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Preface

The growth rate of the global population demands increasing food production. 
However, the increase in agricultural productivity is in many circumstances largely 
dependent on the use of chemical fertilizers that many farmers around the world do 
not have economic provision and can have a negative effect on the climate. 
Environmental stresses may also impede plant growth and yield, causing low crop 
productivity, which can impact global food safety. There must also be less use of 
chemical fertilizers and an increased plant tolerance for abiotic stresses in order to 
increase global agricultural production economically, ecologically, and sustainably. 
Plant growth-promoting microorganisms (PGPM) have a potential benefit to 
improve crop production, food, and safety in sustainable and more environmentally 
friendly agricultural systems. The use of beneficial microbes like fungi, bacteria, 
algae, cyanobacteria, and actinomycetes, those microbes which enhance the growth 
of plants under abiotic stressors including drought, salinity, waterlog, temperature 
extremes, mineral nutrients, heavy metal, and biotic stress conditions including 
plant diseases, nematodes, viruses, and diseases. The achievement of sustainable 
agriculture while maintaining environmental, agroecosystem functions and biodi-
versity is a major challenge to current agricultural practices and also poses serious 
risks for crop productivity, soil fertility, and nutritional value of agricultural produc-
tion through the conventional use of chemical inputs (fertilizer, pesticides, nutrients, 
etc.). Given these threats, the management of pests and diseases, the preservation of 
the health of the agroecosystems, and the avoidance of public and animal health 
problems now become key priorities. Researchers, scientists, agriculturists, farm-
ers, and policymakers have been very aware of PGPM as biofertilizers, plant growth 
promoters, biopesticides, and managers of soil and plant health. PGPM are receiv-
ing increasing attention from agronomists and environmentalists as candidates to 
develop an effective, eco-friendly, and sustainable alternative to conventional agri-
cultural (e.g., chemical fertilizers and pesticide) and remediation (e.g., chelators-
enhanced phytoremediation) methods employed to deal with climate change-induced 
stresses. Using PGPM will help satisfy the demand for global agricultural produc-
tivity, which is projected to hit approximately nine  billion by 2050 to feed the 
world’s growing population. To achieve this goal, however, PGPM strains must be 
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environmentally friendly, be compatible with useful soil rhizobacteria, give consid-
erable plant growth promotion and biocontrol potential, and can withstand different 
biotic and abiotic stresses.

This book provides up-to-date knowledge on biofertilizers and the roles of 
microorganisms in plant health, with specific emphasis on the mitigating strategies 
to combat plant stresses. The application of microorganisms for quicker, more cost-
effective, and precise diagnostic procedures of plant disease control and antimicro-
bial mechanisms has been discussed in detail.

The first chapter by Shah et al. reviews Cyanobacteria and Algae as Biocontrol 
Agents Against Fungal and Bacterial Plant Pathogens. Chapter 2 by Monteiro et al. 
highlights Plant Growth Promoting Rhizobacteria in Amelioration of Abiotic 
Stresses: A Functional Interplay and Prospective. In Chap. 3, Jampílek and Kráľová 
describe Seaweeds as Indicators and Potential Remediators of Metal Pollution. The 
Role of Microorganisms in Managing Soil Fertility and Plant Nutrition in Sustainable 
Agriculture is described by Mohamed et al. in Chap. 4. In Chap. 5, Prasher and 
Sharma highlight the Role of Endophytic Bacteria in the Alleviation of Heavy 
Metals from an Ecosystem. Chapter 6 by Silva et al. provides insights into Microbial 
Enzymes and Soil Health. In Chap. 7, Yasmeen et al. state Pseudomonas as Plant 
Growth-Promoting Bacteria and Its Role in Alleviation of Abiotic Stress. In Chap. 
8, Basit et al. highlight Plant Growth-Promoting Rhizobacteria (PGPR) as Biocontrol 
Agents for Viral Protection. Chapter 9 by Lonkar and Bodade describes the Potential 
Role of Endophytes in Weeds and Herbicide Tolerance in Plants. Almoneafy et al. 
in Chap. 10 detail the Auspicious Role of Plant Growth Promoting Rhizobacteria in 
the Sustainable Management of Plant Diseases. Chapter 11 by Basit et al. gives an 
overview of Microbial Bioactive Compounds Produced by Endophytes (Bacteria 
and Fungi) and Their Uses in Plant Health. Biosynthesis of Nanoparticles by 
Microorganisms and Applications in Plant Stress Control are discussed in Chap. 12 
by Ramadan and El-Beltagi. Chapter 13 by Padhi and Behera explains Nano-
enabled Approaches for the Suitable Delivery of Fertilizer and Pesticide for Plant 
Growth. Shanab and Shalaby give information about the Production of Plant 
Hormones from Algae and Its Relation to Plant Growth in Chap. 14. In Chap. 15, 
Misra and Ansari state the Role of Trichoderma in Agriculture and Disease 
Management. The Production of Antibiotics from PGPR and Their Role in 
Biocontrol of Plant Diseases are highlighted in Chap. 16 by Hamid et al. In Chap. 
17, Jilani et  al. describe the Role of Phosphate-Solubilising Microorganisms in 
Agricultural Development. Gören-Sağlam in Chap. 18 gives an overview of 
Cyanobacteria as Biofertilizer and Their Effect Under Biotic Stress. Shah et al. in 
Chap. 19 describe Microorganism: A Potent Biological Tool to Combat Insects and 
Herbivores. In Chap. 20, Ahmad et al. focus on Eco-Friendly Approaches for the 
Alleviation of Root-Knot Nematodes. In Chap. 21, Sharma et  al. write on 
Rhizosphere, Rhizosphere Biology, and Rhizospheric Engineering. Finally, 
Siddiqua et al. explain Microbial Enzymes and Their Role in Phytoremediation in 
Chap. 22.

Preface
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1  Introduction

Present sustainable agricultural farming is severely reliant on an intensive use of 
tillages, excessive fertilizer use and irrigation, and chemical pesticides; with no 
doubt, the food requirement of the majority of countries has been fulfilled, even 
though this raised many health and environmental problems. Now the question of 
enhancing the crop production in agriculture sector without deteriorating the envi-
ronment and harming water resources and land/soil fertility has arisen (Singh and 
Strong 2016). The need of quality environment and food crops production can be 
fulfilled with sustainable practices of agriculture (Singh and Strong 2016); this phi-
losophy of sustainable agricultural production includes environmentally friendly 
farming with low cost through natural techniques of resources conservation, i.e. 
water and soil, maintaining the crop profitability and productivity and also making 
the agricultural ecosystem self-regulating and resilient (Koller et al. 2012). For the 
last few decades, green energy production of various processes of microbes has 
attained great attention as a sustainable technique for biofuel generation, namely, 
ethanol, butanol, methane (CH4), syngas and H2. Recent studies reported remark-
able growth in cyanobacterial biomass production for biofertilizers; a different sup-
plement of foods, i.e. superfoods; and biofuels for farming of safe agricultural 
production (Benson et al. 2014).

A highly diversified group of various microorganisms have been found in asso-
ciation to different plant species in the endosphere, rhizosphere and phyllosphere. 
These microorganisms associated to plants and known for metabolite production 
may have a neutral, beneficial or harmful impact on crop productivity (Mendes et al. 
2013). Ever since, the approach of sustainable crop protection can be characterized 
by synthetic pesticide alternatives, i.e. derived compounds and microorganisms of 
plants (Gwinn 2018). Amongst all the alternatives, cyanobacteria and algae are dis-
tinguished bioactive agents which have gained a remarkable consideration by scien-
tists globally.

Phytopathogenic biocontrol agents (Fig.  1.1) in the very wide-ranging sense 
encompass the methods for utilization of organisms except for human. Remarkable 
research literature can be found as a result of this long-lasting present strategy, with 
an impetus principle of the enhanced activity and limitations to the application of 
chemical pesticides. This also included high costs of purchase, concerns to the envi-
ronment and the highly increased regulations and restrictions of governments. 
Cyanobacteria, autotrophic blue-green algae which are known to be the most 
diverse, largest and abundantly distributed group of small, prokaryotic, unicellular 
and photosynthetic organism, found specifically in fresh and marine water, all 
together with eukaryotic algae ‘could have been the world’s largest biomass’. As a 
promising biocontrol agent growing in huge colonies and causing plant diseases, no 
great attention has been attained by cyanobacteria (Pisciotta et  al. 2010). 
Cyanobacteria with diversified sizes and shapes have covered 150 identified genera 
with the features of oldest-ever fossils of 3.5 billion years, approximately, and are 
responsible for the oxygenic environment of the current days (Hoekman et al. 2012). 

S. T. Shah et al.



3

A proposed classification of cyanobacteria since 1985, with four bacterial orders, 
has been recognized, namely, Oscillatoriales, Chroococcales, Stigonematales and 
Nostocales, with their phyla Gloeobacterales, Pleurocapsales and Chroococcales. 
Cyanobacteria are associated with the periods of origin of plants. The cyanobacteria 
are immensely important in determining the path of evolution and ecological 
changes all over the earth’s history. In the late Proterozoic or the early Cambrian 
period, cyanobacteria began to take up residence within certain eukaryote cells, this 
event is called endosymbiosis, for the origin of the eukaryotes. They have the poten-
tial to fix atmospheric nitrogen, so that could be used as a biofertilizer for the culti-
vation of economically important crops such as rice and beans (El-sohaimy 2012; 
Meena et al. 2019; Koller 2015) (Fig. 1.1). Mostly, the eukaryotic algae have been 
categorized in 18 different taxonomic classes (Wainwright et  al. 1993), where a 
majority of the algae can be found either in marine or in freshwater habitats and 
almost 147 genera have a large number of species found in soil. They are mostly 
photosynthetic; however, a great number are heterotrophic facultative species while 
few are non- photosynthetic (heterotrophic obligates). These are largely untapped 
and rich sources of a varied wide collection of naturally active products. This chap-
ter is aimed to understand cyanobacteria as an alternative for sustainable develop-
ment without the harmful effect of chemicals, synthetic fertilizers and other 

Fig. 1.1 The theoretical framework shows potential cyanobacterial functions in the environment 
or sustainable agriculture

1 Cyanobacteria and Algae as Biocontrol Agents Against Fungal and Bacterial Plant…



4

pesticides/insecticides, to elaborate the antifungal and antibacterial activities of cya-
nobacterial extract against pathogenic colonial growth and to study the role of 
Cyanobacteria as a source of exopolysaccharides to improve soil structure and 
microbial growth.

2  Cyanobacteria and Algae Against Phytopathogens

Since a long time, cyanobacteria and algae have been used scarcely as beneficial 
extracts against pathogenic fungus because of their stimulation effect for plant pro-
ductivity and vigour. They have also been used as media substrates for microbial 
cultures and biofuel production (Fig. 1.1). A fungal pathogen may be responsible 
for causing infection in cultivated cropping systems, severe postharvest losses and 
fruit decay. Schlerotinia sclerotiorum and various other species of Fusarium, 
Rhizoctonia, Verticillium, Pythium and Phytopthora are known to be the most sig-
nificant polyphagous fungi found in soil (Pastrana et  al. 2016). While hindering 
water absorption and nutrients in the soil, they directly attack root structures and 
cause wilting, damping off, yellowing, root rot and color rot. Amongst leaf-related 
pathogens, fungus of Erysiphales order are strong mediators of the disease powdery 
mildew causing huge economic losses, thus the need for various applications of 
chemicals (Romero et al. 2007; Jarvis et al. 2002). Colletotrichum spp. and Botrytis 
cinerea are the vectors for anthracnose and grey mould, respectively, and many 
other Rhizopus, Mucor and Penicillium species are the fungal pathogens which are 
responsible for postharvest losses and fruit decay (Husaini and Neri 2016). Such 
fungal pathogens could be controlled normally by the fungicidal applications during 
the time of growing crop cycle from the time of flowering to harvest time.

2.1  Cyanobacteria: A Prevalent Evolutionary Phylum

The most successfully emerged phyla of prokaryotes which were sustained during 
the evolutionary course were cyanobacteria. They are known to be the most primi-
tive forms of life on the Earth planet, and their evidence reported chloroplasts with 
eukaryotic photosynthesis have their origin from cyanobacteria, bringing about the 
evolutionary aerobic respiration as long time ago (2.22–2.45 billion years) (Dixit 
and Suseela 2013; Gothalwal and Bajpai 2012). Even though the autotrophic nutri-
tional mode is more dominant while some of the species of cyanobacteria can grow 
well in dark and anaerobic environments including Oscillatoria and Nostoc, few 
cyanobacterial species, i.e. Nostoc, can also function in atmospheric nitrogen fixa-
tion (Yadav et al. 2011; Uzair et al. 2012). However, cyanobacteria can be included 
in those phyla where simple and unicellular structures have developed complex and 
multicellular structures during the evolutionary era (Schirrmeister et  al. 2011). 
Extending from a range of unicellular gram-negative to colonial and multicellular 
filamentous forms (Singh et al. 2011), being the principal phytoplankton constitu-
ent, this provides sufficient opportunity to exploit them as a secondary metabolite 
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producer. Along with so many applications in nutraceuticals, pharmaceuticals, food 
and feed industries, the ecological, morphological and genetic cyanobacterial diver-
sity has led to the wide array of compound production (Tan 2007).

2.1.1  Antifungal Activity

Cyanobacteria have been found to be the most significant source of naturally occur-
ring bioactive compound with antiprotozoal, antimicrobial, antibacterial, antiviral, 
anti-proliferative and anticancer activities (Dixit and Suseela 2013; Russo and 
Cesario 2012; Simmons et al. 2008). Many authors revealed efficiency against the 
growth of the fungal colony of various phytopathogens is among the different activi-
ties of cyanobacteria (Table 1.1). Many studies have observed numerous species of 
Nostoc, Microcystis and Anabaena. Crude source of ethanol extracted from 
Anabaena laxa reported an inhibitory effect and a counter to various fungi, namely, 

Table 1.1 Antifungal activity of cyanobacterial extracts on plant pathogenic colonial growth

Cyanobacteria Pathogen References

Anabaena sp. Alternaria alternata, Botrytis cinerea, Colletotrichum 
gloeosporioides, Fusarium oxysporum

Kim (2006)

Anabaena sp. Macrophomina phaseolina, Fusarium moniliforme, 
Alternaria solani, Pythium aphanidermatum, 
Fusarium solani

Prasanna et al. 
(2008)

A. laxa F. moniliforme, F. oxysporum f. sp. lycopersici Prasanna et al. 
(2015)

Anabaena variabilis F. moniliforme, F. oxysporum f. sp. lycopersici Prasanna et al. 
(2015)

A. variabilis Aspergillus Niger, A. solani Tiwari and Kaur 
(2014)

Calothrix sp. A. alternata, B. cinerea, C. gloeosporioides, F. 
oxysporum, Phytophthora capsici, Pythium ultimum

Kim (2006)

Microcystis 
aeruginosa

F. Oxysporum, M. phaseolina, P. aphanidermatum, 
Pythium oedochilum, Rhizoctonia solani

Khalid et al. 
(2010)

Microcystis 
aeruginosa

Aspergillus flavus, Fusarium verticillioides, Fusarium 
proliferatum

Marrez and 
Sultan (2016)

Nostoc sp. A. alternata, B. cinerea, C. gloeosporioides, F. 
oxysporum, P. capsici, P. ultimum, Rhizopus 
stolonifer

Kim (2006)

Nostoc commune F. oxysporum f. sp. lycopersici Kim and Kim 
(2008)

Nostoc entophytum R. solani Osman et al. 
(2011)

N. muscorum R. solani Osman et al. 
(2011)

Chlorella sp. 
Halopithys sp.

R. solani Righini et al. 
(2020)

Anabaena sp. 
Ecklonia sp. Jania sp.

Botrytis cinerea Righini et al. 
(2019)
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Candida albicans, Aspergillus oryzae, Saccharomyces cerevisiae, Trichophyton 
mentagrophytes and Penicillium notatum. The colony growth of Fusarium monili-
forme was reduced by 23 different Anabaena strains observed in a screening 
(Prasanna et  al. 2008), whereas Alternaria solani and Nostoc muscorum were 
observed as an effective counter to R. solani, inhibited by 17 several strains. 
Different Anabaena and Calothrix strains carried action countering to various spe-
cies of Rhizoctonia and Pythium (Manjunath et  al. 2010). Nostoc muscorum is 
known to be effective against R. solani, and was effective and inhibited the colony 
growth more than N. entophytum (Osman et al. 2011). Among all the compounds 
synthetized by cyanobacteria, chitosanase homologues, endoglucanase and benzoic 
acid were detected, and their presence was correlated to the activity against fungi 
(Gupta et  al. 2011). The terpenoid noscomin, as an extract of N. commune, was 
tested to function against Escherichia coli, Bacillus cereus and Staphylococcus epi-
dermidis (Jaki et al. 2000). Methanolic extract taken from M. aeruginosa exhibited 
an activity of fungus contrary to seven different pathogens of human and eight sap-
rophytic and five phytopathogens (Khalid et al. 2010). M. aeruginosa strain revealed 
the growth inhibition of Aspergillus flavus and A. niger and Fusarium verticillioides 
(Marrez and Sultan 2016).

2.1.2  Antibacterial Activity

Recently, nosocomial infections (Enterococci and Staphylococcus aureus resistant 
to vancomycin and methyicillin, respectively, Amp C β-lactamase produced by 
Enterobacteriaceae) showing a big threat worldwide and a challenge to therapeutic 
studies are caused by bacteria resistant to multidrug (Reinert et  al. 2007). 
Cyanobacteria having antibacterial activity and possibly energetic against bacteria 
are of great importance to scientists to produce new antibiotics (Biondi et al. 2008). 
Noscomin shows antibacterial activity against Escherichia coli, Staphylococcus 
epidermidis and Bacillus cereus taken from Nostoc commune (Jaki et  al. 2000). 
Furthermore, stronger inhibition of green algea as compared to cyanobacteria was 
observed from isolated Nostocine A from Nostoc spongiaeforme (Hirata et  al. 
2003), while the growth of other cyanobacteria and green algae was introverted by 
Nostoc-isolated nostocarboline (Blom et  al. 2006). Growth of Salmonella typhi 
MTCC3216, E. coli ATCC25992, Mycobacterium tuberculosis H37Rv, Enterobacter 
aerogenes MTCC2822, Staphylococcus aureus ATCC25923 and Pseudomonas 
aeruginosa ATCC27853 was inhibited by hapalindole isolated from Fischerella sp. 
and Nostoc CCC537, thus showing antimicrobial activity (Asthana et al. 2009).

2.1.3  Control of Diseases

Some studies are carried out on cynobacterial activity on the suppression of plant 
pathogen both in plant (especially leaf portion) and soil. The activity of R. solina 
was significantly reduced by N. entophytum and Nostoc muscorum, which also 
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increased the survival rate, plant height, dry weight of root and shoot of soybean 
(Osman et al. 2011). Wilt disease of tomato caused by F. oxysporum was signifi-
cantly controlled by Nostoc linckia when applied in soil (Alwathnani and Perveen 
(2012). Powdery mildew caused by P. xanthii in zucchini was significantly reduced 
by application of Anabaena sp. which also enhanced the defense enzyme activities 
(Roberti et al. 2015) which were also confirmed by Prasanna et al. (2015) in maize.

