources in sustainable agriculture. It is also one of
the most extensively exploited and studied aspects of plant- microbe interactions in
the soil due to its importance as the primary source of nitrogen (N) in agriculture
(Zahran 1999). It is a process whereby many species of free-living and symbiotic
bacteria convert atmospheric nitrogen (N2) into ammonia (NH3) which will then be
incorporated into organic compounds (e.g. protein, nucleic acid) of the bacteria and
the associated plants (Amoo and Babalola 2017). The actual reduction of dinitrogen
gas (N2) in the atmosphere to the fixed nitrogen, which is ammonia (NH3), that can
be assimilated into amino acids is represented in the following equation, in which
unreactive N2 enters into the biologically active part of the global nitrogen cycle
(Unkovich et al. 2008).

Nitrogenase

16 Mg-ATP 16 Mg-ADP + 16 Pi

N2 + 8H + 8e 2NH3 + H2

Both free-living and symbiotic bacteria undergo the above reaction using their
complex enzyme system, the nitrogenase complex absent in all eukaryotic organ-
isms. Many plants are therefore dependent on these nitrogen-fixing bacteria for their
nitrogen nutrition requirement. The host plants supply carbon and energy source to
the bacteria, while they receive ammonia (fixed nitrogen) to use it for their protein
and nucleic acid metabolism. However, the nitrogen fixation by the free-living
bacteria accounts only a few per cent of the amount fixed by symbiotic nitrogen



fixation (SNF) in legumes which can yield as much as 100–300 kg N-1 ha-1 y-1

depending on the type of the legume host. Generally, inputs of BNF into the
terrestrial ecosystem from SNF by rhizobia and their legume partners have been
estimated to be at least 70 million tons of N per year (Zahran 1999).
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3.2 Rhizobacterial Interaction in the Initiation of Symbiotic
Nitrogen-Fixing Systems

The rhizosphere is the area about 1–2 mm around the roots and rich in nutrients and
provides niches different from those in the bulk soil for the microorganisms to thrive
(Babalola et al. 2021). Due to this, there occurs a lot of interactions between the free-
living rhizobacteria, symbiotic rhizobia and their host legumes (Van Loon and
Bakker 2003). The symbiotic relationship between rhizobia and the free-living
plant growth-promoting rhizobacteria (PGPR) is well documented (Table 3.1).
PGPR possess an array of traits that enhance the interaction between rhizobia and
legumes including creation of additional infection sites for the rhizobia, secretion of
plant growth-promoting substances and solubilization and uptake of nutrients
(Mehboob et al. 2013). In the preceding sections, we will be looking into the
different aspects of rhizobacterial-mediated interactions that can result in effective
nodulation, nitrogen fixation and plant growth promotion.

3.2.1 Initiation of Nodule Formation and Development

Several reports in the past indicated that the symbiotic interaction between legumes
and their micro-symbiont rhizobia can be enhanced by a group of ‘helper’ bacteria
that reside near the roots in the rhizosphere (Vessey 2003). Many species of free-
living plant growth-promoting rhizobacteria (PGPR) are involved in enhancing
nodule formation by the symbiotic rhizobia (Adeleke et al. 2021). Some of the
mechanisms include production of the phytohormone IAA and gibberellic acid that
stimulate root elongation and increased density of root hairs that results in more
colonization sites for the rhizobia (Cassan et al. 2009; Fox et al. 2011). This
interaction is very crucial as legume nodules are initiated from root hairs. The effect
of such interaction mediated by Azospirillum has been reported for several legume-
rhizobium symbioses including chickpea, lentils, soybeans, common bean and
alfalfa. In all cases, co-inoculation of Rhizobium and Azospirillum resulted in
stimulation of root hair production, increased nodulation and nitrogen fixation
(Hungria et al. 2013).
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Table 3.1 Selected examples of rhizobacterial (PGPR)-mediated interactions that led to improved
symbiotic performance and promotion of growth in the legume-rhizobium association

Legume
Symbiotic and
growth promotion
benefit

PGPR mode of

Trifolium
spp.

Bacillus aryabhattai,
Azotobacter vinelandii

Increased nodula-
tion, nitrogen fix-
ation,
leghaemoglobin
content

Phosphate
solubilization

Matse et al.
(2020)

Phaseolus
vulgaris

Paenibacillus
polymyxa, Bacillus
megaterium

Increased nodula-
tion, nitrogen fix-
ation,
leghaemoglobin
content

P solubilization,
not measured but
deduced

Korir et al.
(2017)

Cicer
arietinum

Pseudomonas spp.,
Stenotrophomonas
sp., Burkholderia sp.,
Sphingomonas sp.

Increased
nodulation

P solubilization,
IAA production

Laabas et al.
(2017)

Lens
culinaris
and Cicer
arietinum

Pseudomonas
fluorescens

Increased N fixa-
tion and
leghaemoglobin
content

Increased dehy-
drogenase activ-
ity and signalling

Babu et al.
(2015)

Cicer
arietinum

Pseudomonas sp. Increased nodula-
tion and
leghaemoglobin
content

P solubilization,
siderophores,
catalase, HCN,
IAA

Kaur et al.
(2015)

Lens
culinaris

Bacillus sp., Pseudo-
monas sp.

Psychrotolerance P solubilization,
siderophores,
HCN, IAA

Kaur et al.
(2015)

Lens
culinaris

Pseudomonas sp. Increased
nodulation

P solubilization Khanna and
Sharma (2011)

Lens
culinaris

Pseudomonas sp.,
Serratia sp.

Increased
nodulation

IAA production,
ACC deaminase
activity and P
solubilization

Zahir et al.
(2009)

Medicago
sativa

Burkholderia sp. Increased
nodulation

P solubilization,
siderophore
secretion, ACC
deaminase

Hassen et al.
(2021)

Vigna
radiata

Pseudomonas putida,
Pseudomonas
fluorescens

Increased nodula-
tion, increased
nodule biomass

ACC deaminase Shaharoona
et al. (2006)

Glycine
max

Pseudomonas sp. Enhanced plant
growth

ACC deaminase Husen et al.
(2011)

Arachis
hypogaea

Pseudomonas
fluorescens, Pseudo-
monas sp.

Enhanced growth,
yield and nutrient
uptake

Siderophore,
IAA, P
solubilization

Dey et al.
(2004),
Saravankumar
and
Samiyappan
(2006)
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Table 3.1 (continued)

Legume
Symbiotic and
growth promotion
benefit

PGPR mode of

Vigna
unguiculata
Glycine
max
Beans
(Phaseolus
vulgaris)

Pseudomonas sp.
Pseudomonas putida
TSAU1
Azospirillum
brasilense Sp245

Improved growth
under salt stress
Improved root
length, number of
nodules per plant
Increased nodule
number and
enhanced dry
weight

ACC deaminase
IAA production
P accumulation
IAA production

Trung and
Thuam (2016)
Egamberdieva
et al. (2017)
Remans et al.
(2007)

3.2.2 Induction of Flavonoid Secretion and Symbiotic
Effectiveness

The nodulation process starts with a signal exchange between the legume host and
the bacterium with the secretion of flavonoids, specialized plant metabolites secreted
from the cells just behind the roots under N stress condition, thereby attracting the
bacteria to the roots (Lum and Hirsh 2003). Once secreted, the flavonoids interact
with the rhizobial protein, the Nod D, that activates the transcription of the nodula-
tion genes (nod genes) which in turn code the biosynthesis of the Nod factors (lipo-
chitooligosaccharides). These Nod factors are the ones that elicit the deformation of
the plant root hairs and support the rhizobial entry via infection threads (Perez-
Montano et al. 2011) (Fig. 3.1).

Several beneficial free-living rhizobacteria have been found to induce the pro-
duction of flavonoids by the legume roots in the rhizosphere. Parmer and Dadarwal
(1999) reported that chickpea plants inoculated with the Pseudomonas strains
induced the synthesis of flavonoids in the roots showing marked increase in the
flavonoid level as compared to un-inoculated controls. In related experiments, the
rhizobacteria Azospirillum brasilense promoted root branching in bean seedling
roots and increased and persistent exudation of flavonoids by the bean roots that
resulted in effective nodulation by the symbiotic strains Rhizobium tropici CIAT899
and Rhizobium elti ISP42 (Dardanelli et al. 2008).

An interesting example of symbiotic effectiveness from a multitrophic interaction
point of view is described in a study that investigated the impact of co-inoculating
Medicago truncata with its micro-symbiont Sinorhizobium medicae WSM419 and
the PGPR Pseudomonas fluorescens WSM3457 (Fox et al. 2011). The result
indicated that there was a significant increase in the rate of root nodule development
with a large number of crown nodules as compared to control treatments not
co-inoculated with Pseudomonas. Such beneficial interaction between the legume,
their micro-symbionts and a free-living rhizobacteria has also been reported for
several other legumes. For instance, in common bean, co-inoculation of Rhizobium



tropici CIAT899 with the rhizobacteria Azospirillum brasilense promoted seedling
branching and resulted in longer and persistent exudation of nod gene inducing
flavonoids that enhance nodule formation and development (Gomez-Sagasti and
Marino 2015). Several other investigations revealed that beneficial free-living
rhizobacteria are involved in synergistic interactions in the rhizosphere of legumes
that positively impact the metabolism of the host plants including the production of
flavonoids. The PGPR Chryseobacterium balustinum strain Aur9, for instance,
promotes nitrogen fixation by rhizobia in Lupinus albus and soybeans where various
flavonoids were detected in the roots (Sugiyama and Yazaki 2014). Several other
examples of rhizobacterial-mediated interactions that resulted in improved nodula-
tion and promotion of growth in various legume species are indicated in Table 3.1.
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Fig. 3.1 Root nodule initiation following signal exchange in the rhizobium-legume symbiosis.
Secretion of flavonoids induces rhizobial nod genes, which result in the production of the Nod
factors. The Nod factors result in root hair deformation and rhizobial entry. Source: Shultze and
Kondorosi (1998) with permission

3.3 Nutrient Acquisition and Abiotic Stress Tolerance

The presence of both the symbiotic root nodule rhizobia and the free-living indig-
enous soil microbial communities in the soil plays crucial roles in the growth and
normal functioning of both leguminous and non-leguminous crops. In legumes, the
symbiotic rhizobia mainly control the key functioning of nitrogen nutrition. At the
same time, free-living microorganisms influence all other functions in the ecosystem
including nutrient acquisition, carbon cycling, soil structure maintenance, biological
control and abiotic stress tolerance. In this section, we concentrate on the role of
these synergistic interactions in nutrient acquisition as well as abiotic stress tolerance
in the legume-rhizobium symbiosis.
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3.3.1 Induced Systemic Tolerance (IST)
in the Legume-Rhizobium Symbiosis

The legume-rhizobium symbiosis and nodule formation are very sensitive to abiotic
stresses including drought, salinity, acidity and osmotic stress as these inhibit the
initial steps of the symbiotic interaction (Zahran 1999). For instance, the number of
nodules, amount of nitrogen fixed and plant biomass of legumes are found to be
negatively affected to a greater extent when the pH of the soil drops to as low as ≤4
(Vassilieva et al. 1997). Drought stress is also known to have a negative effect on
nitrogen fixation activity of nodules, thus resulting in a reduced growth in legumes
(Streeter 2003). However, it is not only the legumes that are directly affected by
these abiotic stresses but also the rhizobia micro-symbionts of the host legumes
which are sensitive to drought and other abiotic stresses resulting in a significant
decrease in nitrogen fixation (Yang et al. 2009). Other abiotic stresses including soil
nitrate, temperature and heavy metals such as aluminium (Al+) toxicity are also
known to affect nodulation and inhibit the actual nitrogen fixation process (Walsh
1995). Generally, these abiotic factors affect nodule structure, impair nodule func-
tioning and induce drastic metabolic and molecular modifications leading to a stress-
induced senescence (SIS) which ultimately affects the entire process of symbiotic
nitrogen fixation (Dupont 2012). To counteract the negative impacts of these abiotic
stresses, certain PGPR trigger a system of defence by plants known as induced
systemic tolerance (IST). The term IST was initially proposed by Yang et al. (2009)
to describe PGPR-induced physical and chemical changes in plants that result in
increased tolerance to various abiotic stresses.

Most plants require ethylene biosynthesis for the purpose of breaking seed
dormancy. However, higher level of ethylene following germination is quite often
inhibitory to root elongation. The synthesis of a high level of ethylene from the
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) during biotic and abiotic
stress conditions would result in retarded root growth and cause senescence in the
plant (Saravankumar and Samiyappan 2006). Interactions mediated by beneficial
rhizobacteria play significant roles in alleviating abiotic stress in various legumes.
Several Pseudomonas spp. have significant ACC deaminase activity that results in a
decreased level of ethylene in many legume roots, which in turn results in increased
root elongation and enhanced nodulation by the rhizobium strains (Gomez-Sagasti
and Marino 2015). Inoculating legumes with mixed cultures of rhizobium and ACC
deaminase-positive PGPR promotes nodulation through inhibition of ethylene bio-
synthesis thereby enhancing nodulation and nitrogen fixation. A few examples
include early growth and promotion of nodulation in Glycine max by ACC deam-
inase rhizobacteria and enhanced nodulation in Pisum sativum by ACC deaminase
Rhizobium leguminosarum bv. viciae 128C53K (Cattelane et al. 1999). The mech-
anisms by which plants develop an IST to various abiotic stresses including drought,
salinity and nutrient deficiency as a result of the interaction mediated by plant
growth-promoting rhizobacteria are indicated in Fig. 3.2. Interactions with plant
growth-promoting bacteria have also been reported to alleviate abiotic stresses and



improve growth of non-leguminous plants. For instance, improved growth and
tolerance to drought stress were observed in maize plants inoculated with two
ACC deaminase and IAA-producing actinomycete strains, Arthrobacter arilaitensis
and Streptomyces pseudovenezuelae (Chukwuneme et al. 2020).
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Fig. 3.2 A schematic illustration of the mechanisms by which PGPR mitigate various abiotic
stresses such as drought, salinity and nutrient deficiency (fertility) stress and elicit induced systemic
tolerance (IST) in plants. Source: Yang et al. (2009), Trends in Plant Science, with permission from
J. Kloepper

3.3.2 Rhizosphere Interaction for Iron (Fe+3) Acquisition

Iron (Fe+3) acquisition by the symbiotic nitrogen-fixing rhizobia is essential, and it is
required in a relatively high amount by the nitrogen-fixing bacteroides in the root
nodules to support nitrogen fixation. This is because of the nitrogenase enzyme
system which has a high iron requirement for the synthesis of the iron sulphur centre
in the enzyme complex (Fig. 3.3). Iron is also required for the synthesis of
leghaemoglobin, a structure in the nodules used to deliver oxygen to the nodules,
and that gives the characteristic pink to red colour to effective nodules that fix
nitrogen (Crowley 2006). However, although iron is the fourth most abundant
element in the earth’s crust, it is essentially unavailable under aerobic environment
at biological pH as it tends to form Fe+3 oxyhydroxide complex (Geetha and Joshi
2013; Olanrewaju and Babalola 2019).
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Fig. 3.3 Schematic illustration indicating the beneficial interaction between plant growth-
promoting rhizobacteria (PGPR) and symbiotic rhizobia. The rhizosphere soil in compartment A
is poor in soil organic matter and available phosphorus (P), iron (Fe+3) and other essential nutrients
with very few ineffective rhizobia and little or no PGPR. The overall effect results in suppression of
root nodule formation and nitrogen fixation. In compartment B, the immobilized nutrients such as P
and Fe are easily available to the plants and the rhizobia due to the presence of several PGPR strains
with phosphate solubilization and siderophore production ability. The abiotic stress on the roots
caused by high ethylene level is also reduced due to the ACC deaminase activity of the PGPR. The
solubilized P will be used by the legume plant, and part of it is used as the source of ATP by the
energy-demanding nitrogenase enzyme of the rhizobia that converts atmospheric nitrogen (N2) into
ammonia (NH3) in the nodule bacteroides. Similarly, the chelated iron by the siderophores of the
PGPR will be directly used by the legume and as part of the iron-sulphur centre of the rhizobia
nitrogenase enzyme complex. All these traits contributed to effective nodule formation and hence
nitrogen fixation

Under the above-mentioned condition of iron deficiency in the soil, microorgan-
isms produce siderophores, structurally diverse low molecular weight compounds
that bind ferric iron (Fe+3) with high affinity. Bacterial siderophores are used by
many plants as iron source for growth as they have direct benefits to plant growth
promotion by acting as a direct source of iron and making it available to plants
(Yehunda et al. 1996; Vansuyt et al. 2007; Olanrewaju et al. 2017). Iron (Fe+3) and
molybdenum (Mo) are very much required both by the free-living and symbiotic
nitrogen-fixing diazotrophic bacteria not only for the electron shuttle reactions but
also as a component of the nitrogenase complex. Symbiotic rhizobia require iron to
grow in the rhizosphere and for optimum nodulation and development of the
bacteroides. Thus, siderophore-producing rhizobia have an added advantage as it
helps the bacteria by incorporating the iron and molybdenum into the nitrogenase
enzyme complex. This suggests that siderophores are required for adequate nitrogen
fixation by the symbiotic rhizobia (Tang et al. 1992). Rhizobia that are not capable of
producing their own siderophores in iron-limiting soils have less competitive advan-
tage than those producing siderophores (Adeleke et al. 2021). However, such
rhizobia are able to use heterologous siderophores, the iron-bound siderophore
complex, produced by other non-symbiotic rhizobacteria living in their vicinity.
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Pseudomonas fluorescens are found to be efficient providers of heterologous
siderophores to enhance plant nutrition and improve the legume-rhizobium symbi-
osis in many instances (Sharma et al. 2003; Geetha and Joshi 2013). Such heterol-
ogous siderophore utilization by the symbiotic rhizobia is widespread in various
legumes. In the report by Hassen et al. (2012) that investigated rhizobia associated
with the nodulation of the indigenous beverage rooibos (Aspalathus linearis Burm.
f.), several endophytic rhizobacteria such as Burkholderia and Herbaspirillum spp.
have been found to be associated with the nodules of this native legume. The
production of siderophore by Herbaspirillum seropedicae SARCC-619 and
SARCC-636 isolated from the nodules of Aspalathus linearis as non-rhizobial
endophytes (NRE) is considered as an added advantage for the nitrogen-fixing
symbionts. This is because the iron (Fe+3) chelated by the siderophores of the
non-rhizobial endophytes could be utilized by the rhizobia-legume symbiotic pro-
cess (unpublished data from author’s lab). The presence of bacteria other than the
nitrogen-fixing Rhizobia spp. within the nodule microbiome has been discussed in a
recent review by Martinez-Hidalgo and Hirsh (2017), which elaborated that
nitrogen-fixing rhizobia do not live alone within the nodules and many of these
endophytes enhance the process of biological nitrogen fixation. In another study by
Hassen et al. (2021), improved nodulation and plant biomass have been reported
after co-inoculation of Medicago sativa L. with its rhizobium symbiont
Sinorhizobium meliloti strain RF14 and the PGPR Burkholderia sp. strain Nafp2/
4-1b. The PGPR strain, previously screened for its significant growth promotion
effect on maize (Khambani et al. 2019), possesses several plant growth-promoting
traits such as the production of siderophores, P solubilization, IAA acid and ACC
deaminase all of which are essential for effective nodulation by the rhizobia and
increased growth in the legume (Fig. 3.4).

3.3.3 Phosphorus Acquisition for SNF

Phosphorus (P) is the other major essential element required for both the process of
nodulation and symbiotic nitrogen fixation. Although P is considered as the second
most essential nutrient after nitrogen and the most abundant in agricultural soils, it is
not easily available to plants as the majority of it is insoluble (Oteino et al. 2015).
The main reason for the unavailability of P to plants despite its abundance in the soil
is that it is fixed by free oxides and hydroxides of aluminium (Al) and iron (Fe) in
acidic soil and by calcium (Ca) in alkaline soils (Rodriguez and Fraga 1999). Natural
rock phosphates are also good sources of P despite that most of the P in rock
phosphate exist as non-exchangeable form and hence not directly available for
uptake by plants (Yu et al. 2012). Therefore, this net unavailability of P in many
soils makes it the major growth-limiting factor for several plants.

In the legume-rhizobium symbiosis, the nodule bacteria require adequate con-
centrations of phosphorus (P) along with other essential nutrients as P is very crucial
for the energy-demanding nitrogenase enzyme that converts atmospheric nitrogen
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(N2) to plant-available form of ammonia (NH3) (Schulze et al. 2011; O’Hara 2001).
It is therefore apparent that phosphorus limitation can reduce legume productivity
not only by its effect on nitrogenase activity of the rhizobium but also by negatively
affecting nodule development and function. Phosphorus is therefore one of the
principal yield-limiting nutrients in the legume-rhizobium interaction. A synergistic
interaction occurs between certain phosphate-solubilizing free-living bacteria and
the legume-rhizobium. Co-inoculation of rhizobia with phosphate solubilizing bac-
teria could have a positive effect on symbiotic parameters such as increasing nodule
number and plant biomass which results in grain yield of legumes (Saharan and
Nehra 2011). In the report by Kumar et al. (2011), co-inoculation of groundnut with
a consortium of bacteria comprising Rhizobium strain Tt 9 with the PGPR Bacillus
megaterium var. phosphaticum resulted in fulfilling about 50% of the phosphatic
fertilizer requirement of the groundnut thereby improving nodulation, plant growth
and yield. Similar study indicated that inoculation of common bean with
R. leguminosarum and P-solubilizing Bacillus megaterium increased N and P
solubility that resulted in increased nodulation and improvement in growth and
yield (Elkoka et al. 2010). In general, there is a promising trend of the practice of
co-inoculation of rhizobia and PGPR in the development of sustainable agriculture
in the future.
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3.4 Concluding Summary

Rhizobacteria including Azospirillum and Pseudomonas species assist the symbiotic
rhizobia to thrive under various abiotic stresses in the rhizosphere and to increase
their symbiotic performance. The rhizobacteria assist the symbiotic rhizobia and
enhance SNF through promotion of root hair formation and root development,
flavonoid secretion and creating more potential colonization sites for the rhizobia
infection. Acquisition of essential but usually unavailable nutrients such as iron
(Fe+3) and phosphorus (P) that are crucially needed by the symbiotic rhizobia is
made possible by the synergistic interaction. The rhizobia in turn fix the
non-reactive, unavailable atmospheric nitrogen (N2) which would be used by all
other organisms not capable of fixing nitrogen. Generally, synergistic interaction
exists between legumes, their rhizobial micro-symbionts and certain free-living plant
growth-promoting rhizobacteria (PGPR) which ultimately results in improving
symbiotic nitrogen fixation (SNF) in several legume crops.

Acknowledgement Not applicable.
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Chapter 4
Plant Growth-Promoting Bacterial
Consortia Render Biological Control
of Plant Pathogens: A Review

Marika Pellegrini , Rihab Djebaili, Giancarlo Pagnani, Daniela M. Spera,
and Maddalena Del Gallo

Abstract Plant disease management via biocontrol of phytopathogens is one of the
major approaches to the imagination of sustainable agriculture. Besides agrochem-
icals, using inoculants of beneficial bacteria is a common tool to control fungal and
bacterial phytopathogens; they are known as biological control agents (BCAs) or
biopesticides. This chapter focuses on using PGPB (plant growth-promoting bacte-
ria) in consortia to control bacterial and fungal pathogens. The most relevant
publications on biocontrol brought by PGPB in consortia are reviewed, casting
insight into the core mechanisms used to achieve effective biocontrol and disease
management. In this review, the compatibility and diversity of beneficial PGPB
strains, their stability in bioformulations, environmental safety, and association with
various plants have been covered with special emphasis on the mechanisms of
biocontrol. There is an urgent requirement for optimization and adjustment of
effective PGPB in consortia that can help to improve the biocontrol of phytopath-
ogens in the rhizosphere and increase crop productivity while safeguarding human
health and environmental integrity.
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4.1 Introduction

Plant growth-promoting bacteria (PGPB) are a broad group of microbes that promote
plant growth directly and indirectly (Glick 2012; Jain et al. 2022). Direct activity
includes nitrogen fixation, mineral solubilization, phytohormone production or
modulation, and siderophore release (Chandran et al. 2021). PGPB also indirectly
reduce or prevent the negative impacts of one or more plant diseases (Massa et al.
2022). This indirect activity can produce harmful compounds or enhance plant
resistance to biotic and abiotic stresses (Beneduzi et al. 2012). Since their first
description (Kloepper and Schroth 1978), many PGPB strains have been selected
and tested for their biostimulant abilities. Many workers have also investigated
biocontrol activity against a wide range of phytopathogens. Findings so far revealed
the suitability of synthetic microbial consortia for many agricultural applications
(Gupta et al. 2020; Liang et al. 2022). Generally, consortia are most efficient than
single-strain formulations (Deter and Lu 2022). Thanks to synergistic associations
among the different strains, consortia boost plant growth and protect it from phyto-
pathogens (Ram et al. 2022). Furthermore, the effectiveness of microbial consortia is
high due to the existence of multiple strains which exhibit superior performance in
functional behaviors to tolerate environmental changes (Compant et al. 2019;
Hussain et al. 2022). In the last few decades, microbial consortia have primarily
been used as plant or soil inoculants to improve agricultural productivity, soil
nutrient status, and crop quality and as biocontrol agents to control the growth of
devastating phytopathogens during harvest or postharvest storage (Gupta et al. 2022;
Jiao et al. 2021; Saeed et al. 2021; Seenivasagan and Babalola 2021; Verma et al.
2022). PGPB consortia use completely complies with the United Nations’ 2030
Agenda for Sustainable Development Goals, and many products are already avail-
able on the markets. Still, more research is needed to meet the market’s global
demand for biostimulant and biocontrol agents. Biological, technological, regula-
tory, infrastructural, financial, marketing, field-level, quality, carrier, and biosafety
restrictions affect microbial-based products’ use, industrialization, and commercial-
ization (Basu et al. 2021). These numerous limits make creating PGPB formulations
and their usage in sustainable agriculture a big task. Scientific, industrial, and
agricultural experiments and a high degree of knowledge are linked to this market.
The biofertilizer trend is already rising (Joshi and Gauraha 2022). Without active
collaboration from the scientific community, industries, and farms, the market risks
being unable to meet the growing demand for biofertilizers (Joshi and Gauraha 2022;
Pellegrini et al. 2020b). The scientific community and industry should promote the
use of PGPB consortia through scientifically sound research. From this perspective,
this book chapter aimed to report PGPB (plant growth-promoting bacteria) consortia
use to manage bacterial and fungal diseases. The most relevant publications on
PGPB consortia biocontrol are examined, providing insight into PGPB’s processes
and experiments that resulted in successful biocontrol against bacterial and fungal
diseases.
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4.2 Plant Growth-Promoting Bacterial Consortia

In nature, microbe does not live isolated. Like all organisms, their association with
other microorganisms/organisms is obvious and has been studied widely. Synergis-
tic associations allow microorganisms to carry out essential and complex tasks in
several natural processes (Asmamaw and Fassil 2014). Inspired by natural microbial
consortia, the scientific community has developed artificial microbial consortia such
as in Fig. 4.1.

Many interactions occur in the formulation of microbial consortia. Microbial
interactions are essential for creating and maintaining a microbial population in a
variety of settings and on a variety of hosts (Braga et al. 2016). Many years of
coevolution between the species resulted in interdependent adaptation and special-
ization, as well as a variety of symbiotic connections (Braga et al. 2016). Figure 4.1
depicts various sorts of interactions that might arise during the establishment of
microbial consortia. Commensalism is described as a relationship in which one
partner benefits while the other is unaffected. When one of the partners is suppressed
or destroyed while the other remains undamaged, this is known as amensalism.
There is interaction in neutralism, but it does not affect the partners engaged.
Mutualism and collaboration characterize a scenario in which both parties benefit.
In contrast, both partners lose out in a competition. The other partner benefits from
parasitism and predation. Microbial consortia are resilient to biotic and abiotic
stressors and have multiple functions because of synergistic interactions that achieve
what individual strains cannot realize. Microbial interactions can involve a wide
range of processes, dependencies, and dynamical features, in addition to being
simply positive or negative, helpful, or suppressive. This complexity of interactions
requires further research into cutting-edge methodologies that allow for the under-
standing of multidimensional and dynamic relationships among microorganisms and
between bacteria and the host (Weiland-Bräuer 2021). As the number of partners

Fig. 4.1 Graphical
representation of the
interactions that occur
during microbial consortia
formation



increases, the community complexity grows as a result of the combinatorial growth
in the number of pairwise interactions and the formation of higher-order interactions
(Duncker et al. 2021; Wootton 2002). A third partner, for example, can alter the
strength or nature of a paired interaction, and a fourth can then alter that interaction
(Bairey et al. 2016). The types and intensity of these interactions can affect a
community’s stability, and computer modeling can be used to forecast community
composition over time (Bairey et al. 2016; Blanchard and Lu 2015; Coyte et al.
2015). The presence of numerous strains reduces the metabolic burden, optimizes
the division process of labor, and broadens the substrate spectrum (Giri et al. 2020;
Qian et al. 2020). In agriculture, there is a need for this multi-functional biofertilizer
and biocontrol agents to achieve sustainable production and biotic and abiotic stress
control (Kour et al. 2020). The technology involved in producing bacterial consortia
is pretty simple and cheap, and enormous progress has been made recently. The
knowledge of plant physiology, biochemistry, and biology, the application of several
bioassays and investigation techniques, and the integration of the data recovered
from this knowledge are mandatory to establish and validate the activities and
synergies within PGPB microbial formulations (Povero 2020). Many authors have
studied the technologies and commercial aspects of consortia production and the
diversity of PGPB (Arora et al. 2011). PGPB consortia formulations should have:
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1. Safety – it must be safe for the environment (not a pollutant, biodegradable) and
animal and human health.

2. Economic bioprocess and low-cost, accessible, and sufficient raw material supply
and pH adjustments.

3. Stable formulation and long shelf life and be able to maintain metabolically viable
high numbers under unfavorable conditions as desirable characteristics (Herr-
mann and Lesueur 2013).

Different commercial microbial consortia formulations are available (liquid, peat,
granules, and powders). There are many examples of commercial microbial consor-
tia formulations. Root Life Microbes by Key To Life (USA) contains Bacillus
firmus, B. amyloliquefaciens, B. subtilis, B. licheniformis, B. megaterium,
B. pumilus, B. azotoformans, B. coagulans, Paenibacillus polymyxa, and
Paenibacillus durum. Luxowo® by Luoxiaowang (China) is a Bacillus spp.-based
product. Arka Microbial Consortium by Natura Crop Care (India) contains
N2-fixing, phosphate- and zinc-solubilizing, and plant growth-promoting microbes.
MICOSAT line by CCS (Italy) contains multi-microbe consortia. MICOSAT F TAB
Plus, for example, contains symbiotic fungi (Glomus spp. GB 67, G. mosseae GP
11, G. viscosum GC 41), rhizosphere bacteria (Agrobacterium radiobacter AR
39, Bacillus subtilis BA 41, and Streptomyces spp. SB 14), saprophytic fungi
(Pochonia chlamydosporia PC 50 and Trichoderma harzianum TH 01), and yeasts
(Pichia pastoris PP 59). MIKAR line products (MIKAR®, MIKAR® T, MIKAR® L,
MIKAR® Seed Liquid) by SPPA (Italy) contain rhizosphere bacteria and mycorrhi-
zal fungi. Among formulations, liquid ones are easy to handle and apply and offer
many advantages over conventional solid carrier-based inoculants. Liquid formula-
tions have a long shelf life (up to 2 years) and higher purity. They allow the



manufacturer to add an adequate amount of nutrients, cell protectants, and inducers
(for the formation of the cells, spores, or cysts, further ensuring longer shelf life) and
are easier to commercialize (Satinder 2012). Recently, O’Callaghan et al. (2022)
summarized many single-strain-based inoculants for phytopathogens’ control. How-
ever, a single strain might have limited activity against diverse phytopathogens and
pedoclimatic conditions’ sensitivity (Saravanakumar et al. 2009). The combination
of multiple strains is more effective in inducing tolerance and decreasing the damage
of phytopathogenic attacks (Bharathi et al. 2004; Thilagavathi et al. 2007;
Thomloudi et al. 2019; Pellegrini et al. 2020a, 2021; Djebaili et al. 2021). The
induction of the plants’ defenses following an application of a bacterial consortium is
more effective than a single microbial inoculum (Santoyo et al. 2021). The steps to
follow to produce biocontrol PGPB consortia can be different and depend on the
type of strains used. Isolation and purification of strains followed by characterization
of biocontrol traits (i.e., enzymatic activities and in vitro inhibition); consortium
formulation; experiments to test in planta biocontrol activity under gnotobiotic,
greenhouse, and open field conditions (carried out for many crops and pedoclimatic
conditions); and optimization of product formulation for commercialization are the
key steps. Before commercialization, the product must follow all the registration and
approval, including the human and environmental safety evaluation. The regulatory
procedures to register and commercialize a product differ depending on the state of
registration and commercialization (Backer et al. 2018).
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4.3 Plant Growth-Promoting Bacterial Consortia-Mediated
Biocontrol Mechanisms

Bacterial consortia counteract the detrimental effects of one or more phytopatho-
genic organisms through the involvement of different mechanisms (Choudhary et al.
2011). The mechanisms used by microbial consortia to control microbial plant
pathogenic attacks include synthesis of antimicrobial agents; competition for nutri-
ents, iron, and space; predation; and induced systemic resistance (ISR) (Fig. 4.2).
The most recognized direct mechanisms for biological control are the suppression of
pathogens through the synthesis of anti-pathogenic compounds (e.g., peptides with
antimicrobial activity and chitinolytic enzymes) (Raaijmakers et al. 2002; Compant
et al. 2005). Different microorganisms produce different antimicrobial activities. But
in some cases, the BCAs have the ability to control a wide range of pathogens due to
inhabiting multiple attributes that are involved in controlling the phytopathogens’
(Lahlali et al. 2022) activities. The genus Bacillus produces effective peptides as
antibiotics such as iturins, mycosubtilin, bacillomycin D, surfactin, fengycin, and
zwittermicin A, whereas Pseudomonas produces 2,4-diacetylphloroglucinol, phen-
azines, pyoluteorin, oomycin A, pyrrolnitrin, viscosin, and massetolide A (Kenawy
et al. 2019). Reactive oxygen species (ROS) modulate the defensive enzymes,
phytoalexins, and pathogenesis-related protein synthesis, which reduce pathogens’



propagation (Maurhofer et al. 1994; Silva et al. 2004; Van Loon and Bakker 2005;
Saravanakumar et al. 2009). Interactions between microbial consortia and phyto-
pathogens are also crucial for plant disease control. Different interactions can be
described for biocontrol, such as predation and competition for resources (i.e., for
carbon sources and iron, with siderophore production) and space (niche occupation)
(Haas and Défago 2005). Microbial consortia can improve the plant’s defensive
capacity toward pathogens by ISR in the host plant (Pozo et al. 2002; Srivastava
et al. 2010), increasing nutrient uptake and root architecture (Wehner et al. 2010),
and synthesizing signaling compounds (Lyu et al. 2020). Resistance mechanisms
induced by microbial consortia enhance plant protection, suppressing disease sever-
ity and incidence (Ramamoorthy et al. 2001). Plant resistance that involves the
contribution of PGPB is often referred to as induced systemic resistance. ISR has
been identified and illustrated in many plant species, including Arabidopsis thaliana,
Cucumis sativus, Dianthus caryophyllus, Raphanus sativus, Solanum lycopersicum,
Nicotiana tabacum, and Phaseolus vulgaris (Pieterse et al. 1998). ISR guards plants
against bacteria, fungi, viruses, and insects (Bhattacharyya and Jha 2012) and plants’
parasitic nematodes. Microbial consortia-induced ISR is comparable to systemic
acquired resistance (SAR) induced by pathogens, making plants more resistant to
consecutive pathogenic attacks (Van Wees et al. 1997). However, ISR and SAR
involve different signaling pathways. ISR entails signaling pathways of jasmonic
acid and ethylene without symptoms in the host plant (Bakker et al. 2003). SAR
involves salicylic acid pathways, causing visible symptoms (De Vleesschauwer and
Höfte 2009; Van der Ent et al. 2009). The signaling molecules coordinate defense
responses and, if applied exogenously, induce resistance (Ryals et al. 1996). Molec-
ular studies on Arabidopsis showed that both SAR and ISR are linked via the NPR1
gene and act in synergy (Van Wees et al. 2000). Among signaling compounds,
phytohormones involved exist for both plant-to-microbe and microbe-to-plant com-
munications (Lyu et al. 2020). This close relationship in the phytomicrobiome
regulates aspects of growth and metabolism in both elements of the holobiont
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Fig. 4.2 Summary of the mechanisms used by microbial consortia for the control of microbial plant
pathogenic attacks



(plant and phytomicrobiome). Thuricin 17 and lipo-chitooligosaccharides (LCOs)
are two microbial plant signals that increase stress tolerance in many plant species
(Smith et al. 2015; Subramanian et al. 2016; Lyu et al. 2020). Plant hormones, such
as auxins (Kazan and Manners, 2009), brassinosteroids, gibberellins, and cytokinins
(Nakashita et al. 2003; Navarro et al. 2008; Giron et al. 2013; Lee et al. 2010;
Mukherjee et al. 2022), also showed to function as modulators of the plant immune
signaling network. Phytohormonal crosstalk allows plants to regulate immune
responses for their protection and growth (Pieterse et al. 2014).

4 Plant Growth-Promoting Bacterial Consortia Render Biological Control. . . 63

4.4 Plant Growth-Promoting Bacterial Consortia Against
Bacterial Pathogens

Bacterial pathogens are another causal agent of phytopathogenic diseases. They
induce massive economic losses in agriculture because of the low efficacy of
agrochemicals, plant resistance or immunity, and wide latency and spreading of
diseases and survival strategies (Van der Wolf and De Boer 2015; Martins et al.
2018). PGPB achieve pathogenic bacteria control mainly through antimicrobial
molecules and competition for nutrients and space. Among antimicrobial molecules,
producing low-molecular-weight compounds (antibiotics) by other microorganisms
is the most common (Duffy et al. 2003). Bacteriocins are peptides secreted by
bacteria with toxic effects on closely related bacteria (Riley and Wertz 2002;
Abriouel et al. 2011; Nazari and Smith 2020). Bacteria produce over one bacteriocin,
and some have broader inhibition spectra (Abriouel et al. 2011). Limited studies
report microbial consortia application as biocontrol agents against bacterial diseases.
Many reports concern the application of single PGPB strains or their cell-free
supernatants (Kwak et al. 2018; Pellegrini et al. 2020b) in biocontrol of fungal
pathogen. However, the findings so far underlined this tool’s effectiveness (Niu et al.
2020; Wang et al. 2021). In a recent study, excellent biocontrol activity of the
consortium of Nocardiopsis aegyptica and Streptomyces albidoflavus was observed
against S. lycopersicum and Daucus carota bacterial pathogens (P. syringae,
P. corrugate, and Pectobacterium carotovorum) (Djebaili et al. 2021). Xanthomonas
oryzae pv. oryzicola in rice was controlled by S. shenzhenesis and Streptomyces
sp. consortium (Hata et al. 2021). The recent report of Maciag and collaborators
explained the use of the consortium formed by Serratia plymuthica, Enterobacter
amnigenus, Rahnella aquatilis, and two strains of Serratia rubidaea against
Pectobacterium spp. and Dickeya spp. (Maciag et al. 2020). Other studies showed
the effectiveness of microbial consortia against the pathogen Ralstonia
solanacearum, using a consortium of non-virulent Ralstonia spp. (Wei et al.
2015), Pseudomonas spp. (Hu et al. 2016), Bacillus spp., and Chryseobacterium
sp. (Liu et al. 2014). There are various examples illustrating the beneficial impact of
consortia of PGPB rendering biological control of phytopathogens (Table 4.1).
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Table 4.1 PGPB consortia for biological control of bacterial pathogens of various plants

Consortia Bacterial pathogens Plants References

N. aegyptica and S. albidoflavus P. syringae,
P. corrugate, and
P. carotovorum

S. lycopersicum
and D. carota

Djebaili
et al.
(2021)

Streptomyces shenzhenesis and
Streptomyces sp.

X. oryzae pv. oryzicola Oryza sativa Hata et al.
(2021)

S. plymuthica, E. amnigenus,
R. aquatilis, and two strains of
S. rubidaea

Pectobacterium spp.
and Dickeya spp.

S. tuberosum Maciag
et al.
(2020)

Non-virulent Ralstonia spp. R. solanacearum S. lycopersicum Wei et al.
(2015)

Pseudomonas spp. S. lycopersicum Hu et al.
(2016)

Bacillus spp. and Chryseobacterium
sp.

Capsicum
annuum

Liu et al.
(2014)

4.5 Plant Growth-Promoting Bacterial Consortia Against
Fungal Pathogens

Fungal pathogens are the principal agent of over 70% of agricultural crop diseases
(Kumar et al. 2018), with over 10,000 species that induce epidemics in plants and
cause serious losses in yields (Agrios 2005; Suprapta 2012). Pathogenic fungi
biocontrol is mainly ascribed to the activity of hydrolytic enzymes (e.g., chitinase,
glucanase, protease, and cellulase) (Compant et al. 2005). Competition for nutrients
and space and the production of antifungal metabolites are also effective against
fungal pathogens (Karkachi et al. 2010; Akhtar et al. 2016). Microbial cyclic
lipopeptides, for example, act on fungal pathogens and facilitate the PGPB root
colonization and the stimulation of host defense mechanisms (Raaijmakers et al.
2010; Tsolakidou et al. 2019). Table 4.2 summarizes the PGPB consortia against
fungal pathogens. Among the beneficial rhizospheric microflora, fluorescent pseu-
domonads are relevant biological control agents. They can colonize plant roots and
secrete various antifungal secondary metabolites (Erdogan and Benlioglu 2010;
Akhtar et al. 2016), compete for space and nutrients, produce lytic enzymes, and
induce systemic resistance in plants (Dunne et al. 1998; Ramamoorthy et al. 2002).
The creation of barriers beyond the infection sites, by the accumulation of callose,
lignin, and phenolic compounds on cortical and epidermal cell walls, was also
described (M’piga et al. 1997). The effective application of Pseudomonas strain
consortia has been described for the control of Gaeumannomyces graminis var.
tritici (Sivasithamparam and Parker 1978), Fusarium oxysporum (De Boer et al.
1999), Sarocladium oryzae (Saravanakumar et al. 2009), and Sclerotium rolfsii
(Senthilraja et al. 2010). Bacillus is another genus well known and described for
the wide range of enzymatic activities and genetic markers linked to biological
control activities (Tsolakidou et al. 2019). Multiple Bacillus strain consortia showed
effective biocontrol of F. oxysporum f. sp. lycopersici (Myresiotis et al. 2012;



Tsolakidou et al. 2019; Arif et al. 2020). With these genera, interesting antifungal
activity was also shown by Streptomyces consortia to control F. oxysporum f. sp.
ciceri (Ankati et al. 2021). Consortia can also be formed by multiple strains that
belong to different genera. Our recent works showed that the consortium of
Burkholderia ambifaria, Gluconacetobacter diazotrophicus, and Herbaspirillum
seropedicae has biocontrol ability against Rhizoctonia solani and Fusarium
oxysporum spp. in Solanum tuberosum, S. lycopersicum, and Cannabis sativa
(Pellegrini et al. 2020a, 2021). The consortium of N. aegyptica and S. albidoflavus
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Table 4.2 PGPB consortia for biological control of fungal pathogens of various plants

Consortia Fungal pathogens Plants References

Pseudomonas fluorescens
spp.

Gaeumannomyces
graminis var. tritici

Triticum Sivasithamparam
and Parker (1978)

Fusarium oxysporum R. sativus De Boer et al.
(1999)

Sarocladium oryzae O. sativa Saravanakumar
et al. (2009)

S. rolfsii A. hypogaea Senthilraja et al.
(2010)

Pseudomonas F. oxysporum f. sp.
lycopersici

S. lycopersicum Myresiotis et al.
(2012)

Bacillus F. oxysporum f. sp.
lycopersici

Tsolakidou et al.
(2019)

Bacillus F. oxysporum f. sp.
lycopersici

Arif et al. (2020)

Three S. griseus,
S. africanus, and
S. coelicolor

Fusarium oxysporum f. sp.
ciceri

Cicer arietinum Ankati et al.
(2021)

B. ambifaria,
G. diazotrophicus, and
H. seropedicae

R. solani and F. oxysporum
f. sp. radicis-lycopersici

S. lycopersicum
S. tuberosum

Pellegrini et al.
(2020a)

F. oxysporum f. sp.
cannabis

Cannabis
sativa

Pellegrini et al.
(2021)

N. aegyptica and
S. albidoflavus

Rhizoctonia solani and
Fusarium oxysporum f. sp.
radicis-lycopersici

S. tuberosum
and D. carota

Djebaili et al.
(2021)

P. putida and
F. oxysporum

Fusarium D. caryophyllus Van Peer et al.
(1991)

Pseudomonas, Bacillus,
and Enterobacter

Aspergillus niger,
A. flavus, and Fusarium
oxysporum

A. hypogaea Syed et al. (2020)

Chitinophaga sp. and
Flavobacterium sp.

Rhizoctonia solani Beta vulgaris Carrión et al.
(2019)

P. aeruginosa and
Azospirillum sp.

Rhizoctonia bataticola Gossypium Marimuthu et al.
(2013)

Xanthomonas spp.,
Stenotrophomonas spp.,
and Microbacterium spp.

Hyaloperonospora
arabidopsidis

A. thaliana Berendsen et al.
(2018)



is used to control Rhizoctonia solani and Fusarium oxysporum f. sp. radicis-
lycopersici in S. tuberosum and Daucus carota (Djebaili et al. 2021). Many other
authors have reported the multi-bacterial genera exhibited genus biocontrol. The
suppression of Fusarium wilt in D. caryophyllus is controlled by P. putidaWCS358
and F. oxysporum Fo47 (Van Peer et al. 1991). In Arachis hypogaea, the combina-
tion of Pseudomonas, Bacillus, and Enterobacter consortia performed consortium
limited damages for Aspergillus niger, A. flavus, and Fusarium oxysporum (Syed
et al. 2020). Rhizoctonia spp. have been effectively controlled by the application of
Chitinophaga sp. and Flavobacterium sp. (Carrión et al. 2019) and P. aeruginosa
and Azospirillum sp. (Marimuthu et al. 2013). Similarly, Hyaloperonospora
arabidopsidis in A. thaliana has been controlled by Xanthomonas spp.,
Stenotrophomonas spp., and Microbacterium spp. (Berendsen et al. 2018).
Enriching PGPB consortia with PGPF (plant growth-promoting fungi) is also a
valid strategy for effective biocontrol. The literature contains many reports that
underline the positive effects of the association of Trichoderma spp. with many
PGPB on biocontrol activity, especially with Bacillus spp. (Brewer and Larkin 2005;
Morsy et al. 2009; Yobo et al. 2011; Thakkar and Saraf 2015; Ali et al. 2017; Wu
et al. 2018; Alamri et al. 2019; Thomloudi et al. 2019; Izquierdo-García et al. 2020).
T. viride was also effectively combined with B. subtilis and P. putida that showed
biocontrol of Macrophomina phaseolina (Thilagavathi et al. 2007). T. harzianum
with P. aeruginosa and Mesorhizobium controlled S. rolfsii (Singh et al. 2014);
Rhizobium, B. subtilis, and P. fluorescens against Fusarium wilt (Rajasekhar et al.
2016); and B. subtilis and P. aeruginosa to that of Sclerotinia sclerotiorum (Jain
et al. 2012, 2013). Consortia of plant growth-promoting bacteria and plant growth-
promoting fungi contribute to biocontrol of fungal pathogens in the rhizosphere as
evidenced and supported by various studies in the past (Table 4.3).
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4.6 Conclusions and Future Perspectives

Microbial consortia-based biocontrol agents are some of the emerging tools in
sustainable agriculture. The present book chapter highlighted microbial consortia
could represent new frontiers of formulations used in agriculture to control microbial
phytopathogens. The biocontrol activities and mode of action, environment and
human safety, commercial suitability, and stability of formulations are mandatory
in creating and producing a microbial consortium to be used as a biocontrol agent.
Within this context, the scientific community and the industrial sector should
promote the use of microbial consortia, and the studies on this subject are carried
out with rigorous and high scientific soundness. These goals will produce strong
scientific bases and industrialized technologies able to compete with agrochemicals.
Using the latter is already inducing several problems within the environment,
threatening human health and earth ecosystems.
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Table 4.3 PGPB and PGPF consortia for biological control of bacterial pathogens of various
plants

PGPF strain PGPB
Fungal
pathogen Plant References

T. harzianum B. subtilis R. solani S. tuberosum Brewer and
Larkin (2005)

T. viride F. solani S. lycopersicum Morsy et al.
(2009)

T. atroviride,
T. harzianum,
T. pseudokoningii, and
Trichoderma sp.

R. solani P. vulgaris Yobo et al.
(2011)

T. citrinoviride P. aeruginosa,
B. cereus, and
B. amyloliquefaciens

M. phaseolina
and
S. sclerotiorum

Glycine max Thakkar and
Saraf (2015)

T. koningii and
T. harzianum

B. subtilis R. solani S. tuberosum Ali et al.
(2017)

T. asperellum B. amyloliquefaciens Botrytis
cinerea

In vitro Wu et al.
(2018)

T. harzianum B. subtilis Exserohilum
rostratum and
F. oxysporum

Lactuca sativa Alamri et al.
(2019)

T. virens B. velezensis F. oxysporum Physalis
peruviana

Izquierdo-
García et al.
(2020)

T. viride fungal
pathogens

B. subtilis and
P. putida

M. phaseolina Vigna radiata Thilagavathi
et al. (2007)

T. harzianum P. aeruginosa and
Mesorhizobium

S. rolfsii C. arietinum Singh et al.
(2014)

P. fluorescens,
B. subtilis, and Rhi-
zobium spp.

F. oxysporum
and S. rolfsii

Cajanus cajan Rajasekhar
et al. (2016)

B. subtilis and
P. aeruginosa

S. sclerotiorum Pisum sativum Jain et al.
(2012, 2013)

industrial and commercial contents.
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Chapter 5
Phytohormonal Role of Microorganisms
Involved in Bioinoculants

Rubén Bottini, Federico J. Berli, M. Victoria Salomon,
and Patricia N. Piccoli

Abstract The world population is supported by food availability that depends on
cultivation. Agriculture, however, comports environmental threats related with
global warming and nature contamination. Therefore, more friendly techniques
that are less damaging for the environment without resignation of yield have gained
attention. Among them, bioinoculants containing microbial species (bacteria and
fungi) emerge in the farming market as possible contributors. This review revises the
scientific basis of such products as biofertilizers, biostimulators, stress regulators,
biopesticides, and bioremediation agents. More than 40 years of research suggests
that bioinoculants’ efficiency relies on root growth promotion that enhances soil
exploration and root capability for superior nutrient and water uptake, and such
growth promotion is mostly dependent (directly and/or indirectly) on production of
plant growth regulators (phytohormones) by microorganisms. Notwithstanding, in
keeping yield, bioinoculants are not enough by themselves, and they should be
combined with other technologies, namely, plants genetically designed for more
efficient use of resources, direct sowing, moderate and specifically oriented fertili-
zation, green soil coverage, and crop rotation.
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ACC 1-aminocyclopropane-1-carboxylate
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ABA Abscisic acid

AMF Arbuscular mycorrhizal fungi
BCAs Biological control agents
BRs Brassinosteroids
Cyt Cytokinins
Et Ethylene
GAs Gibberellins
IAA Indole-3-acetic acid
ISR Induced systemic resistance
JA Jasmonic acid
MeJA Methyl ester jasmonic acid
PGRs Plant growth regulators
ROS Reactive oxygen species
SA Salicylic acid
SAR Systemic acquired resistance
SL Strigolactones

Estimations regarding world population (https://www.worldometers.info/world-
population/world-population-by-year/) indicate that the number of inhabitants on
planet earth tripled in a span of 1800 years, from year 1 AD to the early nineteenth
century. After that, the numbers grew eightfold in (approximately) the last 200 years.
Such rapid increase in latter times was coincidental with the establishment of the
Industrial Revolutions (Lucas 2004). The reasons for this are related to various
causes correlated with the industrial era and the times afterward, namely, increases
of per capita income, improvement of sanitary conditions, use of vaccines and
antibiotics, and advances in medical technology. However, food production has
been at the base of all. Indeed, a growing number of people demanded sufficient
food supply to attend the more basic life necessity (Tilman and Clark 2015).

Food availability is essentially dependent on cultivation. Agriculture has devel-
oped some 12,000 years ago with domestication of higher plants, when mankind
began to handpick the best seeds to plant next season, which allowed harvest to be
stored, and, by consequence, the food availability permitted people to settle perma-
nently in villages first and then cities (Tauger 2010). This activity was improved by
plant breeding and development of new farming techniques, which in turn admitted
agriculture expansion in extended areas. Therefore, more food allowed more people.
In fact, the regulation of plant growth and development, and of the physiological
processes that alleviate the negative effects of environmental stresses (biotic and

https://www.worldometers.info/world-population/world-population-by-year/
https://www.worldometers.info/world-population/world-population-by-year/
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abiotic), determines the productivity of crops (Yakhin et al. 2017). In the last six
decades, a two steps’ green revolution happened (Pimentel 1996; von der Goltz et al.
2020). The first step occurred during the 1960s with the insertion of dwarf genes that
allowed wheat to be heavily fertilized (Appleford et al. 2007; Gale et al. 1985;
Gooding et al. 2012) and the development of hybrid rice (Bai et al. 2018; Li et al.
2018; Liao et al. 2021; Wang and Deng 2018). Both types of cereals were known as
high-yielding varieties and permitted substantially higher productions than the
traditional cultivars. In the 1990s, a second step materialized because of the use of
transgenic plants tolerant to pests (Koziel et al. 1993) and pesticides (Padgette et al.
1995) and the practice of no tilling (direct sowing; Nouri et al. 2019; Scopel et al.
2005); thus, the overall yield increased hugely. More recently, a second “green
revolution” seems to be started, which is called “urban agriculture” (Armanda et al.
2019). However, although all these developments permitted to feed the increased
number of people, they comported environmental threats because of high consump-
tion of fossil combustible that increased CO2 emissions (11% is due to agriculture
expenditure, according to the US Environmental Protection Agency), extensive use
of agrochemicals (Benbrook 2012; Bonny 2008), and anthropic (Vega et al. 2009) or
geological (Funes Pinter et al. 2018) contamination with heavy metals. Deforestation
has also contributed to the rise in CO2 atmospheric levels, which augmented
worldwide average temperatures (Mgbemene et al. 2016). Moreover, the soil water
systems and rhizosphere microorganisms are polluted by accumulation of chemicals;
consequently, the interaction between host plants and microbes may be also
impacted (Compant et al. 2010). Also, drought covers approximately 41% of earth’s
land surface (Reynolds et al. 2007), so crops are in permanent relationship with dry
environments that restrict crop yield.

Therefore, to use more friendly approaches without resignation of yield (quanti-
tatively but also qualitatively), the exploration of techniques less injurious for the
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environment has gained attention (Phalan et al. 2011; Saad et al. 2020). Among
them, the use of biostimulants specially containing microbial species, that is,
bioinoculants (Woo and Pepe 2018), is profusely offered in the farming market in
the last years. This review revises the scientific basis of such products.

Diverse concepts and terminologies are used for biostimulants in plant science
(reviewed by Yakhin et al. 2017). Generally, the term is used to denominate products
that are applied in low doses, different vias, and timings, with the aim to improve
productivity (plant growth and crop yield). Their main mode of action is through
changes in the plant hormonal status that leads to more efficient nutrition and
activation of metabolic processes, which includes growth stimulation and/or pro-
duction of protective compounds. Biostimulants present in the market are mostly
products of biological origin and diverse sources (microbes, seaweeds, plants,
animals, and humate-containing materials) with incomplete identified composition.



Therefore, their functional components and their mode of action are commonly
unclear and vary over time and among batches.

Within the biostimulants, bioinoculants or bioformulations are those based on
microbial species (bacteria or fungi; Rani and Kumar 2019). Bioinoculants are
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applied to the seeds, plants (roots or leaves), or soils, at implantation/sowing time
and/or afterward, to influence the rhizospheric microflora. They show different types
of relationships within the plant root system, as free-living or symbionts, and so
promoting root and, by consequence, plant growth. Generally, fungal and bacterial
microbial inoculation to the host plants may serve as biofertilizer (N2 fixing and P
solubilization), biostimulator by plant growth regulators’ (PGRs; phytohormones)
production, stress regulator (tolerance to drought and salinity), and biological control
agents (BCAs) against phytopathogens (biopesticides; Mendes et al. 2011). Also,
they may be used in bioremediation since heavy metals and organic contaminants
can be controlled by consortiums of microbes and plants (Chaudhary and Shukla
2019; Funes Pinter et al. 2017).

The association between N2-fixing microorganisms and plants has been investi-
gated for many years, especially regarding the successful symbiotic relations
between Leguminosae and bacteria of the genera Rhizobium, Sinorhizobium, and
Bradyrhizobium. Notwithstanding, since this is a rather specific well-known tech-
nique, it will not be covered in this review, and the focus will be in the role of PGRs,
mainly phytohormones, associated with the microorganisms used as bioinoculants.
Some of them are bacteria that have the capability to fix N2, so they are named
diazotrophs, which include the genera Rhizobia, Azotobacter, Gluconacetobacter,
Azospirillum, and Azoarcus (Morel and Castro-Sowinski 2013).

Microbial inoculants must colonize the root system and interact and compete with
native microorganisms through plant-soil-microbe interactions. Thereby, different
signaling pathways from plant microorganism and between microbes are involved in
the establishment of the inoculant in the root region (dos Santos and Olivares 2021).
For example, microbia sense environmental signals, produce phytohormones, and
transmit such information to key regulatory elements allowing the plants to fine tune
their responses to precise situations (Sparks et al. 2013). Changes in the plant
microbiome are also related to agricultural practices, mainly by nutritional variations
(Cai et al. 2017), and to evaluate the effectiveness of microbe inoculation by their
root colonization and persistence over time, various methodological approaches are
used (Romano et al. 2020).

The effects of bioinoculants on plant growth promotion and crop yield can be
classified as direct when the inoculum acts on plant metabolism, for example, by
phytostimulation through microorganism PGR production (Glick 1995; Piccoli et al.
2011) and/or by plant’s elicitation of PGRs (Cohen et al. 2008; Gaiero et al. 2013)
and also by biofertilization as microorganism N2 fixation (Boddey and Dobereiner
1995), phosphate solubilization, and siderophore production (Glick 1995) as well as
by improving the distribution of roots in the soil, increasing the sites of colonization
by the microbiota and water and nutrient uptake (Ambrosini et al. 2016). As
mentioned, phytostimulation is related to plant growth and is activated by PGRs,
produced by the microorganism and/or by eliciting their synthesis in plant tissues.



PGRs may include abscisic acid (ABA), gibberellins (GAs), auxins (mainly indole-
3-acetic acid, IAA), cytokinins (Cyt), ethylene (Et), jasmonic acid (JA), salicylic
acid (SA), strigolactones (SL), and brassinosteroids (BRs; Fahad et al. 2015a;
Ruyter-Spira et al. 2013; Stringlis et al. 2018).

The bioinoculants may also act as biofertilizers, providing the plant with nitrogen
and phosphorus, for example, through symbiotic associations between nitrogen-
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fixing bacteria, phosphate-solubilizing bacteria, and arbuscular mycorrhizal fungi
(AMF; Müller et al. 2016). The bacteria solubilize phosphorus ions, while the AMF
can translocate them to the plant. In this sense, it has been shown that phytohor-
mones also interact to regulate the establishment and functioning of the AMF
symbiosis (Bucher et al. 2014; Foo et al. 2013; Gutjahr 2014).

On the other hand, there are indirect effects of bioinoculants through promotive
mechanisms in plant’s growth by biocontrol, inhibiting the growth of plant patho-
gens (Glick and Bashan 1997), by producing hydrogen cyanide (Lorck 1948), and
also by increases in plant’s tolerance to damaging effects of environmental stresses
like drought (Cohen et al. 2016), salinity (Shahzad et al. 2017), nutrient deficiency
(Chanway and Holl 1994), and heavy metal contamination (Funes Pinter et al. 2017).
Reductions of Et levels were found in the plant due to bacterial secretion of the
aminocyclopropane-1-carboxylate (ACC) deaminase enzyme, production of
exopolysaccharides, and increased activity of antioxidant enzymes (Glick et al.
2007). Additionally, the bioinoculants may enhance the plant defense system by a
mechanism known as induced systemic resistance (ISR) that is activated by PGRs
(Pieterse et al. 2014). Also, filamentous bacteria that oxidize sulfides have been
described, reducing toxic levels and suppressing methane emissions (Pfeffer et al.
2012). They have been associated with roots of aquatic plants, importantly rice,
although evidence suggests an ample distribution in plant-bacteria relationships
(Scholz et al. 2021).

Commercial bioinoculants or bioformulations are based on microbes (bacteria or
fungi) and are compounds of a single strain or mixed cultures or in co-inoculation
with other microbes (consortia-based bioinoculants; Mendes et al. 2011). The
success of these formulations is based on their performance under field condition,
market price, ease of handling, and application (Fravel et al. 1998). Generally, they
are formulated as solid or liquids for application such as sprays, seed treatments,
and/or incorporation into soil, having poor shelf life and irregular performance in
field conditions. The active ingredient is a viable organism (microbe or spore)
immobilized or trapped on various types of carrier materials such as inert (inactive)
substrates, liquids, and soils (Bashan et al. 2014). Suitable carrier material may
increase the shelf life of the product and also assure that the active ingredients are
easily established in the root region (Burges 2012). Commonly used inert carrier
materials are fine clay, peat, vermiculite, alginate, and polyacrylamide beads (Digat
1989). Adjuvants or additives such as anticaking agents, ultraviolet protectants, and
adsorption materials, including xanthan gums, silica gel, carboxymethyl cellulose,
and starch, are used, to protect the active ingredient and to improve physicochemical
and nutritional properties (Hynes and Boyetchko 2006; Schisler et al. 2004). It is
important to note that the potency of the formulations is based on the capability of
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the microorganism to survive and proliferate in field condition, primarily dependent
on the strain of microorganism used, and also based on the stabilization and
protection of the microorganisms from damaging factors and its survival during
production, storage, distribution, and application (Mishra and Arora 2016). Broadly,
two types of formulations are available in the market for bioinoculants: solids and
liquids (Burges 2012). Solid formulations include granules, microgranules, wettable
powders, wettable/water-dispersible granules, and dust (Keswani et al. 2016). Liquid
formulations are flowable and are suspensions in water, oils, or both (emulsions).

The most frequently used plant growth-promoting fungi genera are Aspergillus,
Fusarium, Penicillium, Piriformospora, Phoma, and Trichoderma (Hossain et al.
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2017). Among PGPB genera are Rhizobium spp., Bradyrhizobium spp.,
Mesorhizobium spp., Pseudomonas spp., Bacillus spp., Azotobacter spp., and
Azospirillum spp. (Mishra and Arora 2016). The BCAs mostly used in the
biopesticides include fungi – Trichoderma spp., Ampelomyces quisqualis,
Coniothyrium minitans, Aspergillus niger, and nonpathogenic Fusarium spp. –
and bacteria Pseudomonas fluorescens, Bacillus spp., and Agrobacterium
radiobacter (Keswani et al. 2016).

Some of the mechanisms proposed to account for PGPB, like N fixation, have been
of lower agronomic impact of what was originally predicted and require comple-
mentary chemical or organic fertilization (Glick 2012; James and Olivares 1998).
Contrariwise, the demonstrated capacity of most PGPB to produce plant hormones
has gained importance (Bashan and de-Bashan 2005; Okon and Labandera-
González 1994; Zaman et al. 2015). It has been established that about 80% of the
bacteria isolated from the plant’s rhizosphere zone are able to produce auxins
(Cheryl and Glick 1996; Costacurta and Vanderleyden 1995; Patten and Glick
1996). However, the bacteria also produce GAs (Bastián et al. 1998; Bottini et al.
1989; Janzen et al. 1992; Rademacher 1994), ABA (Cohen et al. 2008; Salomon
et al. 2014), Cyt, Et (Iosipenko and Ignatov 1995; Strzelczyk et al. 1994), and JA
(Forchetti et al. 2007). Also, AMF capacity to biosynthesize phytohormones and
therefore promote root growth and tissues’ defensive responses to several stresses is
well documented (Bucher et al. 2014; Foo et al. 2013; Goddard et al. 2021; Gutjahr
2014; Pozo et al. 2015).

Historically, the first report of a plant growth regulator-like substance produced
by microorganisms goes back to the 1920s in Japan, when Kurosawa (1926; cited in
Tamura 1991) reported that the filtrates of cultures of the fungus Fusarium
moniliforme provoked the rice disease known as bakanae (foolish plant). This is
characterized by unusually long internodes, which make plants to fall down with the
consequent loss in yield because of grain deterioration. As the sexual form of
F. moniliforme is Gibberella fujikuroi, the name gibberellic acid was coined to
denominate a substance of acidic nature produced by cultures of such genus.



Afterward, Yabuta and Sumiki (1938; cited in Tamura 1991) elucidated its chemical
structure by spectroscopic methods. Notwithstanding, the rest of the world has
noticed GAs’ existence at the beginning of the 1950s, when the former structure
proposed for gibberellic acid was confirmed as a mixture of the now known GA1 and
GA3 (Curtis and Cross 1954). Although GAs’ production by plants was genetically
predicted by maize mutants (Phinney 1956) and spectroscopically identified by
MacMillan and Suter (1958) from Phaseolus sp., these phytohormones are produced
not only by higher plants and fungi but also by bacteria (Bastián et al. 1998; Bottini
et al. 1989, 2004; Janzen et al. 1992). Gibberellins are diterpenoids involved in
various physiological processes in plants (Crozier et al. 2000; Davies 2004;
Takahashi et al. 1991), including germination of seeds, seedling elongation, stem
and leaf growth, floral induction, and flower and fruit growth and development
(King and Evans 2003; Pharis and King 1985). Gibberellins also promote root
growth, profusion of root hairs, impairment of floral bud differentiation in woody
angiosperms, regulating vegetative and reproductive bud dormancy, and delaying
senescence in organs of various plant species (Bottini and Luna 1993; Fulchieri et al.
1993; Reinoso et al. 2002; Rood et al. 1989; Tanimoto 1991, 2005). In much of such
processes, GAs do not work alone but in combination with other plant hormones and
regulatory elements, and therefore, the signaling network becomes highly intricate
(Trewavas 2000). To date, 136 different chemical structures have been characterized
as GAs (http://www.plant-hormones.info/gainfo.asp). Also, an unknown number of
glucose conjugates may work as biosynthetic and catabolic intermediates (Schneider
and Schliemann 1994). However, of the 136 free forms, only the 3β-hydroxylated,
C19 GAs GA1, GA3, GA4, GA7, and purportedly GA32 (Bottini et al. 1985) have
been reported as directly effective in shoot length promotion (Crozier et al. 2000).
Metabolism of GAs differentiates in fungus and higher plants (Hedden et al. 2001),
and bacterial GAs’ biosynthesis resembles that of plant tissues (Lemke et al. 2019;
Nett et al. 2017; Salazar-Cerezo et al. 2018).