2.2  Algae

A varied assemblage of photosynthetic species mostly aquatic is known as algae. 
Algae mostly include green algae which are unicellular organisms (Chlorella) and 
seaweeds which are marine multicellular algae (Sargassum). Table 1.2 shows the 

Table 1.2 Classification 
of algae

Phylum/class Alga species

Chlorophyta Caulerpa sertularioides

Chlorella

Ulva lactuca

Zygnema czurdae

Zygnema stellinum

Zygnema tenue

Phaeophyceae Ascophyllum nodosum

Cystoseira myriophylloides

Ecklonia sp.
Ecklonia kurome

Durvillaea potatorum

Fucus spiralis

Laminaria digitata

Leathesia nana

Padina gymnospora

Pelvetia canaliculata

Sargassum

Sargassum filipendula

Sargassum liebmannii

Stypopodium zonale

Undaria pinnatifida

Rhodophyta Corallina sp.
Eucheuma denticulatum

Gelidium pusillum

Gracilaria edulis

Halopithys sp.
Kappaphycus alvarezii

Porphyra umbilicalis

Rhodomela confervoides
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different phyla that include red algae (Rhodophyta), chlorophyta (green algae) and 
Ochrophyta (brown algae) (Guiry 2012). Algal composition is effected by harvest 
season, compounds such as polysaccharides and geographic location (Schiener 
et al. 2015), essential nutrients (Cu, Zn, Mn, Co, Mo etc.) and plant hormones (aux-
ins, abscisic acid and cytokinins (Craigie 2011). Furthermore, algae also show anti-
viral, antioxidant, antimicrobial and antifungal activities which have many 
applications in cosmetics, bioactive substances, pharmaceuticals and pigments pro-
duction (Sharma and Sharma 2017). Due to all these properties, algal application 
plays an important role in soil fertility and crop productivity (Arioli et al. 2015) in 
different agronomic and horticultural crops (Alam et al. 2013). The increment in 
postharvest life, disease control and resistance to biotic and abiotic stresses was 
reported in fruits due to the application of various algal extracts (Esserti et al. 2017).

2.2.1  Antifungal Activity

Several studies have shown the direct importance of pathogen resistance by algal 
extract (brown algae) having antifungal activity. Mycelial growth of Aspergillus 
spp. and Penicillum spp. and Fusarium oxysporum was significantly reduced by 
cyclohexanic and aqueous extracts from Sargassum sp. (Khallil et  al. 2015). 
Colonies of Rhizoctonia and Fusarium solani were inhibited by Padina gymnos-
pora and Sargassum laftifolium which contain methanolic extract (Ibraheem et al. 
2017). Ascophyllum nodosum, stypopodium zonale, Fucus spiralis, Pelvetia cana-
liculata and Sargassum muticum extracts contain terpenes and phenols which can 
suppress the growth of Colletotrichum lagenarium (Fernandes Peres et al. 2012). 
De Corato et al. (2017) reported that the mycelial growth and germination of spores 
of Botrytis cinerea were completely inhibited by Undaria Pinnatifida and Laminaria 
digitata. Furthermore, Gracilaria edulis that contains methanolic extract signifi-
cantly inhibits the mycelial growth of Macrophomina phaseolina (Ambika and 
Sujatha 2015) while water extract obtained from Gracilaria edulis minimized infec-
tions of Corallina sp. and Halopithys in zucchini (Roberti et al. 2016). Brown algae 
(Leathesia nana) and red algae (Rhodomela confervoides) contain bromophenol 
bis(2,3 dibrom-4,5- dihydroxybenzyl) ether which is an antifungal substance which 
reduced B. cinerea growth and Colletotrichum gloeosporioides (Liu et al. 2014). An 
extract acquired from Chlorella vulgaris (green microalgae) by process of enzy-
matic digestion can reduce the growth of B. cinerea (El-ghanam et al. 2015) and 
showed antifungal activity associated with flavonoids and phenols. These antioxi-
dant compounds are found abundant in alga (Ahmed 2016).

2.2.2  Antibacterial Activities

Active metabolites such as alkaloids, sterols, peptides and phlorotannins produced 
by marine macroalgae have a wide range of biocontrol activities against different 
pathogens in the ecosystem (Abdel-Raouf et al. 2015) which have attained much 
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consideration due to their antibacterial, antioxidant and cytotoxic properties 
(Moubayed et al. 2017). For example, leaf spot disease of Gymnema sylvestre (a 
precious medicinal plant) caused by Pseudomonas syringae can be minimized by 
methanolic extract obtained by Sargassum wightii (Kumar et al. 2008) but the little 
effect has been shown by ethyl acetate extract. Several other studies have shown that 
other taxa (Turbinaria conoides, Ulva lactuca, G. verrucosa, Chaetomorpha anten-
nina and Halimeda tuna) have less effective antibacterial activities against P. syrin-
gae though an evident effect was recorded by acetonic extract from Sargassum 
polyceratium (brown macroalga) against Erwinia carotovora, Escherichia colia, 
etc. (Kumar et al. 2008). Now ethanolic extract acquired from Caulerpa racemosa 
and S. polyceratium can work actively against Staphylococcus aureus (Arunkumar 
et al. 2005). Esserti et al. (2017) reported a reduction of crown gall disease of tomato 
caused by Agrobacterium tumefaciens by foliar application of aqueous macroalgal 
solution obtained from Fucus spiralis and Cystoseira myriophylloides.

2.2.3  Control of Diseases

The effectiveness of algal extract through soil or foliar application against different 
diseases has been reported in different crops in which disease control ability of 
brown algal extract is extensively reported (Righini et al. 2018). E. maxima algal 
extract applied through soil minimized the incidence of Verticillium wilt of pepper 
(Rekanović et al. 2010), while Ecklonia sp. algal extract applied as foliar spray was 
effective against powdery mildew in zucchini caused by P. xanthii (Roberti et al. 
2016). This fungal activity is due to the antioxidant activities of secondary metabo-
lites especially phenols that work both against plant and human pathogens. 
Moreover, Nagayama et al. (2002) reported the effectiveness of phlorotannins (algal 
phenols) acquired from Ecklonia kurome against methicillin-resistant Staphylococcus 
aureus. Athukorala et al. (2006) described the anticancer and antioxidant activity of 
Ecklonia cava phenols which was effective against murine colon cancer cell 
line CT-26.

In a 2-year experiment, Pugliese et al. (2018) reported minimizing powdery mil-
dew (causal agent: Erysiphe necator) in grapevine by applying laminarin which also 
controlled powdery mildew and leaf spot in several strawberry cultivars which were 
caused by B. cinerea and M. fragariae, respectively (Meszka and Bielenin 2011). 
Furthermore, the application of laminarin can be used as an alternative against grey 
mould in raspberry (Krawiec et al. 2016) and disease severity in strawberry caused 
by (Feliziani et al. 2015). B. cinerea hence can reduce B. cinerea resistance to fun-
gicide (Krawiec et al. 2016). Bromophenol (BDDE), a compound extracted from 
brown algae and red algae, can be used to treat strawberry for disease control caused 
by B. cinerea (Liu et al. 2014).

As previously mentioned, algal extracts can work directly (antifungal activity) or 
indirectly (induce plant resistance) against a fungal pathogen. In particular, it has 
been shown that cell wall and storage polysaccharides from green, brown and red 
seaweeds (marine macroalgae) corresponding to ulvans, alginates, fucans, 
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laminarin and carrageenans can trigger defense responses in plants enhancing pro-
tection against pathogens (Vera et al. 2011). Extracts obtained from brown algae 
(A. nodosum) is successfully investigated on many plant species especially in carrot 
against Alternaria radicina (Jayaraj et al. 2008) and cucumber against F. oxyspo-
rum, Alternaria cucumerinum and B. cinerea (Jayaraman et al. 2011). This might be 
due to their role to enhance enzymatic activities and synthesis of pathogenesis-
related proteins (PRs) by brown algal extract (Abkhoo and Sabbagh 2016). 
Sargassum filipendula extract (Ramkissoon et  al. 2017) and polysaccharide-
enriched extract from green algae Ulva lactuca (Hernández-Herrera et al. 2014) are 
effectively used to control disease symptoms in tomato caused by Xanthomonas 
campestris and A. solani, respectively.

3  Role of Algae in the Agriculture Sector

A diversified class of microbes that can perform photosynthesis is known as algae, 
which play a vital role in agriculture, used as a soil stabilizer and biofertilizer. 
Seaweeds from algal source can be grown on arid, desert and waste lands with very 
low demand of water and are used as a fertilizer and more effective to reduce runoff 
of phosphorus and nitrogen as compared to seaweed obtained from manures of live-
stock producing a carbon-less and healthy food. These are produced around the 
world which can be consumed as food supplements. These are an essential source 
of iodine, and levels of iodine in milk depend upon the feeding mechanism of a cow 
which is increased by application of seaweeds. Feed seasonings with algae enhanced 
the rate of egg-laying in hen (Abdel-Raouf et al. 2012).

4  Biocontrol Strategy of Phytopathogen

The protection of plants by using precise and directed components of an ecosystem 
is termed as biocontrol. Similarly, biological control is the regulation of pests’ pop-
ulation by use of biotic organisms, i.e. parasites, predators, and pathogens. It is also 
the use of organisms that live inside the host cells or utilization of introduced organ-
isms other than host plants resistant to the diseases for combating multiplication in 
their populations. They are classified based on their contribution to controlling phy-
topathogen attacks like facultative symbionts of plants and hyperparasites, and sap-
rophytes. The use of environmentally friendly methods like biological control is of 
great importance in maintaining the natural balance of pest population and is a slow 
process, acquiring few quick profits, but their effect is long-lasting and environmen-
tally friendly.
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4.1  Biological Control of Phytopathogen by Cyanobacteria

Different alternative methods of synthetic pesticides by natural microbial sources 
and light components have been used for controlling the attack of the pathogen in 
different ways as agents of insecticides, fungicides, and acaricide (Hassan 2007; 
Safonova and Reisser 2005; Amer et al. 2000; Ibraheem and Abdel-Raouf 2007; 
Duke 2002). These environmentally friendly methods despite their lethal effect on 
pests are widely used for maintaining the health of the environment and fauna dis-
tribution without effecting beneficial organisms. Biological agents like fungi and 
bacteria have been used for control of soil-borne pathogens. Various concentrations 
of nitrogen-fixing cyanobacterium (N. muscorum Ag) were used against damping- 
off disease. It was observed that the growth of damping causal agents like Sclerotinia 
sclerotiorum and Rhizoctonia solani growth was inhibited by the use of extracts 
from cells of N. muscorum or by extracellular products of this cyanobacterium 
(Caire et al. 1997). The usage of biological control agents like different algal taxa of 
different habitats was found effective against different plants or animal diseases and 
also against some plant pests. Some other studies were reported about the residual 
effect of algal sources against insect pests (Nassar et al. 1999). They also reported 
the larval development inhibition and the development and survival delay of adult 
female mosquitoes by cyanobacteria- and green algae-producing substances. The 
production of some potential substances by blue-green algae is of great importance 
quantitatively which acts as an approach to integrated pest management, and also a 
suitable environmental system of disease control revealing the significance of bio-
logical control agent as a basic component of techniques for the management of 
pests (Hassan 2007).

4.2  Exopolysaccharide

Cyanobacteria can be counted as the most significant source of exopolysaccharides, 
the extracellular polymers with changed chemical composition improving micro-
bial growth and soil structure, as well as exoenzymes activity (Hamed 2007; 
Ibraheem 2007). Sustainable agricultural farming to yield high crop production 
could be achieved by maintaining an adequate quantity of organic matters available 
in the soil. Cultivation of crops on soil with adequate nutrient changes the structural 
characteristics of soil and causes reduction of nitrogen amount and organic matter. 
Reduction in organic matter availability in the soil disturbs the soil aggregate stabil-
ity. Some cyanobacteria increase the availability of nutrients and improve soil struc-
ture by excreting mucilage or slime which spread all around the organism to an 
extent of dissolution in the soil solution or culture medium partially. The reclama-
tion of uncultivated soil such as saline and calcareous soil could be made suitable 
for agricultural operations by application of algal biofertilizers (Hedge et al. 1999). 
N. muscorum is one of the cyanobacteria that excrete exopolysaccharides and 
enhance the overall saline soil stability (Caire et al. 1997).
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5  Role of Cyanobacterial Products on Antagonistic Activity 
of Fungal and Bacterial Agents

Wide-ranging mechanisms have been used as defensive agents against pathogen 
development and disease incidence by showing different responses, i.e. to prevent, 
combat or control plant disease. For achieving maximum productivity and quality 
products, most of the growers depend on inorganic fertilizer and pesticides. 
However, the excessive use of agrochemicals for controlling disease and pest attack 
causes environmental pollution, adversely affecting the health of the environment, 
and also fear-mongering by some challengers of pesticides which significantly 
changed the attitude of people towards chemical pesticide use in the agriculture sec-
tor. Many plant diseases could be successfully controlled with the application of 
biocontrol agents, i.e. antagonistic microorganisms. However, their effect is very 
slow and costly, but its effect is time lasting and acts as the best control method of 
disease in greenhouse farming. The concern of people towards pesticide use as a 
preventive measure against pest and disease problems has brought the increasing 
interest in using alternatives to inorganic pesticides. Currently, few eco-friendly 
biological control vectors were used to control plant pathogenic fungi causing soil- 
borne disease. The biologically active compound produced by cyanobacteria (blue- 
green algae) and eukaryotic algae exhibiting antifungal, antibiotic and toxic activity 
counters to phytopathogens (Schlegel et al. 1998). Anabaena spp., Scytonema spp. 
and Nostoc spp. were found active against the growth of Cunninghamella blakeslee-
ana (soil-borne fungus) and damping-off (Bloor and England 1989). Seeds were 
treated with culture filtrates, or extracts produced by cyanobacteria and algae per-
formed better against damping-off fungi, i.e. Pythium spp., Rhizoctonia solani and 
Furarium spp. (Kulik 1995).

6  Mechanism of Interaction Between Pathogenic and Plant 
Diseases Biocontrol Agent

A combination of different types of interaction between organisms results in bio-
logical control under different experimental conditions; many mechanisms are 
operated during the characterization of mechanism followed in the biocontrol pro-
cess. Almost in all conditions, the presence and activities of other organisms 
encounter the antagonistic effect of pathogens. Therefore, the adaptation of differ-
ent antagonistic mechanisms produced by the directional spectrum associated with 
the specificity of interactions and the interspecies contact quantity has been focused 
in this study (Fig. 1.2).
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6.1  Hyperparasites and Predation

In hyperparasitism, biological control agents (BCA) are used to kill directly the 
pathogen or its propagules. Generally, hyperparasites are classified into major four 
classes, i.e. hypoviruses, obligate bacterial pathogens, facultative predators and 
parasites. An obligate bacterial pathogen of root-knot nematode, i.e. Pasteuria pen-
etrans, was used as an agent of biological control. Hyperparasites such as hypovi-
ruses (a fungus, i.e. Cryphonectria parasitica) that cause chest nut diseases were 
infected by virus that shows the effective result in reducing the disease-producing 
ability of the pathogen (hypovirulence) (Milgroom and Cortesi 2004). However, the 
success or failure of hypovirulence is dependent on the interaction of viruses, fun-
gus, trees and the environment. A number of plant pathogenic fungal parasites have 
been specified where some of them like Coniothyrium minitans attack on sclerotia 
and others like Pythium oligandrum attack on living hyphae, whereas hyperpara-
sites attack on the individual fungal pathogen, e.g. pathogens of powdery mildew 
were parasitized by a small fungal group, i.e. Acrodontium crateriforme, Acremonium 
alternatum, Ampelomyces quisqualis, Cladosporium oxysporum and Gliocladium 
virens (Kiss 2003). Some other attack on different developmental stages of phyto-
pathogenic nematodes (e.g. Dactylella oviparasitica, and Paecilomyces lilacinus). 
Microbial predation compared to hyperparasitism gives less predictable results of 
disease control and is more general and pathogen nonspecific. However, some under 
limited availability of nutrients show predatory behaviour compared to typical 
growing conditions. Some species of Trichoderma show differential response by 
activating the chitinase genes that are helpful against the cell wall of fungi to para-
sitize R. saloni.

Fig. 1.2 Mechanism of interaction between pathogenic and plant diseases biocontrol agent
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6.2  Antibiotic-Mediated Suppression

Antibiotics are known as microbial toxins which damage or kill different other 
organisms a minute quantity. Some of the microbes are considered as an important 
source of producing and secreting either single or many compounds with an antibi-
otic action which play an effective role in suppressing disease-causing plant patho-
gens. The growth of the target pathogens has been significantly suppressed by using 
antibiotics in vitro/in situ. Different biocontrol agents are important means of in situ 
antibiotics production (Pal and McSpadden 2006); moreover, estimated effective 
quantities are hard to measure because of their small quantity products as compared 
to other less toxic organic compounds available in the phytosphere. The suppression 
of diverse microbial competitors could be resolved by the production of antibiotics. 
Biological control could be enhanced by the production of antibiotics that inhibit 
the activity of different pathogens differentially. Phenazine and DAPG were pro-
duced by genetically engineered strains of Pseudomonas putida WCS358r and have 
been found effective by suppressing phyto-disease in wheat grown in the field 
(Glandorf et al. 2001).

6.3  Lytic Enzymes and Other By-Products of Microbial Life

The activity and growth of pathogen were significantly effective in the production 
of metabolites of a diverse group of microorganisms. Many microbes are used in 
suppressing plant pathogen activity directly by secreting lytic enzymes which 
hydrolyze several polymeric compounds, i.e. chitin, proteins, cellulose, hemicellu-
lose and DNA. Biocontrol activities of Lysobacter enzymogenes strain C3 signifi-
cantly show a positive response by a b-1,3-glucanase (Palumbo et al. 2005). The 
fungal plant pathogen is suppressed by Lysobacter and Myxobacteria that produce 
a significantly large number of lytic enzymes (Bull et al. 2002). In addition to these, 
indirect suppression of disease could be achieved by the activity of some products 
of the lytic enzyme. Oligosaccharides obtained from the cell wall of fungus are 
identified as an important source of plant host defense induction. Plant host resis-
tance against diseases was achieved by a strain of Lysobacter enzymogenes (C3) 
(Kilic-Ekici and Yuen 2003), though induction of these activities is not clearly 
understood. The ratio and composition of C:N of organic matter in the soil is mostly 
dependent on the activity of any and above compounds in disease suppression of 
phytopathogens that play a major role in providing a nutrient-rich environment in 
the soil and rhizosphere. Sometimes maximum disease suppression could be 
achieved by the improvement of these activities. The use of chitosan as a posthar-
vest biocontrol agent can stimulate the damage of microbial activity similar to that 
of using hyperparasites (Benhamou 2004) and also found effective against root rot 
caused by Fusarium oxysporum f. sp. radices lycopersici in tomato plant.
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7  Role of Cyanobacteria in Crop Protection

7.1  Cyanobacteria and Allelopathy

Biologically active metabolites used by single species are effectively used in inhib-
iting sympatric species growth which may act as a potential competitor for control-
ling annual variability and resources in the communities of phytoplankton (Vardi 
et  al. 2002). Several heterocystous cyanophycean genera such as Anabaena sp., 
Nostoc sp., Cylindrospermum, Scytonema, Calothrix, Rivularia, Chlorogloea, 
Gloeotrichia, and Nostochopsis have been shown to fix atmospheric nitrogen effi-
ciently, which improve the nutritional status of soil. Fischerella produce fischerel-
lins (A and B), and play role as alternative approach of allelopathy (Ganter et al. 
2008) but also play a role as alternative approach of allelopathy. The pentacyclic 
calothrixins produced by Calothrix strains act in allelopathic interactions in inhibit-
ing RNA polymerase and DNA synthesis (Doan et al. 2000). Nostoc 78-12A pro-
duced nostocarboline (a carboline alkaloid) that helps in inhibition of the toxin 
produced by cyanobacterium. Microcystis aeruginosa acts as an allelopathic agent 
and has significant effects on photosynthesis (Shao et al. 2009).

7.2  Application of Cyanobacterial Secondary Metabolites

Cyanobacteria are a major source of bioactive metabolites or compounds that con-
tain a varied range of nitrogen-rich alkaloids and peptides (Gervick et al. 2001). The 
significance of such microbes, which are known as the source of cyano-toxins and 
different other newly found biologically active compounds, is accepted and recog-
nized worldwide (Mundt et al. 2001; Kumar et al. 2005); however, their role as a 
chemical potential agent like biocontrol agents or in crop protection is less explored 
in agriculture. The attack of a disease-causing organism like bacteria, fungi, zoo-
plankton and eukaryotic microalgae could be reduced possibly by using cyanobac-
teria as a potential defense option of synthesis of highly active toxins.

7.3  Biological Control Perspective of Cyanobacteria 
Against Diseases

Cyanobacteria produce various secondary metabolites having hormonal, toxic, anti-
microbial and antineoplastic effects (Jaki et al. 2000) and are targeting prokaryotic 
as well as eukaryotic microorganism. Selected microorganisms show bioassays of 
aqueous and organic solvent extracts of antimicrobial compounds. Bioactive com-
pounds showed fungal activity against important fungi that act as a synthesis of 
antibiotics by lead production and open a gateway in the agriculture sector (Nagle 
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and Wedge 2002; Volk and Furkert 2006). Tolypothrix tjipanensis, cyanobacterium 
that produced tjipanazoles, revealed an effective response of showing fungicidal 
activity against Aspergillus flavus (Ozdemir et al. 2004). Several pathogenic fungi 
activities were reduced by fischerellin-A from Fischerella. Gram-positive bacteria 
showed antimicrobial activity by an unsaturated mixture of fatty acids from 
Oscillatoria redekei (Sabin et  al. 2003). Gram-positive bacteria showed positive 
activity in a sample of 22 different strains of cyanobacteria obtained either from 
terrestrial or freshwater environments while reported minute activity counters to 
gram-negative bacteria (Fig. 1.3).

7.4  Multiple Significant Roles of Cyanobacteria

Cyanobacteria can be considered as an excellent source of organic matter to the soil, 
synthesis of amino acid, auxins and vitamins, and oxygen supply in submerged 
conditions, increase phosphate solubility and enhance fertilizer efficiency in plants, 
while decreasing the contents of oxidizable matter and salinity (Kaushik 2004). 
They are also considered as an important agent of soil conditioner and nitrogen that 
represent renewable biomass resource which is increasing as a source of the novelty 
of bioactive molecules. They promote the production of plant hormones, and their 
antibiotics or toxic compounds have been observed in enzymes inhibiting the 

Fig. 1.3 Biological control perspective of cyanobacteria against diseases
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activities of phytopathogen (Sergeeva et al. 2002). Besides toxins, cyanobacterial 
biomass is also a source of a large number of active substances having fungicide, 
cytotoxic, algicidal, antibacterial and antiviral activities (Jaki et al. 1999). Green 
algae in paddy fields were controlled by the use of algicides obtained from cyano-
bacteria, and their better growth was also observed. The major component of Nostoc 
31 was nostocyclamide that has antibiotic and algicide activities. Mundt et al. (2002) 
observed the response of lipophilic and hydrophilic extracts for antibiotic, immuno-
modulating, antiviral and inhibiting activity of various enzymes in in vitro systems 
reporting various interesting effects.

8  Conclusion

For sustainable environmentally friendly farming, the reduction of synthetic fertil-
izers application and pesticides use is an interesting topic of the recent time. There 
has been mproved progress in cyanobacterial and algal biofertilizer products. On 
the other hand, application of cyanobacteria and algae use in controlling fungal and 
bacterial diseases is an innovative concept in sustainable agriculture. Recent studies 
reported remarkable growth in cyanobacterial biomass production for biofertilizers; 
a different supplement of foods, i.e. superfoods; and biofuels for farming of safe 
agricultural production. The most successfully emerged phyla of prokaryotes which 
were sustained during the evolutionary course were cyanobacteria. Along with so 
many applications in nutraceuticals, pharmaceuticals, food and feed industries, the 
ecological, morphological and genetic cyanobacterial diversity has led to the wide 
array of compounds production. The autotrophic nutritional mode is more dominant 
while some of the species of cyanobacteria can grow well in dark and anaerobic 
environments including Oscillatoria and Nostoc, while few cyanobacterial species, 
i.e. Nostoc, can also function in atmospheric nitrogen fixation. The cyanobacterial 
activity against phytopathogens has been studied both through their applications on 
leaves and soil surfaces. Green algae being unicellular and photosynthetic organ-
isms, i.e. seaweeds (multicellular marine algae), and Chlorella, such as a brown 
alga named Sargassum can reach up to a length of 1–3 m. Cyclohexane and aqueous 
extracts from Sargassum sp. inhibit mycelial growth of Aspergillus spp. by 
37–54.5%. Marine microalgae with an enormous spectrum production of syntheti-
cally vigorous metabolites, i.e. polysaccharides, cyclic peptides, sterols, polyketides, 
diterpenoids, alkaloids, quinones, glycerols and lipids, have a wide-ranging capabil-
ity of bacterial/biological activitity function against many other organisms. Both 
cyanobacteria and algae play a key role in sustainable agricultural farming as bio-
logical control agents. They also play a vital role as allelopathic sources and are 
eco-friendly for safe sustainable crop production.
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1  Introduction

Climate change alters abiotic factors, such as periods of drought, precipitation rates, 
temperatures, evaporation and light intensity, which, associated with the physical 
and chemical characteristics of the soil, trigger stresses on plants, which 
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consequently can impair development and productivity (Cramer et al. 2011; Ullah 
et  al. 2015; Maxton et  al. 2018; Martins et  al. 2018). Agricultural production is 
closely linked to environmental quality, which, when threatened, affects natural 
resources, of which soil plays an essential role because it is the primary source of 
the elements necessary for the growth and development of plant species (Akhtar 
et al. 2020).

2  World Agricultural Sector X Productive Challenges

This productivity is obtained when biotic and abiotic factors, including microbiota, 
water, light, soil and nutrients, are available and in balance, allowing cultures to 
express the maximum genetic potential (Cramer et  al. 2011; Fan et  al. 2018). 
Genetically improved cultivars are selected to enhance the gene expression of 
desired characteristics, such as rapid growth; productivity in the volume of grains, 
fruits, oils, seeds, biomass and wood; stem form; adaptability; quality; and resis-
tance to pests, diseases and abiotic factors, that is, anything that adds commercial 
value to culture and derived products (Miguel et al. 2016; Fonseca et al. 2017).

The new challenges facing the global agricultural sector are sustainable produc-
tion, that is, production without harming the environment. This takes into account 
the change in the global climate panorama that has undergone an intense process of 
change, according to the reports of the Intergovernmental Panel on Climate Change 
(IPCC). These reports highlight climate change in the world in recent decades, 
through rising temperatures and changes in rainfall patterns (IPCC 2007; Ullah 
et al. 2015). This modification will result in changes in the productive bioclimatic 
zones (Garcia et al. 2014a, b; Maxton et al. 2018).

3  The Interaction of the Soil System-Microorganism-Plant

The microorganisms and plants’ interaction system has the soil as a common com-
ponent since it can influence plant and microbial growth, whether in multiplication, 
survival and even in the metabolic activity present in ecosystems. In the soil, there 
is a high concentration of microorganisms, especially in the regions close to the 
roots of the plants. This region is defined as the rhizosphere, which is conceptually 
considered the portion of soil that is influenced by the roots (Hiltner 1904). Due to 
its complexity and diversity, the rhizosphere has no measurable shape and size, but 
a biological and physical-chemical gradient that changes radially and longitudinally 
around the root (McNear Jr 2013).

The root microbiome enables the presence of microorganisms by being enriched 
with root exudates, which have a high concentration of components with varying 
molecular weights, ions, carbon and free oxygen, mucilage and different primary 
and secondary metabolites. In addition to inhabiting this rich space and benefiting 
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from it, these microorganisms establish ecological relationships with the plant. 
Among the most important relationships for the agricultural sector are parasitism, 
commensalism and mutualism (Lebeis 2015; Ullah et al. 2019).

Mutualistic associations allow microbial communities to influence the adapta-
tion, development, health and survival of hosts, with plant-microorganism interac-
tions. This bond may be optional, as is the case of bacteria that promote plant 
growth, which colonize the rhizosphere, the rhizoplane and even the (endophytic) 
tissues, which act positively on the plant. These microorganisms can promote plant 
growth and control pathogens and pests, in addition to serving as anti-stress agents. 
Also, there are mandatory ones such as mycorrhizae (fungus-root association), 
whose function is to increase the water and nutrient uptake area (Gray and Smith 
2005; Farrar et al. 2014).

Plant growth-promoting rhizobacteria (PGPR) have several physiological mech-
anisms that contribute to the adaptation and induction of plant species resistance to 
abiotic stresses caused by edaphoclimatic changes (Kloepper et al. 1989; Kumar 
et al. 2019; Xia et al. 2020). The PGPR denomination helps to identify bacteria that 
are beneficial to plants and that consequently are efficient in increasing productivity. 
There is a range of PGPRs that are tolerant to abiotic stress conditions, which are 
the most suitable for use and/or applications in agricultural production (Vimal et al. 
2017), thus being a sustainable production strategy to reduce the side effects of 
xenobiotics to the environment (Fig. 2.1).

This productive strategy aims to use the natural relationships between microor-
ganisms and plants, calling this as the study of microbial biotechnology. The tech-
niques employed for this research line have been widely studied, as they are natural, 
sustainable and economical strategies in the development of production technolo-
gies for the industrial and agribusiness sectors (Bianchi et al. 2016; Fukami et al. 
2017; Ullah et al. 2019).

The use of microbial biotechnology in the handling of microbial inoculants for 
plant species has sought the development of new processes and methodologies to 
quantitatively assess the benefits induced by these microorganisms, such as 
increased nutritional content, productive gain (production, productivity and mass), 
tolerance and others. Many of these forms of assessment have been estimated by 
bioinformatics tools, based on molecular studies, encompassing all “omics” 
(Genomics, Proteomics, Metabolomics and Transcriptomics), the most used being 
Genomics and Proteomics (Sarim et al. 2020) (see Sect. 6).

4  PGPRs X Abiotic Stresses: The Main Mechanisms 
Involved in Resistance

Microbial biotechnology has been studied and applied in the screening of PGPRs 
that can survive in environments with extreme abiotic conditions, such as water or 
drought deficit, extreme temperature variations, flooding, salinity, soil acidity and 
the presence of heavy metals, able to quickly colonize the rhizosphere, mitigate and 
even induce host resistance (Xia et al. 2020).

2 Plant Growth Promoting Rhizobacteria in Amelioration of Abiotic Stresses…
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Soil microorganisms, which are capable of directly promoting plant growth 
(PGP), can provide nutrients and produce phytoregulatory substances and also show 
how the PGP produced can be evaluated (Fig. 2.2).

Plants under prolonged exposure to stress conditions show a significant reduc-
tion in AIA (indole-acetic acid) levels. Therefore, inoculation of AIA-producing 
microorganisms can induce variations in the synthesis of endogenous AIA in the 
plant (Goswami and Deka 2020). This concentration of AIA, provided by microor-
ganisms, allows roots to develop under stress, as well as photosynthetic production, 
which is not interrupted by low ethylene production.

The ethylene hormone has its biosynthesis regulated by environmental condi-
tions, which is why it is known as the “stress hormone” (Glick 2014). When in 
unfavourable conditions, the plant has its ethylene levels altered, and its homeosta-
sis is affected. ACC (aminocyclopropane carboxylic acid) is an immediate precur-
sor to ethylene, which can be degraded by the enzyme ACC deaminase, preventing 
the production of the hormone. Some bacteria act positively in such situations, as 
they produce ACC deaminase, thus preventing excessive endogenous ethylene pro-
duction. Rhizobacteria that produce high rates of ACC deaminase manage to reduce 

Fig. 2.1 The interactions between microorganisms (PGPR) and their availability in plant
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the susceptibility of plants to stressful environments, by stimulating the production 
of exopolysaccharides (EPS) that are on the surface and bind to cations (such as 
Na+). This connection results in the formation of films called “biofilm” (Maxton 
et al. 2018).

There are rhizobacteria capable of producing EPS that help them to survive harsh 
environments. Exopolysaccharides are formed from long chains of sugar units like 
glucose, galactose and rhamnose in several portions. They are released by the bacte-
rial cell during its growth and are not bound to the cell, being divided into two 
groups: homopolysaccharides (formed by monomers of the same species) and het-
eropolysaccharides (composed of different types of monosaccharides) (Etesami and 
Maheshwari 2018). EPS have anionic properties due to the acyl group, which also 
increases its lipophilicity and its interactions with other cations and polysaccharides 
(Kaushal and Wani 2016). Studies show that EPS production is more pronounced 
when bacteria are exposed to stress than under normal environmental conditions 
(Martínez-Gil et al. 2014; Naseem and Bano 2014). These EPS not only help in the 
survival of bacteria but also play an important role in the tolerance of plants to 
drought and salinity, as well as in plant growth (Vurukonda et al. 2016).

5  Types of Abiotic Stress

The authors of this chapter have built it by surveying the types of stress present/
recurring in annual and perennial crops (fruit and woody). The most described types 
of abiotic stress are of a water nature, always portrayed as drought, water deficiency 
and flood that causes anoxia; of a thermal nature that is described through low and 
high temperatures, in addition to freezing and frosts; of chemical nature of the soil, 

Fig. 2.2 The figure summarizes the difference between plants under abiotic stress and inoculated 
plants, which produce PGPs to combat or induce resistance to abiotic stress. Moreover, it shows 
the ways to evaluate the efficiency of the inoculation and the benefits of this. On the left is a plant 
under abiotic stress and the consequences of that stress. In the figure on the right, we can see an 
inoculated plant, accompanied by the production of PGPs beneficial to the plant, combating abiotic 
stress and evaluating the efficiency of these PGPs for plants
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the saline environment composed of high concentrations of Na+, Ca+2, Mg+2 and K+; 
and heavy metals, reaching toxic levels and pH, correlated to the concentration of 
Al+3 present in the soil.

An example of the multifunctionality of PGPR is Bacillus xiamenensis (PM14), 
proven to be a bacterium that promoted the tolerance of sugar cane (Saccharum 
officinarum) to salt stress and heavy metals, thermotolerant up to 45 °C with a pro-
duction of ACC deaminase and EPS production. It additively promotes the resis-
tance of sugarcane to fungal diseases of the root, by presenting 12 antibiotics (Xia 
et al. 2020).

5.1  Water Nature

Among the types of abiotic stresses, the most worrying are those of a water nature 
as they are one of the main causes of growth and productivity restriction of plants 
around the world (Martins et al. 2018). As a result of this stress, there is a reduction 
in the availability of animal and human food, in addition to losses in the economy 
(Kumar and Verma 2018). Therefore, looking for strategies that minimize the impact 
of drought, so that plant production can be maintained, is of great importance to 
satisfy the global demand for food production (Goswami and Deka 2020).

The result of an environment with a scarcity of water, with restricted and irregu-
lar rainfall distribution, is a dry environment. This has the effect of limiting water in 
the soil or the excessive loss of water by plants through the transpiration process in 
relation to the absorption of the roots, affecting vital processes such as photosynthe-
sis, respiration, carbohydrate metabolism and ion absorption (Ullah et  al. 2018; 
Akhtar et al. 2020). Water stress has historically reduced the productive yield of 
vegetables, especially grains and cereals, with rates of up to 10%. This is the result 
of changes in bioclimatic zones, as a result of climate change. It is estimated that in 
approximately 2050, productive land will suffer from drought in more than 50% of 
the areas, which will consequently affect world production (Jochum et al. 2019).

The mechanisms of reaction to water stress are being understood employing the 
adoption of traditional technologies that are linked to genetic engineering. The area 
of interest is microbial biotechnology, which uses the interactions between 
microorganism- plant cultivation (agricultural and forest) aiming to increase the pro-
ductivity of plant resistance (Card et al. 2016; Silva et al. 2016; Tang et al. 2017; 
Bilal et al. 2018).

When using Bacillus subtilis, strain GOT9, as a microbial inoculant in Arabidopsis 
thaliana and Brassica campestris, we observed responses to correlated saline and 
hydric stress. This statement is proven by the expressive gene expression of these 
plants. When the plant interacts with this microorganism in a dry environment or in 
the field, the RD29 and RAB18 genes encode the dehydrin protein, which forms a 
protective biomolecule during exposure to stress. RD20 is a kaleosin isoform, 
which, when expressed in greater quantity, increases the tolerance due to the control 
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of the stomatal opening (Woo et al. 2020). Dehydrins are the first proteins identified 
in plants with low- or high-water potential (dehydration), in saline environments 
and even at low temperatures (Banerjee and Roychoudhury 2016).

Other responses to water stress occur by reducing the turgidity of plant cells, 
which induce stomatal closure and consequently cause restriction of photosynthetic 
rate and cell elongation, managed by the hormonal balance of plants, mainly through 
the NCED3 gene, which acts on the biosynthesis of abscisic acid (ABA) (Woo et al. 
2020). The second response occurs in the roots, where proteins called aquaporins 
are activated. These proteins are present in the membranes of root cells that absorb 
water promptly (Gaspar 2011). However, understanding the processes of signalling 
the plants’ response to a lack of water is very complex, as there is no single univer-
sal route considered (Martins et al. 2018).

Research shows that some PGPR can stimulate the production of phytohormones 
such as endogenous ABA, AIA (Belimov et al. 2015; Forni et al. 2017), gibberellic 
acid (AG3) (Maxton et al. 2018) and cytokinin (Peleg and Blumwald 2011). The 
regulation of ABA stimulates the hydraulic conductivity in the roots and also the 
regulation of aquaporins, being an ally for plants in tolerance to drought (Goswami 
and Deka 2020). The combination of the production of AIA and AG3 increases the 
potential for water intake due to the increase in the number of root hairs (Maxton 
et al. 2018).

Potato plants grown in a greenhouse in different water potentials with and with-
out PGPR inoculation showed a 50% increase in root biomass and 40% in tuber 
yield when inoculated (Belimov et al. 2015). In the same study, when evaluated in a 
field experiment, inoculation increased tuber yield by 27%. Tahir et  al. (2019) 
reported that PGPRs inoculated in corn plants in dry condition produced AIA, ACC 
deaminase and EPS, increasing the water content and chlorophyll content in the 
leaves. Also, inoculation caused a gain in grain yield, not only in plants under dry 
conditions but cultivated in ideal field capacity. Chandra et al. (2019) observed that 
the inoculation of bacteria producing ACC deaminase in wheat plants under water 
deficit promoted the accumulation of nutrients and grain productivity gain, both in 
the variety of wheat resistant to drought and in those typically sensitive.

Another vital hormone during drought tolerance is cytokinin, as it delays senes-
cence and premature death of the leaves, which can increase the plant’s yield (Peleg 
and Blumwald 2011). The origin of the cytokinin can be endogenous by plants or 
microbial. Alfalfa plants inoculated with Sinorhizobium meliloti, a cytokinin pro-
ducer, experienced a delay in drought-induced senescence (Xu et al. 2012). When 
Methylobacterium oryzae was inoculated in lentil plants (Lens culinaris), changes 
in morphological and physiological patterns were correlated with water use effi-
ciency and cytokinin levels, deferring drought tolerance (Jorge et  al. 2019). 
Prolonged exposure to drought stimulates the production and regulation of phyto-
hormones, osmolytes, EPS and antioxidants by these bacteria, which induce the 
plant to a greater tolerance to stress, mainly due to morphological changes in the 
roots (Yang et al. 2009), as described earlier.
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Although less frequent than drought, excess water is an abiotic factor that gives 
stress to the plant, caused by an anoxic habitat. Flooding also influences the produc-
tivity of crops, causing physiological disturbances that result in a deficit in growth 
and agricultural yield (Grichko and Glick 2001; Sairam et al. 2009).