The concept of the chemical (hormonal) control of tissues’ growth and develop-
ment in plants (first) and sensitive organisms (later) was developed in the second half
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of the nineteenth century by pioneering work of several botanists whose results were
applied to study the phenomena of photo- and geotropism by Charles and Francis
Darwin (Crozier et al. 2000). Such studies led to the isolation by Went (1926) of the
first so-called hormone, named auxin that is derived from the Greek word “auxein”
for growth. Auxin is the generic term denominating the group of indole compounds
that induce cell enlargement (generally in the subapical region of plant shoots),
which is the physiological action that characterizes IAA, which is the main auxin in
plant tissues that was first spectroscopically characterized by Haagen-Smith et al.
(1942). The auxin mode of action has been related with shoot and root growth
orientation in response to light and gravity (Yang et al. 2020), apical dominance
(Barbier et al. 2017), differentiation of vascular tissues (Aloni 2001), rooting
(Pacurar et al. 2014), cell division, and general elongation of shoots and roots
(Wang and Ruan 2013). The sources that regulate the “pool” of endogenous auxin
available for the plant include de novo synthesis, catabolism, reversible (synthesis
and hydrolysis) conjugation with glucose and irreversible with amino acids (Park

http://www.plant-hormones.info/gainfo.asp


et al. 2007), as well as bacterial synthesis (Spaepen and Vanderleyden 2011).
Production of IAA by bacteria has been extensively studied from two standpoints:
(i) the physiological effect on the plant (Bar and Okon 1992; Fallik et al. 1989) and
(ii) the plant-microorganism interaction (Costacurta and Vanderleyden 1995).

Abscisic acid is a terpenic (C15) plant hormone chemically identified for the first
time in young cotton fruits by Ohkuma et al. (1963) and in sycamore buds by
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Cornforth et al. (1965), and the name “abscisin” was proposed since the substance
was correlated with abscission of the organs. ABA is produced by higher plants,
algae, and fungi (Zeevaart 1999) and bacteria (Cohen et al. 2008) and even (pur-
portedly) in human tissues (Bruzzone et al. 2007; Le Page-Degivry et al. 1986). In
higher plants, its synthesis takes place in plastids via the carotene pathway in
chloroplasts (Finkelstein and Rock 2002; Kushiro et al. 2004; Li and Walton
1990; Lichtenthaler 1999; Nambara and Marion-Poll 2005; Xu et al. 2002). Not-
withstanding, ABA catabolism happens in cytosol, and glycosylation is associated
with endoplasmic reticulum (Ma et al. 2018), and ABA site of synthesis correlates
with its role in regulating stomata closure since occlusive cells are the only epidermal
ones having chloroplasts. In fungi, ABA synthesis proceeds directly from farnesyl
diphosphate (Takino et al. 2018), while for ABA-producing bacteria, the mecha-
nisms are mostly speculative. The conspicuous effect that characterizes ABA’s role
in plants is the closure of stomata (Davies 2004; Leung and Giraudat 1998), and it is
known that plants growing in dry soils close their stomata (Huang and Zhu 2004;
Tardieu et al. 1991; Tardieu and Davies 1992; Zhang and Davies 1989). Other
purported functions are the promotion of protein storage in seeds and general
defensive roles toward environmental stresses (Davies and Zhang 1991; Dodd and
Davies 2004). In addition to this, growth as dry matter increase is the result not only
of CO2 fixation and reduction, but it also depends on carbon transport to different
plant sinks. As sink strength may depend on the cell turgidity, its improvement
should account for an increased carbon allocation in plant components of interest for
human use and/or important for plant’s survival and prevalence, like roots, reserve
parts, and reproductive organs. In correlation, grain yield has been improved in field-
grown wheat (Travaglia et al. 2007, 2010) and soybean (Travaglia et al. 2009) after
ABA application. The concept is reinforced by the finding that ABA enhances
phloem area and expression of sugar transporters, stimulating carbohydrate mobility
(Murcia et al. 2015).

The search of promoters of plant’s cell division in culture media leads to the
accidental (as degraded nucleic acid) discovery of Cyt by Skoog and Miller (1957).
They are N6-substituted adenine derivatives, which usually contain an isoprenoid in
the side chain. Zeatin, 6-(4-hydroxy-3-methylbut-trans-2-enylamino)purine, is the
natural Cyt in higher plants, and it is also produced by some bacteria. Its chemical
structure was established by Letham et al. (1964) from immature maize grains, so it
was called zeatin. In plants, Cyt are present as both the free base and the
corresponding nucleosides and nucleotides, which are suggested to be derived
from tRNA. Their synthesis shares similar enzymes and intermediates in both plants
and bacteria but originated from ADP/ATP in plants, while AMP is the initial
compound in bacteria (Mok and Mok 2001). These hormones modulate various



aspects of plant growth and development, like apical dominance, differentiation of
chloroplast, seedling de-etiolation, flower and fruit development, organs’ (specially
leaves) senescence, influence on the plant-pathogen interactions, and seed germina-
tion (Crozier et al. 2000). They act as intermediates in the plant’s response to various
environmental signals (Arkhipova et al. 2007) and in an integrated manner with
other phytohormones (Khan et al. 2020). In fact, several microorganisms have been
reported as producing different hormones (Bastián et al. 1998; Karadeniz et al.
2006).

Ethylene (ethene) is a single and symmetric molecule, composed of two C united
by a double bond and four atoms of H. There exist numerous publications related
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with its synthesis in higher plants (Mattoo and Suttle 1991), but very few are related
with microbial synthesis (Arshad and Frankenberger 2002). Lieberman et al. (1965)
revealed that methionine is the precursor of Et in plants, which has been also
proposed for bacteria (Fukuda et al. 1993). It is a true phytohormone associated
with high respiration rates, typically in senescent or damaged tissues. High auxin
levels stimulate Et synthesis (Morgan and Drew 1997; Morgan and Hall 1964). In
general, Et formation is directly linked with stresses (Beyer 1984; Grichko and Glick
2001; Hyodo 1991; Jian-Jun et al. 2015; Morgan and Drew 1997), like low temper-
atures, heat, flooding, wounding, and drought, in an integrated net of responses with
ABA, JA, auxins, and BRs (Zhao et al. 2021). Pathogen attacks are related with Et
evolution in the affected tissues (Reinhardt et al. 1991), and some Et-producing
bacteria are related to their pathogenicity. Also, several bacteria promote plant
growth indirectly via the ACC deaminase, a key enzyme in Et metabolism that
hydrolyzes ACC, which is an immediate precursor (Glick 1995).

Jasmonic acid and its methyl ester (MeJA) are fatty acid-derived cyclopentanones
ubiquitously present in plants and insects. They affect an ample variety of physio-
logical processes, acting as potent signals for the expression of defensive proteinase
inhibitors active in plant defense (Howe 2010). Soil PGPB produce JA in chemically
defined medium (Forchetti et al. 2007). Jasmonates are involved in defense
responses to multiple biotic and abiotic stresses (Santino et al. 2013; Taniguchi
et al. 2013; Yamada et al. 2012). However, it has been also established that JA favors
the entrance of pathogens through wounded tissues (Antúnez-Lamas et al. 2009) and
even triggers infection (Giménez-Ibánez et al. 2014) via bacterial effectors that
activate the JA signaling (Jiang et al. 2013), increasing the pathogen virulence
(Katsir et al. 2008). It has been reported that JA stimulates production of secondary
metabolites (Cappellari et al. 2019). The JA and SA signaling also maintain crosstalk
in defense against pathogens (Giménez-Ibánez and Solano 2013).

Although the presence of SA (2-hydroxybenzoic acid) in plants, especially from
Salix cortex, has been recognized for a long time (Raskin 1992a), it was just
proposed as having a hormonal role in the plants themselves in 1992 (Raskin
1992b). It participates in several physiological and biochemical plant processes
(Hayat et al. 2007), mainly related with plant defense against pathogens via the
systemic acquired resistance (SAR; Kim and Hwang 2014) and abiotic stresses
(Khan et al. 2015). Its biosynthesis in plants apparently proceeds via an
isochorismate-utilizing pathway in the chloroplast (Lefevere et al. 2020). However,



5.4 Role of Phytohormones in the PGPB-Plant Relationship

even though SA production by bacteria has been reported (Lin et al. 2014), its role
from the microorganism standpoint is mostly ignored.

Strigolactones are a relatively new class of phytohormones derived from carot-
enoids (Alder et al. 2012) with a tricyclic lactone structure (Al-Babili and
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Bouwmeester 2015), mainly involved against abiotic stresses in plants (Wajeeha
et al. 2017). More specifically, SL root exudation seems to be responsible for plant
responses to P/N limitation stresses (Santoro et al. 2021; Umehara et al. 2015). They
mostly induce branching of AMF hyphae, but to what extent they affect the
rhizosphere microbiomes is poorly understood, except that they stimulate fungal
rhizosphere but not bacterial communities (Carvalhais et al. 2019). Notwithstanding
their active role in molecular signaling between plant roots and AMF, SL seems to be
only produced by the host and not microbes.

Brassinosteroids, first reported by Mitchell et al. (1970), are steroidal phytohor-
mones present in most plant species (algae, ferns, gymnosperms, and angiosperms;
Fujioka and Yokota 2003; Sasse 2003). Their synthesis in plant cells comes from
cycloartenol, which is derived from the cyclized triterpene squalene (Bishop and
Yokota 2001). There exists ca. 70 different BR-like structure-based triterpenes of
C27, C28, and C29 (Wang et al. 2014). The BRs affect stem elongation, stimulate
tracheary element differentiation and cell division, accelerate senescence and mem-
brane hyperpolarization, and have been shown to mediate abiotic and biotic stresses,
including salinity and drought, temperature extremes, and pathogen attack (Clouse
2011). They also regulate timing of flowering (Domagalska et al. 2010), pollen
development (Ye et al. 2010), and organ differentiation (González-García et al.
2011). Participation of BRs in the plant interactions with pathogens has been
reported, although the effects are dependent on the pathogen’s types and the plant
species. In some cases, they induce resistance, but in others, they induce suscepti-
bility (Yu et al. 2018).

Plants are subjected to a variety of abiotic and biotic stresses that cause significant
losses in crop productivity. This is because they must adapt to stress in a physiolog-
ically costly way resulting in reduced resources to produce biomass, seeds, and thus
yield (Dresselhaus and Hückelhoven 2018). Phytohormones play a crucial role
during the response of plants to that stressful condition as they regulate cellular
activities and signal transduction pathways (Pieterse et al. 2009). The mode of action
of phytohormones involves a crosstalk between them (synergistically or antagonis-
tically), which is crucial for plant development as well as the responses to biotic and
abiotic stresses (Khan et al. 2020). Therefore, the ability of PGPB to produce
phytohormones or to regulate their content in plant tissues is a characteristic that
becomes important when formulating a bioinoculant for plants growing in stressful
conditions.



Environmental factors, often related to global warming, that negatively affect
plant’s establishment and growth include drought, salinity, ultraviolet B radiation,
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and heavy metals’ contamination. Drought is one of the most widespread stresses
affecting plants (Farooq et al. 2012). There are zones of the earth where water
availability is naturally restricted, but also the increase in atmospheric CO2 concen-
tration and temperature caused by climate change leads to a decrease in soil water
content with the concomitant augment of areas with drought problems (Cohen et al.
2016; Mishra and Singh 2011). PGPB showed a positive effect on plants submitted
to water restriction. The ABA producer Azospirillum brasilense can enhance ABA
content in Arabidopsis thaliana, and that was correlated with higher relative water
content in leaves and a delay in wilting, thus alleviating water-deficit stress (Cohen
et al. 2014). It is known that in this plant many drought-regulated genes are
ABA-responsive genes (Huang et al. 2008). In grapevine, the application of Bacillus
licheniformis and Pseudomonas fluorescens decreased water loss rate since plants
inoculated with these bacteria lost 4% and 10% less water than controls, in correla-
tion with an increase of 70-fold and 40-fold, respectively, in leaf ABA content
(Salomon et al. 2014). Also, PGPB increase tolerance to drought and salinity of
plants like wheat, rice, and mung bean by enhancing antioxidant enzymes’ synthesis
and/or activity (Chandra et al. 2018; Filgueiras et al. 2020; Sarma and Saikia 2014),
a response that is regulated by ABA (Berli et al. 2010; Xu et al. 2018). Although
ABA is the major stress hormone studied under drought stress due to its function in
stomata closure, the tolerance to drought induced by bacteria is also associated with
the augment of other phytohormones. In cucumber, inoculation with PGPB reduces
adverse effects of salinity and osmotic stress by increasing GAs and SA content
(Kang et al. 2014). Gibberellin production by bacteria has been related to increases
in growth and yield in several plants (Bottini et al. 2004), purportedly via stimulation
of root growth and root hair density (Fulchieri et al. 1993). Gutiérrez-Mañero et al.
(2001) showed that applications of extracts from medium incubated with the GAs’
producers Bacillus pumilus and Bacillus licheniformis reversed the dwarf phenotype
in alder (Alnus glutinosa L.) seedlings. Kang et al. (2012) reported that
Promicromonospora sp. SE188 inoculation significantly activated GAs’ biosynthe-
sis pathways in tomato plants, in correlation with significantly higher shoot length
and biomass as compared to controls. On the contrary, ABA content was decreased
in these plants. Thus, the increment of GAs’ content in plants induced by the
inoculation of PGPB may also be involved in the alleviation of drought indirectly
by augmenting the root ability of water and mineral uptake (Fulchieri et al. 1993).
Also, it has been reported that IAA produced by PGPB improved the responses to
drought and salt stresses due to its effect in elongation and formation of lateral roots
and root hairs, improving the absorption of water in alfalfa and wheat (Chandra et al.
2018; Defez et al. 2017; Li et al. 2020). In salinity stress, the ionic imbalance derives
in hyperosmotic stress that provokes ion toxicity and water deficit in plants, increas-
ing reactive oxygen species (ROS) accumulation (Fahad et al. 2015b). In this
context, root systems are crucial in crop salt tolerance due to their importance in
water and nutrient acquisition and restriction of salt accumulation.



Heavy metal pollution has recently emerged as a stress factor affecting growth
and agricultural productivity worldwide (Ma et al. 2018). Besides natural sources,
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industrialization and intensive agriculture are the major causes of the global heavy
metal pollution problems (Funes Pinter et al. 2017; Islam et al. 2017). Like the effect
of drought, plants exposed to heavy metals show physiological and metabolic
anomalies ranging from chlorosis of leaves to protein degradation, lipid peroxida-
tion, and increase of ROS; thus, growth is severely affected (Emamverdian et al.
2015; Nazli et al. 2020). The ACC deaminase enzyme present in several PGPB has
been proposed as one of the main mechanisms by which bacteria help plants grow in
heavy metal-contaminated environments. This enzyme sequesters and cleaves the Et
precursor ACC, causing a decrease of Et levels in the plants and helping them in the
formation of longer roots (increasing growth) and enhancing seedling survival
(Glick 2005; Nazli et al. 2020). Also, the IAA production by bacteria may act in
improving even more root length (Spaepen and Vanderleyden 2011). This has been
reported in bacteria strains of the genera Pseudomonas, Serratia, Klebsiella, Bacil-
lus, Rahnella, and Achromobacter (Gontia-Mishra et al. 2016; He et al. 2013; Khan
et al. 2017; Ma et al. 2008; Mendoza-Hernández et al. 2016). Furthermore, plants
submitted to heavy metal stress increased their antioxidant enzyme activities after
PGPB inoculation, alleviating the toxic effect of ROS and increasing plant biomass
(Islam et al. 2014). Funes Pinter et al. (2017, 2018) reported thatMicrococcus luteus,
B. licheniformis, and P. fluorescens increased arsenic tolerance and growth of grape
plants by eliciting an augment of catalase, ascorbate peroxidase, and peroxidase
activity. Similar results were found in inoculated maize subjected to chromium
contamination (Islam et al. 2017). As it was mentioned above, there is evidence
that the activation of antioxidant response in plant is regulated by the phytohormone
ABA (Berli et al. 2010; Xu et al. 2018).

Rhizogenic PGPB and fungi also help plants to cope with biotic stresses caused
by pests. They can inhibit growth of pathogens by production of inhibitory com-
pounds like antibiotics and lytic enzymes (Kenawy et al. 2019; Meena et al. 2020),
bacteriocins (Nazari and Smith 2020), and volatiles (Fernando et al. 2005; Sang et al.
2011). Another mechanism is to induce a defense response in the plant called ISR, in
which microorganisms help the plant to reduce the incidence of diseases by eliciting
modification of physical and biochemical properties of the host plant that enhances
its defensive capacity against pathogenic bacteria, viruses, and fungi (Kloepper et al.
2004). Different bacterial molecules have been identified acting as elicitors. Inves-
tigation on the signaling pathway of ISR showed that JA and Et play a central role in
the regulation of the response (Mhlongo et al. 2018). It was demonstrated in
Arabidopsis, tomato, rice, and cucumber using JA and Et signaling mutants
(or inhibitory compounds), showing that signaling of these phytohormones was
blocked and thus the ability to express ISR upon colonization of the roots by the
PGPB (Van der Ent et al. 2009). Other evidence of JA involvement in ISR was
evaluated at gene level; Martínez-Hidalgo et al. (2015) showed that the bacteria
Micromonospora reduce the fungal pathogen Botrytis cinerea infection in tomato-
inoculated plants, and the gene expression analysis revealed that JA-dependent
defense was strongly induced in the presence of the bacteria. Different strains of



5.5 Yield Increase and Environmental Advantages:
Phytohormonal Bioinoculants

Pseudomonas also showed the ability to induce an ISR in plants by priming JA- and
Et-dependent gene expression (VanWees et al. 2008). The response in plants usually
derives in an enhancement of defense enzyme activity and pathogen-related proteins
and synthesis of secondary metabolites such as terpenes and phenols (Heil and
Bostock 2002; Magnin-Robert et al. 2007; Salomon et al. 2014; Chakraborty et al.
2006).
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Many efforts have been made to test the ability of bioinoculants, basically composed
by consortia of PGPB and/or mycorrhizal fungi-bacteria, with the idea of improving
rhizosphere biodiversity and growth/yield of several cash crops, like wheat (Dal
Cortivo et al. 2020). However, positive results obtained at the lab/greenhouse level
are rarely reproducible in the open field as significant yield increases on a yearly
basis, and even in the case of increments, they are far away from those obtained with
chemical fertilization (Dobbelaere et al. 2003; Glick 2012; James and Olivares
1998). A possible explanation for such ineffectiveness may be competition with
the indigenous population of microorganisms (Bacilio-Jiménez et al. 2001),
although it is also possible that the resident rhizobiome is effective enough by itself.
That is, the microorganism/microbial complex (holobioma; Bordenstein and Theis
2015) is in equilibrium under “normal” non-stressful conditions (Hibbing et al.
2010). As matter of fact, plant bacterization shows more effective when the system
is under traumatic environmental situations (Egamberdieva and Adesemoye 2016).
This scenario resembles what happens in human beings (Hibbing et al. 2010; Kho
and Lal 2018), where disturbance of gut microbiome is a health issue, but alteration
may be counteracted by enrichment of the microflora with probiotics (Baumgartner
et al. 2020). There have been reported, however, direct growth and yield stimulation
in some species and particular situations (Bashan and de-Bashan 2005), like organ-
ically grown strawberries (Esitken et al. 2010), although in such cases what hap-
pened is an enrichment of rather gnotobiotic systems with beneficial
microorganisms. Notwithstanding, replacement of chemical fertilization with
bioinoculants is poorly effective, unless they are accompanied (at least) by organic
amendments and compost (Faisal et al. 2021; Ullah et al. 2021).

As it has been mentioned above, several mechanisms (direct and indirect) have
been claimed as (partially) responsible for plant’s growth and yield promotion by
bioinoculants, namely, inhibition of plant pathogens, production of plant hormones,
fixation of atmospheric nitrogen, mineral solubilization, siderophore production,
lowering of stress-induced Et by impairment of ACC synthetase, production of
exopolysaccharides, enhancement of antioxidant enzymes’ activity, and elicitation
of tolerance to drought and heavy metal contamination.



Having in mind the evidence accumulated throughout approximately 40 years of
experimental work, the beneficial effects of PGPB consortia may be (generally)
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explained because of enhancement in the roots’ ability to water absorption and
nutrient uptake, which in turn improves cell expansion by amelioration of the
plant water status (cell turgor), dry matter accumulation, and increase of metabolism.
In fact, the concurrence of many of the precited mechanisms is related to upgrading
water and nutrient availability, which would explain the better hydric and mineral
condition. Such holistic approach may be sustained by the general concept that the
hidden part of the plant accounts for what happens in the upper visible one,
particularly under restrictive environmental conditions. In summary, a more devel-
oped and functionally active root system makes plants to grow and produce better.

However, most mechanisms deal (directly or indirectly) with phytohormonal
production by microorganisms or elicitation of their biosynthesis by cell tissues
because of bacterial action (Kurniawan and Chuang 2022). For instances, inhibition
of plant pathogens (Olanrewaju et al. 2017) may result in an improved proliferation
of beneficial (by phytohormonal production) PGPB that increases root growth. But
PGPB may in turn elicit via ABA the synthesis of volatile defense substances against
pathogens (Salomon et al. 2017b) as well as induce systemic resistance against biotic
stresses by enhancement of antioxidant enzymes’ activity (Salomon et al. 2016,
2017a), a well-known effect of ABA (Berli et al. 2010, 2015). Alternatively
(or complementary), elicitation of tolerance to drought (Cohen et al. 2016) and
heavy metal contamination (Funes Pinter et al. 2017, 2018) may be triggered by
ABA produced by rhizospheric bacteria that promote accumulation of defense
compounds (like terpenes) which protect cells against abiotic agents as ROS
(Salomon et al. 2016). Also, osmo-protective and anti-oxidative mechanisms related
to water stress tolerance may be elicited through production of nitric oxide (NO) and
ABA (Pontin et al. 2021).

Bacterial production of the plant hormones auxins (Crozier et al. 1988) may result
in promotion of root growth, which is linked with augmented GA levels because of
biosynthesis (Bottini et al. 1989), metabolization (Cassán et al. 2001a), and/or
deconjugation (Cassán et al. 2001b). Both auxins and GAs interact in root enhance-
ment of soil exploration (Tanimoto 2005), while GAs also increase the root surface
and the absorbing (hair) zone (Fulchieri et al. 1993), both beneficial for water and
mineral uptake efficiency. Besides, stimulation in the production of
exopolysaccharides, related to PGPB ability to help plants to overcome drought
conditions, has been linked with phytohormone production by bacteria and delivery
to the host plant (Ghosh et al. 2019).

Abscisic acid production by bacteria and/or elicitation of its synthesis by the plant
tissues may also induce partial stomata closure keeping a better plant’s hydric
condition and by consequence favoring cell expansion (Salomon et al. 2014), as
well as improvement in photo-assimilate transport (Moreno et al. 2011; Murcia et al.
2015, 2018). The negative effect on the photosynthetic activity by restriction in CO2

diffusion through partial stomata closure may be counteracted by improvement of
water use efficiency (Berli et al. 2021; Salomon et al. 2014; Sansberro et al. 2004)



and dry matter accumulation, especially controlling the carbon allocation (Moreno
et al. 2011; Murcia et al. 2015, 2018), both dependent on ABA levels.

Several bacterial genera are known to produce Cyt – Arthrobacter, Bacillus,
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Azospirillum, and Pseudomonas (Naz et al. 2009) – and this ability has been related
to increased plants’ tolerance to abiotic stresses (Jorge et al. 2019), like salinity
(Egamberdieva 2009) and drought (Liu et al. 2013). However, studies just correlated
Cyt production by bacteria with stress tolerance of plants, without further explana-
tion regarding the mechanisms purportedly involved. Therefore, the question poses
on if the Cyt are cause, consequence or the beneficial effects may be attributed to a
crosstalk among different phytohormones.

It is known that JA and MeJA (its volatile ester) have defense roles in the plant
responses against insects and microbial pathogens (Bari and Jones 2009). Most of
the research performed so far deals with the regulative effect of JA produced by
plants over the soil-plant microflora (Carvalhais et al. 2013). Nevertheless, produc-
tion of JA by bacteria isolates has been demonstrated (Forchetti et al. 2007; Piccoli
et al. 2011), so a protective role of JA produced by PGPB over the plant’s tissues
may be considered.

Several soil bacteria produce Et via different pathways (Nagahama et al. 1992),
and growth promotion has been achieved when Et root levels increase by ACC
synthase activity (Suganuma et al. 1995), alone or in combination with auxins
(Ribaudo et al. 2006). Bacterial production of Et may also accelerate breaking
seed dormancy (Berner et al. 1999) allowing an earlier seedling emergence useful
in the establishment of extensive crops. However, Et synthesis may be impaired by a
decrease in Et levels by producing ACC deaminase, an enzyme responsible for the
cleavage of the plant Et precursor ACC into ammonia and α-ketobutyrate, providing
resistance to some GA-producing fungus like Fusarium sp. (Liu et al. 2019). Overall
results suggest that the role of this volatile alkene is under tight homeostasis in the
holobioma and so is the root growth and capacity for water and nutrient uptake.

Most PGPB are diazotrophs, that is, free-living (non-symbiotic or mutualistic)
N2-fixing microbes allegedly able to promote plant growth by N fixation of atmo-
spheric nitrogen (Baldani et al. 2002; Di Benedetto et al. 2017). However, the
amount of N fixed by PGPB has been questioned as being substantial on a root
size basis (Glick 2012; James and Olivares 1998), although they may be capable of
supplement quite efficiently the necessity of mineral forms (Di Benedetto et al. 2017;
Fulchieri and Frioni 1994; Jalilian et al. 2012; Leaungvutiviroj et al. 2010; Spolaor
et al. 2016). It is feasible so that increases in total N2 availability from fixation by soil
bacteria may be more a matter of increases in the rhizospheric volume because the
increments in hairy and branched roots (Fulchieri et al. 1993).

Mineral solubilization, like K and/or P (Alzate Zuluaga et al. 2021; De Freitas
et al. 1997; Khan et al. 2007; Liba et al. 2006), is another way PGPB may promote
plant growth, which is related with a bacterial elicitation for plant roots to segregate
small organic acids (Feng et al. 2004; Rodríguez et al. 2004). However, there is no
information regarding the mechanism of how bacteria elicit soil solution acidifica-
tion; rather, most experiences inform promotion of soil microflora after organic



and/or inorganic fertilization (Zhu et al. 2020), which in turn may be promoting root
growth by phytohormonal production.
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Production of siderophores is an indirect mechanism that has been associated
with the increase in plant growth by PGPB. Siderophores produced by bacteria
purportedly increase iron availability and inhibit pathogen growth in the rhizosphere
(Kloepper et al. 1980). Their production has been correlated with auxin produced by
PGPB (Díaz Peralta et al. 2012), purportedly via impairment of metal-induced
inhibition of auxin synthesis (Dimkpa et al. 2008).

In short, growth promotion of the “hiding part” is reflected in the mass accumu-
lation and fruit yield of the “visible one.” Therefore, it is possible to envision a
saving of fertilizers when they are combined with bioinoculants. Such supplemen-
tary effects result in augmentation of the root efficiency. The overall beneficial
consequence is reduction in the negative environmental impact.

Also, PGPB stimulation of plant’s survival during water shortage and throughout
periods of increased plants’ sensitivity may be of crucial importance in improving
yield at harvesting. Finally, a total replacement of mineral fertilization with
bioinoculants sounds chimeric, since the microbe-based biofertilizers could hardly
replace the use of agrochemicals in extensive agriculture without resignation of
yield, but rather may help in a more rational use of the resources that will be
environmentally amiable. Of course, the problem is not simple and requires the
concurrence of several ecologically friendly agriculture techniques, which may be
pursued through further advancements in “agriculture of precision.”

5.6 Concluding Remarks

The efficiency of bioinoculants relies on root growth promotion that enhances soil
exploration for superior nutrient and water uptake, and such growth promotion is
mostly dependent (directly and/or indirectly) on production of phytohormones by
microorganisms.

In keeping worldwide yield, bioinoculants are not solely efficient by themselves
but through combination with other technologies, namely, plants genetically
designed for more efficient use of resources, direct sowing, moderate fertilization,
organic manuring, green soil coverage, and crop rotation.

Benefits are diminution of resource expenditures, less contamination of soils and
water sources, more “healthy” products harvested, and protection of biodiversity.
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Chapter 6
The Bacterial-Fungal Consortia: Farmer’s
Needs, Legal and Scientific Opportunities,
and Constraints

Marco Nuti , Laura Ercoli, and Elisa Pellegrino

Abstract In the ecosystem, the plant microbiome is often in association with other
microorganisms like bacteria, actinobacteria, and fungi that carry on different roles
for the ecosystem. The functional microbiome of the rhizosphere has been studied
widely for improvement and enhancement of crop productivity which directly
supports a farmer first and later the economy of any country. The integrated
functions of bacteria, in the development of synergies with fungal partners, have
several advantages. In most of these, many are required to be revised and targeting
them according to farmers’ needs to propagate conventional agriculture to less
environment-impacting types of agriculture. Thus, focusing on it is important to
re-look at the constraints of developing biofertilizers using multiple microorganisms.
This review addresses the development of need-based and microbial consortia for
farmers and the economy.

Keywords Microbial consortia · Rhizobacteria · Rhizosphere · Ecosystem · Farmers

6.1 Introduction

In nature, very rarely microbes live and act alone (Delosse 2019; Nuti 2021). The
microbial components of the microbiota are usually found as associations (bacterial,
actinobacterial, fungal) in the ecosystems (soil, water, plants, animals, and humans).
The biodiversity of these associations determines by and large the functionality of
the various microbiomes. Starting from the notion that new properties arise in
complex systems as a result of the interactions at a lower level, animals and plants
are no longer heralded as autonomous entities, but rather as biomolecular networks
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composed of the host plus its associated microbes, i.e., “holobionts,” super-
organisms formed by two components, the macrobiont and the microbiont
(Bordenstein and Theis 2015). The cell density of the latter expressed per gram of
weight or ml of gastric fluids is often greater than or close to that of the cells forming
the macrobiont. Consequently, the biodiversity of the microsymbiont greatly affects
the macrosymbiont (Sánchez-Cañizares et al. 2017). This is the case of the human
intestinal microbiome (Thursby and Juge 2017), the gut microbiome of the termites
(Mathew et al. 2021; Rosengaus et al. 2011), the rumen of ruminants (Cholewińska
et al. 2021; Mizrahi et al. 2021), and the microbiome of the plant rhizosphere (Xun
et al. 2021; Berendsen et al. 2012). Inside the common truffles (Tuber spp.), there are
up to 108 culturable bacterial cells per gram of truffle “tissue” (Sbrana et al. 2002). In
each of these ecosystems, the microbiomes carry on different, integrated functions
which allow the macrobiont to survive, to feed on the nutrients metabolized by the
microbiont (e.g., the nitrogen from nitrogen-fixing bacteria in the nodules of forage
or grain legumes, the phosphorus taken up by mycorrhizal plant root symbionts), to
grow better due to the microbially produced biostimulatory substances, to be
resilient to abiotic stresses such as water stress, and to be resilient to biotic stresses
such as the endophytic bacteria for plants just like the lactic acid bacteria do in the
human intestine.
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In the transition from conventional agriculture to less environment-impacting
types of agriculture, e.g., organic, conservative, regenerative, and symbiotic, the use
of microorganisms either as single strains or as microbial consortia has increased
remarkably. “Microbials,” i.e., products based on living microorganisms, are cur-
rently used as (a) biopesticides, namely, pest management agents to control several
noxious pests and pathogens infesting crops, gardens, plant nurseries, and forests
and causing severe yield and quality losses; (b) biostimulants, i.e., microorganisms
which can stimulate natural processes to improve nutrient uptake, nutrient efficiency,
and crop quality; (c) soil improvers, i.e., products to be added to the soil to maintain
or improve its properties, e.g., green composted amendments; and (d) biofertilizers,
i.e., microorganisms living alone or in consortia which provide direct nutrients to
plants, such as the symbiotic bacteria living in the nitrogen-fixing nodules of
leguminous crops or the symbiotic arbuscular mycorrhizal fungi living in the roots
of crops, transferring soluble phosphates, zinc, and iron directly to the plant.

The aim of this review is to highlight the various facets of the above categories
and in particular the farmer’s needs, the legal frameworks, and the scientific oppor-
tunities and constraints. The latter include the discussion on how to create appropri-
ate microbial consortia.

6.2 The Farmer’s Need

Many factors usually affect the choice of a product by the farmer: availability of the
product, namely, its efficacy in the field, the cost on the market, and the ease of
transport and delivery. When a new category of products appears on the market, it is



often publicized in advance and reaches the farmers without prior appropriate
training. The “microbials” (as biopesticides, biostimulants, soil improvers, and
biofertilizers) have encountered some difficulty in the market at the beginning just
because they were “new” products. It is therefore imperative to provide the farmers
with all the information which comes from the scientific arena and from an inde-
pendent, critical evaluation of the reliability and field efficacy of commercially
available products, leading to optimizing the use of these new products, possibly
through a participatory approach (Kiss 2019).
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6.2.1 Biopesticides

This category of microbials includes products acting as targeted fungicides, herbi-
cides, insecticides, and nematicides. They may present several advantages over their
chemical counterparts and are expected to occupy a large share of the market in the
coming years. Without denying the role played in the conventional agriculture by
synthetic pesticides during the last six decades, the need for more sustainable control
strategies of pests has emerged due to secondary adverse effects of synthetic
pesticides in terms of environmental contamination, insect pest resistance, and
presence of residues (Fenibo et al. 2021). Biopesticides are a densely populated
category of innovative tools for farmers. In 2020, the microbials (including viruses)
registered by EPA in the USA as active ingredient insecticides were 136. In the
European Union (EU 2022), there are 65 registered active microorganisms, and
considering that each of them can give rise to different formulations, the overall
number of formulated products, registered at national level in each of the 27
European member states, is much higher. In India, the microbial pesticides were
included in the schedule to the Insecticides Act, 1968, while Beauveria bassiana for
commercial production and distribution was included in the Gazette of India on
March 26, 1999 (Keswani et al. 2013). In other countries of the Organisation for
Economic Co-operation and Development (OECD) such as Australia, Canada, and
Japan, there are similar legislative provisions. In the EU, the authorization proce-
dure, for both active microorganism and formulated product, includes the risk
assessment for human toxicological aspects, for ecotoxicology, environmental fate,
residues, and operator/workers/bystanders’ exposure. Before entering the procedure
of risk assessment, the efficacy of the products is evaluated, and only if found
positive, other assessments are carried out. Fungi represent more than 50% of
registered biopesticides, followed by bacteria and viruses. The bio-insecticidal
(microbial) products are represented by microfungi (one or more different strains
of Beauveria bassiana, Metarhizium anisopliae, Hirsutella, Isaria, Lecanicillium,
Paecilomyces, and Verticillium), along with bacteria (one or more strains of Bacillus,
Burkholderia, Chromobacterium, Pasteuria, Pseudomonas, Serratia, and Yersinia),
actinobacteria (Streptomyces), yeasts (Candida, Saccharopolyspora), and
baculoviruses (species-specific viruses active against chewing and biting insects).
Possibly Bacillus thuringiensis (B.t.) as a bio-insecticide still holds the majority of



the global biopesticide market, valued at USD 1457 million in 2018 and expected to
reach USD 2820 million by 2024. The different biovars of B.t. are effective on
different target insect pests (B.t. israelensis against dipterans such as blackflies and
mosquitoes, B.t. tenebrionis against coleopterans such as Leptinotarsa
decemlineata, B.t. aizawai against lepidopteran larvae such as Cydalima
perspectalis, B.t. kurstaki against lepidopteran larvae, e.g., Tuta absoluta). The
microbial biofungicides are represented by one or more strains of bacteria (i.e.,
Bacillus amyloliquefaciens, Bacillus subtilis, Pseudomonas syringae),
actinobacteria (i.e., Streptomyces lydicus, Streptomyces griseoviridis), fungi (i.e.,
Aureobasidium pullulans, Coniothyrium minitans, Duddingtonia flagrans,
Gliocladium catenulatum, Myrothecium verrucaria, Trichoderma asperellum,
T. gamsii, T. harzianum, Ulocladium oudemansii), and yeasts (i.e., Candida
oleophila). The target phytopathogens include the most common fungal agents of
plant disease such as Alternaria, Botrytis, Fusarium, Pythium, Phytophthora, Rhi-
zoctonia, and Sclerotinia. Then there are the microbial herbicides (EU 2022; Value-
Market-Research 2022). Examples include Cercosporella riparia to control the
growth of Ageratina riparia and Puccinia chondrillina to control Chondrilla juncea
(skeleton weed). Several studies have also supported the efficacy of microbial
herbicides such as Phragmidium violaceum to control Rubus spp. (wild blackberry),
Cercospora rodmanii to control the water hyacinth, and Colletotrichum
gloeosporioides to control Aeschynomene virginica. The modalities of use in the
field, along with the warnings for handling, and the target pest to be controlled are
obligatory in the label and accompanying leaflets, considering also that many of the
biopesticides are classified as “low risk” substances. However, they are somehow
“the new” products, and the farmers need to be better trained. Teachers need to be
trained too, since their preparation dates to the older time when these products were
not yet on the market. Therefore, governmental agencies and the private sector
should fill this gap, through appropriate “hands-on courses” and field demonstra-
tions. In the scientific and technical literature, there are several reviews dealing with
biopesticides (Cornelius et al. 2019; Idris et al. 2020; Samada and Tambunan 2020;
Ukoroije and Otayor 2020; Fenibo et al. 2021; Hernández-Fernández et al. 2021;
Kumar et al. 2021). The efficacy of the main microbials as biopesticides and
biostimulants is summarized in Table 6.1.
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6.2.2 Biostimulants

The microbial biostimulants are a relatively new category of products available for
the farmers. The physiology of several individual microbial species was mostly
described in the second half of the last century, and it clearly indicated that
hormones, vitamins, and other plant stimulatory substances are produced ex planta,
but only from the onset of this century, it has been possible to measure the in planta
effects and their impact on crop production and on soil health. In the EU, the Reg.
2019/1009 provides the regulatory framework for biostimulants which can be



Microbial (active substance) Efficacy/effect References

(continued)
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Table 6.1 Effects of microbial consortia of various sources on the plant growth promotion

Crop/source of
isolation

Azospirillum spp., Pseudo-
monas spp.

Rice (Oryza sativa) Increase the growth and the
yield

Braga
et al.
(2018)

Bacillus spp., Pseudomonas
spp., and Azospirillum spp.

Seedlings and
cuttings

Increase the germination and
the rooting of cuttings; bio-
control of bacterial wilt and
the survival of plants after
transplanting

Angulo
et al.
(2014)

Pseudomonas
frederiksbergensis

Red pepper (Capsi-
cum annuum L.)

Biostimulant under water
and salt stress conditions

Chatterjee
et al.
(2017)

Paenibacillus illinoisensis,
Bacillus spp.

Peanut (Arachis
hypogaea L.)

Increase growth and yield Liu et al.
(2017)

Bacillus spp., Pseudomonas
spp.

Soil Control potential of
Meloidogyne javanica and
Ditylenchus nematodes

Turatto
et al.
(2017)

Micromonospora spp. Alfalfa (Medicago
sativa L.)

Plant probiotic bacteria Martínez-
Hidalgo
et al.
(2014)

Streptomyces lydicusWYEC
108

Grass, ornamentals,
vegetables, and for-
est species

Biocontrol by soil-borne
plant pathogens and foliar
diseases

Sousa and
Olivares
(2016)

Streptomyces avermitilis Ornamentals, vege-
tables, and forest
species

Biocontrol of nematodes and
insects

Sousa and
Olivares
(2016)

Actinomadura spp. Vegetable grain Bioherbicide/biopesticide
producers 2,4-dihydro-4-
(β-D-ribofuranosyl)-1,2,4
(3H)-triazol-3-one
(herbicide)

Barka
et al.
(2016)

Streptomyces violaceusniger
YCED-9

Soil Antifungal agent Barka
et al.
(2016)

Corynebacterium spp.,
Pseudonocardia
dioxanivorans, Streptomyces
spp., Micromonospora spp.,
Streptomyces
sp. MBCN152-1, S. lydicus
WYEC 108

Vegetables, fruits,
and grains

Plant growth-promoting
bacterium. Biocontrol agent
and biofungicide

Salwan
and
Sharma
(2020)

AMF native consortia Glo-
mus fasciculatum,
G. etunicatum,
G. intraradices, G. mosseae,
Scutellospora sp.

Root carrot
(Daucus carota L.),
tomato (Solanum
lycopersicum L.)

Increased plant and root car-
rot (Daucus carota L.), and
tomato (Solanum
lycopersicum L.) at green-
house and field level

Regvar
et al.
(2003)
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microbial and non-microbial, as we discuss in paragraph 3 of this review. Microbial
biostimulants include both fungi and bacteria, and their target crops practically
embrace all horticultural, cereal, legume, and several tree crops either in nurseries
or in the field. The effects of a treatment with a microbial biostimulant span from
stimulation of plant growth, increase of plant tolerance to salt and water stress,
increase of germination and growth of root system, and delayed senescence up to
improvements of the quality of crops in terms of content of plant antioxidants and
other secondary metabolites relevant for human health. Some of the well-known
microbial biofertilizers such as Rhizobia and Azospirillum can exhibit, depending on
the agronomic conditions or management, also the stimulatory functions typical of
the biostimulants. Examples of microbials as biostimulants, including the references,
are reported in Table 6.1. The biostimulants are found sometimes in the market as
biopesticides as remarked recently by Pirttilä et al. (2021), and this confusion might
require more stringent control on the content of the label or even clearer terminology
in the legislative provisions. Biopesticides cannot be marketed, at least in the EU, as
biostimulants and vice versa. Literature reviews on microbial biostimulants are
available (Aguilar et al. 2020; Fadiji et al. 2022; Ganugi et al. 2021), also containing
a meta-analysis of a restricted number of data (Castiglione et al. 2021).
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Table 6.1 (continued)

Crop/source of
isolation

Glomus fasciculatum, Glo-
mus clarum, Glomus
etunicatum, Glomus
versiforme

Long pepper (Piper
longum L.)

Improve growth at green-
house and field level

Singh and
Gogoi
(2012)

Glomus intraradices Tomato (Solanum
lycopersicum L.)

Improve yield at field level Makus
(2004)

Rhizophagus intraradices,
Glomus aggregatum,
G. viscosum, G. etunicatum,
G. claroideum

Corn (Zea mays L.) Improves crop growth, yield,
and grain quality

Berta et al.
(2013)

Rhizophagus irregularis Bread wheat
(Triticum aestivum
L.)

Increases grain Fe concen-
tration, no effect on grain
yield

Pellegrino
et al.
(2020)

Rhizophagus irregularis Durum wheat
(Triticum turgidum
L. subsp. durum
(Desf.) Husn.)

Increases grain Fe and Zn
concentration, no effect on
grain yield

Ercoli
et al.
(2017)

Multiple consortia/single
isolates

Alfalfa (Medicago
sativa L.)

Improves forage yield and
nutrient and fatty acid con-
tent in forage

Pellegrino
et al.
(2022)

Funneliformis mosseae and
Rhizophagus irregularis

Chickpea (Cicer
arietinum L.)

Increases grain yield and
grain Fe and Zn
concentration

Pellegrino
and Bedini
(2014)
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6.2.3 Soil Conditioners

Soil is a limited, irreplaceable, and non-renewable environmental asset. Any soil
degradation represents a loss for present and future generations. In a recent position
paper prepared by a number of non-profit organizations and academic institutions
(Soil Health: Civil Society Calls For European Leadership In “The Challenge To
Combat Land Degradation Consultation about the proposal of a Soil Health Law”
Position Paper, March 2022), it was stressed that “combatting soil degradation is
crucial to overcome global challenges, framed by the 2030 Agenda of the United
Nations, starting from those related to food security, sustainability of cities, protec-
tion of biodiversity, mitigation and adaptation to climate change, prevention of
desertification. It is essential for the establishment of a bioeconomy capable of
developing safe alternatives to dependence on fossil resources, pursuing circularity
in the use of materials. Healthy soils are also the result and, at the same time,
prerequisite of the agroecological transition in the food systems. These are some
of the reasons why healthy soils are the seedbed in which the European Green Deal
should take root.” Soil deterioration includes both natural and man-made events, the
latter usually known as “soil degradation.” This process causes a lowering of the
actual or potential capacity of soil to give rise to products or services. Soil is a
complex ecosystem formed by four phases: solid, gases, water, and biophase. The
latter gives the soil the trait of a living organism, as it is formed by a variety of
microbes, micro- and meso-fauna. The microbial community represents a relevant
component by weight: 1 hectare of land of 25 cm depth, weighing 3000 tons and
having 3.5% organic matter (the majority of European agricultural soils are below
2%), contains up to 3 tons of microbes or 109 culturable microbial cells per gram
d.w. of soil, belonging to up 2000 different taxa, which are functionally
interconnected within aggregates (small macro-aggregates, 250–2000 μm, and
micro-aggregates, 53–250 μm) (Piazza et al. 2019; Pellegrino et al. 2022a, b). The
microbiome in bulk soil and around the roots (i.e., the rhizosphere) lives almost
never alone (Delosse 2019). It grows, multiplies, or reproduces within the aggre-
gates, never as mono-specific (except in rare extremophilic conditions), but rather in
multi-specific microbial consortia, providing various ecosystem services. Soil deg-
radation therefore consists in a progressive de-structurization of the aggregates
which are the major players in the maintenance of the biogeochemical cycles and
the mobilization of nutrients for the plant nutrition and health and in the maintenance
of soil functional biodiversity. The limiting factor of the soil functional biodiversity
remains the content of organic matter, namely, 1.75% organic carbon corresponding
to ca. 3.5% organic matter (Lynch et al. 2004). The fundamental role of biodiversity
for the maintenance of our quality of life on the Earth is highlighted by the United
Nations: “Biodiversity, including the number, abundance, and composition of geno-
types, populations, species, functional types, communities, and landscape units,
strongly influences the provision of ecosystem services and therefore human well-
being.” Anthropogenic soil losses have been recognized for more than almost five
decades (Nearing et al. 2017), and early in the 1970s, the OECD and the European



Economic Community (EEC) affiliated member states already warned that “Loss of
productive soil is one of the most pressing and difficult problems facing the future of
mankind.” Annual losses through erosion were 0.3% of total areas in the emerging
countries, and 30% of plowing layer was affected by degradation in the USA in the
last 200 years, along with crop yield decrease and subsequent need for higher energy
inputs in agriculture. The European Commission officially has enlisted the following
causes of soil losses (Nuti 2016): erosion, pollution (localized and diffuse), salini-
zation/alkalization, decrease of organic matter content (today 84% of agricultural
soils in EU are below the threshold of 3.5%), cementation and overbuilding,
flooding, compaction, and loss of soil biodiversity. The latter is mainly due to
inappropriate agronomic management practices. The Pan-European Soil Erosion
Risk Assessment (PESERA) map (Kirby et al. 2008) has estimated annual soil losses
between 1 and 50 t per ha: Italy is in pole position (often losses are 20–50 t ha-1),
along with the Pyrenees region and Greece, although a lower rate of soil degradation
is a diffuse event in EU. The process is irreversible in a 50–100-year span in the soils
where the losses are higher than 1 t ha-1 and there is a low soil formation speed. In
that sense, any mitigation measure such as the stimulation of agronomic practices
leading to carbon sequestration and carbon sink formation should be put in place. It
is highly possible that in the next 30 years, only soil will be able to immobilize
significant amounts of carbon and therefore reduce the actual levels of carbon
dioxide. Alternative strategies require more than 30 years to capture amounts of
carbon dioxide relevant to counteract climatic changes. Maybe this is the reason why
we have begun talking about “regenerative agriculture” and “regenerative soils” as
an approach of true eco-sustainable agriculture at the global level. If an active soil
organic matter is brought back to more than 3.5%, the soil micro- and macro-
aggregates will allow eventually to maintain the functional biodiversity. The use
of soil improvers, such as green composted amendments, possibly rich in an active
microbiota relevant for the organic matter turnover, might play a pivotal role in this
strategy, to reconstitute the structure of the soil and increase at the same time its
organic matter content. Aggregates protect soil organic matter and stabilize it. In a
recent study, Pellegrino et al. (2021) found that fungi along with protists such as
Cercozoa play major roles in soil structuring and carbon cycling. Reviews are
available in recent literature for soil improvers (Bambdad et al. 2022; Feldmann
et al. 2022).
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6.2.4 Biofertilizers

The biofertilizers, according to Vessey (2003), can be defined as biological products
containing living microorganisms that, when applied to seed, plant surfaces, or soil,
promote plant growth by several mechanisms such as increasing the supply of
nutrients, increasing root biomass or root area, and increasing nutrient uptake
capacity of the plant. This term is not legally binding, and the prefix bio- merely
indicates its living matter component. Often in the scientific and technical literature,



Nodule score

0

biofertilizers and biostimulants are considered synonyms or even equivalent terms.
However, according to the EU Reg. 2019/1009, the function of a fertilizer is to
provide nutrients for the plant growth, and there are microorganisms enlisted
fulfilling this task (Azotobacter spp., Rhizobium spp., and Azospirillum spp. and
mycorrhizal fungi, i.e., dinitrogen-fixing bacteria and arbuscular mycorrhizal fungi
providing soluble phosphorus to the plant), while biostimulants are products which
stimulate plants’ nutrition processes without providing nutrients directly.
Biofertilizers in general are known for their cost-effectiveness, environment-friendly
nature, and composition. These are effective alternatives or integrative tools to
mineral fertilizers.
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Table 6.2 Brockwell’s scale
for visual inspection of nodule
formation (Brockwell 1982)

Distribution and number of effective nodules

Crown Elsewhere

0 0

0.5 0 1–4

1.0 0 5–9

1.5 0 ≥10
2.0 Few 0

2.5 Few Few

3.0 Many 0

4.0 Many Few

5.0 Many Many

The dinitrogen-fixing microorganisms are probably the oldest known
biofertilizer, dating back to the end of the nineteenth century. The symbionts of
legume crops are collectively called rhizobia although they belong to different
taxonomic genera (Bradyrhizobium, Mesorhizobium, Rhizobium, Sinorhizobium,
Ensifer, Burkholderia) and are able to induce the formation of dinitrogen-fixing
nodules on compatible hosts of Leguminosae (Peix et al. 2015), i.e., Rhizobium
leguminosarum for pea, faba bean, vetchling, and lentil; Rhizobium phaseoli for
common bean; Rhizobium ciceri for chickpea; Sinorhizobium meliloti for alfalfa and
other medics, yellow melilot, and fenugreek; Rhizobium trifolii for clover;
Bradyrhizobium lupini for lupins; Mesorhizobium loti for trefoil; Rhizobium sullae
for sulla; Rhizobium vigna for cowpea and other Vigna species for peanut; Rhizo-
bium simplex for sainfoin; and Bradyrhizobium japonicum for soybean. The amount
of nitrogen annually fixed (60 to more than 250 kg ha-1) varies among legume crops
and may depend on agronomic management practices and environmental conditions
(soil and climate). In Europe, inoculation is essential for soybean because European
soils do not contain the required species, and this concept of inoculation can be
extended to all agronomic condition in which the nodules of the forage or grain
legume crop are absent or malfunctioning. One simple field test is the visual
inspection of the nodules and the assignment to a score scale such as Brockwell’s
scale (Table 6.2): crops scoring less than 3.0 would need to be inoculated with the
appropriate rhizobia. Other field tests are also available (Pommeresche and Hansen
2017). Detached nodules from root canopy brought to the lab or in field with portable



gas chromatograph can be assessed for nitrogen fixation by using the acetylene
reduction assays (Soper et al. 2021). Mineral nitrogen in soil such as nitrate at
6–7 mM and at 12 mM can have serious deleterious effect on biological dinitrogen
fixation and on the formation of nodules (Pampana et al. 2018). The literature on
rhizobia and rhizobial bioformulations is vast (Arora et al. 2017) and could total for
more than 20,000 papers. In the last few years, approximately 13,247 peer-reviewed
journal papers only on soybean production have been produced, of which
731 focused on soil management (Pagano and Miransari 2016).
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Mycorrhizal fungi are among the most used microbial fertilizers globally, show-
ing a remarkable biostimulatory effect on crops, improving their yields and quality.
The arbuscular mycorrhizal fungi (AMFs) belong to the phylum Glomeromycota,
which includes 5 orders (Archaeosporales, Diversisporales, Gigasporales,
Glomerales, and Paraglomerales), 29 genera, and more than 200 species. They are
reportedly present as symbionts of more than 80% of the land plants present in the
biosphere (Castiglione et al. 2021). Hundreds of scientific papers report the benefi-
cial effects of mycorrhizal inoculation, mainly with species of Rhizophagus and
Funnelliformis, at the greenhouse and field level, recently reviewed by Aguilar et al.
(2020) and Castiglione et al. (2021), which can be considered effective
biostimulants. In addition to the clear effects on crops, AMFs improve also the
physical properties of the soil by modifying its structure, e.g., by inducing the
entanglement of the soil particles with each other through the synthesis of glomalin,
a glycoprotein, thus maintaining or creating the soil structure (Bedini et al. 2009). In
this sense, AMFs can be considered soil improvers. Finally, AMFs can provide
directly to the plants macro-nutrients such as phosphorus and micro-nutrients such as
Zn and Mg. In this sense, they act as true (bio)fertilizers. This triple efficacy will be
exerted in different ratios, depending on the biomass density of the inoculant, its
formulation, and its composition in terms of genera and species present in the
inoculant and its interaction with soil AMF community. Sporadically, it has been
observed that AMF protects the plant against nematodes or soil-borne fungi. To help
farmers to predict the efficacy of a mycorrhizal inoculation, a database on plant
productivity is available (Chaudhari et al. 2016), although it would be desirable to
update it since most field data has been obtained during the last 7–8 years.

6.3 Legal Framework

Biopesticides are a densely populated category of innovative tools for farmers. In
2020, the microbials (including viruses) registered by EPA in the USA as active
ingredient insecticides were 136. In the European Union (EU 2022), there are
65 registered active microorganisms, and considering that each of them can give
rise to different formulations, the overall number of formulated products, registered
at national level in each of the 27 European member states, is much higher. In India,
the microbial pesticides were included in the schedule to the Insecticides Act, 1968,
while Beauveria bassiana for commercial production and distribution was included



in the Gazette of India onMarch 26, 1999 (Keswani et al. 2013). In other countries of
the OECD such as Australia, Canada, and Japan, there are similar legislative pro-
visions. In the EU, the authorization procedure, for both active microorganism and
formulated product, includes the risk assessment for human toxicological aspects,
for ecotoxicology, environmental fate, residues, and operator/workers/bystanders’
exposure. Before entering the procedure of risk assessment, the efficacy of the
products is evaluated, and only if found positive, other assessments are carried out.
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For biofertilizers, in the EU, the Reg. 2019/1009 (EU 2019), of which the full
implementation deadline was on July 16, 2022, sets the rules for marketing the
inorganic and organic fertilizers, intended as substances or mixtures, microorgan-
isms, or any other material applied or intended to be applied to plants or their
rhizosphere or to mushrooms and their mycosphere with the purpose of providing
nutrients or improving their nutrition efficiency. Among the 11 families of constit-
uent materials, there are microbials, and among the 7 product functional categories,
there are the fertilizers, the amendments, and the biostimulants. The positive short
list reported in the provision could be expanded to include new microbials, if there is
scientific evidence supporting their efficacy on specific crops and safety for both the
environment and consumers.

The “soil improvers or soil conditioners,” according to Regulation (EU) 2019/
1009 (product functional category 3), are “fertilizing products whose function is to
maintain, improve or protect the physical or chemical properties, the structure or the
biological activity of the soil to which it is added.” The concept of maintenance and
improvement of physical chemical properties of the soil, jointly with its biological
activity, is a new science-based provision in a legislative context.

The biostimulants (microbial and non-microbial) are defined by the same EU
Regulation as “products stimulating plant nutrition processes independently of the
product’s nutrient content with the sole aim of improving one or more of the
following characteristics of the plant or the plant rhizosphere: nutrient use efficiency,
tolerance to abiotic stress, quality traits, availability of confined nutrients in soil or
rhizosphere.” After July 16, 2022, there will be the obligation to present a confor-
mity declaration in order to deliver the product on the EU market, and the 27 member
states need to adapt their national legislation on fertilizer to the rules set by the new
Regulament. This implies defining methods of analysis, particularly for those prod-
ucts which are newly introduced, i.e., the microbials. The existence of only a few
accredited organizations might slow down the implementation process at the
national level. Furthermore, out of the 200 harmonized provisions which would
guarantee the conformity declaration, in some member states, less than 100 are
ready, and the deadline is within 2024/2025. The adoption of the QR code on the
label should facilitate the marketing of the newly introduced products.

The pesticides fall under a different EU provision, i.e., the Reg. 1107/2009, which
lays down the rules for the authorization of plant protection products in commercial
form and for their placing on the market and use and control within the community
(EU 2009). However, setting the rules for the microbial plant protection products
(the so-called biopesticides) has taken more time than for the chemical pesticides.
The reasons for that have been discussed by Sundh and Eilenberg (2021). Similarly,



in other countries, the chemical plant protection products are regulated (e.g., the
Public Law 106–224 of June 20, 2000, also known as the Plant Protection Act in the
USA), but the microbial pesticides have been regulated by later provisions (e.g., by
EPA in the USA, https://www.epa.gov/pesticides/biopesticides); an overview of
representative legislations has been published by Kabaluk et al. (2010).
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6.4 Scientific Opportunities and Constraints

Designing a microbial consortium is not an easy task. Ideally, the farmers would
need a custom-tailored product, but normally, this is not available yet, just as the
custom-tailored medicaments for humans. The available consortia on the market
cover a bunch of crops, agronomic situations, and pedo-climatic areas. The single-
strain inoculants and microbial consortia can be developed to produce all categories
of products, i.e., biopesticides, biostimulants, soil improvers, or biofertilizers.
Rhizobia have been successfully used for more than a century as single-strain
biofertilizer of legume crops, and Bacillus thuringiensis has been successfully
used for almost a century as a single-strain bio-insecticide. In the first case, the
success (i.e., formation of dinitrogen-fixing nodules on the legume crop) was mainly
due to the specificity of the microbial inoculant and to the use of an adequate number
of cells to each seed (i.e., more than 1000 for small-seeded legumes up to 10,000 for
large-seeded legumes) during the seed coating. The second generation of rhizobial
inoculants was developed, allowing less erratic, more constant results in the field. In
the second case, the selection of appropriate mono-specific strains and the possibility
of large-scale production of microbial cells in pure culture played a major role for the
success of the biopesticide. However, the more recent development of dual-strain
biopesticides and of microbial consortia for the production of biostimulants and
biofertilizers has encountered interest and favorable acceptance by the farmers. In
these cases, the rationale is simple. When complex substrates are used, it would be
difficult for a single microorganism to accomplish all the biochemical steps required
to colonize, and partially degrade, the substrate. We can take advantage of the
cooperative nature of microbes in nature and let each strain or species do what
they normally would do naturally. Typical examples are the production of soil
improvers or amendments based on lignocellulosic materials, such as the solid
waste generated during the extraction of olive oil from olives (eight million tons is
available each year in the Mediterranean countries, i.e., Spain, Italy, and Greece) or
the solid waste generated during the coffee grain processing around the world. In
these cases, there are additional difficulties to prepare the amendment because of the
presence of polyphenols and fats which are inhibitory of the microbial activities.
Thus, only an accurate strain selection and the formation of compatible inter-specific
or inter-strain microbial consortia can ensure the degradation of the recalcitrant
molecules of the substrate and the contemporary formation of humic substances to
ameliorate the soil physical chemical properties, the formation of biostimulatory
substances for the plants, and the formation of carbon sinks, along the detoxification



Conflict of Interest Authors declare no conflict of interest.

of the initial substrate (Echeverria et al. 2012; Agnolucci et al. 2013; Echeverria et al.
2017, 2022). At field level, microbial consortia prepared with mycorrhizal fungi
have proven to be effective in enhancing the forage yield and the fatty acid content of
alfalfa (Medicago sativa) (Pellegrino et al. 2022a, b). The opportunity of enhancing
both yields at field level and quality of crops opens new horizons and challenging
perspectives. However, many “unknowns” are waiting to be unraveled, and the
entangled life of fungi (Sheldrake 2020) is far from being disentangled and profit-
ably used by all farmers. There are more than 10 products of biostimulants and
biofertilizers containing microbial consortia of up to 30 strains, whose precise
biochemical mechanisms are still to be clarified (Macik et al. 2020). There are
other constraints that we should circumvent by stimulating R & D activities: the
mass scale production of some mycorrhizal fungi which for the moment are used as
“crude inoculum” to prepare biofertilizers, the coupling of fungal inoculants with the
appropriate cultivars of different crops, and the selection of a wider range of
epiphytic bacteria to be used as biopesticides. Having at hand the molecular tools
to identify “new”microorganisms or to monitor the strains in the field, it appears that
this availability has paved the way to an eco-friendly and safe use of microbials in
agriculture.
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Chapter 7
Sustainable Improvement of Productivity
and Quality of Agricultural Crops Using
a Microbial Consortium

Somayeh Emami, Hossein Ali Alikhani, and Vida Kardgar

Abstract Excessive consumption of chemical fertilizer for improving the yield and
health of agricultural crops eliminates the ecosystem balance in the water and soil
environment. For the environmental concerns and high cost of chemical fertilizer,
the production of biological fertilizers has been considered. In sustainable agricul-
tural systems, microbial inoculants have special importance in increasing productiv-
ity and sustainable soil fertility management. The use of microbial inoculants leads
to stability of soil resources, maintains long-term production capacity, and prevents
environmental pollution. Decades of research in greenhouse and field conditions
have shown that these inoculants are more effective on plants’ growth when used as
a consortium. In addition to the individual effects of microorganisms, productivity
and quality of agricultural crops can be improved by inoculation with other micro-
organisms due to their synergistic effects. The association of different organisms in
microbial consortium enhances fertility and health status of soil for the growth of
legume and non-legume plants. This chapter presents an overview of recent
researches on the soil microbial consortia, mechanisms, and their impact on improv-
ing the productivity and quality of agricultural crops.
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7.1 Introduction

Population growth, increasing human demand for food, and environmental crises are
among the most important challenges in the world. The world’s current population is
7.8 billion and is projected to reach 9.0 billion in the next 30 years (Glick 2015;
Ramakrishna et al. 2019). These issues are related to agricultural production, and it is
necessary to think of a solution for them. In addition, abiotic and biotic stresses are a
threat to agricultural production. Soil salinization, soil erosion and destruction,
drought and global warming, diseases, and pathogens are among the threats to
agricultural crop production (Numan et al. 2018).

According to these conditions, it is clear that the pressure on soil and water
resources has started, and they must withstand more pressure in the future. Due to the
difficulty of increasing the area under cultivation, maximum effort must be focused
on increasing production per unit area. Therefore, attention to soil fertility and how
to improve it to achieve sustainable production, food security, and environmental
protection is essential (Numan et al. 2018; Ayangbenro and Babalola 2020).

Fertilizer is critical factor in plant nutrition, and the optimal use of fertilizer is the
main concern of the agricultural sector (Tilman et al. 2002; Ramakrishna et al. 2019).
The Green Revolution, which was formed with the introduction and supply of
chemical fertilizers, increased agricultural production by increasing plant growth
and yield indices and posed risks to the environment and limited water and soil
resources. Therefore, the continuation of traditional methods is a threat to food
security and soil and water resources (Ramakrishna et al. 2019; Ayangbenro and
Babalola 2020). Researchers are trying to find ways to increase the quantity and
quality of agricultural products by emphasizing the protection of non-renewable
sources of the environment, especially soil and water.

In recent years, the use of soil microbial inoculants in the form of biofertilizers or
biocontrol agents in agriculture has been considered by researchers (Numan et al.
2018; Emami et al. 2020; Ayangbenro and Babalola 2020). Improving the growth of
various agricultural crops by soil microbial inoculants has been proven in the
greenhouse (Emami et al. 2020) and field experiments (Shirmohammadi et al.
2020). These inoculants can have positive and economic effects on legume (alfalfa
and soybeans) and non-legume (wheat, rice, and maize) plants (Guiñazú et al. 2010;
Korir et al. 2017; Emami et al. 2020; Shirmohammadi et al. 2020). Plant response to
soil inoculation with microbial inoculants varies depending on the bacteria and fungi
strains, plant species, soil properties, concentration and quality of the inoculum, and
environmental conditions (Etesami and Maheshwari 2018; Kour et al. 2020;
Ayangbenro and Babalola 2020). Sometimes inoculated microorganisms cannot
survive in the soil because they compete with the native soil biota. An effective
inoculant in terms of plant growth-promoting (PGP) traits in a specific area may not
have the same effect on the plant in other soil and climatic conditions. Isolation and
study of native isolates can help to produce suitable inoculants for local products
(Meena et al. 2017; Etesami and Maheshwari 2018; Shirmohammadi et al. 2020). In
addition, the use of microbial consortia is preferred to a single-specific organism for



biofertilization (Emami et al. 2020). The efficiency of consortia is higher due to the
synergistic relationship between microorganisms and the production of various
metabolites. Ullah et al. (2017) stated that consortium of rhizobia (Rhizobium
leguminosarum and Mesorhizobium ciceri) was more effective than single-strain
inoculation for improving wheat growth in water-deficient conditions. The use of
arbuscular mycorrhizal fungi (Funneliformis mosseae) and phosphate-solubilizing
fungi (Apophysomyces spartima) as a consortium reduced salt stress effects on beach
palm growth and enhanced phosphorus and magnesium uptake (Zai et al. 2021). The
present chapter summarizes recent researches on soil microbial consortia, mecha-
nisms, and their impact on improving the productivity and quality of agricultural
crops.
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7.2 Soil Microbial Consortia

A conceivable solution to reduce the adverse effects of continued use of chemical
fertilizers is the application of biological fertilizer. Biofertilizer is a substrate
containing microorganisms that stimulate plant growth and yield by enhancing the
bio-availability and absorption of macro- and micro-nutrients for plants. Microor-
ganisms increase plant productivity by nitrogen fixation, or increasing the availabil-
ity of nutrients (e.g., phosphate solubilization), or increasing plant access to nutrients
by improving plant root systems (through the production of hormones) (Saharan and
Nehra 2011; Devi et al. 2018; Emami et al. 2020). In addition, the microorganisms
that improve plant growth by controlling pathogens are called biopesticides
(Mukhopadhyay 1996; Devi et al. 2018). In some cases, microorganisms increase
plant productivity in both ways. For example, some species of Burkholderia have
biocontrol properties on the pathogenic fungus Fusarium spp. and stimulate maize
growth in iron deficiency conditions through siderophore production. Various stud-
ies showed that an isolate can’t communicate with all soil conditions and with all
host plants successfully due to the partial resistance to environmental changes,
insufficient colonization, and fluctuation in metabolite production (Dowling and
O’Gara 1994; Raupach and Kloepper 1998; Shirmohammadi et al. 2020). A suitable
solution is the formulation of biofertilizers with several isolates. Numerous PGP
traits of different microorganisms can be helpful for the development of biological
inoculants. The effectiveness of microbial consortia in improving plant growth
(through biofertilization and biocontrol) has been reported in previous researches
(Ruíz-Sánchez et al. 2011; Emami et al. 2018; Ríos-Ruiz et al. 2020). In these
reports, microbial consortia contain a combination of bacteria, bacteria and fungi, as
well as bacteria and yeast (Janisiewicz and Bors 1995; Nandakumar et al. 2001).
Using several microorganisms together can increase the efficiency, durability, and
effectiveness of inoculants and provide a combination of different PGP traits
together without the use of genetic engineering.