Excessive rainfall and flooding in poorly drained soils are the main situations 
that can lead plants to root hypoxia or anoxia (Barnawal et al. 2012). Some plants 
show tolerance to flooding due to the formation of aerenchyma and adventitious 
roots, induced by the interaction of AIA and ethylene (Ashraf 2019). Plants sensi-
tive to flooding can suffer several damages with the reduction of photosynthesis, 
closure of stomata, reduction of growth, epinastia and necrosis, which result in the 
loss of agricultural productivity (Grichko and Glick 2001; Barnawal et al. 2012).

Excessive endogenous ethylene produced in the roots due to flooding is the main 
inducer of chemical signals and physiological changes that affect all plant tissues 
(Barnawal et al. 2012). Ethylene, previously described as “stress hormone”, when 
in ideal concentrations, helps in root initiation, together with AIA, but in high con-
centrations, there are a decrease in oxygen and an increase in ACC synthase activity 
that suppress formation and root elongation (Ahmed et al. 2006).

The reduction of the levels of endogenous ethylene in the plant is one of the ways 
to mitigate the stress caused by flooding. Therefore, the inoculation of PGPR pro-
ducing ACC deaminase is an economical and ecological alternative that makes the 
plant more tolerant of flooding, as has been demonstrated in several studies. The 
ACC deaminase produced by these bacteria synthesizes ACC (immediate precursor 
to ethylene) in ammonia and α-ketobutyrate (Glick 2014).

Grichko and Glick (2001) evaluated the inoculation of Pseudomonas putida 
UW4 and Enterobacter cloacae CAL2 in tomato plants under flooding conditions. 
The study showed that inoculation increased the tolerance of tomatoes, resulting 
from the activity of bacterial ACC deaminase, which reduced the content and effect 
of ethylene in plants. Ocimum sanctum subjected to flooding conditions and inocu-
lated with several PGPRs that present desirable growth promotion mechanisms 
(ACC deaminase, phosphate solubilization, production of AIA and siderophores) 
had an increase in root and shoot growth and also a reduction in the ethylene content 
(Barnawal et  al. 2012). Nascimento et  al. (2012) tested the inoculation with the 
Mesorhizobium strain transformed with an exogenous ACC deaminase plasmid in 
chickpea plants (Cicer arietinum) under flooding. The results showed that there was 
an increase of 127% in nodulation and 125% in biomass of plants inoculated with 
the transformed strain, showing that ACC plays an important role in the develop-
ment of microbial inoculants, especially under stress conditions.

5.2  Thermal Nature

Current estimates of climate change suggest that the increase in temperature is a 
reality in the coming years (IPCC 2007). This increase in temperature will drasti-
cally reduce agricultural production on a global scale, as it alters the distribution of 
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productive bioclimatic zones and growing seasons, leading plants to early maturity 
and consequently to the anticipation of harvest (Porter 2005; Garcia et al. 2014a, b). 
The stress caused by high temperatures is one of the main limitations during anthe-
sis and grain filling in cereal crops from temperate regions (Ali et  al. 2011). In 
wheat, for example, which has an ideal temperature after anthesis of 15 °C, each 
1 °C above can cause a 3 to 5% reduction in grain weight (Wiegand et al. 1981).

High temperatures also cause denaturation, aggregation and inhibition of protein 
synthesis and inactivation of enzymes in mitochondria and chloroplasts, affecting 
the fluidity of membrane lipids causing loss of their integrity (Howarth 2005). All 
of these factors can lead to reduced growth and production of toxic compounds. 
Given this, the use of easily accessible, low-cost and environmentally friendly 
methods would be an alternative to minimize the impact of climate change, with the 
use of PGPRs being a promising path, as has been shown in some studies. This 
reflects directly on the search for wild PGPR, which inhabits regions with high 
temperatures to assess the potential in the production of growth promoters.

The low temperature is another limiting factor of productivity and with geo-
graphic distribution for many agricultural species. The stress caused by the cold 
leads to a series of molecular, biochemical, physiological and morphological 
changes, which are reflected in the fall in productivity (Barka et al. 2006). Cold- 
resistant plants tend to increase their tolerance to freezing when exposed, due to a 
phenomenon called cold acclimation (Thomashow 1999).

As previously reported in this chapter, inoculation with PGPR is a great ally of 
plants in tolerating adverse conditions, including low temperatures. PGPR species 
with the potential to reduce damage from this type of stress are generally isolated 
from regions with constant low temperatures or are found in mountainous regions. 
Bacillus subtilis and Pseudomonas corrugata strains, from the Himalayan region, 
inoculated in wheat (Tricicum tivum), proved efficient through the growth of plants 
in development and height, with greater enzymatic activity and phosphorus concen-
tration (Trivedi and Sa 2008; Trivedi et al. 2012). Vine seedlings (Vitis vinifera L.) 
inoculated with Burkholderia phytofirmans PsJN, between 4 and 26  °C, showed 
cold tolerance in addition to the increase in seedling biomass (6 and 2.2 times more 
biomass than in controls at 26 and 4 °C, respectively) and root growth (11.8 and 
10.7 times more than in controls at 26 and 4 °C, respectively), with an increase in 
the content of starch, proline and phenols, to the non-inoculated, demonstrating the 
growth and development stimulus of the vine by PGPR to withstand cold stress 
(Barka et al. 2006). In a second step, the use of the inoculant B. phytofirmans PsJN 
in grapevines increased the concentration of total soluble sugars, starch and sugars 
related to cold tolerance (glucose, sucrose and raffinose with its precursor, galacti-
nol) (Fernandez et al. 2012). These results were later explained by the increase in 
metabolic levels and expression rates of genes related to cold stress (Theocharis 
et al. 2012).
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5.3  Soil Chemical Nature

5.3.1  Salinity

Saline-sodium soils are considered to be those with electrical conductivity greater 
than 4  dS  m−1 in the saturation extract in the rhizospheric region and 15% of 
exchangeable sodium percentage (Sparks 2003). Saline environments cause ionic 
and osmotic stress, which results in the suppression of plant growth and conse-
quently loss of crop productivity (Baek et al. 2020). This type of stress influences 
almost 70% of rainfed land in the world (Goswami and Deka 2020), making it the 
most important factor for the abandonment of agricultural areas (Maxton et al. 2018).

Bacterial EPS shows remarkable performance for plants in dry conditions. 
However, they can be very favourable in salinity conditions. In these environments, 
EPS can bind to Na+ free ions due to their anionic property, thus preventing their 
absorption by the plant (Upadhyay et al. 2012). In a study that evaluated the effect 
of Pseudomonas putida (strain Rs-198) under conditions of salt stress in cotton 
plants, it was possible to verify that there was an increase in the uptake of Ca+2, K+ 
and Mg+2, in addition to the decrease in uptake of Na+ by plants, reducing the nega-
tive impact of stress (Yao et al. 2010). Tewari and Arora (2014) found an increase in 
the growth of sunflower plants under salinity when inoculated with P. aeruginosa. 
The authors attributed this effect to the production of EPS by the bacterium.

Several studies demonstrate the benefit of inoculating AIA-producing bacteria in 
plants under salinity conditions. The inoculation of wheat plants with strains of 
Pseudomonas spp., which produce AIA, increased root growth by 40% and the 
number of new shoots in salt stress situations by 52% (100  mmol  L−1 of NaCl) 
(Egamberdieva 2009). Rabhi et al. (2018) found that inoculation of Pseudomonas 
knackmussii, producer of AIA in Arabidopsis thaliana, promoted growth and 
decreased oxidative stress caused by salinity compared to uninoculated plants.

Saline stress is also capable of inducing the supra-optimum production of ethyl-
ene by the plant, causing damage to its development. For this reason, the production 
of bacterial ACC deaminase acts directly in maintaining plant growth in saline envi-
ronments (Bal et al. 2013). The application of Pseudomonas fluorescens TDK1 pro-
moted the growth of peanut plants, as well as a greater tolerance to salinity 
(Saravanakumar and Samiyappan 2007). In wheat plants inoculated with Bacillus 
mojavensis k78 at different levels of salinity, a positive effect occurred, such as gain 
in dry mass of roots and shoots, mainly in the highest concentrations of salts 
(Pourbabaee et al. 2016). In pepper plants, Wang et al. (2018) found that inoculation 
with Bacillus sp. AWU5 increased the fresh and dry mass, root length and shoot in 
salinity conditions, compared to uninoculated plants.

In addition to helping plants under salinity conditions through hormonal regula-
tion, rhizobacteria also produce osmolytes, which are organic molecules responsi-
ble for balancing the osmotic difference between the cytosol and the external 
environment. Rhizobacteria can also produce antioxidant substances, which reduce 
the damage caused by salinity in plants. Jha et al. (2011) observed that co-inocula-
tion with Pseudomonas pseudoalcaligenes and Bacillus pumilus increased salinity 
tolerance through the production of osmoprotectors and antioxidants in the early 

P. H. R. Monteiro et al.



35

stages of rice plant growth. Abd-Allah et al. (2018) inoculated chickpea plants with 
a strain of Bacillus subtilis, which significantly increased plant growth by modulat-
ing the antioxidant system, eliminating oxidative damage caused by salinity.

Plants, when subjected to salt stress, can express genes such as RD29, RD29A 
and RD29B, which are part of the dehydrin family, proteins responsible for reduc-
ing the water conductivity of the roots and inducing the autophagic degradation of 
aquaporins. The RD20 and NCED3 genes are expressed during water stress (see 
Sect. 5.1) and, when in greater quantities, increase salinity tolerance (Woo et al. 
2020). Other genes expressed, but in Brassica campestris is the SOS1 gene, essen-
tial for the occurrence of Na+ and K+ ions homeostasis; and WRKY8, considered as 
a positive regulator in salt stress, which stimulates the increase in the levels of 
endogenous ABA and the ABA responsible for stress. Bacillus oryzicola, strain 
YC7007, when inoculated in Arabidopsis thaliana, induced the plant’s resistance to 
salinity through the expression of the SOS1 gene, plant growth and increased num-
ber of side roots, in addition to greater fresh weight and chlorophyll rates (Baek 
et al. 2020).

5.3.2  Soil pH

The pH variation depends on the soil formation factors, that is, source material, 
relief, climate and organisms as a function of time. Another factor that influences is 
the use of the soil, being the management adopted crucial to maintain the physical- 
chemical and mainly biological characteristics, which will directly affect the pro-
ductive potential of the crops, whatever they may be. Therefore, it is possible to 
obtain acidic soils with a pH below 5.5 and alkaline soils where the pH is above 6.5. 
This varies depending on the species and its pH tolerance.

Acid soils limit the growth of PGPRs groups and the root system, consequently 
the development of the aerial part of crops. The main responsibility for the toxicity 
in acidic soils is the high concentration of aluminium in the form Al+3, which is 
soluble in water and readily available for the absorption of plants (Sparks 2003). In 
alkaline soils, exchangeable aluminium is neutralized, as it is converted into species 
unavailable for root absorption. In addition to aluminium, other nutritional elements 
in the soil have reduced availability for the plant, such as micronutrients, iron, man-
ganese, cobalt, zinc, boron and selenium, and also macronutrients, nitrogen, phos-
phorus and sulfur, causing damage to plant development. Also, molybdenum and 
chlorine have increased availability, making them potentially toxic to plants.

The inoculation of maize (Zea mays) with Bacillus and Burkholderia in soils 
with pH below 5 increased the length of the roots, between 1.4 and 2 times, respec-
tively, in soils contaminated with aluminium, which reduced by up to 65% the for-
mation of roots in control plants, proving that these microorganisms are efficient in 
combating the toxic effect of aluminium. However, only plants inoculated with 
Burkholderia were able to reduce the accumulation of aluminium by 50%, with a 
30% increase in phosphorus in the roots, while plants inoculated with Bacillus did 
not show the same result (Arora et al. 2017). This observation of the inoculation of 
Bacillus in maize was not observed in wild isolates of the family Bacillaceae 
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(Bacillus and Halobacillus), performed by Banik et al. (2018), which proved the 
ability of these isolates to tolerate aluminium and acid pH variations (up to 6), to 
alkaline environments (pH up to 10), enhancing their use in search of the benefits 
that these microorganisms can provide to plants when used in limited 
environments.

Phosphorus is one of the main elements whose availability is influenced by soil 
pH. It is estimated that 70 to 90% of the phosphate applied via mineral fertilization 
to the soil is immobilized in iron and aluminium oxides in acidic soils and precipi-
tated as calcium phosphate in alkaline soils (Norrish and Rosser 1983; Lindsay 
et al. 1989).

Insoluble forms of P, such as tricalcium phosphate (Ca3PO4)2, aluminium phos-
phate (Al3PO4) and iron phosphate (Fe3PO4), can be converted into soluble P by 
solubilizing organisms that inhabit different soil ecosystems (Song et  al. 2008; 
Sharma et al. 2013). Among the soil bacterial communities, ectorizospheric strains 
such as Pseudomonas sp., Bacilus sp., Burkholderia sp. and symbionts such as rhi-
zobia have been described as effective phosphate solubilizers (Igual et  al. 2001; 
Song et al. 2008).

The ability of rhizosphere bacteria to solubilize insoluble phosphates is attrib-
uted to primary mechanisms such as the excretion of H+ ions, the production of 
organic acids and the biosynthesis of acid phosphatases (Arcand and Schneider 
2006; Richardson and Simpson 2011). Among the organic acids produced, we can 
mention acetate, lactate, malate, oxalate, succinate, citrate and gluconate, which 
form complexes with iron or aluminium present in iron and aluminium phosphates, 
thus making the phosphate present in the soil available for plants (Gyaneshwar et al. 
2002). These microorganisms can grow in media with tricalcium phosphate or simi-
lar insoluble materials as the only source of phosphate and not only assimilate the 
element but also solubilize quantities beyond their nutritional requirements, making 
the surplus available to plants (Chen et al. 2006).

Countless studies have already demonstrated the effect of inoculation of 
phosphate- solubilizing bacteria on plants. Afzal and Bano (2008) inoculated a rhi-
zobia strain associated with a phosphate solubilizing bacterial strain, in wheat culti-
vation in a phosphorus-deficient sandy soil. They found an increase in phosphorus 
absorption, 30 to 40% more than when compared to the treatment that received only 
fertilizer application. In addition, there was a significant increase in dry root weight, 
plant height, ear length, grain yield and sugar and leaf protein content.

5.3.3  Heavy Metals

One of the ways to decrease toxicity by heavy metals in plants is through the con-
version of these bioavailable elements to inert organisms. Many rhizobacteria can 
perform this conversion, reducing the toxicity of the element in the rhizospheric 
region, so that the plant does not absorb them (Etesami and Maheshwari 2018). This 
is an economical and ecological alternative for the reduction of heavy metals in 
contaminated environments (Congeevaram et al. 2007; Khan et al. 2012). PGPRs 
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produce organic acids such as citrate, oxalate, gluconic acid, etc., with complexing 
properties of heavy metals, reducing the potential toxic effect for plants (Archana 
et al. 2012; Xu et al. 2012). They are also capable of performing bioleaching and/or 
immobilization by intracellular accumulation and transformation into non-toxic 
forms by extracellular enzymes (Wani et al. 2009; Khan et al. 2012).

In addition to the direct effects on toxicity, these heavy metal-tolerant microor-
ganisms can promote plant growth through their multiple mechanisms. Organic 
acids produced by these bacteria can increase the availability of nutrients such as P 
and K (Patel et al. 2010); in addition to protecting plants from pathogens by synthe-
sizing antimicrobial, cyanogenic and siderophore compounds, they produce AIA, 
resulting in a better yield of plants grown in contaminated soils (Oves et al. 2013).

Oves et  al. (2013) evaluated the inoculation of a chromium-resistant strain 
(Pseudomonas aeruginosa OSG41) in chickpea plants, grown in the presence of 
hexavalent chromium. The authors observed that inoculation with the bacteria 
reduced the uptake of Cr by 36% in the root, 40% in the aerial part and 40% in the 
grains. Also, there were an increase in dry mass of the aerial part and greater absorp-
tion of nutrients (N and P), grain production and nodulation. Moreira et al. (2014) 
found that inoculation with Ralstonia eutropha reduced cadmium toxicity in corn 
plants in a greenhouse. The inoculation reduced the accumulation of metal in the 
plant by immobilization, which led to a low translocation to the aerial part.

A study that evaluated rhizoremediation using the inoculation of Sedum plumbi-
zincicola plants with Bacillus sp. SC2b proved to be efficient in reducing metals 
such as cadmium and zinc in contaminated soils (Ma et al. 2015). The results of the 
study showed that the inoculated plants had a significantly higher accumulation of 
Cd and Zn, demonstrating the effectiveness of inoculating plants with this strain in 
mobilizing metals for rhizoremediation in contaminated soils. Besides, the bacteria 
increased the root and shoot biomass and also the leaf chlorophyll content. In the 
same sense, Shreya et al. (2020) tested the inoculation of Cr-tolerant strains in the 
cultivation of chickpea plants in a greenhouse, in the presence of Cr. The authors 
found that inoculation promoted plant growth (increasing root and aerial part bio-
mass and plant length), in the presence of Cr in the soil. It was also reported in the 
study that inoculation increased phytostabilization, accumulating more Cr both in 
the root and in the aerial part of the plant, demonstrating the potential as a soil bio-
remediation agent.

The use of B. subtilis and P. putida in two species of wheat (Triticum aestivum) 
grown in a greenhouse in two doses, 10 mg kg−1 (low) and 20 mg kg−1 (high) of Cd, 
presented positive responses with a higher germination rate even in the presence of 
two heavy metal dosages. It also showed higher growth and lower metal concentra-
tion rates in plant tissues, demonstrating the ability of these bacteria to induce resis-
tance to stressful environments, as well as the potential for rhizorremediation 
(Khatri et al. 2020).

The use of PGPR tends to be successful because they colonize plants subjected 
to different types of stress. Two bacteria from the Bacillaceae family (Bacillus and 
Halobacillus) inoculated in peanut seedlings in vitro under saline stress (1% NaCl) 
and heavy metals (Zn, Al and Pb) showed a positive response to physiological 
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parameters. In addition, plants inoculated with bacteria showed lower concentra-
tions of heavy metals, demonstrating the possible proto-cooperation in supporting 
resistance to saline and contaminated environments (Banik et al. 2018).

6  Genetic Plant-Microorganism Interaction: An Application 
of Proteomics in the Detection of Phyto-Beneficial Actions 
Induced by PGPRs

The use of genomics, transcriptomics and proteomics in the agricultural scenario 
(according to topic 2) allows the researcher to understand how genes and genetic 
information of organisms are organized within the genome and how they interact. 
Through the generation and order of sequences, integration of physical maps, iden-
tification of genes and polymorphism, expression of gene products (transcribed) 
and the structuring of proteins, the researcher can analyze the functional data and 
predict possible genetic expressions and metabolic routes that are associated with 
the induction of phyto-beneficial actions of PGPRs in cultivated plants.

The soil-rhizosphere-rhizoplane-endophyte-plant system is a dynamic and coor-
dinated unit that exercises a unique interaction with the components of the environ-
ment, generating several phyto-beneficial responses for plant growth (Carvalho 
et  al. 2016). These adaptive responses are correlated with the reciprocal genetic 
regulation between bacteria and plants during the signaling process, plant coloniza-
tion and establishment (Dhawi 2020). When we analyze the mutual influence 
between microorganisms and plants, the understanding of the genetic and biochem-
ical mechanisms that regulate the type of plant-microorganism interaction has not 
yet been fully elucidated. One of the key points for understanding this interaction is 
to understand how plants use different signaling pathways to recognize and distin-
guish beneficial microorganisms from pathogens.

The sequence of steps that occurs during the associative process has demon-
strated the existence of the formation of different amounts of transcriptomes in a 
single individual, which makes it difficult to read sequentially all transcripts; more-
over, mRNA abundance is not always well correlated with protein abundance, since 
the activity of proteins encoded by mRNA is regulated at various levels after expres-
sion (Salvato and de Carvalho 2010). The development of proteomic tools has 
greatly facilitated the application of protein analysis to investigate plant- 
rhizobacterial interaction (Singh et al. 2017).

Proteins and their functional interactions form a network of connectivity that 
needs to be considered for a complete understanding of biological phenomena. The 
STRING platform (https://string- db.org/) is the main database that involves and 
integrates all publicly available sources on protein-protein interaction information 
(Szklarczyk et al. 2019). Thus, the BLAST (Basic Local Alignment Search Tool) 
matrix determines the average percentage similarity between the proteomes, mea-
suring the proportion of gene families conserved and shared between the strains and 
the total number of gene families within each strain. The absolute number of 
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families of genes shared and combined for each microorganism is displayed at the 
output of the matrix, determining the number of proteins shared between each 
proteome.

Transcriptional factor-type proteins function as repressors or gene activators 
(Poupin et al. 2016) in stressful situations such as anoxia, high temperatures, freez-
ing, water deficit, pH and salinity, among others. PGPR inoculation improves the 
expression of sLTPs (non-specific lipid transfer protein), which are small basic pro-
teins present in abundance in plants and which are involved in key processes of 
plant cytology, such as membrane stabilization, cell wall organization and signal 
transduction (Singh et al. 2017).

The expression of several proteins associated with biotic stress such as ACC 
deaminase, APx, ArsR, Aux_AIA, kaleosin, carbohydrate kinases (FGGY_C), 
cafeoil-CoA O-methyltransferase (CCoAOMT), cold shock, dehydrin, FTsZ, phos-
phodiesterase, glutathione S-transferase (GST), heat shock protein 70 (HSP70), 
MreB_Mbl, nsLTPs4, sulfatase, thioredoxin H, thaumatin, ubiquitin, ribulose car-
boxylase large chain, hama-glutamyl-hydrolase (GGH) and vegetative storage gly-
coprotein (VSP) among others (Tables 2.1 and 2.2), are increased 2 to 10 times 
more in the plant cell system.

Studies with Pseudomonas sp. inoculated in sorghum seedlings revealed the 
increased presence of reciprocal stimulation of proteins FtsZ, MreB, Mbl, AcrR and 
ArsR (Table  2.1) during and after colonization (Dhawi 2020). The use of 
Enterobacter cloacae in response to salt stress (with NaCl) resulted in the regula-
tion of several proteins such as tubulin, profilin, retinoblastoma, CASP (casparian 
membrane protein) and xyloglucan endotransglycosylase (Singh et al. 2017). These 
act in the lignin biosynthesis and acceleration of protein synthesis, strengthening of 
the cell wall and in the maintenance of the cell structure to prevent damage during 
the salt stress condition, leading to the synthesis of storage proteins and osmopro-
tectors. Paenibacillus polymyxa inoculated in watermelon roots induced the expres-
sion of caffeoyl-CoAO-methyltransferase (CCoAOMT), glutathione S-transferase 
(GST) and ubiquitin, which act in the regulation of unwanted proteins, increase the 
plant’s hardiness and resistance to compression, while it resists damage, metabolic, 
biotic and abiotic stress involved in growth, photosynthesis and other metabolic and 
physiological activities (Yaoyao et al. 2017). The use of Bacillus sp. and Arthrobacter 
pascens also under salt stress resulted in the production of ACC deaminase, bacte-
riocin and siderophores (Ullah and Bano 2015). Pseudomonas simiae inoculated in 
soybeans produces positive regulation of the large subunit of RuBisCo, showing an 
increased abundance of photosynthesis and proteins related to abiotic stress in the 
expression of VSP and GGH (Vaishnav et al. 2015).

The mRNA expressions of ACS gene transcripts are commonly found in plants 
located in typically stressful environments, such as nutritional imbalance, heavy 
metal toxicity, drought and salinity, potentiating the production of ACC oxidase 
(ACO). The inoculation of PGPRs in several cultures reduces the accumulation of 
ACO in the roots and increases the expression of ACC deaminase (typically of 
microbial origin) reducing the deleterious action of ethylene (ACO) (Saikia et al. 
2018), inducing morphological changes and biochemical, resulting in systemic tol-
erance induced to abiotic stresses (Etesami and Maheshwari 2018).
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Table 2.1 Role of proteins in promoting plant growth induced by PGPRs on abiotic stress

Proteina Function References

ACC deaminaseb Generation and regulation of phytohormones, 
production of siderophores, fixation, solubilization, 
mineralization of essential nutrients, hydrolysis of 
the fungal cell wall and ISR systemic induction and 
inducer of EPS production

Etesami and 
Maheshwari 
(2018)

Aux_AIA Repressor of genes of early response to auxin in low 
concentrations, with an accumulation of RNA in 
roots, inflorescences and flowers

Poupin et al. 
(2016)

Kaleosin Responsible for the functional regulation of the 
stomatal opening and closing control mechanism

Woo et al. 
(2020)

Carbohydrate kinase 
(FGGY_C)

Bacterial signaling and increased sugars and 
carbohydrates (>plant biomass)

Dhawi (2020)

Cafeoil-CoA 
O-methyltransferase 
(CCoAOMT)

Regulation and biosynthesis of lignin Yaoyao et al. 
(2017)

Large ribulose 
carboxylase chain

Ribulose carboxylase bisphosphate activity 
(RUBISCO) in the activation of photosynthesis

Vaishnav et al. 
(2015)

Cold shock Reduction of damage caused by intracellular 
freezing, by hydrogen bonding to the ice crystal 
network, modification of the structure and 
propagation of ice crystals

Singh et al. 
(2017)

Dehydrin Reduction of water conductivity of roots and 
induction of autophagic degradation of aquaporins

Woo et al. 
(2020)

Gamma-glutamyl 
hydrolase (GGH)

Activation of peptidase, metabolic process of 
glutamine

Vaishnav et al. 
(2015)

Vegetative storage 
glycoprotein (VSP)

Activation of acid phosphatase activities inducing 
the nutrient reservoir

Vaishnav et al. 
(2015)

FTsZ Tubulin-related protein connected to bacterial 
membrane

Dhawi (2020)

Phosphodiesterase Repair of DNA-protein crosslinking in plants 
(>tolerance to biotic and abiotic conditions)

Dhawi (2020)

Heat shock protein 70 
(HSP70)

Protein translocation, protection and maintenance of 
cellular homeostasis during the stress period; 
regarding the biogenesis of other proteins

Dhawi (2020)

MreB_Mbl Encodes genes related to bacterial cell membrane 
protein FtsZ

Dhawi (2020)

nsLTPsc Transfer of phospholipids and glycolipids across 
membranes and deposition of wax on the cell wall 
of expanding epidermal cells and secretory tissues

Singh et al. 
(2017)

Sulfatase Hormonal regulation; cell degradation and 
remodeling of signaling pathways

Dhawi (2020)

Thioredoxin H Antioxidant action on shoot development and leaf 
photosynthesis under stress

Singh et al. 
(2017)

Thaumatin Formation of disulfide bonds, which provide protein 
stability under varying thermal and pH conditions

Singh et al. 
(2017)

Ubiquitin Regulator of unwanted proteins in the autoimmune 
system by the ubiquitin-proteasome pathway

Yaoyao et al. 
(2017)

aDomain
b1-aminocyclopropane-1-carboxylate
cNon-specific lipid transfer protein
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In the ethylene biosynthetic pathway, S-adenosylmethionine is converted by 
ACC synthase into ACC, the immediate precursor of ethylene, which immediately 
after the onset of stress produces small peaks of ethylene, consuming the ACC pres-
ent in plant tissues and probably activating the synthesis of defensive genes within 
the plant, initiating the inhibitory processes of plant growth and survival, as an 
example of chlorosis, abscission and senescence, caused by secondary peaks of 
harmful ethylene. The ACC deaminase produced by PGPRs degrades the plant’s 
ACC under stress to provide nitrogen and energy, which reduces the harmful effect 
of ethylene and consequently improves the plant’s stress tolerance (Etesami and 
Maheshwari 2018).

The bioprospecting of new proteins has revealed major discoveries such as chlo-
rophyll a/b binding protein 40 (cab-BO3–1), known to increase in quantity during 
development and exposure to light, increased about twice with inoculation of 
Bacillus subtilis JS in plants of Lactuca sativa and Nicotiana tabacum (Kim et al. 
2018). The combined inoculation of Pseudomonas brassicacearum, Bacillus 
thuringiensis, Bacillus cereus W6 and Bacillus subtilis induced thermotolerance 
through the production of heat-tolerant proteins of high molecular weight, in addi-
tion to increasing the activity of antioxidant enzymes in the plants of Zea mays 
L. (Ashraf et al. 2019). The identified proteins can be useful for genetic transforma-
tion and thus improve the mechanism of tolerance to adverse culture conditions. 
Corroborating the application of PGPR-based bioinoculant benefits the plant, induc-
ing the expression of several proteins involved in growth, photosynthesis and other 
metabolic and physiological activities.

7  Conclusions and Future Perspectives

World agriculture is undergoing major changes due to climate change and human 
pressure. These are capable of modifying agricultural soils, depleting it by the 
intense exploitation of mineral nutrients that allow for the productive supply 
required by global food demand. These changes cause a series of abiotic stresses, 
which are limiting production, such as availability of water (drought, flood), tem-
perature (heat, cold and freezing), salinity, soil acidity and heavy metals, creating an 
alert about the management of crops. Thus, there is a need to explore more sustain-
able production systems, in which the exploration of the environment must be bal-
anced and/or more similar to the natural ecological functions, mainly with the 
reduction of the use of resilient synthetic xenobionts.

In this chapter, we present the success of microbial biotechnology, which through 
its techniques, can be used as an alternative means by rural producers to overcome 
the challenges of today’s agriculture. The adoption of the use of biotechnological 
products of microbial origin in production systems has proven the potential of their 
use through the processes of bioprospecting of microorganisms in plants and inocu-
lation of PGPRs that benefit plants. The review shows how it is possible to evaluate 
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and quantify the benefits promoted by microorganisms in association with plants, 
such as increased production, development and plant growth and expressiveness in 
secondary metabolism. Numerous quali-quantitative tools can be used to evaluate 
the gains achieved by the use of this technology, such as analysis of gene expression 
and proteomics, production determination by scale and estimates.

Understanding the beneficial effects of PGPs on the interaction processes that 
make up the soil-microorganism-plant system points to the need for further research 
on biotechnological development for microorganisms present in soil and inside 
plants, to leverage and improve technologies developed over the last few decades. 
This is necessary since the adaptability of organisms to climate and soil conditions 
is a key point for the positive effect of microbial inoculants.

The authors believe that the new directions of microbial biotechnology will 
occur on the bioprospecting of new microorganisms in the production system 
in  locu, which will make it more efficient, production of formulations and tech-
niques for applying mixtures of strains that have distinct and complementary sec-
ondary action/metabolisms of action. The prospects for this branch of science are a 
reality, as technical-scientific and productive advances have proven to be efficient 
when applied to the most diverse agricultural environments, under different types of 
management and cultivated agricultural species, with economic gains. These results 
have leveraged the public and private sectors, stimulating the creation of public 
policies aimed at promoting and encouraging the research and commercial sectors 
to create, develop and produce biotechnological products aimed at sustainable agri-
cultural production.
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1  Introduction

Marine macroalgae or seaweeds are multi-cellular autotrophic organisms mostly 
inhabiting shallow waters and generally live attached to rock or other hard substrata 
in coastal areas using holdfast. They absorb water and nutrients in all their tissues, 
directly from the surrounding water and perform photosynthesis also in all their tis-
sues (PRNSA 2013; Seaweeds 2020). Consequently, they can grow only when the 
penetrating light is sufficient for photosynthesis, and therefore in clear waters, mac-
roalgae can survive and grow at depths of >200 m but in muddy water, this is only 
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a few meters (Seaweeds 2020). Macroalgae can produce even 2–14 kg of organic 
carbon per square meter on an annual basis, which is pronouncedly more compared 
to terrestrial plants in temperate climates (ca. 1 kg) (Mouritsen 2013). Moreover, 
seaweeds contain high mineral content which could achieve even tenfold greater 
values compared to that of terrestrial plants, accompanied with a wide variety of 
vitamins, and therefore several of them can serve as a food source for consumption 
by humans or as feed for animals (O’Sullivan et al. 2010; Kraan 2013; Mouritsen 
2013; Cherry et al. 2019). Over 10,000 species of seaweeds are known, and based 
on their unique coloration affected by pigments (chlorophyll and accessory pig-
ments) they could be classified into three different groups: brown algae (Pheophyta), 
red algae (Rhodophyta) and green algae (Chlorophyta) (PRNSA 2013). From sea-
weeds more than 1800 species belong to Chlorophyta, ca. 2000 species to Phaeophyta 
and over 7200 species to Rhodophyta (Seaweeds 2020). Some widespread genera of 
brown, red and green seaweeds are presented in Fig. 3.1.

Seaweeds inhabiting marine environment are exposed to various abiotic stresses 
such as increasing temperature, high light, UV light or toxic metals and eventually 
repeated desiccation-rehydration cycles in intertidal species adversely affecting 
their growth and development (Schmidt et al. 2012; dos Santos et al. 2014; Ramesh 
et al. 2015; Zhu et al. 2015; Farias et al. 2017b; Tala et al. 2017; Scherner et al. 
2018; Capdevila et al. 2019; Quintano et al. 2019; Terada et al. 2020; Thomsen et al. 
2019). Exposure of many seaweed species to strong solar irradiation results in 
reversible photoinhibition (Betancor et al. 2015; Tala et al. 2017). However, high 
light alleviated inhibitory effects of a high temperature of 30 °C on the growth and 
physiological parameters of Ulva prolifera (Jiang et al. 2020). Biomass yield and 
photosynthetic performance of seaweeds pronouncedly decrease at exposure to 
metal excess, accompanied with declined levels of photosynthetic pigments and 
ultrastructural alterations of chloroplasts (dos Santos, et  al. 2014; Farias et  al. 
2017b; Scherner et al. 2018; Celekli and Bulut 2020; Dong et al. 2020). Moreover, 

Fig. 3.1 Some widespread genera of brown, red and green seaweeds
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metal amounts bioaccumulated in seaweeds are excellent indicators of heavy metal 
pollution (Okuku and Peter 2012; Reis et al. 2014; Chalkley et al. 2019; Sun et al. 
2019; Bonanno et al. 2020) and are frequently in good correlation with the metal 
content in the surrounding seawaters (Okuku and Peter 2012; Reis et  al. 2014; 
Bonanno et al. 2020) and sediment (Rybak et al. 2013; Malea and Kevrekidis 2014). 
These characteristics could be used for monitoring the extent of metal pollution. 
Moreover, as a response to metal stress, seaweeds evolved several defense mecha-
nisms including cellular exclusion of metals, preparation of metal-chelating com-
pounds and the activation of the antioxidant system (Moenne et al. 2016). Heavy 
metal caused oxidative stress in seaweeds is accompanied with increased generation 
of reactive oxygen species (ROS), and therefore for monitoring of metal-polluted 
aqueous environment also the levels of malondialdehyde (MDA) and non- enzymatic 
antioxidants as well as activities of antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase (CAT), peroxidase (POD), etc. can be used (Kumar et al. 
2012; Saez et  al. 2015b; Zhu et  al. 2017; Costa et  al. 2019; Rodriguez-Rojas 
et al. 2019).

Seaweeds can concentrate metals from seawater due to the presence of numerous 
functional groups in the cell wall that interact with metal ions, and therefore they 
could be applied for monitoring of metal pollution in coastal waters and estuaries as 
well as for bioremediation purposes (Ali et al. 2017; Chalkley et al. 2019; Sun et al. 
2019). Living as well as dead biomass of seaweeds represents a cheap, easily avail-
able and effective biosorbent able to uptake and accumulate toxic metals from 
wastewater via metabolic process or through physicochemical pathways (Cid et al. 
2015; do Nascimento et  al. 2019). In living macroalgae, toxic metals are firstly 
adsorbed onto the cell surface (biosorption) followed by intracellular uptake. 
Whereas biosorption is a metabolically passive process and effectiveness of metal 
removal depends on kinetic equilibrium and the composition of the sorbent’s cel-
lular surface, bioaccumulation is an active metabolic process driven by energy from 
a living organism (Volesky 2007; Kanamarlapudi et al. 2018; Shamim 2018). For 
example, the photosynthesis of seaweed increased bioaccumulation and bioabsorp-
tion from Cd-containing environment (Han et  al. 2020). Biosorption occurs at a 
faster rate than bioaccumulation, and it is a reversible process because metals bound 
onto the cellular surface could be removed, whereas bioaccumulation is only par-
tially reversible. Therefore, for the elimination of toxic metals by environmental 
remediation, biosorption is favorable because metal biosorption occurs also on dead 
seaweed biomass (Vijayaraghavan et al. 2012a; Gabruk et al. 2015).

The efficiency of removing toxic metals from wastewater depends on the pH, 
biosorbent amount, metal ion concentration and contact time of the biosorption pro-
cess (Deniz and Ersanli 2018). Phaeophyta was reported to have high heavy metal 
adsorption capacity, while Chlorophyta and Rhodophyta have moderate adsorption 
capacities, whereby dead algal biomass was found to be more effective in practical 
applications than living algae (Lin et al. 2019). Biosorption using seaweed can be 
considered as a good alternative to the existing technologies’ ineffective removal of 
toxic metals from wastewater (Kaur et al. 2012; Arumugam et al. 2018). Alginate 
extraction residue from seaweeds (Moino et al. 2017; Nishikawa et al. 2018; Filote 
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et al. 2019), as well as biochars derived from wasted marine macro-algae (Kidgell 
et al. 2014; Yang et al. 2018; Saravanakumar et al. 2020), were also successfully 
applied for heavy metal removal.

This chapter presents an overview of findings related to the photosynthetic pro-
cesses in seaweeds and impact of toxic metals on these processes, the feasibility of 
seaweeds application as indicators of toxic metal pollution as well as the use of 
living and dead seaweed biomass as sorbents for phytoremediation purposes. 
Nutritional benefits of edible seaweeds are discussed as well.

2  Impact of Environmental Conditions on Photosynthetic 
Processes in Seaweeds

Seaweeds as photosynthesizing organisms convert sunlight into chemical energy 
that is then stored in carbohydrates, and under normal conditions, photosynthesis is 
the dominant process, allowing the seaweeds to build up their carbohydrate content. 
Seaweeds utilize sunlight more efficiently than terrestrial plants because the access 
to light in the water decreases with the increasing distance from the surface of the 
sea and turbidity of waters (Millar 2011). Light-harvesting chlorophylls (Chls) 
absorb light in the red (> 640 nm) and blue (< 440 nm) regions of the light spectrum, 
whereby chlorophylls in reaction centers of photosystem (PS) II and PSI absorb 
light at 700 and 680 nm, respectively. Chlc absorbs moderately in red region, i.e. 
around 620 nm, but approximately tenfold more strongly in 400–450 nm (Lal 2018). 
Accessory pigments of light-harvesting systems, namely, carotenoids, phycobilipo-
teins, phycocyanin and phycoerythrin, absorb light at wavelength, where Chls do 
not function efficiently (470–630 nm) (Chan 2003). On the other hand, seaweed 
species that live at the ocean surface may also contain pigments that protect them 
from the ultraviolet radiation. However, it could be mentioned that seaweeds can 
photosynthesize to a certain extent also when they are exposed to air and are par-
tially dehydrated (Mouritsen 2013).