Belimov et al. (1995) reported a significant positive effect on the grain yield of
barley by co-inoculation of Azospirillum lipoferum 137 + Agrobacterium



radiobacter 10 and Azospirillum lipoferum 137 + Arthrobacter mysorens 7 com-
pared to the pure culture. Adesemoye et al. (2009) stated that the combination of
Bacillus pumilus and Bacillus amyloliquefaciens with 75% required nitrogen for
maximum yield of plant improved the growth indices of tomato plants and the
amount of nitrogen uptake at the same level (statistically) by treating 100% required
nitrogen fertilizer without inoculation. Rhizospheric phosphate-solubilizing fluores-
cent pseudomonads stimulate plant growth, while co-inoculation of rhizosphere and
endophytic fluorescent pseudomonad strains has a synergistic effect on the wheat
plant growth (Emami et al. 2020).
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7.3 Mechanism of Microbial Consortia in the Improvement
of Productivity and Quality of Agricultural Crops

Numerous mechanisms are known to explain how soil microbial consortia affect
plant growth, which can be divided into three categories: biofertilization (nitrogen
fixation, phosphate solubilization, and ionophore production(, phytostimulation
(auxins,’ cytokinins,’ and gibberellins’ production), and biocontrol (antimicrobial
secondary metabolites) (Saharan and Nehra 2011; Emami et al. 2018).

7.3.1 Biofertilization

7.3.1.1 Nitrogen Fixation

Nitrogen is a crucial nutrient for plant growth and is one of the main components of
the synthesis of proteins, nucleic acids, and other cellular compounds. Although
nitrogen makes up 78% of the air, it is still one of the most limiting factors for plant
growth, and nitrogen fertilizers are often used to address its deficiency, which
increases production costs (Rashid et al. 2016). Under such conditions, the utiliza-
tion of atmospheric nitrogen through the process of biological nitrogen fixation is a
suitable option (Franche et al. 2009; Pérez-Montaño et al. 2014). Benefits of
biological nitrogen fixation include reducing production costs, reducing groundwa-
ter pollution, increasing plant protein production, increasing soil nitrogen residues
for future crops, and increasing soil fertility (Pérez-Montaño et al. 2014; Rashid et al.
2016). Different bacterial genera such as Azospirillum, Azotobacter, Bacillus,
Beijerinckia, Clostridium, Enterobacter, and Pseudomonas are capable of nitrogen
fixation (Demba Diallo et al. 2004; Franche et al. 2009; Duc et al. 2009). Increased
yields of rice (Malik et al. 1997; Zhou et al. 2020; Panneerselvam et al. 2021), alfalfa
(Zhu et al. 2016; Pourbabaee et al. 2021), soybeans (Afzal et al. 2010), maize
(de Salamone et al. 1996; Di Salvo et al. 2018; Ke et al. 2019), and wheat (Boddey
et al. 1986; da Silveira et al. 2016; de Souza Gênero et al. 2020) were obtained by
application of nitrogen-fixing bacteria in many experiments. Various estimates have



determined the contribution of symbiotic nitrogen-fixing bacteria in soil nitrogen
supply to about 44–200 kg N/ha per year (Soderlund and Roswall 1982). Nitrogen
fixation contributes to nitrogen balance in the plant and increases nitrogenase
activity in inoculated roots. Associative and free-living nitrogen-fixing bacteria are
important inoculators of non-legume plants, especially cereals (Kader et al. 2002;
Rodrigues et al. 2015; Kour et al. 2020). Free-living bacteria can stabilize up to
about 15–20 kg N/ha per year and associative bacteria up to 20–40 kg N/ha per year
(Jaga and Singh 2010; Kour et al. 2020). The amount of nitrogen stabilized by these
bacteria can be effective in maintaining long-term soil fertility. Although native
populations of these bacteria are present in the soil, they may not be effective in
nitrogen fixation. Therefore, efficient and effective strains of these bacteria are
usually used as biofertilizers. Research has shown that the process of nitrogen
fixation by microorganisms requires energy derived from available organic carbon.
For this reason, the application of green, organic, and some chemical fertilizers is
effective in the nitrogen fixation process.
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7.3.1.2 Improvement of the Nutrient Bio-availability

A variety of microorganisms, including bacteria and fungi, can improve the
bio-availability of macro- and micro-nutrients in the rhizosphere of the host plant
(Pérez-Montaño et al. 2014). These microorganisms act through the solubilization of
inaccessible forms of nutrients or the production of ionophores, including
siderophores (Richardson et al. 2009; Rashid et al. 2016).

Deficiency of the phosphorus after nitrogen is the most vital element that limits
plant growth. Most soils have large reserves of total phosphorus, but plant-available
phosphorus is often a small portion of this total phosphorus (Pérez-Montaño et al.
2014). The plants can absorb only two absorbable forms of mono-hydrogen phos-
phate (H2PO4

-) and di-hydrogen phosphate (HPO4
2-). Phosphate-solubilizing bac-

teria with the secretion of organic acids and phosphatases are the most common
biological methods that facilitate the conversion of non-absorbable phosphorus into
plant-absorbable forms (Rodriguez et al. 2004; Richardson et al. 2009; Rashid et al.
2016). In addition, the interaction of plants with mycorrhizal fungi reduces the
adverse effects of nutrient deficiency and drought and salinity stresses (Nasto et al.
2014). In this type of relationship, the fungus in response to receiving organic matter
from the host plant increases the absorption of nutrients and plant resistance to
environmental stresses, diseases, and pests. Mycorrhizal fungi with a wide hyphal
network increase the efficiency of plants in absorbing water and nutrients, specifi-
cally immobile elements of phosphorus, zinc, and copper (Kour et al. 2020). Studies
show that the roots of mycorrhizal plants can use insoluble sources of phosphorus in
soil that is not available to plant roots (Ozgonen and Erkilic 2007). The results of a
study by Gyaneshwar et al. (2002) showed that mycorrhizal fungi are an inexpensive
and efficient solution to increase the agronomic efficiency of phosphate rock. Also,
this biological relationship improves the uptake of nitrogen, potassium, and magne-
sium in poor soils.
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One of the important methods of supplying potassium required by plants is
potassium-solubilizing microorganisms (KSM) such as bacteria and fungi. The
KSM improve the solubility of K-bearing minerals in the soil and the availability
of potassium to plants by producing organic and inorganic acids (e.g., gluconic,
α-ketogluconic, oxalic, citric, acetic, citric, succinic, and nitric acids) (Etesami et al.
2017; Yadav 2017). Among the KSM in soil are Pseudomonas, Bacillus, and
Klebsiella bacteria (Lian et al. 2002; Etesami et al. 2017; Yadav 2017) and Penicil-
lium and Aspergillus fungi (Meena et al. 2016; Pandey et al. 2020).

Iron is an essential element for plant growth, and its deficiency has been reported
in calcareous soils. Plant roots prefer to absorb iron in reduced form (Fe2+), but ferric
iron (Fe3+) is more common in calcareous soils, which is easily converted to the form
of precipitated iron oxides (Kraemer 2004; Gontia-Mishra et al. 2016; Scavino and
Pedraza 2013). Some plants typically secrete organic compounds
(phytosiderophores) that bind to iron (Fe3+) and increase its absorption.
Phytosiderophores transfer ferric iron to the root surface where it is reduced to
Fe2+ and absorbed more rapidly by the plant (Scavino and Pedraza 2013). The
production of chelating compounds (siderophores) by microorganisms to improve
the availability of iron was demonstrated by Crowley et al. (1991) and Radzki et al.
(2013), which improved the uptake of iron in plants. It has been shown that several
plant species can absorb the siderophore-iron III complex. This role of microorgan-
isms is more important in calcareous soils. Unlike phytosiderophores, produced and
secreted by only a few monocot plants belonging to the Gramineae family, microbial
siderophore production ability has been proven by a very wide range of fungi and
bacteria (Radzki et al. 2013; Mehnaz 2013). Although siderophore production
capacity is present in all aerobic and facultative anaerobic bacteria and fungi, the
production potential of these substances is very different in different microbial
species and even in different strains within each species. The concentration of
bacterial and fungal siderophores in the soil is between 4–300 and 30–240 μmole
per gram of soil, respectively (Barton and Hemming 1993).

7.3.2 Phytostimulation

7.3.2.1 Production of Plant Growth Regulators

Soil microorganisms can increase plant growth and yield by synthesizing various
plant growth regulators (PGRs) (Bloemberg and Lugtenberg 2001; Pérez-Montaño
et al. 2014; Enespa and Chandra 2020). The PGRs are organic substances that affect
the physiological processes of plants in very low concentrations. Because the
concentration of PGRs is an indicator of the regulation of plant physiological
processes, slight changes in the amount of PGRs can lead to changes in plant growth
characteristics. The most important PGRs are auxins, gibberellins, cytokines,
abscisic acid, and ethylene (Bloemberg and Lugtenberg 2001; Glick 2012; Emami
et al. 2019). Microorganisms by producing various PGRs can increase root length



and area and consequently increase plant growth and yield. A wide range of bacterial
(Pseudomonas, Enterobacter, Bacillus, Paenibacillus, Rhizobium, Pantoea, and
Azospirillum) and fungal (Trichoderma, Penicillium, and Fusarium) genera can
produce cytokines, gibberellic acid, and indole acetic acid (Bottini et al. 2004;
Glick 2012; Gowtham et al. 2017; Meena et al. 2017; Emami et al. 2019; Turaeva
et al. 2020).
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7.3.2.2 Production of ACC Deaminase

One of the valuable mechanisms in the plant-microorganism relationship, especially
in terms of environmental stress, is related to ethylene. Ethylene is a potent regulator
of plant growth that affects plant metabolism (Van de Poel et al. 2015). Ethylene in
the plant can stimulate or inhibit growth, depending on the concentration, type of
physiological processes, and growth stage of the plant (Glick 2012; Van de Poel
et al. 2015; Nath et al. 2017). Low-level ethylene synthesis increases initial growth
and root development, but higher levels of ethylene inhibit longitudinal root growth.
Some bacterial species can reduce ethylene levels in plants by producing the
1-aminocyclopropane-1-carboxylate (ACC) deaminase enzyme (Glick 2012; Nath
et al. 2017; Meena et al. 2017; Bharti and Barnawal 2018). These bacteria reduce
ACC levels by producing ACC deaminase and hydrolyzing ACC for nitrogen
supply (Glick 2012; Meena et al. 2017; Bharti and Barnawal 2018; Lobo et al.
2019). The ACC is a precursor to ethylene production. With this action, the amount
of ethylene around the plant roots does not exceed a certain amount, and the growth
of roots and plants is improved. In addition, the production of auxin in bacteria
activates the synthesis pathway of the ACC deaminase enzyme, so that it can
degrade the ethylene precursor. The results of an experiment on the maize (Zea
mays L.) plant showed that inoculation with some strains of Pseudomonas resulted
in a significant increase in height, root weight, and total maize biomass compared to
the control. It seems that these strains increase the root growth of the plant by
reducing the inhibition of ethylene in the roots, and as a result, with the improvement
of root growth, yield and stem growth also increase (Shaharoona et al. 2006).

7.3.3 Biocontrol

7.3.3.1 Production of Antibiotics

Bacteria belonging to the genera Pseudomonas and Bacillus play an active role in
suppressing and reducing the population of pathogenic microorganisms (Meena
et al. 2017). The production of well-known antibiotics such as subtilin,
subtilosin A, sublancin (ribosomal synthesis), and bacilysin, chlorotetain,
mycobacillin, rhizocticin, and difficidin, surfactin, iturin and fengycin
(nonribosomal peptide synthesis and polyketide synthase) by Bacillus strains reduce
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the growth of pathogenic microorganisms (Leclère et al. 2005; Goswami et al. 2016).
The most famous antibiotic-producing Bacillus strains are B. subtilis 168 and
B. amyloliquefaciens FZB42 (Goswami et al. 2016). Among the most famous strains
of the antibiotic-producing Pseudomonas strains are P. fluorescens and
P. aeruginosa. These species can produce the antibiotics amycin A, azomycin,
butyrolactone, 2,4-diacetylphloroglucinol, ecomycin, kanosamine, phenazine-1-car-
boxylic acid, pyoluteorin, pyrrolnitrin, pseudomonic acid, rhamnolipids, and
viscosinamide (Goswami et al. 2016).
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7.3.3.2 Cell Wall-Degrading Enzymes

Microorganisms destroy pathogens by producing cell wall-degrading enzymes such
as chitinase, glucanase, cellulase, and protease (Neeraja et al. 2010; Pérez-Montaño
et al. 2014). The chitinase enzyme breaks down the insoluble linear polymer
β-1,4-N-acetyl-glucosamine, a major component of fungal cell walls (Neeraja et al.
2010; Goswami et al. 2016). Gram-positive bacteria with chitinolytic activity
include Bacillus licheniformis, B. cereus, B. circulans, B. subtilis, and
B. thuringiensis, and gram-negative bacteria include Pseudomonas aeruginosa,
Serratia marcescens, Enterobacter agglomerans, and P. fluorescens (Shrestha
et al. 2015; Goswami et al. 2016; Chalotra et al. 2019). β-1,3-Glucanase produced
by Paenibacillus and Streptomyces easily degrades the cell wall of the pathogenic
fungus Phytophthora capsici, Rhizoctonia solani, and Fusarium oxysporum (Park
et al. 2012; Compant et al. 2005). Also, Burkholderia cepacia T1A-2B and Pseu-
domonas sp. T4B-2A strongly inhibit the growth of some pathogenic fungi Rhizoc-
tonia solani and Sclerotium rolfsii (De Curtis et al. 2010).

7.3.3.3 Production of Siderophore

Different genera of bacteria and fungi can produce siderophore. But the well-known
genus is Pseudomonas (Meena et al. 2017). Pseudomonas fluorescens and Pseudo-
monas aeruginosa produce various siderophores such as pseudobactin, pyochelin,
and pyoverdine. Rhizospheric bacteria usually release these compounds to increase
their competitive potential (Hillel 2008; Gontia-Mishra et al. 2016; Lamont et al.
2017; Meena et al. 2017). In addition, these compounds also improve plant iron
nutrition. In general, siderophore-producing microorganisms through (a) improving
the iron nutrition, (b) restricting the growth of other microorganisms through
antibiotic molecules released by these bacteria, and (c) preventing the growth of
pathogenic microorganisms, especially fungi, by limiting their access to iron
increase the health of plants (Lamont et al. 2017; Meena et al. 2017).
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7.3.3.4 Hydrogen Cyanide Production

Hydrogen cyanide (HCN) biosynthesis has been reported in both eukaryotes and
prokaryotes. Among prokaryotes, the production of hydrogen cyanide is more
common in proteobacteria. Its production has been reported in fluorescent Pseudo-
monas (such as Pseudomonas fluorescens, Pseudomonas aeruginosa, and Pseudo-
monas protegens), Chromobacterium violaceum, some rhizobia, and other bacteria
(Blumer and Haas 2000; Rudrappa et al. 2008; Ramette et al. 2011). HCN is a toxic
substance and controls the population of pathogenic microorganisms. It has a
positive effect in inhibition of root-knot and black rot in tomato and tobacco roots
created by Meloidogyne javanica and Thielaviopsis basicola, respectively (Siddiqui
2006).

7.3.3.5 Induced Systemic Resistance

Studies show that inoculation of plants with some bacteria, such as Pseudomonas,
increases the resistance of host plants’ immune systems and prevents the contami-
nation of plant tissues with pathogenic microorganisms. In Arabidopsis, carnation,
and radish plants, Pseudomonas spp. have the potential to induce systemic resis-
tance. In this condition, “O antigenic side chain” of the bacterial outer membrane
lipopolysaccharides plays the role of inducing determinant. The pseudobactin
siderophores induce systemic resistance in Arabidopsis and tobacco. Also,
pseudomonine siderophores induce salicylic acid production in radish, which sub-
sequently strengthens the plant’s immune system (Van Loon and Bakker 2006;
Goswami et al. 2016).

7.3.4 Multiple Mechanisms of Action

According to scientific findings, multiple mechanisms are responsible for increasing
the growth and yield of inoculated plants with soil microbial inoculants. In addition
to improving nutrients’ bio-availability, production of hormones by microorganisms
in the rhizosphere, production of ACC deaminase, control of plant pathogens, and
production of siderophore are among the mechanisms to improve productivity and
quality of agricultural crops (Table 7.1). For example, phosphate-solubilizing micro-
organisms, in addition to organic and inorganic phosphate solubilization, increase
plant growth via different mechanisms (i.e., the enhancement of the micronutrients’
bio-availability, the production and secretion of metabolites, and the improvement of
N2 fixation). In fact, in some cases, a particular microorganism exhibits several
mechanisms. Antoun et al. (1998) showed that out of 266 Rhizobium and
Bradyrhizobium species, 83% produced siderophore, 58% produced IAA, 54%
dissolved insoluble phosphate, and 11% had destructive effects on the plant growth.
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Table 7.1 Plant growth-promoting traits of beneficial microorganisms

Isolates Plant growth-promoting traits References

Alcaligenes sp. B16 IAA production
Siderophore production
nifH gene presence

Devi et al. (2018)

Arthrobacter chlorophenolicus BHU3 IAA production
Phosphate solubilization
N2 fixation
HCN production

Kumar et al.
(2021)

Bacillus sp. M7c Phosphate solubilization Guiñazú et al.
(2010)

Bacillus megaterium BHU1 IAA production
Siderophore production
Phosphate solubilization
N2 fixation

Kumar et al.
(2021)

Bacillus thuringiensis C25 β-1,3-Glucanase activity
Protease activity
Chitinase activity

Shrestha et al.
(2015)

Bradyrhizobium japonicum TAL 377 IAA production
Gibberellic acid production

Afzal et al. (2010)

Enterobacter spp. BHU5 IAA production
Siderophore production
N2 fixation
HCN production

Kumar et al.
(2021)

Enterobacter ludwigii HG 2 IAA production
Siderophore production
Phosphate solubilization
Potassium solubilization
Zinc solubilization
Mercury tolerant
ACC deaminase activity

Gontia-Mishra
et al. (2016)

Fusarium moniliforme UzGC-12 IAA production
Gibberellic acid production

Turaeva et al.
(2020)

Klebsiella pneumoniae HG 3 IAA production
Siderophore production
Phosphate solubilization
Exopolysaccharide secretion
Potassium solubilization
Zinc solubilization
Mercury tolerant
ACC deaminase activity

Gontia-Mishra
et al. (2016)

Mesorhizobium ciceri SRC8 IAA production
Siderophore production
Phosphate solubilization
Exopolysaccharide secretion
Organic acid production

Ullah et al. (2017)

Paenibacillus sp. B1 IAA production
Phosphate solubilization

Li et al. (2020)

Paenibacillus polymyxa BHU2 IAA production
Phosphate solubilization
N2 fixation

Kumar et al.
(2021)
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Table 7.1 (continued)

Isolates Plant growth-promoting traits References

Penicillium canescens UzCF-54 IAA production
Gibberellic acid production

Turaeva et al.
(2020)

Pseudomonas sp. 54RB IAA production
Phosphate solubilization
Gibberellic acid production

Afzal et al. (2010)

Pseudomonas sp. 19Fv1T IAA production
Siderophore production
Phosphate solubilization

Bona et al. (2017)

Pseudomonas spp. IAA production
Siderophore production
Phosphate solubilization

Emami et al.
(2020)

Pseudomonas spp. Chitinase activity
Lipase activity
Protease activity
2,4-Diacetylphloroglucinol
production

Chalotra et al.
(2019)

Pseudomonas sp. FM7d Phosphate solubilization Guiñazú et al.
(2010)

Pseudomonas aeruginosa (strains B4,
B23, B25, and B35)

IAA production
Siderophore production
HCN production
Chitinase activity (B4, B35)

Devi et al. (2018)

Pseudomonas alkylphenolica PF9 Tricalcium phosphate
(Ca3HPO4) solubilization

Farssi et al. (2021)

Pseudomonas mosselii E240 IAA production
Siderophore production
Phosphate solubilization

Emami et al.
(2020)

Rhizobium leguminosarum SRL5 IAA production
Siderophore production
Phosphate solubilization
Exopolysaccharide secretion
Organic acid production

Ullah et al. (2017)

Serratia marcescens BHU4 IAA production
Siderophore production
Phosphate solubilization
N2 fixation
HCN production

Kumar et al.
(2021)

Serratia marcescens B8 IAA production
Siderophore production
Chitinase activity
HCN production
nifH gene presence

Devi et al. (2018)

Sinorhizobium meliloti Rm41 Phosphate solubilization Farssi et al. (2021)

Streptomyces torulosus PCPOK-0324 1,3-β-D-Glucanase activity Park et al. (2012)

Trichoderma harzianum UzCF-55 IAA production
Gibberellic acid production

Turaeva et al.
(2020)

IAA indole-3-acetic acid, HCN hydrogen cyanide

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pseudomonas


Also, Emami et al. (2019) reported that 88%, 59.2%, 38%, 24%, and 18% of the
rhizospheric isolates had the ability of IAA and siderophore production, solubiliza-
tion of organic and inorganic phosphate, and HCN production, respectively.
Co-inoculation of mung bean (Vigna radiata L.) with Rhizobium (N2 fixer) and
Bacillus sp. (phosphate solubilizer) enhanced inoculated plant growth not only due
to their phosphate solubilization and N2 fixation abilities but also due to their
efficiency in IAA production (Qureshi et al. 2011). Production of IAA by bacteria
changed plant IAA level and increased root properties and root nodulation. Like-
wise, Figueiredo et al. (2008) showed that production of cytokinin by Paenibacillus
polymyxa DSM 36 (phosphate solubilizer) affects nitrogen fixation in roots of
common bean (Phaseolus vulgaris L.) plants by stimulating rhizobial growth and
improving the number of infections in roots and nodule formation.
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7.4 Effect of Soil Microbial Consortia on Productivity
and Quality of Agricultural Crops

Various greenhouse and field studies have confirmed the effectiveness of microbial
consortia on plant growth and crop yields to reduce the level of chemical fertilizer
use and reduce environmental problems caused by agricultural activities. These
microbial consortia show beneficial effects on productivity and quality of agricul-
tural crops, and different types of them have been commercialized for use in
agriculture. The synergistic effect between nitrogen fixer and phosphate solubilizer
bacteria enhances fixed nitrogen level and efficiency of nutrients’ use. This fact was
confirmed by Belimov et al. (1995), Wani et al. (2007)), and Li et al. (2020). Wani
et al. (2007) reported that co-inoculation of chickpea plants (Cicer arietinum L.) by
phosphate-solubilizing bacteria (Pseudomonas or Bacillus) and two N2-fixing bac-
teria (Mesorhizobium cicero and Azotobacter chroococcum) improved soil nutrient
availability (N and P), raised root nodulation, and enhanced plant growth compared
to single inoculation. Similarly, co-inoculation of faba bean (Vicia faba L.) plants
with Rhizobium (N2 fixer) and Bacillus megaterium (phosphate solubilizer)
improved seed quality and yield of plant (Rugheim and Abdelgani 2012).
Co-inoculation of mung bean plants by Bacillus strains (B. aryabhattai S10 and
B. subtilis ZM63) improved plant growth, nutritional status, and nodulation of plants
(Ahmad et al. 2019). In another way, PGP rhizospheric bacteria act synergistically
with PGP endophytic bacteria. Emami et al. (2020) reported that wheat plants treated
with Pseudomonas sp. R185 (rhizospheric phosphate solubilizer) and Pseudomonas
mosselii E240 (endophytic phosphate solubilizer) exhibited an increase in plant
height, shoot dry weight, root dry weight, and grain yield, compared to the control
plants. Mycorrhizal fungi can interact beneficially with symbiotic, associative, and
free-living N2 fixer bacteria, phosphate solubilizer bacteria, and other beneficial



microorganisms and enhance their positive effects on plants. Bacteria around the
roots can develop mycorrhizal symbiosis by producing auxin and other hormones.
Mycorrhizal fungi can also increase root secretion and consequently increase soil
microbial population. Glomus fasciculatum in association with Mesorhizobium
ciceri (N2 fixers) and Serratia sp. (phosphate solubilizer) through different mecha-
nisms enhance legume plant growth (Zaidi et al. 2010). Table 7.2 shows the effect of
soil microbial consortia on the productivity and quality of agricultural crops.
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7.5 Future Considerations and Conclusion

Today, fertilizers are widely used as a tool to increase the quantity of production,
especially in developing countries, but it is necessary to pay attention to the quality
of agricultural products in order to prevent the accumulation of nutrients and other
pollutants in plant tissues and the destruction of valuable soil and water resources.
Obviously, the use of biological fertilizers instead of chemical fertilizers can provide
environmental health and sustainability of production resources and by improving
the quality of food products can have a significant impact on promoting public
health. Soil microbial consortia that contain several microorganisms with different
PGP traits (such as nitrogen fixation, phosphate solubilization, siderophore produc-
tion, hormone production, and their biocontrol properties against fungi and patho-
gens) are very effective. The use of soil microbial consortia is an effective way to
overcome the problem of nutrient deficiencies and environmental stresses in plants,
as well as environmental pollution. If the cost of biological fertilizers’ production is
reduced and the use efficiency of fertilizers is increased, the preference of biological
fertilizers over chemical fertilizers is undoubtedly an expert and correct decision. In
the first stage, achieving a microorganism with PGP ability and then achieving the
responsible genes allows the researcher to effectively use from these biological
capabilities in the farm. The effectiveness of soil microbial consortia obtained
from researches should be evaluated in agricultural and horticultural fields. Different
tests in different climatic conditions and in the presence of different host plants and
monitoring the positive effects of these inoculants need to be performed before
commercialization and mass production. In a general conclusion, it can be said that
soil microbial consortia can increase the speed and the rate of plant growth and thus
increase crop yield through synergistic effects for growth promoters and adverse
impact for growth inhibitors.
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Table 7.2 Effect of soil microbial consortia on the productivity and quality of agricultural crops

Microbial
consortium

Alfalfa
(Medicago
sativa L.)

Bacillus cereus
Bacillus altitudinis
Comamonas
Stenotrophomonas
maltophilia

Increased plant growth and plant antioxi-
dant enzyme activity

Shahzad
et al.
(2020)

Pseudomonas
alkylphenolica
Sinorhizobium
meliloti

Increased plant P content, plant height,
plant fresh and dry biomass

Farssi et al.
(2021)

Chickpea
(Cicer
arietinum L.)

Mesorhizobium
ciceri
Azotobacter
chroococuum
Bacillus sp.

Increased plant biomass and N and P
uptake

Wani et al.
(2007)

Pseudomonas
fluorescens
Mesorhizobium sp.

Increased plant biomass, nodule number,
and nutrient content

Verma
et al.
(2012)

Pseudomonas
aeruginosa
Trichoderma
harzianum
Mesorhizobium sp.

Increased plant growth under the stress of
the pathogen S. rolfsii

Singh et al.
(2014)

Maize (Zea
mays L.)

Rhizoglomus
irregulare
Pseudomonas
putida

Increased maize productivity and P use
efficiency

Pacheco
et al.
(2021)

Azospirillum
brasilense
Pseudomonas
putida
Acinetobacter sp.
Sphingomonas sp.

Increased plant growth and decreased the
application of chemical fertilizer

Molina-
Romero
et al.
(2021)

Potato (Sola-
num
tuberosum L.)

Pseudomonas
aeruginosa
Serratia
marcescens
Alcaligenes
faecalis

Increased plant growth and antifungal
activities

Devi et al.
(2018)

Rice (Oryza
sativa L.)

Glomus
intraradices
Azospirillum
brasilense

Increased rice growth and physiological
traits under well-watered and drought
conditions

Ruíz-
Sánchez
et al.
(2011)

Pseudomonas
putida
Chlorella vulgaris

Decreased the accumulation of arsenic and
improved the level of nutrient elements in
rice

Awasthi
et al.
(2018)
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Table 7.2 (continued)

Microbial
consortium

Burkholderia
ubonensis
Burkholderia
vietnamiensis
Citrobacter
bitternis

Increased the productivity of rice and
decreased the use of nitrogen fertilizer by
up to 25%

Ríos-Ruiz
et al.
(2020)

Sunflower
(Helianthus
annuus L.)

Rhizophagus
irregularis
Chryseobacterium
humi
Ochrobactrum
haematophilum

Increased biomass production and accu-
mulation of nutrient (N, P, K, Ca, Mg) and
decreased Na content in plant tissue in
saline condition

Pereira
et al.
(2016)

Tomato (Sola-
num
lycopersicum
L.)

Rhizophagus
intraradices
Glomus
aggregatum
Glomus viscosum
Claroideoglomus
etunicatum
Claroideoglomus
claroideum
Pseudomonas
fluorescens
Pseudomonas sp.

Increased yield and quality (the level of
sugars and vitamins) of tomato

Bona et al.
(2017)

Wheat
(Triticum
aestivum L.)

Photosynthetic
microbial
consortium

Decreased about 50% of the nitrogen
chemical fertilization when combined
with the biofertilizer

Ramírez-
López et al.
(2019)

Pseudomonas
sp. R185
Pseudomonas
mosselii E240

Increased plant height, shoot dry weight,
root dry weight, and grain yield, in wheat
cultivars

Emami
et al.
(2020)

Bacillus
megaterium
Arthrobacter
chlorophenolicus
Enterobacter sp.
Pseudomonas
aeruginosa

Increased plant health, yield, and nutrient
content

Kumar
et al.
(2021)
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Chapter 8
Consortia of Probiotic Bacteria and Their
Potentials for Sustainable Rice Production

M. A. Baset Mia, Afrina Momotaj, and Tofazzal Islam

Abstract The application of plant probiotic bacteria for a sustainable environment-
friendly agriculture system has created new avenues with integration of modern
technology and eco-friendly management approaches. With a goal of using mini-
mum chemical fertilizer and getting sustainable yield in cereal grains, especially of
the rice crop, biological alternatives, such as biofertilizers, are inevitable for achiev-
ing sustainable development goal 2 (SDG-2). Rice, as the prime and staple food of
Asian countries, also requires careful fertilization which is expensive and hazardous
to the environment. The root and rhizosphere of rice harbor a plethora of probiotic
bacteria belonging to diverse taxonomic groups. The use of alternative approaches
especially the formulation and application of biofertilizer using the identified elite
strains of probiotic bacteria is a blooming technology that can create a sustainable
and environment-friendly rice production system. And consequently, significant
developments have been achieved in using biofertilizers for rice cultivation through-
out the world. Among the biofertilizer technologies, the majority of them are
occupied by plant-associative or free-living bacteria under the genera of Rhizobium,
Bacillus, Paraburkholderia, Delftia, Pseudomonas, Lysobacter, Azotobacter,
Azospirillum, Enterobacter, Brevibacterium, etc. A large body of literature is avail-
able on the development of biofertilizers that are capable of steady supply of N
through fixation of atmospheric nitrogen and solubilization of essential nutrient
elements in the rhizosphere, and provide other benefits to partially supplement the
use of chemical fertilizers. It appears that the application of probiotic bacterial
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consortium as biofertilizer could be a sustainable approach for rice production. This
chapter reviews and updates the isolation and identification of probiotic bacteria, and
the effects of their consortium as well as their mode of beneficial effects for
sustainable rice production systems.

152 M. A. B. Mia et al.

Keywords Biofertilizers · Plant growth-promoting rhizobacteria · Plant probiotics ·
N2 fixation · Sustainable development

8.1 Introduction

Rice is the principal food crop as well as the staple diet of more than three billion
people throughout the world. It is interesting to note that more than 100 countries are
growing rice across diversified climatic conditions (Abdullah et al. 2006; Skamnioti
and Gurr 2009; Hosseyni and Soltani 2013). Among the rice-consuming peoples in
the world, around half of Asia’s people rely upon rice as their daily principal meal
source (Hosseyni and Soltani 2013; Muthayya et al. 2014; Soltani et al. 2013). The
major Asian rice-producing countries are China, India, Bangladesh, Indonesia,
Thailand, the Philippines, Vietnam, and Myanmar accounting for approximately
90% of the world’s total rice production (Khush 2005; Abdullah et al. 2006;
Muthayya et al. 2014; WEF 2022). It is also the maximum crucial meal grain
withinside the diets of loads of millions of Asians, Africans, and Latin Americans
living in the tropics and subtropics (Yoshida 1981). Rice production is a high input
requiring system that requires a handsome amount of money which is a burden for
ordinary and marginal farmers.

Generally, production of rice requires three major inputs, namely, water, fertil-
izer, and pesticides. Growth and development of rice plants are very crucial and
often limit the process due to a lack of an adequate supply of water and fertilizers.
Among the fertilizers applied for rice cultivation, the N fertilizer is the most
important, which frequently limits the growth and development of the rice plant.
To increase rice yield in both upland and lowland rice culture systems, a large
amount of N fertilizer is required. Keeping this process continuous, of course, using
chemical fertilizer is expensive and hazardous to the environment as well (Hirt
2020). As a result, farmers are facing a serious economic problem, and consequently,
they are moving their focus from rice production to another enterprise. Hence, an
alternative approach is urgently required for boosting the rice production system in
the world, especially the resource-poor marginal farming system. In this regard, the
use of biofertilizer prepared from the elite strains of plant probiotic bacteria is
considered one of the alternative and renewable natural resources from both nutrition
and protection of rice plants (Khan et al. 2017; Rahman et al. 2018; Hirt 2020).
Application of a suitable plant growth-promoting bacterium or a consortium of
compatible living bacteria increases the growth and yield of rice plants with sup-
pression of disease and pests (Trân Van et al. 2000; Islam et al. 2005; Rahman et al.
2018). These beneficial probiotic bacteria can be either rhizospheric or endophytic
that have been co-evolved with rice (Islam and Hossain 2012; Khan et al. 2017).



Moreover, these probiotic bacteria either alone or their consortium can accumulate
nutrients, increase plant growth by alleviating stress tolerance as a biocontrol agent,
and improve soil health by making available nutrients from complex forms (Islam
et al. 2019a; Hirt 2020). Microbial consortia (MC) are symbiotic communities of two
or more microbial species or strains. A consortium of microbes typically outper-
forms an inoculum of a single microbial species (Behera et al. 2021). The term
“consortium” was coined by Johannes Reinke in 1872 to describe the
interdependence of microorganisms that unites them. They are the beneficial
microbes performing as biofertilizers, bioprotectants, controllers, and biostimulants
that can increase crop growth and mitigate health and environmental problems.
Probiotic bacteria can live as endophytic, symbiotic, or free-living organisms and
benefit inoculated plants (de Souza Vandenberghe et al. 2017).
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Additionally, probiotics are live bacteria recognized as beneficial for the func-
tioning of the plant body. It is interesting to note that many plant probiotics are like
bacteria that are naturally living in an animal body. Animal beings, especially
humans, may already be taking some of these good bacteria if they eat fermented
products, namely, yogurt and cheese. Generally, probiotics are lactic acid-producing
bacteria that are useful to the host plant or animal. In the case of a plant, the
probiotics are referred to as endophytic or rhizospheric bacteria. Endophytes arise
as imperative additives of plant microbiomes; some of them play pivotal roles in
plant improvement and plant responses to pathogens and abiotic stresses, while
others produce beneficial and/or exciting secondary metabolites. The recognition
of their abilities to influence plant phenotypes and convey beneficial compounds via
genetic and molecular interactions has paved the way for those abilities to be
exploited for the fitness and welfare of plants, people, and ecosystems (Burragoni
and Jeon 2021). Biofertilizer, especially plant probiotics, can be used as a crop
growth enhancer by reducing the use of chemical fertilizer and even pesticides and
ensuring a higher pleasant product (García-Fraile et al. 2012). A large body of
literature suggests that application of the probiotic bacteria not only improves the
growth and yield of crop plants but also significantly improves the quality of the
plant products. Beneficial effects of probiotic bacteria in rice and other crops are well
established, and some of them are already commercialized as biofertilizers and
biopesticides (Sarker et al. 2012; Khan et al. 2017; Rahman et al. 2018). Consortia
of beneficial bacteria or probiotic bacterial inoculation perform better as compared to
the single inoculation (Menéndez and Paço 2020). In this chapter, we summarized
various types of probiotic bacteria in rice, their diversity, technique of isolation, and
their mode of beneficial effects. Finally, we discussed the future projection of
consortia of plant probiotic bacterial technology in the upcoming rice production
system in the world.
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8.2 Consortia of Probiotic Bacteria for Rice

8.2.1 Probiotic Bacteria

The term plant probiotic bacteria was first coined by Haas and Keel to designate a
consortium of microorganisms that perform beneficial activities to the host plant
especially fulfilling three essential criteria, namely, (i) efficient root colonizer,
(ii) ability to induce systemic resistance to their host, and (iii) presence of direct
antagonistic traits on pathogens (Haas and Keel 2003). A vast array of probiotic
bacteria inhabit the niche of the rice ecosystem, where more than 400 have been
documented by Pang et al. (2020). They are found in association with the tissue of
roots as rhizospheric, endophytic, and phyllosphere in the stem, leaves, flowers, and
seeds (Naher et al. 2009). Most of them are root-associated bacteria that differed
from irrigated to non-irrigated ecosystems (Toju et al. 2019). A list of rice plant
probiotic bacteria which are beneficial for growth, development, and yield enhance-
ment has been summarized in Table 8.1.

8.2.2 Consortia of Probiotic Bacteria

A microbial consortium is typically defined as a collection of different microorgan-
isms with the capacity to cooperate in a community. Probiotic consortia are more
than one microbial interacting population, which can be found in diversified envi-
ronmental niches. They consist of more than one member and combine strains from
the same or different genera to acquire phytostimulatory properties. However, it is
challenging to simulate natural environmental circumstances because a significant
portion of soil flora is still not cultivable in the lab. The consortia are beneficial for
managing soil and nutrient mobilization, disease control, stress tolerance, and
ecosystem management (Kumar et al. 2017; Padmaperuma 2020). In consortia,
bacterial cultures must mix with one another and not be antagonistic to one another.
Saha et al. (2016) found significant beneficial effects on the growth and development
of rice through enhanced nitrogen metabolism when the probiotic inocula are applied
in the form of consortia. Recently, new consortia are gaining importance such as
Trichoderma plus Azotobacter that can be developed as agricultural probiotics to
support the agro-ecosystem while enhancing crop quantity and quality as reported by
several researchers (Woo and Pepe 2018). Ray et al. (2017) reported that foods that
have undergone fermentation are the natural habitats of a variety of food-grade
microbes, which not only provide bioactive compounds to the food material but
may also directly benefit human health. Similarly, Arif et al. (2020) found that plant
growth and development can be enhanced, and pathogens and abiotic stresses can be
mitigated by altering the microbiome through inoculating with a consortium of plant
growth-promoting rhizobacteria (PGPR). Plant growth and disease resistance capac-
ity against soil-borne pathogens can be improved by manipulating the rhizosphere



Species of probiotic bacteria Beneficial effect References
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Table 8.1 List of some probiotic bacteria and their beneficial effects on rice

Host
plant

Azospirillum brasilense Rice
crop

Increase plant growth
and yield

Salamone et al.
(2012)

Azospirillum lipoferum Rice
crop

Increase plant growth
and yield

Chandran et al.
(2020)

Azotobacter sp.
strain Avi2 (MCC 3432)

Rice
crop

Increase growth of plant
and yield

Banik et al. (2018)

Azoarcus spp. Rice
crop

N2 fixation Reinhold-Hurek and
Hurek (1998)

Bacillus megaterium Rice
crop

Enhance plant growth Shakeel et al. (2015)

Bacillus sphaericus Rice
crop

Increase seed germina-
tion, seedling vigor, and
plant growth

Mia and Shamsuddin
(2009)

Bacillus spp. PSB9 and PSB16 Aerobic
rice

Enhance P uptake and
increase root and shoot
growth

Panhwar et al. (2011)

Burkholderia sp. (BRRh-2),
Burkholderia sp. (BRRh-3),
Burkholderia sp. (BRRh-4)

Rice
crop

Increase plant growth
and grain yield

Khan et al. (2017)

Herbaspirillum frisingense,
H. rubrisubalbicans, and
H. seropedicae

Rice
crop

Increase plant growth Alves et al. (2014)

Klebsiella pneumoniae,
K. oxytoca, and K. planticola

Rice
crop

Capable of fixing N2 and
are classified as associa-
tive N2 fixers

Cooney et al. (2014)

Pseudomonas aeruginosa Rice
crop

Increase phosphate-
solubilizing activity

Khan et al. (2017)

Pseudochrobactrum sp. Rice
crop

Increase plant growth Khan et al. (2017)

Lactobacillus acidophilus Rice
crop

Increase plant growth
and yield

Lactobacillus sp. Rice
crop

Minimize the post-
harvest loss

Zubaidah et al.
(2012)

Pseudomonas, Bacillus, Klebsi-
ella, Streptomyces, Burkholderia,
Pantoea, Enterobacter

Rice
crop

Solubilize soil insoluble
P and increase growth
and yield of crops

Islam et al. (2019b)

Paenibacillus spp. Rice
crop

Increased nitrogen fixa-
tion and incorporation of
N to the plant

Seldin (2011)

Rhizobium and Bradyrhizobium
spp.

Rice
crop

Nitrogen fixation and
nutrient accumulation

Yanni et al. (2001,
2016) and Mia and
Shamsuddin (2010)



microbiome. One of the most complicated and functionally active ecosystems on
earth is the rhizosphere, which is a small, dynamic zone of plant root-soil interfaces
that promotes plant health and reduces the effects of biotic and abiotic stress in
different crop plants (Santoyo et al. 2021). In the microbial consortia system,
chemical and physical connections between the two groups of organisms are
made, and crop plants allow endophytic microorganisms to grow and inhabit internal
portions of plants, such as roots, stems, and leaves, where beneficial interactions are
secured between bacteria and the host plants (Santoyo 2022). Application of
rhizobacterial consortium of Enterobacter hormaechei (AM122) and Lysinibacillus
xylanilyticus (DB25) to Basmati aromatic rice resulted in improved vegetative
growth, yield, and 2AP content compared to monoculture. Moreover, consortia
inoculation process also increased the aroma content in rice (Harshal et al. 2021).
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8.3 Type of Rice Probiotic Bacteria

Several types of probiotic bacterial consortia can improve the growth and develop-
ment of rice plants upon inoculation, which are described here (Fig. 8.1).

Fig. 8.1 Schematic representation of types of probiotic consortia
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8.3.1 Nitrogen-Fixing Probiotic Bacteria

Nitrogen fixation and transportation of fixed N2 by probiotic bacteria to host plants is
the principal mechanism of beneficial activities (Fig. 8.2) (Hu et al. 2021b). Many
research studies have been performed on N2-fixing probiotic bacteria in rice, and a
good number of probiotic species have been isolated from rice and other plant
species (Table 8.1). The fixed N2 is utilized by the host plants after the decompo-
sition of probiotic bacteria or through transportation and excretion of NH4

+ from
probiotic bacteria to the host plants, and the latter one is more common in endophytic
bacteria (Mia and Shamsuddin 2010). Generally, ammonium-excreting probiotic
bacteria can release a significant amount of fixed N2 to the host plant. Nitrogen
fixation by rhizobia in association with rice roots is a new dimension where
inoculated plants increase growth due to fixation of N2 without formation of any
nodule. Bradyrhizobiummay also contribute similarly as it can fix N2 in a free-living
state (Yanni et al. 1997).

8.3.2 Phosphate-Solubilizing Probiotic Bacteria (PSPB)

Phosphorus is the primary element and second most important macronutrient after
nitrogen. It is often unavailable under acidic and alkaline conditions. The
P-solubilizing plant probiotic bacteria have a profound effect on P solubilization
under diversified soil conditions (Molla and Chowdhury 1984; Islam et al. 2007;
Islam and Hossain 2012). The most common P-solubilizing plant probiotic bacteria
are Arthrobacter, Bacillus, Burkholderia, Enterobacter, Erwinia, Kushneria, Pseu-
domonas, Rhizobium, Bradyrhizobium, Serratia, Ralstonia, and Rhodococcus gen-
era, which do have beneficial effects on the availability of complex, unavailable P

Fig. 8.2 Mechanism of
atmospheric nitrogen
fixation by diazotrophic
plant probiotic bacteria



compounds (Alor et al. 2017). These types of bacteria produce a synergistic effect
with the host plant alone or in consortium, consequently enhancing the growth and
development of crop plants. Stephen et al. (2015) found two PSPB strains, namely,
Gluconacetobacter sp. (MTCC 8368) and Burkholderia sp. (MTCC 8369), which
recorded higher P absorption in rice under pot culture conditions. Despite phosphate
solubilization, the PSPB also has a greater potential for producing phytohormones,
namely, indole acetic acid, and enzymes, namely, phosphatase and phytase. Five
promising strains, namely, Pseudochrobactrum sp., Burkholderia sp., Burkholderia
sp., Burkholderia sp., and Pseudomonas aeruginosa, which were isolated from rice
roots and identified through 16S rRNA gene phylogeny exhibited significant
phosphate-solubilizing activity (Islam et al. 2007; Islam and Hossain 2012; Othman
and Panhwar 2014). As reported by Alor et al. (2017), a great array of organic acids
is produced by P-solubilizing microorganisms (Fig. 8.3). It is interesting to note that
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Fig. 8.3 Different types of organic acids produced by the phosphate-solubilizing probiotic bacteria
(PSPB)



the combined inoculation of two or more microbial species of PSPB and N2 fixers
has a positive impact on the growth and yield of various crops (Saxena et al. 2015).
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Consortium of PSPB and diazotrophic bacterial inoculation process increased
nodulation and N2 fixation by alfalfa plants, concurrent with an increase in the P
content of plant tissues. It was concluded that this was due to an improvement in P
nutrition of the plant, as nodulation and N2 fixation are P-dependent processes
(Barea et al. 2005).

8.3.3 Potassium-Solubilizing Probiotic Bacteria (KSPB)

Potassium is an essential macronutrient element that has a great impact on the
growth and development of crop plants. It has nonspecific functions like acting as
an osmoticum, regulatory functions, and modulation of enzyme activity. This
essential element is present in the soil in various forms like mineral K,
non-exchangeable K, exchangeable K, and solution K. Despite this, the majority
of K is present in the fixed form where probiotic bacteria, namely, Acidithiobacillus
ferrooxidans, Paenibacillus spp., Bacillus mucilaginosus, and B. edaphicus, have
great impact and can make available form from unavailable form through various
mechanisms, namely, dissolving K-bearing minerals like biotite, feldspar, illite,
muscovite, orthoclase, and mica compound. A significant number of KSPB
populations, both aerobic and anaerobic bacteria, are found in the rice rhizosphere.
The KSPB reduces the pH of the media and enhances the release of K from the
minerals. It has been observed that consortia of KSPB performed better results
compared to single inoculation in various crops (Gore and Navale 2017).

8.3.4 Siderophore-Producing Probiotic Bacteria (SPPB)

These metabolites are produced by microbes in response to an iron deficiency in the
environment; thus, a few organic manipulators produce those low molecular weight
(400–1500 Da) receptor protein systems with a high affinity for iron. Siderophores
are secondary metabolites that act as sequestrants of iron because of their excessive
dissociation rate with the aid of using this element. It produces organic manipulators
that can use iron by two mechanisms: (i) directly through the Fe3+-siderophore
complicated via the molecular membrane, and (ii) decreased extracellular Fe2+

complexes (Hider and Kong 2010). This enables those plants to alter the availability
of iron in their habitats by sequestering that element (Fe3+-siderophore), rendering
iron unavailable to phytopathogenic microbes and thereby inhibiting their growth
(Kannojia et al. 2019). Currently, numerous bacterial traces have been suggested for
their capacity to govern plant illnesses through siderophores, restricting the boom
and colonization of iron-established phytopathogenic microorganisms (Fgaier and
Eberl 2011). Yu et al. (2011) suggested that B. subtilis CAS15 antagonized the



activity (nearly 19–94%) of 15 fungal phytopathogens belonging to the genera
Fusarium, Colletotrichum, Pythium,Magnaporthe, and Phytophthora, by producing
catecholate-kind siderophores (bacillibactin). On the other hand, the siderophore-
generating capability of Burkholderia can inhibit the anthracnose in mango,
Colletotrichum gloeosporioides, with minimal inhibitory activity. It has been
reported that probiotic bacteria Paenibacillus polymyxa BFKC01 can significantly
contribute to the absorption of iron through an activated iron acquisition mechanism
and enhance the root system. These beneficial effects of producing siderophores are
more pronounced when probiotics are applied as consortia.
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8.3.5 Accumulation of Nutrients

When probiotic bacterial consortia (PBC) are combined with chemical fertilizers,
there is a significant opportunity to improve nutrient usage efficiency while also
improving crop output and soil health. In non-legume cereal crops, the PBC as part
of integrated nutrient management would significantly reduce the need for the
consumption of mineral fertilizers as well as the cost of cultivation, freeing up
nutrients for the use of other economically significant crops. The inoculation process
of plant growth-promoting rhizobacteria that could accumulate more nutrients,
namely, N, K, Ca, and Mg, in tissue-cultured banana plantlets under hydroponic
conditions has been documented by Mia et al. (2010a, b). Chandra and Sharma
(2021) reported that under field condition, inoculation of plant growth-promoting
rhizobacteria (PGPR) consortia of strain DPC9 (Ochrobactrum anthropi) + DPB13
(Pseudomonas palleroniana) + DPB15 (P. fluorescens) + DPB16 (P. palleroniana)
to rice and wheat plants showed an enhanced nutrient accumulation besides fixation
of N2.

8.3.6 Act as Biocontrol Agent

The application of rice probiotic bacterial inoculation that significantly influences
the control of various diseases has been documented by various researchers. The
main mechanisms of controlling the pathogen are early colonization of probiotic
consortia which prevent the successful colonization by the pathogenic microorgan-
ism and producing antibiotics for the control of pathogenic microorganism. A
beneficial bio-inoculant for sustainable rice-wheat production in a variety of agro-
ecosystems can be found in the consortium of DPC9 + DPB13 + DPB15 + DPB16-
producing ACC deaminase (Chandra and Sharma 2021). The successful biocontrol
activity can be achieved by the judicious application of dual or multiple mixtures of
probiotic bacteria on rice (Felici et al. 2008).
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8.4 Isolation and Identification of Rice Probiotic Bacteria

Plant probiotic bacteria may be isolated from rhizospheric or endophytic regions of
rice roots, stems, leaves, or even seeds. The isolation of these probiotic bacteria
needs growth media, and repeated subculture needs to be performed to get a pure
single colony. Figure 8.4 shows a schematic representation of the isolation tech-
niques as modified by Mia et al. (2013). The identification of isolates is mediated by
various techniques, namely, biochemical, immunogold, enzyme-linked immunosor-
bent assay (ELISA), and the molecular technique. The most accurate and commonest
technique is 16S rRNA gene sequencing (Mia et al. 2013).

8.5 Mode of Beneficial Effects of Probiotic

Several mechanisms encompass augmenting surface area accessed by plant roots,
fixation of N2, releasing of fixed N2 and unavailable P, and production of
siderophore for absorbing iron (Pii et al. 2015). Moreover, they also assist in the
enhancement of nutrient accumulation in rice plants, act as biocontrol agents, and
increase the resistance power of inoculated plants. Probiotic bacteria that live in
close association or endophytically provide benefits by fixing N2, producing phyto-
hormones, siderophores, and exopolysaccharides, and producing enzymes that are
more active when applied to more species in a consortium state (Hussain et al. 2022).

8.5.1 Root Colonization by Probiotic Bacteria

Successful and efficient root colonization is the precondition of beneficial effects on
the host plant. The secure and established colonization ensures a good environment
for interacting with the beneficial effects. Numerous bacterial developments are
critical for plant colonization and invasion of the internal structure of the plant
body via endophytic capacity (Mia et al. 1999). The plant roots are uncovered to
soil microorganisms throughout their development and growth, permitting microor-
ganisms to go into the plant and clearing the path for colonization of the seeds
(Truyens et al. 2015; Schiltz et al. 2015). The extremely critical mechanism for
finding out the endophytic capacity of the soil or rhizospheric microorganisms is the
chemotaxis-caused motility to root colonization (Bacilio-Jiménez et al. 2003). The
endophytic probiotic bacteria can penetrate into the root cortex that might be in the
direction of the seeds, calling for microorganisms to go into the basis and become
endophytes via passive penetration. Moreover, the probiotics may also penetrate
through the emergence point of lateral roots or via energetic penetration using
molecular wall-degrading enzymes, such as cellulase and pectinase (Fig. 8.4)
(Hurek et al. 1994; Elbeltagy et al. 2000; James et al. 2002). The benefits of bacterial



colonization within the plant exceed the risks because the host exudates may be used
effectively without being hindered by an overabundance of bacteria colonizing the
roots (Liu et al. 2017). In addition, endophytic microorganisms are more susceptible
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Fig. 8.4 Schematic flowchart of isolation, identification, and commercialization of rice probiotic
bacteria (modified from Mia and Shamsuddin 2013).



to being blanketed by abiotic strains than rhizospheric microorganisms (Hardoim
et al. 2015). Once inside the plant, positive endophytes may be able to disperse
systemically and eventually reach flowers, climax, and seeds. Some endophytes use
the pathway of xylem vessels in their hosts to reach the meristems. This may be via
means of motion in their flagella and via means of the plant transpiration current
(James et al. 2002; Compant et al. 2005), otherwise nutrient-wealthy intracellular
spaces. The colonization process might be enhanced by the synthesis of extracellular
polysaccharides and cell aggregation. It has been reported that probiotic bacteria like
Bacillus sp. can synthesize extracellular polysaccharides and form a cluster of cell
aggregation roots, which might have a synergistic effect on the colonization process.
Similarly, larger cell aggregation has also been found in B. megaterium strain C4 and
Azospirillum brasilense as reported by Bahat-Samet et al. (2004). Priming of rice
seeds with probiotic bacteria resulted in high root colonization of rice plants
(Figs. 8.5 and 8.6).
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Fig. 8.5 Root colonization of probiotic bacteria inoculated with rice root; figures also show the
internal structures of stem and leaf rice plant

8.5.2 Nitrogen Fixation

The rhizospheric probiotic microbes can improve the growth and yield of rice by N2

fixation in both upland and lowland ecosystems (Mia et al. 2007; Tang et al. 2019;
Hu et al. 2021b). This is the principal mechanism of beneficial effects of probiotic
microbes where substantial amounts of N2 are fixed and transported to the tissue of
the host plant, either by excretion of NH4 from the bacteria or mineralization of
decomposed bacterial dead bodies (Mia et al. 2009). The mode of transfer of fixed
N2 to host tissue depends on the nature of colonization. Bentley and Carpenter



(1984) reported that the epiphyllous microorganism can transfer 10–25% of their N
requirement in Welfia georgii. The capacity to convert fixed N2 into NH4

+ depends
on nitrogenase enzyme complex. The diazotrophic associative bacteria offer greater
N for the host plant by the BNF process, which may be inhibited via assimilation of
NH4

+ and/or interference with the bad law of the nitrogenase enzymatic complex
through ammonia. In vitro growth-promoting traits revealed that probiotic bacteria
fixed a substantial amount of N2, solubilized tricalcium phosphate, and produced
IAA with or without the addition of L-tryptophan (Habib et al. 2016). Malik et al.
(1997) found that nearly 70% N incorporation was achieved in rice by the inocula-
tion of Azospirillum lipoferum, Azospirillum brasilense, Azoarcus, Pseudomonas as
estimated by the 15N isotopic dilution nuclear method. Recently, it has been shown
that co-inoculation of several diazotrophic bacteria performed better in respect to N2

fixation and utilization than monoculture. The consortium inoculation processes
resulted in more synergistic effect in creating a conducive environment for making
beneficial interaction between probiotic and the host plant (Maheshwari 2012).
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Fig. 8.6 Dense colonization of Acinetobacter sp. BR-25 (A–C) and Klebsiella sp. BR-15 (D) on
the surface of roots (cv. BR29) of rice seedlings from seeds previously inoculated with bacteria
(Islam et al. 2007)

8.5.3 Enhanced Nutrient Accumulation

Inoculation of probiotic bacterial consortia can increase the solubility of P, thereby
enhancing its accumulation in rice plant in addition to N2 fixation process. Other
nutrients, namely, Ca and Mg, can also be enhanced by the uptake through the



r

process of inoculation. Several probiotic bacterial consortia can enhance the uptake
and accumulation process. Khan et al. (2017) found phosphate-solubilizing activity
by the inoculation of PSPB on the seedling of BRRh-4 and BRRh-5 by root dipping
(colonization) of the seedling and spraying at the flowering stage significantly
enhanced the growth and grain yield of rice variety BRRI dhan-29. Interestingly,
application of both strains with 50% of recommended nitrogen, phosphorus, and
potassium fertilizers produced an equivalent or higher grain yield of rice compared
to the control grown with fully recommended fertilizer doses (Mutalib et al. 2012).

8 Consortia of Probiotic Bacteria and Their Potentials for Sustainable. . . 165

Additionally, better grain production was achieved by combining Pseudomonas
putida, P. fluorescens, or Azotobacter chroococcum with various inorganic nitrogen
concentrations than rice plants modified with higher conventional nitrogen dosages.
Tan et al. (2015) demonstrated that rice plants inoculated with the N2-fixing species
Lysinibacillus xylanilyticus and Bradyrhizobium japonicum resulted in N content of
up to 63 kg ha-1, which evidences the advantageous synergistic activities of the used
strains over a 65-day period in greenhouse conditions.

8.5.4 Increased Plant Growth and Development

Inoculation of probiotic bacteria increases the shoot and root growth and conse-
quently enhances the total dry matter of rice plant. These bacterial consortia encom-
pass the formulation with Bacillus cereus, Stenotrophomonas maltophilia, o
Klebsiella pneumoniae. They are applied in the rice rhizosphere where they signif-
icantly (P ≤ 0.05) enhanced the growth of plants (Nevita et al. 2018). Similarly,
inoculation of probiotic bacterial biofertilizer increases the growth and grain of rice
by 4.83–9.16% under greenhouse conditions (Aw et al. 2020). Moreover, the
inoculation system enhances the yield, grain size, and grain quality of rice plants,
as reported by Lucas et al. (2009). On the other hand, Pseudomonas inoculation to
the rice significantly increased plant morphological characteristics, namely, plant
height, root length, and dry matter of shoot and root under glycophytic and even
saline conditions (Sen and Chandrasekhar 2014). On the other hand, consortium
application of probiotic bacteria can provide enhanced plant growth, production, and
crop quality. However, selecting the right bacteria for consortia from a wide range of
individually tested potent bacteria is critical.

8.5.5 Increased Root Growth

A great number of probiotic bacteria reside on the surface and endosphere and have
beneficial effects on the host plants. Enhanced root stimulation is one of the
important mechanisms of the beneficial effects of probiotics on rice plants. Various
root parameters like length, mass, volume, and surface areas are increased by the
inoculation of those bacteria. These bacteria infect the rice roots both endophytically



and ectophytically, thereby changing the modulation of host plant physiology and
consequently changing the morphology of the roots. The main mechanism of
enhanced root morphology is the activity of phytohormones, which are produced
by the probiotic bacteria associated with the rice roots. Khan et al. (2017) isolated six
strains of probiotic that can produce phytohormone auxin, and they are identified as
Pseudochrobactrum sp. (BRRh-1), Burkholderia sp., and Pseudomonas aeruginosa
based on their 16S rRNA gene phylogeny. Ruiza et al. (2011) isolated two rice
probiotic bacteria which can enter the internal structure via roots and lenticel, living
as endophytes, producing auxin, and consequently increasing the root growth. It is
assumed that the loosening of the cell wall might cause the larger roots mediated by
the root colonization. Several researchers found that these bacteria performed better
when inoculated in combination than when inoculated singly (Molina-Romero
et al. 2021).
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8.5.6 Production of Phytohormone

Phytohormones are essential biochemical compounds that act as messengers for the
growth and development processes in crop plants. Production of phytohormones,
namely, auxin, gibberellin, and zeatin, is performed by different types of probiotic
bacteria associated with rice plants and has been documented by several authors
(Maheshwari et al. 2015). They can cause crucial alterations in the physiological
attributes, resulting in the changes in the morphology of rice plants. These changes
may be affected either by synthesis or metabolism of phytohormones in a plant’s
body. Probiotic bacteria can produce significant amounts of phytohormone under
controlled condition when inoculated to rice (Habib et al. 2016; Khan et al. 2017).
The hormones produced are mostly related to growth promotion as well as nutri-
tional aspects of the rice plant. Cell enlargement and an increased number of cell
divisions result in enhanced root and shoot growth. The enhanced root growth is the
result of root length, mass, and number, which alleviate water stress, mainly drought,
and the absorption of more nutrients (Hu et al. 2021a, b). Several phytohormones,
namely, auxins, gibberellins, cytokines, ethylene, and ACC deaminase, are produced
by probiotic bacteria (Menendez and Garcia-Fraile 2017).

8.5.7 Production of Antibiotic

Probiotic bacterial inoculation significantly produced different types of antibiotics
and protected the host plant against various types of diseases (Islam et al. 2005).
These phenomena happened positively when inocula are applied as consortia. The
main potential to synthesize diverse antimicrobial compounds has been significantly
studied to inhibit, restrict, or remove the growth of phytopathogenic organisms (Liu
et al. 2017). Pseudomonas and Bacillus are the two major bacterial genera known for



their potential to provide antibiotics, together with 2,4-diacetylphloroglucinol
acid and other several compounds. A big quantity of traces of the genus Pseudomo-
nas are identified for generating an extensive type of antibiotics that contribute to the
suppression of crop diseases, as an instance. Finally, pioluteorin and pyrrolnitrin
have been proven to correctly suppress watercress disease due to Pythium ultimum
and Rhizoctonia solani, respectively (Milner et al. 2019). Based on 16S rDNA gene
sequencing, Bacillus velezensis strain DU14 was selected as a potential probiotic
bacterium, and these strains showed tolerance to a pH range of 2–9 and survived in
presence of 1% (w/v) of bile salt. It showed sensitivity against both broad- and
narrow-spectrum antibiotics with antagonistic activities against both Gram-positive
(Bacillus cereus ATCC-11778) and Gram-negative (Escherichia coli ATCC-25922)
pathogens (Nevita et al. 2018; Islam et al. 2019a). Protection mechanisms of plants
from diseases and other stresses by the application of probiotic bacteria are shown in
Fig. 8.7.
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Fig. 8.7 Schematic presentation of antibiosis development of rice plant after inoculation by
probiotic bacteria. ISR, induction of systemic resistance
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8.5.8 Induction of Systemic Resistance (ISR) in Plant Life

Induction of systemic resistance is one of the key mechanisms for controlling
various fungal and pathogenic diseases. This mechanism may be precipitated by
chemical signals produced by useful microorganisms (Pérez-Montaño et al. 2014).
ISR signaling depends on jasmonic acid and ethylene (Kannojia et al. 2019). So far,
not all the molecular mechanisms that alter plant-useful microbe interactions have
been described; however, the primary routes through which those retailers alter ISR
in plant life have been identified as (i) phytohormones, (ii) pathogen-related molec-
ular patterns (PAMPs) or microbe-related molecular patterns (MAMPs), and (iii)
numerous elicitors (unstable natural compounds, siderophores, phytases, miRNAs)
(Abdul Malik et al. 2020). The ISR has been evidenced in tobacco plant life, wherein
PR2 (encodes β-1,3-glucanases) and PR3 (encodes a chitinase) have been activated
in reaction to unstable compounds produced by Bacillus, conferring resistance to
Rhizoctonia solani and Phytophthora nicotianae (Kim et al. 2015; Saber et al. 2015).
In addition to PR genes, Bacillus turns on different safety mechanisms in plant life,
which consist of structural modifications within the molecular wall through the
buildup of lignin (Singh et al. 2016) or the manufacturing of secondary metabolites
together with flavonoids, phytoalexins, auxins, and/or glucosinolates (Pretali et al.
2016). Thus, ISR has been shown in several crops (beans, carnations, cucumbers,
radishes, tobacco, and tomatoes), notably decreasing the pathogenicity of numerous
plant pathogens, which include fungi, bacteria, and viruses (Kannojia et al. 2019).
Gopalakrishnan et al. (2012) isolated seven strains that are characterized by their
physiological traits, viz., tolerance to salinity, pH, temperature, and resistance to
antibiotics and fungicides on the rice plant. It is also well recognized that PGPR
consortia enhance host plants’ induced systemic resistance. Application of probiotic
consortia inocula on rice significantly induces ISR in various crop plants, especially
the rice plant, as documented by various researchers (Shabanamol et al. 2020).
Consortium and coaggregate application of Paenibacillus polymyxa (PF-3) and
Paenibacillus faecalis (B-19) improved ISR in rice-Pyricularia oryzae (Pandey
et al. 2012). Additionally, Umashankari and Sekar (2011) reported that rice-
Pyricularia oryzae was significantly controlled by consortium and co-aggregate
application of Pseudomonas fluorescens (PF-3) and Paenibacillus polymyxa (B-19).

8.5.9 Production of Lipopeptides

A lipopeptide is a molecule made up of a lipid and a peptide that can self-assemble
into diverse structures. The lipopeptide molecules contain a cyclic peptide related to
a β-hydroxy or β-amino fatty acid chain, which are labeled into three exceptional
families, primarily based totally on their amino acid series and fatty acid length
(Falardeau et al. 2013; Valenzuela-Ruiz et al. 2019). Lipopeptides are synthesized
with the aid of using multi-enzyme complexes known as non-ribosomal peptide



synthetase (NRPS), which can be unbiased of messenger RNA (Chowdhury et al.
2015; Valenzuela-Ruiz et al. 2019); moreover, this may be low-molecular-weight
compounds with amphiphilic traits that shield plant life at some point of numerous
phenological degrees with the aid of using without delay suppressing the boom of
pathogens or inducing systemic resistance (Hashem et al. 2019). Various bacteria,
especially those belonging to the genera Bacillus, Pseudomonas, and Streptomyces,
create these molecules as part of their metabolism. The plant probiotic can poten-
tially synthesize lipopeptides upon inoculation of rice plants. Recently, Coutte et al.
(2017) suggested 263 exceptional lipopeptides synthesized with the aid of 11 micro-
bial genera, among which the Bacillus genus became the most considerable manu-
facturer with 98 exceptional lipopeptides. One has been concerned with the organic
manipulation of a huge variety of phytopathogens (bacteria, fungi, and oomycetes)
inflicting illnesses on important crops (Ongena and Jacques, 2008). For example, a
couple of isoforms of fengycins and iturins were suggested in molecularly
unfastened extracts of liquid cultures of B. subtilis GA1 with the capacity to inhibit
Botrytis cinerea in apple fruits (Toure et al. 2004).
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8.6 Conclusions and Future Perspective

Inoculation with probiotic bacteria promotes plant nutrition and health and increases
crop yield and quality. Some of the elite strains of probiotic bacteria belonging to the
genera Rhizobium, Bacillus, Pseudomonas, Paraburkholderia, Enterobacter,
Delftia, etc. are proven to increase rice yield under nutrient-deficient conditions.
Application of a consortium of the beneficial bacteria has shown better plant growth
promotion than their single application to the same crop plant. The mechanisms of
the beneficial effects of the probiotic bacteria consortium include but are not limited
to fixation of atmospheric nitrogen, solubilization of insoluble essential nutrient
elements in soils, production of various metabolites, and regulation of the expression
of host genes of beneficial traits. Some of the individual bacterium or a consortium of
probiotic bacterium are commercially formulated as biofertilizer and biopesticides.
The application of the appropriate combination of beneficial probiotic bacteria may
decrease the dependency of chemical inputs and improve the health of soils.
Although the literature of the beneficial effects of the application of probiotic
bacteria on rice is huge, the inconsistency of their performances in varying environ-
mental conditions and varieties of rice is a big problem. To overcome this problem, it
is important to know the impact of applied probiotics on microbiome of rice and
rhizosphere. Metagenomic approaches could be used to get better understanding of
the cross-kingdom cross-talks in the rhizosphere of rice after the application of
certain consortium of probiotic bacteria. Obviously, a better understanding of the
underlying molecular interactions between plants, probiotic bacteria, and modulated
microbiome in plants and rhizosphere would help us to design an effective strategy
for sustainable nutrition, protection, and yield of rice. The putative beneficial mode



of actions of the applied probiotic bacteria on growth, yield, and health of rice plants
is summarized in Fig. 8.8.
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Fig. 8.8 Schematic representation of summary of mode of beneficial activities of applied probiotic
bacteria
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Chapter 9
Strategies to Evaluate Microbial Consortia
for Mitigating Abiotic Stress in Plants

Sarita Sharma, Zalak R. Rathod, Ritika Jain, Dweipayan Goswami,
and Meenu Saraf

Abstract Abiotic stress is the most significant constraint to agricultural productiv-
ity. Crop plants must deal with adverse external pressures caused by environmental
conditions through their internal biological systems, leading to a loss in develop-
ment, growth, and productivity. Plant-associated microbes are crucial to crop yields.
Although numerous studies have shown that single bacteria can benefit plants, it is
becoming increasingly clear that when a microbial consortium—two or more asso-
ciating microorganisms are implicated, synergistic or additive results can be
predicted. Microbial consortia, which are being assessed as a strategy for applica-
tions in a range of fields, must be characterized and managed. In this review, we
propose a step-by-step technique for identifying whether the plant growth-promoting
microorganisms (PGPMs) included can form viable microbial consortia for future
application, and if so, how to establish the ideal combinations. To determine the
optimal consortia combinations, different techniques were used, in which diverse
PGPMs with host growth-supporting features were explored to evaluate if they could
function in cohesion and offer a cumulative effect toward better plant growth
promotion. To evaluate the valuable microbial consortia, tests for compatibility,
response to external stimuli (pH, temperature), generation time, a unique and rapid
plant bioassay, and pot experimentation strategies should be employed. Scanning
electron microscopy (SEM) and transmission electron microscope (TEM) methods
can be employed to confirm the presence of microbial consortia on the roots of
plants. The microbial consortium found in the root microbiome stimulates plant
growth by regulating the synthesis of phytohormones, osmolytes, organic acids,
increased nutrient intake, and an enhanced antioxidant system, all of which help
plants to cope with stress. In this review, we cover the numerous strategies that can
be used to develop the most competent consortia and their prospective application in
managing abiotic stress.
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9.1 Introduction

Since the onset of civilization, agriculture has been the most important source of
income (Gouda et al. 2018). Food security has been one of society’s primary issues
for a long time, and any element that threatens it has been one of society’s
challenges. With an increasing population rate and an unsustainable traditional
agricultural system, farmers and the government are struggling with how to produce
enough food to fulfill global demand (Prajapati et al. 2022a, b; Khoshru et al. 2020).
According to the FAO, agricultural land covers 38.47% of the world’s land area, and
while 28.43% of that land is arable, only 3.13% is permanently used for crop
production. The issue has deteriorated as 20–25% of land worldwide is degraded
each year, with another 5–10 million hectares destroyed each year. The movement of
nutrients, energy, and carbon between soil organic matter, the soil environment, the
aquatic ecosystem, and the atmosphere has a significant impact on agricultural
productivity, water quality, and climate change (Gouda et al. 2018).

Abiotic stresses are major constraints of plant growth and development, which in
turn affects crop yield, food quality, and global food security. Under stress condi-
tions, numerous parameters such as biochemistry, molecular biology, and physiol-
ogy of plants are affected. The use of chemical pesticides and inorganic fertilizers
causes environmental pollution and degradation of soil fertility. During the stress
period, the plant releases certain exudates that can act as a signaling mechanism to
alter or create a healthy rhizosphere soil community (Shaikh et al. 2022; Prajapati
et al. 2022a, b).

A well-studied and sustainable alternative for improving plant growth and soil
fertility is the application of plant growth-promoting bacteria (PGPB) as
biofertilizers, which possess functional traits that regulate the growth, development,
and productivity of crops. These growth-promoting effects are due to the improve-
ment of the availability and biosynthesis of several limiting macro- and
micronutrients, as well as crop protection against stressful environmental conditions.
Plant growth-promoting microorganism (PGPM) is a term that applies to all micro-
organisms (e.g., bacteria, actinomycetes, fungi, and algae) that have a beneficial
effect on plant growth through the action of either direct or indirect mechanisms
(e.g., mineral nutrition, ethylene reduction, disease suppression). PGPMs have a
significant role in sustainable agriculture. They increase the production of various
crops, improve soil fertility, promote diversity and interaction with other beneficial
microorganisms, inhibit the growth and infective action of potential pathogens, and
generally maintain the sustainability of the systems (Prajapati et al. 2022a, b;
Santoyo et al. 2021).

The application of microbial consortia to agricultural fields is an innovative
natural approach, which can help plants tolerate different stress conditions and



enhance plant growth as compost is made up of diverse microbial consortia that can
function in different temperature segments (Sathiavelu 2021).
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9.2 Strategies for the Development of Microbial
Consortia/Rhizobacterial Consortia

9.2.1 What Are Microbial Consortia?

Rhizobacteria that stimulate plant growth are a symbiotic association between plants
and microbes found in the rhizosphere that boost plant growth (Rochlani et al. 2022).
The roots are referred to as rhizomes, and the surrounding environment is referred to
as spheres. The rhizosphere is the zone of soil that surrounds a plant’s root system.
The zone, which is around 1 mm wide, has no defined edges. Rhizobacteria are
bacteria found in the rhizosphere that can create an environment for roots (Rochlani
et al. 2022; Jha and Saraf 2015). The varied microbial communities of the rhizo-
sphere enable the formation of microorganisms that can stimulate plant growth under
abiotic conditions via direct and indirect mechanisms (Rochlani et al. 2022; Shaikh
et al. 2022; Saraf et al. 2017).

Currently, agriculture is heavily dependent on mineral fertilizers and inorganic
pesticides (inorganic), and the impact of their continuous application is reflected in
deteriorating soil health and increased resistance to pests and pathogens (Prajapati
et al. 2022a, b). In the past 40 years, usage of nitrogen fertilizers has increased by
sevenfold and pesticide usage by threefold. In the future, these trends will continue
unabated, as the application threefold of both inorganic fertilizers and pesticides is
expected to increase by an additional threefold by 2050, which will cause unprec-
edented damage to the agroecosystem (Sekar et al. 2016). Engineering the plant
rhizomicrobiome is an alternative approach to increasing soil health and enhancing
plant productivity (Pindi and Satyanarayana 2012). Microbial interaction in the
rhizosphere provides plants with multiple plant growth-promoting traits and differ-
ent stress-tolerant traits apart from enhancing their own population and function
(Sekar et al. 2016; Keswani et al. 2014). The inconsistency in the performance of a
single microbial product in field application has emphasized the need for
co-inoculation or consortia of the microbial products (Santoyo et al. 2021).

Although numerous studies have shown that single microorganisms can benefit
plants, it is becoming increasingly clear that when a microbial consortium (mixed
culture)—two or more interacting microorganisms—is involved, additive or syner-
gistic results can be assumed. This is owing, in part, to the fact that multiple species
can perform a range of activities in an ecosystem like the rhizosphere. The use of
mixed cultures of beneficial microorganisms as soil inoculants is based on the
principles of natural ecosystems, which are sustained by the quality and quantity
of their inhabitants and specific ecological parameters, i.e., the greater the diversity
and number of inhabitants, the higher the order of their interaction and the more



stable the ecosystem (Higa 1994). The mixed culture technique is essentially an
attempt to apply these ideas to natural systems such as agricultural soils in order to
alter the microbial balance in favor of enhanced plant growth, productivity, and
protection (Santoyo et al. 2021; Higa 1994;).
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Beneficial plant growth stimulation mechanisms include increased nutrient avail-
ability, phytohormone modulation, biocontrol, and biotic and abiotic stress tolerance
exerted by various rhizosphere microbial players such as plant growth-promoting
bacteria (PGPB) and fungi such as Trichoderma and Mycorrhizae (Prajapati et al.
2022a, b; Santoyo et al. 2021).

The influence of different PGPR strains on plants has been thoroughly investi-
gated in recent years, leading to the commercialization of a significant number of
microbial inoculums (Santos Villalobos et al. 2018; Reed and Glick 2013). The
construction of bacterial consortia has received interest as a feasible technique for
sustainable food production to improve the beneficial capabilities exhibited by these
bacteria. In rare circumstances, a consortium of several strains of the same species
can display improved activity and be considered. Due to their coverage of a varied
set of plant growth promotion and biological regulatory mechanisms, bacterial
consortia have been shown to boost beneficial traits in plants as compared to
individual strains (Ju et al. 2019). The adoption of these consortia is a viable
technique for improving agricultural crops under drought (Joshi et al. 2020), salinity
(Sharma et al. 2022c; Nawaz et al. 2020), heavy metal (Prajapati et al. 2022a, b),
nutrient uptake (Rana et al. 2012), pests, and phytopathogenic diseases (Villa-
Rodriguez et al. 2019). Furthermore, some bacterial consortiums can fix nitrogen,
convert some inaccessible nutrients into assimilable forms, produce phytohormones,
and chelate iron, all of which are important in maintaining soil quality and health;
these can also mitigate the negative effects of some conventional nonsustainable
farming techniques (Shaikh et al. 2022).

Rhizobacterial consortia are classified into two types: simple and complex. The
fermentation method or protocol (generation of a large population of bacteria to be
later made into an inoculant), in which strains are grown individually or in combi-
nation with other species/strains in a suitable medium for all PGPR species (Bashan
and Prabhu 2020), is the difference. This is an essential stage because a greater
number of species often results in a greater number of interactions between strains,
resulting in changes in metabolite secretions. The effectiveness of bacterial consortia
in field conditions, on the other hand, is reliant on the type and function of strains
utilized, where some elements demand special consideration, such as tolerance to
severe climatic conditions, survival, and persistence in the soil after inoculation
(Gosal and Kaur 2017; Verbruggen et al. 2013;).

The source of the strain isolation influences the selection of these strains because
consortium members must grow in the environmental conditions (soil type, host, and
climate) where they will be applied. Additionally, when two or more strains form a
rhizobacterial consortium, each strain not only competes with the others functionally
for plant growth promotion but also complements the others for soil and/or plant
establishment (Sharma et al. 2020; Ney et al. 2018; Morriën 2016; Pandey et al.
2012) (Fig.9.1).
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Fig. 9.1 Combining different rhizosphere microorganisms to form microbial consortia can pro-
mote plant growth, development, and nutrient uptake while also improving the plant defense system
against diseases and enhancing tolerance to various environmental stresses

Though the concept of the consortium is theoretically feasible, developing a
consortium is a challenge for researchers due to factors such as the mutual compat-
ibility of microbes, their reliance on one another, and the task of maintaining
inoculum potential while not depleting plant resources excessively during mutual-
ism/symbiosis. There is currently no conventional or experimentally confirmed
process for screening and choosing promising consortia among a vast number of
theoretically feasible consortia. The traditional hit-and-trial strategy yields a vast
number of combinations and time-consuming approaches (at least 4 months), which
are applied at random, leaving room for scientific improvisation. To address this
specific issue, we explored the various methodologies for evaluating rhizobacterial
microbial consortia (Fig. 9.2), as outlined below.

9.2.1.1 Step 1: Analysis of Traits of Plant Growth-Promoting
Rhizobacteria

Beneficial bacteria and fungi that act as plant growth-promoting microorganisms
(PGPMs) can alleviate stress and stimulate plant growth in two ways: indirectly by
inducing defense mechanisms against phytopathogens and/or directly by solubiliz-
ing mineral nutrients (nitrogen, phosphate, potassium, iron, and so on), producing
plant growth-promoting substances (e.g., phytohormones), and secreting specific
enzymes (e.g., 1-aminocyclopropane1-carboxylate deaminase).

To prepare possible rhizobacteria consortia, all selected rhizobacteria could
evaluate for plant growth-enhancing properties. The following are plant growth-
enhancing attributes:
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Fig. 9.2 The “strategies” for selecting the most promoting consortia of plant growth-promoting
bacteria

(a) Phosphate solubilization: The ability of rhizobacteria to solubilize insoluble
phosphates has been investigated using Pikovskaya’s medium (Pikovskaya
1948). Each rhizobacterial culture spot could subsequently be inoculated in the
center of Pikovskaya’s media agar plates with tricalcium phosphate [Ca3(PO4)2]
as an insoluble phosphate source. Rhizobacteria that can dissolve insoluble
phosphates will generate halos. Using the diameter of clearing halo zones, the
P solubilization index (PSI) is determined using the formula below (Rathod and
Saraf 2021a; Jain et al. 2020).

Phosphate solubilization index PSIð Þ= Colony diameter þ Halozone diameter
Colony diameter

(b) Siderophore production: Iron [Fe (III)] is required by all organisms as a cofactor
for numerous critical metabolic activities. Siderophores are low-molecular-
weight organic ligands secreted by soil microorganisms that bind to iron and
release it for microbial absorption. Iron shortage in metal-stressed soils can be
remedied using siderophores generated by various bacterial genera.
Siderophores increase IAA production by chelating hazardous metal species,
and IAA has been shown to benefit metal remediating plants. The CAS agar
method is used to determine siderophore production (Schwyn and Neilands
1987). In the dark blue medium, the formation of a bright zone with yellowish
(hydroxamate), pinkish (catecholate), and whitish (carboxylate) colors indicated
the production of siderophore (Saraf et al. 2017).

(c) Hydrogen cyanide and ammonia production: The production of HCN and
ammonia is regarded as an indirect plant growth enhancer. A volatile chemical
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with antifungal qualities is HCN. In addition to helping the host plant meet its
nitrogen needs, ammonia production can help prevent disease invasion. HCN’s
strong toxicity against phytopathogens makes it a popular biocontrol agent in
agricultural systems. However, HCN is also used to chelate metal ions and
therefore indirectly contributes to the availability of phosphate (Mahmud et al.
2021). Alström and Burns (1989) found that the synthesis of HCN by
rhizobacterial culture could be determined by the color change of filter paper.
A change in the color of the filter paper from yellow to light brown, brown, or
reddish-brown had been recorded as a weak (+), moderate (++), or strong (+++)
production of HCN. NH3 production could be determined by the method
described by Cappuccino and Sherman (1992). The formation of yellow to
brown precipitate showed the presence of NH3 (Trivedi et al. 2018; Jha and
Saraf 2011).

(d) Indole acetic acid production (IAA): The synthesis of indole acetic acid was
determined using the method described by Bric et al. (1991). The pink color that
developed after adding Salkowsky’s reagent to cell-free supernatant was spec-
trophotometrically measured (Shah et al. 2020; Patel et al. 2012).

(e) Biocontrol activity: The agar diffusion method can be used to assess antibacterial
and antifungal activity (Sharma et al. 2022b; Thakkar and Saraf 2015).

9.2.1.2 Step 2: Compatibility Efficiency Studies

Individual plant growth-promoting rhizobacteria in the consortia must cultivate in
synchrony to exert synergistic effects on plant growth. For that, a paired-wise growth
performance study could be conducted in vitro to examine the presence of any
antagonism among individual members of the two and more plant growth-boosting
rhizobacteria groups. The compatibility efficiency assay has been constructed so that
every PGPM member in group I received challenges with every other PGPM
member in group II and group III and more. Overnight-grown broth cultures of the
relevant PGPMs (one from each group I and II) could be streaked in two halves of
nutrient agar. After incubation at optimum temperature, all plates were evaluated for
the presence of any zones of inhibition at the colony borders where the two cultures
intersected. If the counterpart did not show any zone of inhibition, it suggests the
absence of any diffusible toxins or volatile substances that could cause antagonism
against each other (Rathod et al. 2020; Rathod and Saraf 2021b; Prasad and Babu
2017). This study provides proof that the tested plant growth-boosting rhizobacterial
consortia are growing in a mutually noninhibitory manner, paving the way for
further research on microbial consortia.

9.2.1.3 Step 3: Sensitivity to Physical and Chemical Conditions

Temperature responses might have been measured in the 20–45 °C range, while pH
can be studied at optimal temperatures in the 5–11 range (with unit interval). In both
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trials, an aliquot of overnight-developed plant growth-promoting rhizobacterial
cultures has been employed as inoculum. Each experiment was carried out in
triplicate to ensure that the results appeared reproducible. Rhizobacteria growth
has been assessed spectrophotometrically after overnight incubation at various
temperatures and pH levels (Sharma and Saraf 2022).
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9.2.1.4 Step 4: PGPR Growth and Mitotic Behavior

Generation times of co-habiting rhizobacteria in microbial consortia would ensure a
balance in the relative inoculum density of distinct isolates. If one microbial con-
sortia member develops faster, it may deplete the medium’s nutrients and provide
unsuitable growth circumstances for the other members of the consortia. The same
mitotic growth behavior of PGPR consortia supports co-survival ability and their
attractiveness as prospective candidates for consortia creation. At the most optimum
temperature and pH conditions, the growth kinetics of each plant growth-promoting
rhizobacteria can be studied. Overnight-developed plant growth-promoting
rhizobacteria culture was inoculated in triplicate in nutrient broth and incubated in
a BOD incubator at 150 rpm. Then, at regular intervals, culture broth aliquot could
be collected and a growth curve could be produced with time (in hours) on the x-axis
and absorbance (OD measured at 600–610 nm) on the y-axis (Sharma et al. 2021;
Jha and Saraf 2012). The generation time can be calculated using standard methods.
The generation time is the amount of time it takes for the cells (or population) to
divide (Todar 2015).

G generation timeð Þ= t time, in minute or hoursð
n number of generationsð

n = 3.3logb/B

G generation timeð Þ= t time, in minute or hoursð
3:3 log b=B

t = time interval in hours or minute.
B = number of bacteria at the beginning of a time interval.
b = number of bacteria at the end of the time interval.
n = number of generations (number of times the cell population doubles during

the time interval).

9.2.1.5 Step 5: Design of Microbial Consortia

Microbial consortia combinations can be studied for their plant growth stimulating
efficiency using a two- and three-factorial design approach, ensuring that each



consortium comprises one member from group I (perhaps rhizobacteria) with two
members from groups II and III (may be endophyte) and may be between different
rhizobacteria. Under aseptic conditions, equal amounts of overnight-grown cultures
of the various PGPMs (~108–109 cfu/mL) are mixed together to form consortia
combinations, which would then be employed for application in agriculture crop and
selecting consortia combinations that show significant increments in vegetative
growth parameters as compared with noninoculated crop (Sharma et al. 2022c;
Mishra and Sundari 2017; Jha and Saraf 2012).
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9.2.1.6 Step 6a: Rapid Plant Bioassay

Mishra and Sundari (2017) created a quick plant bioassay technique that has been
utilized to assess the microbial community. It is an in vivo plant growth study in
which seeds are surface sterilized according to standard protocol, coated with the
corresponding consortia combinations, and placed for germination. Mishra and
Sundari (2017) established a novel experimental setup termed the “tube-in-tube”
approach in their laboratory using germinated seeds with healthy radicals and
plumules. The cap of the sterilized Eppendorf tube (1.5 mL) has been removed,
and the bottom could be subsequently cut to create an opening. Germinated seeds
were then transferred aseptically into this Eppendorf tube, and the assembly could
then be placed in an autoclaved glass test tube (50 mL capacity), giving rise to the
term “tube-in-tube” (Fig. 9.3).

It is an in vivo plant growth study in which seeds can surface sterilized as per
standard protocol and coated with the respective consortia combinations (detailed in
seed germination paragraph) and placed for germination. Germinated seeds with
healthy radicals and plumules could be selected and transferred to the novel exper-
imental setup called the “tube-in-tube” method developed by Mishra and Sundari
(2017) in their laboratory. The cap of the sterilized Eppendorf tube (1.5 mL) could be
removed and bottom cut to make an aperture. Germinated seeds could be transferred
aseptically into this Eppendorf, and the assembly could place in an autoclaved glass
test tube (50 mL capacity), thus drawing its name “tube-in-tube” method. The test
tube may hold 10 mL of half-strength modified Melin–Norkrans medium, free of
glucose and malt. The entire “tube-in-tube” system could be then closed with sterile
cotton to maintain aseptic conditions and incubated for 10 days at 30 2 °C with no
sunshine regulation. To keep the root system in the dark, the bottom portion of the
complete test tube rack carrying the setup was wrapped in a black sheet of paper
(Fig. 9.2). SEM has been used to visually confirm bacterial attachment with plant
roots after harvest. The influence of various PGPR consortia on plant growth may be
assessed using four parameters: root length (RL), shoot length (SL), root dry weight
(RDW), and shoot dry weight (SDW). The geometrical mean for the different
combinations of RL and SL could be determined, and deviations among replicates
could be reported as standard deviations (Mishra and Sundari 2017). This rapid plant
bioassay technique (“tube-in-tube method”) proved to be effective for screening a
large set of consortia combinations in a short span of time (Fig.9.3).
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Fig. 9.3 Rapid plant
bioassay (“tube-in-tube”)
approach: (a) autoclave
Eppendorf (1.5 mL); (b, c)
Eppendorf cap, and bottom
removed; (d, e) Eppendorf
germinated seedling; f,
Eppendorf in an autoclaved
test tube with seedling; (g) a
glass test tube containing
medium; (h) plugged tube-
in-tube system to preserve
aseptic state for plant growth
(Mishra and Sundari 2017)

9.2.1.7 Step 6b: Pot Experiments

Rhizobacterial consortiums with promising plant growth-boosting properties are
evaluated for seed germination. Seeds are surface sterilized with 0.2 percent HgCl2
for 2 min before being washed in sterile distilled water for 10 min. Seedlings for
7–8 h in YEMA/nutrient broth with a pre-screened rhizobacteria consortium com-
bination in log phase containing approximately 108–109 CFU/mL are held at optimal
temperature in a shaker. Control seeds are immersed in a sterile medium. The seeds
are then dried aseptically in laminar air flow overnight before being employed in pot
experiments. For pot experiments, only sterile soil should be used. Standard pro-
tocols could be used to analyze physicochemical parameters. Transfer the sterile soil
to pots; the amount of soil used for pot studies is determined by the size of the pots.
Standard germination (percentage) of seeds can be counted until no further germi-
nation occurs (Rathod et al. 2021; Jha and Saraf 2012). Seedling vigor indices could
be determined using the formula proposed by Abdul-Baki and Anderson (1973) as
follows: -
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Seedling Vigour Index SVIð Þ=Total Seedling Length cmð Þ
×Germination Percentage %ð Þ

After 1 month, the vegetative growth parameters are assessed to assess the
influence of microbial consortia on plant growth in comparison to noninoculated
pots. Confirm the presence of microbial consortia on the roots of plants using
scanning electron microscopy (SEM) and transmission electron microscope (TEM)
techniques.

By applying step-to-step strategies, the best and most manageable number of
consortia are thus shortlisted for further field trials to improve productivity in a
sustainable manner.

9.3 Microbial Consortia on Plant Roots: Scanning Electron
Microscopy (SEM)/Transmission Electron Microscopy
(TEM)

Basically, SEM is used in microbiology for analyzing the organism’s morphological
structure and measurement of size. Nowadays, it is widely used for the observation
of microorganisms adhering on plant parts (Root, Shoot, etc.). Trivedi and Saraf
(2019) studied endophytes from the Ricinus communis plant’s stem, leaves, and root.
Despite being an excellent tool for investigating ultrastructure, scanning electron
microscopy (SEM) is less frequently used than transmission electron microscopy for
microbes such as viruses or bacteria. SEM could be used for visual confirmation of
bacterial association with plant roots. Olivares et al. (2017) observed the
H. seropedicae strain HRC54 attached with humic acid plates on the sugarcane
leaf surface. Kim and Krcmcr (2005) utilized SEM techniques to detect IAA-
producing bacteria viz. Pseudomonas putida, Bacillus megaterium, Bradyrhizobium
japonicum, etc., which had been isolated by the IAA screening method based on an
in situ membrane assay (Bric et al. 1991) (Fig. 9.4).

Mishra and Sundari (2017) developed the microbial consortia with Pseudomonas
and diazotrophs applied to Sorghum bicolor plant as plant growth-promoting con-
sortium (PGPC). Colonization pattern of primary tomato roots by Pseudomonas
fluorescens SEM aids in evaluating consortium formation and activity on plants to
identify specific microorganisms present in the plant when the consortium can
measure multiple microorganisms, as well as their size and structure.

Transmission electron microscopy (TEM) is used for seen internal structure by
sending an electron beam across a sample. As a result, an image of the sample’s
internal structure is created up to 50 million times from its original size. TEM, on the
other hand, produces a two-dimensional image. The organism having the ability to
accumulate metal has been seen in TEM (Avendaño et al. 2016). Trivedi and Saraf
(2019) examined selenium accumulation in endophytic selenobacteria using trans-
mission electron microscopy (TEM) (Fig. 9.5). Sodium selenite had decreased and



accumulated in the bacterial cell because of the accumulation of elemental selenium.
The bacterial cell revealed red coloring because the reduced form of sodium selenite
is red in color. In the presence of selenite, most of the selenium build-up occurred in
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Fig. 9.4 SEM of PGPC association with Sorghum bicolor plant roots (Mishra and Sundari 2017)

Fig. 9.5 Transmission electron microscopy (TEM) of selenium particle accumulation around
endophytic selenobacterial isolates Parburkholderia megapolitana sp. MGT9. (Trivedi and Saraf
2019)



the internal cell membrane of bacteria with wavelengths of 174.65 nm, 74.79 nm,
and 76.32 nm, according to TEM imaging (Trivedi et al. 2020).
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Transmission electron microscopy (TEM) micrographs showed the spherical
NPs, which had an average diameter of 12 nm. By mixing it with an aqueous
solution of AgNO3, Argemone mexicana leaf extract serves as a capping and
reducing agent in the creation of AgNPs. Plant-based green synthesis of silver
nanoparticles and its effective role in abiotic stress tolerance in crop plants were
explained by Alabdallah and Hasan (2021). The use of TEM is beneficial in the field
of microbiology because it can be used to identify and measure the structure and size
of microorganisms that can bind or chelate metals, especially in contaminated sites
and waste treatment facilities for dump yards. TEM images can also be used to
resolve metal-contaminated fields or accumulate micro and macro metals in crops.

9.4 Role of Microbial Consortia as Efficient Biofertilizer

Microbial inoculants are mixtures that contain live algae, fungus, and bacteria,
whether in alone or in a consortium, to boost plant growth and increase agricultural
output. Beneficial microbes (algae, fungus, and bacteria alone or in a consortium) in
biofertilizers improve soil chemical and biological attributes by fixing nitrogen,
cellulolytic activity, iron, or phosphate (Mahmud et al. 2021; Seenivasagan and
Babalola 2021). Microbes mostly as biofertilizers accomplish beneficial actions such
as phosphorus solubilization, nitrogen fixation, siderophore formation, hydrogen
cyanide, and ammonia synthesis, and the production of plant growth chemicals.
Because of the presence of these bacteria, plants have antagonistic effects on a
variety of phytopathogens (Rochlani et al. 2022; Jha and Saraf 2012). They inhabit
the rhizosphere, whether applied to seed, plant surfaces, roots, or soil, and through
their biological activity, they improve nutrient bioavailability, boost plant growth,
and increase soil microflora. As a result, they are preparations that quickly restore
soil fertility (Mahmud et al. 2021; Seenivasagan and Babalola 2021; Jha and Saraf
2015). They are critical elements of integrated nutrient management (INM) strate-
gies for increasing soil productivity and sustainability while also preserving the
environment because by being pollution-free, cost-effective, and a source of renew-
able nutrients to plants to replenish synthetic fertilizers in a sustainable production
system (Yadav and Sarkar 2019). According to Panda (2011), the impact of
bio-fertilizers on crop improvement ranges from 35% to 65% (Mahmud et al.
2021). The continual application of biofertilizer to the land for 3–4 years can retain
fertility due to the efficacy of parental inoculums, which can successfully maintain
plant growth and multiplication. They improve the texture, pH, and other character-
istics of the soil. Biofertilizers are low-cost, sustainable sources of plant nutrients
that are supplemental artificial fertilizers. In comparison to chemical fertilizers,
biofertilizers are more environmentally friendly; they can be created from natural
sources, are less likely to cause damage, and aid in the development of healthy soil.
To some extent, plants are cleansed of chemical fertilizers that are precipitated



(Seenivasagan and Babalola 2021). Depending on their capabilities, such as deliv-
ering nutrients to plants and acting as natural pest deterrents, a wide range of
microorganisms can be used as biological fertilizers at the industrial level (Rochlani
et al. 2022). When considering biofertilizer as a modern agricultural tool, its use is
critical as a component of integrated nutrient management, a reduction in the use of
hazardous chemicals, a cost-effective source of renewable energy for plants, and a
source of renewable energy for plants in sustainable agriculture (Seenivasagan and
Babalola 2021).
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9.5 Mechanisms as Biofertilizer

Biofertilizers are classified into several categories based on their functional capabil-
ities, such as nitrogen-fixing biofertilizers, phosphate biofertilizers, micronutrient
biofertilizers, and plant growth-promoting rhizobacteria, among others. Nitrogen-
fixing biofertilizers increase soil nitrogen levels by absorbing atmospheric nitrogen
and releasing it to plants. Azotobacter, Nostoc, Rhizobium, and Azospirillum are a
few examples (Itelima et al. 2018). Phosphate biofertilizers are divided into two
types: phosphorous solubilizing biofertilizers (PSB) and phosphorus mobilizing
biofertilizers (PMB). PSB dissolves insoluble phosphate from organic and inorganic
sources. Bacillus, Pseudomonas, Penicillium, Aspergillus, and other bacteria are
examples (Etesami et al. 2017). Phosphorus is transferred from the soil to the root
cortex via PMB. Arbuscular Mycorrhiza is one example (AM fungi). Micronutrient
biofertilizers include silicate and zinc solubilizer bacteria. In soil, these bacteria
break down silicates and aluminum silicates. Bacillus sp. is one example. Plant
growth-promoting rhizobacteria (PGPR) are bacteria that live in the rhizosphere
(Upadhyay et al. 2019). The rhizosphere is a thin layer of soil surrounding the roots
characterized by high levels of biochemical activities and composed of plants,
bacteria, fungi, and soil constituents. They boost plant growth by functioning as
bioprotectants, biostimulants, and nutrient enhancers (Fig. 9.6).

The mechanism of action refers to the biological and chemical process by which
microorganisms contained in biofertilizers exert their effects on the plant’s rhizo-
sphere. Plant growth rhizobacteria can execute a variety of mechanisms that increase
plant growth and development, eventually leading to sustainable agriculture
methods. Direct mechanisms of these rhizospheric bacteria can increase plant growth
by increasing nutrient intake via nitrogen fixation, phosphate solubilization, phyto-
hormone production, and exopolysaccharide production, resulting in sustainable and
eco-friendly agri-science perspective. These microorganisms also have an indirect
role in plant protection by producing antibiotics, hydrogen cyanide, siderophores,
and other biocontrol chemicals (Rochlani et al. 2022; Prajapati et al. 2022a, b;
Panchal et al. 2022). Surprisingly, these relationships between plant–root and
microbial communities have been labeled as symbiosis. As the former decomposes
unavailable nutrients into an available form, the latter benefit from root exudates
such as carbohydrates, proteins, sugars, vitamins, mucilage, amino acids, and



organic acids (Vives-Peris et al. 2020), which modify biochemical properties of the
rhizosphere by acting as a messenger between the microbes and the plants (Shaikh
et al. 2022; Vives-Peris et al. 2020).
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Fig. 9.6 The effect of biofertilizers on plant growth and soil health. [VAM vesicular-arbuscular
mycorrhiza, ISA increased soil aggregation, ISP increased soil porosity] (Mahmud et al. 2021).
https://www.researchgate.net/figure/Schematic-representation-Influence-of-biofertilizers-on-plant-
growth-performance-and_fig1_353131148

9.6 Role of Microbial Consortia to Remediate Abiotic Stress

9.6.1 Abiotic Stress Affecting Crop

There are various types of abiotic stress that affect soil and ultimately crop produc-
tivity. These stresses are salinity stress (increase in salts concentration in soil),
drought stress (insufficient water availability to plants), heavy metal stress

https://www.researchgate.net/figure/Schematic-representation-Influence-of-biofertilizers-on-plant-growth-performance-and_fig1_353131148
https://www.researchgate.net/figure/Schematic-representation-Influence-of-biofertilizers-on-plant-growth-performance-and_fig1_353131148


(excessive harmful metals in soil), temperature stress (very high and very low
temperature), and nutrients stress (insufficient nutrients in the soil) (Fig. 9.7). In
this review, we describe three major soil stress: drought, salinity, and heavy metals.
Drought and salt stress have a complex relationship that affects almost every element
of a plant’s life. Both these stresses have the most detrimental effects on agriculture
(de Oliveira et al. 2013). Stress causes disturbance in photosynthesis, resulting in
leaf senescence, the formation of excessive reactive oxygen species (ROS), nutri-
tional deprivation, and the breakdown of cellular organelles and metabolism, all of
which result in diminished plant growth (de Oliveira et al. 2013). Another key soil
stress is heavy metal stress, which is getting more intense because of a variety of
anthropogenic influences (Glick 2010). Unchecked population growth and the
industrial revolution are accumulating toxic metals and organic wastes in soil,
rendering it unfit for agricultural techniques and detrimental to all living things
(Glick 2010).
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Fig. 9.7 Microbial
consortia as biofertilizer to
remediate abiotic stress Salinity

Stress

Drought
Stress

Heavy metals
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Hydrocarbon
stress

Heat and pH
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Nutrient
deficient
Stress

Microbial
Consortia

One of the most common abiotic factors impacting crop plants is water depriva-
tion. Drought stress occurs when the amount of water available in the soil dimin-
ishes. Drought produces a variety of harmful consequences on plants that are
multifaceted in their effects. From seed germination to maturity and senescence,
the plants respond to drought stress at physiological, biochemical, and molecular
levels (Tiwari et al. 2017). Because plants need to use groundwater, their root length
increases under mild drought stress (Forni et al. 2017), while extremely dry condi-
tions can slow root growth. However, PGPR under stress conditions modifies root
architecture and boosts plant nutrient absorption and water drawing ability (Shaikh
et al. 2022; Kasim et al. 2013). These rhizobacteria could be able to grow under



stressful conditions and provide a beneficial effect on plants to cope with stressful
environments (Jain et al. 2020; Jain and Saraf 2021; Bilal et al. 2018). ACC
(1-aminocyclopropane-1-carboxylate) deaminase activity, production of
exopolysaccharide (EPS) (Panchal et al. 2022) and volatile organic compounds
(VOCs), osmolyte and antioxidant production, enhanced mineral nutrient uptake,
phytohormone production, and modulation are among the mechanisms proposed by
PGPM to overcome drought stress in plants. The PGPRs are bestowed through these
pathways, either singly or jointly, to counteract drought stress in plants (Gontia-
Mishra et al. 2020). Microbial consortia of Pseudomonas putidaNBRIRA + Bacillus
amyloliquefaciens NBRISN13 mitigates drought stress in chickpea by enhancing
physiological parameters such as shoot length, root length, and fresh and dry weight
of root and shoot, modulates defense enzymes such as superoxide dismutase,
catalase, lipid peroxidase, and enhance soil enzymes activity and microbial diversity
in the rhizosphere region under drought stress (Kumar et al. 2016).
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Soil salinity is defined a salt level that exceeds the plant’s requirements. When the
electrical conductivity (EC) in the soil surrounding the root zone reaches 4 dS/m
(40 mM NaCl), the soil becomes saline (Egamberdieva et al. 2017). Excessive salt
concentrations causing low water availability create drought-like conditions and
result in altering the physicochemical features of soil and interfering with nutrient
uptake, rendering nutrients unavailable to plants. Salt stress affects plant growth,
photosynthetic capacity, CO2 assimilation, and nitrogen content and leads to ion
toxicity, which results in oxidative stress (Liu et al. 2015). However, the combina-
tion of compatible yet dissimilar genera of microbes can greatly boost plant growth
under saline circumstances and may aid in salinity amelioration (Kapadia et al.
2021). Microbial consortia provide a variety of essential tasks under salinity condi-
tions, including promoting plant growth, acting as osmoprotectants, antioxidants,
and biocontrol agents, and reducing stress in the soil. Microbial consortia of four
rhizobacteria strains Bacillus sp. + Delftia sp. + Enterobacter sp. + Achromobacter
sp. helps to overcome the salinity stress in tomato. Consortia alleviate salt stress in
tomatoes by increasing plant growth parameters, chlorophyll content, mineral
uptake, accumulation, and transportation to a different part of the plant (Kapadia
et al. 2021).

Heavy metals (HMs) are described as elements with metallic characteristics and a
wide molecular weight range, which includes transition metals. Metal concentrations
in soil have risen considerably because of the industrial revolution and human
activities (Dabhi et al. 2021; Sharma et al. 2021). Plant metabolism and growth
are harmed by the abundant HM in soil, which is absorbed and translocated to
numerous organs of plants (Cheng 2003). Excess metals in soil have an adverse
effect on soil characteristics and fertility, making it unfit for agricultural uses (Khan
et al. 2012). Due to well-known plant growth-enhancing mechanisms such as
hormone production (IAA, GA), siderophore generation, nitrogen fixation, and
phosphate solubilization, PGPR can be used to help phytoremediation contaminated
sites (Ojuederie and Babalola 2017). Heavy metal tolerance and accumulation by
plants may be significantly influenced by heavy metal-resistant bacteria living in the
rhizosphere. Rhizobacteria isolated from the landfill site and mining areas are able to



tolerate heavy metal stress (Sharma and Saraf 2022). Application of rhizobacteria
consortia of Bacillus cereus MG257494.1, Alcaligenes faecalis MG966440.1, and
Alcaligenes faecalis MG257493.1 shows tolerance against heavy metals (Cu, Pb,
Cd, and Zn), and their application on sorghum mitigate heavy metal stress by
increasing the dehydrogenase activity, decreasing metal accumulation in plant
parts and soil, also regulating bioaccumulation factor (BAF) of heavy metals
(Abou-Aly et al. 2021). Some of the applications of microbial consortia under
abiotic stress are listed in Table 9.1.

194 S. Sharma et al.

9.7 Conclusions

Microbial consortium is part of the plant microbiome that interacts synergistically to
promote plant growth and health through the production of metabolites with antibi-
otic activity and by solubilizing nutrients and making them available to the plant,
forming nodules to fix nitrogen, and producing plant-growth-stimulating phytohor-
mones or enzymes that degrade ethylene precursors, such as ACC deaminase. This
review presents a consortium screening protocol as a step-to-step strategy to develop
microbial consortia to construct, evaluate, and shortlist the most potent microbial
consortia. The review described a factorial design involving two and more repre-
sentative groups and has many PGPRs to facilitate the selection of the most
auspicious combinations for larger greenhouse trials before developing
bio-inoculants. In vivo, rapid plant bioassays are obligatory to evaluate the perfor-
mances of microbial consortia even when the isolates exhibit similar preference to
physiological growth conditions, synergy in co-culture, and high mitotic activity.
SEM and TEM help in the evaluation of the development of consortium and their
activity on the plant to identify the microorganism, especially present in the plant
where the consortium can measure multiple microorganisms, their size, and structure
too. Biofertilizers have been used to boost crop production by augmenting the plant’s
available nutrients through the organic matter decomposition process. Two main
reasons necessitate the use of biofertilizers in today’s crop production. The first is to
increase the use of biofertilizers, which results in the corresponding increase in crop
yield, and the second is the long-term use of synthetic fertilizers degrading the soil
besides other threats to our health and environment. The efficacy of biofertilizers can
be enhanced by sound knowledge and long-time practical experience in a diverse
soil type. Application of microbial inoculants, especially consortia, will be one of the
solutions to alleviate plant abiotic stress, and enhanced plant growth and productiv-
ity under stress conditions have been reported. The directed use of microbial
consortia will facilitate the production of plants in a more sustainable way that,
eventually, will not depend on agrochemicals.
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Chapter 10
Co-inoculation of Rhizobacteria in Common
Bean (Phaseolus vulgaris) Production
in East Africa

H. Korir, S. C. Kipngetich, and N. W. Mungai

Abstract Plant growth-promoting microorganisms (PGPMs) have been shown as
an important component of agricultural sustainability. The use of PGPMs is an
environmentally friendly approach to increasing the yields of crops through their
various direct and indirect mechanisms. It has been proven that the benefits of these
PGPMs can be tapped by understanding the intrinsic crop–PGPM relationship and
harnessing it for crop improvement. This review has examined work done on bean–
rhizobia–PGPM globally, with specific examples from East Africa. The mode of
action of PGPMs, their effect on nodulation, growth, and yield, considerations for
the formulation of mixed consortia inoculations, and commercialization of such
inoculants are discussed. Overall, many studies show a synergistic effect of
rhizobia–PGPM in controlled and field environments. The response is influenced
by abiotic factors including soil moisture stress, temperature, salinity, and biotic
factors. Formulation of bacterial inoculants in East Africa is mostly peat-based, and
none of the commercially available inoculants are made of rhizobia–PGPM consor-
tia. The findings of this review indicate the opportunity for commercial exploitation
of rhizobia–PGPM consortia for bean production in East Africa.

Keywords Phaseolus vulgaris · PGPM · Rhizobia · Consortia · Co-inoculation

10.1 Introduction

Common bean (P. vulgaris) is an important crop globally produced on all continents.
It occupies an area of seven million hectares in Africa annually. East Africa leads
with 71% of the total acreage. The average production of beans in farmer’s fields is
generally low at less than 1000 kg ha-1 compared to the potential yield of
2000–3000 kg ha-1. Research on the use of rhizobia either alone or in combination
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with other plant growth-promoting microorganisms (PGPMs) is an alternative for
improving common bean production yield.
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Common beans can form nodules with different rhizobia species and symbiotic
biovars. The most common species that can form nodulation belongs to Rhizobium,
Ensifer, and other genera such as Bradyrhizobium; it has also been reported that
species belonging to Paraburkholderia and Cupriavidus are able to form nodules in
Phaseolus vulgaris (Shamseldin and Velázquez 2020). Understanding the diversity
of endosymbionts capable of nodule formation in P. vulgaris and its high promis-
cuity is crucial in assessing native strains that are effective and competitive to ensure
the success of inoculation. Inoculation with rhizobia is common for many grain
legumes to enhance symbiotic efficiency, growth, and yields. P. vulgaris is generally
considered a poor nitrogen fixer compared to other grain legumes. The low symbi-
otic ability is attributed to the lack of effective rhizobia in soil, where P. vulgaris is
new, with slow nodule formation on the root system, and in other instances, the
existence of a large pool of vastly competitive but less effective native population of
rhizobia in soil (Hungria et al. 2013). Recent efforts to produce improved germplasm
have resulted in varieties with demonstrated superior nitrogen-fixing ability
(Hungria et al. 2000, 2003). To further enhance the symbiotic efficiency between
P. vulgaris and PGPMs, co-inoculation is increasingly reported in controlled and
field trials.

PGPMs influence plant growth in different ways: by enhancing nitrogen uptake,
production of growth promotors (auxin, cytokinin), solubilization of minerals,
especially phosphorous, chelation of metal ions by siderophores, and improving
resistance to biotic stresses. PGPMs have shown the ability to suppress plant
pathogens through several mechanisms including release of antimicrobial agents,
competing for nutrients, by siderophores, metabolizing growth-inhibitory hormones,
and improving mineral nutrition or plant resistance to biotic stresses (Kudoyarova
et al. 2019; Stajković et al. 2011).

Co-inoculation is the combined application of PGPMs from different genera and
species to increase nodulation, growth, biomass, and plant tolerance to various biotic
and abiotic conditions and yields (Shamseldin and Velázquez 2020). The goal of
co-inoculation is to harness the synergy of the consortia of microbiota for the benefit
of the plant. Studies report varied responses, some showing synergy of
co-inoculation, through improved growth and yields, others reporting similar results
for single and co-inoculation (neutral), and while others reporting possible compe-
tition resulting in lower performance for consortia (Korir et al. 2017; Jesus et al.
2018; Gabre et al. 2020; Steiner et al. 2020; Cardoso and Ferreira 2021).
Co-inoculation of B. japonicum and P. putida has a synergistic effect and improves
soybean nodulation and growth and can be used to formulate a consortium of
biofertilizers for sustainable production (Jabborova et al. 2021). Co-inoculation
response is dependent on several factors, including abiotic conditions such as
temperature and moisture and biotic factors including germplasm, pest, and diseases.
This paper will examine the documented evidence of this synergistic effect (or lack
thereof), how it works, the conditions under which it works best, and examine some



of the factors that influence this relationship and opportunities for commercial
production.
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10.2 General Overview of the Modes of Action of PGPMs

There has been increased research interest and commercialization of PGPMs for
enhanced plant growth and yields (Agrawal et al. 2014). PGPMs function in several
mechanisms to promote plant growth both directly and indirectly. These mecha-
nisms include nutrient acquisition by plants, alleviation of abiotic stress conditions,
acting as biocontrol agents against pathogens, and production of plant growth-
promoting substances. These modes of action have been elaborated in the
sub-sections below.

10.2.1 Nutrient Acquisition

Nitrogen (N) is one of the major nutrients required by plants for their growth and
development. The availability of N for use by plants has been studied extensively in
relation to PGPMs. The most studied is nitrogen fixation through the legume–
rhizobia symbiosis, whereby rhizobia convert nitrogen trapped in the molecular or
atmospheric form (N2) into biologically useful forms (Backer et al. 2018). In
addition to the symbiotic nitrogen fixation, nonsymbiotic nitrogen-fixing bacteria
such as Bacillus, Azotobacter, Alcaligenes, Azospirillum, Clostridium, Enterobacter,
and Klebsiella (Ahmad et al. 2005; Bhattacharyya and Jha 2012) are able to convert
N2 into plant usable forms.

Second to N, phosphorous (P) is an essential plant nutrient. Most of the P is
however in insoluble forms and is slowly released for plant uptake since it majorly
exists in complexes of aluminum, iron, or calcium phosphates (Mullen 2005;
Goldstein and Krishnaraj 2007). For P to be available, it must be solubilized. A
number of PGPMs have the ability to solubilize P (Sharma et al. 2013) through an
array of mechanisms, including their capacity to reduce pH by excreting organic
acids (such as citrate, gluconate, lactate, and succinate) and protons (Mullen 2005;
Martínez-Viveros et al. 2010). Some PGPMs possess the ability to make iron
available for the crops through the secretion of siderophores that bind and transport
iron from the soil and into the bacterial cells that ultimately get absorbed by the plant
roots (DalCorso et al. 2013; Saha et al. 2016), thereby improving plant nutrition
(Souza et al. 2015). Other studies have shown the capacity of some PGPMs to
solubilize zinc, potassium, and sulfur into plant-usable forms (He et al. 2010; Glick
2012; Gahan and Schmalenberger 2015; Ramesh et al. 2014).
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10.2.2 Alleviation of Abiotic Stress: Soil Moisture
and Salinity

Inadequate water supply to plants is a major challenge to crop production, especially
in rain-fed agriculture. With the changing climate, crops need to adapt to conditions
of drought. PGPMs residing in the rhizosphere of crops can confer tolerance/
resistance of the plant to drought/water stress conditions. PGPMs have been reported
to produce exopolysaccharides that have water-holding and cementing properties
(Grover et al. 2011; Tewari and Arora 2014) and are therefore important in
maintaining soil moisture and structure. Additionally, the PGPMs can induce
drought tolerance through the synthesis of plant hormones such as auxin (Vurukonda
et al. 2016). These hormones increase root growth, thereby leading to increased
nutrient and water uptake, thereby helping plants overcome environmental stresses
(Chibeba et al. 2015; Vurukonda et al. 2016). Cytokinin produced by the PGPMs
increases abscisic acid, leading to the closure of the stomata during drought, thereby
reducing water loss through the leaves (Arora et al. 2020; Figueiredo et al. 2008).

Closely related to water stress, soil salinity is an abiotic stress plants must deal
with. Salinity has adverse effects on plant growth and development by reducing
osmotic potential and creating an ionic imbalance, causing sodium and chloride
toxicity. PGPMs produce exopolysaccharides that bind the Na+ cation and thereby
decrease the Na+ content and alleviate salt stress in plants (Egamberdieva 2011).
Glick (2005) also reported that PGPMs lower the levels of the stress hormone,
ethylene, making crops more tolerant to salt stress. Inoculation of common beans
with strains of Rhizobium PGPM led to a considerable yield despite being grown in a
salt-stressed field (Yanni et al. 2016).

10.2.3 Biological Control Against Pathogens

Competition for space and nutrients with the phytopathogens, antagonism through
the production of antifungal antibiotics, volatile organic molecules production, and
synthesis of cell wall degrading molecules are among the mechanisms through
which PGPMs suppress the pathogens, thereby protecting the crops (Araujo et al.
2005; Robin et al. 2008; Singh et al. 2008; Kai et al. 2009; Zhao et al. 2014). As
biocontrol agents, Rhizobium, Bacillus, and Pseudomonas sp. isolated from root
nodules and rhizosphere of common bean proved to be successful against a wide
range of plant pathogens such as Sclerotinia sclerotiorum, Colletotrichum sp.,
Macrophomina phaseolina, Fusarium oxysporum, Fusarium solani, and Rhizocto-
nia solani (Kumar and Dubey 2012). In common beans, PGPMs have been reported
to reduce the incidence of diseases in crops. For instance, Sabaté et al. (2017)
reported that after emergence, the control had 100% incidence of the pathogen,
while the seedlings from the inoculated treatment had only 38%, implying that
inoculation with the PGPMs significantly reduced the incidence of M. phaseolina



by 62% compared to the nontreated seeds. Corrêa et al. (2014) reported that
B. cereus DFs093 reduced the severity to 28% and progress (14%) of the
M. phaseolina pathogen on common beans grown in soils infected with the
pathogen.
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10.2.4 Production of Growth Regulators/Promoters

A wide range of processes in plant development and plant growth is controlled by
exogenous IAA in which a low amount of IAA can stimulate primary root elonga-
tion, increase root hair formation, and stimulate the formation of lateral roots
(Spaepen et al. 2007). As a result, plants have greater access to water and soil
nutrients as bacterial IAA increases both the root surface area and length. In a study
by Sabaté et al. (2017), Bacillus amyloliquefaciens B14 isolated from soils belong-
ing to the common bean-producing regions synthesizes the phytohormone indole-3-
acetic acid (IAA). The IAA is known to influence cell elongation, root growth, plant
growth promotion, and differentiation of tissues (Babalola 2010), making it a very
important metabolite for plant growth promotion. A greenhouse study showed that
common beans inoculated with Azospirillum brasilense Sp245 increased their root
growth through the production of phytohormones (Remans et al. 2008). Other
studies have reported the release of plant growth-promoting substances such as
IAA and siderophores by the PGPMs (Kudoyarova et al. 2019; Zahir et al. 2004),
leading to improved growth and yield of crops. PGPMs also produce cytokinins,
gibberellins, ethylene, and ACC deaminase that are involved in root initiation, cell
division, cell enlargement, and various plant physiological processes (Kaur and
Sharma 2013; Perez-Montano et al. 2014).

10.3 P. vulgaris Growth Response to Co-inoculation
with PGPMs

Plant growth-promoting rhizobacteria have been shown to increase the performance
of rhizobia in nodulation and nitrogen fixation of common beans leading to
increased plant growth and grain yields. Greenhouse and field studies with PGPM
strains have validated enhanced nodulation and nitrogen fixation in common beans
(Sánchez et al. 2014). Additionally, common beans have been reported as a
nonselective plant host and are able to perceive nodulation signals from different
strains of rhizobia such as R. tropici (Cardoso and Ferreira 2021; Jesus et al. 2018;
Gabre et al. 2020; Hungria et al. 2013; Steiner et al. 2020), R. etli bv. phaseoli
(Shamseldin and Werner 2007; Silva et al. 2003), R. gallicum bv. phaseoli,
R. giardinii bv. giardinii, R. leguminosarum bv. phaseoli, and R. leguminosarum
bv. viciae (Mhamdi et al. 2002), and this may promote nitrogen fixation and plant



PGPM consortia Country Condition/soil characteristics Reference

growth and development. Therefore, co-inoculation of common beans with an array
of rhizobia strains and various PGPMs can be employed to improve the agronomic
performance of common beans. This could be attributed to the multistrain synergistic
effect caused by the diverse strains of rhizobia and PGPMs applied to beans during
inoculation. This section highlights the various studies on the co-inoculation of
common beans with rhizobia consortia with other PGPM strains in East Africa
(Table 10.1).
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Table 10.1 Selected consortia of PGPMs used in common bean production in East Africa

Mode of
action

Rhizobium and
Azospirillum

Kenya Field experiment of two com-
mon bean varieties under low
and high phosphorus levels

Nutrient
acquisition:
phosphorous

Muthamia
et al.
(2013)

Rhizobium and
Trichoderma

Malawi Phosphorus deficient, acid soil Acquisition of
nutrients:
phosphorous

Mweetwa
et al.
(2016)

Consortia of indig-
enous rhizobia

Kenya Greenhouse Growth
promotion

Ouma
et al.
(2016)

Bacillus and
Rhizobium

Kenya Greenhouse Biocontrol
against root-
knot
nematodes

Karanja
et al.
(2007)

Rhizobium and
Trichoderma

Zambia Greenhouse experiment using
an acidic soil

Acquisition of
nutrients:
phosphorous

Chilombo
(2019)

Native Rhizobium
consortia + com-
mercial rhizobia

Kenya Greenhouse study using steril-
ized soil

Nutrient
acquisition

Menge
et al.
(2018a)

Rhizobia and other
nodule-associated
bacteria (NAB)

Kenya Greenhouse study using
autoclaved vermiculite

Growth
promotion

Wekesa
et al.
(2016)

Rhizobia strains
and Bacillus strains

Kenya Greenhouse study using
P-deficient soil

Acquisition of
nutrients
(N and P)

Korir et al.
(2017)

Multi-strains Kenya Greenhouse-controlled environ-
ment with sterile vermiculite

Growth
promotion

Gicharu
et al.
(2013)

Native consortium
+ exotic rhizobia

Kenya Greenhouse study using steril-
ized soil

Growth pro-
motion, nutri-
ent
acquisition

Menge
et al.
(2018b)

Consortium inocu-
lation with rhizobia

Ethiopia Drought stress using drought-
tolerant and -susceptible com-
mon bean varieties

Alleviation of
water stress

Eticha
(2021)
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10.3.1 Effect of Co-inoculation with PGPM Consortia
on Common Bean Growth Promotion

Co-inoculation of common beans with Rhizobium and Trichoderma has been shown
to improve the nodulation of legumes, both in terms of the number of nodules and
their effectiveness. A study in Malawi by Mweetwa et al. (2016) reported nodule
effectiveness of up to 88% when common bean plants were co-inoculated with
Rhizobium and Trichoderma. The authors reported that there was no significant
difference between un-amended controls and the single inoculations with either
Rhizobium or Trichoderma. A similar study by Chilombo (2019) showed that single
inoculation with Trichoderma or Rhizobium did not have a significant difference
from the control. However, Rhizobium + Trichoderma co-inoculation showed a
significant increase in the number of nodules per plant. The same trend was also
reported in terms of nodule effectiveness, suggesting that Trichoderma increases the
number of nodules by increasing infection sites through the extension of the root
system of the plant.

Inoculation of crops with mixed inoculum is a strategy that can be used to
improve the efficiency of bacterial strains. In Kenya, higher nodule numbers and
nodule dry weights were reported when common beans were inoculated with a
consortium of indigenous rhizobia strains compared to the inoculation with com-
mercial rhizobia (CIAT 899) strain (Ouma et al. 2016). Additionally, the authors
found that significantly highest shoot dry weight was achieved when the common
bean was co-inoculated with a mixture of the indigenous rhizobia strains and the
CIAT 899 than when CIAT 899 was singly applied. Overall, it was shown that the
native isolates, especially the consortium, were more effective than the commercially
available CIAT 899 in improving the performance of common beans (Ouma et al.
2016). Studies on the mixed inoculation of native Rhizobium consortia and exotic/
commercial rhizobia strains have been carried out by other researchers in Kenya. A
field study by Menge et al. (2018a) showed that the highest and significant nodule
dry weight and shoot dry weight were achieved when the common bean was
co-inoculated with a mix of native consortium + commercial rhizobia compared to
inoculation with single commercial rhizobia strains. A greenhouse study by Menge
et al. (2018b) showed that co-inoculation of common beans with a mixture of native
and exotic rhizobia isolates significantly recorded the highest number of nodules and
nodule dry weight. The study results showed that a significantly higher shoot dry
weight was observed upon co-inoculation with a mixture of native consortium +
exotic rhizobia when compared with single exotic and native rhizobia inoculations.
A greenhouse and field study by Gicharu et al. (2013) showed that co-inoculation of
climbing common bean varieties with a consortium of rhizobia strains produced
significantly higher nodule numbers and yield than the control treatment. A study by
Karanja et al. (2007) showed that the highest shoot dry weight was recorded in the
K194 + USDA 2674 and K67 + CIAT 899 co-inoculations, while the least was
recorded in the controls. All the isolates of Bacillus subtilis and their combinations
with Rhizobium strain USDA 2674 caused an increase in shoot dry weight.
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Co-inoculation of common beans with rhizobia and other nodule endophytes can
improve the synergy of rhizobia to improve crop performance. One such study by
Wekesa et al. (2016) carried out in Western Kenya showed that the number of pods
per plant inoculated with a mixture of rhizobia and other nodule-associated bacteria
(NAB) was significantly higher than that inoculated with rhizobia alone, and no
significant difference was noted on the number of pods per plant between the
uninoculated control and single rhizobia inoculation. The authors reported similar
trends with the number of seeds per pod and the weight of pods per plant with
co-inoculation with rhizobia and other NAB recording significantly higher values
than single rhizobia inoculation and the control. The total shoot dry matter of plants
inoculated with rhizobia and other NAB was significantly higher than the
uninoculated and those inoculated with rhizobia alone. The authors reported no
significant difference between the shoot dry weight for common beans inoculated
with rhizobia alone and the uninoculated ones (Wekesa et al. 2016). From these
documented studies, the use of rhizobia + PGPM enhanced nodulation, shoot
weight, and grain yield parameters under controlled and field environments.

10.3.2 PGPM Consortia Inoculation on Nutrient Acquisition
for Common Beans

The study results by Menge et al. (2018a) showed that the multi-strain mixture of
both native consortium + exotic rhizobia recorded the highest shoot nitrogen of
3.40%. The authors reported significantly higher phosphorus content due to
co-inoculation with a consortium of native rhizobia. Menge et al. (2018b) also
reported that co-inoculation of common bean with multi-strain consortia of both
native consortium and exotic rhizobia recorded the highest shoot nitrogen. The
PGPMs belonging to the genus Bacillus have been reported to be an efficient
phosphate solubilizer. With P nutrition being crucial in the nodule formation by
rhizobia (Remans et al. 2007), co-inoculation with PGPMs possessing P solubiliza-
tion in soils is vital. A greenhouse study by Korir et al. (2017) showed that
co-inoculation of rhizobia strains with PGPMs enhanced the growth of common
beans in phosphorous-deficient soil. The authors reported an increased number of
nodules and nodule weight due to co-inoculation of rhizobia strains with
Paenibacillus polymyxa and Bacillus megaterium in respect to inoculation with
Rhizobium alone in common beans. Furthermore, findings from the study showed
that co-inoculation of common beans with Rhizobium and PGPMs significantly
increased shoot and root dry weights of plants in comparison to Rhizobium inocu-
lation alone and the uninoculated control. Furthermore, a study carried out by
Muthamia et al. (2013), to test the efficiency of Rhizobium and Azospirillum
co-inoculation in low and high phosphorous (P) soils, showed that there was an
improvement in biomass and grain yield both at low P and high P soils in both bean
varieties under study. The improvements were higher than any individual Rhizobium



or Azospirillum. Comparison of soil P status showed that co-inoculation led to a
higher grain yield improvement in the low P soils than in high P soil.
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10.3.3 Co-inoculation Effect of PGPM Consortia
on Biological Control of Root-Knot Nematodes

Attack by root-knot nematodes has an adverse effect on the growth and development
of common beans. Control of the root-knot nematodes can be achieved by biological
control using PGPMs. A study by Karanja et al. (2007) showed that co-inoculation
of common beans with rhizobia and Bacillus can be used to control the number and
damage by the root-knot nematodes. They reported that soils treated with Bacillus
isolate K194 in combination with each of Rhizobium isolates (USDA 2674 and
CIAT 899) recorded the lowest number of juveniles of the root-knot nematode
recovered. Co-inoculation of the common bean with both Rhizobium and Bacillus
resulted in less damage by nematodes compared to those that were inoculated with
rhizobia alone (Karanja et al. 2007).

10.3.4 Alleviation of Moisture Stress in Common Beans by
Co-inoculation with PGPM Consortia

Plant adaptation to abiotic stresses can be achieved through mixed inoculation with
rhizobia consortia. One of the abiotic stresses affecting crops is water stress due to
drought conditions. A study carried out in Ethiopia showed that consortium inocu-
lation significantly improved the growth of drought-susceptible common bean
variety under water-deficit conditions than plants inoculated with rhizobia alone
and the uninoculated plants (Eticha 2021). Results from this study showed that
co-inoculation increased the leaf biomass under drought stress more than single
Rhizobium inoculation and control. Similarly, the author reported a significant
increase in the root dry weight increased due to co-inoculation in both drought-
tolerant and -susceptible common bean varieties than noninoculated control plants
(Eticha 2021).

10.4 Formulation and Survival of the PGPM Biofertilizers

The efficacy of co-inocula depends on the appropriate selection of the strain, cellular
concentration, method of inoculation, and plant genotype (Fukami et al. 2016). An
effective PGPM mixed inocula formulation should exhibit rhizobacterial strains that
have a highly competitive ability, a wider array of modes of action, high feasibility



for mass multiplication, compatibility with other rhizobacteria, and high rhizosphere
competence and tolerance to abiotic stresses (Tabassum et al. 2017). The carrier
material used in the formulation of biofertilizer is essential because it will determine
the survival of PGPM strains in the field, in addition to protecting the PGPMs from
stress and improving their shelf life (Hungria et al. 2005; Mishra and Arora 2016). In
the Eastern Africa region, different formulations and carrier materials have been
used in the preparation of PGPM biofertilizer. In Sudan, for example, charcoal was
reported and used as the main carrier for rhizobium-based inoculants among the
other locally available carrier materials (Elsalahi et al. 2016). Charcoal was reported
to be readily available and in abundance in addition to its high water-holding
capacity and low contamination levels (Elsalahi et al. 2016). However, the partially
sterilized charcoal carrier has a short shelf life of 2 months from the time of
manufacture (Elshafie and Elhussein 1991). In Uganda, the PGPM inoculants
containing Rhizobium strains have been formulated using sterile peat as carrier
material infused with yeast extract mannitol agar broth (Chianu et al. 2011). Other
carrier materials used in the formulation of PGPM inoculants are filter mud (Odame
1997; Bala et al. 2011), vermiculite (Balume et al. 2013), and in liquid form with the
different PGPMs mixed in a 1:1 ratio (Muthamia et al. 2013).
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Mixed PGPM strains in biofertilizers survive through synergistic effects
with other microbes (Enebe and Babalola 2018; Maheshwari 2012). A study
by Kumar et al. (2016) reported a synergistic effect of P. putida and
B. amyloliquefaciens, and there was no alteration of the microbial population with
their application. The competition also enhances the survival of some PGPM strains
in mixed biofertilizers. Da Conceição et al. (2018) showed that co-inoculation of
Bradyrhizobium and R. tropici was competitive, with R. tropici competing with
Bradyrhizobium for nodule infection. Dardanelli et al. (2008) observed a positive
effect on co-inoculation of Rhizobium tropici CIAT899 and Rhizobium etli ISP42
with Azospirillum brasilense on the expression of nod-gene and nodulation and
benefited the plant by enhancing root branching and acetylene reduction activates.
Elkoca et al. (2010) noted that triple inoculation with Bacillus megaterium, Bacillus
subtilis, and Rhizobium leguminosarum significantly increased macro and
micronutrients uptake and improved the yield of P. Vulgaris. Babu et al. (2015)
showed that co-inoculation of Rhizobium spp. and PGP agent significantly improved
nodulation, shoot and root dry matter, and grain yield in chickpea, and they further
observed that that inoculation of isolates of PGPR and cyanobacteria improved
growth of chickpea, pea, and lentil with an increase in hydrolytic enzyme activity.
Another aspect of the survival of microorganisms in inoculants is associated with the
storage temperature and water activity of the inoculants, as this will influence the
shelf life of the PGPM inoculants (Goudar et al. 2017). The Eastern Africa region is
characterized by high temperatures, and this adversely affects the survival of
rhizobia in the packaged inoculants and in the inoculated seeds in the field
(Deshmukh et al. 2014).
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10.5 Commercialization of PGPM Strains’ Biofertilizers

Although Rhizobium inoculants have been in existence for more than a century, their
production in African countries is still at a pilot scale, mostly for purposes of
research purposes, having no strategy to promote commercial production (Laetitia
and Lesueur 2013). In East Africa, Kenya has a well-established use and production
of biofertilizers. Biofix, a product produced by MEA Fertilizer Limited and licensed
by the University of Nairobi, MIRCEN, is the main product in the market, which
is fully commercialized. The species used in biofix for common bean production is
Rhizobium tropici strain CIAT 899 (Balume et al. 2013). In Uganda, biofertilizer is
produced in two plants, Mahavani Limited and Makerere University. Biofertilizer
legumes and Bio-N fix are the products produced at Madhavani Limited and
Makerere University, respectively. The strains in these products are B. japonicum
and Rhizobium tropici for soybean and common bean, respectively (Bala et al.
2011). In Ethiopia, National Soil Research Laboratories, Microbiology Unit, pro-
duces inoculants commercially for common bean cultivation. Rwanda Agricultural
Board (Rwanda) and Sokoine University of Agriculture (Tanzania) had rhizobial
production units (Chianu et al. 2011). Currently, the production of inoculants in
Rwanda has not been entirely due to inadequate equipment and trained staff. At
Sokoine University, inoculant production stopped when external funding was
exhausted (Bala et al. 2011). The MEA fertilizer limited produces 220,000 kg of
biofix per year, while Rwanda produces 44,500 kg of RAB inoculant (Woomer et al.
2014). Sudan’s Biopesticides and Biofertilizers Department is the only Rhizobium
inoculants producer in Sudan (Elsalahi et al. 2016). A summary of the efforts to
produce and commercialize PGPMs is shown in Table 10.2. As observed from
Table 10.2, all of the biofertilizers produced for distribution to farmers and research
are formulated using one microorganism. Documents showing commercial produc-
tion of biofertilizers containing consortia of the PGPM strains are not available.