2.1  Chlorophyta

The green algae division is the largest, insofar as some species is concerned. It 
includes 500 genera and 8000 species: single-cell, multi-cell and sometimes multi- 
nuclear. Most of the species develop in freshwater and only one-tenth in the sea 
(Einav 2020). These algae are typically green in color due to the presence of Chla 
and Chb in their chloroplasts. Their overall colouration depends on the balance 
between the Chls and other pigments such as β-carotene and xanthophylls. Storage 
product of green algae is starch (amylose and amylopectin), and their cell wall con-
sists of cellulose, hydroxyproline, glucosides, xylans and mannans (Ortiz-Calderon 
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et al. 2017). Main genera include Codium, Enteromorpha, Ulva, Chaetomorpha and 
Cladophora. Green algae are common in areas where light is abundant, such as 
shallow waters and tide pools (Heuzé et al. 2017).

Gao et al. (2019) at studying structure and organization of the thylakoid mem-
branes in Ulva prolifera found that the macroalga had few but long loosely stacked 
membranes, which lack the conventional grana found in vascular plants and the 
thylakoid membrane complexes demonstrated lateral heterogeneity. Under salt 
stress, a supercomplex composed of PSII, light-harvesting complex (LHC) II and 
PSI of ca. 720 kDa contained two important photoprotection proteins, the PSII S 
subunit and the light-harvesting complex stress-related protein, as well as xantho-
phyll cycle pigments (violaxanthin, antheraxanthin and zeaxanthin), whereby the 
excitation energy was efficiently transferred from PSII to PSI, even when PSII was 
inhibited. Xu and Gao (2016) demonstrated that green, red and brown macroalgae 
were capable of utilizing UV-A irradiance to drive photosynthetic carbon fixation 
also in the absence of photosynthetically active radiation (PAR) and the gross pho-
tosynthetic rates ranged from 6.5±0.3 to 52.3±1.8 μmol C/g (fresh weight) per hour, 
the highest rate being estimated in the green alga Ulva lactuca Linnaeus. The ratio 
of gross photosynthesis driven by UV-A alone to that observed by saturating PAR 
varied from 14% to 22%.

Ulva compressa as an intertidal species tolerates repeated desiccation- rehydration 
cycles in nature. Desiccation to 73% relative water content (RWC) resulted in ca. 
50% decrease of the maximum quantum yield of PSII, while relative electron trans-
port rates were stimulated. Higher desiccation up to 48 or 27% RWC resulted in a 
strong decrease of relative electron transport rates. The flexibility of the pectin-rich 
cell wall layers was assumed to be a major contribution to desiccation tolerance in 
Ulva (Holzinger et al. 2015).

In Ulva lactuca treated with 1 and 5 mM Cr6+ solution, a decrease of the Fv/Fm 
ratio was observed 2  h after treatment with 1 and 5  mM Cr6+, the cell viability 
decreased, and at exposure to 1 and 5 mM Cr6+ also the rate of necrotic cells was 
found to increase by ca. 76.93 and 84.23%, respectively (Unal et al. 2010).

2.2  Rhodophyta

Most marine red algae species occur from low tide marks to 100 m depth. In excep-
tionally clear water, some of them can grow as far as 250 m below the surface of the 
sea, and a calcareous red alga was found even at a depth of 268 m, where only 
0.0005% of the sunlight penetrates. Major red algae genera include Pyropia, 
Porphyra, Chondrus and Palmaria (Mouritsen 2013). From ca. 6500 red algae, the 
prevalent majority of which are marine algae found in the intertidal and the subtidal 
to depths of up to 40, or occasionally, 250 m (Kim 2011). Red macroalgae are ben-
thic, but their distinctive combination of photosynthetic pigments allows them to 
survive in deeper water (Parrott 2017).
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The unique coloration of red algae originates from their two accessory pigments, 
the bluish phycocyanin and the reddish phycoerythrin, which absorb longer bluish 
wavelengths of light and this allows them to grow in deep waters where longer 
wavelengths of light can penetrate; red algae contain also allophycocyanin. Cha is 
the only type of chlorophyll, and zeaxanthin (and sometimes lutein) is the predomi-
nant carotenoid besides α- and β-carotene and several xanthophylls. Cell wall of red 
algae consists of cellulose, xylans, several sulfated polysaccharides (galactans) and 
calcification in some species. Storage product of red algae is amylopectin-like 
floridean starch (Ortiz-Calderon et  al. 2017). Red algae have two types of light- 
harvesting antennas, the phycobilisome (PBS), which is directly connected to the 
reaction centers of PSII, and a LHCI complex connected to the reaction centers of 
PSI (Gantt et al. 2003). The main reserves of red algae are typically floridean starch, 
and floridoside and their walls are made of cellulose, agars and carageenans.

In Gracilaria tenuistipitata exposed to Cd and Cu at EC50 concentrations, differ-
ences in gene expression and response patterns were estimated. Cd up-regulated the 
expressions of SOD and the nitrate transporter (NRT) even after 6 days of exposure, 
and expressions of both nuclear and chloroplast-encoded proteins were affected. 
However, after 6 days of exposure to Cu, a slower acclimation was detected, and 
acclimation over time was observed also based on the analysis of the photosynthetic 
rate suggesting tolerance of this macroalga to tested metal ions (Tonon et al. 2018).

The investigation of responses of Gracilaria lemaneiformis (Gracilariales, 
Rhodophyta) macroalga, which was incubated at 20 °C and 24 °C and at CO2 levels 
of 390 ppm and 700 ppm, respectively, showed that increased temperature affected 
the growth and photosynthesis of the seaweed much more than increased CO2 con-
centrations. Consequently, the ongoing climate change accompanied by increasing 
atmospheric CO2 concentrations and sea surface temperatures will be reflected in 
improved growth and carbon sequestration of this macroalga (Liu et  al. 2018a). 
Comparison of the photosynthetic performances of PSI and PSII measured in differ-
ent generations of Pyropia yezoensis (leafy thalli and filamentous thalli) exposed to 
air containing enhanced CO2 concentrations showed that in contrast to filamentous 
thalli, in the leafy thalli the increasing CO2 concentration was accompanied with an 
increase of the effective photochemical quantum yield of PSII (ΦPSII) also under 
moderate stress (dehydration and salt treatment) suggesting that CO2 in the air was 
utilized directly and CO2 uptake and biomass, as well as the expression of genes 
involved in the Calvin cycle of P. yezoensis leafy thalli, was higher than that in fila-
mentous thalli, likely due to its different carbon utilization mechanism and the 
adaptation to intertidal environment (Huan et al. 2018).

At studying photosynthetic electron flow during desiccation and re-hydration of 
the intertidal macroalgae Porphyra haitanensis, it was found that cyclic electron 
flow around PSI was still active after inactivation of linear electron flow following 
severe desiccation at absolute water content <24%, and after re-hydration the PSI 
activity was restored more rapidly than that of PSII. It was supposed that reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) accumulated during desic-
cation can serve as an electron donor for P700+ and stimulate its recovery during 
re-hydration, thereby favoring the operation of cyclic electron flow (Gao et al. 2013).
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2.3  Phaeophyta

Brown macroalgae (Phaeophyta) are benthic macroalgae that form the primary ele-
ment of coastal ecosystems in temperate and cold waters. At present, approx. 2000 
species in approx. 300 genera are described. Main genera include Sargassum, 
Fucus, Lessonia, Turbinaria and Cystoseira. Photosynthetic pigments of brown 
macroalgae are Chla, Chlc, fucoxanthin, α-, β- and γ-carotenes and several xantho-
phylls, and these macroalgae produce laminaran (β-1,3-glucopyranosid) as the stor-
age polysaccharide; their cell walls consist of alginates, fucoidan (fucan) and 
cellulose, and is traversed by plasmodesmata (Davis et al. 2003; Kawai and Henry 
2017; Ortiz-Calderon et al. 2017). The accessory pigment found in the chloroplasts 
of brown macroalgae, fucoxanthin (C42H58O6), is a xantophyll significantly absorb-
ing light primarily in the blue-green to yellow-green part of the visible spectrum 
(450–540 nm). It acts as antennae for light-harvesting and energy transmission in 
the photosystem LHCs.

Green thylakoid membrane fraction isolated from the brown seaweed Ecklonia 
radiata had Chla/P700 ratio of 80 and spectral characteristics similar to those of 
P700-Chla-protein complex of green plants. In the membrane fraction rich in Chlc 
and fucoxanthin, both these constituents transferred effectively their energy to Chla, 
functioning similarly to the light-harvesting Chla/b-protein complex of vascular 
plants (Barett and Anderson 1980). Impact of mono and divalent cations on PSII 
activity of phaeoplasts prepared from Fucus sp. was reported by Berkaloff and 
Duval (1980). The relative electron transport rate of PSII of five Sargassum species 
(Fucales), S. piluliferum, S. patens, S. fusiforme, S. crispifolium and S. alternato- 
pinnatum, was found to increase with increasing temperature, being greatest at 
28–30 °C, while at temperatures >32 °C showed a decrease (Tsuchiya et al. 2012).

Bright light affected the rate of electron flow from the reaction center Chl to the 
secondary electron acceptor, redox-active quinone B (QB), in the pelagic phaeo-
phyte, Sargassum natans (L.) Gaillon, whereby the proportion of QB bound to the 
D1/D2 complex in PSII decreased during the protracted periods of bright light indi-
cating that S. natans tolerated high irradiances by down-regulating its quantum 
yield during the day, decreasing its functional absorption coefficient via the uncou-
pling of LHCs, and suppressing the efficiency with which absorbed light was uti-
lized (Schofield et al. 1998). Wang et al. (2020) who investigated the toxic impact 
Co on Saccharina japonica found that the spore germination percentage pro-
nouncedly decreased after 1 and 2 days of exposure to 1000 μg Co/L, the gameto-
phyte growth was considerably suppressed after 9 days of exposure to 1 μg Co/L 
and the relative growth rate and maximum quantum yield (Fv/Fm) of PSII of the 
juvenile sporophytes after 2 weeks of exposure to Co concentrations ≥10 μg/L were 
markedly reduced.

Figueroa et  al. (2019) reported that warming can increase photoprotection 
through yield loss and decrease the photosynthetic activity in Fucus serratus 
(Ochrophyta) macroalgae. In Sargassum fusiforme, a brown seaweed species inhab-
iting lower intertidal zones, where algae are often exposed to various stresses, the 
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PSII activity declined markedly under salinities of 4.5 and 6%, although the PSI 
activity did not change pronouncedly suggesting that PSI was much more tolerant 
to saline stress than PSII (Gao et al. 2016).

Adaptation to high light irradiances was found to enhance the photosynthetic 
Cu2+ resistance in Cu2+ tolerant and non-tolerant populations of the brown macroal-
gae Fucus serratus. Cu2+ did not induce dynamic photoinhibition suggesting that 
the xanthophyll cycle was probably not involved in the protection of photosynthetic 
apparatus against the toxic effect of Cu2+ ions. The higher photosynthetic Cu2+ resis-
tance of high light algae did not result in increased growth (Nielsen and Nielsen 2010).

3  Inhibition of Photosynthetic Electron Transport in Algal 
PSII by Metal Ions

Many metal ions when applied in excess harm photosynthetic processes of both 
algae and vascular plants. ROS generated by ions of heavy metals causing lipid 
peroxidation strongly damage the photosynthetic apparatus of photosynthesizing 
organisms (Pinto et al. 2003; Kumar et al. 2012; Moenne et al. 2016; Kráľová et al. 
2019). To the reduced rate of photosynthetic electron transport (PET) in metal- 
treated photosynthesizing organisms can contribute also decreased levels of photo-
synthetic pigments such as Chla and pigments contained in light-harvesting systems 
(Chlb and carotenoids in Chlorophyta, phycocyanin and phycoerythrin in 
Rhodophyta a Chlc and fucoxanthin in Pheophyta (e.g., Han et al. 2008; dos Santos 
et al. 2014; Patel et al. 2018; Celekli and Bulut 2020; Dong et al. 2020). These pig-
ments absorb the solar energy and transfer it to the reaction centers of PSII and PSI, 
where charge separation takes place resulting in the conversion of light energy into 
electrochemical potential. The P680•+ species generated in the PSII reaction center 
drives the splitting of water at the water oxidizing center (Whitmarsh and Govindjee 
1999; Barber and Tran 2013). In photosynthesizing organisms following redox 
components of PSII are known to be involved in transferring electrons from H2O to 
the plastoquinone pool, namely, the water oxidizing manganese cluster (Mn4CaO5), 
the amino acid tyrosine (YZ), the reaction center Chl (P680), pheophytin and two 
plastoquinone molecules, QA and QB (Whitmarsh 1998). Figure 3.2 shows the struc-
ture of PSII of vascular plants corresponding also to the PSII of green algae.

The PSII extrinsic proteins shield the catalytic Mn4CaO5 cluster from the outside 
bulk solution and enhance the binding of inorganic cofactors, such as Ca2+ and Cl−, 
in the oxygen-evolving complex (OEC) (Barber 1999, 2016), whereby PSII extrin-
sic proteins specific to higher plants and green algae are PsbP and PsbQ (Allen et al. 
2011; Ifuku and Noguchi 2016) (Fig. 3.2), while red algae and diatoms have unique 
PSII extrinsic proteins, such as PsbQ′ and Psb31 (Ifuku and Noguchi 2016), and 
PsbO (required for stabilization of the water-splitting complex of PSII), which is 
commonly found in all oxygenic organisms, is most strongly bound to PSII and 
stabilizes the Mn cluster (Ifuku and Noguchi 2016). The control of the energy 
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distributions of PSI and PSII in red algae occurs by changing the energy transfer 
among PBS, PSI and PSII, and it was concluded that spillover occurs in vivo in 
PBS–PSII–PSI mega complexes of both cyanobacteria and red algae (Ueno 
et al. 2016).

As the possible sites of action of toxic metal ions (e.g. Cu2+, Cd2+, Zn2+, Ni2+) 
causing at higher concentrations inhibition of PET in PSII (i) the OEC (releasing 
Mn2+ ions from manganese cluster); (ii) the tyrosine intermediates Yz and YD situ-
ated on the donor side of PSII in D1 and D2 proteins or their close vicinity; (iii) the 
core of PSII (P680); (iv) redox-active quinones QA and QB on the acceptor side of 
PSII; (v) displacement of the non heme Fe2+ on the acceptor side of PSII by toxic 
metal ions were reported (Fig. 3.2; in detail see in Masarovičová et al. 2010; Kráľová 
et al. 2019).

Fluorescence spectroscopy is a suitable method to investigate the degree of PET 
inhibition caused by metal ions both in vitro and in vivo. The inhibition of PET is 
reflected in reduced maximum quantum yield (Fv/Fm) of PSII, where Fv is variable 
fluorescence and Fm maximum fluorescence (Holzinger et  al. 2015; Zhang et  al. 
2017; Wang et al. 2020). Using fluorescence measurements also interaction of metal 

Fig. 3.2 Structure of photosystem II
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ions with Chla and aromatic amino acids contained in pigment-protein complexes 
can be estimated (Masarovičová et al. 2010; Kráľová et al. 2019). The sites of action 
of metal ions in the photosynthetic apparatus can be determined, for example, using 
EPR spectroscopy (Masarovičová et al. 2010; Šeršeň and Kráľová 2013; Kráľová 
et al. 2019).

Inhibition of the PET in algal PSII by toxic metal ions was observed in many 
fresh and marine microalgal species (Oukarroum et  al. 2012; Ou-Yang et  al. 
2013; Huang et al. 2016; Cabrita et al. 2018; Ji et al. 2018; Gan et al. 2019; Kráľová 
and Jampílek 2021; Chen et al. 2016; Jiang et al. 2016; Yong et al. 2018) as well as 
in seaweeds (Unal et al. 2010; Zakeri and Abu Bakar 2013; Wang et al. 2020).

4  Responses of Seaweeds to Toxic Metals Used 
as Biomarkers for Monitoring Metal Pollution

Excess concentrations of toxic metals generating harmful ROS and causing oxida-
tive stress adversely affect growth and development of freshwater and marine 
micro- and macroalgae reflected in the inhibition of photosynthetic processes, 
reduced growth, altered algal cell ultrastructure, up- or down-regulation of gene 
expression and increased accumulation of toxic metals in algal biomass (e.g. Cabrita 
et al. 2018; Ji et al. 2018; Gan et al. 2019; Kráľová and Jampílek 2021). Sensitive 
responses of seaweeds to the presence of toxic metals enable to use their morpho-
logical and physiological characteristics (Fig. 3.3) for monitoring of metal pollution 
in the marine environment originating predominantly from anthropogenic activities 
in coastal regions.

Endemic seaweed Halimeda jolyana (Bryopsidales, Chlorophyta) from tropical 
southwestern Atlantic reefs responded to metal exposure by a pronounced decrease 
of biomass yield, and its photosynthetic performance declined. Partial recovery of 

Fig. 3.3 Morphological and physiological characteristics suitable for monitoring of metal pollu-
tion using seaweeds

J. Jampílek and K. Kráľová



61

photosynthesis was observed only at a higher temperature when metal enrichment 
was ceased suggesting higher vulnerability of this seaweed at lower temperatures. 
Considerable ultrastructural alterations in chloroplasts as a result of metal enrich-
ment were observed regardless of temperatures (Scherner et al. 2018).

In an in situ experiment the thalli of Ulva australis were transplanted offset loca-
tions on various levels of contamination with metal. After 12 days, the accumulation 
of As, Cu, Pb and Zn was detected, while the accumulation of Zn was significantly 
the highest. An increase in electron-dense bodies in the algal cell walls and vacuoles 
reflected metal accumulation, although the growth rate, photosynthesis and content 
of photosynthetic pigments in transplanted seaweed did not differ from the control. 
The fact that the rate of metal absorption in U. australis has been steadily increasing 
over time confirms that this macroalga can bioaccumulate metals. On the other 
hand, the degradation of thalli over time indicated that the deployment time 
(20 days) could be limited (Farias et al. 2017a). Concentrations of toxic metals in 
algal tissues of green seaweeds Cladophora glomerata and Ulva compressa col-
lected from El-Mex and Sidi Kirayr locations correlated with their soluble concen-
trations in seawater. In seaweeds from El-Mex site the bioconcentration factors 
(BCFs) decreased in the following order, Fe > Cu > Cr > Co > Cd > Ni> Pb > Zn 
>Mn in C. glomerata and Fe > Cu > Cd >Pb >Ni >Co >Mn >Cr >Zn in U. com-
pressa, while in seaweeds from Sidi Kirayr location they decreased as follows, Cd 
> Ni > Co > Pb > Mn > Fe > Cu >Zn >Cr (C. glomerata) and Cd > Pb > Zn > Cu > 
Mn > Ni > Co > Fe > Cr (U. compressa), and metal-induced stress resulted in appar-
ent alternation in algal thalli morphology. C. glomerata producing non-enzymatic 
and enzymatic compounds for ROS scavenging was capable to adapt excellently to 
metal excess, much better than U. compressa, by producing non-enzymatic and 
enzymatic compounds for scavenging of the produced ROS. However, both sea-
weed species were found to be suitable bioindicators of metal pollution and could 
be used for monitoring marine environment quality. They are also excellent bio-
markers for oxidative damage assessment (Ismail and Ismail 2017).