10.6 Conclusions

The use of rhizobia–PGPM consortia for bean production has resulted in a syner-
gistic effect on nodulation, growth and yield parameters, resistance to nematodes,
and better adaptability to low soil moisture and high soil salinity. New bean varieties
have been developed with a higher ability to fix nitrogen. Similarly, research on the
effectiveness of native rhizobia applied singly or in consortia with other PGPMs
underscores the inherent benefit of the bean–rhizobia–PGPM symbiosis. Questions
on how to ensure consistent enhanced growth and yield because of symbiotic
effectiveness across different environments still abound. Future research should be
conducted into how different organisms interact in a consortium and how to establish
the best combination for different agroecosystems, minimize competition and redun-
dancy, and ensure synergy. Research also should consider the best formulation
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approaches for different PGPM consortia and ensure ease of possible commercial-
ization. Consideration of abiotic factors such as ambient and soil temperature,
salinity, and moisture stress may lead to sustainable utilization of the bean–rhizobia–
PGPM symbiosis.
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Table 10.2 Status on the commercialization of PGPM biofertilizers in East Africa

Name of
Biofertilizer

Target
crop(s)

Rhizobium
tropici strain
CIAT 899

BIOFIX Kenya MEA Ltd Common
bean

Balume et al. (2013);
Odame (1997)

Rhizobium
tropici

RAB
inoculant

Rwanda Rwanda Agricul-
tural Board

Common
bean

Chianu et al. (2011)
https://oneacrefund.
org/documents/73/
Nitrogen_Fixation_
In_Beans_Ag_Inno
vations.pdf

B. japonicum NITROSUA Tanzania Sokoine Univer-
sity of
Agriculture

Soybean
and
lucerne

Chianu et al. (2011)

B. japonicum
and Rhizobium
tropici

Bio-N fix Uganda Madhavani Ltd.
and Makerere
University

Soybean
and com-
mon bean

Chianu et al. (2011)

Rhizobium
leguminosarum
biovar phaseoli
strain HB-429

Not
mentioned

Ethiopia National Soil
Research Labora-
tories, Microbiol-
ogy Unit, Addis
Ababa

Common
bean

Assefa et al. (2018);
Hailemariam and
Asfaw (2015)

Rhizobium
leguminosarum

Not
mentioned

Sudan Biopesticides and
Biofertilizers
Department

Common
bean

Elhassan et al.
(2010); Elsalahi et al.
(2016)

Acknowledgments Not applicable.

Glossary

Abiotic factors Nonliving components such as water, soil, and atmosphere that
affect the activity of soil microbes.

Biofertilizer Substances that contain microorganisms, which when added to the
soil increase its fertility and promote plant growth.

Biological control Management of plant disease by inhibiting plant pathogens or
improving plant immunity through the effects of beneficial microorganisms.

https://oneacrefund.org/documents/73/Nitrogen_Fixation_In_Beans_Ag_Innovations.pdf
https://oneacrefund.org/documents/73/Nitrogen_Fixation_In_Beans_Ag_Innovations.pdf
https://oneacrefund.org/documents/73/Nitrogen_Fixation_In_Beans_Ag_Innovations.pdf
https://oneacrefund.org/documents/73/Nitrogen_Fixation_In_Beans_Ag_Innovations.pdf
https://oneacrefund.org/documents/73/Nitrogen_Fixation_In_Beans_Ag_Innovations.pdf
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Biotic factors The living components that affect the functioning of soil microbes
such as plants and other soil organisms.

Carrier materials Any substance that can be used to deliver viable microbial
cultures from the laboratory to the field.

Co-inoculation Inoculation of plants with a mixture of two or more plant growth-
promoting microbiota.

Competitiveness The ability of the introduced bacteria to colonize the roots and
nodules of plants in the presence of native soil population.

Microbial consortia Two or more bacterial or microbial groups living
symbiotically.

Formulation Preparation of inoculants in the carrier materials.
Plant growth promoters Chemicals that promote cell division, cell enlargement,

flowering, fruiting, and seed formation in plants. Examples are auxins, gibberel-
lins, and cytokinins.

Growth regulators Chemical substances act as intercellular messengers that influ-
ence the growth and differentiation of plant cells, tissues, and organs.

Indole acetic acid A chemical that is synthesized by microbes and plants, and it
plays a role in both root and shoot development.

Microbial inoculants Agricultural amendments that use beneficial rhizospheric or
endophytic microbes to promote plant health.

Inoculation The application of inoculants to the soil, seeds, or plant.
Mechanisms of action The biotic activities of the soil microbes in the soils that lead

to the stimulation of plant growth through mobilizing nutrients in soils, produc-
tion of numerous plant growth regulators, protection plants from phytopathogens,
improving soil structure, and bioremediating the polluted soils.

Nutrient acquisition The mechanism by which plants capture the elements that are
essential for their growth.

Plant growth-promoting microbiota The soil bacteria inhabiting around/on the
root surface and are directly or indirectly involved in promoting plant growth and
development.

Rhizobia Bacteria found in soil that helps in fixing nitrogen in leguminous plants.
Siderophores Small molecular iron-chelators that are produced by microbes.
Stress alleviation Mitigation of plants against harmful biotic and abiotic factors.
Symbiosis Any kind of relationship or interaction between two dissimilar organ-

isms, each of which benefits from the other.
Symbiotic efficiency The ability of soil microbes to plant growth-promoting

microbiota to form a beneficial relationship with the plant and promote its growth
and development.

Synergy Microbial interaction in which both or all the microbial populations
involved get benefited by supporting each other’s growth and proliferation.
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Chapter 11
Management of Sustainable Vegetable
Production Using Microbial Consortium

Habtamu Mekonnen , Lamenew Fenta, Mulugeta Kibret, and Kindu Geta

Abstract To meet the high food demand of the alarmingly growing world popula-
tion, chemical fertilizers and pesticides are extensively used. Uses of chemical
fertilizers and pesticides accompanied by improper farm management practices
and application of agrochemicals and pesticides have caused loss of soil fertility
and plant health. The exploitation of beneficial soil microorganisms as a substitute
for chemical fertilizers in the production of food is one potential solution to this
challenge. Since soil microorganisms are inexpensive and eco-friendly, they have
been used repeatedly for maximizing the production of many crops across different
agronomic practices. So, the application of effective microbes (EMs) solely or in a
consortium is becoming an alternative to chemical fertilizers and pesticides for
enhancing vegetable production under sustainable agriculture. Microorganisms,
such as plant growth-promoting rhizobacteria and mycorrhizal fungi, have demon-
strated their ability in the formulation of biofertilizers in the agricultural sector,
providing plants with nutrients required to enhance their growth, increase yield,
manage abiotic and biotic stress, and prevent phytopathogens attack. This chapter,
hence, focuses on the important role performed by beneficial soil microorganisms in
the consortium as a cost-effective, nontoxic, and eco-friendly approach in the
management of the rhizosphere to promote vegetables’ growth and yield.
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11.1 Introduction

The role of soil microorganisms in sustainable agriculture has gained big attention
over the last two decades. Sustainable agriculture is a unique modern farming
practice that promotes soil health and wholesome crop yield and reduces pollution
of cultivable soils. In addition, it is a strategic agro-biotechnological approach where
the present societal food demands can be met without compromising food security
for the future generation. Due to the ever-growing human population, steps to curb
the concept of food security are required, which can intensify crop yield per unit area
production capacity (Glick 2012).

In the agricultural sector, vegetables are the most vital part involved in nutritional
security due to their short life cycle, high yield, nutritional enrichment, and eco-
nomic viability and also provide employment opportunities to rural citizens
(Mekonnen and Kibret 2021). Currently, ensuring the demand for vegetable pro-
duction and feeding the increasing population, the worldwide application of chem-
ical fertilizers in the form of synthetic fertilizers and pesticides is causing fertility
loss and environmental pollution. Pesticides are used for controlling pests and
insects but pose some negative influences on the ecosystem. Excessive use of
chemical fertilizers and pesticides cause several illness and death in humans
(Verma et al. 2014). Moreover, improper farm management practices and applica-
tion of agrochemicals cause loss of soil fertility and health. In addition, the patho-
gens have a detrimental impact on crop productivity. However, sustainable
agricultural practices must be essential for providing better food, fuel, and fiber for
a healthy nation. Therefore, to minimize the consistent application of expensive and
disruptive chemicals in vegetable production, viable and practically applicable
alternative strategies need to be developed. To this end, researchers have begun to
direct their interests toward ensuring agrarian sustainability using beneficial soil
microorganisms. In this regard, the advent of microbial preparation often called
biofertilizers involving many useful soil microbes has provided an effective solution
to high-input agrochemicals. Hence, the use of nonpathogenic rhizosphere microbes
to enhance vegetable production is currently considered a safe, viable, and low-cost
alternative to synthetic chemicals (Zaidi et al. 2017). Since soil microorganisms are
inexpensive and eco-friendly, they have been used repeatedly for maximizing the
production of several crops across different agronomic practices. The application of
effective microbes (EMs) individually or in a consortium as a mixed culture is
considered for enhancing vegetable production under sustainable agriculture
(Kumar et al. 2019).

EMs are naturally coexisting microbes useful and applied to agriculture as
biofertilizers or microbial inoculants to enhance plant growth and manage the soil
ecosystem. Some of the well-known microbial consortia include lactic acid bacteria
(LAB), photosynthetic bacteria, actinobacteria, mycorrhiza, and yeasts. These
microbes are physiologically well-matched and coexist in a provided nutritional
medium (Naik et al. 2020). In the agriculture system, beneficial microbial inoculants
majorly include plant growth-promoting bacteria (PGPB) and VAM (vesicular



arbuscular mycorrhizal) fungi. They function via various direct and indirect mech-
anisms (Toyota and Watanabe 2013). Even though considerable research work has
been conducted to explain the impact of rhizosphere microbes in the enhancement of
vegetable crops, very few efforts have been made to systematize the information that
could benefit progressive vegetable farming communities. Considering the impor-
tance of beneficial soil microbes and the success achieved so far, efforts herein have
been directed to highlight the impact of microbial consortia or individually on the
quality and yield of vegetables grown in different agronomic regions of the world.
Furthermore, efforts are also made to explore the challenges of the current develop-
ment in using microbial consortium as the best tool for sustainable vegetable
production (Fig. 11.1).
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11.2 Role of Microbial Consortium in Sustainable
Vegetable Production

Sustainability in agriculture is the long-term maintenance of soil productivity using
natural resources without degrading the environment. Maintenance and preservation
of natural resources including the functional and diverse microbial population in the
soil is an essential component of sustainable agriculture (Kumari et al. 2020).
Microbial consortium (MC) involves the symbiotic interactions of two or more
microbial groups for improved crop growth (Clark et al. 2009). It is hard to find
microbes that occur, survive, and persist as single cells, strains, or even single
species in bulk soil, in the proximity of plant root canopy, as phyllosphere, or
even as endophytes (Santoyo et al. 2021a, b). The associations of microbes enhance
the turnover of soil organic matters and mobilize nutrients for the growth of plants
and fixation of nitrogen. Despite their intrinsic diversity, MCs tend to respond to the
environmental stressors as a unique organism, because they can have more chances
of survival than any microbial strain living in isolation to adopt one or more of their
components to the stressor and can take advantage of internal beneficial interactions
among members (Nuti and Giovannetti 2015). Since each of a given ecosystem’s
physiological functions can be carried out by more than one microbial species, the
functional biodiversity and the possibility of replacement among different microbial
components play a significant role in maintaining an active life of the ecosystem. As
a result of the intrinsic advantages, MC acceptability and applicability by practi-
tioners have increased unlike the use of a single strain, as demonstrated by Sarkar
and Chourasia (2017). Under this study, the metabolic versatility of the microbial
community for the treatment of organic wastes was used. Besides, the process of
co-metabolism is another interactive advantage of MC over single inoculum. This
usually manifests when a specific microbial group produces a specific metabolite,
which often serves as a potentially limiting nutrient for another microbial population
within the consortium. This essentially helps to ensure the complete mineralization
of by-products, which could constitute an environmental nuisance to both
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microbiota and plants while optimizing the arable function of the soil. Furthermore,
the balance among the different components of an MC will ultimately consist of a
continuous shift between actively growing (i.e., viable and culturable) cells and
nondividing (i.e., viable but nonculturable) cells of the various components of the
total population. It is known that different microbial populations communicate with
each other within the given environment (e.g., through “quorum sensing”) b
exchanging precise chemical signals (Nuti and Giovannetti 2015). The powerful
features of natural consortia have inspired the interest in engineering synthetic
consortia for the application of industrial biotechnology (Minty et al. 2013).
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Increasing global use of chemical fertilizers often beyond crop and soil’s require-
ment thresholds; hence, there is a need for researchers and agriculturists to find ways
to limit the intense applications of agrochemicals and to significantly reduce their
impacts on the soil ecosystem (Sun et al. 2015; Liu et al. 2017). Consequently, the
integration of natural biotechnological advantages of soil microbes in vegetable crop
production systems would undoubtedly mitigate plant growth challenges and will
brighten the global desire for sustainable agriculture (Odoh 2017).

11.3 Types of Microbial Consortia

Under natural conditions, plants communicate with microbial species, with each
other to give rise to networks that can have beneficial or harmful effects on plant
growth, thus shaping a plant microbiome (Mendes et al. 2011; Carrión et al. 2019).
The application of different plant growth and health-promoting microorganisms
(PGPMs) with diverse mechanisms of action provides a wide spectrum of benefits
for the plant, including direct stimulation of its growth and health of the plant, which
leads to better production (Sharma et al. 2018; Behera et al. 2020; Bradáčová et al.
2020; Dheeman et al. 2020).

11.3.1 Bacteria–Bacteria Consortia

The impact of numerous PGPB strains on plants has been well investigated. A
bacterial consortium generally constitutes two or more compatible bacteria of
different species in a synergistic or additive interaction (Stockwell et al. 2011;
Panwar et al. 2014; Sarma et al. 2015). In some cases, a mixture of different strains
of the same species can exhibit enhanced activities and be considered a consortium.
In the review conducted by Singh et al. (2019), bacterial interactions within a
consortium are classified into three types based on the effects they have on each
other: (i) stimulatory or positive, (ii) inhibitory or negative, or (iii) neutral. The
positive interactions generally create a network to support individual members
through cross-feeding, where one bacterium utilizes the metabolic products pro-
duced by another consortium member. Mutualism, protocooperation, and



commensalism are examples of positive associations. Negative interactions lead to
the suppression of bacterial members in a consortium, destroying the community
structure and its functioning (Moënne-Loccoz et al. 2015); they include amensalism,
predation, parasitism, and competition. Amensalism is a type of unidirectional
interaction where the growth of one of the members is affected by the production
of toxic compounds by its partner (Roell et al. 2019). In neutral interactions,
members of the consortium do not influence each other. This interaction occurs
when two species consume different substances (nutritional divergence), and neither
produces compounds inhibitory to other members of the consortium (Singh et al.
2019). In agriculture, however, members that interact positively in a mutualistic way
are desirable for stable performance over prolonged cultivation to obtain the
expected positive effect when applied to a crop (Liu et al. 2012; Mahmud et al.
2020).
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Bacterial consortium communication is highly dependent on molecular signals;
among them, quorum sensing (Qs) plays a significant role in bacterial compatibility
in consortium formulations. Among several signal molecules, the acyl-homoserine
lactone (AHL) signal molecules are the most well-known in the bacterial consortium
(Mukherjee and Bassler 2019). Other important signaling compounds reported in
bacterial consortia are volatile organic compounds (VOCs), which are implicated in
both bacteria–bacteria and plant–bacteria communication. These compounds include
terpenoids, alkanes, alkenes, ketones, sulfur-containing compounds, and alcohols
that act as low-molecular-weight (<300 Da), low-boiling-point, high-vapor-pres-
sure, and lipophilic signal molecules (Fincheira and Quiroz 2018).

11.3.2 Fungus–Bacteria Consortia

According to Deveau et al. (2018) bacteria–fungi interaction (BFI) is intrinsically
modulated by the behavioral properties of either or both of the interacting partners.
Usually, during their coexistence, there exist intimate biophysical and metabolic
associations leading to the development of bacterial–fungi interdependency. Central
to BFIs is the communication between the bacterium and the fungus. According to
Frey-Klett et al. (2011), the best-known and most extensively studied category of
bacterial–fungal communication is antibiosis, a chemical warfare that is typified by
the diffusion of deleterious and often chemically complex molecules from one
partner to the other. In their review, they have mentioned a variety of mechanisms,
including the inhibition of key cellular functions such as cellular respiration (e.g.,
hydrogen cyanide and fusaric acid), cell wall synthesis (e.g., penicillin and butyric
acid), and transport systems (e.g., β-phenylethanol), while others impair the integrity
of cell membranes (e.g., hydrolytic enzymes, cyclic lipopeptides, and polymyxin B).
For example, exposure to phenazines and phloroglucinols produced by certain
Pseudomonas isolates induces the expression of several ABC transporters in the
fungal phytopathogen Botrytis cinerea, which is thought to prevent the intrahyphal
accumulation of antifungal metabolites (Schoonbeek et al. 2002; Schouten et al.



2008). In addition, a B. cinerea laccase was found to be responsible for the
production of reactive species that detoxify 2,4-diacetylphloroglucinol (Schouten
et al. 2008).
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The other molecules with more subtle effects than antibiotics during BFIs are
signaling molecules. Adams et al. (2009) found that some bacterial metabolites
stimulate fungal hyphal growth. They stated that Streptomyces sp. AcH505 shows
enhanced production of the secondary metabolite auxofuran during its interaction
with Amanita muscaria, which promotes the extension of the fungal mycelium.
Further unidentified volatile substances produced by some bark beetle-associated
bacteria stimulate the growth of their symbiotic fungi. Bacterial peptidoglycans have
been shown to induce Candida albicans hyphal growth, while the presence of the
C. albicans metabolite farnesol can modulate the expression of virulence genes in
Pseudomonas aeruginosa by influencing bacterial quorum sensing (Cugini et al.
2010).

Moreover, bacterial–fungal communication may also occur via modifications of
the physicochemical properties of their environment. A common effect is an alter-
ation of the pH, although some microorganisms (e.g., streptococci, lactobacilli, and
Candida) occupy environments under a broad range of pH conditions, most of them
are susceptible to acidic pH below 4 (O’May et al. 2005). Thus, alterations in pH can
affect microbial community structure by either promoting or inhibiting the growth of
acid-sensitive organisms. On cheese surfaces, for example, yeast lactate metabolism
and the production of alkaline metabolites such as ammonia cause deacidification
that favors the growth of less-acid-tolerant bacterial strains that are essential for
cheese ripening (Corsetti et al. 2001). Similarly, the presence of the alkalinizing
yeast Geotrichum candidum enhances the growth of Salmonella on tomato fruit
surfaces (Wade et al. 2003). In addition to its effects on microbial growth, environ-
mental pH also influences other microbial processes; for example, the rate of
synthesis of the secondary metabolite aflatoxin by Aspergillus parasiticus is higher
under acidic growth conditions, while an alkaline medium increases the production
of penicillin by Aspergillus nidulans (Calvo et al. 2002).

Besides the role of diffusible molecules in BFIs, migration and physical contact
are also important processes in the establishment of BFIs. Chemotaxis (directed
movement) of bacteria toward fungi and fungi-derived molecules has been demon-
strated in several instances; for example, both detrimental and beneficial Pseudo-
monas species exhibit taxis toward fungal mycelial exudates (Deveau et al. 2010).
Cell–cell contact between fungi and bacteria can result in important changes to their
physiology and interactions. Adhesive interactions mediated by polysaccharides for
the attachment by Pseudomonas bacteria with antifungal activity onto the hyphae of
the button mushroom Agaricus bisporus have been reported (Frey-Klett et al. 2011).
A role for extracellular polysaccharides in the attachment of bacterial species to
arbuscular mycorrhizal fungi has also been reported, while in the brewing industry,
the co-flocculation of the fission yeast Schizosaccharomyces pombe with the Gram-
positive lactic acid bacterium Pediococcus damnosus appears to be mediated in part
by yeast cell surface mannose and galactose residues (Bianciotto et al. 2001; Peng
et al. 2001).
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Nutritional interactions between fungi and bacteria are important to many BFIs.
Trophic competition between fungi and bacteria is well documented in the plant root
environment (rhizosphere), where bacterial competition for nutrients such as C, N, or
Fe can be an effective biocontrol mechanism against fungal root pathogens. Exam-
ples of bacterial–fungal trophic competition in other environments include compe-
tition for C substrates during the decomposition of leaves the uptake and release of
nutrients by yeast during wine fermentation, which greatly affects the growth of
malolactic bacteria and competition between the feed additive S. cerevisiae CNCM
I-1077 and rumen bacteria in an in vitro rumen system (Chaucheyras-Durand et al.
2005). Consortium treatment of Trichoderma viride and Bacillus thuringiensis
showed early blight disease suppression and a high yield of potatoes. Besides, a
combination of P. fluorescens and T. viride reduced early blight disease incidence
and increased the yield of potatoes compared to the control under field conditions.
This study reported that seed treatment with a combination of P. fluorescens and
T. viride and also between B. thuringiensis and T. viride can become part of the
integrated management of early blight disease of potato and plant growth promotion
(Abdullahi et al. 2016).

11.4 Microbial Consortium as Plant Biostimulants

According to Du Jardin (2015), the widely accepted definition of plant biostimulants
are substance(s) and/or microorganisms when applied to plants or the soil rhizo-
sphere stimulate the natural processes to enhance nutrient uptake efficiency and
tolerance to abiotic stress and improve nutritional quality and crop production. They
are often included in agricultural management practices aimed at reducing chemical
inputs, increasing productivity, and recovering the natural equilibrium of the eco-
systems. PGPR is being tried as consortia and is more effective than single inocu-
lation in solanaceous vegetables (Gupta and Kaushal 2017). A study conducted by
Messele et al. (2017) reported that the growth parameters of pepper plants signifi-
cantly increased the height and dry weight of local pepper varieties in the dual
inoculation of Bacillus and Trichoderma spp. to local pepper varieties compared to
the individual one. Besides, the combination of Bacillus spp. and Trichoderma spp.
gave the highest records of growth parameters, fruit yields, and plant nutrient content
on tomatoes than individual ones in pot experiments (Morsy et al. 2009).

Plant-growth-promoting microorganism is a term that applies to all microorgan-
isms (e.g., bacteria, actinobacteria, fungi, and algae) having a beneficial effect on
plant growth through the action of either direct or indirect mechanisms (Santoyo
et al. 2021a, b). They increase the production of various crops, improve soil fertility,
promote diversity and interaction with other beneficial microorganisms, inhibit the
growth and infective action of potential pathogens, and maintain the sustainability of
the ecosystem (Abhilash et al. 2016; Jiménez-Vázquez et al. 2020). In general,
PGPMs are based on interactions of single microorganisms with plants, evaluating
different parameters of growth and plant health, such as the length or weight of the



plant or its tissues, chlorophyll content, or the nutritional content of its tissues or
fruits (Khan et al. 2019; Mahmud et al. 2020). This has led to a better understanding
of plant–microbe interactions where a multiplicity of microbial species can exist.
Using a mixture of two or more compatible microorganisms of different species
(or strains) can facilitate beneficial additive or synergistic results since the lack of
activities in one added microbe can be found through the action of the other
(Nadarajah 2019). The addition of microbial consortia, therefore, can restructure
and stimulate plant-growth-promoting mechanisms in both optimal conditions and
under different types of biotic and abiotic stress (Woo and Pepe 2018). Microbial
consortia between bacteria, Trichoderma, and arbuscular mycorrhizal fungi to
stimulate plant growth have been found to significantly increase agricultural pro-
ductivity (Santoyo et al. 2021a, b).
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11.5 Microbial Consortium as a Biocontrol Agent (BCA)

Plant growth-promoting microorganisms either live together with non-PGPR strains
in soil or the rhizosphere in different combinations (Vacheron et al. 2013). Consid-
ering this community-based living style of PGPR strains, the current trend is to mix
biocontrol agents (BCAs) of diverse microbial species having PGP traits to achieve
desired agricultural outcomes. The application of microbial consortium consisting of
efficient strains for biological control may be a superior technique compared to the
application of individual microbes for managing plant diseases. Moreover, the
application of microbes in a consortium may improve the efficacy, reliability, and
consistency of the microbes under diverse soil and environmental conditions
(Stockwell et al. 2011). Microbial strains that have no suppressive effect on other
microbial strains when cocultured in a common medium (Jain et al. 2012; Singh
et al. 2013), in the consortium may, therefore, have an enhanced impact on PGP or
disease suppression. The use of different species of microbes in combination may
further have the advantage of enhancing biocontrol efficacies as different microbes
occupy different niches in the rhizosphere and thereby restrict competition among
them. Additionally, diversity in biocontrol mechanisms offered by each microbial
component may also help in enhancing disease suppressiveness. Some earlier studies
showed that different microorganisms namely Trichoderma, Bacillus, Pseudomo-
nas, Rhizobium, Glomus, etc. were used to develop microbial consortia (Duffy et al.
1996; Jetiyanon 2007; Kannan and Sureendar 2009; Srivastava et al. 2010). Duffy
et al. (1996) showed that Trichoderma koningii when applied with some fluorescent
Pseudomonad strains suppressed the take-all pathogen of wheat greater than
T. koningii alone. Similarly, Jetiyanon (2007) showed that a mixture of the Bacillus
strains IN937a and IN937b increased superoxide dismutase and peroxidase activities
by 25–50% in tomato and pepper against some soil and seed-borne pathogens.
Srivastava et al. (2010) also showed that the combined application of Trichoderma,
fluorescent Pseudomonas, and Glomus suppressed Fusarium wilt incidence in toma-
toes under field conditions by more than 50% over a single application of Glomus.



The rationale behind the selection of the microbes used in consortia is their ability to
fix atmospheric N, solubilize phosphorous in the soil, produce phytohormones, and
have antagonistic activities against the pathogens. Later on, microbes capable of
inducing systemic resistance (Bakker et al. 2013) as well as enhancing nutrient use
efficiency were also included in the microbial mixtures (Pandey et al. 2018, 2021;
Dhiman et al. 2019). These microbes can do their work individually. However, when
compatible strains of these microbes are applied together as a consortium, crops are
expected to get a combined benefit of high N and P availabilities for uptake leading
to better plant health and yield. Combining antagonist bioagents may further facil-
itate the disease-free growth of the plants. Therefore, applying microbes as a
consortium has great potential, particularly in modern agriculture, where minimiza-
tion of chemical fertilizers and pesticides is one of the priorities. Enhanced N and P
uptake along with biocontrol of soil-borne pathogens were reported in chickpeas
when Rhizobium, PSB, and Trichoderma were applied as a consortium (Rudresh
et al. 2005). According to Messele et al. (2017), the dual culture technique on
Colletotrichum isolates from pepper showed that isolates of Bacillus and
Trichoderma in combination showed the greatest pepper anthracnose disease reduc-
tion compared to pathogen-inoculated plants. Moreover, through the biocontrol
potential of P. fluorescens-Bak150 and Trichoderma viride-ES1 against potato late
blight pathogen caused by P. infestans under greenhouse conditions, it was found
that that P. fluorescens and T. viride significantly reduced the disease compared to
the untreated controls (Zegeye et al. 2011). However, in most of these studies
conducted earlier, the fate of the microbes inoculated as consortia in the rhizosphere
was not assessed and a greater emphasis should therefore be given to this aspect for
better utilization of microbial consortia in enhancing their efficacies.
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11.6 Microbial Consortium-Mediated Plant Defense

Living plants always remain in contact with a variety of beneficial, nonbeneficial,
and pathogenic microorganisms, including bacteria and fungi. They must make out
the identities of the microbes and activate their respective mechanisms either to
attract the desired microbial species or to keep away the unwanted ones. In the case
of pathogenic microbes, plants activate their effective and quick defense mecha-
nisms to protect themselves by arresting the growth of pathogens. Perception and
identification of pathogens are, therefore, the key points in the activation of effective
and rapid plant defense responses (Ponce de León and Montesano 2013). Plants have
developed several mechanisms to resist different biotic and abiotic stresses during
evolution. When plant pathogenic microorganisms encounter plants, defense
responses are triggered similarly as it is stimulated by beneficial microorganisms.
However, the duration and level of activation of the defense responses are much
more when the plants are bio-primed with beneficial rhizospheric microbes (Shoresh
et al. 2010).
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Scholars have developed some successful and effective microbial consortia
against soil-borne pathogens such as Sclerotinia sclerotiorum and Sclerotium rolfsii.
They demonstrated some of the host-mediated defense responses involved in the
suppression of plant diseases by microbial consortia consisting of potential BCAs
viz., Trichoderma harzianum, B. subtilis, and P. aeruginosa against S. sclerotiorum
in pea plants (Jain et al. 2012)) and P. aeruginosa, T. harzianum, and
Mesorhizobium sp. against S. rolfsii in chickpea plants (Singh et al. 2013). The
triple microbial consortium consisting of compatible strains of P. aeruginosa
PJHU15, T. harzianum TNHU27, and B. subtilis BHHU100 enhanced the defense
parameters of the treated pea plants up to 1.4–2.3-folds when challenged with
S. sclerotiorum while plants treated with the individual microbes showed an only
1.1–1.7-fold increment in the same parameters compared to untreated counterparts.
The microbial consortium activated the antioxidant enzyme activities and the
phenylpropanoid pathway leading to the accumulation of total phenolics, proline,
and (PR) proteins after the pathogen challenge. Phenol accumulation increased up to
1.4–4.6-folds in plants treated with the triple microbial consortium compared to
plants treated with either single or dual microbial consortia (Jain et al. 2012).
Similarly, co-inoculation of Azospirillum and P. fluorescens had a synergistic effect
on the yield of cotton with protection against Rhizoctonia bataticola, the causal
agent of root rot disease in cotton (Marimuthu et al. 2013). However, the rhizosphere
population of the microbes declined with plant maturity by nearly 50%. The
consortium of two PGPR strains, P. fluorescens Aur 6 and Chryseobacterium
balustinum Aur 9, was used for the integrated management of blast disease of rice
(Lucas et al. 2009). It was observed that disease severity reduced to half when the
microbial strains were used in combination compared to their single application
under field conditions. Similarly, co-inoculation of T. harzianum Tr6 and Pseudo-
monas sp. Ps14 enhanced the effect of ISR via MYB72 (independent from SAR) in
cucumber by activating different signaling pathways against Botrytis cinerea
(Alizadeh et al. 2013). The co-inoculation treatment with Tr6 and Ps14 reduced
the disease index by more than 40% as compared to the single microbial treatments.
The consortium of Paecilomyces lilacinus KIA and Rhizobium sp. also proved very
effective in reducing the multiplication of the root-knot nematode caused by
Meloidogyne javanica in chickpea roots. While the P. lilacinus KIA strain could
parasitize females and eggs of nematodes, the Rhizobium strain could produce
antibiotics and phytoalexins. The combined effects of the microbial mixture thus
led to better growth inhibition of the nematodes and enhanced plant growth (Siddiqui
and Akhtar 2009). The number of galls per root system was also lowered by more
than 20% when P. lilacinus KIA was co-inoculated with the Rhizobium strain
compared to its single application. However, random mixing of BCAs may also
have adverse effects on disease management. Xu et al. (2010) evaluated those three
commercial biocontrol products by combining two at a time and observed that the
disease incidence of B. cinerea in a strawberry was even higher than the application
of the individual BCAs. Negative impacts of microbial mixtures were also reported
by Bora et al. (2004) and Elliott et al. (2009). Xu et al. (2010) suggested that the
antagonistic activities of the BCAs against each other may have a role to play in



reducing their performances. Therefore, the compatibility of microbial mixtures is
the most important issue to be addressed in the future while developing microbial
consortia to improve their biocontrol efficacies. Besides, ISR is only one of the
mechanisms that may be mobilized to counteract plant pathogens in an environmen-
tally friendly and durable way. Integrating ISR-triggering PGPR into disease man-
agement programs in conjunction with other strategies is yet to be a worthwhile
approach to explore (Kaymak 2010).
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The results were obtained from experiments involving microbial consortia, and
most of the microbes were selected based on their plant growth promotion and
disease-suppressive abilities along with a presumption that the consortia will be
effective against the tested pathogens. Only in fewer cases, it was evident that the
consortia were developed based on either compatibility of the microbes or prior
information that the consortia were effective against the target pathogen. Thus,
testing for compatibility is important from the point of view that it may minimize
the failures of experiments due to microbial incompatibility.

11.7 Microbial Consortium as Biofertilizer

Microbial interactions in soil ecology are dynamic and complex. It is a determinant
to increase the yield and productivity of aboveground crop parts (Philippot et al.
2013). This occurs through a process called bio-fertilization—a phenomenon where
microbial inoculants are seeded on plant surfaces, seeds, and/or soil to colonize the
rhizosphere. This condition enhances growth through the supply and availability of
primary nutrients to the plant (Odoh 2017; Kenneth et al. 2019). Biofertilizer is a
culture of bacteria, fungi, and algae either alone or in combination that is packed in
carrier materials to enhance plant growth. Several support materials are preferably
organic in origin (notably chitosan, gelatin, sawdust, k-carrageenan, zeolite, acti-
vated carbon, etc.) and are stable bio-carriers used to immobilize these biofertilizers
while substantially eliminating environmental perturbations (Nwankwegu and
Onwosi 2017). In comparative research evaluating microbial consortia versus
single-strain inoculants, Bradáčová et al. (2019) suggested that microbial consortia
increase the efficiency of crop production, particularly under challenging environ-
mental conditions. In arable agricultural application, it is considered an essential
component for long-term soil fertility and sustainability. Nuti and Giovannetti
(2015) in their view suggested that biofertilizers act by nourishing and fortifying
the host plant and inducing general pathogenic resistance, irrespective of its origin
and nature. Research has focused on halting the overdependence on synthetic
fertilizers coupled with the rising depletion of soil functionality (Chatzipavlidis
et al. 2013; Bhardwaj et al. 2014). This bioprocess, however, requires optimization
to support increased yield and economic viability of small and marginal farmers. The
microbial consortium, apart from being able to mobilize nutritionally important
elements from nonusable forms through the biological processes (Mazid et al.
2012), secretes fascinating bioactive ligands (Myc and Nod factors) using a



transduction pathway (Roberts et al. 2013) for the release of Ca2+ in the cytosol
(Sieberer et al. 2009).

11 Management of Sustainable Vegetable Production Using Microbial Consortium 237

11.8 Challenges with Microbial Consortium

Though the application of beneficial soil microorganisms to enhance plant produc-
tivity is gaining more focus, they have not been widely accepted on a large scale
because of the difficulty of reproducing their beneficial effect on plants in a natural
environment or field condition (Jacoby et al. 2017). The major challenges with the
application of microbial inoculants are a lack of awareness of the eco-friendly
importance among the communities of farmers, inadequate promotion and motiva-
tion by the agricultural extension worker to the farmers on the use of biofertilizer
products, lack of availability of suitable carriers for biofertilizer formulation, prob-
lems of storage facilities to prevent contamination, and extreme climatic conditions,
which lead to inconsistency in the efficacy of biofertilizers on plant productivity in a
natural environment (Fasusi et al. 2021).

Compatible microbial consortia may result in promoting plant growth and devel-
opment in various crops (Pandey et al. 2012) . As described in the above section,
dual microbial inoculation was reported to enhance plant production more than the
application of individual strains. However, similar results were not always obtained
in co-inoculation treatments. For instance, Walker et al. (2012) showed that
co-inoculation treatments involving Glomus, Azospirillum, and Pseudomonas did
not increase secondary metabolites in maize roots when results of the co-inoculated
treatments were compared with a single application of Glomus. Similarly, mycor-
rhizal association in common beans exhibited a negative effect on nodule develop-
ment. Several other reports are also available, which demonstrated that certain
microbial consortia were unable to show at least significant effects on plants
concerning their applications (Ballesteros-Almanza et al. 2010). Similarly, Felici
et al. (2008) documented that co-inoculation with B. subtilis 101 and Azospirillum
brasilense Sp245 had no significant effect on plant biomass accumulation
concerning control, whereas individual application of the microbes showed an
increase in plant biomass. The negative impact of the dual inoculation treatment
was attributed to the involvement of independent signaling pathways in the two
microbial species. One of the major causes for such contrary results with microbial
mixtures may be attributed to the incompatibility of the microbes in the mixture with
each other. Thus, while developing a consortia formulation, a combination of
compatible strain that differs in the pattern of plant colonization, combination with
a broad spectrum of action against different plant pathogens, combinations with
different modes of action, and two or more genetically diverse groups of genera to
adapt different pH, moisture, temperature, and relative humidity must be considered
(Sarma et al. 2015). The use of microbial inoculants must also consider microbial
diversity in the rhizosphere and having effective biotechnological applications.
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11.9 Conclusive Remarks and Future Perspectives

As stated above, compatible microbial consortia are important in promoting plant
growth and plant disease suppression, as well as a biocontrol agent in various crops.
Although the development of microbial consortia is important for healthy plant
development, equal understanding of how they influence plant metabolism and the
mechanisms involved in the interaction of microbes (bacteria–bacteria, bacteria–
fungus, and fungus–fungus) are not explored, particularly their molecular interac-
tions. Molecular-based approaches to analyze the impact of introduced isolate on the
microbial diversity and community structure and to predict responses to microbial
inoculation are also essential. Further studies must also be conducted to address the
consequences of the cooperation between microbes in the rhizosphere under field
conditions to assess their ecological impacts and biotechnological applications. In
this regard, efforts are needed to promote the use of microbial consortia by consid-
ering their multifunctional characteristics and quality standards for potential combi-
nations of microbes that must be generated to ease their agricultural application.
More insights are also needed into the microbial consortia-regulated expression of
transcription factors associated with host defense responses during biotic and abiotic
challenges. In addition, compatible strains of microbes are identical, which can
positively influence the host physiological and transcriptional regulations for the
development of cost-effective products for commercialization. At the same time, it
will be a bonus if simple and rapid testing methodologies/kits are developed for the
evaluation of effective microbial consortia, which can predict probable impacts of
the consortia on host plants through the synergistic acts of the microbes. Beyond
this, it has been indicated by some authors that plants can inherit the threat signals
perceived by the parents to their offspring through the trans-generational passage of
message when the plants are primed with either chemicals or biological materials.
The passage of the message is found to be carried forward to the next generation
through epigenetically regulated expression of certain genes. This is an area to be
explored further, particularly in the context of whether microbes in consortia can
induce fine-tuning of genes to get desired outputs in the next generation. Similarly, it
was demonstrated that metabolic changes could occur in favor of plants to achieve a
specific objective that benefits agriculture. Additionally, metabolites from the culture
of microbial mixes could be evaluated for their potential to stimulate crop plants for
enhancing the yield and protection from pests and pathogens by specific
up-regulation of some desired genes by the metabolites in the absence of the
biologically alive microbial cells. Sophisticated bioinformatics tools may also be
considered for the design and development of microbial consortia for sustainable
agricultural practices.
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Chapter 12
Consort Interactions of the Root
Endophytes Serendipita spp. (Sebacinales,
Agaricomycetes, Basidiomycota) with Crop
Plants

Nader Rokni, Flemming Ekelund, and M. Hossein Borhan

Abstract Various microorganisms may be formulated and applied to enhance plant
growth and vigor, e.g., the symbiotic fungal root endophytes Serendipita indicia and
S. vermifera (Serendipitaceae, Agaricomycetes, Basidiomycota), which interact with
a broad range of host plants. These symbionts have a wide range of beneficial effects
on plants, such as induction of resistance to fungal pathogens and different insects/
pests as well as overall unspecific growth-promoting effects. Unlike arbuscular
mycorrhiza (AM) fungi, Serendipita spp. can grow axenically on synthetic media,
which presents a potential for producing quantities of active inoculum for large-scale
formulation and field use. This makes the Serendipita-based products promising
candidates for application in sustainable agriculture. Fungal endophytes support
crops in different crucial ways. However, the endophytes are not always beneficial
to the plants, as the symbiosis may range from mutualism to antagonism. The host–
endophytic relation presents an intricate balance between plant defenses and fungal
virulence. Thus, the application of high concentrations of S. indica inoculum may
lead to severe infection and strong negative effects on the plant. In this review, we
address the importance of “inoculum quantity” as an often-overlooked factor in the
study of plant–endophyte interactions. We also highlight the benefits of the
endophyte-mediated interaction of plants and Serendipita spp. singly or in aggre-
gates with other plant growth-promoting microorganisms. Finally, we discuss the
potential advantages of using carrier-based formulations of the bioinoculants, espe-
cially for large-scale commercial seed production.
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12.1 Introduction

Plant–soil–microbiome interactions are essential determinants of plant health and
thus soil fertility (Jeffries et al. 2003). Arbuscular mycorrhiza is the most frequent
mutualism on earth and a classic example of a reciprocally beneficial symbiosis.
However, several plant species, including major crops and weeds, seem to be
nonmycorrhizal, e.g., Proteaceae, Chenopodiaceae, Caryophyllaceae, and
Brassicaceae (Brundrett 2009; Lambers and Teste 2013). These plants may associate
with various fungal endophytes with growth promotion properties. The genus
Serendipita (Serendipitaceae, Sebacinales, Agaricomycetes, Basidiomycota) inter-
acts with plant roots in various ways, including endophytic mycorrhiza-like associ-
ations (Weiss et al. 2016). The endophytic members include Serendipita vermifera
(Warcup and Talbot 1967), S. indica (Varma et al. 1999) (formerly, Sebacina
vermifera and Piriformospora indica, respectively), S. williamsii (formerly,
Piriformospora williamsi) (Basiewicz et al. 2012), and S. herbamans (Riess et al.
2014). These species are axenically cultivable on synthetic media and show a broad
spectrum interaction, i.e., endophytism and associations resembling orchid-, ericoid-,
and ecto-mycorrhiza with broad host plants (Weiss et al. 2011; Selosse et al. 2007;
Basiewicz et al. 2012). Serependita species function as plant biofertilizers in nutrient-
deficient soils, protect plants against pathogens, insects, and heavy metals, and may
modulate plant development, i.e., cause early flowering, enhance seed production, and
stimulate the production of active ingredients in medicinal plants and promote
hardening of tissue in cultivated plants (Pham et al. 2004a, b, c). In particular,
S. indica has, since its discovery in 1998, been studied intensively because of its
potential beneficial effects (Oelmüller et al. 2009). S. indica colonizes the root cortex
and forms inter- and intracellular hyphae and often forms dense hyphal coils or
branched structures in the cortical cells. In nutrient-deficient soils, S. indica enhances
plant growth, overall biomass, and yield. Thus, it may protect against biotic stress
(Weiss et al. 2011; Varma et al. 2012), including infection by fungal leaf pathogens
(Serfling et al. 2007), and abiotic stress such as drought, temperature, or salt stress
(Waller et al. 2005). Consortia of S. indica with other bio-fertilizers have been shown
to promote plant fitness (Anith et al. 2011; Jafari et al. 2018; Kesh and Yadav 2016),
making it a promising candidate for application in sustainable horticulture and
agriculture (Gill et al. 2016; Kumar et al. 2009; Serfling et al. 2007; Varma et al.
2001;Waller et al. 2005; Yadav et al. 2010). Indeed, mass production of S. indicawith
different types of carriers has successfully demonstrated improved plant growth and
protection against soil-borne fungal diseases in field trials (Bajaj et al. 2014; Mishra
et al. 2014).

S. vermifera colonization enhances seed germination and biomass production of
various plant species (Ghimire et al. 2009; Ghimire and Craven 2011; Barazani et al.
2005; Baldi et al. 2008). S. vermifera also confers resistance to toxins and heavy



metal ions and may hence be used for phytoremediation because it accumulates
heavy metals and prevents their uptake into plants (Yadav et al. 2010). Moreover, it
promotes shoot and root growth, lateral root development, tolerance to salt, and
drought stress (Baldi et al. 2008; Fakhro et al. 2010; Jogawat et al. 2013; Sun et al.
2010; Waller et al. 2005; Yaghoubian et al. 2014). However, plants may not always
benefit from the interaction with Serendipita.
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Schulz et al. (1999) described the plant–endophyte interaction as a balanced
competition where the fungal virulence and plant defenses are in a state of equilib-
rium. This equilibrium can change from mutualism to antagonism through an
imbalance in the environmental and ecological factors, including the predisposition
of host tissue, the colonization density, environmental conditions, competition with
other microorganisms, and biotic/abiotic stresses (Petrini 1991; Stone et al. 2004;
Bodles et al. 2006; Sieber 2007). Insufficient understanding of the complex relation-
ships of plant-bioinoculant, particularly in terms of the required inoculum concen-
tration, has led to ambiguous results. Results from greenhouse and field studies are
inconsistent (Varma et al. 1999) and differences between methods for the establish-
ment of symbiosis systems further blur the results. Here, we review the effects of the
endophytic Serendipita on crop fitness, biotic/abiotic stress tolerance, and mineral
uptake, with a special focus on the inoculation methods and inoculum concentration.

12.2 Inoculum and Root Colonization

12.2.1 Measures of Assessing Mycorrhization

Serendipita mimics the AM fungi lifestyle. We argue that almost all the essential
items of their methodology have been retrieved from their predecessor, the AM
fungi. However, this approach has a major drawback, which is the lack of research-
based evidence for the utilized inoculum type, source, density, and/or inoculation
method. We investigated the literature of AM fungi with regard to the inoculum and
inoculation methodologies. Based on our search of the literature traditionally,
infectivity and efficacy are the parameters introduced for assessing the interaction
between plant and AM fungi. Efficacy is defined as the effectiveness of a fungus in
promoting plant growth. It is a more complicated phenomenon to model because it is
affected by several factors. However, it can be empirically measured by the growth-
promoting effects of mutualism. Infectivity, which is defined as the colonization
ability of the inoculum, is directly determined by using mathematical models. One of
the parameters that have been extensively used for calculating infectivity is the
“percent root colonization” (PRC). PRC is the measure of the incidence of fungal
structures in plant roots. Thus, it demonstrates the colonization condition of the root
pieces (Buwalda et al. 1984; Sanders and Sheikh 1983; Walker and Smith 1984).
Our survey also shows that optimal inoculum density has been considered an
important key factor for functional plant root and soil colonization with AM fungi
(Abbott and Robson 1982; Menge 1983; Haas and Krikun 1985).
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12.2.2 PRC Vs. Inoculum Density

Studies with AM fungi have correlated the root colonization ability of the AM fungi
and the consequent PRC with the number of established entry points, which in turn is
a function of the inoculum densities. The plant growth-promoting effects of the AM
fungi were also attributed to inoculum density in early studies (Carling et al. 1979;
Smith and Smith 1981; Haas and Krikun 1985). Even though the first studies of AM
inoculation demonstrated that the effectiveness of mutualism for promoting plant
performance is determined by the optimal inoculum density rather than the amount
of PRC (Kapoor et al. 2002; Toussaint 2007; Das et al. 2012), the importance of
inoculum density was neglected in later research. Instead, later research favored the
easy calculable PRC measure to establish a link between the efficacy of symbiosis
and the extent of root colonization. The PRC measure has also been extensively used
for the evaluation of the colonization pattern of plant roots with Serendipitaceae. In
the next section, we have focused on how this legacy has transferred and affected the
studies with Serendipitaceae.

12.2.3 Inoculum Quantity and the Outcome of the Interaction

Currently, there is no defined method for quantifying the fungal biomass in the
Serendipita colonized roots, and this seems to have been neglected in nearly all the
Serenidipta research (e.g., Varma et al. 1999; Sahay and Varma 1999). Some studies
do not even describe the method of inoculation and/or inoculation concentration (del
Barrio-Duque et al. 2019; Su et al. 2017; Peškan-Berghöfer et al. 2004; Rai and
Varma 2005; Rathod et al. 2011). Kaldorf et al. (2005) emphasized the importance of
using an optimized concentration of inoculum and a well-defined inoculation
method since culture conditions may drastically alter the behavior of S. indica.
They reported the growth-promoting activity of the fungus on 6-day-old
pre-rooted Populus plantlets inoculated with mycelial plugs altered to severe growth
inhibition and rooting blockage following the incubation of the explants in the
presence of S. indica grown in woody plant medium. They suggested that prolonged
incubation would stimulate the fungus to not only colonize and spread on the surface
of the aerial parts (stem and leaves) but also to invade the cortical tissues inter- and
intracellularly. Thus, depending on the cultural conditions, the interaction between
plants and fungi could be either mutualistic or antagonistic.

In a recent experiment, we used real-time quantitative PCR (qPCR) to assess the
correlation between inoculum concentration and colonization density of S. indica in
oil rapeseed (Brassica napus) (Abin et al. 2021). Seeds were inoculated with fungus
inoculum at five different concentrations (1–10% w/w basis). In line with Haas and
Krikun (1985), the experiments showed that varying inoculum density could signif-
icantly affect root colonization severity. Meanwhile, even tenfold increase in the
inoculation concentration did not affect the PRC. We obtained the same results in



another recent study on the tripartite interactions between S. indica, Trichoderma
simmonsi, and bell pepper (Solanum capsicum), in which PRC remained in a
constant range of 55% in response to varying inoculum concentrations (1–15%
w/w) across all the treatments. The results showed that seed inoculation with
lower S. indica inoculum densities (1–3% w/w) resulted in a significant increase in
the vegetative growth of the plant in both the greenhouse and field conditions.
Surprisingly, higher concentrations of the S. indica inoculum either resulted in
significant negative or less positive effects on plant growth in comparison to lower
densities (Rokni et al. 2021). Fakhro et al. (2010) also showed a deleterious shift in
the beneficial effects of S. indica inoculum on hydroponically grown tomato plants
by an increase in the inoculum concentration from 3 × 105 cfu/mL to 9 × 105 cfu/mL.
They also found no correlation between the PRC measure (10%–50%) and the shoot
fresh weight of S. inidca colonized tomato plants. Thus, based on the evidence
reviewed, the PRC should not be considered a valid analytical technique to correlate
the inoculum concentrations to the efficiency of the plant–Serendipita interaction or
density of root colonization. Accordingly, a standardization of optimal inoculum
concentration should be included in any endophyte S. indica host combination
research as a key factor for fine-tuning the interaction.
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12.2.4 Inoculum Types and Sources

Different inoculum types may facilitate interaction between Serendipita spp. and
plants; these include fungal plugs (5 mm), spores (chlamydospores), and biomass
(mycelium and spores) from liquid or solid media (Table 12.1). Both the inoculum
type and source may affect the performance of the plant–Serendipita symbiotic
system (Andrade-Linares et al. 2013); e.g., S. indica inoculum type (biomass or
spore) affected the extent of fungal spread in the tomato roots, and the levels of root
colonization were inversely correlated with the plant performance (Andrade-Linares
et al. 2013). Thus, when spores were used, the fungal spread in tomato root was
higher than using fungal biomass as inoculum. To the present day, few studies
incorporated the aspects of inoculum (i.e., source, type, and quantity) in the evalu-
ation of plant–Serendipta interactions.

More trials with the incorporation of different concentrations of inoculum and
more appropriate methods of assessing root colonization densities (see Sect. 12.2.3)
are required to determine the exact impact of the variables (i.e., inoculum source,
type, quantity, etc.) on plant–Serendipita interactions.
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12.2.5 Inoculum Quantity and Nutritional Conditions
of the Substrate

It was documented that inoculum overdose causes S. indica to revert from the
beneficial plant growth-promoting effects it provides under optimal nutritional
conditions to detrimental in nutrient-deficient substrates (Andrade-Linares et al.
2013). Inoculum overdose has even more drastic effects on biomass reduction of
plants grown in low nitrogen. Thus, the presence of nitrogen at the optimal level in
the growth substrate was reported as critical for S. indica induction of its growth
promotional effects. At optimized inoculum concentration (3 × 105 cfu/mL) with
normal N- and P-deprived conditions, the fungus displayed a significant potential for
growth promotion (Andrade-Linares et al. 2013). Such findings are not surprising,
since, in the definition of mycorrhizal dependency, Gerdemann (1975) connects the
degree of plant well-being to both its mycorrhizal and soil fertility conditions and
suggests how unsuitable quantity of inoculum and imbalanced nutritional conditions
of the substrate may negatively affect plant–Serendipita interaction.

12.2.6 Inconsistent Choice of Inoculum Quantity

Another problem is the many different methods of inoculation, which makes the
comparison of different studies difficult. For example, Dolatabadi et al. (2011) added
1% w/v (mycelium/soil) of S. indica or S. vermifera to pots of fennel (Foeniculum
vulgare), whereas, Dolatabadi and Goltapeh (2013) used 1 g of crushed mycelium
for Brassica seedlings. Satheesan et al. (2012) used 100 mg/mL fresh weight of
S. indica to inoculate Asiatic pennywort (Centella asiatica,) and Sahay and Varma
(1999) spread a layer of soil mixed with the inoculum of S. indica, over pots of
tobacco plantlets. Lack of reproducibility may be the shared problem of such
methodologies in which the concentrations of the inoculum were not specified by
authors. Considering the impact of the inoculum quantity on the outcome of the
interactions, designing reliable procedure(s) for quantitative measurements of inoc-
ulum concentration would lead to reproducible methodologies and facilitate to focus
Serpendita research on other critical factors that may impact the interactions with
plants.

12.3 Inoculation Methods

To establish contact between plant and Serendipta, several techniques have been
used. These methods include fresh/dry weight (g) of the fungal biomass to weight or
volume (mL) of plant seeds or growth substrate, dipping seeds/roots/reproductive
organs in homogenized fungal biomass, placing fungal plugs in growth substrate,



placing seeds on the pre-grown culture of the inoculants, and using colony-forming
unit (CFU) enumeration [spores, fungal biomass (spore(s), mycelial fragments or
spore(s) attached to mycelia)] (Table 12.1).
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12.3.1 Inoculation Based on Weight/Volume Ratio

Inoculation based on the weight/weight or weight/volume measures is the most
common method. For example, Varma et al. (1999) used 1 g of fresh fungal
mycelium mixed with 100 g substrate (expanded clay) for inoculation of seedlings
or plantlets of maize, poplar, parsley, and some other plants, which reportedly
enhanced the growth and biomass production of the plants. Rai et al. (2001) used
a homogenized culture of S. indica in sterile water to inoculate Spilanthes calva and
Withania somnifera at two phenologic stages of plant growth. They inoculated seeds
at 1% w/w and reinoculated the juvenile roots with 50 mg/mL mycelia (fresh weight)
and found a significant increase in the growth and yield of both plant species.

Peškan-Berghöfer et al. (2004) mixed the fungus at 1% w/v with soil to study the
association of S. indica with Arabidopsis thaliana roots. The inoculum was fungal
mycelium obtained from liquid culture, but the inoculation quantity was not spec-
ified. Peškan-Berghöfer et al. (2004) reported a positive effect of the fungus during
the whole lifetime of the plant (faster growth, enhanced vegetation, earlier flowering,
earlier seed ripening, and higher seed yield). Rai and Varma (2005) used 5 g of
homogenized mycelium of S. indica to inoculate the pre-rooted cuttings of Adhatoda
vasica in glass bottles and found a rapid proliferation of roots and improved growth
of the plant due to this association. Druege et al. (2007) used 2 g of homogenized
S. indica biomass/L substrate to assess the fungal potential for stimulation of
adventitious root formation in Pelargonium, Poinsettia, and Petunia cuttings.
Except for Petunia, the formation of adventitious roots for the other plants was
enhanced in the presence of S. indica. Waller et al. (2005) used 2 g of S. indica
mycelium/300 g substrate (expanded clay) before sowing barley (Hordeum vulgare)
seeds under hydroponic conditions and 4 g/300 g of the substrate for yield evalua-
tions in a greenhouse before transplantation to outdoor conditions. They found
enhanced tolerance of the S. indica inoculated plants to Fusariose and powdery
mildew Blumeria graminis f.sp. hordei and mild salt stress and ascribed this as the
induction of systemic resistance. Serfling et al. (2007) used various inoculation
methods and concentrations of S. indica inoculum to examine its biocontrol potential
for preventing the fungal disease of wheat under greenhouse and field conditions.
These authors used suspensions of 15 g fresh weight of S. indica biomass/100 mL
for inoculations of substratum immediately before sowing the seeds or 7 days after
sowing to evaluate the germination rate of the wheat seeds and infection assays of
the plantlets encountering the pathogen in the presence of S. indica, respectively, and
a twofold water-diluted suspension from an initial 220 g of S. indica biomass/1.5 L
liquid medium under field conditions. Serfling et al. (2007) found a significant
reduction in the severity of leaf, stem base, and root pathogens due to the induction



of systemic resistance in the endophyte-inoculated plants. Thus, Serendipita inocu-
lation may affect plants positively, but valid documentation of quantification and
reasoning behind the choice of inoculum concentration is missing.
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12.3.1.1 Mycelial Plugs as the Source of Inoculum

Many experiments used mycelial plugs of Serendipita spp. as inoculum. However,
the numbers, depth in the substrate, distance from host tissue, and quantity of the
inoculum do not comply with a defined protocol. For example, Sherameti et al.
(2005) placed fungal plugs (5 mm diam) at a distance of 1 cm of 10-day-old
pre-rooted tobacco and Arabidopsis seedlings on top of a modified Melin-Norkrans
(MMN) 1/10 (very low N, P, and carbohydrate) medium. They found stimulation of
plant growth, which was attributed to the fungal stimulation of nitrate and starch
metabolism. Sun et al. (2010) used one mycelial plug/seedling to inoculate 5-day-old
seedlings in glass jars containing 1/2 Murashige and Skoog (MS) nutrient medium
(Murashige and Skoog, 1962) to study the drought tolerance in Chinese cabbage in
the presence of S. indica. They reported enhancing effects of the fungus on seedling
growth, rooting, and drought tolerance, which they attributed to increased plant
tolerance to the fungus-mediated suppression of oxidative stress under water stress.
In a similar study of plant performance under salt stress, Pirdashti et al. 2012 used
five mycelial plugs (5 mm) of S. vermifera grown on Kaefer medium (Käfer 1977)
per three rice seedlings (Oryza sativa) in a pot culture condition. They reported
S. vermifera to significantly increase plant salt tolerance, nutrient uptake, and yield
under light to moderate salinity.

12.3.1.2 Other Inoculation Methods

In some reported research, the inoculum concentration is too imprecise to enable
replication of the experiment. For example, Banhara et al. (2015) used 1 mL of either
S. indica or S. williamsii chlamydospore suspensions containing 5 × 105 spores/mL
to inoculate Arabidopsis thaliana or Lotus japonicus seedlings without explaining
the distribution rate of the inocula per seedling. Barazani et al. (2005, 2007) and
Ghimire et al. (2009) only named the plant name or its phenologic stage of associ-
ation with Srerendipita spp. but provided no data on the quantity of inoculum.

12.3.2 Improving the Reproducibility of the Inoculation
Technique

Although some data about the quantity of the inoculation, such as the weight/volume
ratio of inoculum to plant material, could be found in the methodologies,



quantification, however, is still not clear in most of these reports. The CFU enumer-
ation is a more reliable method in terms of quantification, but it still has its
drawbacks. S. indica produces chlamydospores that are not deciduous. It means
that the spores are barely detached from the mycelia. The mycelia are functional, the
same as the spores, and are known as the source of inoculum. They also share a
greater part of the biomass, especially when produced in liquid culture. However, the
source of inconsistency is that a CFU, as a unit of inoculation, could be a spore,
mycelial fragment, or spore(s) attached to mycelia. Therefore, to resolve this chal-
lenge, we suggest using a combination of the above-mentioned techniques. Thus, to
ensure the reproducibility of results and large-scale applications, we suggest using
the fresh weight ratio of the fungal biomass as inoculum with a specified CFU and
dry-to-fresh weight ratio (Rokni et al. 2021).
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12.4 Multipartner Symbioses

Several naturally occurring examples of the evolutionary persistent mutualism
between plants/animals and microorganisms exist, e.g., leguminous plants and
rhizobium (Werner et al. 2015), plants–AM fungi (Hart et al. 2013), and insect–
bacteria relations (Douglas 2016). These involve a single plant or animal species that
interact simultaneously with several fungi/bacteria. Multipartite symbioses are well
known in mammalian digestive systems and have been described in insects, such as
bark beetles, aphids, termites, and fungus-farming ants (Hardoim et al. 2015).
Multipartite symbioses represent dynamic communities, where spatial, temporal,
and genetic variations in the community may affect host fitness (Roe et al. 2011).
Despite their success in the laboratory, most of the mutualism models that involve a
single partner fail to thrive in natural habitats. Evolutionary persistence mutualisms
involve a single plant interacting simultaneously with many fungal or bacterial
partners. A dynamic network of multi-species symbioses would guarantee its com-
petence in the face of diverse soil microbial activities (Hardoim et al. 2015).

12.4.1 Consortium of S. indica and/or S. vermifera
with Other Microorganisms

For many crops, researchers have demonstrated that the beneficial effects of S. indica
and S. vermifera are more pronounced when co-cultured with other plant growth-
promoting fungi and bacteria. Our survey showed that Trichoderma and AM species
are the most common fungi in which their cooperation with Serendipitaceae has
been examined for improving agricultural systems. Table 12.2 shows the integrated
effects of Serendipita spp., plant growth-promoting microbes, and host plants.
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12.4.1.1 Consortium with Trichoderma spp.

Baldi et al. (2008) examined the impact of the combined use of both S. indica and
S. vermfera on living cells of flax (Linum album). They reported that the interaction
caused a 20% enhancement of anticancer lignans in cell suspension cultures. Anith
et al. (2011) evaluated the compatibility of Trichoderma harzianum and S. indica on
tissue-cultured black pepper (Piper nigrum) plantlets. Besides individual use of each
bioinoculant, they examined a simultaneous application of the fungal agents or
application of S. indica followed by T. harzianum or vice versa. They reported a
negative growth response to the consortium of the bio-inoculants in comparison to
when a sequential inoculation with S. indica and T. harzianum (30 days later)
increased the plant growth and root colonization. Enhanced plant biomass and
chlorophyll content due to sequential inoculation of Azotobacter vinelandii on the
seventh day after S. indica inoculation in rice was also reported by Dabral et al.
(2020) as compared to the noninoculated and singly inoculated plants. Dolatabadi
et al. (2011) studied the antagonistic effects of S. indica, S. vermifera, T. viride, and
T. harzianum solely or in combination on Fusarium wilt in lentils (Lens culinaris).
All of the individual or multipartite amendments were efficient; however, consortia
of S. vermifera and T. harzianum further increased plant growth and reduced the
disease severity.

12.4.1.2 Consortia with Bacteria and AM Fungi

Arora et al. (2016) studied the association of Artemisia annua that produces
artemisinin, a potent antimalarial compound, and S. indica and the nitrogen-fixing
bacterium Azotobacter chroococcum, either singly and/or in combination. They
reported a significant improvement in plant growth and contents of phosphorus,
nitrogen, and artemisinin due to a dual biological consortium. Sarma et al. (2011)
showed that the tripartite association of S. indica, fluorescent pseudomonads, and
tomato plants improved the plant growth, yield, and biocontrol of Fusarium wilt
disease under both greenhouse and field conditions. By contrast, in a study by
Nautiyal et al. (2010) to enhance nodulation in the rhizosphere of chickpea (Cicer
arietinum) in the presence of Paenibacillus lentimorbus, S. indica, in the presence of
native rhizobial population (they didn’t use any special rhizobial strain), was less
effective in promoting plant growth and root nodulation than the most efficient
P. lentimorbus and the consortium of the endophytes. The same results were
obtained by Ray and Valsalakumar (2010) to examine the influences of individual
use or consortium of S. indica, AM fungi, and Rhizobium on the growth and yield of
green gram (Phaseolus aureus). S. indica was the least effective in improving plant
biomass after Glomus microcarpum and the most effective consortium of Rhizobium
and G. mosseae. Rathod et al. (2011) evaluated the effects of S. indica, Glomus
mosseae, and G. intraradices for enhancing drought stress tolerance in soybean. The
results showed a cultivar-based response over the effectiveness of G. mosseae or



G. intraradices, but in either case, S. indica was the least effective. Achatz et al.
(2010) compared the influences of S. indica and G. mosseae on barley plant growth
under various nutrient regimes and for biocontrol of Fusarium wilt. Their results
suggested an increase in barley yield and biomass due to the biostimulation of the
plant by either of the bioinoculants. Achatz et al. (2010) attributed the yield
enhancement of the plant to increased root and tiller formation, as a result of
increased uptake of P and N in the presence of S. indica. However, S. indica
appeared significantly more effective than G. mosseae in protecting the plant from
root rot disease. These authors also reported that S. indica only increased the
photosynthesis rate of the host at low light, in comparison to increased photosyn-
thesis by AM fungi at both low and saturated light conditions (Mathur and Vyas
1995; Caravaca et al. 2003).
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12.4.2 Antagonisms/Synergisms in Multicomponent Systems

In a comprehensive study, Varma et al. (2013) assessed the inhibitory/stimulatory
effects of rhizobacteria on S. indica growth by using both in vitro (confrontation
assays on nutrient agar plates) and in vivo (barley seedlings) methods. Enhancement
of the barley root system has already been shown in association with S. indica
(Baltruschat et al. 2008; Achatz et al. 2010). While a majority of the experiments
involving rhizobacteria showed a neutral interaction with S. indica on solid agar
medium, most of the well-known plant growth-promoting rhizobacteria (PGPRs)
such as Pseudomonas strains, Burkholderia cepacia, Gluconacetobacter sp., Bacil-
lus amyloliquefaciens, and Streptomyces lividans inhibited fungal growth. This
growth inhibition that was exhibited by a significant reduction in growth radius,
hyphal lysis, and loss of chlamydospore production ability was attributed to the
production of inhibitory lipopeptides and bacillomycin metabolites by Ps. Fluores-
cence and Burkholderia. Cepacia, respectively. Interestingly, P. putida was the only
strain that stimulated the growth of S. indica. Under in vivo conditions, the selected
rhizobacteria also showed different stimulatory or inhibitory impacts on S. indica
root enhancement of barley seedlings where Azospirillum brasilense were neutral,
Serratia liquefaciens inhibited, and Pseudomonas putida prompted the stimulation
of root growth by S. indica. However, experimental evidence suggests that an
in vitro antagonism to S. indica can alter to beneficial under in vivo conditions.
An example is the study of tripartite interaction between T. harzainum, S. indica, and
black pepper (Piper nigrum) by Anith et al. (2011) where, in contrast to a complete
disintegration of S. indica mycelium in the interacting zone by T. harzianum in the
dual culture assay, combined inoculation of the bioinoculants significantly enhanced
the plant growth. Thus, interactions of the bioinoculants in a multipartner biological
system could be more complex to be estimated in a simple dual culture assay.
Therefore, we suggest that even plant growth-promoting biological agents that
display neutral or negative interaction under in vitro conditions should be examined
for their response under natural conditions. Meena et al. (2010) analyzed the



combined effects of S. indica and Tn5-lacZ-tagged phosphate-solubilizing bacte-
rium P. striata on chickpea (Cicer arietinum). They used the blended fresh biomass
of the fungus (2 g/100 mL sterile distilled water) and/or concentrations of
6.2 × 106 CFU/mL of the bacterium for seed inoculation. Meena et al. (2010)
showed the synergistic effect of two microorganisms resulted in the population
buildup of P. striata and an increase of plant dry biomass, but P uptake was not
significantly influenced by any single or combined treatments. Recently, the impact
of endophytic bacterial strains was investigated on the growth of S. indica under
in vitro conditions by del Barrio-Duque et al. (2019). Among the examined isolate,
Bacillus, Enterobacter, and Burkholderia had negative effects, while in contrast,
Mycolicibacterium, Rhizobium, and Paenibacillus stimulated the growth of
S. indica. Also, the bioprotection potential of Mycolicibacterium strains as the best
stimulant in consortium with S. indica against Rhizoctonia solani and Fusarium
oxysporum showed the effect of strain-dependency on boosting the plant growth and
the disease control in a consortium. Thus, in some cases, S. indica or bacteria alone
were more effective than their dual combinations. Molecular studies related the
beneficial effects of the Mycolicibacterium to the genes involved in vitamin and
nitrogen metabolisms.
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12.5 Development of Carrier-Based Formulation

Biofertilizers/biopesticides are highly valuable in sustainable agriculture, as they
improve soil fertility, crop protection, and plant productivity (Wardle 2006; Sharma
et al. 2011). However, their successful functioning depends highly on their persis-
tence in the soil (Berruti et al. 2016). Bioformulation describes specifically formu-
lated products, which are easier to use and are more persistent in the soil (Mishra and
Arora 2016). Carrier selection and preparation is an essential step for the formulation
of beneficial rhizospheric microorganisms as commercial bioinoculants (Malik et al.
2005; Tripathi et al. 2015). Carriers could be classified as (1) simple sticky materials
to improve the stickiness, stability, and dispersal abilities of liquid inoculants
(Singleton et al. 2002; Bashan et al. 2014), (2) plant waste carriers, such as peat
materials, and coir dust, composts of various origins and compositions, sugarcane
filter mud, bagasse, soils mixed with various organic amendments, and vermiculite,
(3) inorganic and partly organic carries such as talcum powder, vermiculite, clay,
coal, and biochar, and (4) polymeric carriers including alginate, agar, pectin,
chitosan, bean gum, and several proprietary polymers (Bashan et al. 2016). These
synthetic formulations offer substantial advantages over plant waste materials
including a much longer shelf life, appropriate survival in the field, and improved
performance of plants in general (Bashan 1998; John et al. 2011; Bashan et al. 2014).
Encapsulation is one of the currently experimentally applied methods in the field of
agricultural technology. It underlies entrapping live microorganisms into a poly-
meric matrix while maintaining their active forms, capacity, and viability for as long
as possible. This technology has been used for immobilizing and co-immobilizing



(more inoculants) of plant growth-promoting microorganisms (bacteria,
rhizobacteria, and AM fungi) (Bashan et al. 2002, 2006; Vassilev et al. 2001;
Morsy 2015). The main purpose of encapsulation is to provide physical protection
of applied inoculant(s) under stressful environmental conditions, microbial compet-
itors, and during the gradual release of the inoculant(s) to boost the inoculant root
colonization potential following the gradual degradation of the polymer by soil
natural microbiome.
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12.5.1 Carrier-Based Formulations of S. indica
and S. vermifera

Tripathi et al. (2015) evaluated powder formulation of four different carrier-based
formulations of S. indica viz., talcum powder, clay, sawdust, and bio boost (organic
supplement) on the growth of Phaseolus vulgaris plants under greenhouse condi-
tions. The study aimed at the development of a commercial product with a longer
shelf-life and improved biological activity. Tripathi et al. suggested a 5% formula-
tion (w/w) of talcum powder with 108 CFU/L of S. indica inoculum, the most stable
at 30 °C, effective for a storage period of 6 months, and effective for enhancing the
growth parameters of the plant. Table 12.2 shows the effect of carrier-based formu-
lations of Serendipitaceae on the performance of different plant hosts. The devel-
opment of protocols to support vegetative growth and spore production is an
essential step for large-scale production of bioinoculants and commercialization.
This can be achieved by using optimized culture media along with the proper
operating conditions. Using a glucose deprivation strategy in a bioreactor, Kumar
et al. (2011a, b) developed an economic method based on a modified Kaefer medium
for S. indica, which resulted in maximum biomass and spore yield during growth and
the subsequent sporulation phase. Variables studied were the medium composition,
culture conditions, required time, and biomass productivity, which reportedly caused
an enhancement of 100% in overall biomass productivity (9.25 × 107 spores/mL)
and a 70% reduction in required time in comparison to the original Kaefer medium.
Osman et al. (2020) also recommended a sucrose-supplemented Vj medium that is
based on commercially available vegetable juice for large-scale production of
S. indica inoculum. This medium was described as being less complex and laborious
than the Hill and Kafer (2001) complex medium and also superior for the production
of biomass and spore in both liquid and agar states, respectively. Varma et al. (2013)
developed a powder formulation of S. indica by using magnesium sulfate as a carrier
with the registered trademark, Rootonic. The compound was standardized at 2%
(w/w) with a CFU of 109/g and a moisture content of 20%. A user guide for seed
treatment of a large number of plants was also listed for commercialization purposes
ranging from 50 g/h for plants like tomato, capsicum, cabbage, and cauliflower to
2000 g/h for potato, wheat, and sugarcane. Sarma et al. (2011) used an inorganic
carrier-based consortium formulation of two fluorescent pseudomonad strains and



S. indica based on talcum powder to test the plant growth promotion of tomato plants
under greenhouse and field conditions. They reported a considerable increase in
tomato plant growth both in the glasshouse, field, and bioprotection of the plants
against wilt disease caused by Fusarium oxysporum f. sp. lycopersici under glass-
house conditions. Overall, the shelf life and field efficacy are the most crucial factors
that need to be considered in developing carrier-based formulations of bioinoculants
and commercialization purposes. As described before, the development of efficient
formulations should rely on experiment-based validation of the optimal inoculum
quantity.
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12.6 Conclusions

It is estimated that the world population will increase by 1.5 billion in the next
50 years (UN estimates). To meet the nutritional needs of the growing population,
agriculture will face challenges such as intensive use of nitrogen (N)- and phosphate
(P)-based fertilizers, depletion of soil and water resources (Den Herder et al. 2010),
globalization, and climate change (Hubbard et al. 2015). Therefore, microbial-based
biostimulants are promising tools that can complement crop nutrition (P uptake and
N fixation) and strengthen the innate immune system of plants. Several factors, viz.,
time of infection, stage of crop development, and genetic variability of the host, have
been known to affect the occurrence of interspecific interactions (disease or symbi-
osis). However, contrary to what is common for plant pathogens, the impact of the
inoculum quantity on symbiotic systems and its attribution to endophytic behavior
(i.e., percentage of root colonization and/or growth response of plant) have not been
well addressed in the current literature. It seems that methodologies for Serendipita
are adapted from AM fungi. Meanwhile, we can hardly find a reference-based
methodology for AM fungi with regard to the evaluation of the efficiency of
inoculum concentration on plant performance. This has caused the researchers to
use unspecified or diverse quantities of inoculation concentrations without providing
supporting data to their choice of inoculum size. The initial infection of the white
button mushroom (Agaricus bisporus) with dry bubble disease caused by
Lecanicillium fungicola is among the good examples that reveal the influence of
inoculum quantity on the pathogenicity and the disease severity. It was shown that
the appearance of the disease symptoms and severity could be attributed to concen-
trations of the inoculum on the mushroom growth bed. The fluctuations in disease
symptoms ranged from no symptoms with spraying 103 conidia/m2 mushroom
casing soil to up to 80% increase of the disease incidence and severity in successive
flushes (application) by using 106 conidia/m2 and total loss of mushroom yield at a
concentration of 108 conidia/m2 mushroom casing soil (Mamoun and Olivier 1995;
Mills et al. 2000). The drastic effects of the inoculum concentration on disease
occurrence were also documented by Rokni et al. (2019) where the resistance of
highly tolerant wild strains of button mushroom remained unaffected by spreading
conidia at a concentration of 106/m2 growth bed but was broken down when



inoculum concentration was increased to 108 conidia/m2 mushroom casing soil. Our
recent study on the tripartite interactions of S. indica, T. simmonsii, and bell pepper
(Capsicum annum) showed an indirect correlation between inoculum ratios and the
positive impact of the fungus on growth parameters (Rokni and Goltapeh 2019). In
an experiment to test the effects of the inoculum of S. indica against Phytophthora
capsici, the causal agent of the stem and fruit blight, we observed the same trend in
the increase of the disease indices with the application of a higher concentration of
S. indica. Surprisingly, high concentrations of the S. indica inoculum not only did
not contribute to the disease suppression but also caused the pathogen to synergis-
tically be more damaging than the P. capsici itself (Rokni et al. 2021). The negative
impact of using large amounts of S. indica inoculum on plant performance has been
documented in other research (Kaldorf et al. 2005; Andrade-Linares et al. 2013;
Fakhro et al. 2010). However, further studies are required to elucidate the implica-
tions of inoculum levels on the outcome of interaction in a symbiotic system and the
extent of root colonization. As a standard method, currently, the ratio of root
colonization is determined by root staining protocol (Phillips and Hayman 1970)
and microscopy. In our recent study (Rokni et al. 2021), we didn’t observe any
significant difference in the colonization ratio of the bell pepper roots inoculated at
different (1–20%) w/w of seeds with S. indica. Although all the treatments were in
the same range of colonization ratios (56%), the concentrations of the fungal
biomass (mycelia and spores) per root piece were directly relevant and drastically
increased upon using higher inoculum concentrations. Studies with AM fungi
showed that greater infectivity or higher inoculum concentrations would result in a
larger proportion of roots being mycorrhizal (Daniels et al. 1981; Sanders and
Sheikh 1983; Walker and Smith 1984), but the extent of root colonization was not
necessarily correlated with the effects of the symbionts on plant performance
(Kapoor et al. 2002; Toussaint 2007; Das et al. 2012). Earlier on, Mosse (1972)
noted that the “percent root colonization” did not always correlate with the effec-
tiveness of the fungus in growth promotion. Thus, the root colonization ratio does
not seem to be a reliable parameter to evaluate the advantages of mycorrhization.
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This may explain the reason that using large amounts of S. indica inoculum
shifted the interaction from mutualistic to antagonistic in the referenced studies
(Kaldorf et al. 2005; Andrade-Linares et al. 2013; Fakhro et al. 2010). Therefore,
in addition to tracking the root colonization condition by the conventional root
staining method, applying molecular tools for specific monitoring of the
bioinoculants inside the host roots is recommended (Abin et al. 2021). This approach
is practical for both the detection and quantification of fungal bodies, especially in
planning to work with multipartner symbiotic systems and/or for those taxa like
S. vermifera that do not produce distinguished reproductive organs. The commercial
application requires the development of carrier-based formulations of bioinoculants.
The main purpose of encapsulation is to provide physical protection of applied
inoculant(s) to stressful environmental conditions, microbial competitors, and to a
gradual release of the inoculant(s). It will boost the root colonization potential as a
result of the gradual degradation of the polymer by the soil’s natural microbiome.
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As agricultural production is facing severe challenges due to climate change with
extreme weather events and emerging pathogens, consumers demand more sustain-
able production systems. Here we propose that in comparison with previous works
that relied on a single or few partners, (1) more research should be devoted to further
insight into the microbial behavior in a multipartner network and the ruling relation-
ships among the multitude of microorganisms that have evolutionarily persisted in
diverse soil microbial communities. (2) A greater focus should be placed on
establishing a network of symbioses in which the presence of different complemen-
tary microorganisms would guarantee persistence and efficiency when exposed to
diverse natural soil microbial communities. This should provide mutualisms with a
continued capacity of persistence, encountering diverse soil microbiota and abiotic
environmental conditions, that would guarantee the sustainability of crop functional
traits in the agroecosystem, and (3) more emphasis should be on the development of
a beneficial seed-applied microbial network, which successfully acts in diverse
natural habitats. Thus, the optimal seed treatment and coating protocols should be
developed to enhance seed germination, growth of crop plants, and tolerance to
biotic/abiotic stress.
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Chapter 13
Applications of Microbial Consortia
and Microbiome Interactions
for Augmenting Sustainable Agrobiology

Vidya Niranjan, Anagha S. Setlur, Sinosh Skariyachan,
and K. Chandrashekar

Abstract The microbiome of the soil plays a critical role in plant nutrition, growth,
and crop yield. Comprehending the entire soil microbiome is necessary for illustrat-
ing the complex interactions that transpire among the diverse microorganisms
existing in soil and in the rhizosphere of the plants. Currently, modern technology
has paved the way for such extensive research via metagenomic studies. With the
fast-spreading omics studies such as metagenomics, transcriptomics, metabolomics,
and proteomics, intricate analysis of the interactions of the microbiome with that of
plant nutrition is gained. Soil metagenomics aid in decoding the role of soil bacteria
in the nutrition of plants and in turn the management of the overall soil environment
and its inherent microbial communities. Moreover, applications of next-generation
sequencing technologies in agrobiology promise novel solutions for sustainable crop
production via innovative approaches. Dominance of chemical pesticides and fertil-
izers in the agricultural sector disrupts not only the soil microbiome but human
health as well. Thus, one major alternative approach is the design and development
of microbial consortia via carefully analyzed bioformulations that boost plant pro-
ductivity by working in synergy with each other. Therefore, with these vigilantly
formulated consortia, an augmentation in the agricultural output can be obtained,
bolstering growth, productivity, and soil and plant health. Additionally, it reduces
the adverse effects on humans, plants, and animals as the natural microbiome of the
soil is maintained. With this background, the current chapter aims to provide
comprehensive perspectives on developing and using various types of microbial
consortia for maintaining a sustainable and balanced agrobiology.
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13.1 Introduction

The association between plants and their surroundings is very intricate and compli-
cated. For several centuries, comprehending their relationship has been the emphasis
of much research. The prime focus has been on the plants rather than on the
beneficial interactions existing between the plants and the soil microbes. Due to
the close relationship between microbes of the soil and plants, they can survive and
co-exist well. The interactions between the soil microbes themselves are as critical as
plant–microbe associations as the influence of beneficial synergistic effects of soil
microbes on the growth of plants is a major topic of research. With the immense
capability of influencing the diversity, composition, productivity, and survival of
plant communities, soil microbes greatly impact the overall complexity of the
ecosystem (Chaparro et al. 2012). Furthermore, with advancements in technology
and research, improvements to the soil microbiome are being made that can further
enhance the overall productivity and fertility of the plants. Some examples include
adding useful microbes to the already existing microbiome that can aid in improving
the nutrient uptake by the plants (Kirankumar et al. 2010), suppressing disease
occurrences, and conferring abiotic stress resistance (De Vleesschauwer and Höfte
2009; Selvakumar et al. 2012) and enhancing plant growth (Cummings 2009).
However, it is now necessary to steer away from simplistic plant–microbe interac-
tions and focus more on boosting plant sustainability by considering all factors
responsible for augmenting agrobiology. Thus, an understanding of the overall
microbiome interactions, types of microbiome and factors influencing its survival,
and the role of the microbiome in sustainable agriculture are essential.

13.2 Overview of the Soil Microbiome

The microbiome of the soil is described as the microorganisms that are collectively
found in the soil, including bacteria, archaea, fungi, viruses, protists, and other
microbial eukaryotes (Fierer 2017). The microbial communities of the soil are
considered highly diverse primarily because of the heterogeneity of the soil envi-
ronmental conditions. An extensive range of microbial habitats can be found that
comprise unique microbes involved in different functions. These soil microbes have
a direct or indirect impact on the plants, their nutrient uptake, growth, fertility, and
diversity. Since the soil is equipped with a diversity of microorganisms, recent
advancements in soil agrobiology aid in enhancing the understanding of the soil
environmental changes and in turn crop production.

The soil microbes have vital roles to play in the upkeep of fertility, carbon
sequestration in the soil, and the cycling of nutrients. The health of plants, animals,



and humans is also influenced by the microbiome of the soil. For more than a
century, the magnitude of the microbiome of soil has been widely recognized
(Waksman 1927), and as such, research describing the type of microorganisms
that exist in the soil, their impact on the fertility of the soil, and their metabolic
potentialities are well established. The usefulness of soil microorganisms goes back
to the discovery of antibiotics, understanding the distinct metabolic pathways such
as oxidation of ammonia and nitrogen fixation, which mainly stemmed from the
microbiome of the soil. Furthermore, the abiotic environment of the soil is also
greatly heterogeneous, inundated with either water-filled or air-filled pores, which
can function as effective hotspots for the growth of diverse microorganisms (Jansson
and Hofmockel 2020). This environment is also highly dynamic when combined
with the influence of plants, the fauna of soil, and alterations in various factors such
as temperature, moisture, redox states, etc. However, with the changing climatic
conditions, the consequences on the soil microbiome are also high. Therefore, a
better comprehension of the microbiome of the soil, its types, and the influence of
external and internal factors on the microbiome is extremely vital.
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13.2.1 Major Types of Soil Microbiome

The soil microbiome is very vast and diverse. However, some common microbes
exist in soils of all types. Generally, soil microbes can be categorized into bacteria,
fungi, actinomycetes, protozoa, and algae. Each of these microbe groups has spec-
ified characters that influence its functions in the soil and toward the plants (Islam
et al. 2021).

Bacteria: As the most abundant group of microbes in the soil, bacteria and
archaea are responsible for carrying out several vital processes, nitrogen fixation
being the most important one (Warembourg 1993). Soil bacteria are responsible for
colonizing the minerals and aid in inducing the breakdown of these minerals.
Furthermore, soil bacteria are considered tremendously versatile (Falkowski et al.
2008). Pseudomonas are responsible for metabolizing several fertilizers and
chemicals. Pseudomonas aeruginosa can survive both aerobically and anerobically
by exploiting nitrates as its electron acceptors. Clostridium, being anerobic in nature,
can grow without oxygen. Additionally, Nitrobacter obtains its energy by the
conversion of nitrite to nitrates. This versatility of the soil bacteria aids in several
biochemical pathways that are beneficial to both bacteria and plants.

Actinomycetes: These are a class of bacteria that have similar characteristics to
fungi, such as branching of the mycelium, formation of conidia and aerial mycelium,
and their growth as pellets/clumps in liquid cultures (Sharma et al. 2014). A
noteworthy feature of actinomycetes is their ability to produce various antibiotics.
Some examples of antibiotics produced by actinomycetes include neomycin, tetra-
cycline, streptomycin, and erythromycin, all of which are utilized for the treatment of
several infections caused by bacteria.
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Fungi: These microbes are vital food sources for larger organisms and are known
to have useful symbiotic associations with other microbes for augmenting the health
of the soil. Just as how environmental factors influence the growth of bacteria and
actinomycetes, fungi are also impacted by external factors. The growth of fungi can
occur in soils that are dry and acidic and have good moisture and oxygen content
(Mueller et al. 2013).

Algae: These are microbes that make their food and nutrients via photosynthesis.
Typically, they live on the surface of the soil where appropriate temperature and
moisture are found. Algae also have a role to play in nitrogen fixation. Generally,
algae can be classified into three types: Chlorophyceae (which have chlorophyll in
them and are green in color), Cyanophyceae (contain chlorophyll and other pigments
that make them blue-green in color), and Bacillariaceae (contain chlorophyll and
other pigments making them brown in color) (Chapman 1973).

Protozoa: These are eukaryotes that reproduce sexually and are categorized as
amoebae, flagellates, and ciliates (Clarholm et al. 2007). Protozoa participate in the
nutrient cycles such as carbon cycle, sulfur cycle, nitrogen cycle, phosphorus cycle,
and water cycle. The amount of participation depends on the distribution of protozoa
in the soil and other external factors. Thus, although there are several types of
microbes existing in the soil, their survival is dependent on many factors.

13.2.2 Factors Influencing the Growth, Survival,
and Diversity of Soil Microbiome

Several internal and external factors influence the growth and survival of the soil
microbiome. These factors also impact the microbial diversity of the soil. Soils
enable the existence of varied microbial communities with 10,000–50,000 species
living in 1 g of soil (Schloss and Handelsman 2006). Several fungal and bacterial
communities are known to be associated with soils having a certain amount of
nitrogen content (Frey et al. 2004), phosphorus content (Faoro et al. 2010), and
varying textures (Girvan et al. 2003). Furthermore, the pH of the soil also influences
the growth, survival, and diversity of the soil microbiome (Rousk et al. 2010).
Evidence suggests that the pH of the soil has the most effect on the bacterial soil
communities (Fierer and Jackson 2006). Previous studies have identified a robust
correlation between the pH of the soil and the diversity of the bacteria, making this
factor a driver of the composition of the bacterial community in the soil (Rousk et al.
2010). Furthermore, it is also postulated that this strong association between soil pH
and bacteria is due to the sensitivity of the bacterial cells to pH since bacteria
comparatively show a slimmer pH growth tolerance (Rousk et al. 2010). Other
studies highlight the importance of factors such as altitude and cation ratios such
as calcium (Ca2+), aluminum (Al3+), and magnesium (Mg2+) (Faoro et al. 2010).

Additionally, other important factors that influence the soil microbiome include
the availability of nitrogen, temperature, soil organic carbon content, and redox



status (Fierer 2017). A recent study evidenced the influence of temperature on the
survival and growth of different bacterial and archaeal communities and their
response to varying temperatures. These were identified as “bioindicators,” which
were beneficial for distinguishing between the direct and indirect effects that soil
warming has on the microbiome (Oliverio et al. 2017). Another study tested the idea
of indicator taxa by using a fertilization experiment, and it was found that the
abundance of the major taxa reduced with the fertilization of nitrogen. This study
also reported that the fertilization of nitrogen was the major driver of changes in the
bacterial community (Cederlund et al. 2014). Another important factor that influ-
ences the growth and survival of the microbial communities in the soil is redox
fluctuation. The high amplitude redox fluctuations are considered a strong driver on
the physiological and phylogenetic composition of the soil bacteria. Redox fluctu-
ations are also known to promote the mechanisms of redox tolerance and metabolic
plasticity (Pett-Ridge and Firestone 2005). Another study demonstrated the impor-
tance of soil organic carbon (SOC) content wherein, from 290,000 sequences that
were obtained from pyrosequencing, the factor that most elucidated the differences
in the soil microbial communities was SOC (Sul et al. 2013). SOC is also known to
enhance the structure of the soil and its fertility.
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Other important factors include soil oxygen quantity, soil moisture, availability of
phosphorus, the texture of the soil, and its structure. Thus, it is evident that several
factors ultimately influence the growth, survival, and diversity of the soil microbial
community. These factors show synergistic effects allowing harmony between the
soil, plants, and microbes.

13.2.3 Overview of the Role of the Microbiome in Sustainable
Agriculture

Research dedicated to soil microbiome is now primarily focused on improving
understanding of the microbial communities for enhancing agriculture management.
This can be easily achieved by the addition of specific microorganisms to the soil,
managing the soil content to promote the growth of these microbes, diminishing soil
erosion, and accelerating soil remediation (Chiquoine et al. 2016; Wood et al. 2021).
Despite there being several ways of enhancing productivity and agricultural sustain-
ability, managing the microbiome of the soil is one of the best methods. Since there
is no “ideal” soil microbial community, the existence of diverse microbes influenced
by internal and external factors implies a highly complex and intricate ecosystem.
Generally, the microbiome plays a vital role in the following areas in boosting
sustainable agriculture:

• Maintenance of relationship between plant–microbe–soil by transfer of nutrients
• Inducing suppression of soil diseases
• Improving soil health biologically, chemically, and physically
• Soil texture enhancement
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• Establishment of new, healthy symbiotic relationships between microbiome and
plants

• Low-input, high productivity, and better sustainability

13.3 Rhizosphere and Its Importance in Plant Systems

The narrow region of the soil that surrounds the roots and is directly impacted by the
soil microbes and secretions of the root is called the rhizosphere. The microorgan-
isms that inhabit the plants are generally classified into two types: epiphytes (located
on the plant surface) and endophytes (located within the plant tissues). Phyllospheric
microbes are those that colonize the surface of the leaves, and rhizospheric microbes
exist within the soil close to the roots (Vishwakarma et al. 2020). Among these, the
rhizosphere is considered the most dynamic that critically impacts the status of plant
nutrition and in turn plant growth (Bakker 2013; Lakshmanan et al. 2014). Soil
underground system encompasses primary roots, root hairs, and other lateral root
growths, which interact with innumerable microbial communities in the rhizosphere,
thus considerably affecting the stages of plant growth (Bandyopadhyay et al. 2017).

Specifically, the rhizosphere is the zone where crucial and complicated interac-
tions take place among the soil, its diverse microbial community, and the plants.
Rhizosphere includes three main zones: the endorhizosphere, where the endodermis
and the cortex microbiome are included; the rhizoplane, which is directly adjacent to
the root, including the mucilage and epidermis; and the ectorhizosphere, which
extends into the bulk of the soil from the rhizoplane (Meena et al. 2017). The
biochemical interactions that trigger the exchange of molecules between the soil
microbes and the plants occur due to the competition between the microbes for
nutrients and water. At times, their synergistic relationship with the plants aid in
improving the sustainability of agriculture. Some of the specific microbiomes that
exist near the plant roots are considered part of intricate ecosystems. These microbial
communities vary depending on the type of soil, the pattern of land use, the genotype
of the host, and the species of the plants.

Furthermore, it is also understood that the exudates of the roots act as substrates
and as signaling molecules that are essential for interactions between the plant and
the microbes in the rhizosphere (Kour et al. 2019; Mendes et al. 2013). Thus,
understanding the importance of the rhizosphere in plant systems enables researchers
to manipulate the soil microbiomes and develop strategies to manage and enhance
agricultural production in a sustainable way. Overcoming the challenge of rhizo-
sphere biodiversity conservation during this process of enhancing agricultural pro-
ductivity is also important to counteract the effects of overexploitation of the soil
microbial communities.



13 Applications of Microbial Consortia and Microbiome Interactions. . . 281

13.3.1 Major Types of Interactions in the Soil

For the soil to function sustainably, several major interactions occur in the rhizo-
sphere among the components of the soil ecosystem. These include microbe–
microbe interactions, plant–microbe interactions, root–root interactions, etc.

13.3.1.1 Plant–Microbiome Interactions

The identity of the species of the plants greatly impacts the diversity of the soil
microbiome, especially those that live near the plant. Therefore, the microbes present
within the soil influence plant development and growth (Jones et al. 2019). These
soil microbes engage in the release of several beneficial compounds in the rhizo-
sphere that is used for uptake by the plants. Such compounds allow the regulation of
the transcriptome of the plants. Additionally, the plants also produce hormones such
as gibberellins, cytokinins, auxins, etc., that inadvertently benefit the microbes
residing close to the plants.

Moreover, the interactions between the plants and microbiome occur in
two ways: via root exudates and the influence of external conditions such as climate
and soil conditions. The roots of the plants secrete exudates and other phytochem-
icals that engage the microbial populations in developing niches. Some of these
metabolites filter out the unwanted strains of microbes present in the niches, while
some other metabolites enable the co-existence of microbial populations in the same
niches. This aids in the secretion of molecules required for the growth of other
microbes. Conversely, the beneficial bacteria present in the soil promote the growth
of plants by several mechanisms, including the production of phytohormones such
as indole acetic acid, antibiotics to protect against harmful pathogens, and secreted
effectors. Furthermore, they also chelate the nutrients and make them available for
transport to the plants. For instance, the siderophore–Fe transporter transports iron
(Vishwakarma et al. 2020). Examples of plant–microbe interactions include the
secretion of citric acids from the roots of Cucumis sativus, which influences the
attraction of Bacillus amyloliquefaciens and release of fumaric acid from roots of
Musa sp., which attracts Bacillus subtilis toward the roots leading to biofilm
formation (Zhang et al. 2014a, b). Another example is the symbiotic relationship
between legumes and rhizobia.

13.3.1.2 Root–Root Interactions

Due to the existence of various plants in the same kind of soil environment, a
competition for the necessary resources between the root systems that overlap
occurs. This co-existence is known to be due to the differences in rooting patterns
of the plant species (Berendse 1982). However, this theory only substantiates the
competitive interactions that occur under the ground in the rhizosphere.



Co-existence also assists in demonstrating interactions that are both facilitative and
competitive between the overlapping roots. Secretion of signaling molecules such as
allelochemicals and root exudates aids in the communication between the roots of
the neighboring plants. Allelopathy is a common process of communication where
the phytotoxins such as catechins are secreted by the plants. Catechins can mediate
both intraspecific and interspecific associations by preventing the growth of adjoin-
ing plants, thereby allowing augmented nutrient availability and diminished com-
petition (Mommer et al. 2016). Moreover, other allelochemicals such as volatile
inorganic compounds (VOCs) mediate the rhizospheric signaling via the networks of
mycorrhizae existing among plants, intensifying their transmission. Examples of
root–root interactions include improved productivity of Oryza sativa when grown in
pairs due to the increase in mixture productivity in crops (Montazeaud et al. 2018).
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13.3.1.3 Microbe–Microbe Interactions

Interactions between two microbial species in the soil also influence the growth of
plants. For instance, the association between specific rhizobacteria and mycorrhizal
fungi encourages symbioses of mycorrhizae with the plant host. This includes both
ecto- and endo-mycorrhizal interactions (Artursson et al. 2006; Battini et al. 2017).
These helper bacteria aid in several functions, including enhancing the receptivity of
the root to mycorrhiza, increasing the conduciveness of the soil to the fungus,
boosting the survival of the mycelium, and promoting germination of the fungal
spores (Frey-Klett et al. 2007). Additionally, some bacterial endosymbionts of fungi
that are root-associated impact the plant host. Serendipita indica’s bacterial endo-
symbiont grows devoid of its fungal host and enhances plant growth. It also
improves plant resistance to leaf pathogens, implying that bacterial symbionts
partially mediate the growth of S. indica (Hassani et al. 2018).

Another example of microbe–microbe interaction in the soil is the production of
oxalic acid by fungal root pathogen Rhizoctonia solani, which promotes the growth
of specific bacterial families such as Burkholderiaceae and Oxalobacteraceae caus-
ing a shift in the bacterial communities and activation of bacterial stress responses
(Hassani et al. 2018). Moreover, Streptomyces strains isolated from disease-
suppressive soils secrete antifungals that trigger cell wall biosynthesis in the fungus
Fusarium oxysporum. These pieces of evidence suggest that microbe–microbe
interactions in the soil promote soil health, as well as plant growth (Fig.13.1).
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Fig. 13.1 Illustration summarizing the major interactions that occur in the soil. The plant–microbe
interactions, root–root interactions, and the microbe–microbe interactions are elucidated. Plants
have a root system and a requirement for nutrients. Their main activities include production of
exudates from the roots, uptake of nutrients and the development of the roots. They interact with the
soil microbes such as archaea, bacteria, fungi, algae, nematodes, protozoa, and arthropods. The soil
microbes are responsible for the fixation, mineralization, and synthesis and release of organic and
inorganic compounds. The soil microbes also aid in improving the soil texture. The interactions are
also influenced by the soil environmental factors such as pH, temperature, redox and presence of
other phytochemicals

13.4 Modern Technology Used in Sustainable Agriculture:
Major Goals and Concepts

Advancements in technological interventions have opened-up several possibilities
for exploring and researching the structures and functions of genes, proteins, and
metabolites. Information and data generated based on these studies have now
materialized as new scientific domains in research such as genomics, proteomics,
transcriptomics, and metabolomics. Computational biology approaches comprise
several bioinformatics concepts embedded with algorithms and models to interpret
biological data (Upadhyay et al. 2021). The present scientific era stresses a lot on the
importance of using in silico studies before in vitro and in vivo experiments since the
use of complex algorithms and computational analysis has revolutionized research.
The agriculture sector plays an important role in global sustainability, economy, and
food security. Using modern computational biology and bioinformatics approaches
to solve problems in the agriculture sector are now being comprehensively used.



These approaches have made it possible to analyze large amounts of data and screen
desired targets of interest. Thus, some of the major goals of using modern technol-
ogy in agriculture include the following:
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• Assessing and analyzing large datasets
• Screening of desired targets for future experimental purposes
• Storage and easy manipulation of massive amounts of data
• Allowing the discovery of novel biological insights to create global perspectives

from unified biological principles
• Potential to uncover relationships between lifeforms that were previously not

considered

13.4.1 Data Science Concepts Involved in Agrobiology

13.4.1.1 Genomics and Metagenomics

Genomics plays a critical role in modern biological research wherein the nucleotide
sequences of all the chromosomes of specific organisms can be mapped and genomic
locations of different genes and their sequences can therefore be established. This
process encompasses widespread analysis of the nucleic acids both in silico and
in vitro. Thus, the application of this knowledge for the improvement of sustain-
ability and crop productivity is called agriculture genomics. Sequencing of the
genomes at affordable prices offers opportunities for targeted breeding of crops.
Likewise, the massive cultured and uncultured diversity of microorganisms present
in the soil that is being used in sustainable agriculture can be unlocked using
metagenomics. Soil metagenomics includes DNA isolation and screening of clone
libraries, which can provide a comprehensive valuation of several untapped genetic
reservoirs of microbial communities. Additionally, metagenomic approaches have
led to the identification of novel biomolecules and genes, comprehension of meta-
bolic footprinting, and nutrient concentration studies (Gupta et al. 2018).

13.4.1.2 Proteomics and Transcriptomics

The study of the structure and function of a broad spectrum of proteins in organisms
is called proteomics. The advent of proteomics enables easy identification of several
proteins in living systems, especially for crops, since valuable information about the
nutritional values and yield can be obtained. Proteomics in agriculture aids in
understanding the plant responses to various abiotic stress. Comprehension of the
DNA, mRNA, and protein levels in agricultural crops can also aid in simplifying
plant breeding techniques Salekdeh and Komatsu 2007).

Likewise, the study of the RNA profiles at a given point within the organism is
called transcriptomics. Recent advancements in transcriptomics studies assist



researchers in characterizing the transcriptome to unravel the molecular basis that
can help in the enhancement of crop productivity and diversity (Pandit et al. 2018).
The use of transcriptomics helps in understanding the genes and their corresponding
pathways that can respond to and counteract the biotic and abiotic environmental
stresses.
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13.4.1.3 Metabolomics

The comprehensive study of metabolites in a biological system is called
metabolomics. This area of research is now being widely used for obtaining a better
understanding of the complexity of biological systems via chemical compositions
and relationships with plant physiology (Prasain 2016). In agriculture, metabolic
content is associated with fruit maturation processes, crop developmental processes,
resistance to environmental influences, adverse pathogen attacks, and stress
responses. Thus, for the improvement of crop productivity, metabolomics plays a
critical role via pathway analysis and subsequent biochemical network studies.

13.5 Scope of Data Sciences for the Analysis of Interactions
in the Soil Microbiome

Currently, there is considerable evidence on the various types of soil microbiome
interactions and how they affect and influence each other and, in turn, plant produc-
tivity. However, to expand the existing knowledge on plant–microbiome–soil inter-
actions, there is a need to explore different approaches. “Omics” studies are an
emerging area of data sciences, where an in-depth understanding of various
unexplored avenues in agrobiology can be obtained. With the integration of several
“omics” approaches, a thorough attempt can be made to solve several underlying
issues to improve sustainability in agriculture. Therefore, the scope of using data
sciences to analyze the soil microbiome interactions is as follows:

• Tool for plant–microbe interactions: Advancements in metagenomics and
next-generation sequencing approaches have allowed examinations of the genetic
diversity and related functions of a variety of microbes without any prior pre-
dispositions of competition among plants and microbes, manual cultivation,
biotic/abiotic stresses, and parasitism (Oulas et al. 2015). This has enabled a
deeper perception of microbial ecology.

• Reconstructing organisms: Genome-scale models (GEMs) of soil microorgan-
isms can be reconstructed to further understand and perform pan-genome ana-
lyses (Fang et al. 2020).

• Assessment of phylogenetic diversity: Modern technology and data sciences
enable critical evaluation of the microbial phylogenetic diversity and its
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functional information, which keep altering due to varying agronomic practices
and external environmental factors (Bertola et al. 2021).

• Identification of molecular mechanisms: Particular metabolites in the root
exudates urge the microbiome selection and assembly. Integration of the
multiomics data can further aid in the identification of specific molecular mech-
anisms that underlie the recruitment of the microbiome. For this purpose, the
metabolite–metabolite interactions, metabolite–microbe interactions, and
microbe–microbe interactions will be considered (Zancarini et al. 2021).

• Identification of interactions in the synthetic communities: In a synthetically
formulated consortium, the microbes engage in several interactions such as
commensal, competitive, mutualistic, or neutral. Since directly studying the
interactions in natural systems is slightly challenging, understanding them via
synthetic communities provides a much better approach to the prediction of
metabolic interactions (Heinken et al. 2021).

13.5.1 Soil Metagenomics and Their Applications

Since soil contains a plethora of microorganisms, metagenomic approaches can aid
in getting a more complete picture of the microbial communities in the soil to better
comprehend their interactions with each other and with neighboring plants. High-
throughput screening methods are utilized nowadays to overcome and understand
the intricacy of the soil metagenome. Therefore, some of the general applications of
soil metagenomic studies are as follows:

13.5.1.1 Soil Health

Elucidating the functional potential of the microbial communities in the soil can
provide better insights into the health of the soil than other taxonomy-based
approaches (Hozzein 2020). For instance, the phosphor content of the soil is
essential in determining the proper functioning of the nutrient cycle and plant
growth. If there is a deficiency of soil phosphorus, the secretion of acid phosphatase
from the roots of the plant is increased to improve the remobilization and solubili-
zation of phosphate, thereby allowing the plants to cope with phosphor deficiency
stress (Dey et al. 2021).

13.5.1.2 Discovery of Antibiotics

Soil metagenomics presents a tremendous opportunity for the discovery of several
antibiotics yet unknown to man. Previously, scientists have isolated novel antibiotics
called turbomycin A and B from the metagenomic library of microbial DNA from
soil (Gupta et al. 2018). Additionally, another study isolated a gene cluster that codes



for indole-tryptoline-based compounds, which demonstrate good activity against
tumor cell lines (Hozzein 2020).
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13.5.1.3 Industrial Use

New classes of genes and enzymes can be identified using soil metagenomic data.
For example, cellulase has been identified from a variety of soil environments, and
using metagenomic approaches such as the construction of metagenomic libraries
and screening of the biologically active clones, its function could further be expli-
cated (Rondon et al. 2000). Likewise, another enzyme called xylanase has also been
isolated from the compost soil metagenome (Verma et al. 2013).

13.5.1.4 Bioremediation

The microbes in the rhizosphere produce biosurfactants that play a major role in
plant–microbe interaction. In agriculture, these biosurfactants are utilized for the
elimination of plant pathogens and for augmenting the nutrient bioavailability for
useful plant microbes. Therefore, soil metagenomic studies assist in tracing new
microbial communities that produce such biosurfactants that are beneficial for
bioremediation (Hozzein 2020).

13.5.1.5 Sustainable Agriculture

Since metagenomics is an advanced genomic tool that is commonly employed to
comprehend the complete microbial diversity of the soil, modern molecular methods
such as extraction of DNA, preparation of metagenomic libraries, and sequencing of
environmental samples using high-throughput techniques can further be used at an
advanced level. For augmenting sustainable agriculture, characterization and exploi-
tation of plant growth-promoting bacteria are essential. In this regard, soil
metagenomics substantially offers predominant information and genetic data and
bridges the gaps existing genetic evolution of various unidentified microbes (Bakshi
et al. 2020). An illustration summarizing the major areas covered in metagenomics
that decipher the role of soil bacteria in the nutrition of plants is shown in Fig. 13.2.

13.6 Scope of Next-Generation Sequencing in Agrobiology

The introduction of next-generation sequencing (NGS) technologies has improved
and revolutionized the field of agrobiology due to the integration and use of “omics”
strategies. These modern approaches offer high efficiency in terms of distinct



resolution and experimental execution time. Thus, the novelties in the advent of
NGS technologies and its scope in agrobiology are discussed here:
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Fig. 13.2 Illustration summarizing the major areas in metagenomics that decipher the role of soil
bacteria in the nutrition of plants. The bacteria of the soil, including natural consortia, take part in
several functions such as acting as bio-fertilizer, producing novel antibiotics, playing a role in
bioremediation and improvement of the overall soil health. Major areas in metagenomics such as
genomic analysis, plant proteomic studies, metagenomics, phyto-interactomics, metabolomics, and
transcriptomics play a vital role in analyzing these functions of the soil microbes. The soil microbes
are generally collected and purified, their DNA is isolated, and their DNA library is prepared and
sent for sequencing prior to performing bioinformatic analyses

13.6.1 Single and Multiple Species Genomics in Agriculture

The samples for omics studies are generally derived from single or multiple indi-
viduals of a species or multiple species. In single-sample approaches, the function-
ality and organization of specific tissues, organs, and cells, for instance, the fruits,
roots, etc., are examined to identify certain emergent factors such as shape and
quality. Additionally, it also paves the way for comprehension of more complex
traits such as suppression of plant diseases, yield, resistance to stresses, etc. (Barh
et al. 2013; Van Emon 2016). Furthermore, using the metagenomics approaches,
elucidation of the molecular components in a population having the same species
helps determine the evolutionary routes that impact the variability in genetics. This



in turn can largely contribute to the understanding of intricate quantitative traits
through the discovery of novel genes (Semagn et al. 2010) and the effect of genetic
variations on phenotypic plasticity.
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13.6.2 Impact of NGS on Agrobiology

NGS of whole genomes/whole exomes from various plant species allows the
definition of their organization and offers a starting point to understand its function-
ality, thereby permitting agriculture practice (Esposito et al. 2016). The knowledge
that arises from the analysis of proteome, transcriptome, and metabolome is also
necessary to better portray the content of genes, their protein structures, and func-
tions. Explication of the gene complexity, their primary networks, and functions is
also rudimentary before moving forward with crop breeding practices. The contri-
bution of the “omics” approaches to agriculture via NGS technologies spans from
gene identification and manipulation of specific genotypic/phenotypic traits to
breeding by the marker-assisted selection of the variants (Zhang et al. 2014a, b;
Iovene et al. 2004). Thus, agri-genomics finds innovative solutions to problems of
sustainable productivity and provides insights into crop genetics for its better usage
in agrobiology.

13.6.3 NGS and Omics Approaches

The primary method used for the profiling of microbial communities in the soil to
elucidate their major functions involves sequencing by NGS on the samples to
characterize the fragments of DNA of the metagenome. Metagenomics in soil
agrobiology aids in depicting the complex interaction patterns occurring among
the soil microbes and between the plant and soil microbes in the rhizosphere
(Carbonetto et al. 2014; Mendes et al. 2014). Metagenomics also traces the taxo-
nomic shifts and the functional redundancy of the soil microbes associated with
changes in environmental conditions (Esposito et al. 2016). Metagenomics aid in
translating the role of soil bacteria in plant nutrition and for understanding the
mechanisms of plant stress responses (Lavecchia et al. 2015; Timmusk et al. 2014).

13.6.4 Revolution of Omics and Impact on Bioinformatics
Research

The emergence of omics approaches influenced bioinformatics in terms of the
collection of data, organization of data, integration of the data, and using various



omics approaches and implementation of appropriate tools for mining data. The
introduction of high-throughput technologies cemented the way for upgrading
genome sequencing efforts of several models and nonmodel species of agricultural
interest. These were then followed by transcriptomic data analysis for deciphering
the transcriptional processes, defining cell functionalities in stress and physiological
conditions. All these approaches necessitated the design of resources to distribute the
amassed data to the whole of the scientific community, thereby bolstering the need
for adequate pipelines for translating from raw information to value-added and
integrative approaches (Mita et al. 2003; Christoffels et al. 2001; D’Agostino et al.
2005). Thus, with the advent of NGS and omics analysis, bioinformatics research
has now taken a new turn and plays a key role in the field of sustainable agriculture.
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13.7 Challenges of Chemical Pesticides and Fertilizers
in Agrobiology

“Pesticide” is an overarching term that includes a wide array of compounds such as
herbicides, insecticides, rodenticides, fungicides, molluscicides, rodenticides, nem-
aticides, plant growth regulations, and several others (Aktar et al. 2009; Alewu and
Nosiri 2011). “Fertilizers” are chemical substances, prepared synthetically, which
are added to the soil to improve its fertility and in turn productivity (Savci 2012).
Although there are several advantages of using chemical pesticides and fertilizers
such as killing unwanted pests, improving crop productivity, protection of crops
from losses and yield improvements, control of vector-borne diseases, food quality
improvements, etc., long-term use of chemical pesticides and fertilizers poses a lot of
challenges. The following are some of the challenges of the overuse of chemical
pesticides and fertilizers in agriculture:

• Directly affects humans: The chemical pesticides travel through the food chain
and affect humans directly or indirectly via the plants consumed as food (Rasheed
et al. 2019).

• Environmental impacts: Long-term exposure to chemicals affects soil fertility
and has adverse effects on microbial communities. Additionally, chemical pesti-
cides and fertilizers can be toxic to several other organisms such as fish, insects,
birds, and other nontargeted plants. Among all pesticides, insecticides are known
to be more acutely toxic than others; however, herbicides also tend to pose a risk
to non-target organisms (Aktar et al. 2009).

• Contamination of food commodities: Residues of chemical pesticides and
fertilizers have previously been found in various foods and beverages such as
water, wine, instant cooked meals, fruit juices, animal feeds, and other refresh-
ments (Nag and Raikwar 2011; Witczak and Abdel-Gawad 2014; Chourasiya
et al. 2015). Consumption of pesticides adversely affects humans and animals in
the long run.
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• Contamination of water: Soil water and groundwater contamination is another
side effect of long-term exposure to chemical pesticides. The levels of pesticides
identified in water have now amplified because of their excessive utilization in the
agricultural domain (Saleh et al. 2020).

• Impact on the fertility of soil: Overuse of chemical pesticides and fertilizers can
kill several beneficial soil microorganisms and disrupt the fertility of the soil,
thereby causing an overall deleterious effect on the soil ecosystem (Boudh and
Singh 2019).

• Contamination of air: Volatile pesticides drift into the air and contaminate it. It
is established that almost 80–90% of pesticides, when applied, are volatilized
after a few days of application (Majewski and Capel 1995).

Due to these drawbacks, there is a pressing need to use modern technology and
explore alternative approaches for augmenting sustainable agriculture.

13.8 Alternative Approaches: Design and Development
of Novel Microbial Consortia for Enhancing Plant
Productivity

The presence of two or more bacterial or microbial species/groups that live symbi-
otically is called consortia. The applications of using microbial consortia have been
widely explored in the scientific field. Advancements in the field of microbial
consortia present a valuable alternative approach for broadening the scope and
understanding of alternative approaches in agriculture. Systems biology allows a
comprehensive understanding of various processes occurring in the cells along with
their interactions, thereby offering insights into the design of microbial consortia.
Recent years of research have explicated the workings of microorganisms in nature
and how chronic use of chemical pesticides and fertilizers has diminished their
capabilities to enhance the soil health and fitness of plants. Thus, designing micro-
bial consortia that vigilantly assess the relationship between the residing microbiome
and the inoculants will considerably augment plant growth (Ray et al. 2020).

13.8.1 Principles Involved in Formulating Microbial
Consortia

The activity and survival of microorganisms in the soil face competition with
innumerable other microbes that are naturally adapted to the soil. Therefore, along
with having a compatible association with the host, a microbial inoculant must be
able to consequently contend and exist along with other soil-adapted microbes and
the abiotic conditions that exist in the soil (Finkel et al. 2017). Furthermore, it has
also been stated that bacterial inoculants can persevere in the soil for up to 7 weeks;



however, it is still blurry if the same inoculum can offer growth benefits to the plants
(Schreiter et al. 2014). Thus, this challenge can be overcome by inoculating the
plants with microbial consortia in-lieu of single bacterial strains (Maiyappan et al.
2010; Nemergut et al. 2013). This implies that microbial diversity is vital for
promoting sustainable agriculture (Cordero and Polz 2014).
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Moreover, to augment the chances of plant growth promotion, prior knowledge of
the existing indigenous microorganisms is essential. For instance, the interactions
that occur among the microbes in a consortium also play a vital role in determining
the performance of the said consortium. These interactions include the following:

• Mutualism: Corresponds to cross-feeding, where both the bacteria are mutually
benefitted from each other via the interchange of metabolites that are useful for
both partners.

• Commensalism:Where one member of the consortia benefits the survival of the
other, while the other member is neither positively nor negatively affected.

• Parasitism/predation: One bacterium act as the predator to another bacterium in
a consortium.

• Competition: Both members of the consortium compete with one another for
survival. Both can be detrimental to one another.

• Amensalism: Where one member is detrimental to the other, while the other is
neither positively nor negatively affected.

• Neutralism: Neither of the microbial members is affected positively nor nega-
tively by the other’s presence (Che and Men 2019).

Therefore, studies on the microbiome-based strategies driven by next-generation
sequencing technology enable researchers to design and develop better microbial
consortia for augmenting productivity and sustainability.

13.8.2 Methods for Formulating Microbial Consortia

Apart from using naturally available microbes to formulate a consortium, synthetic
consortia can also be engineered using synthetic biology techniques. Additionally,
the design of microbial consortia that depend on principles such as channeling
substrates between different organisms, cross-feeding, or crosstalk provides novel
opportunities for the design of “intelligent” consortia (Calvo et al. 2014; Vorholt
et al. 2017; Herrera Paredes et al. 2018). To design novel microbial consortia,
enhancing knowledge about how the microbial community works at the systems
level is crucial. Additionally, the number of tools available for designing and
constructing consortia at computational levels must be increased. Some methods
used for designing synthetic consortia include the following:

• Top-down approach (complex to simple): In this method, the members of the
consortium are the identified chief players from a particular complex microbial
community. This is based on the multiomics analysis, commencing from
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macroscopic consortia to construing the principles of the system to interpreting
the molecular mechanisms (Che and Men 2019; Jia et al. 2016). This approach
offers more independence to naturally occurring microbes.

• Bottom-up approach (simple to complex): In this method, the members of the
consortium are chosen from a pool of engineering microbes having the desired
attributes. Depending on the complexity of the genetic elements, circuits, mod-
ules, and metabolic networks, engineering principles are used to design consortia
having higher stability and efficiency (Jia et al. 2016; Che and Men 2019). A
variety of synthetic biology tools are used for this purpose and are the most
preferred method of designing consortia.

Moreover, after designing consortia, it is also studied as to whether the consortia
must be grown as co-cultures or mixed cultures in synthetic systems.

13.8.3 General Applications and Recent Case Studies
of Designed Microbial Consortia

Synthetic microbial consortia permit comprehensive interpretation of various phys-
iological processes of cells and their diverse interactions, thereby providing illumi-
nation on the optimal design of the consortia. The designed consortia can be
programmed via quorum sensing-based cell-cell communications, microbial ecosys-
tems wired by bi-directional communications, and sender–receiver microbial com-
munications (Song et al. 2014). These designed consortia find applications in various
fields such as bio-computing, production of bio-energy and chemicals, human health
and medicine, environmental sciences, and sustainable agriculture. The use of
synthetic and computational biology tools and concepts provides a detailed under-
standing of the logistic engineering of complex consortia and naturally occurring
consortia for use in novel purposes.

Previous studies have designed a consortium of Bacillus megaterium and E. coli,
where the B. megaterium cells expressed a two-component AgrCA (accessory gene
regulators), while the E. coli cells expressed the proteins AgrD and AgrB to help in
the recognition of autoinducing peptides (Marchand and Collins 2013). Likewise,
another study designed a methanogenesis consortium, where Methanosaeta
harundinacea and Geobacter metallireducens interchanged electrons directly by
pili that are electrically conductive (Rotaru et al. 2014). In the field of agriculture,
synthetic microbial consortia comprised of species of Clostridium and Enterococcus
vitiates the wheat straw into butanol and hydrogen in a two-step reaction (Valdez-
Vazquez et al. 2015). A synthetic microbial consortium constructed using PGPBs
and AMFs, enhances the content of the metabolites such as sugar, folic acid, ascorbic
acid, vitamins, volatile compounds, glucosinolates, anthocyanins, etc., as well as the
nutrients available to plants including calcium, sodium, phosphorous, magnesium,
nitrogen, iron, zinc, copper and boron, thereby improving the nutrition value of
plants (Torres et al. 2016; Avio et al. 2017). An illustration on the major steps



involved in the design and development of novel consortia for enhancing plant
productivity is given in Fig. 13.3.
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Fig. 13.3 Illustration summarizing the major steps in the design and development of novel
consortia for enhancing plant productivity. The soil samples are first collected and the microbes
in them are enriched and cultivated. Using serial dilutions, the pure isolates are characterized and
simplified microbial consortia are constructed after thorough bioinformatic analysis and designing
of efficient consortia. The constructed consortia are then validated in wet lab studies

13.9 Major Types of Microbial Consortia Responsible
for Sustainable and Balanced Agrobiology

The acceptability of using microbial consortia rather than single microbes to boost
sustainable agriculture has greatly increased. When the microbes are added together
as a consortium, they exist symbiotically, while retaining their abilities to respond
differently to biotic and abiotic environmental stresses. This is primarily due to their
intrinsic useful interactions (Nuti and Giovannetti 2015). In general, the consortium
uses its quorum-sensing signaling abilities via biochemical pathways that respond to
the microbial density and nutrient gradient. The various types of microbial consortia
responsible for sustainable and balanced agrobiology are discussed in what follows.
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13.9.1 Bacterial Consortia and Their Interactions

This includes the plant growth-promoting rhizobacteria (PGPR) group of organisms
such as Arthrobacter, Pseudomonas, Klebsiella, Alcaligenes, Bacillus,
Burkholderia, Serratia, Enterobacter, and Azospirillum (Gehlot et al. 2021). These
bacteria enhance the growth and development of plants via several processes
(Jambon et al. 2018). Segregation of the pollutants of the soil is improved by the
interaction of the aforesaid rhizobacteria with the plants (Eze et al. 2018). These
PGPRs are entangled in several interesting roles such as the development of the
plant, secretion of different plant hormones, solubilization of phosphates, and
nitrogen fixation (Htwe et al. 2019). The bacterial communities communicate with
each other in the consortia via quorum sensing (QS) signaling methods (Barriuso
2015).

During this process, gene expression and communication are regulated by mol-
ecules such as autoinducers and QS molecules. Some examples of QS molecules
include autoinducer-2, autoinducing peptides, and acyl-homoserine lactones, which
monitor and control biochemical mechanisms such as the formation of biofilms,
sporulation, production of antibiotics, bacterial motility, and release of virulence
factors (Fleitas Martínez et al. 2019). QS signaling is a regulatory response to
identify the compounds by transcribing the specific genes of interest (Venturi and
Keel 2016). This signaling involves defined pathogenic activities via adjustment of
the microbes during stress conditions (Jiang et al. 2019). Furthermore, secretion of
volatile organic compounds (VOCs) and nodulating factors (Nod) by the rhizobia
aids in bacterial communication within the consortia (Hung et al. 2015). VOCs boost
plan growth via acetoins, which can hinder gene expression in plants and activates
plant pathogen resistances, thereby maintaining balanced agrobiology (Bennett et al.
2012).

13.9.2 Bacteria–Fungi Consortia and Their Interactions

There exists a close biophysical association and metabolic activities during bacteria–
fungi co-occurrences that aid in the growth of both microbes. Interactions between
the PGPRs and the arbuscular mycorrhizae fungi (AMF) enhance the development
of the crops (Pathak et al. 2017). This consortium improves the concentration of
nutrients in the soil and disseminates the soil microbiota. Thus, consortia of PGPR
and AMF are considered potential alternatives to chemical fertilizers and as biocon-
trol agents for balanced and sustainable agriculture (Pathak et al. 2017).

Additionally, during the process of mycorrhization, the mycorrhizal aiding bac-
teria and the PGPRs have a symbiotic interaction with the roots of the mycorrhizae
and fungi to help in nutrient uptake. For this purpose, the PGPRs can be either intra-
or extracellular, and they release growth-promoting hormones to aid in plant growth
(Zheng et al. 2018). Applications of PGPRs such as Bacillus sp., Pseudomonas sp.,



and AMF in consortia have proved to show an improvement in the growth of crops
and in maintaining sustainable agrobiology (Philippot et al. 2013).
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13.10 Merits and Demerits of Microbial Consortia-Based
Approaches

The microbial consortia-based approaches despite having several applications in
agriculture have certain advantages and disadvantages. Thus, the merits and demerits
of using microbial consortia for sustainable agriculture are as follows:

13.10.1 Merits

• Amixed culture of microbial consortium can cross-feed the nutrients and regulate
the surroundings to stimulate each other’s growth and development (Shou et al.
2007).

• Higher productivity is observed when a consortium that works symbiotically is
used than single strains.

• A complex set of multiple reactions are executed in a much quicker way than
when single strains are inoculated.

• In a consortium, the microbial cultures producing different enzymes can degrade
their substrates in different ways (Bhatia et al. 2015).

• Uncultured microorganisms can be utilized for co-culture techniques.
• Microbial consortia can also inhibit the growth and development of toxic and

unfavorable microbes and control contamination.
• Boosts soil fertility and sustainability in agriculture.

13.10.2 Demerits

• Accurate development of consortia is essential since the properties and interac-
tions of the microbes are different for individual strains.

• Unavailability of knowledge of the microbe functions, the metabolites it pro-
duces, and the nutrition it requires may affect the overall consortia.

• Challenging to detect the contaminating agent in consortia.
• Conservation of the consortia is difficult as different microbes have different rates

of survival.
• Not all consortia can co-exist and survive for long periods in soil environments.
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13.11 Computational Biology and Bioinformatics Tools
and Resources for the Design and Formulation
of Novel Microbial Consortia

The design and formulation of microbial consortia for sustainable agrobiology have
been discussed previously. However, for this purpose, several computational biol-
ogy algorithms and bioinformatics tools are utilized. For constraint-based modeling
of consortia, dynamic and steady-state computational biology approaches are uti-
lized, depending on their growth conditions. The following are some of the latest
tools, algorithms, and resources for designing a microbial consortium:

13.11.1 Dynamic Modeling Tools

• FLYCOP (Flexible sYnthetic Consortium Optimization): A newly developed
framework that works on metabolic engineering to design and model the consor-
tium. This framework chooses the best configuration of the consortium to opti-
mize a specific goal among multiple configurations and considers any temporal
alterations into account (García-Jiménez et al. 2018).

• BacArena: This tool models microbial communities as aggregates of individuals
with definite metabolism, which interact with each other via temporal and spatial
means. This can also be used to hypothesize the cross-feeding mechanisms
between the species in the consortia (Bauer et al. 2017).

• COMETS (Computation of Microbial Ecosystems in Time and Space): This tool
predicts the rate of growth as per the concentration of spatial gradients. Com-
monly, this tool has been used to study the consortia of E.coli, Salmonella
enterica, and Methylobacterium extroquens (Dukovski et al. 2020). A newer
version called COMETS 2 employs newer biological modules and is compatible
with Python and MATLAB interfaces.

• μbialSim: This tool is a numerical simulator that predicts the time-course as
activity and composition of the microbiomes that comprise countless species
(Popp and Centler 2020). μbialSim utilizes the COBRA toolbox (constraint-
based reconstruction and analysis), and aside from modeling microbial commu-
nities, it can also be used to explore principles of microbial ecology.

13.11.2 Steady-State Modeling Tools

• CarveMe: This tool is primarily meant for designing and modeling single-
species and microbial community models. This is a Python package that con-
structs a metabolic network of microbes from universal models (Machado et al.
2018) and is used to analyze the complex dynamics of consortia.
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• RedCom: Another method whose main objective is to maximize the growth rate
of the microbial community and predicts feasible ranges for the exchange of
metabolites. This tool uses metaproteomic data to constrain the solution space for
the microbial community models (Koch et al. 2019).

• SteadyCom: Used for steady-state modeling of microbial communities. The tool
identifies the abundance of each of the species with the major function of
improving community growth (Chan et al. 2017).

• Microbe Modelling Toolbox: MATLAB-based toolbox that is used to design,
construct, and analyze the host–microbe interactions and the microbial commu-
nities. The tool uses metagenomic data and comprises certain built-in functions
for analyses (Baldini et al. 2019).

• MMinte: It is a pipeline that utilizes the 16S rDNA sequence data to detect the
reference genomes and enables comparison of the growth rates in microbial
communities (Mendes-Soares et al. 2016).

• OptCom: Steady-state modeling tool that can be customized for every interaction
type, such as parasitism, competition, mutualism, etc. This algorithm also aids in
understanding the trade-offs between the community and individual fitness
(Zomorrodi and Maranas 2012).

Other tools, databases, and software of importance include MetaQUAST, IDTAXA,
COLEMNA, STIFDB, Plant Stress Protein Database, PASmiR, DroughtDB, Plant
Micro RNA DB, EXPath, MicrobioLink, Metabarcoding, Calypso RAST server,
ROCker, CLARK, SINA, etc. The functions, applications, and the references for all
the tools and resources related to microbiome interactions and plant–microbe inter-
actions that play a role in augmenting sustainable agrobiology are provided in
Tables 13.1 and 13.2. An illustration depicting the overview of bioinformatics and
data sciences in developing novel consortia for enhancing plant productivity is
shown in Fig. 13.4.

13.12 Successful Applications of Data Sciences
and Microbial Consortia-Based Approaches
in Agrobiology

The use of data sciences and microbial consortia-based approaches has been
discussed in detail in the prior sections. Thus, some important applications that
have been previously reported for the successful use of data sciences and consortia
are elucidated.