Exposure of Gelidium floridanum (Rhodophyta) to 50 μM and 100 μM Cd, Cu 
and Pb for 7 days resulted in discoloration of thallus pigmentation, chloroplast alter-
ation, degeneration of thylakoids and decreased contents of Chla and phycobilipro-
teins. Exposure to metals resulted in increased cell wall thickness and the volume of 
plastoglobuli and absorption of tested metals in the cell wall was detected. From 
three tested metals, Cu showed the greatest toxicity to G. floridanum (dos Santos 
et al. 2014). Mendes et al. (2014) studied toxic effects of binary mixtures of metal 
cations to the seaweed Gracilaria domingensis (Rhodophyta) after exposure for 
48 h. Mixtures of Cd2+/Cu2+ and Zn2+/Ca2+ showed additive effect, while those of 
Cu2+/Zn2+, Cu2+/Mg2+, Cu2+/Ca2+, Zn2+/Mg2+, and Ca2+/Mg2+ exhibited synergistic 
effect. On the other hand, all interactions studied with Cd2+ were found to be antago-
nistic. Red marine macroalga Acanthophora spicifera and two green seaweeds 
Chaetomorpha antennina and Ulva reticulata accumulated Cu to a considerable 
higher extent than Cd and Cu was also found to be much more toxic to macroalgae 
than Cd and caused greater DNA damage. Oxidative stress caused by both tested 
metals accompanied by ROS induction resulted in reduced levels of antioxidants 
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and induced antioxidant defense systems. The toxic impact of metals on tested mac-
roalgae, which could be used as bioindicators of marine pollution, decreased as 
follows: U. reticulata > A. spicifera > C. antennina (Babu et al. 2014).

The evaluation of the effects of nutrients and toxic metals (Cr, Pb, Cu and Cd) on 
the physiological characteristics of brown seaweed Cystoseira tamariscifolia grown 
along the Atlantic coast of Morocco showed that the toxic metal contents of mac-
roalga (especially Cd) and the concentration of P correlated with stress physiologi-
cal parameters and inversely correlated with pigment contents. In the less polluted 
areas, the physiology of C. tamariscifolia was pronouncedly affected, whereas in 
the highly polluted areas, this brown seaweed disappeared suggesting that this spe-
cies is suitable to monitor the pollution degree in coastal areas (Boundir et al. 2019). 
At the exposure of Sargassum thunbergii to 0.1 mg/L Zn, slight enhancement of the 
specific growth rates at the first 5 d (followed with a gradual decrease), a pronounced 
rise in Chla levels, and increased mRNA expression of rbcL gene were found. At 
treatment of macroalgae with higher Zn concentrations (0.5, 1.0 and 5.0 mg/L) or 
with Cd in the concentration range 0.1–5.0 mg/L the specific growth rates, Chla 
contents and mRNA expression of rbcL gene were reduced. Moreover, at Cd treat-
ment, the oxygen evolution rate and respiration rate declined with the exposure 
time. Consequently, it can be stated that effects of the tested metals on physiological 
and gene transcription levels of S. thunbergii differed from each other (Lu 
et al. 2018).

In brown seaweed, Fucus ceranoides, exposed to Ag at different salinity regimes 
(10 and 28  psu), inhibition of algal growth and increased ROS production, was 
observed with increasing Ag concentration, toxic effect being greater at lower salin-
ity, suggesting better bioavailability of Ag+ and AgCl species (Ramesh et al. 2015).

Ulva ohnoi, a green macroalga capable to form macroalgal blooms (or “green 
tides”), is a fast-growing species and can absorb large amounts of nitrogen and 
phosphorus. Using environmentally relevant Cd concentrations (0.625–15 μg/L) the 
effects of salinity (S15 and S 35) and temperature on the Cd toxicity and absorption 
efficiency by U. ohnoi were evaluated, and it was found that Cd affected photosyn-
thetic parameters and reduced growth rate of algae. However, when algae were cul-
tivated at 18 °C and S15 or in the temperature range 18–25 °C and S35 and Cd 
concentrations varied between 0.625 and 2.5 μg Cd/L, positive growth rate was 
sustained. Maximum estimated accumulation value was 4.20  μg Cd/g d.w. at 
15 μg/L of Cd, 18 °C and S35; maximum value of the bioconcentration factor was 
81.3±1.1% of Cd applied at the concentration of 0.625 μg/L at S15 and 18  °C, 
which allows the use of U. ohnoi in the phytoremediation of Cd in salt or brackish 
water (Bastos et al. 2019).

In red seaweed Sarcodia suiae exposed to Cd for 24 h, the bioabsorption was 
considerably higher than the bioaccumulation, and using treatment with 5  mg 
Cd2+/L, the ratios of bioabsorption/bioaccumulation in light and dark achieved 2.17 
and 1.74, respectively. Increasing Cd bioaccumulation was accompanied by a 
decrease of Chla concentration, oxygen evolution rate and oxygen consumption rate 
(respiratory efficiency). The levels of bioaccumulation and bioabsorption in the 
light were pronouncedly higher than those in the dark, and similarly, also the ratios 
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of phycoerythrin/Chla, phycocyanin/Chla and allophycocyanin/Chla reached 
higher values at light conditions suggesting that photosynthesis increased both Cd 
bioaccumulation and bioabsorption (Han et al. 2020). In the red seaweed, Gracilaria 
exposed to toxic Cd concentration of 0.4 mM causing oxidative stress accompanied 
by a generation of ROS such as O2

•- and H2O2, inhibition of antioxidant system and 
enhancement of the lipoxygenase (LOX) activity, and MDA level and DNA demeth-
ylation was observed. Addition of 50 μM Se showed a beneficial impact on the red 
seaweed resulting in suppression of ROS accumulation and MDA contents, improv-
ing the level of enzymatic and nonenzymatic antioxidants and their redox ratio, and 
enhancing phycobiliproteins and phytochelatins over the controls. A similar benefi-
cial effect was obtained also with the application of 1 mM spermine, and conse-
quently, it could be concluded that Se and spermine can regulate the stabilization of 
DNA methylation by reducing the events of cytosine demethylation resulting in 
mitigation of Cd-induced stress in seaweeds (Kumar et al. 2012).

Zhang et al. (2015) performed a comparative proteomic analysis of Sargassum 
fusiforme exposed to Cd stress (1 day and 5 days) and found that the metabolic 
activity of macroalga was adversely affected via the down-regulation of key meta-
bolic enzymes involved in carbohydrate metabolism and energy metabolism. 
However, S. fusiforme was able to adapt to 5 days of Cd stress by stimulation of 
consumption of photoassimilates via the up-regulation of glycolysis and the citrate 
cycle to supply energy for survival. Changes in metabolism and cellular organiza-
tion of S. cymosum after exposure to Cd for 1 and 2  weeks under laboratory- 
controlled conditions (0–0.8  mg/L) were investigated by Costa et  al. (2017a). 
Retention capacity of macroalga was >90% but no effect on photosynthetic charac-
teristics was observed. At exposure to Cd higher concentrations of Chl compared to 
control were found, and at 14 days considerable changes in total composition and 
proportion of fucoxanthin and β-carotene were observed but any lutein was not 
detected; major accumulation of phenolics and flavonoids was observed as well. Cd 
treatment resulted in particular disorganization of cell wall fibrils. Hence, S. cymo-
sum responded to Cd-induced stress with physiological and structural alterations 
connected with the defense mechanisms against oxidative stress; however, at low 
exposure concentration acclimation mechanisms to Cd stress were proved.

In Porphyra yezoensis collected monthly from January to April in 2011 and 
Laminaria japonica collected monthly from March to July in 2010 inorganic As 
(iAs) to total As decreased in both macroalgae with the time due to the capability of 
both algae to metabolize toxic iAs form and transform it to organic forms resulting 
in As resistance. Moreover, the transformation of AsO4

3− to organic arsenic increased 
with the growth and metabolic rate of macroalgae showing a rise with an increase 
of environmental temperature. On the other hand, the content of inorganic Cd in 
algae was minor, and Cd was predominantly associated with pectates and protein 
(Zhao et al. 2012).

The impact of Mn (10–80 mg/L) on S. cymosum during 1 and 2 weeks under 
laboratory-controlled conditions was investigated by Costa et al. (2017b). S. cymo-
sum showed high Mn biosorption capacity and the presence of Mn stimulated the 
growth of seaweeds; higher Chla and Chlc levels and modification in the 
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composition of carotenoid profile were estimated. The contents of phenolic and 
flavonoid compounds were found to decrease with increasing exposure period and 
applied Mn concentration. Moreover, after 14 days of treatment with Mn changes 
on the thallus surface with disruption of cortical cell walls and disorganization of 
cell wall fibrils were observed. Medium and high concentrations of Mn acted as a 
metabolic stressor for S. cymosum with a detrimental impact on the organelle struc-
ture and cellular organization and mitigated acclimation mechanisms.

Based on the high negative correlations observed between Chla and Chlc con-
tents and the ratio of Chlc/Chla in S. angustifolium and Ni concentration in this 
macroalgae, it could be concluded that these characteristics authentically reflected 
adverse impact of high concentrations of the toxic metal on S. angustifolium 
(Alahverdi and Savabieasfahani 2012).

Exposure of Ulva australis to 25 μg/L and 50 μg/L of Zn for 7 days resulted in 
the retraction of cytoplasm and a reduction of the number of starch granules without 
adverse impact on the photosynthetic performance and growth (Farias et al. 2017b). 
Investigation of the photosynthetic performance of the red alga Pyropia yezoensis 
exposed to 25 and 100 μg Zn/L and pCO2 of 400 or 1000 μatm showed that the 
adverse impact of higher Zn concentrations on P. yezoensis was mitigated by ocean 
acidification, which improved the relative growth rate, the net photosynthetic rate 
and respiratory rate of macroalga thalli cultured under tested Zn concentrations. On 
the other hand, in the presence of Zn the MDA levels were reduced under ocean 
acidification compared to ambient CO2 conditions, and SOD activity increased as 
well. Moreover, ocean acidification enhanced D1 removal, with increasing expres-
sion levels of the PSII reaction center proteins D2, CP47 and RbcL, suggesting that 
it could alleviate the toxic impact of Zn on the seaweed (Ma et al. 2020).

In Ulva compressa marine macroalga cultivated in the presence of Cu (2.5–10 μM) 
for up to 12 d, a linear correlation between intracellular Cu and the Cu concentration 
in the culture medium was observed. Moreover, increasing intracellular Cu concen-
trations were accompanied with increases in glutathione (GSH) and phytochelatins 
(PCs), followed by higher levels of metallothioneins expression indicating that 
thiol-containing peptides and proteins can participate in Cu accumulation. Cu 
release to culture medium from algal cells, which were cultivated with 10 μM Cu 
and then transferred to synthetic seawater without Cu and cultivated for further 3 d, 
was accompanied by a similar release of nanomolar amount of GSH, while PCs or 
small proteins were not detected. Consequently, it can be assumed that the release 
of Cu and GSH to the extracellular medium is involved in the detoxification mecha-
nism (Navarrete et al. 2019). Ulva lactuca tested in laboratory experiments accumu-
lated >90% of the total Cu intracellularly, without intra-specific differences. Its use 
for biomonitoring reflected the metal pollution, which was confirmed also with 
metal contents estimated in sediments. This species was characterized with low 
levels of metal exclusion suggesting that U. lactuca responded to metal stress with 
the syntheses of metal chelators and the antioxidant metabolism (Valdes et al. 2018). 
The exudates that bind metals released by spores of U. lactuca (Chlorophyta) and 
Lessonia spicata (Phaeophyta) were found to increase the 48 h EC50 values of the 
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germination of spores from 8 to 23 μg Cu/L for U. lactuca and from 119 to 213 μg 
Cu/L for L. spicata (Fellous et al. 2017).

Gelidium floridanum (Rhodophyta) tetraspores cultivated on seawater enriched 
with 3.0 μM CuCl2 and incubated under 30 °C for 24 h had lower viability and seri-
ously altered cellular and chloroplast structures as well as cells with degenerated 
cytoplasm and cell walls suggesting an adverse combined effect of Cu and higher 
temperature on early stages of seaweed (Kreusch et al. 2019). Treatment of G. flori-
danum with Cu at 30 °C for 7 days resulted in a lower concentration of Chla, smaller 
phycobiliprotein rods and lower concentration of soluble sugars, while after 14 d of 
cultivation, higher concentrations of Chla and soluble sugars were observed. The 
accumulation of carotenoids and the release of phenolic compounds can be consid-
ered as specific protective mechanisms against temperature and Cu stress, respec-
tively, although reduced growth of G. floridanum was observed at exposure to 3 μM 
Cu and increased seawater temperature of 30 °C (Kreusch et al. 2018). At exposure 
of Macrocystis pyrifera and Undaria pinnatifida meiospores to 100–400 μg/L Cu 
for 9  days 6–15% of the dissolved Cu was adsorbed by the macroalgal cells. 
Meiospores germination at all tested concentration was observed in both species; 
however it showed a decrease with increasing Cu concentration; gametophyte 
growth and sexual differentiation were arrested under all Cu treatments. The EC50 
values related to the arrest of germination were estimated as 157 and 231 μg/L Cu 
for M. pyrifera and U. pinnatifida, respectively. Even though the EC50 value of the 
invasive species U. pinnatifida was higher, due to consecutive inhibition of gameto-
genesis in the presence of Cu, there was no difference in Cu tolerance between both 
tested seaweeds’ early life stages (Leal et al. 2016).

In the meristem of juvenile sporophytes of Saccharina japonica cultured in sea-
water in the presence of 100 and 200 μg/L of Cu2+, bleaching occurred on the third 
day indicating serious damage, and transcriptome profiling of the meristem exposed 
to 200 μg/L of Cu2+ showed 11,350 differentially expressed genes (4944 up- and 
6406 down-regulated), whereby genes coding glutathione-S-transferase and 
vanadium- dependent bromoperoxidase and iodoperoxidase were found to be 
remarkably regulated; the down-regulated genes were associated, for example, with 
photosynthesis, protein synthesis, redox activity, and metabolism and biosynthesis 
of functional biomolecule (Zhang et al. 2019). Treatment of Sargassum fusiforme 
with 47 μM Cu for 1 day resulted in impaired photosynthesis accompanied with 
reduced levels of carbohydrates (e.g. mannitol), and ascorbate was assumed to play 
a substantial role in the antioxidant system because its level declined much more 
compared to treatment with 8 μM Cu lasting 7 days (considered as chronic stress) 
(Zou et al. 2014). In S. fusiforme cultured in fresh seawater in the presence of Cu 
(4–47 μM), the macroalga tolerated Cu stress at low concentrations, while with 
increasing Cu concentration the algal growth showed a decrease. At the exposure of 
S. fusiforme to high Cu concentration for 1 day, considerable reduction of proteins 
related to energy metabolism and photosynthesis was observed. On the other hand, 
induction of proteins related to carbohydrate metabolism, protein destination, RNA 
degradation and signalling regulation was observed. At exposure of S. fusiforme to 
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lower sub-lethal Cu concentrations for 1  week, pronounced induction of energy 
metabolism-related proteins and only small quantities of proteins related to mem-
branes and transport were estimated suggesting sensitivity of this brown seaweed to 
the acute or chronic Cu stress (Zou et al. 2015). A novel field transplantation tech-
nique using strains of brown alga Ectocarpus siliculosus incorporated into dialysis 
tubing was applied by Saez et al. (2015a) to investigate intra-specific responses of 
the macroalga to toxic metals. Higher metal accumulation in algal material from the 
metal-contaminated site was accompanied with increased levels of non-enzymatic 
antioxidants and activities of antioxidant enzymes (SOD, ascorbate peroxidase 
(APX), CAT, and GR) suggesting metal tolerance of this strain in contrast to the 
strain originating from the low-polluted site, which was adversely affected by oxi-
dative stress. Similar results were obtained at investigation of Cu-induced intra- 
specific oxidative damage and responses of the antioxidant defense system in strains 
of E. siliculosus with different pollution histories (Saez et al. 2015b). The contami-
nation histories of the locations from where the strains of E. siliculosus were iso-
lated affected the response of these strains to Cu exposure. This was reflected also 
in Cu exclusion and production of PCs, whereby the strain originating from the area 
with lower metal contamination exhibited lower production of PCs and lower 
expression of enzymes involved in phytochelatin biosynthetic pathway, which sup-
ported the induction of oxidative stress resulting in its higher sensitivity to Cu 
(Roncarati et al. 2015). Juveniles of the canopy-forming brown alga Fucus serratus 
were found to be more susceptible to environmental stressors such as Cu and tem-
perature than adult specimens. The negative effect of high Cu concentration on 
F. serratus juveniles was amplified by high temperature resulting in reduced sur-
vival suggesting that they could be used for assessment of the risk of exposure to 
toxic metals (Nielsen et  al. 2014). The brown alga Dictyota kunthii exposed to 
100 μg Cu/L for 4 days responded to metal excess by various mechanisms, includ-
ing metal accumulation, activation of CAT, APX, dehydroascorbate reductase, glu-
tathione peroxidase and peroxiredoxins and an induced release of Cu binding 
compounds suggesting that Dictyota kunthii is a Cu-tolerant species (Sordet 
et al. 2014).

5  Biosorption of Toxic Metals by Living and Dead 
Seaweed Biomass

Gracilaria sp. is red seaweeds able to accumulate toxic metals via adsorption on the 
surface of talus in the form of cations, anions or organic compounds. G. lemaneifor-
mis showing powerful adsorption capacities for heavy metals from seawater, which 
culminated in May (highest bioconcentration factors), affected the levels of heavy 
metals in coastal sediment from a typical mariculture zone and was found to be suit-
able for bioremediation of heavy metals in the coastal sediments (Luo et al. 2020). 
Saldarriaga-Hernandez et  al. (2020) in their review work emphasized the 
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multifunctional potential of invasive seaweed biomass Sargassum sp. as a cheap but 
highly effective natural material for decontamination of the environment, especially 
of coastal ecosystems. The researchers analysed bioremediation mechanisms as 
well as absorption of pollutants by seaweed and presented prospective possibilities 
for the integrated use of the algal raw material. Using dead biomass from the sea-
weed Sargassum swartzii, 60% of the total biosorption capacity was achieved in 
30 min, and considering regeneration feasibility of such biomass, it could be applied 
for the treatment of wastewater containing heavy metals (Gabruk et al. 2015).

Sargassum, Ulva and Turbinaria macroalgae were tested for removal of 8 toxic 
metals from complex synthetic laboratory wastewaters at 0.016 M total concentra-
tion. As the best biosorbent Turbinaria conoides showed total uptake capacities of 
3.20 and 3.01 mmol/g in the batch, and continuous-mode of operation was esti-
mated (Vijayaraghavan et al. 2012b). Seaweeds Scytosiphon lomentaria and Ulva 
rigida from coastal areas with mining activities in Chile were studied. Seaweeds 
originating from Quintay showed the greatest bioaccumulation factors for Fe and 
As. Bioaccumulation factor in S. lomentaria decreased as follows, Fe > Cu > Zn > 
Cd > Cr > As > Mo, while in U. rigida the descending order was Fe > Cu > Cd > Zn 
> Cr > Mo > As. Antioxidant activity levels of these algal species in areas with high 
mining activities achieved higher levels and the concentration of metals in waters 
were related with oxidative stress biomarkers in both species suggesting that they 
can be used for monitoring of heavy metal pollution in coastal waters (Olivares 
et al. 2016). Santos-Silva et al. (2018) estimated the background levels of trace ele-
ments in four seaweeds, Dictyopteris delicatula and Canistrocarpus cervicornis 
(Pheophyta) as well as Ceratodictyon variabile and Palisada perforata (Rhodophyta) 
from Trindade, an isolated island in the South Atlantic. The highest concentrations 
of Cd, Hg and As were observed in brown seaweeds; spatial differences for these 
metals in samples were detected. On the other hand, the highest concentrations of 
Zn, Pb and Cu were observed in seaweeds from the only populated beach, but the 
levels of trace elements in seaweeds were generally low. Ryan et al. (2012) per-
formed a comprehensive study focused on Pb, Zn, As, Cd, Co, Cr, Cu, Mn and Ni 
distribution in Polysiphonia lanosa (L) Tandy, Ascophyllum nodosum (L) Jolis, 
Fucus vesiculosus (L) and Ulva sp. and found that intracellular and surface-bound 
metal levels depended both on the metal and seaweed species but the majority of 
metals was localized intracellularly. The highest concentration factor showed 
P. lanosa characterized with enhanced bioaccumulation ability, whereby in this 
macroalga the uptake of Mn was found to be inhibited by Zn. Biosorption of Cr6+, 
Cr3+, Pb2+ and Cd2+ by algal biomass of Sargassum wightii (brown) and Caulerpa 
racemosa (green) depended on biomass, concentration and pH. The maximal bio-
sorption was observed at pH  5.0 and using the metal concentration of 100/mg, 
S. wightii showed 78% biosorption of Cr6+, Cr3+, Pb2+ and Cd2+ ions, while biosorp-
tion of Cd2+ and Cr6+ by C. racemosa achieved 85% and that of Cr3+ and Pb2+ only 
50% (Tamilselvan et al. 2012).