Previously, several studies have reported the use of compatible microbial con-
sortia, either bacteria–fungi consortia or 2–3 bacteria in various combinations for the
augmentation of crop resistance against stress and overall crop development (Jain
et al. 2012; Singh et al. 2013; Patel et al. 2017). Additionally, it has also been stated
in previous reports that uptake of nitrogen and phosphorous and defense against soil-
borne plant pathogens were enhanced due to the use of Rhizobium, Trichoderma,
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Table 13.1 Major databases and web-based tools available for the study of microbiome interac-
tions for augmenting sustainable agrobiology

Tool/database Tool/database
Application in
sustainable
agrobiology

Tool/database

MetaQUAST To evaluate assem-
blies that are related
to metagenome

Metagenomic data
obtained from
microbial gene
sequencing can be
quality assessed with
the help of this tool.
This will aid in faster
detection of
sequence diversity,
common sequences
and sequences that
are highly relative in
nature

http://bioinf.
spbau.ru/
metaquast

Mikheenko
et al. (2016)

IDTAXA To accurately clas-
sify microbial
sequences based on
their taxonomies

R programming lan-
guage can be used for
maintaining the
quality of the micro-
bial sequences,
designing oligos,
sequence analysis,
and identifying genes

http://decipher.
codes/

Murali et al.
(2018)

COLMENA Group of native
microorganisms that
help in contributing
to food security
through the usage of
agro-
biotechnological
potentials of soil

Collection of infor-
mation that is related
to soil-based and
endophyte
microorganisms

http://apps2.
itson.edu.mx/
colmena/

de los
Santos-
Villalobos
et al. (2021)

Plant Stress
Gene
Database

Collection of gene
information of plants
that are subjected to
various stress condi-
tions with respect to
11 plant species

Stress-related genes
across 11 different
plant species are
curated in this data-
base, and its ortholog
and paralog informa-
tion are available

http://ccbb.jnu.
ac.in/
stressgenes/
frontpage.html

Prabha
et al. (2011)

PlantPRes
Database

Collection of plant
proteome database
that are related to
stress conditions. It
comprises proteins
whose count are
more than 20,000

It has a comprehen-
sive data about plant
with various aspects
such as stress types,
plant type, protein
name, developmental
stage, and the protein
accession numbers.
This information can
be used to filter out

http://www.pro
teome.ir/

Mousavi
et al. (2016)

http://bioinf.spbau.ru/metaquast
http://bioinf.spbau.ru/metaquast
http://bioinf.spbau.ru/metaquast
http://decipher.codes/
http://decipher.codes/
http://apps2.itson.edu.mx/colmena/
http://apps2.itson.edu.mx/colmena/
http://apps2.itson.edu.mx/colmena/
http://ccbb.jnu.ac.in/stressgenes/frontpage.html
http://ccbb.jnu.ac.in/stressgenes/frontpage.html
http://ccbb.jnu.ac.in/stressgenes/frontpage.html
http://ccbb.jnu.ac.in/stressgenes/frontpage.html
http://www.proteome.ir/
http://www.proteome.ir/
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the proteins that are
specific to plant spe-
cies and further used
for improving sus-
tainable agriculture
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Table 13.1 (continued)

Tool/database Tool/database
Application in
sustainable
agrobiology

Tool/database
Reference

Plant Stress
Protein Data-
base
(PSPDB)

Database that com-
prises plant stress
proteins which are
curated manually and
submitted in the
UniProt

There are about 2064
protein information
which are related to
different stress con-
ditions along with
other integrated tools
such as BLAST,
NJPLOT, NCBI,
BLAST, and many
more. These infor-
mation can be used
for harnessing sus-
tainable agriculture

http://www.
bioclues.org/
pspdb/

Kumar
et al. (2014)

STIFDB Group of information
that are related to
stress-responsive
transcription factors
with respect to
Arabidopsis species
Arabidopsis stress-
responsive transcrip-
tion factor data

This database will
help in analyzing
stress-responsive
genes especially with
respect to the model
plant organism
Arabidopsis thaliana

http://caps.ncbs.
res.in/stifdb2/

Shameer
et al. (2009)

STIFDB2 An updated version
of plant stress-
responsive transcrip-
tion factor database
with additional stress
signals, stress-
responsive transcrip-
tion factor binding
sites and stress-
responsive genes in
Arabidopsis and rice

This is an updated
version of the previ-
ous database which
has information
about stress-
responsive genes in
Arabidopsis thaliana
and Oryza sativa

http://caps.ncbs.
res.in/stifdb2/

Naika et al.
(2013)

PASmiR Database with infor-
mation that is related
to plant miRNA
molecular regulation
under different abi-
otic stress conditions

Comprehensive data
about miRNA of
about 30 different
plant species under
different abiotic
stress conditions
which can be used to
study sustainable
agrobiology

http://hi.ustc.
edu.cn:8080/
PASmiR and
http://pcsb.ahau.
edu.cn:8080/
PASmiR

Zhang et al.
(2013)

http://www.bioclues.org/pspdb/
http://www.bioclues.org/pspdb/
http://www.bioclues.org/pspdb/
http://caps.ncbs.res.in/stifdb2/
http://caps.ncbs.res.in/stifdb2/
http://caps.ncbs.res.in/stifdb2/
http://caps.ncbs.res.in/stifdb2/
http://hi.ustc.edu.cn:8080/PASmiR
http://hi.ustc.edu.cn:8080/PASmiR
http://hi.ustc.edu.cn:8080/PASmiR
http://pcsb.ahau.edu.cn:8080/PASmiR
http://pcsb.ahau.edu.cn:8080/PASmiR
http://pcsb.ahau.edu.cn:8080/PASmiR
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Table 13.1 (continued)

Tool/database Tool/database
Application in
sustainable
agrobiology

Tool/database

DroughtDB Database that com-
prises plant genes
and their homologs
that are with respect
to stress conditions
among nine different
species

Abiotic stress condi-
tion such as drought
stress genes with
respective to nine
different plant spe-
cies can be obtained
from this database
for harnessing data
for sustainable
agribiology

http://pgsb.helm
holtz-muenchen.
de/droughtdb/

Alter et al.
(2015)

Plant stress
RNA-seq
Nexus
(PSRN)

Curated information
of plant
transcriptome data
which are specially
stress specific in
nature

These RNA-seq
information database
which will help
researchers support
insights into breed-
ing different crops
aiding to sustainable
agrobiology

http://syslab5.
nchu.edu.tw/
PSRN

Li et al.
(2018)

Plant Micro
RNA Data-
base (PMRD)

Collation of infor-
mation with respect
to miRNA that are
acquired from vari-
ous sources such as
public repositories,
in-house generated
databases, and data
collected from recent
literature

Database informa-
tion about
microRNAs of
model organisms
whose genomes are
available with
respect to its expres-
sion profile, second-
ary dimension
structure, and their
target genes

http://bioinfor
matics.cau.edu.
cn/PMRD

Zhang et al.
(2010)

EXPath Metabolic pathway
database with respect
to plant and its com-
parative expression
analysis

With up to 6 model
plant organisms
being analyzed in
this study, the micro-
array data analysis
obtained from vari-
ous conditions can be
used to study the
effect on metabolic
pathways

http://expath.
itps.ncku.edu.
tw/

Chien et al.
(2015)

RiceSRTFDB Collection of infor-
mation with respect
to rice and its tran-
scription factors
along with expres-
sion data, mutant
information, and
cis-regulatory

This information
with respect to rice
can be used to study
the stress-responsive
genes and its expres-
sion data along with
other important
mutant and

http://www.
nipgr.res.in/
RiceSRTFDB.
html

Priya and
Jain (2013)

http://pgsb.helmholtz-muenchen.de/droughtdb/
http://pgsb.helmholtz-muenchen.de/droughtdb/
http://pgsb.helmholtz-muenchen.de/droughtdb/
http://syslab5.nchu.edu.tw/PSRN
http://syslab5.nchu.edu.tw/PSRN
http://syslab5.nchu.edu.tw/PSRN
http://bioinformatics.cau.edu.cn/PMRD
http://bioinformatics.cau.edu.cn/PMRD
http://bioinformatics.cau.edu.cn/PMRD
http://expath.itps.ncku.edu.tw/
http://expath.itps.ncku.edu.tw/
http://expath.itps.ncku.edu.tw/
http://www.nipgr.res.in/RiceSRTFDB.html
http://www.nipgr.res.in/RiceSRTFDB.html
http://www.nipgr.res.in/RiceSRTFDB.html
http://www.nipgr.res.in/RiceSRTFDB.html
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elements in order to
use it for functional
analysis

cis-regulatory ele-
ments information
which will further
help in improving the
agrobiology with
respect to rice

and phosphate-solubilizing bacteria in a consortium (Rudresh et al. 2005). Further-
more, consortia of PGPRs, mycorrhizae, and endophytic bacteria have also been
reported to successfully augment plant productivity and protection, thereby consid-
erably reducing the dependence on chemical fertilizers (Perez et al. 2007). It is also
established that AHLs (acyl homoserine lactones) are vital signaling molecules in
bacteria (Mukherjee and Bassler 2019) and AHLs released by specific PGPRs in
consortia such as Serratia phymuthica and S. liquefaciens have promoted the
development of root and overall plant biomass. Other bacteria such as Pantoea
ananatis and Sinorhizobium fredii have promoted biofilm formation in the roots of
Phaseolus vulgaris (bean) and Oryza sativa (rice) (Pérez-Montaño et al. 2013).
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Table 13.1 (continued)

Tool/database Tool/database
Application in
sustainable
agrobiology

Tool/database
Reference

PlnTFDB Consolidated data-
base with plant tran-
scription factor
information

Curated information
with respect to tran-
scription factors and
regulators in over 19
plant species

http://plntfdb.
bio.uni-potsdam.
de/

Riaño-
Pachón
et al. (2007)

Moreover, previous studies have reported culturing of Ketogulonicigenium
vulgare and Bacillus megaterium for which a GCMS (gas chromatography-mass
spectrometry) was employed for a metabolomics study for identifying the exchange
of metabolites and interactions between the two species (Zhou et al. 2011). Recent
studies have demonstrated the use of synthetic microbial consortia constructed after
thorough omics data analyses to enhance the biocontrol activity against agricultural
pathogens. In these studies, the consortia were constructed after selecting the
microbes having different mechanisms of antagonistic activity to ensure consistent
performance against multiple pathogens (Kong et al. 2018). Omics data of various
soil microbes have also aided in the successful modeling of pesticide degradation,
thereby augmenting sustainability (De Sousa et al. 2018). Previous studies have also
established that omics tools equip researchers with information on the growth
dynamics and metabolic fluxes in a specified consortium (Cobb et al. 2015). For
instance, through complete proteomic and transcriptomic analysis, studies have
understood the synergistic growth of Dehalococcoides ethenogenes with
Desulfovibrio vulgaris and Methanobacterium congolense (Men et al. 2012).

http://plntfdb.bio.uni-potsdam.de/
http://plntfdb.bio.uni-potsdam.de/
http://plntfdb.bio.uni-potsdam.de/
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Table 13.2 Major bioinformatics software (a) and resources (b) available for various aspects of
plant microbe interactions used in sustainable agrobiology studies

(a)

Software/
Application to
study sustainable
agrobiology

MicrobioLink To study
microbiome–host
interactions and its
functional effects
through an integra-
tive computational
pipeline

Plant–microbiome
interaction can be
studied through
computational
approach for sus-
tainable
agrobiology

https://github.
com/
korcsmarosgroup/
HMIpipeline

Andrighetti
et al. (2020)

NetCooperate A tool which is
based on network
aids in microbe–
microbe and host–
microbe
cooperation

It can be applied to
calculate the bio-
synthetic support
score between plant
microbiome species
especially in nutri-
tional requirements

http://elbo.gs.
washington.edu/
software_
netcooperate.html

Levy et al.
(2015)

Metabarcoding A tool to study as
well as investigate
the microbiome in
order to design the
strategies that will
protect plants

Important tool
which can be used
to strategize sus-
tainable
agrobiology by
investigating vari-
ous microbiome
involved

– Abdelfattah
et al. (2018)

Calypso A web-server which
is user-friendly can
be used for
extracting and to
visualize the inter-
actions between
microbiome and
environment

This online soft-
ware can be used to
the study the taxo-
nomic data obtained
from 16 s rDNA
datasets of micro-
bial community that
are involved in
forming consortia

http://cgenome.
net/calypso/

Zakrzewski
et al. (2017)

RAST Server A server which can
be automatically
exploits the
metagenome
through phyloge-
netic and functional
analysis

This server can be
used to the study the
microbial commu-
nities relationship
status in order to
help achieve sus-
tainable
agrobiology

http://
metagenomics.
nmpdr.org/

Meyer et al.
(2008)

ROCker A tool to detect and
quantify data that
are related to short-
read metagenomics
of target genes with

With the help of the
scores that are
obtained from this
tool, the short read
metagenomics data
of the microbes in

http://enve-
omics.ce.gatech.
edu/rocker/

Orellana
et al. (2017)

https://github.com/korcsmarosgroup/HMIpipeline
https://github.com/korcsmarosgroup/HMIpipeline
https://github.com/korcsmarosgroup/HMIpipeline
https://github.com/korcsmarosgroup/HMIpipeline
http://elbo.gs.washington.edu/software_netcooperate.html
http://elbo.gs.washington.edu/software_netcooperate.html
http://elbo.gs.washington.edu/software_netcooperate.html
http://elbo.gs.washington.edu/software_netcooperate.html
http://cgenome.net/calypso/
http://cgenome.net/calypso/
http://metagenomics.nmpdr.org/
http://metagenomics.nmpdr.org/
http://metagenomics.nmpdr.org/
http://enve-omics.ce.gatech.edu/rocker/
http://enve-omics.ce.gatech.edu/rocker/
http://enve-omics.ce.gatech.edu/rocker/
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the help of sliding-
window bitscores

the microbial com-
munity can be
analyzed
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Table 13.2 (continued)

(a)

Software/
Application to
study sustainable
agrobiology Reference

CLARK Rapid and precise
tool to classify
genomic and
metagenomic
sequences with the
help of k-mers
which are discrimi-
native in nature

Important resource
which can be used
to study the micro-
bial sequences clas-
sification system
which is more pre-
cise, rapid, and
different

http://clark.cs.ucr.
edu/

Ounit et al.
(2015)

CheckM Tool to evaluate the
microbial genome
quality which was
obtained from sin-
gle cells,
metagenomes, and
isolates

Useful tool to iden-
tify the sequenced
genomes of the
microbial commu-
nities which are
complete in nature
or contaminated
with other species
sequences through
interpreting geno-
mic characteristics,
GC content, and
alignment with a
reference genome

http://
ecogenomics.
github.io/
CheckM/

Parks et al.
(2015)

Gramene Resource to unite
the pathway data as
well as comparative
genomics used for
plant research

This particular
resource can be
applied for studying
comparative func-
tional genomics in
plant species which
are produced in
large quantities and
model crops

http://www.
gramene.org/

Tello-Ruiz
et al. (2018)

Plant
Reactome

Database which
houses information
related to plant
pathway which is
manually curated
and open access

It can be applied to
study the pathway,
regulation of tran-
scription process,
pathways that are
involved in devel-
opment and metab-
olism which also
includes interaction
between microbes

http://
plantreactome.
gramene.org/

Naithani
et al. (2016)

Unipept Interface which is
command line

It can be applied for
studying the

http://unipept.
ugent.be/clidocs

Mesuere
et al. (2018)

http://clark.cs.ucr.edu/
http://clark.cs.ucr.edu/
http://ecogenomics.github.io/CheckM/
http://ecogenomics.github.io/CheckM/
http://ecogenomics.github.io/CheckM/
http://ecogenomics.github.io/CheckM/
http://www.gramene.org/
http://www.gramene.org/
http://plantreactome.gramene.org/
http://plantreactome.gramene.org/
http://plantreactome.gramene.org/
http://unipept.ugent.be/clidocs
http://unipept.ugent.be/clidocs
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based can be used
for high-throughput
analysis with
respect to meta pro-
teomics data

shotgun
metagenomics data
which is assigned to
taxon. The results
are visualized in the
form of frequency
table related to
taxonomy
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Table 13.2 (continued)

(a)

Software/
Application to
study sustainable
agrobiology Reference

SINA Precise analysis of
ribosomal RNA
genes using high-
throughput multiple
sequence alignment

Important tool to
study the quality of
the sequenced
rRNA from bacteria
communities and
also to interpret the
alignment between
them. This can aid
in studying the
relationship
between microbial
species in consortia

http://www.arb-
silva.de/aligner

Pruesse
et al. (2012)

Nonpareil 3 Fast assessment of
metagenomic cov-
erage and sequence
diversity

This is can be
applied for studying
metagenomic data
coverage in the
microbiome com-
munities for sus-
tainable
agrobiology

http://enve-
omics.ce.gatech.
edu/nonpareil

Rodriguez-
R et al.
(2018)

VSEARCH A multipurpose tool
which is used for
studying
metagenomics

It can be applied for
various
metagenomics data
analysis since it
performs optimal
global alignment for
shorter reads

https://github.
com/torognes/
vsearch

Rognes
et al. (2016)

(b)

Company Principle Platforms Application Reference

Pacific
Biosciences

Real-time DNA.
Single-molecule
sequencing by
synthesis

PacBio RS All these platforms can be used
for sequencing plant and
microbiome genomes for
studying interactions between
them. Also, to study the genes
that are responsible for sustain-
able agrobiology

Knief
(2014)

Life
Technologies

Semiconductor-
based sequencing
by synthesis

Ion proton
Ion PGM

Illumina

http://www.arb-silva.de/aligner
http://www.arb-silva.de/aligner
http://enve-omics.ce.gatech.edu/nonpareil
http://enve-omics.ce.gatech.edu/nonpareil
http://enve-omics.ce.gatech.edu/nonpareil
https://github.com/torognes/vsearch
https://github.com/torognes/vsearch
https://github.com/torognes/vsearch
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Table 13.2 (continued)

(b)

Company Principle Platforms Application Reference

Reversible termi-
nator sequencing
by synthesis

Illumina
HiSeq2500
Illumina
HiSeq X
ten
Illumina
MiSeq

Roche Pyrosequencing 454 GS
junior tita-
nium
454 FLX
titanium
454 FLX+

Life
Technologies

Sequencing by
ligation

SOLiD
5500xl W

Cross-king-
dom RNA
interference
(ck-RNAi)

sRNAs & mRNAs
sequencing, align-
ment, and
validation

Illumina Zanini
et al.
(2018)

13.13 Future Perspectives

Despite a few demerits in the use of microbial consortia and omics technologies in
sustainable agriculture, with flourishing developments, high-quality genomes are
now available for diverse species. The re-sequencing of several species’ genome-
wide allows easy detection of core, pan, and accessory genomes which inflates our
current knowledge on crop improvement. Omics studies nowadays are not just
limited to genomics and proteomics, but also epigenomics, epi-transcriptomics,
secretomics, and agrigenomics. Since omics data is now being generated under
various environmental conditions, it is now reasonable to generate omics data for
any species at affordable prices. Omics-based knowledge hastens the cloning of
QTL (Quantitative trait loci) and enhances the resolution of the mapping to the gene
level (Li and Yan 2020). Currently, in the era of massive omics data, an amalgam-
ation of various omics approaches and data will facilitate high-throughput and swift
identification of various genes simultaneously, essentially altering the present
research paradigm from analysis of single-gene to network or pathway scrutiny. In
the future, as part of maintaining and balancing sustainability in agriculture, omics
data can be used in combination with novel gene-editing techniques to create and
produce crops via a three-step road map (Fernie and Yan 2019), contributing to a
revolutionary farming system, with least adverse effects on humans and animals.
Thus, the knowledge attained through omics data and utilization of synthetically
designed microbial consortia paves the way for similar such studies in the future,
creating a balanced and augmented sustainable agriculture.
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Fig. 13.4 Illustration depicting overview of bioinformatics and data sciences in developing novel
consortia for enhancing plant productivity. Plants undergo several biotic (plant microbes, anthro-
pogenic causes, quorum sensing) and abiotic (drought, salinity, metal toxicity) stresses. Thus, in
order to enhance the yield, a microbial consortium can be constructed via metabolic engineering
techniques after a thorough comprehension of genomics, proteomics, metabolomics, and
transcriptomics approaches. Microbial network analysis can provide an understanding of the
constructed synthetic consortium that can lead to better yield and productivity of the crops

13.14 Concluding Remarks

Research on soil microbiome is fixated on leveraging comprehension of the
microbiome to augment management strategies for attaining and improving sustain-
ability in agrobiology. This is primarily achieved by amending the soil ecosystem by
adding specific microorganisms in various combinations as consortia to promote the
growth of the plant, to suppress the diseases of plants, to improve the fertility of the
soil, and to ameliorate the bioremediation of heavy metals in contaminated soils, due
to the many disadvantages that chronic use of chemical fertilizers and pesticides
pose. Therefore, for this purpose, the current chapter focused more on understanding
various interactions in the soil microbiome such as plant–microbiome, root–root
interactions, and microbe–microbe interactions, and different tools and techniques
used for formulating microbial consortia. Studies have suggested that a microbial
consortium designed and formulated after prior research into the strains performs
better in augmenting sustainability than single microbial strains. Furthermore, with
the advent of modern technology such as next-generation sequencing techniques,
concepts such as genomics, metagenomics, proteomics, metabolomics, and
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transcriptomics have now paved the way for finding long-term solutions to the
problems in agriculture sustainability. “Omics” approaches have high relevance
and scope as high-throughput strategies aid in storing and analyzing a huge amount
of agricultural data. Additionally, integrative “omics” strategies have also proven to
be much better in formulating better microbial consortia, which reduces any adverse
effects on humans. Thus, the strategies suggested in the current chapter aim to
augment sustainable and balanced agriculture.
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Chapter 14
Effect of Microbial Consortium
Vs. Perfected Chemical Fertilizers
for Sustainable Crop Growth

Dinesh Kumar Maheshwari, Sandeep Kumar, Prashant Kumar,
Sachin Kumar, and Shrivardhan Dheeman

Abstract Recruitment of microbial consortia having plant growth and health-
promoting traits, instead of individual strains is an approach to raise the growth
and development of the crop throughout the duration. The application of microbial
consortia is proven to be as good as pure chemical fertilizers (e.g., urea,
diammonium phosphate (DAP), muriate of potash (MoP), etc.) for raising the crop
under abiotic stress conditions of soil salinity. Plant-associated microbial consortia
mainly involved various genera and species of plant growth-promoting bacteria that
exert beneficial effects on plants, it is constructed by two or more interacting
beneficial bacteria synergistically or by additive, and mean and results are described.
The multiple genera, both indigenous and nonindigenous, can perform various tasks
in the stress ecosystems.

To understand overall performance, their interactions and beneficial effects are
highlighted both on soil and plants. Finally, it is aimed to propose the use of different
microbial consortia as well as strengthening research on different mixtures of
microorganisms that facilitate adequate plant growth and yield. The overall success
of beneficial bacterial consortium offers a safety device that reduces the excessive
application of chemical fertilizers and could avoid economic loss by reducing the
cost of agricultural practices.

Keywords Rhizobacteria · Fertilizers · Biofertilizers · Microbial Consortia · Crop
production

D. K. Maheshwari (✉) · S. Kumar · P. Kumar · S. Kumar
Department of Botany and Microbiology, Faculty of Life Sciences, Gurukula Kangri (Deemed
to be University), Haridwar, Uttarakhand, India

S. Dheeman
Department of Biotechnology and Microbiology, School of Allied Health Sciences, MVN
University, Palwal, Haryana, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023
D. K. Maheshwari, S. Dheeman (eds.), Sustainable Agrobiology, Microorganisms
for Sustainability 43, https://doi.org/10.1007/978-981-19-9570-5_14

319

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9570-5_14&domain=pdf
https://doi.org/10.1007/978-981-19-9570-5_14#DOI


320 D. K. Maheshwari et al.

14.1 Introduction

Among 2,50,000–3,00,000 plant species, about 4% are used as edible plants by
human beings. Just three crops (wheat, maize, and rice) contribute 60% of the
calories and proteins required by humans from these crops. This leads to severe
food security issues and causes food crises. As human populations continue to
increase, the disturbance of the soil ecosystem to enhance productivity may place
greater demand on supplying soil’s essential nutrients. Therefore, it is essential to
increase the understanding of soil’s biological, physical, and chemical properties
along with the soil–microbe–plant relationship to enhance productivity with avail-
able nutrient pools. The soil-native ability to supply sufficient nutrients continuously
decreases and emerges as greater challenges for enhancing the productivity of crops
and the quality of water, air, and fragile soil ecosystems. This relationship of soil–
plant microbes, especially soil interaction, influences plant compounds accurately
identifying the yield-limiting potential factors and growth and development, mini-
mizing the influence of those to manage the enhancement productivity.

Ecologically, abiotic factors are the major causes behind lowering crop produc-
tivity. However, the adverse effects of biotic factors on declining productivity cannot
be ruled out. Among abiotic constraints, the major one is soil salinity, which
significantly reduces crop productivity (Zorb et al. 2019). The issue is the conversion
of agronomically useful farmer’s field soil into unproductive land. The United
Nations Environment Program estimated that approximately 20% of agricultural
land and 50% of cropland around the world is salt stressed. It is estimated that
>1 billion hectares of land is salinized (Soltabayeva et al. 2021) and is a major factor
limiting plant growth and productivity (Parida and Das 2005).

Salinity has majorly affected agricultural productivity due to the inhibition of
photosynthesis, protein synthesis, and lipid metabolism in plants. About 1.5 million
hectares of land are turning unfit for agricultural practices every year (Hossain 2019).
Anthropogenic activities and excessive use of chemical fertilizers such as urea,
diammonium sulfate, muriate of potash (MoP), gypsum, etc., accelerate the rate of
salinization in arid and semi-arid regions. The rate of high salinization is due to poor
agricultural practices, saline water irrigation, reduced precipitation and enhanced
surface evaporation (due to climate change), and industrial pollution. In terms of
economics, the annual cost of salt-induced land degradation in irrigated areas could
be US$27.3 billion in terms of loss in crop production. Saline soil is clearly defined
by Mishra et al. (2021), who stated if electrical conductivity (EC) is less than 4ds/m
at 25 °C (pH 8.2–10.5), accumulation of mineral salts such as NaCl Na2SO4,
MgSO4, NaHCO3, CaSO4, and CaCO3 occur in saline soil. India consumed about
500 Lakh Metric Tons (LMT) of chemical fertilizers per year. Urea is the most
consumed fertilizer with around 300 LMT and there is a steady increase in the rate of
consumption of urea, DAP, and NPKs in the current year, i.e., highest in the last
six-year period from 2015 to 2020–2021 (Bishnoi et al. 2020; Singh 2020).
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Plants comprise functional microbiota, each with the other, forming a network of
species that is commonly called a “holobiont.” These plant-associated microbial
communities contain host-adapted microorganisms that impact plant fitness. Since
the origin of microbes on earth is more than 3.5 billion years ago and plant lineages
are 450 million years ago, the microbial origin suggests that microbe–microbe
interactions are important in selective sculpting complex network in the soil, rhizo-
sphere, and phyllosphere including internal tissues of plants. The evolutionary
nature of microbe–microbe interaction mechanisms that favor the co-existence of
highly diverse microbial consortia in or inside plant habitats is yet to be fully
explored. It is a challenging task due to the complex ecological interactions occur-
ring naturally and the different ways and means of their inheritance such as vertical
transmission via seeds (Truyens et al. 2015) vs. horizontal requisition from the
environment (Bulgarelli et al. 2013).

Most of the workers during the last decades were focused on the use of fertilizers
and manures. Soil fertility is the status or the inherent capacity of the soil to supply
nutrients to plants in adequate amounts in suitable proportions. On the other hand,
soil productivity is the capacity of the soil to produce crops with a specific system of
management and is expressed in terms of yields. All productive soils are fertile, but
all fertile soils are not necessarily productive. To produce crops of economic value
and to maintain the health of the soil without deterioration are most important.
Modern farming, driven by economic constraints, is forced to use artificial fertilizers,
often to the detriment of the soil’s natural fertility (Rana and Rana 2011). Thus, there
is a need for an integrated approach to plant nutrition and the sustainability of soil
fertility and crop productivity.

Green agriculture is a system of cultivation with the help of an integrated nutrient
supply. The integrated pest management (IPM) and integrated management (INM)
systems of natural resources do exclude the use of minimum essential quantities of
mineral fertilizers and chemical pesticides. Thus, biofertilizers can supplement
chemical fertilizers judiciously to supplement sustainable crop production and
protection (Maheshwari 2011). Plant growth promotion enhancement is virtually
possible by using microbial inoculants along with allowing the concentration of
chemical fertilizers and supplying for each farm from Green Revolution to Ever-
green Revolution (Kesavan and Swaminathan 2020).

14.2 Chemicals Vs. Biologicals

The use of synthetic chemicals (fertilizers and pesticides) was observed to be the
critical input for holding the production of pulses, millets, etc. (Ankineedu et al.
1983). The advanced agriculture practices using fertilizers increased crop produc-
tivity, but their improper use disorder made the soil sick. Nearly 2000 ha of land is
becoming saline every year due to the imbalanced use of chemical fertilizers and
unmanaged cropping systems. It is, therefore, considered that the application and
additions of biofertilizers not only help proliferate beneficial microbes in soil but



also provide residual effects on the subsequent crop in the field and contribute to the
recycling and decomposition of organic matter (Deshwal et al. 2003; Kumar et al.
2006). In an intensive cropping system, supplementing soil nutrients using chemical
fertilizer is considered inevitable for obtaining the optimum yield of crops. But it has
been observed that continuous use of chemical fertilizers may adversely affect soil
health and may lead to a negative impact on soil production (Paul and Savitri 2003).
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Adverse consequences have occurred due to the excessive application of chem-
ical fertilizers, pesticides, etc., on soil structure and health. Besides imparting
groundwater pollution, and mismanagement of ecology and environment hence,
adherences to the scientific principles of soil and plant health management to sustain
the benefits of enhanced productivity over a long period are of utmost desirable.
Thus, sustaining the benefits of natural resources and progressive enhancement of
soil quality, biodiversity, and productivity are a few steps that may lead toward
productivity enhancement. This can achieve higher productivity in perpetuity with-
out accompanying ecological harm, water quality, biodiversity, atmosphere, and
renewable energy sources (Kesavan and Swaminathan 2006; Maheshwari 2010;
Maheshwari and Dheeman 2019; Maheshwari et al. 2015).

In literature, three terminologies are used to convey the same meaning: Integrated
Plant Nutrition Systems (IPNS), Integrated Plant Nutrient Supply Systems (IPNS
System), and Integrated Nutrient Management (INM). Although these terminologies
may look the same, they convey somewhat different connotations, yet. IPNS means
the supply of nutrients to the plants from various sources of nutrients such as nutrient
reserves in the soil, (1) organic sources include amendment of farm yard manure,
compost, green manure, crop residues, and other organic fertilizers, and (2) IPNS is a
concept “which aims at the maintenance or adjustment of soil fertility and plant
nutrient supply to an optimum level for sustaining the desired crop productivity
through optimization of benefit from all possible sources of plant nutrients in an
integrated manner” (Roy and Ange 1991).

Mineral Nutrient Management (MNM) is the key issue in sustainable soil fertility.
Nitrogen, phosphorous, potassium, etc., are given in the form of chemical fertilizers
for a high economic return through optimized crop yield. The basic concept under-
lying the integrated plant nutrient system is the maintenance and possible increase of
soil fertility for sustaining enhanced crop productivity through judicious use of all
plant nutrients, particularly inorganic (chemical) fertilizers (Duhoon et al. 2001).
The balanced dose of fertilizers alone can increase by about 50% of the yield in rice
(Muntasir et al. 2001). Babich and Stotzky (1983) developed the concept of an
“Ecological Dose 50” (ED50), as a concentration of a toxicant that inhibits a
microbe’s ecological process by 50%. The concentration that kills 50% of the total
population is termed sub-lethal (LC50). The use of sub-lethal doses of chemicals
weakens the pathogen, and it becomes more effective against the parasite
(Mukhopadhyay et al. 1992). A judicious combination of chemical fertilizer with
an organic source of plant nutrients through composting green manuring or due to
the application of suitable microorganisms in the form of biofertilizer of
bioinoculants should be optimized for plant growth promotion and yield (Kumar
et al. 2006).The combined ever-increasing application of biofertilizers and reduced



dose of chemical fertilizers increased wheat yield, obtained from the single applica-
tion of recommended doses of fertilizers (Stephens and Rask 2000). Saraf and Sood
(2002) raised the pesticide-adoptive mutants of rhizobial strains and observed PGP
activities to use them as bioinoculants. Reasonable results were achieved from the
fertilized field using fertilizers/adaptive indigenous strains (Vargas et al. 2000).
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INM seems to be essential not only for the enhancement of crop productivity but
also for the maintenance and possibly improvement of soil fertility. The management
of C and N requirements through the active intervention of microbial inoculants
derive three benefits: (i) reduction in the cost of cultivation, (ii) enhanced use
efficiency judiciously in the field, and (iii) improved quality of environment and
ecology. Various workers (Idris 2003; Ayala and Rao 2002; Kumar et al. 2006)
observed various cropping systems, which exhibited positive interaction of the
integrated use of fertilizers with biofertilizers for sustainable crop production. The
integration of biological processes in nutrient management practices should be
devised to prevent/unavoidable losses of chemical fertilizers. This will not only
safeguard the ecological environment due to the impact of excessive fertilizers but
also affect the cost–benefit ratio and population, which may ensure food security and
sustainability of the environment.

The application of microbial consortia can reduce the negative effects that arise
due to abiotic stress conditions on crops. But for their effective application in the
crops, novel approaches are required to explore bacteria–bacteria and plant–bacteria
interactions or bacteria–fungi interactions. Isolating and identifying the stress-
tolerant or resistant microbes to recalcitrant agrochemicals and heavy metals is
important, as per the advocacies of recent publications (Xia et al. 2020; Katiyar
et al. 2021).

14.2.1 Microbial Consortia in Lowering of Chemical
Fertilizers

A microbial consortium interacts with different abiotic and biotic factors that apply
under field conditions. Apart from these stresses, its success also influenced the
different crop varieties due to the involvement of plant microbes’ interaction. The
consortium efficiently colonized the rhizosphere, improved plant tolerance to abiotic
stresses such as water deficit or drought (Ehteshami et al. 2007; Shahzad et al. 2013),
tolerance to salinity (Ahmad et al. 2013a, b), heavy metal tolerance accumulated in
soil (Sheng et al. 2012), temperature, and other stresses. Various workers (Idris
2003; Ayala and Rao 2002; Kumar et al. 2006) observed from different cropping
systems that exhibited the positive interaction of the integrated use of mineral
fertilizers, organic manures, biofertilizers, etc., for maintaining the growth through-
out the crop duration.

On the other hand, bacterial consortium acts as a substitute to chemical fertilizers
such as urea, DAP, etc., because decreased application of chemical fertilization



along with bacterial consortium exhibited a similar effect on plant growth and yield
as revealed while applying the recommended doses of chemical fertilizers (Kumar
et al. 2010; Da Costa et al. 2013).
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In addition, the bacterial consortium offered an alternative allowing efficient use
of half of the recommended dose of nitrogen fertilizer. The use of the microbial
consortium allowed the lowering of a 50% mineral N application and generated
beneficial agronomic practices along with the lower cost to the cultivars (Molina-
Romero et al. 2021). Recently, a new approach has been devised wherein the effect
of microbial consortia is applied as fertilizer coating. For this, the use of next-
generation sequencing (NGS) via Illumina high-throughput sequencing (IHS) tech-
nology has been understood that fertilizers influence the bulk soil and rhizosphere
microbial community applied to potato fields (Overbeek et al. 2021). This concept
may serve as a tool for the development of new microbial inoculants for the benefit
and improvement of crop plants for their sustainability by using agro-practices.

14.2.2 Microbial Consortia in Salinity Stress Conditions

Strategy to evaluate the desirable plant growth promoting traits of microbial con-
sortium is to assess their compatibility with plants under stress. In a healthy plant, all
the physio-biochemical pathways are in a state of equilibrium, but if any deviation
occurs in any of the pathways, it leads to plants becoming sick resulting in plant-
growth inhibition and productivity loss. Since the soil is a habitat of plants and
microbes, it plays a leading role from seed germination to crop maturity and
harvesting. Salt stress is one of the major abiotic stresses that result in a decline in
plant productivity worldwide, especially in arid and semi-arid regions (El-Katony
et al. 2019).

According to Flowers et al. (1977), plants can be divided into glycophytes and
halophytes based on their abilities to grow in different salt concentrations and
complete their life cycle on a high concentration of salt, e.g., Atriplex, Vesicaria.
Most terrestrial plants, including crops, are glycophytic and cannot tolerate high
concentrations of salt. Plant growth and development are hampered due to salinity
stress through (i) low osmotic potential of the soil solution (water stress),
(ii) nutritional imbalance, (iii) specification effect (salt stress), or (iv) a combination
of these factors (Ashraf 1994) (Fig. 14.1a). The following are the factors responsible
for soil salinity: for primary salinity: (i) weathering of rocks, (ii) capillary rise from
shallow brackish groundwater, (iii) the intrusion of seawater along the coast, and
(iv) salt-laden sand blown by sea winds (Fig.14.1b). Impeded drainage secondary
salinization is due to human activities like (i) introduction of irrigation without
proper drainage system, (ii) industrial effluents, (iii) overuse of fertilizers,
(iv) removal of natural plant cover, (v) flooding with salt-rich waters, and (vi) high
water table and the use of poor-quality groundwater for irrigation (Ahmad et al.
2013a, b) (Fig. 14.1c).
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During the onset and development of salt stress within a plant, all the major
processes such as photosynthesis, protein synthesis, and energy and lipid metabo-
lisms are affected (Ahmad et al. 2013a, b). It is, therefore, essential that stress in soil,
mainly salt stress or sodic soil, has a direct impact on plants. Strogonov (1962) and
Waisel (1972) described salinity as the induction of numerous structural changes:
increase of succulence, changes in the number and size of stomata, thickening of the
cuticle, extensive development of tyloses, earlier occurrence of lignification, inhibi-
tion of differentiation, and changes in the diameter and number of xylem vessels.
Poor yield is due to photosynthesis efficiency, chlorophyll, total protein, biomass,
stomata closure, and increased oxidative stress (Gupta and Huang 2014). Salinity
also affects the germination rate of seeds, due to which germination rate declines
(Soltabayeva et al. 2021). The earliest response is a reduction in the rate of leaf
surface expansion. These effects often manifest as plant death or deterioration of
plant growth, increased respiration rate, and decreased photosynthesis efficiency
(Sudhir and Murthy 2004). A decrease in photosynthesis rates results in reduced
plant growth, including root growth, which leads to a reduction in yield (Umego
et al. 2020).

Various stresses impair plant morphology, embryogenesis, physiology, biochem-
istry, and gene regulation besides altering soil–microbial community, edaphic fac-
tors, etc., resulting in crop yield loss significantly. In general, abiotic stresses occur
due to extremes of temperature, drought, environmental contaminants, and soil
salinity. Most of the cultivated plants are sensitive to salt stress, in which
NaCl-salinity causes a reduction in carbohydrates that are needed for cell growth.
Carbohydrates are supplied mainly through the process of photosynthesis and
photosynthesis rates are usually lower in plants exposed to salinity and especially
to NaCl (Ashraf and Harris 2004; Parida and Das 2005), and this would furthermore
lead to restriction in water availability and imbalance in nutrient uptake by plants
(Pessarakli and Tucker 1988; Katerji et al. 2004; Arzani 2008) with inhibition in
seed germination due to ionic disturbance, osmotic, and toxic effects. Leaf area in
bean plants decreased by approximately 20–40% in saline soil and reduced the total
amount of vascular tissue. For example, stomatal resistance and proline and total
chlorophyll (chlorophyll a + b) concentrations of maize plants were significantly
influenced by salinity. In contrast, NaCl treatment decreased total chlorophyll
concentration and increased stomatal resistance and proline concentration of maize
plants. On the other hand, while stomatal resistance and proline concentration of
plants was increased by salinity, total chlorophyll concentration decreased in salinity
stress (Turan et al. 2009). Microbial consortium–plant interactions can overcome the
losses that occur due to both biotic and abiotic factors.

14.2.3 Effect of Microbial Cocktail

Nowadays, plant growth and health-promoting beneficial bacterial genera are used
for inoculation to promote plant growth directly and indirectly via the production of



phytohormones enhancement of nutrient uptake and involvement of their beneficial
traits conferred by the bacterial genera (Maheshwari 2010). To overcome the adverse
impact of soil salinity, the use of PGPR-mediated salinity tolerance in plants has
recently been reviewed by Mishra et al. (2021). Microbial consortia are bestowed
through multifaceted features to counteract salinity stress in plants. Both similar and
dissimilar rhizobacterial genera in consortia show their compatibility to boost the
growth in sodic soil. Goswami et al. (2019) developed a non-rhizobacterial consor-
tium for salt stress management in solanaceous crops. Earlier, Gupta and Pandey
(2020) described the enhanced salinity tolerance in Phaseolus vulgaris due to
inoculation of twin ACC deaminase-producing rhizobacteria. Arora et al. (2020)
reported an interaction between Piriformos poraindica co-inoculated with
A. chroococcum in diminishing the effect of salt stress in Artemisia annua L. This
is mainly due to indirect enzymatic and nonenzymatic antioxidants. Kapadia et al.
(2021) observed diverse genera of microbes (Bacillus spp. + Delftia
spp. + Enterobacter spp.) to overcome the salinity stress in tomatoes. Another
important feature of using microbial consortia is in improving soil salinization and
climate change condition. In this scenario, recently, Gomez et al. (2021) noticed the
importance of consortia of PGPR isolated from halophytes, which exhibited plant
improvement due to soil salinity stress that adversely affects plant growth and crop
productivity.
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Scientific evidence revealed that abiotic stresses inhibit plant growth and devel-
opment due to oxidative damage attacking DNA and cellular membranes. The
antioxidant enzymes neutralize the reactive molecules; thus, cells are protected.
PGPB cock-tailed with catalase and peroxidase properties are proven protective in
nature. The beneficial bacteria also produce trehalose, which also benefits the plants
to abiotic stress (Glick 2015; Kumar and Verma 2018). Microbial production of
phytohormones also protects plants by the involvement of various physiological
actions. PGPB induces the level of proline in plants. Proline scavenges reactive
oxygen molecules and acts to stabilize proteins through molecular chaperons under
stress conditions (Hossain et al. 2016).

Climate change is created due to unfavorable stress conditions in agroecosystems
(Vimal et al. 2017). There is a growing challenge in plant–microbe interaction in
stressed agriculture management. The characteristics such as strain evaluation to
salinity stress and water drought resistance are also essential features to stimulate
crop growth and improve tolerance to abiotic stresses and to prove more effective in
extreme climate change conditions. Microbial inoculants may improve salt tolerance
by altering hormonal root–shoot signaling that manages IAA production in plants by
bacterial action, thus having the potential to enhance salt tolerance (Etesami and
Maheshwari 2018). Such an approach is beneficial for a realistic assessment of the
potential of microbial consortia in a climate-changed world.

The effect of consortium of Bacillus cereus AR156, B. subtilis SM21, and
Serratia sp. XY21 was reported to develop healthy cucumber plants, with much
darker green leaves containing increased proline and chlorophyll contents and
inducing superoxide dismutase activity (Wang et al. 2012). An increase in ethylene
levels is injurious to plants causing senescence and another deleterious effect that



occur due to the accumulation of a consortium of ACC-deaminase-producing bac-
teria (Ochrobactrum pseudogrigninense, Pseudomonas sp., and B. subtilis) signif-
icantly increased early vegetative growth plant parameters in Vigna mungo and
P. sativum.
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14.3 Microbial Consortia in Soil Management

Microbial inoculation directly impacts the soil microbial community to increase the
relative abundance of inoculated microbial genera. The rhizospheric microbial
community composition differed substantially from the bulk soil microbial commu-
nity composition (Overbeek et al. 2021). For example, in the case of potato roots,
enrichment of the rhizosphere community over bulk soil was observed for
Proteobacteria, and in Eurotiomyces, such difference in the microbial community
was observed by several workers (Berendsen et al. 2012; Xue et al. 2018). The
external input of microorganisms closely associated with the rhizosphere contributes
as core microorganisms, and the alteration in the rhizospheric microbiome helps in
designing microbial inoculants beneficial to the plants growing under a variety of
soil conditions (Sathya et al. 2017).

14.4 Consortia Constructions and Applications

The construction of simplified microbial consortia to degrade recalcitrant materials
based on enrichment and dilution to extinction culture was carried out by Kang et al.
(2020). Microbial consortia are also used to control and optimize various industrial
processes. Puentes-Tellez and Falaco Salles (2018) described the construction of
effective minimal active microbial consortia for lignocellulose degradation. The
simplification of the microbial community makes it easier to help and understand
the individual roles of the strains in the consortia. Skariyachan et al. (2018) worked
on polymer degradation by novel thermophilic consortia of Brevibacillus spp. and
Aneurinibacillus sp. associated with waste management landfills and sewage treat-
ment plants.

Earlier, the authors formulated bacterial consortia from plastic-contaminated cow
dung. It is interesting to note that Subhashchandrabose et al. (2011) studied the
biotechnology potential of consortia of cyanobacteria/microalgae and bacteria. A
proper description of the consortium, the taxonomic affiliation of the strains, and
identification protocols, the process of formulation, the effect of edaphic and other
related parameters, and the population of most desirable species in the consortium
that impact the consortium’s success are various factors involved to work under
nonstress conditions sustainably.

Brassica campestris (Indian mustard) healthy seeds of similar shape and size
were bacterized with different rhizobia isolates and by different consortia, as given in
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Table 14.1. The maximum enhancement of vegetative growth parameters was
observed in the consortium in comparison to those that emerged due to individual
treatment with KRP1, KRB1, and RMP1. Thus, the application of bacterial consor-
tium proved to be most desirable for plant growth and development of B. campestris.
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Table 14.1 In vitro interaction among selected PGPR for the preparation of microbial consortium

Strain KRP1 KRP7 GRC1 KRB1 MTCC 429 RMP1 MTCC 97

KRP1 + + - + -
KRP7 - - + - +

GRC1 - + - +

KRB1 + - - + -
MTCC 429 - - + -
RMP1 + + - +

MTCC 97 - - +

Abbreviation: KRP1, KRP7 and GRC1: P. areuginosa; MTCC-429: B. licheniformis; KRB1:
B. licheniformis; RMP1: Sinorhizobium meliloti; MTCC-97: Serratia marcescens; (+): growth
present; (-): growth was inhibited

Table 14.2 In vitro interaction studies of P. aeruginosa KRP1, B. licheniformis KRB1, and
Sinorhizobium meliloti RMP1 for the biocontrol of Sclerotina sclerotiorum and Fusarium
oxysporum

Bacterial isolates and consortium

Inhibition (%)

F. oxysporum S. sclerotiorum

KRP1 79 81

KRB1 70 76

KRP1 + KRB1 82 83

KRP1 + RMP1 80 82

KRB1 + RMP1 74 78

Consortium (KRP1 + KRB1 + RMP1) 85 89

The PGP strains are to be evaluated for their native to inhibit the growth of each
other by the “cross streaking”method of Pierson andWeller (1994). This was further
confirmed by the filter paper disc method as given by Sindhu et al. (1999). The
strains are further listed for their consortium-forming abilities following the spec-
trophotometric method of Shanmugam et al. (2002). The combined effect of differ-
ent bacterial strains showed decreased suppression in comparison to that of
individual application. Consortium declined disease incidence of skin blight caused
by Sclerotinia sclerotiorum and Fusarium oxysporum more effectively in compar-
ison to their isolates. The combined effect (KRP1 + KRB1 + RMP1) showed a more
pronounced effect and proved much more effective in checking both the deleterious
phytopathogens causing disease incidence in B. campestris (Table 14.2).

Thus, to sustain the overall benefits, biofertilizers in the form of use of beneficial
microorganisms (single or in combined form) play an important role in INM because
they not only (i) contain a wide range of natural, chelated plant nutrients and trace
elements, carbohydrates, and amino acid and (ii) produce growth promoting



substances, but also act as the soil conditioner by stimulating microbial activity
resulting in an improved air–water relationship in soil and improved fertility and
makes soil less prone to compaction and erosion.

330 D. K. Maheshwari et al.

For sustainable soil fertility, blending chemical fertilizers with chemical adaptive
beneficial plant growth-promoting bacterial strains is one of the approaches that may
derive synergistic benefits (Vargas et al. 2000; Joshi et al. 2006). For sustainability in
agriculture, India does not need more fertilizer or total organic approaches, but a
blend of both is required (Ayala and Rao 2002). Long back, Krishnamurthi and
Kumar (1987) highlighted the establishment of a judicious combination of organic
and inorganic approaches for an increase in the improvement of crops and restora-
tion of physical, chemical, and microbiological properties beneficial to the plant and
soil. It takes systemic and simultaneous account of the environmental aspects, the
quality of the product, and the profitability of agriculture. Molina-Romero et al.
(2021) observed the potential of a second-generation consortium formulated with
Azospirillum brasilense SP7, Pseudomonas putida KT2440, Acinetobacter
sp. EMM02, and phingomonas sp. OF 178A. The bacterial strains of the consortium
proved compatible, resistant to desiccation, and efficient for field applications.

Certain fertilizer-adapted variants of P. aeruginosa GRC2 and Azotobacter
chroococcum AC1 exhibited inhibition of M. phaseolina causing charcoal rot of
Brassica juncea. Similar reports were obtained by Kumar et al. (2009) while
working on rhizospheric competent P. aeruginosa LES4 wherein the reduction of
chemical fertilizer occurred due to the application of LES4, and the yield obtained
was almost like that of the recommended dose of chemical fertilizer in Sesamum
indicum L. The enhancement of sesame growth was recorded under the influence of
indigenous and nonindigenous rhizospheric competent fluorescent pseudomonads
(Aeron et al. 2010). The co-inoculation of urea and DAP-tolerant S. meliltoti and
P. aeruginosa acted due to an integrated approach to the growth enhancement of
B. juncea (Maheshwari 2010). Such a concept proved eco-friendly for disease
management as well as economically viable INM on oil seed crops (Dubey and
Maheshwari 2011; Kumar et al. 2011; Maheshwari et al. 2012). In another study, a
consortium of P. aeruginosa BUFF 12, Proteus mirabilis BUFF 14, and
Enterobacter xiangfangensis BUFF 38 strains were used for bioformulation prepa-
ration based on the increase in PGP activity. The consortium of strain increases in
PGP attributes (in vitro) and P-solubilization, K-solubilization, and increase in S
oxidation were also noticed. The most potential dung slurry proved to be an effective
supportive material with a mixture of strains exhibited incredible Foeniculum
vulgareMill. growth. This research disseminates a successful technology to develop
an eco-friendly bio-formulation augmenting the growth leading to sustainable agri-
culture (Dhiman et al. 2022). On the other hand, bacterial consortium acts as a
substitute to chemical fertilizers such as urea, DAP, etc., because decreased appli-
cation of chemical fertilization along with bacterial consortium exhibited a similar
effect on plant growth and yield as revealed while applying the recommended doses
of chemical fertilizers (Kumar et al. 2010; Da Costa et al. 2013).

The application of biofertilizers and reduced doses of chemical fertilizers
increased wheat yield, obtained from the single application of recommended doses



of fertilizers (Stephens and Rask 2000). Saraf and Sood (2002) raised the pesticide-
adoptive mutants of rhizobia strains and observed PGP activities to use them as
bioinoculants. Reasonable results were achieved from the fertilized field using
fertilizers/adaptive indigenous strains (Vargas et al. 2000). Bakhshandeh et al.
(2020) described the early vegetative growth enhancement of soybean due to
PGPB in salt stress conditions. LiH, La, et al. (2021) studied salt-induced recruit-
ment of specific root-associated bacterial consortia able to enhance adaptation to salt
stress. Furthermore, the authors demonstrated from a series of experiments that the
consortium, but not individual isolate of the salt-induced root-derived bacteria,
provided enduring resistance to that salt stress condition in soil, thus evidencing
the critical role of salt-induced root desired bacteria in enhancing adaptation to plant
against salt stress (Table 14.3).
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Table 14.3 Examples of PGPR consortia and crop tolerant to salinity-stressed soil

PGPR Crop Reference

Pseudomonas sp. B14, Microbacterium
sp. B19

Brassica rapus L. Swiontek Brzezinska et al.
(2022)

Bacillus sp., Acinetobacter sp. Zea mays L. Shabaan et al. (2022)

Bacillus sp., Delftia sp., Enterobacter sp.,
Achromobacter sp.

Solanum
lycopersicum L.

Kapadia et al. (2021)

Pseudomonas sp., Serratia proteamaculans,
Alcaligenes sp., Bacillus sp.

Zea mays L. Xia et al. (2020)

Pseudomonas frederiksbergensis OB139,
Pseudomonas vancouverensis OB155

Capsicum annuum Samaddar et al. (2019)

Bacillus cereus strain Y5, Bacillus sp. Y14,
Bacillus subtilis strain Y16

Triticium aestivium
L.

Shahzad et al. (2017)

Bacillus safensis, Ochrobactrum
pseudogregnonense

Triticum aestium Chakraborty et al. (2013)

P. pseudoalcaligenes, B. pumilus O. sativa Jha et al. (2013)

B. subtilis, Arthrobacter sp. T. aestivum Upadhyay et al. (2012)

P. pseudoalcaligenes, P. putida Cicer arietinum Patel et al. (2012)

Brachybacterium saurashtrense,
Brevibacterium casei, Haererohalobacter sp.

Arachis hypogaea Shukla et al. (2012)

Bacillus, Burkholderia, Enterobacter,
Microbacterium, Paenibacillus

T. aestivum Upadhyay et al. (2011)

P. fluorescens, P. aeruginosa, P. stutzeri Lycopersicon
esculentum

Tank and Saraf (2010)

Agrobacterium rubi, Burkholderia gladii,
P. putida, B. subtilis, B. megaterium

Raphanus sativus
L.

Kaymak et al. (2009)

Bacillus sp., Ochrobactrum sp. Z. mays Principe et al. (2007)

P. syringae, P. fluorescens, E. aerogenes Z. mays Nadeem et al. (2007)

Aeromonas hydrophila, B. insolitus, Bacillus
sp.

T. aestivum Ashraf and Harris (2004)

A. lipoferum, A. brasilense, Azoarcus, Pseu-
domonas sp.

Leptochloafusca Malik et al. (1997)
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14.5 Conclusions

For increasing crop productivity and for the maintenance and improvement of soil
fertility for sustainable crop production, the multifunctional formulation will involve
microbial consortium utilizing the PGPR and prove better and eco-friendly in
comparison to that formulation alone. It is interesting to note the intricate network
of natural interaction to engineer artificial microbial consortia that substantially and
consistently benefit plant growth and health, increase crop production, and decrease
the use of chemical fertilizers. The recommended use of microbial consortia will
facilitate the production of plants in a more sustainable manner that eventually will
not depend on agrochemicals. The biological management for the growth and
development of plants is still at an early stage of development; while the approach
appears to have tremendous potential and many of the basic concepts necessary for
the implementation are in place, apparent obstacles such as information on biomass,
formation of a product, and site of application and registration difficulties exist. They
enhance the availability of mineral nutrients to plant application to seed or soil and
offer an eco-friendly, economically viable, and socially acceptable means of reduc-
ing external input of chemical fertilizers.
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Chapter 15
Bioencapsulation of Biocontrol Agents
as a Management Strategy for Plant
Pathogens

Clement Kiing Fook Wong

Abstract The biological control of plant pathogens is an environmentally friendly
and low-cost method of managing plant pathogens. To extend the survivability of the
biocontrol agents (BCAs) in the environment, they can be immobilized into protec-
tive polymeric carriers using the encapsulation method. Additives such as chitosan,
clay materials, osmoprotectants, proteins, or carbon sources can be added to the
polymer matrix to improve the viability of BCAs and impart slow-releasing proper-
ties of the formulation. Compared to the conventional dry and liquid formulation,
encapsulated microbial cells are better protected from abiotic and biotic stresses.
This chapter sought to provide an overview of the technologies available and current
progress in the encapsulation of BCAs in plant disease management. Potential
challenges and future research directions in encapsulation technology will also be
discussed in detail.

Keywords Additives · Biocontrol · Encapsulation · Plant pathogen · Polymer

15.1 Introduction

The biological control of plant diseases using living organisms is a well-known
technique that is environmentally and farmer-friendly compared to the use of
synthetic pesticides. These organisms or otherwise known as biocontrol agents
(BCAs) exhibited antagonistic properties against plant pathogens while at the
same time they enhanced crop growth via the production of plant-growth-promoting
hormones. Application of these BCAs has resulted in disease suppression, but
inconsistent control has been reported (Bardin et al. 2015; Schulz et al. 2019).
Unpredictable weather conditions, soil fertility, agricultural practices, and competi-
tion with native microbial communities are some of the major factors contributing to
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the reduced viability of the BCAs to exert their full potential in crop protection
(Bardin et al. 2015; Besset-Maszoni et al. 2019; Pirttilä et al. 2021). In other words,
sustaining or improving microbial viability after the introduction of BCAs into the
field is crucial to ensure their bioactivity against plant pathogens is not hampered. To
protect the BCAs, the incorporation of these microbes into suitable carriers
supplemented with additives remains a topic of interest among researchers to
develop a stable, effective, and reliable formulation that could maintain crop health
and yield (Seema et al. 2018).
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Table 15.1 A comparison between microbial formulations

Factor Solid formulation Liquid formulation Encapsulation

Shelf-life/
microbial
viability

Poor to average due to
desiccation

Poor to average due to
insufficient oxygen,
accumulation of meta-
bolic waste, and
osmotic imbalance

Average to good since
cells are protected.
Nutrients and oxygen are
accessible through
diffusion

Production
cost

Raw materials are easily
available and low cost

Culture media and fer-
mentation costs are
higher

The cost for polymeric
compounds is higher,
but low-cost polymers
are available

Microbial
biomass

High biomass is needed
to compensate for the
washing-off and high
mortality rate during
field application

High biomass is needed
as cell mortality is high
in liquid formulations

Enables the slow release
of cells which reduces
the initial microbial bio-
mass. Cells are protected
from environmental
stress

Contamination Contamination is high
when exposed

Contamination is com-
mon in liquid
formulation

Encapsulated cells are
protected from
contaminants

Transportation High cost due to
bulkiness

Size of storage vessels
reduced in concentrated
formulations. Reduces
transportation costs

Encapsulated beads are
often small, applied in
small volumes, and
require minimum stor-
age space. Reduces
transportation costs

Seed
application

Coating efficiency is low
for seeds

The coating is possible
with the addition of
stickers

The coating is possible
with microbeads of sizes
10–100 μM

Application
method

Soil application Soil, foliar application,
or through fertigation

Soil application

Facilities No or less sophisticated
equipment needed

No or less sophisticated
equipment is needed

Requires equipment for
spraying and solidifica-
tion for microcapsule
production

Conventional biofertilizers are developed and commercialized as powder, gran-
ular, and liquid formulations (Table 15.1). Typical carriers used for solid formula-
tions include clay or peat-based materials, polysaccharides, proteins, plant
by-products, synthetic silicates, and polymers (John et al. 2011; Lobo et al. 2020).



The incorporation of microbes into dry carriers is often characterized by poor BCA
viability due to exposure to desiccation stress during the drying process (Berninger
et al. 2018). The survival of bacterial BCA is also inferior in liquid formulations such
as suspension, concentrates, oil-based, and emulsion since microbial cells are left
exposed to harsh environmental conditions without protectants (Alori and Babalola
2018). Hence, improving the shelf life of biofertilizers is an important factor that
determines the bioactivity of the microbes. As the global population is increasing,
intensified agriculture activities have led to skyrocketing production costs, especially
in fertilizer application. To date, controlled-released fertilizers are favored by most
growers since less cost and input are required compared to conventional fertilizers
(Majeed et al. 2015; Raimondi et al. 2021).
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The encapsulation technology is a method that immobilizes microbial cells or
active ingredients within a protective shell or capsules, which results in better
viability during storage and improved survivability in soil, rhizosphere, or
phyllosphere after application (Chen et al. 2021). In addition, microbial cells are
released gradually from the encapsulation material, which makes this method a
promising alternative in the production of slow-releasing biofertilizers (Vassilev
et al. 2020; Mitter et al. 2021). In this chapter, emphasis will be directed on the
current progress, challenges, and future directions of applying encapsulation tech-
nology to immobilize BCAs for plant disease management.

15.2 Progress in Encapsulation Technology to Sustain BCA
Viability

Various encapsulation technologies (Fig. 15.1) were critically reviewed for their
practicality in immobilizing BCAs (Winder et al. 2003; John et al. 2011; Schoebitz
et al. 2013; Vemmer and Patel 2013; Vassilev et al. 2020; Saberi-Riseh et al. 2021).
In general, most BCAs are loaded onto polymeric substances through ionic gelation
in which an alginate–microbial mixture is dropped into a calcium chloride solution
to form beads. Other methods could immobilize BCAs onto microparticles through
spray drying or fluidized bed spraying. Each method has its advantages and

Fig. 15.1 Recent available technologies for encapsulation



General mechanism Advantages Limitations

limitations in sustaining the viability of BCAs and their bioactivity against plant
pathogens (Table 15.2).
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Table 15.2 Advantages and limitations of available technologies in the encapsulation of BCAs

Current
technologies

Extrusion Microbial–polymer mix-
ture is passed through a
nozzle into oil suspension
and/or calcium chloride
solution forming beads
Bead size depends on the
size of the nozzle, distance
from the nozzle to the
polymerization solution,
viscosity, and concentra-
tion of the polymer

A simple and cheap
method with minimal
sophisticated
machines and
procedures

Poor mechanical strength
due to chelation to cations
present in the soil causing
cells to be released
Large pore size
Slow for large-scale pro-
duction as bead formation
is slow
Additives such as chitosan
are added to provide better
integrity and strength

Emulsion Microbial–polymer mix-
ture added to oil suspen-
sion followed by
solidification in calcium
chloride solution
Size of beads controlled by
agitation speed

Improves microbial
shelf-life compared to
the extrusion method
Rapid bead formation
suitable for scaling up

Higher cost of production
due to the use of vegetable
oil in the emulsification
process

Spray
drying

Atomization of the
microbial–polymer mix-
ture into a high-
temperature chamber lead-
ing to drying and the for-
mation of microcapsules

Rapid formation of
dried capsules

High temperature can
potentially reduce the via-
bility of non-spore-
forming microbes
Requires costly equip-
ment
Variation in particle shape
and size

Fluidized
spray drying

Coating materials (inocu-
lants) are sprayed onto
particles fluidized with hot
air followed by a series of
wetting and drying

Less stressful for cells
than the spray-drying
method
Particle size is uniform

Requires costly
equipment

In general, most BCAs are encapsulated in microbeads within the size of 1 to
1000 μM (Lengyel et al. 2019). With the help of nanotechnology, the bead size can
be further reduced to the size of 1–1000 nm (Mittal et al. 2020). Nanoencapsulation
of microbes brings several advantages over conventional microencapsulation. The
nano-sized beads have a larger surface area, higher solubility, and bioavailability,
which could improve the bioactivity of the microbes toward the target host. Such
technology has been applied in probiotic bacteria using various nano-carriers, which
demonstrated better protection of the encapsulated cells and microbial viability than
microencapsulation (Misto et al. 2018; Pateiro et al. 2021; Razavi et al. 2021).
Nevertheless, the nanoencapsulation of agriculturally important microbes is still in
its infancy. Pour et al. (2019) indicated that the nano-encapsulated plant growth-
promoting rhizobacteria (PGPR) and its microbial metabolite were able to improve



the vegetative growth of in-vitro-grown pistachio plants. Metabolites derived from
different Bacillus strains were also encapsulated into chitosan nanoparticles to
control Radophilus similis, a plant parasitic nematode of bananas (Ureña-Saborío
et al. 2017). In other words, the nanoencapsulation technology should be explored
further to evaluate its microbial encapsulation and biocontrol efficacy against plant
pathogens.
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15.3 Encapsulation of BCAs in Plant Disease Management

Encapsulation of BCAs remained a topic of interest for most researchers as cells are
protected within a polymer matrix, which results in improved microbial viability and
production of antimicrobial metabolites or enzymes. Most of the studies preferred
the use of the ionic gelation or extrusion method of encapsulation simply because of
its cost-effectiveness and low production cost (Table 15.3). Additives can also be
added to modify the capsule features such as additional nutrients for microbial
growth, cell protectants for improving survivability, and clay materials for producing
a slow-releasing formulation. The following section describes the current progress of
the application of encapsulation technology in prolonging the viability and bioac-
tivity of BCAs against plant pathogens.

One of the earliest alginates encapsulations of BCAs was performed by Fravel
et al. (1985). The study reported the dried alginate formulation sustained the viability
of fungal BCAs compared to Pseudomonas cepacia, a bacterial BCA, possibly due
to the ability of fungal spores to tolerate desiccation stress during the drying process.
To improve the viability of non-spore-forming bacteria in alginate beads, Russo
et al. (1996) stored the fresh beads of P. fluorescens without drying in distilled water
or sealed containers under dry conditions and successfully sustained the microbial
viability after 8 weeks of storage at 4, 12, and 28 °C. The production of antifungal
metabolite phloroglucinol was also greatly enhanced in encapsulated cells resulting
in the growth inhibitory effect against the in-vitro-grown Pythium ultimum.
El-Katatny et al. (2003) also indicated alginate encapsulated Trichoderma
harzianum supplemented with 0.5% chitin or dried mycelium of the pathogenic
Fusarium oxysporum increased the production of hydrolytic enzymes such as
chitinase and beta 1,3 glucanase by 5- and 3-folds, respectively. These enzymes
are commonly produced by BCAs to lyse the cell wall component of fungal
pathogens. The production of the enzymes was affected by the concentration of
alginate, incubation temperature, and bead size. A 2% alginate was suitable for
chitinase production, whereas glucanase production was optimal at 4% alginate.
This study also indicated that optimal temperatures for chitinase and -1,3-glucanase
production were 40 and 35 °C, respectively, and larger bead size (8 mm) enhanced
the production of the enzyme as well (El-Katatny et al. 2003). Kumaravel and Gopal
(2010) also explained that bead size and alginate-to-cell ratio play an important role
in antimicrobial metabolite production. Large bead size (2.7-3.0 mm) showed better
production of these metabolites, whereas the increased ratio of cells will cause cell
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leakage from the alginate matrix leading to reduced metabolite production. Until
now, the exact mechanism of polymers in the production of antimicrobial metabo-
lites was only briefly studied (Clermont et al. 2010).
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To extend the shelf-life and viability of encapsulated BCAs, various modifica-
tions were introduced. Alginate beads loaded with T. harzianum were able to inhibit
the in-vitro growth of Sclerotiana sclerotium, and the spore viability was retained
after 7 days of UV radiation exposure (Maruyama et al. 2020). Additives such as
montmorillonite clay fillers and carbon source, respectively, were added into the
T. harzianum-loaded alginate capsules to improve the swelling degree of the dried
beads so that the spore release efficiency can be improved. Starch was also added as
filler to reduce the shrinkage of beads and, thus, improve the spore viability for up to
7 months when stored at 5 °C (Adzmi et al. 2021). Developing a slow-releasing
formulation is desirable as labor and application costs can be greatly reduced. The
release of Bacillus velezensis NH-1 in alginate capsules coated with chitosan was
increased gradually as compared to the direct application of the microbe into the soil.
Chitosan was found to bind with the alginate matrix forming a dense structure,
which, in turn, reduced the permeability of BCAs while at the same time increasing
the microbial encapsulation efficiency (Luo et al. 2019). In the same study, the
double coating of chitosan and cassava-modified starch on the alginate capsules
could further increase the encapsulation efficiency of B. velezensis, but the viability
and permeability of the microbes into the environment were greatly affected. Slow-
releasing encapsulated cells, in some cases, might not be that beneficial to crops
when plant pathogens are established in the field. Russo et al. (2008) pointed out that
the high population of pathogens might take the opportunity to outcompete the slow-
releasing BCA from the capsules. In fact, the dried beads containing P. fluorescens
134 did not result in the suppression of Rhizoctonia solani compared to the use of a
liquid formulation where microbial-loaded beads were dissolved in sodium citrate
solution. Nonetheless, the application of slow-releasing encapsulated cells can still
be beneficial in crop protection, especially when plant pathogen severity is low, or
they can be applied as preventive means to keep crops healthy.

Kim et al. (2012) have also developed slow-releasing alginate capsules at the size
of 100 μM that were made up of a shell and a core that was loaded with Pantoea
agglomerans E325 suspended in nutrient-rich LB broth. The shell protects the cells
from adverse environmental conditions while the softcore allows the cell to multiply
and permeate through the core to control the fire blight of apple. Smaller capsule size
was also found to improve the viability of P. agglomerans than larger capsules,
perhaps because oxygen can better penetrate and distribute within the capsule. The
release efficiency of the BCA was the greatest within 24 to 72 h, which allows
efficient colonization of the apple blooms (i.e., they only last for 3 to 10 days),
leading to better control of the fire blight disease (Kim et al. 2012). In contrast, Russo
et al. (2008) discovered that larger dried beads (2 mm) were able to retain 100%
viability of P. fluorescens 134 after 31 days of storage at 4 °C compared to
0.5–1.0 mm beads. Since the bead size affects the viability of different microbial
genera, optimizing the bead size can be an important parameter to be included in
future encapsulation studies. In another study, a temperature-responsive polymer—



poly(N-isopropyl acrylamide) (PNIPAAm)—was added to the starch–alginate
matrix loaded with nontoxigenic Aspergillus flavus to control the aflatoxin contam-
ination in peanut plants. The polymer will only disintegrate at 30 °C during the onset
of flowering to better control the fungal pathogen from infecting and colonizing the
blooms (Feng et al. 2020). Both studies demonstrated that understanding the ecology
of plant pathogens is essential to designing an encapsulation technology that could
protect crops at the disease-susceptible stage.
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The addition of peat into alginate capsules loaded with Bacillus sp. and T. virens
resulted in better microbial viability for up to 6 months as wet capsules (Szczech and
Maciorowski 2016). Peat was found to reduce contamination with other microbes,
although the reason behind this was not clearly mentioned. Cations such as copper
ions were also added to chitosan–alginate beads containing T. viride to improve
micronutrient deficiency in soils (Vinceković et al. 2016). The spore viability was
not affected by the presence of copper ions. Such a study could possibly open new
research revenues in the encapsulation of both BCAs and other essential plant
nutrients to manage plant disease as well as to reduce the cost of purchasing
chemical fertilizers. Humbert et al. (2017) replaced CaCl2 with calcium gluconate
(CG) for the polymerization of alginate. CG was discovered to be a potential
substitute as a crosslinker, and it has improved microbial viability after drying and
rehydration, which corroborated the findings of Fravel et al. (1985). It was proposed
that microbes can metabolize gluconic acid as a nutrient source. CG was also
proposed to have osmoprotectant properties that stabilize the cell membrane during
the drying process. However, gentle rehydration must be conducted at high humidity
to ensure maximum viability of the cells before the capsules are immersed for
complete rehydration (Humbert et al. 2017).

Microencapsulation of BCAs through spray drying is a method that produces
dried powder formulation, reduces contamination from other microbial species, and
prolongs the shelf-life of microbes. As compared to using alginate as the sole
polymer in the ionic gelation method, various low-cost carriers can be used as
substitutes in the spray drying method. The use of maltodextrin as a carrier in
spray drying of B. subtilis B99-2 indicated that a more than 90% survival rate in
these microcapsules was reported. Maltodextrin served as a protectant against
desiccation stress and high temperature during spray drying without compromising
the biocontrol efficacy of the BCA in the suppression of R. solani in the field
(Ma et al. 2015). Similarly, Ishak et al. (2020) used the same carrier maltodextrin
on T. asperellum spores and found that they can be stored at 4 °C for up to 40 weeks.
Jin and Curtis (2011) also achieved the highest survival percentage (about 80%)
when a 2% sucrose solution was used in the spray drying process to produce
microcapsules containing T. harzianum conidia. Sucrose microencapsulation formed
a coating, which served as a plasma membrane stabilizer on the hydrophilic conidia
during the rapid dehydration process of spray drying and during rehydration when it
is applied to the field. The use of alginate and soy protein during spray drying also
improved the swelling of beads during rehydration which caused the relaxation of
polymer chains to increase the diffusion of Meyerozyma guilliermondii. Soy protein



has also improved the microbial viability by up to 97.8%, which eventually led to the
reduction of disease severity of mango anthracnose (López-Cruz et al. 2020).
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15.4 Potential Challenges and Future Research Directions

One of the few crucial reasons to encapsulate BCAs is to protect the cells from
external environmental factors, which could potentially reduce viability and bioac-
tivity. When developing an encapsulation study, there are several factors (Fig. 15.2)
that should be included to ensure the consistency of the encapsulated BCAs against
plant pathogens. Several articles have extensively reviewed the importance of these
factors in microbial encapsulation (Berninger et al. 2018; Vassilev et al. 2020;
Saberi-Riseh et al. 2021). Therefore, the following section includes other challenges
or factors that researchers can consider in improving the encapsulation and biocon-
trol efficiency of the BCAs for future studies.

15.4.1 Choice of Microbes

Most studies were conducted on the encapsulation efficiency of a single BCA strain.
In general, the outcomes of these studies are often positive, with extended microbial
viability during storage and reduced disease severity in crops infected with plant
pathogens. The use of microbial consortia has received attention lately due to better
disease suppression as compared to the use of a single BCA strain (Czajkowski et al.
2020; Niu et al. 2020). The exact mechanism is not known, but some studies have
proposed that the suppression is likely because of multiple modes of antagonism
expressed by the respective strains present in the microbial consortia (Thakkar and
Saraf 2015; Mukherjee et al. 2021). In fact, the successful co-encapsulation of plant
growth-promoting microbes such as Rhizobium and mycorrhizal fungi has been
widely reported (John et al. 2011). So far, there are limited studies available on
the encapsulation of multiple BCA strains. Wong et al. (2019) reported the
co-encapsulation of P. aeruginosa and T. harzianum in alginate beads, but the
microbial viability of both compatible BCA strains can be sustained up to
150 days of storage at 4 °C, but the viability dropped drastically after 30 days of

Fig. 15.2 Factors affecting
encapsulation of BCAs



storage at room temperature. Further research is needed to investigate the encapsu-
lation efficiency of a consortium of BCAs to achieve stable microbial viability and
biocontrol efficacy against plant pathogens.
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15.4.2 Alternative Low-Cost Carrier Materials

Although the immobilization of BCAs seemed promising as controlled-release
biopesticides, the higher cost of polymer-based carriers than solid and liquid formu-
lations is the major setback for large-scale production and farmers’ application in the
field (Bashan et al. 2016; Vassilev et al. 2020). For instance, low-cost carriers such
as chitosan-starch-based polymeric carriers were used to produce macro-beads
containing two genera of plant growth-promoting bacteria with the controlled-
release property. Microbial viability in these beads was also sustained for up to
12 months at 25 °C with 70–80% relative humidity (Perez et al. 2018). Nevertheless,
the preparation of the beads was relatively time-consuming and required different
chemicals as compared to the preparation of alginate beads. Moreover, most of the
low-cost carriers such as gum arabic, gellan gum, cornflour, malt dextrin, skim milk,
and whey protein require a high initial cost of procuring spray dryer equipment for
microencapsulation (Saberi-Riseh et al. 2021). Perhaps, a cost–benefit ratio analysis
of using different encapsulation carrier materials should be conducted to provide a
holistic overview of which carrier materials are cost-effective for the agriculture
industry in the long run.

15.4.3 Features of Capsules

Very often, microbial-loaded capsules are characterized by their size, swelling
characteristics, and encapsulation efficiency. For instance, microbial viability
depends on the capsule size. Chandramouli et al. (2004) found that a larger capsule
size (500–1000 μM) was found to improve the viability of microbes, but
Sønderholm et al. (2017) reported that oxygen diffusion reduces greatly after
reaching a 100 μM depth of 1000 μM alginate beads. The anoxia condition was
relieved by providing nitrate anions, which allowed the bacteria to grow deeper into
the beads. Understanding and improving the oxygen diffusion rates and concentra-
tion in the capsules could provide some useful insights for researchers to improve the
encapsulation efficiency as well as to prolong microbial viability.
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15.4.4 Scaling Up of Encapsulated Microbes

Scaling up immobilized microbial cells is still a topic of interest among researchers
searching for low-cost and optimal methods for use in the biofertilizer industry.
Developing an optimal microbial biomass production requires careful planning to
ensure cost-effectiveness in the use of culture medium and culturing conditions so
that the production of biomass can meet the supply and demand (Crater and Lievense
2018; Lobo et al. 2020). To produce microbial-loaded encapsulated beads, liquid-
state fermentation is preferred over solid-state fermentation due to the issues that
cause contamination, and the culture conditions can be better controlled when
microbes are cultured in the submerged state (Cumagun 2014; Mascarin et al.
2019). For instance, the conidia and microsclerotia of T. asperellum were mass-
produced in a liquid fermentation and were encapsulated in alginate beads with
microbial viability recorded up to 120 days when stored at 8 °C (de Oliveira Lopes
et al. 2020). The only limitation of using such a fermentation method is the use of
costly chemicals used in the nutrient medium, and the search for affordable alterna-
tives is, therefore, necessary (Lobo et al. 2020).

15.5 Conclusions

Attempts to improve the encapsulation technology of BCAs are ongoing with the
aim of producing a formulation that has a longer shelf-life and bioactivity against
plant pathogens. Hence, the design of the BCA-loaded capsules should be able to
address most of the critical factors that could affect microbial viability, if not all. The
understanding of the crop physiology and ecology of plant pathogens should also be
incorporated into microbial encapsulation studies so that disease severity can be
greatly reduced during a crop’s most susceptible stage. Finally, nanoencapsulation
technology presents exciting potential for researchers to evaluate its control-release
properties, encapsulation, and biocontrol efficacy against plant pathogens compared
to microencapsulation. The impacts of such nanoparticles on the environment and
biodiversity should be elucidated as well to ensure such technology can be widely
adopted in the agriculture sector. As technology advances, microbial encapsulation
is likely to remain a technique that presents unlimited potential for improvements
and commercialization in the foreseeable future.
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Chapter 16
Designing Tailored Bioinoculants
for Sustainable Agrobiology
in Multi-stressed Environments

Eloísa Pajuelo, José A. Carrasco, Noris J. Flores-Duarte,
Ignacio D. Rodríguez-Llorente, Jennifer Mesa-Marín,
Enrique Mateos-Naranjo, Susana Redondo-Gómez,
and Salvadora Navarro-Torre

Abstract The increasing demand of plant-origin products (food, animal feed,
wood, paper, biofuels, etc.), combined with soil degradation and climate change,
depict a scenario of low plant productivity unable to satisfy such demands. Raising
use of agrochemicals compromises the environment through pollution and eutrophi-
cation. At regulatory level, new agro-environmental regulations recognize the use of
biofertilizers, and companies show increasing interest in plant growth-promoting
and biocontrol microorganisms (PGPR, endophytes, mycorrhizal fungi). In this
review, the steps for the development of autochthonous biofertilizers are revised.
After the isolation of cultivable strains, a core consortium of microorganisms with
plant growth-promoting activities is selected focusing in the following characteris-
tics: (a) high tolerance toward biotic stresses (salt, high temperatures, drought,
metals, xenobiotics, cold, etc.); (b) presence of multifarious plant growth-promoting
traits (nitrogen fixation, phosphate and potassium solubilization, production of IAA
and other phytohormones, HCN, aminocyclopropane carboxylic acid ACC deami-
nase activity, degrading activities such as cellulases, pectinases, proteases, etc.);
(c) high competitiveness in the rhizosphere (motility, formation of biofilms, quorum
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sensing and quenching, secretion of siderophores and extracellular enzymes, cellu-
lase, etc.); and (d) safety to humans, animals, and the environment. Omics offer
tremendous possibilities at the time of selecting the best candidates for the consor-
tium, and culturomics can increase the number of cultivable strains based on specific
plant-based culture media. Scaling up experiments from greenhouse to pilot scale
and then to field must be accompanied of stabilization and long-life of the inoculant,
which must be optimized in each case. In this particular, the development of local,
tailored biofertilizers can be envisioned as an opportunity for local biotechnology
companies and social development.
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Keywords Climate change · Soil degradation · Plant productivity · Biofertilizers ·
PGPR · Endophytes · Omics

16.1 Introduction

In the film “The Martian” directed by Ridley Scott in 2015, astronaut Mark
Watney—played byMatt Damon—is trapped alone on Mars watching his last potato
stocks run out. He decides growing the last remaining potatoes rather than eating
them but, to ensure successful cultivation, he uses the frozen and vacuum-packed
feces of himself and his deceased companions. Bacteria present in them as well as
nutrients such as organic matter, P, N, K, or S improved plant grow and yield
allowing his survival. Despite being a futuristic science fiction film, this is not a
novel approach since animal manure has been used as fertilizer since time imme-
morial (Sheldrick et al. 2003). Human excreta have been also used, with previous
composting treatment in order to eliminate pathogenic microorganisms (Heinonen-
Tanski and van Wijk-Sijbesma 2005; Phuc et al. 2006).

However, the use of excrement without prior treatment and control may pose a
risk to food safety due to the possibility of transmission of pathogens (Gwara et al.
2021). In contrast, biofertilizers based on the cultivation and large-scale production
of particular and well-known microorganisms with plant growth-promoting proper-
ties (PGPR) and safe (Generally Recognized As Safe: GRAS) constitute an alterna-
tive to the indiscriminate and generally oversized use of chemical fertilizers, which
end up contaminating aquifers (Menéndez and García-Fraile 2017; Srivastav 2020).
In this sense, eutrophication has become one of the main water quality problems for
most of the world’s freshwater and coastal marine ecosystems (Griffith and Gobler
2020). A recent example of this is frequent eutrophication of Mar Menor in Murcia
(Spain) with the death of almost 5 tons of fish in summer 2021 (https://elpais.com/
clima-y-medio-ambiente/2021-08-22/removed-45-tons-of-dead-fish-en-el-mar-
minor.html).

In this sense, the use of biofertilizers is being promoted through the adoption of
agro-environmental policies such as the Regulation (EU) 2019/1009, laying down
rules on the market of EU fertilizing products (https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32019R1009 & from=EN). Moreover, the
availability of agricultural soil is limited due to the demand of food and feed for
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increasing human population and animals, together with the competing use of
agricultural land for other uses such as wood, fibers, paper, biofuels, etc. (FAO
2015; Borrelli et al. 2020). This will finally lead to the utilization of marginal soils
for plant cultivation. In fact, future scenarios depict climate change, with severe
drought periods, high temperatures, desertification, increased salinity or contamina-
tion of soils, floods, etc. These stress conditions have a wide range of effects on the
morphology, physiology, and biochemistry of plants (Sammauria et al. 2020).
Biofertilizers will surely constitute an alternative to chemical fertilizers and help to
counteract their impact by reducing the amount necessary to maintain the produc-
tivity of crops under predictable stress situations (García-Fraile et al. 2015;
Chakraborty and Akhtar 2021; Mahanty et al. 2017). For these reasons, it is a very
active focus of research and scientific production, as reflects in Fig. 16.1, which
shows the increases in the total number of publications found in Pubmed in the last
20 years after using as keywords: biofertilizers, bacterial inoculants, arbuscular
mycorrhiza, and PGPR.
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Biofertilizers: 1204 results

2000 2021 2000 2021

PGPR: 1406 results

2000 2021

Bacterial inoculants: 992 results Arbuscular mycorrhiza: 6794 results

2000 2021

Fig. 16.1 Publications found in Pubmed in the last 20 years after using as keywords: biofertilizers,
bacterial inoculants, arbuscular mycorrhiza, and PGPR

16.2 Plant Allies: How Do They Work?

The plant microbiome is composed by microorganisms that colonize internal plant
tissues (endophytes) and external surfaces and organize themselves into microbial
communities (Trivedi et al. 2020). Most of these microorganisms obtain their carbon



sources from the host plant and supply the host with essential nutrients such as
nitrogen, phosphorus, potassium, and sulfur, besides other benefits, such as water
retention. Such host–microbiome interactions are crucial for plant health, growth and
development, and plant defense against biotic and abiotic stresses (Qiu et al. 2019;
Nosheen et al. 2021). Based on their interaction with plants, microorganisms
associated with them can be classified into three groups: beneficial, harmful, and
neutral (Kumar and Verma 2018). Beneficial microorganisms, termed PGPM (plant
growth-promoting microorganisms) include rhizobacteria, endophytes, and mycor-
rhizal fungi and are known to exert a stimulant effect on plant growth, yield, or
resilience toward an array of stress conditions (Nadeem et al. 2014; Du Jardin 2015;
García-Fraile et al. 2015). According to the last author, “a plant biostimulant is any
substance or microorganism applied to plants with the aim of improving nutritional
efficiency, tolerance to abiotic stress and/or quality traits of the crop, regardless of its
nutrient content” (Du Jardin 2015).
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Currently, abundant information is being produced on the mechanisms by which
beneficial microorganisms exert their stimulant action on plants. These mechanisms
of action can be classified into two types: (a) direct mechanisms, including nutrient
uptake, degradation of organic matter in the rhizosphere and nutrient recycling, and
regulation of plant growth and development via production of phytohormones, and
(b) indirect mechanisms, such as biocontrol, secretion of siderophores or antibiotics,
production of ACC deaminase for alleviating plant stress, induction of the systemic
resistance, and the systemic acquired resistance or bio/phytoremediation (Etesami
and Maheshwari 2018; Martínez-Hidalgo et al. 2019).

16.2.1 Improving Nutrient Acquisition

Typically, chemical fertilizers include three elements crucial for plant development
and growth, i.e., NPK (Roba 2018), so it is not surprising that nitrogen fixation as
well as potassium and phosphorous solubilization are some of the properties required
for PGPM. Besides, mobilization of micronutrients such as Cu or Zn is also desired
(Tariq et al. 2007; Teotia et al. 2017).

16.2.1.1 Dinitrogen Fixation

Regarding N acquisition, the utilization of rhizobial inoculants for legumes crops is
one of the oldest practices (Arora et al. 2017). The first patent was granted in the US
in 1896 to inoculate legume field crops with nitrogen-fixing species of Rhizobium
(Nobbe and Hiltner 1896). On its hand, the first non-symbiotic microorganism
(Azospirillum) to promote plant growth was launched commercially in 1982
(Alexandre 2017). Diazotrophs are microorganisms that can fix nitrogen in free-
living conditions, in the rhizosphere, as endophyte microorganisms, or in symbiosis
(collectively known as rhizobia) (Kaschuk and Hungria 2017). Nitrogen fixation,



i.e., the reduction of atmospheric N2 to ammonia is an energy-consuming reaction
carried out by the nitrogenase enzymatic complex and requires 16 magnesium ATP
(MgATP), eight protons, and eight electrons (Seefeldt et al. 2009). This enzymatic
complex is composed of two component proteins called the Fe protein and the MoFe
protein. The structural genes of the nitrogenase complex (nif) are highly conserved
among all nitrogen-fixing bacteria (Steenhoudt and Vanderleyden 2000). However,
after comparing symbiotic and free-living strains of Bradyrhizobium, authors have
concluded that the free-living nif cluster represents a more ancestral version com-
pared to that in symbiotic lineages and horizontal gene transfer is the driving
mechanism for evolution of free-living nitrogen fixation (Tao et al. 2021). On their
side, rhizobia, in specific association with legumes, represent the most effective
group in supplying N to agricultural systems (Kaschuk and Hungria 2017). The
effect of diazotrophs as PGPM goes beyond atmospheric N2 fixation and many of
them have other PGP properties such as IAA (indoleacetic acid) production, induc-
tion of the tolerance of abiotic stresses, and promotion of defense strategies such as
the expression of pathogenesis-related genes (Fukami et al. 2018). Table 16.1 shows
examples of diazotrophs for growth promotion in several plant species. Besides,
there is increasing evidence that bacteria other than rhizobia nodulate legume in
stress conditions such as arid or semiarid environments, heavy metal pollution, etc.,
including Ochrobactrum, Paenibacillus, Devosia, Cupriavidus, etc. (Balachandar
et al. 2007, Table 16.1). In these stress situations, it is also frequent the presence of
nodulating helper bacteria (NHP) that enter the plant at the same time as rhizobia and
occupy the nodules (Etesami and Adl 2020; Flores-Duarte et al. 2022a). Another
mechanism for action of NHB is the diminution of ethylene levels by means of the
ACC deaminase activity, which finally leads to better nodulation and nitrogen
fixation in stressed plants (Nascimento et al. 2019; Flores-Duarte et al. 2022b).
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16.2.1.2 Phosphate Solubilization

Phosphate is one of the most limiting elements in soils, so P fertilization is compul-
sory. The exhaustion of mines of phosphate used for chemical fertilization is
aggravating the problem of low levels of P in soils (Alewell et al. 2020). Even in
soils where the total P concentration could be sufficient, usually the amount of
available P is low due to precipitation of phosphate salts, binding to organic fraction
of soils, etc. (Ara et al. 2018). Microorganisms can mobilize phosphorous from soils
in different ways. Inorganic P can be mobilized by releasing organic acids such as
lactic, maleic, malic, oxalic, ketobutyric, acetic, etc., releasing protons (acidolysis)
or CO2 (Alori et al. 2017). Then, phosphate can be transported into the bacterial cell
(or the plant root) by high and low affinity phosphate transporters (Wang et al. 2017).
Besides, P can form part of organic compounds in C–P bonds, which can be
hydrolyzed by extracellular phosphatases (Alori et al. 2017). Special mention
deserve compounds containing inositol–P bonds (phytates) are not readily available
to plants but can be hydrolyzed by microbial phytases (Singh and Satyanarayana
2011). The huge battery of P hydrolyzing enzymes and transporters reveals the
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scarcity and importance of this nutrient, for which bacteria have multiple ways of
acquisition (Pajuelo et al. 2021).
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Table 16.1 Examples of diazotrophs for growth promotion in several plant species

N2-fixing
microorganisms

Associated with
plant roots

Rhizosphere Bacillus
Pseudomonas
Enterobacter
Sphingomonas
Paenibacillus

Sugarcane
Sugarcane
Wheat
Dendrobium
officinale
Different
plants

Singh et al.
(2020)
Li et al. (2017)
Ji et al. (2020)
Yang et al.
(2014)
Liu et al.
(2019a)

Endophytes Endosphere,
Phyllosphere
(Endophytes)

Azotobacter
Azospirillum
Herbaspirillum
Gluconacetobacter

Rice
Rice
Tropical
grasses
Sugarcane

Banik et al.
(2019)
Kaneko et al.
(2010)
Pedrosa et al.
(2011)
Bertalan et al.
(2009)

Symbiotic
(rhizobia)

Nodules of
legumes

Bradyrhizobium
Ensifer (Sinorhizobium)
Rhizobium
Mesorhizobium
Azorhizobium

Soybean,
Cytisus,
Lupinus
Alfalfa
Pea, Trifo-
lium,
Phaseolus
Lotus, chick-
pea
Sesbania
rostrata

Andrews and
Andrews
(2017)
Rivas et al.
(2009)

Symbiotic
(non-rhizobia)

Nodules of
legumes

Methylobacterium
Devosia
Ochrobactrum
Cupriavidus
Paraburkholderia
Microvirga
Variovorax (commensal)

Lupinus
Medicago
Cytisus
Calicotome
villosa

Andrews and
Andrews
(2017)
Rivas et al.
(2009)
Bessadok et al.
(2020)

Cyanobacteria
Free-living

(Rhizosphere) Calothrix, Westiellopsis,
Hapalosiphon and Nostoc

Wheat Karthikeyan
et al. (2009)

Cyanobacteria
(symbiotic)

Endophyte Anabaena Azolla (fern) Pereira (2017)

Nostoc Rice Álvarez et al.
(2020)

Table 16.2 shows several examples of phosphate solubilizing microorganisms. In
this case, both rhizosphere and endophytic bacteria display this PGP activity.
Besides, it is important to highlight the relevance of mycorrhizal associations for
the biogeochemical cycle of this element. Mycorrhiza are able to establish
non-specific symbiotic interactions with around 90% of terrestrial plants (Bonfante
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and Genre 2010) and are able to mobilize P for plants. The interaction leads to the
formation of internal hyphae which develop specific structures known as arbuscules
(arbuscular mycorrhiza) where the delivery of P into the plant cell is performed by
specific transporters in exchange for carbon sources such as sugars (Ferrol et al.
2019). Besides the macronutrients N and P, mycorrhizal fungi have been reported to
increase the uptake of micronutrients such as Zn and Cu by plants (Liu et al. 2000;
Goicoechea and Antol 2017) and to contribute to abiotic stress management in
plants, such as salinity, drought, etc. (Igiehon and Babalola 2017; Begum et al.
2019), as well as to soil stabilization and maintenance of humidity through the
secretion of aggregating substances such as glomalin and other soil proteins (Rillig
2004).
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Table 16.2 Phosphate solubilizing microorganisms from the rhizosphere and endophytes of plants

P solubilizing
microorganisms

Examples of
PGPM

Associated with
plant roots

Rhizosphere Bacillus
Pseudomonas
Enterobacter
Proteus, Pseudo-
monas,
Rhizobium

Mentha arvensis
Wheat
Rice
Alfalfa

Prakash and
Arora (2019)
Liu et al.
(2019b)
Singh (2018)
Raklami et al.
(2019)

Endosphere,
Phyllosphere
(Endophytes)

Pantoea ananatis
Bacillus,
Lysinibacillus
Pseudomonas
Burkholderia
Rhizobium
(nodules)

Rice
Banana trees
Pisum sativum
Populus
Cassia absus,
Sesbania
rostrata

Lu et al.
(2021)
Matos et al.
(2017)
Otieno et al.
(2015)
Varga et al.
(2020)
Sridevi and
Mallaiah
(2009)

Mycorrhizal
fungi

Endophytes
(arbuscular
mycorrhiza)

Rhizophagus
irregularis
Glomus fascicu-
late
Glomus
intraradices

Cajanus cajan
Acacia nilotica
Hordeum
vulgare

Garg and
Singh (2018)
Giri et al.
(2007)
Bayani et al.
(2015)

16.2.1.3 Potassium Solubilization

Soils contain large amounts of K but most of it is also unavailable for plant uptake. In
this regard, potassium solubilizing bacteria (KSB) can solubilize K-bearing minerals
such as biotite, feldspar, illite, muscovite, orthoclase, and mica, for plant uptake
(Etesami et al. 2017). K mobilization can be achieved through the production of
organic and inorganic acids, acidolysis, complexolysis, chelation of other elements
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present in K-bearing minerals, secretion of polysaccharides, and exchange reactions
(Meena et al. 2014; Etesami et al. 2017).
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Table 16.3 Potassium solubilizing microorganisms isolated from the rhizosphere of different
plants or as endophytes. Many of these microorganisms display additional plant growth-promoting
activities

K solubilizing
microorganisms

Host
plants

Bacteria Rhizosphere Acidithiobacillus
ferrooxidans
Paenibacillus
Bacillus
mucilaginosus
Burkholderia cepacia
Pseudomonas
Enterobacter

Tobacco
Wheat
Black
pepper
Tobacco
Sorghum,
Maize
Sunflower

Zhang and
Kong (2014)
Parmar and
Sindhu (2013)
Sangeeth et al.
(2012)
Zhang and
Kong (2014)
Archana et al.
(2013)
Shahid et al.
(2012)

Endosphere,
Phyllosphere, Nod-
ules
(Endophytes)

Alcaligenes
Streptomyces
Rhizobium
Burkholderia

Moso
Bamboo
Corn
Chick pea
Corn

Yuan et al.
(2015)
Aallam et al.
(2021)
Sindhu et al.
(2019)
Baghel et al.
(2020)

Fungi Endophytes
(arbuscular
mycorrhiza)

Cladosporium
Glomus intraradices,
and G. mosseae

Tobacco
Maize

Zhang and
Kong (2014)
Wu et al.
(2005)

Many bacteria from different phyla (α-, β- and γ-Proteobacteria, Actinobacteria,
Firmicutes, and Bacteroidetes) have capacity to solubilize K minerals (Verma et al.
2017; Bashir et al. 2019). Regarding their habitat, these include acidophiles,
alkaliphiles, mesophiles, thermophiles, and psychrophiles. Some examples are
given in Table 16.3. Besides, many fungi are able to mobilize K (Verma et al.
2017); of particular interest are arbuscular mycorrhiza such as Glomus intraradices,
G. mosseae, and Cladosporium improving K nutrition in several plants (Verma et al.
2017).

16.2.1.4 Promotion of Plant Growth and Development Via
Phytohormones

Another mechanism for plant growth promotion is direct secretion of growth
stimulating hormones. The most important are auxins, in particular, indole acetic
acid (IAA). IAA regulates various aspects of plant growth and development, in



particular in roots, it promotes the elongation of the main root and also the appear-
ance of lateral roots and increases the number of root hairs ameliorating absorption
of nutrients by roots (Overvoorde et al. 2010; Tian et al. 2014). Besides, it has also
effects on shoot development (Ferguson and Beveridge 2009). Up to five different
IAA synthesis pathways have been described in bacteria, most of them from
tryptophan: indol-3-acetamide pathway, indole-3-pyruvate pathway, tryptamine
pathway, tryptophan side-chain oxidase pathway, and indole-3-acetonitrile pathway
(Li et al. 2018; Duca and Glick 2020). Both rhizosphere and endophytic microor-
ganisms are able to produce IAA and have been probed to increase plant growth and
yield in a battery of plants (Grover et al. 2021; Table 16.4). The importance of fungi
as IAA producers is being recognized and exploited for root growth and develop-
ment (Fu et al. 2015).
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Another important aspect is the fact that many of IAA producing microorganisms
display additional plant growth-promoting activities, such as phosphate and/or
potassium solubilization, siderophores production and biocontrol properties, ACC
deaminase activity, etc. (Wagi and Ahmed 2019). Moreover, in many cases the
occurrence of stress conditions such as salinity or metals not only does not affect
negatively the production of IAA, but also increase it (Myo et al. 2019; Paredes-Páliz
et al. 2016a; Flores-Duarte et al. 2022b).

Besides auxins, some PGPB are able to produce other phytohormones such as
gibberellic acid, cytokinins, abscisic acid, jasmonic acid, and salicylic acid
(Tsukanova et al. 2017). For instance, cytokinin-producing strains alter plant cyto-
kinin homeostasis in plants, increasing plant growth and elongation of the main root,
whereas it inhibits lateral roots formation in Brassica napus (Pallai et al. 2012).
Analogously, gibberellins-producing PGPR alter the levels of this hormone and
improve shoot and root growth of rice (Kang et al. 2014; Shahzad et al. 2016). On
their side, ABA-producing PGPR also improve plant growth and regulate stomatal
conductance for adaptation to drought (Jiang et al. 2012; Salomon et al. 2014). The
production of jasmonic acid and salicylic acid by endophytes (PGPE) ameliorates
the plant defense against pathogens by mechanisms known as the induced systemic
resistance (ISR) and the systemic acquired resistance (SAR). The first one is
dependent on the levels of salicylic acid and ethylene, whereas the second one
depends on jasmonate and ethylene (Choudhary et al. 2007; Gao et al. 2015).
Many endophytes produce jasmonate and salicylic acid (Forchetti et al. 2007;
Bordiec et al. 2011) increasing the levels of these phytohormones and helping plants
in situations of biotic stress (Tsukanova et al. 2017).

16.2.2 Indirect Mechanisms

16.2.2.1 ACC Deaminase Activity

This PGP property is particularly desirable in bacteria when they are to be used in
stressful situations. Ethylene is the main stress-related hormone in plants (Pattyn
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et al. 2021), and its levels increase enormously under these conditions. It is also
involved in processes such as senescence and fruit ripening (Noushina et al. 2017).
The synthesis of this gaseous plant hormone is carried out from
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Table 16.4 Phytohormones producing microorganisms from the rhizosphere of plants or
endophytes

Phytohormones
producing
microorganisms

IAA

Bacteria Rhizosphere Bacillus cereus and
B. subtilis

Solanum
nigrum and
Malvastrum
tricuspidatum

Wagi and
Ahmed
(2019)

Pseudomonas stutzeri,
Bacillus subtilis,
Stenotrophomonas
maltophilia, and Bacillus
amyloliquefaciens

Cucumber Islam et al.
(2016)

Phyllobacterium, Bacillus,
Agrobacterium and
Rhizobium

Acacia
cyanophylla

Lebrazi
et al.
(2020)

Endophytes Azospirillum, Rhizobium,
Variovorax,
Microbacterium

Duckweed Gilbert
et al.
(2018)

Sphingomonas, Bacillus,
Methylobacterium

Solanum
lycopersicum

Khan et al.
(2016)

Fungi Endophytes Trichoderma virens Arabidopsis Contreras-
Cornejo
et al.
(2009)

Tricholoma vaccinum Spruce Krause
et al.
(2015)

Candida tropicalis Zea maize Mukherjee
and Sen
(2015)

Gibberellic acid Leifsonia soli Solanum
lycopersicum

Kang et al.
(2014)

Bacillus amyloliquefaciens Oryza sativa Shahzad
et al.
(2016)

Cytokinins Pseudomonas fluorescens Brassica napus Pallai et al.
(2012)

ABA Bacillus licheniformis and
Pseudomonas fluorescens

Vitis vinifera Salomon
et al.
(2014)

ABA Variovorax paradoxus Pisum sativum Jiang et al.
(2012)



S-adenosylmethionine (SAM) in two steps: in the first one, SAM is transformed into
aminocyclopropane carboxylic acid (ACC) by the action of the enzyme ACC
synthase, and in the second one, ACC, the direct precursor of ethylene, is
transformed into the hormone by the reaction catalyzed by the enzyme ACC oxidase
(Pattyn et al. 2021).
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The enzyme ACC deaminase interrupts the synthesis of ethylene by hydrolyzing
the amino group of the direct precursor ACC (Nascimento et al. 2014). This activity
has been shown to be essential in stressful situations (salinity, drought, presence of
heavy metals, hypoxia and anoxia, etc.) since plants regulate ethylene levels and
prevent the appearance of stress symptoms such as growth inhibition, premature
senescence, etc. (Glick 2014; Yang et al. 2009). In this regard, the rhizosphere or the
tissues of plants grown under multiple stress conditions could be a source of novel
and biotechnologically important PGPB (Timmusk et al. 2011; Misra et al. 2017;
Garcia-Teijeiro et al. 2020). Not only within rhizosphere bacteria, but among the
endophytes, ACC deaminase-producing bacteria have been found (Orozco-
Mosqueda et al. 2020). Studies of overexpression of the acdS gene encoding this
enzyme (Liu et al. 2017; Nascimento et al. 2018; Subramanian et al. 2015) and
knock-out of the same gene (Liu et al. 2021) confirm the fundamental role of this
mechanism in plant protection against multiple stresses. Table 16.5 shows PGPR
bacteria and endophytes with ACC deaminase activity and their beneficial effects on
various plants.

16.2.2.2 Production of Siderophores

Fe is essential for all living beings and is involved in diverse functions including the
transport of electrons in the respiratory chain, cofactor of a plethora of enzymes,
nitrogen fixation, etc. (Cornelis and Andrews 2010). In addition to specific trans-
porters of high and low affinity for Fe2+ and Fe3+ (Wyckoff et al. 2006; Lau et al.
2016), microorganisms ensure the uptake of this element through the secretion of
siderophores, complexing molecules that show a high affinity for this element and
are transported into the microorganisms by specific transporters (Ahmed and
Holmström 2014). Among the great variety of these molecules, heme, hemin,
ferritin, bacterioferritin, enterobactin, achromobactin, ferrioxamine, bacillibactin,
rhizobactin, pioverdin, etc. are included (Ahmed and Holmström 2014; Pajuelo
et al. 2021). Competition for Fe is also an advantageous factor in the rhizosphere,
as well as a biocontrol mechanism by sequestering this element, making it not
available for other competitors (Sayyed et al. 2013; Kramer et al. 2020).
Table 16.6 shows siderophores-producing PGPR and endophytes and their benefi-
cial effects on plant growth and as biocontrol agents (biotic stress). The production
of siderophores is, not only is a basic mechanism for competition and biocontrol, but
also favor plant growth by providing Fe or other metals than can be mobilized,
particularly under stress situations (Ferreira et al. 2019).
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Table 16.5 PGPR bacteria and endophytes with ACC deaminase activity and their beneficial
effects on various plants

ACC-
producing
microorganisms

Rhizosphere Aneurinibacillus,
aneurinilyticus, and
Paenibacillus sp.

Phaseolus
vulgaris

Ameliorates salt
stress, better growth,
induction ISR

Gupta
and
Pandey
(2019)

P. fluorescens Zea mays Decreases stress by
drought

Zarei
et al.
(2020)

Leclercia
adecarboxylata

Solanum
lycopersicum

Improve resilience
toward salt stress

Kang
et al.
(2019)

Alcaligenes sp., Bacillus
sp. and Ochrobactrum
sp

Oryza sativa Improve resilience
toward salt stress

Bal et al.
(2013a)

Bacillus,
Microbacterium,
Methylophaga,
Agromyces, and
Paenibacillus

Oryza sativa Improve resilience
toward salt stress

Bal et al.
(2013b)

Endophytes Pseudomonas spp. Solanum
lycopersicum

Improved growth,
photosynthetic per-
formance, and ionic
balance

Win et al.
(2018)

Pseudomonas
azotoformans

Solanum
lycopersicum

Amelioration of
salinity stress

Liu et al.
(2021)

Enterobacter sp. and
Kosakonia sp.

Brassica
oleracea

Alleviation of salt
stress

Liu et al.
(2017)

16.2.2.3 Other PGP Properties

Besides the production of siderophores, a plethora of mechanisms are involved in
biocontrol, which can be classified in different categories according to the mode of
action (Table 16.7): (a) competition for Fe and other nutrients; (b) secretion of
substances with bactericidal and antifungal properties; (c) secretion of extracellular
hydrolytic enzymes able to break down glycosidic linkages present in the cell wall of
fungal pathogens causing cell death, such as chitinase, glucanase, protease
(Bhadrecha et al. 2020); (d) parasitism; (e) production of volatile compounds such
as HCN; and (f) induction of the induced systemic resistance (ISR) and the systemic
acquired resistance (SAR). Other extracellular enzymes such as cellulases,
pectinases, xylanases, etc. are key to facilitate the entrance and progression of
endophytes inside the phyllosphere (Dogan and Taskin 2021; Bhadrecha et al.
2020). Besides, inhibition of quorum sensing signals of other microorganimsms is
proposed as a interesting trait when searching for bacteria with phytotechnological
applications (Rodríguez et al. 2020).
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Table 16.6 Siderophores-producing microorganisms isolated form the rhizosphere of different
plants or as endophytes of diverse plant hosts and their effect on plant growth or as biocontrol
agents. Many of these microorganisms display addition PGP properties

Producers of
siderophores

Bacteria Rhizosphere Pseudomonas fluorescens Arachis hypogea Subramanium
and Sundaram
(2020)

Bacillus subtilis Coriandrum
sativum

Kumari et al.
(2021)

Pantoea agglomerans and
Bacillus aryabhattai

Spinacia
oleracea, Lactuca
sativa, Brassica
napus

Pajuelo et al.
(2021)

Pseudomonas spp.,
Enterobacter spp., and
Bacillus
sporothermodurans

Helianthus annus Pourbabaee
et al. (2018)

Endophytes Pantoea ananatis Oryza sativa, Loaces et al.
(2011)

Jeotgalicoccus huakuii,
and Bacillus
amyloliquefaciens

Cynodon
dactylon, and
Eleusine indica

Ustiatik et al.
(2021)

Pseudomonas Oryza sativa Walitang et al.
(2017)

Fungi Endophytes Penicillium chrysogenum,
Aspergillus sydowii,
Aspergillus terreus,

Cymbidium
aloifolium

Chowdappa
et al. (2020)

Epichloe festucae Lolium perenne Koulman et al.
(2012)

16.2.3 Tolerance of Bacterial Inoculants Toward Abiotic
Stresses

The increase in human population together with expected abiotic multi-stress sce-
narios in near future will compromise food quality and security (Molotoks et al.
2021). In this regard, the development of multi-stress tolerant bioinoculants for
sustainable and environmentally responsible food production is of the outmost
importance (Mitter et al. 2021). From 1896 to 2020, the use of PGPR has grown
in parallel with the creation of new inoculant industries and concern for the ecosys-
tem fosters good practices in agriculture (Soumare et al. 2020). As previously
discussed, PRPM activities maintain the soil rich in micro- and macronutrients
through nitrogen fixation, solubilization, or mineralization of phosphate and potas-
sium, the release of plant growth regulating substances, the production of antibiotics,
and the biodegradation and recycling of organic matter in the soil (Bhardwaj et al.
2014). These beneficial effects are much obvious under multiple stress conditions. In
fact, comparative meta-analyses of a large number of studies with biofertilizers have



shown their greatest usefulness in conditions of dry climates and soils with low
organic matter (Schütz et al. 2018; Flores-Duarte et al. 2022c). However, most
PGPR products are marketed as biocontrol (70%) and biofertilizers (25%), and
only 5% are formulated to improve the stress tolerance of plants (Tabassum et al.
2017). In this context, the selection of PGPM with high tolerance toward several
stresses is needed. Bacteria with elevated resistance toward salt, drought, high or low
temperature, metals, xenobiotics, etc., are prospected and used as biofertilizers with
remarkable beneficial effects on plants growing under these constraints (Yang et al.
2009; Enebe and Babalola 2019; Abbas et al. 2019).
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Table 16.7 Biocontrol mechanisms exerted by microorganisms of the rhizosphere

Mechanisms Mode of action Examples Reference

Production of
siderophores

Competition for Fe Heme, hemin, ferritin, bacterioferritin,
enterobactin, achromobactin,
ferrioxamine, bacillibactin,
rhizobactin, pioverdin, etc.

Kramer
et al.
(2020)

Competition Competition for nutrients
and niche

Competition for N, C, P, and
micronutrients

Kuzyakov
and Xu
(2013)

Parasitism Parasitism Trichoderma has been widely used as
biocontrol, it parasitizes fungal
pathogens

Contreras-
Cornejo
et al.
(2016)

Antibiosis Secretion of bactericidal
and antifungal
compounds

2,4-Diacetyl phloroglucinol (DAPG),
amphisin, oomycin A, phenazine,
pyoluteorin, pyrrolnitrin, cyclic
lipopeptides, oligomycin A,
zwittermicin A, kanosamine,
xanthobaccin, toxins

Balthazar
et al.
(2021)

Extracellular
enzymes

Degradation of cell walls
of phytopathogens

Chitinase
Glucanase
Proteases

Jadhav
et al.
(2017)

Production of
volatile
substances

Synthesis of HCN The direct effect on phytopathogens is
being questioned; rather acts as
complexing of metals or regulator of
the availability of phosphorous

Rijavec
and
Lapanje
(2016)

Induced sys-
temic resis-
tance (ISR)

Dependent on jasmonate
and ethylene

Elicited by non-pathogenic bacteria
such as PGPR

Kamle
et al.
(2020)

Systemic
acquired
resistance
(SAR)

Dependent on salicylic
acid and Pathogen
Related (PR) proteins

Elicited by salicylic acid and
pathogens

Kamle
et al.
(2020)

Some of the most sensitive steps in plant growth under abiotic stress are seed
germination and initial plant establishment. Inoculation with salt and metal tolerant
rhizobacteria improved seed germination of Spartina maritima (Paredes-Páliz et al.
2016b). In the same way, inoculation with halotolerant PGPR improved seed
germination in wheat (Albdaiwi et al. 2019) and canola (Siddikee et al. 2015).



Numerous examples are reported on the use of salt-tolerant beneficial microorgan-
isms, which promote plant growth on saline soils (Abbas et al. 2019; Quamruzzaman
et al. 2021). In the same way, thermotolerant and psychrophilic PGPB ameliorate
plant growth at high or low temperatures (Sharma et al. 2020; Yarzábal 2020). On its
side, multi-stress resistant PGPR and rhizobia (salt, high temperature, drought, and
metals) ameliorated alfalfa growth in the presence of metals and, at the same time,
blocked the entrance of metals in plant tissues for safe cultivation in polluted soils
(Raklami et al. 2019). Some examples of multi-stress tolerant PGPM and their effect
on plants are summarized in Table 16.8. The mechanisms are being deciphered and
include the production of auxins, HCN, phytohormones, and the induction of the
Induced Systemic Response (ISR) and the Systemic Acquired Response (SAR). In
general, inoculation correlates with the synthesis of phytohormones and by eliciting
the expression of genes related to the antioxidant system (enzymes such as catalase,
peroxidases, superoxide dismutase, glutathione transferase, etc.) and pathogenesis-
related genes (Fukami et al. 2017; Lafuente et al. 2015; Paredes-Páliz et al. 2018;
Kang et al. 2019, 2021; Zarei et al. 2020). However, the complex interplay between
edaphic characteristics, plant genotype, and inoculum (composition, stability, timing
of application, etc.) sometimes prevent good results in field experiments in spite of
previous data at the greenhouse (Quamruzzaman et al. 2021). In this context, the
presence of ACC-deaminase in selected PGPM is highly desired, in order to
diminish plant stress and improve plant resilience to harsh environments as
discussed in previous section (Glick 2014; Siddikee et al. 2015; Kang et al. 2019,
2021; Zarei et al. 2020; Bessadok et al. 2020).
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16.2.4 Competition in the Rhizosphere and Root Colonization

In addition to good PGP properties and resistance to a variety of stresses, the
microorganisms to be selected for an inoculant must be competitive in the rhizo-
sphere and have the ability to colonize plant roots (Santoyo et al. 2021). The
presence of flagella that allows motility and positive taxis toward plant roots is a
factor that helps colonization (Böhm et al. 2007; Fernández-Llamosas et al. 2021),
although not-motile bacteria have been used successfully as inoculants at least in
greenhouse experiments. Adhesion to the root is facilitated by structures such as
fimbriae, pili, flagella, exopolysaccharides, presence of capsule, etc. (Wheatley and
Poole 2018; Santoyo et al. 2021). Attachment occurs in two phases: a first in which
the union is weak but in which PGP effects can already be exerted in the plant
rhizosphere, and another phase in which binding is strong, necessary for the pene-
tration of endophytes and pathogenic microorganisms (Wheatley and Poole 2018).
Once attached, the microorganisms must compete in the rhizosphere and colonize
the root. Biofilm formation appears to be a determining factor for strong and
effective attachment and colonization (Pandit et al. 2020). Other mechanisms
include the production of siderophores already discussed and the synthesis of
bacteriocins, antibiotics, or toxins (Beneduzi et al. 2012; Subramanian and Smith
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2015; Pajuelo et al. 2021) as well as the resistance toward antibiotics produced by
competing strains (Pajuelo et al. 2021). The “biofilm way of life” provides higher
resistance toward antibiotics, bacteriocins or toxins secreted by competitors, as
compared to the “planktonic life” (Lerch et al. 2017). On the other hand, since
many rhizosphere processes including biofilm formation, pathogenesis, etc. depend
on quorum sensing, many microorganisms are capable of degrading the communi-
cation molecules (AHLs: acyl-homoserine lactones) of other species, known as
quorum quenching, thus preventing colonization by these other microorganism
(pathogens or simply competitors) and ensuring a better competence in the rhizo-
sphere (Podile et al. 2014; Rodríguez et al. 2020). Moreover, Serratia liquefaciens
and Pseudomonas putida strains producing AHL elicited induced systemic resis-
tance (ISR) in tomato against Alternaria alternata, whereas AHL-null mutant strains
resulted in reduced ISR (Schuhegger et al. 2006). In turn, some microorganisms can
prevent and/or prejudice colonization by other PGPR. Such is the case of Bacillus
subtilis UD1022 which alters nodulation efficiency of Sinorhizobium meliloti on
Medicago truncatula (Rosier et al. 2021). In this regard, careful examination of the
interaction between partners of bacterial consortia must be addressed in order not to
have antagonistic effects.
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16.3 How Can Omics Help Designing Inoculants?

The use of omics technologies has been a boost to biofertilizers’ engineering
(Martínez-Hidalgo et al. 2019). Metagenomics studies of the rhizosphere allow us
to know microbial populations and their dynamics in respect to environmental
changes and especially in response to root exudates secreted by the plants (Hayat
et al. 2017; Zhang et al. 2015), which are in turn related to environmental changes. In
this way, not only the most abundant species in the rhizosphere can be identified, but
all of them, since sometimes minority species can exert a greater beneficial effect
than more represented ones (Dawson et al. 2017). These comparisons are very
interesting from an ecological perspective, since the same plant species can select
certain microorganisms to better adapt to certain edaphic or climatic conditions of an
area (Na et al. 2018).

When selecting the bacteria that will form part of the inoculant, it must be taken
into account that they must be robust microorganisms, with good capacity for
competition in the rhizosphere. They must be versatile bacteria able to use a large
number of C, N, P, and S sources (Luziatelli et al. 2020; Shariati et al. 2017; Pajuelo
et al. 2021). In addition, these microorganisms must have tolerance to multiple stress
situations including salinity, heavy metals, heat or cold, UV radiation, wide pH
range, etc. (Weilharter et al. 2011; Shariati et al. 2017; Pajuelo et al. 2021). At the
same time, some of these bacteria possess the ability to degrade diverse xenobiotics
(Azaizeh et al. 2011; Pajuelo et al. 2021). It is also important looking for traits for
antioxidant enzymes such as catalase, peroxidases, superoxide dismutase,
glyoxylase, glutathione reductase, glutathione transferase, etc. (Kusale et al. 2021).



All these traits are indicative of high resilience and competitiveness in the rhizo-
sphere. Searching for a core-genome including these characteristics may better
guarantee the effectiveness of the inoculant (Belbahri et al. 2017; Zboralski and
Filion 2020). In particular, three key aspects for application as a bioinoculant will be
focused: (a) traits related to resistance to heavy metals and salt (high osmolarity),
high temperatures, cold, etc.; (b) traits for PGP properties; and (c) traits related to
competition in the rhizosphere and root colonization.
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16.3.1 Traits for Resistance Toward Abiotic Stresses

In polluted soils, it could be interesting to look for operons that encode resistance
toward metals and metalloids (Nies 2003). In particular, metal efflux pumps such as
copA for Cu, zntB and zitB for Zn, rcnA for Co and Ni and the arsenic resistance
operon ars (Grass and Rensing 2001; Rodrigue et al. 2005; Fekih et al. 2018) could
be prospected depending on the specific contamination in the polluted area.
Concerning soils affected by salinity, a battery of genes regulate the resistance to
salt (osmotic stress) (Leontidou et al. 2020). Genes involved in the synthesis and
degradation of osmoprotectants, such as doex for ectoine (Schwibbert et al. 2011),
betIABT for betaine (Cánovas et al. 2000), trehalose (otsAB) (Kaasen et al. 1994)
could be sought. Moreover, these microorganisms have permeases such as
proPVWXY, osmVWXY, yehXYZ, and ousA for the uptake of osmoregulatory sub-
stances such as proline, glycine choline betaine and proline betaine, ectoine, and
pipecolic acid (Checroun and Gutierrez 2004; Frossard et al. 2012). Recycling of
osmoregulatory metabolites as carbon source once the osmotic stress conditions
disappear can be achieved by the activity of trehalases codified by treAF, which
could be also prospected (Carroll et al. 2007). The selection of drought resistant
strains can be done on media containing polyethylene glycol (Niu et al. 2018) and
usually present the gene acdS for AAC deaminase, as well a production of
exopolysaccharides. Other genes related to drought are aquaporin Z (aqpZ) and
glycerol uptake (glpF) (Nordstedt and Jones 2021). Besides, genes for
osmoprotectants previously described are involved in drought tolerance. Analo-
gously, strains tolerant to high and low temperatures can be prospected in the
adequate conditions. Different mechanisms have been associated with protection
toward heat stress, including synthesis of auxins, organic acids, and gibberellins
(Khan et al. 2020).

16.3.2 Traits for PGP Properties

Regarding synthesis of siderophores, genes for the production and/or transport of a
great diversity of siderophores can be prospected, including heme (Otto et al. 1992),
hemin (Hornung et al. 1996), several bacterial ferritins (Yao et al. 2011),



enterobactin (Reitz et al. 2017), achromobactin (Berti and Thomas 2009),
ferrioxamine (Sauer et al. 1987), and ferri-bacillibactin (Miethke et al. 2006).
Besides, PGPB have low and high affinity transporters for free ion, both in the
form of ferrous (EfeO, FeoAB, EfeU) (Lau et al. 2016) and ferric ions (FbpBC)
(Wyckoff et al. 2006).
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With regard to phosphorous solubilization, genes for extracellular phosphatases
that hydrolyze C–P bonds can be searched, particularly phoD encoding alkaline
phosphatase (Hegyi et al. 2021). Besides, the operon for phosphonase phn can be
investigated (Stasi et al. 2019). This operon is involved in the degradation/assimi-
lation of P form phosphonates, which are organophosphorous compounds derived
from phosphonic acid. Besides, the gene phtA encoding phytase (Jorquera et al.
2013) can be prospected. Phytates are other of the organic forms of P present in soils
derived from rest of vegetal origin. However, it is a form of P with low bioavail-
ability since not many microorganisms have the enzyme phytase, able to degrade the
bond C(myoinositol)-P (Lei et al. 2013). The captured phosphorus can accumulate in
the form of polyphosphate granules in the cytoplasm thanks to the Ppk
polyphosphate kinase (Shiba et al. 2000) and be mobilized when necessary by
means of the inorganic pyrophosphatase Ppa (Kajander et al. 2013). Besides,
PGPB can transport inorganic forms of P by transporters whose encoding genes
pst and pit can be prospected (Zheng et al. 2016).

With respect to the production of auxins, genes involved in the tryptophan
biosynthesis and indole-3-acetic acid (IAA) biosynthesis can be sought. The main
precursor in the IAA synthesis is tryptophan, and five different pathways to
synthetize IAA have been studied: indol-3-acetamide pathway, indole-3-pyruvate
pathway, tryptamine pathway, tryptophan side-chain oxidase pathway, and indole-3-
acetonitrile pathway (Li et al. 2018; Duca and Glick 2020). In this regard, the
screening of all the pathways may be complex since a huge amount of genes are
involved. As the most representative candidates are genes iah encoding the indole-
acetamide hydrolase and iad codifying the indole-acetaldehyde dehydrogenase
(Li et al. 2018).

16.3.3 Traits Related to Competition in the Rhizosphere
and Root Colonization

Genes involved in rhizosphere processes important for plant–bacterium interaction
can be analyzed, including genes for synthesis, rotation, and regulation of the
flagella fli and flh (Nakamura and Minamino 2019), genes involved in chemotaxis
such as che and Tsr/Tar (Feng et al. 2018). Genes involved in biofilm formation such
as ariR and BssS seem to be conserved among PGPB (Anupama et al. 2018). For all
these rhizosphere processes to occur, there must be a minimum cell density, detected
by quorum sensing systems such as Qse, Lux, and Rhi (Altaf et al. 2017). Finally,
gene aiiA for lactonase (Zhang et al. 2007; Mat-Amin et al. 2016) able to degrade



acyl-homoserine lactones (AHLs) and inhibit quorum sensing signals of other
bacteria ensures the competition of the bacterium in the rhizosphere, together with
siderophores as previously discussed.
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16.4 Designing Inoculants Adapted to Poly-Stress
Situations: The Core-Microbiome Approach

For the design of bioinoculants with desired functionality, it could be useful to
perform a previous metagenomics analysis (Marco and Abram 2019). This would
allow knowing the composition and dynamics of the microbial community associ-
ated with a particular plant species (or to multiple plant species) in a particular
environment subjected to one or several stress constraints (Taghavi et al. 2009;
Medina-Córdoba et al. 2021).

There are two strategies for designing phytomicrobiomes: “top-down,” which
modifies an existing microbiome by modifying variables such as pH, temperature,
redox potential, nutrients, and “bottom-up,” which build artificial or engineered
microbiomes (e.g., synthetic communities or SynComs) from individual isolated
microorganisms (Mitter et al. 2021). For the design of biofertilizers, the “bottom-up”
method is the most frequently used (Mitter et al. 2021). It is based on producing an
inoculant constituted by an affordable number of strains with the best performance,
typically 2–4 selected strains. So in spite that a great diversity of bacteria can be
identified in the rhizosphere or as endophytes of plants, the production of the
inoculant is finally dependent on cultivation.

The isolation of bacteria from the rhizosphere and endophytes is then the next
step in the design of biofertilizers. Culturomics, i.e., the fine adaptation of media and
culture conditions based on previous genomic information has allowed increasing
significantly the number of species isolated from gut microbiome, as well as the
identification of new species (Lagier et al. 2017). In an analogous manner, besides
using general media such as nutrient growth, TSA or YMA for rhizobia, information
provided by metagenomics can help selecting the appropriate culture media for the
subsequent isolation of particular candidates. For instance, if halophilic bacteria are
found in metagenomics, specific salt-containing media can be included in the initial
screening. Analogously, thermophilic, psychrophilic, acidophilic, or alkaliphilic
bacteria can be more specific isolated in the appropriate incubation conditions
(Torbaghan et al. 2017; Yadav et al. 2018). The Culturomics approach is gaining
significance in many recent studies for the isolation of specific plant interacting
microbes (Sarhan et al. 2019).

In our hands, typically between 30 and 80 morphologically different isolates can
be obtained from the rhizosphere of plants (Andrades-Moreno et al. 2014; Paredes-
Páliz et al. 2016a; Navarro-Torre et al. 2016a) whereas the number of endophytes is
much lower (Mesa et al. 2015; Navarro-Torre et al. 2016b). Figure 16.2 shows a
scheme of selection of the bacteria that would constitute the final inoculum. All



strains would be analyzed for PGP activities (phosphate and potassium solubiliza-
tion, nitrogen fixation, siderophores production, ACC deaminase activity, extracel-
lular enzymes like cellulases and chitinases, etc.), tolerance toward multiple stresses
(salt, drought, heavy metals, high or low temperature) and competence in the
rhizosphere (formation of biofilms, secretion of antibiotics, tolerance against antibi-
otics, exopolysaccharides). The different activities will be plotted and the best
candidates with multiple properties selected (Medina-Córdoba et al. 2021). Finally,
after testing compatibility in vitro, the final inoculum will be produced based on the
selection of 2–4 of the best candidates with multifarious PGP properties. These
microorganisms together constitute a core-microbiome that represent all beneficial
traits investigated, which guarantees positive effects on plants (Mitter et al. 2021). It
is possible to develop a preliminary test for plant growth promotion on agar plates
before testing the inoculum in pots in greenhouse plants, pilot experiments in small
parcels or orchards, and finally field experiments (Pajuelo et al. 2021). Before this
stage, formulations for stabilization and prolonged shelf-life of the inoculum (car-
riers, preservatives, etc.) must be assessed, as discussed below. In this way,
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Isolation of rhizosphere and endophyte bacteria

INOCULANT  BASED 
ON 2-4 CANDIDATES
✓ Selection of the best
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✓ Biosafety
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Fig. 16.2 Main steps in the process of designing an inoculant useful for stress situations steps.
After isolation on the appropriate media, all strains are tested for: (a) resistance to abiotic stress
(metals, salt, high or low temperatures, drought); (b) PGP properties (P and K solubilization,
siderophores, auxins, N2 fixation, extracellular enzymes, etc.); and (c) competition in the rhizo-
sphere and root colonization. Two-four strains with the best performance are selected for the
inoculum, after testing compatibility and biosecurity. Tests are performed in pots, green houses,
and field pilot experiments. At this stage, formulations ensuring longer shelf-life must be developed



customization of inoculants adapted to particular plants/environments combinations
can be achieved (Kumar et al. 2019; Du et al. 2020). Besides, this activity implies
social, economic, and ecologic aspects, such as the development of local biotech-
nological industries for the development of tailored inoculants, the protection of the
intellectual property, and the diminution of chemical fertilizers for the protection of
the environment (Pajuelo et al. 2014).
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16.5 Bottlenecks to Commercialization: Stability,
Competitiveness, Regulatory Issues

In Fig. 16.1, we have seen the large number of publications produced in the last
20 years related to PGPM. Comparing these results with licensed patents (Singh
et al. 2019), it can be seen that the research is still far from having a real scope.
Considering also that many patents are not commercialized, it can finally be con-
cluded that there really is a bottleneck for a large-scale application of biofertilizers.
The constraints that hold back the application are technical, economic, of infrastruc-
ture and training of specialized biotechnologists, as well as regulatory issues, since
the legislation is different according to the countries. This, together with production
prices, creates mistrust among farmers (Lobo et al. 2019; Basu et al. 2021). The use
of non-polluting residues together with inoculants may offer new possibilities for the
use of wastes and partially compensate the price of production (Ghosh and Singh
2005; Raklami et al. 2021).

Main problems associated with extended use of biofertilizers and increased field
application are stability, durability, competitiveness, price, etc. (Backer et al. 2018;
Basu et al. 2021). Inoculants can be applied as liquid, slurry, or solid formulations.
Liquid formulations may be suitable on a small scale, but they have the problems of
stability since the shelf-life of microorganisms in liquid medium is short (Bashan
et al. 2014). Additives such as alginate, carrageenan (a sulphated polysaccharide
extracted from red seaweed), or molasses can be used for further stabilization in
liquid formulations (Cortés-Patiño and Bonilla 2015; Berninger et al. 2018). Encap-
sulation in alginate or polyacrylamide beads increases longevity and allows slow
releasing of the inoculant (Santos et al. 2019). In the case of spore-forming bacteria
such as Bacillus species, dried spores can be directly used as biocontrol agents (Wu
et al. 2015). However, gram negative microorganisms with good PGP properties are
extremely sensitive to desiccation (Berninger et al. 2018). For this reason, inoculants
have been developed in the form of slurry or immobilized solids on a carrier. In the
case of rhizobia, it is common to use peat and improve the adherence of bacteria to
the carrier by adding sticking substances such as sucrose (Casteriano et al. 2013).
Other carriers are charcoal, lignite, and biochar (Egamberdieva et al. 2018; Basu
et al. 2021). For acid soils, it is recommended to mix the inoculant with lime or rock
phosphate (Nabahungu et al. 2007; Bakari et al. 2020). PGPM have recently been
immobilized in talc or kaolin, increasing the shelf-life of the inoculant up to 4 months



(Ei et al. 2018; Myo et al. 2019). Other problems refer to the competitiveness of the
microorganisms in real conditions of application (soils, climates, plant genetics,
etc.). To increase the efficacy of Azospirillum, culture media enriched in
exopolysaccharides (EPS) and polyhydroxybutyrate (PHB) have been used (Oliveira
et al. 2017).
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Fig. 16.3 SWOT analysis of the current situation of biofertilizers as real alternative to
agrochemicals

Additional concerns come from the point of view of biosecurity. In this regard,
only group 1 microorganisms are authorized by European legislation to be used as
inoculants (GRAS microorganisms, which stand for Generally Recognized as Safe).
Many species with good PGP properties belong to biosecurity group 2 and cause
opportunistic infections, particularly in nosocomial or immunocompromised
patients (Cruz et al. 2007). In this sense, a search for genes related to pathogenicity
must be performed, including determinants of resistance to multiple antibiotics,
synthesis of antibiotics, beta-lactamases, toxins (hemolysins, RNAase), together
with siderophores and biofilm formation traits, which may play important roles as
virulence factors (Pajuelo et al. 2021). In this regard, the comparison of genomics
analysis of strains isolated from plants and from patients can establish the presence
of disease determinants in the former strains (Keswani et al. 2019). In some cases,
regulatory issues prevent the use of particular strains as inoculant. Strategies have
been designed to take advantage of the PGP characteristics in cell-free extracts. In
this way, the bacteria are grown and only the culture supernatant is used to inoculate
the plants although effectiveness is lower as compared to the bacteria-containing
formulation (Luziatelli et al. 2020).
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In conclusion, many issues must be still addressed before full implementation of
PGPMs as alternative to chemical fertilizers. Research must fulfill the gaps of
knowledge and public-private inversions are needed. But the opportunities are
immense from ecological, economic, social and biotechnological points of view.
Strengths, weaknesses, threads, and opportunities (Fig. 16.3) must be considered and
optimized.

16.6 Concluding Remarks

The increasing demand on plant products together with degradation of soils and
climate change will limit global agricultural production. It is clear that both eco-
nomic and ecologic reasons advise on the utilization of biofertilizers as alternative to
agrochemicals. Further development and commercialization of biofertilizers are
hindered by both theoretical and practical aspects. Considering the former ones, in
spite of our growing knowledge on plant–PGPM interactions, further progress
depends on filling gaps in several aspects that need to be investigated in depth,
such as (a) the study of the signals involved in the plant-microorganisms dialogue;
(b) the regulation of gene expression in plants due to the effect of inoculation;
(c) changes in plant metabolome due to inoculation with beneficial microorganisms,
which can modulate, not only growth but metabolites affecting the final quality
and/or applications of plants. On its side, practical application is limited by the
optimization of better formulations in order to increase shelf-life of inoculants and
decrease production prices, the way that this technology could be attractive to
farmers.
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Chapter 17
Development and Application
of Consortia-Based Microbial Bioinoculants
for Sustainable Agriculture

Naveen Kumar Arora and Tahmish Fatima

Abstract The co-existence of the biosphere and human civilization depends on
sustainability. The interconnections between humans and the environment require
holistic thinking and integrated solutions to achieve standard planetary health. For
the advancement of planetary health, in 2015, the United Nations (UN) published the
2030 Agenda for Sustainable Development to encourage effective cross-sector
action and partnerships so as to ensure policy coherence across the globe. The UN
agenda of Sustainable Development Goals (SDGs) attracted wide interest and
commitment from organizations, stakeholders, and leaders. However, the Global
Sustainable Development Report (GSDR 2019) highlighted that the development
model followed was unsustainable and progress made in the last two decades sounds
alarming with rising inequalities, climate change, biodiversity loss, and increasing
amounts of waste. The achievement of SDGs is dependent on planet health, and this
cannot be achieved without agricultural sustainability as the soil is the base of all
biological processes, including nutrient cycling, waste decomposition, and various
other activities such as symbiotic and asymbiotic nitrogen fixation.

Keywords Microbial consortia · Biofertilizers · Sustainable agriculture · SDG ·
PGPR

There is a strong link between agriculture, eradication of hunger and poverty, as
along with food production and livestock rearing, it provides income, jobs, food, and
other goods and services for the majority of people, thereby covering and connecting
with almost all the Sustainable Development Goals (SDGs) (Arora and Mishra
2022). The current agricultural stats are not very impressive and show a negative
impact on natural resources and the environment. The pressure of feeding 9.7 billion
people by 2050 requires food production to increase by 70–100% (Arora and Mishra
2019). Global Assessment of Soil Degradation (GLASOD) report suggests that
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during the last 40 years, about one-third of global arable land has been permanently
damaged in some way by soil erosion. Food and Agriculture Organization report
(FAO 2020) mentions that 33% of the earth’s soil is degraded, and more than 90% is
expected to deteriorate by 2050. German Environment Agency (UBA 2015) reports
that ten million ha of global arable land is rendered unproductive annually. The
report further elaborated that approximately 25% of agricultural soil showed a
reduced amount of humus and essential nutrients, rendering them unsuitable for
crop production. In addition, anthropogenic activities have led to the degradation of
one-third of farmland, up to 75% of crop genetic diversity has been lost, and 22% of
animal breeds are at risk (United Nations Convention to Combat Desertification
2017). Maintaining the equilibrium between agricultural production and environ-
mental sustainability is a difficult task, which requires an effective, eco-friendly and
cost-effective approach.
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Beneficial microbes residing in the soil system employ various mechanisms to
mitigate biotic and abiotic stresses, nutrient deficiency in plants, elevate soil fertility
and disease resistance. Microbes have been documented, researched, and utilized for
more than a century; however, their complete-complex relationship with plants is yet
to be revealed. To achieve agricultural sustainability through microbial technology,
it is necessary to understand their application strategy, involvement in soil conser-
vation, biotic stress management, and most importantly plant–microbe interactions.
The microbiome in soil includes bacteria, fungi, archaea, and protozoans. The
rhizosphere zone embodies the richest diversity of microbes, such as arbuscular
mycorrhizal fungi (AMF), phosphate-solubilizing microorganisms (PSM), nitrogen-
fixing bacteria, plant growth-promoting rhizobacteria (PGPR), actinomycetes, and
biocontrol strains. The association of phytomicrobiome and host plant is addressed
as holobiont; the former can exist as epiphytes (living on plant surfaces), as endo-
phytes (living inside plant cells), in soil, as rhizosphere microbes present on the
subsurface of plant organs, and at root–soil interfaces. The bioinoculants designed
for the agricultural field can include both symbiotic and asymbiotic microbes, which
can be used as biocontrol agents (for controlling pests and diseases), biostimulants
(mobilizing locally available nutrients for plant uptake), and biofertilizers (increas-
ing both plant growth and soil fertility). Symbiotic associations form specialized
roots or structures (like nodules) in roots housing microbes in them. Examples of
symbiotic plant–microbe interactions include rhizobia and legumes, other nitrogen-
fixing bacteria and AMF. In lineation to Liebig’s law of the minimum, nitrogen
(N) is the most limiting factor in the soil followed by phosphorous. Since most of the
agricultural lands are under N-deficient conditions, farmers are forced to apply
chemical fertilizers, ruining the concept of sustainability. Reducing chemical
abuse, rhizobial bioinoculants can be applied to initiate biological N fixation
(BNF) in plants under nutrient-deficient conditions. The interaction between
rhizobia and legume is guided by plant exudates and rhizosphere microbial compo-
sition. Fixation of N depends upon the nutrient status of the soil and accordingly
plants send signals to initiate or inhibit the fixation process. Therefore, the applica-
tion of N fixers and regulators can optimize the nutrient level of the soil and can
reduce the chances of eutrophication, which is the major drawback of the usage of



chemical fertilizers. Rhizobia have also been found to induce plant resistance against
various diseases both in leguminous and non-leguminous plants. Inoculation of
seeds with nitrogen-fixing bacteria such as Rhizobium or Bradyrhizobium before
sowing aids better nodule formation in the roots and increases the rate of fixation.
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Along with N, phosphorous (P) and potassium (K) are the essential macronutri-
ents required for growth and metabolism. Use of chemical fertilizers to quench the
need of nutrients is still the trend, and Food and Agriculture Organization Corporate
Statistical Database (FAOSTAT 2021) reported that each year 27 billion tons of
NPK is being used in agro-ecosystems around the globe. In order to replace
chemicals, bioinoculants have been designed using consortia of microbes exhibiting
N-fixing and phosphate- and potassium-solubilizing properties. The application of
phosphate-solubilizing microbes (PSMs) increases the availability of P in soil and
makes it available for take up by the plants. Fungal inoculants are better candidates
for solubilization of P. Fungal hyphae increase the root surface area and are thinner,
so they reach deeper soils, chelating nutrients and water for the plants. Some
interesting symbiotic fungal root endophytes such as Serendipita indicia and
Serendipita vermifera induce resistance against fungal pathogens and different
insects/pests helping in the overall growth of plants (Mahdi et al. 2022). These
fungal strains can be included in the bioformulation along with other PGPR as
consortia for better results. K is another important macronutrient supporting the
growth and development of plants, and its unavailability reduces agricultural pro-
ductivity. The application of potassium-solubilizing microbes (KSMs) compensates
for the deficiency of K and is an appropriate alternative to potash usage. Globally,
N-fixing fertilizers dominate the bioinoculant market, followed by phosphate-
solubilizing microbial products (Biofertilizer Market 2022). Multinational compa-
nies also commercialize potassium- and zinc-solubilizing products along with NPK
consortia liquid/solid products. Rhizobia along with other PGPR share a common
micro-habitat, and multiple interactions take place between different microbial
groups at the root–soil interface, providing complete protection and growth enhance-
ment in plants. The inconsistent performance of single microbe-based inoculants
further emphasizes the need for consortia-based bioformulation. Bacteria,
actinobacteria, and fungi are the three important moieties of a functional
microbiome, each carrying different roles for the ecosystem. Therefore, the syner-
gies between groups like bacteria and fungi can have several advantages by helping
in combating various stresses and requirements of the plant. Modern agricultural
systems using novel technologies have shown increasing popularity of probiotic
bacteria for crop yield and quality enhancement. The integrated product developed
using these bacteria along with specific and indigenous strains can help curb the
impact of climate change and can increase the productivity of crops through climate-
smart agriculture. The market of microbial inoculants is increasing at a compound
annual growth rate (CAGR) of 10.50% during the forecast period of 2022–2029, and
the value is expected as USD 950.24 million by 2029. According to Statista (2022)
as of 2022, approximately 74.9 million hectares of agricultural land equivalent to
almost 1.5% of total farming area across the globe is under organic farming
practices.
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Though the market of bioinoculants utilizing microbial technology is increasing,
the scenario is unsatisfactory, especially in developing and poor countries where
conservative agricultural practices challenge sustainability. The reason for this gap is
the application methods or failure of bio-products at field levels due to climatic
variations or quality issues. The success of microbial technology cannot be achieved
without understanding the complex interactions among the microbes and between
plants and microbes. The nature of the association between the moieties is dependent
on the signaling networks, and that has to be clearly elucidated. Interaction studies
also hint towards the use of additives or bridging molecules like exopolysaccharides
(EPS), lipochitooligosaccharides (LCOs), and flavonoids that could favor a better
establishment of microbes in the rhizosphere/rhizoplane zone (Fatima and Arora
2021). Identification and culturing of novel microbes exhibiting multifarious PGP
properties could reduce the maintenance of multiple strains in a consortia-based
bioformulation. In this era of climate change, the selected microbes for a
bioinoculant product should possess stress-tolerant attributes as a “hard fast rule”
to minimize the chances of failure under climatic anomalies and to enhance the shelf
life of the product. Due to the increasing impact of climate change around the globe,
it is also important to develop tailor-made bioinoculants, especially for the stressed
agroecosystems. Indigenous strains with diverse characteristics or diverse PGPR
with an array of features can be the solutions for such stressed ecosystems. Multi-
faceted bioinoculants are the need of the future. However, regulatory bodies from
around the globe need to work out common frameworks that support novel microbe-
based products for agriculture sustainability. It is also important to track the fate and
functionality of introduced microbes and elucidate their impact on rhizosphere
microbiota so as to ensure a healthy population of keystone species. Environmental
DNA barcoding can be the modern approach for studying the impacts of introduced
species on soil autochthonous microbial diversity. Polyphasic approaches can be
applied to contrast various application methods, optimize the best protocols and
doses of microbial products for enhancing the efficacy and practical application of
bioinoculants.
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