The concentrations of metals in ten green seaweed species collected along the 
Palk Bay decreased in the following order of Pb > Cu > Zn > Cd, and it was found 
that the exposure to metals of these seaweeds represented a moderate hazard risk to 
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humans. It could be mentioned that the trace element accumulation in four seasons 
decreased in the order summer > monsoon > pre-monsoon > post-monsoon (Rajaram 
et al. 2020). Ulva armoricana (Chlorophyta) can reduce the environmental impact 
of aquaculture effluent in coastal ecosystems. When the seaweed was cultured in 
various enriched media at a stocking density of 500 kg wet weight/pond, it bioac-
cumulated following amounts of toxic metals: 9.908–32.942  mg Zn/kg, 
1.893–5.927 mg Cu/kg and 0.254–1.500 mg Cd/kg suggesting that this green mac-
roalga can be successfully used as a biological filter capable of absorbing dissolved 
nutrients from aquaculture wastewater (Amosu et al. 2016). In green macroalgae 
Ulva lactuca from six areas receiving effluents from industries located in a coastal 
region, the concentration of Pb (8.32 μg/g) was higher than in water and sediment 
samples. On the other hand, high Cd and Pb concentrations were determined in 
sediment. The abundance of toxic metals in sediment decreased in order Cd > Cr > 
Pb, while in water it decreased as follows: Cr > Pb > Cd (Kamala-Kannan et al. 2008).

Gracilaria caudata and Gracilaria cervicornis (Rhodophyta) showed the ability 
to capture Cu, Ni and Zn from the petrochemical wastewater on the principle of ion 
exchange (cation exchange resin). Both red algae were found to have an ion- 
exchange capacity of 1.2 mEq/g. The equilibrium affinity constants for the func-
tional groups decreased as follows: Cu >> Zn> Ni. Ca-loaded G. cervicornis had a 
lower affinity for Zn and Ni compared to Cu. Using a column full of crude G. cer-
vicornis, a useful capacity of 0.25 and 0.24 mEq/g was found for the first and sec-
ond operation cycles, and the scientists proposed connecting the column system in 
series for purification operations (Cechinel et al. 2018). Investigation of biosorption 
of Cu2+, Ni2+, Cd2+ and Pb2+ from aqueous solution by Kappaphycus alvarezii 
(Rhodophyta), an edible seaweed, performed at pH 4.5 indicated that the uptake of 
individual metals by macroalga decreased in the order: Pb (0.51  mmol/g) > Cd 
(0.48 mmol/g) ≈ Cu (0.47 mmol/g) > Ni (0.38 mmol/g). The most suitable experi-
mental isotherm data were obtained using Toth’s model; within 45 min, 90% of the 
metal was removed, and the use of 0.01 M HCl resulted in maximal desorption of 
the tested metal ions from the seaweed biosorbent (Praveen and Vijayaraghavan 
2015). A waste material of seaweed Ascophyllum sp. applied as biosorbent for 
removal of toxic metals from aqueous solution using fixed-bed sorption column 
showed high removal efficiencies (RE) for Ni2+, Zn2+ and Al3+ of 90, 90 and 74% 
when initial metal solutions of 10 mg/L were applied. However, in multicomponent 
metal solutions containing Sb3+ the RE of these metals was reduced to 28, 17 and 
24%, respectively, whereby in Sb3+ binding only -COOH and -SO3

− groups were 
involved. The RE for Sb3+, both alone and in combination with other metals esti-
mated using red macroalga Polysiphonia lanosa as a biosorbent, was 67%  
and -COOH, -OH, -SO3

− and ether groups were involved in Sb3+ binding. While a 
larger amount of weakly acidic groups (mainly -COOH) was included in the bind-
ing of Sb3+ to P. lanosa, a larger proportion of strongly acidic (mainly -SO3

−) groups 
was observed in the binding of Sb3+ to the waste material from the seaweed 
Ascophyllum (Bakir et al. 2009).

Shchukin et al. (2018) performed a comparative analysis of trace element con-
tents in brown algae of the families Laminariales and Fucales of different origins 
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and found that As accumulated better in Laminariales, while Al, Fe, Cu, and Mn in 
the brown macroalgae of the family Fucales; differences in accumulation of Cd, Hg, 
Pb, Ni, Zn, Cr and Sr in members of these two families were comparable with dif-
ferences between species within a single family. While Al, Cd, Co, Cr, Cu, Fe, Hg, 
Mn, Ni, Pb and Zn concentrations in algal biomass depended predominantly on the 
technogenic factor, Sr concentrations were affected by the geographic latitude of the 
region in which the seaweeds grew. On the other hand, no relationship was found 
between As accumulation in algae and the level of pollution or the geographic 
region in which the algae were collected. Evaluation of the multi-elemental compo-
sition of brown seaweed Macrocystis pyrifera from San Jorge Gulf (Patagonia, 
Argentina) showed seasonal variations in the content for some metals: the highest 
As content was observed in summer and autumn, Fe concentration increased to the 
winter and Zn concentration was maximum in autumn. The sum of essential micro-
nutrients (Fe + Zn + Mn + Cu) ranged from 114 to 171 mg/kg dry weight (d.w.), 
while As levels were in the range 36–66 mg/kg and Pb, Ni and Cu were not detected 
(Salomone et al. 2017). Using NaOH-pretreated biomass of brown seaweed Hizikia 
fusiformis contributing to the increase of the functional forms of carboxylate ester 
units, the maximum sorption for Pb2+, Cd2+, Ni2+ and Zn2+ was observed at pH rang-
ing from 4 to 6; biosorption process was rapid, and the maximum metal adsorption 
capacities evaluated using Langmuir model decreased as follows: Pb2+ > Cd2+ > Ni2+ 
> Zn2+ (Shin and Kim 2014). Silva et al. (2009) investigated uranium biosorption by 
Sargassum filipendula brown macroalga under dynamic conditions from real efflu-
ent contaminated beside uranium also with Ba, Cr, Fe, Mn, Pb, Ca and Mg. Whereas 
64% of the uranium was absorbed, together with Cr, Pb and Ba, the absorption of 
Ca, Mg, Fe and Mn did not occur, and their concentrations in the solution showed 
an increase connected with mechanisms of ion-exchange with components of bio-
mass polysaccharides. The 85–87% reduction of mass observed after drying and 
calcination of the biomass suggested that such algal biomass loaded with radionu-
clides and other toxic metals could be stored for long period.

Investigation of Cd biosorption performance by dried biomass of the Sargassum 
thunbergii, Laminaria japonica (Phaeophyta), Ulva pertusa, Enteromorpha linza 
(Chlorophyta) and Chondrus ocellatus (Rhodophyta) showed that the highest 
removal efficiency at different initial Cd2+ concentrations exhibited S. thunbergii, 
whereby 90% of adsorption occurred within 15 min and for the biosorption interac-
tion of Cd2+ ions with -COOH, -NH2, -SO3 and -OH occurring on the seaweed sur-
face was crucial (Jadeja and Zhou 2018).

Ulva fasciata and Ulva lactuca showed maximum biosorption capacities for 
Cd2+ of 8.353 and 8.804 mg/g d.w., respectively. Different algal weights were immo-
bilized using 10 mL of 4% Ca alginate and in such pretreated algal biomass as well 
as in fresh algal biomass the crucial role in biosorption played -OH groups and 
amide groups via hydrogen bond and carbonyl extension in -COOH groups. 
Immobilization of different weights of algae using Ca alginate resulted in improved 
biosorption capacity in case of low weight; morphological changes were observed 
among immobilized algal beads before and after Cd2+ biosorption, whereby ion- 
exchange mechanism was involved in Cd2+ biosorption on both green seaweed 
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species (El-Sheekh et al. 2020). Exposure of Ulva lactuca for 48 h to 100 μg/L of 
either Cd or Cu or to 100 and 1000 μg/L metal mixtures resulted in pronounced 
impairment of photosynthetic parameters (Jarvis and Bielmyer-Fraser 2015).

At investigating the subcellular distribution and chemical forms of Cd in 
Porphyra yezoensis (edible red seaweed) exposed to Cd (0.01–5.0 mg/L) for up to 
96 h, the Cd portion in the cell wall increased with exposure time and increasing Cd 
concentrations, whereby the amount of Cd localized in the cell wall achieved 
41.2–79.2% and as a crucial strategy to suppress Cd toxicity in this red seaweed cell 
wall deposition and forming of precipitates with phosphate were assumed (Zhao 
et al. 2015).

Cd biosorption by alginate extraction residue from Sargassum filipendula, an 
industrial waste which is often discharged into the sea, was found to be spontaneous 
and exothermic with maximum biosorption capacity of 0.394 and 0.429 mmoL/g, 
respectively, at 293 and 303 K. Based on the simplified life cycle assessment, it 
could be stated that by the use of dealginated residue the environmental impacts 
related to acidification, climate change, eutrophication, human toxicity and photo-
chemical oxidation could be reduced (Nishikawa, et  al. 2018). Continuous Cd 
removal from water solutions by Sargassum angustifolium in a packed-bed column 
(bed heights, 2.6–7.5  cm; feed flow rates: 15–30  mL/min) under consecutive 
sorption- desorption cycles was studied by Jafari and Jamali (2016), whereas a Cd 
concentration of 5 μg/L (standard limit for drinking water) was considered to be the 
key concentration. Using a bed length of 7.5 cm and flow rate of 15 mL/min resulted 
in 81% column performance. The bed height changes practically did not affect the 
maximum sorption capacity; nevertheless, it slightly decreased with increasing feed 
flow rate. At the end of the fourth consecutive sorption-desorption cycle, the column 
adsorption efficiency was reduced by 20%; desorption efficiencies >99% were 
observed in each cycle. Cd2+ biosorption on S. angustifolium seaweed included an 
initial rapid stage lasting first 30 min, in which ion exchange was the dominated 
mechanism, and after 40–50 min of contact, equilibrium was reached characterized 
with very low Cd2+ adsorption due to the intraparticle diffusion. The biosorption 
process was spontaneous and endothermic; the experimental data in the whole range 
of contact time could be perfectly described by the pseudo-second-order kinetic 
model, while the Langmuir isotherm model was found to be most suitable to fit the 
equilibrium data (Jafari et al. 2015). In batch experiments using dead biomass of the 
brown seaweed Sargassum sinicola as biosorbent of Cd and Cu under saline condi-
tions, it was shown that Cd removal was pronouncedly reduced from 81.8% to 5.8% 
when salinity increased from 0 to 40 psu. On the other hand, salinity increase did 
not affect Cu removal. At 35 psu maximum capacity of biosorption was 3.44 mg/g 
for Cd and 116 mg/g for Cu. Saturation of ca. 90% for both metals was obtained in 
60 min and was not pronouncedly affected by salinity (Patron-Prado et al. 2010). As 
good biosorbents of Cd also nonliving biomass of brown algae Sargassum sinicola 
and Sargassum lapazeanum was reported with maximum biosorption capacity 
(qmax) of Cd estimated according to the Langmuir adsorption isotherm 
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62.42±0.44 mg/g for S. sinicola and 71.20±0.80 mg/g for S. lapazeanum, respec-
tively (Patron-Prado et al. 2011).

Investigation of Al3+ and Cd2+ biosorption on dead brown seaweed, Turbinaria 
conoides, in both single and binary systems showed that the macroalga achieved 
maximum Al3+ biosorption at pH 4 with a capacity of 2.37 mmol/g, while for Cd2+ 
maximum biosorption was observed at pH  5 with a capacity of 0.96  mmol/g.  
The -COOH groups on the surface of seaweed were found to be responsible for 
excellent uptake capacity against both tested ions via the ion-exchange mechanism. 
In binary systems, Al3+ uptake was reduced to 56% and to 27% for Cd2+ compared 
to single- solute systems. Using 0.1 M HCl as eluant T. conoides biomass was suc-
cessfully reused in three repeated cycles (Vijayaraghavan et al. 2012a).

Pennesi et  al. (2012) tested nonliving seaweeds Cystoseira, Dictyopteris and 
Eisenia sp. (Pheophyta), Caulerpa and Ulva sp. (Chlorophyta) and Ceramium, 
Gracilaria and Porphyra sp. (Rodophyta) as As5+ biosorbents and found that these 
species were characterized by significant sorption ability, which achieved a maxi-
mum value of ca. 1.3±0.1 mg/g for the red alga Ceramium, comparable with those 
of activated carbon and other low-cost adsorbents. As biosorption was found to 
depend on the composition and structure of the outer layer of the seaweeds, As spe-
ciation and functional group availability at different pH, and eventual counter-ion 
interactions with arsenate. The sorption of As was not pronouncedly affected by 
biosorbent acid washing; however, the basic washing was found to improve As sorp-
tion of green seaweeds. Hizikia fusiforme macroalga can contain large inorganic As 
concentrations, while Fucus spiralis contains mainly arsenosugars. When F. spiralis 
was exposed to 0, 1 and 10 mg/L arsenate solutions for 24 h, and H. fusiforme was 
analysed fresh, in all samples As3+, glutathione and reduced PC2 were detected. 
However, while in arsenate exposed F. spiralis traces of various As compounds were 
found, probably As3+-GS or As3+-PC2 complexes, in H. fusiforme no As3+-PC com-
plexes were found. The researchers supposed that As3+-PC complexes are not the 
foremost principal storage form for long-term As storage within marine macroal-
gae. It could be mentioned that glutathione concentrations in H. fusiforme were 
40-fold higher than those in F. spiralis (Wood et al. 2011). The accumulation of As 
by the brown seaweed Sargassum elegans Suhr 1840 collected from seven sites 
along the coast of KwaZulu-Natal, South Africa, containing high amount of 
β-sitosterol, fucosterol and phaeophytin ranged from 42 to 105  mg/kg, however 
with a high portion of inorganic As (21 to 53  mg/kg), which could represent 
increased risk at consumption of this species (Magura et al. 2019). Inorganic arsenic 
from seawater accumulated in seaweeds in the form of HAsO4

2− instead of HPO4
2−, 

and although it was rapidly metabolized to organoarsenic species, residual iAs in 
seaweed biomass could be harmful for consumers of seaweed products. The total As 
(Astot) in thallus parts of Laminaria digitata ranged from 36 to 131 mg/kg d.w., 
while in Ascophyllum nodosum from 38 to 111 mg/kg d.w., with no statistically 
significant differences between different thallus parts. On the other hand, iAs repre-
sented <1% from Astot in A. nodosum, while in L. digitata it achieved 2.2–87 mg/kg, 
increasing through the thallus from the stipe to the decaying distal blades; in the 
middle to decaying distal blades it represented >50% of Astot (Ronan et al. 2017).
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Hg levels accumulated in Ulva lactuca (green), Gracilaria gracilis (red) and 
Fucus vesiculosus (brown) macroalgae from contaminated waters with high salinity 
and Hg concentrations of 10–100 μg/L (comparable with those found in the envi-
ronment) were 20.8 and 208 μg/g, corresponding to bioconcentration factor of ca. 
2000. Application of living biomass was capable to reduce Hg levels by ca. 90% 
resulting in drinking water fulfilling the European criteria. The biosorption process 
was assumed to be essentially of chemical nature, and volatilization of Hg or its 
conversion to organomercuric compounds was negligible (Henriques et al. 2015). 
Activated carbons based on biomass of Sargassum and Enteromorpha seaweeds 
fabricated using activation temperature of 800 °C were found to show the best effi-
ciency in gaseous Hg0 removal. In general, Hg0 removal efficiency of both samples 
raised also with increasing reaction temperature, and it was observed that the Hg0 
removal was controlled by the external mass transfer at 80 °C and controlled by the 
chemisorption at 120 °C and 160 °C, whereby the physisorption and chemisorption 
were mediated by the surface active sites (C-Cl groups and oxygen species) of the 
sorbent and its great specific surface area and pore structure (Liu et  al. 2019). 
Enteromorpha chars prepared by pyrolysis and modified by NH4CI or NH4Br using 
5 wt% loading and reaction temperature of 130 °C were studied for the removal of 
gaseous Hg0 by Xu et al. (2019). Optimal pyrolysis temperature was found to be 
800 °C, and modification of chars resulted in pronouncedly improved Hg removal, 
especially when NH4Br was used. Hg adsorption over modified seaweed chars was 
endothermic process, the experimental data fitted the pseudo-second-order kinetic 
model, and in the removal of Hg chemisorption played a crucial role. Whereas pres-
ence of O2, NO and lower concentration of H2O stimulated Hg removal, presence of 
SO2 and higher H2O concentrations showed inhibitory effect. As the predominant 
chemisorption sites for Hg0 removal in NH4Br-modified Sargassum chars, the C-Br 
and C=O covalent groups were considered (Liu et al. 2018b). Similar results related 
to removal Hg0 were obtained using biochars derived from seaweed, which were 
impregnated with potassium iodine. As the dominant chemical adsorption sites on 
the surface of the KI modified seaweed biochars participating on Hg0 removal, the 
covalent groups (C-I) and the chemisorbed O2 and/or weakly bonded oxygen spe-
cies were estimated (Yang et  al. 2018). The brown seaweeds T. conoides and 
Sargassum sp. tested as biosorbents of Hg2+ removal from aqueous solution achieved 
at pH 5 maximum biosorption capacities of 170.3 and 145.8 mg/g, respectively, 
compared to 138.4 mg/g observed with the green seaweed Ulva sp. Biosorption was 
observed to be rapid, equilibrium was reached within 90 min, and the experimental 
data fitted well the Toth model and could be described by the pseudo-first-order 
model. Using 0.05 M HCl for desorption enabled reuse of T. conoides biomass; 
three consecutive sorption-desorption cycles resulted only in 8.8% reduction in 
Hg2+ biosorption capacity. On the other hand, pronounced biomass weight loss was 
observed at treatment of Sargassum sp. and Ulva sp. with 0.05 M HCl (Vijayaraghavan 
and Joshi 2012).

Osmium uptake measured in Fucus vesiculosus non-fertile tips cultured in the 
presence of different concentrations of Os applied in the form of isotopic composi-
tion with 187Os/188Os positively correlated with the concentration of the Os doped 
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seawater, and 187Os/188Os composition of the seaweed was the same as that of the 
culture medium suggesting the potential of F. vesiculosus to be used for estimation 
of Os isotopic composition of the seawater (Racionero-Gomez et al. 2017).

In Porphyra yezoensis algae exposed to three different Pb concentrations (0.01, 
0.1 and 1.0 mg/L) for up to 144 h, Pb was deposited in the cell wall, and formation 
of the precipitation of less active 2% acetic acid extractable form could be consid-
ered as one of the mechanisms for accumulation, transportation and detoxification 
of Pb in this red macroalga (Zhao et al. 2019). Investigation of Pb removal effi-
ciency using marine macroalga biosorbents as alternative materials for permeable 
reactive barriers showed that in the batch experiments higher Pb removal efficiency 
exhibited Undaria pinnatifida compared to Phragmites australis, while in the col-
umn experiments the Pb removal efficiency showed a decrease for both tested mate-
rials at approximately the same time (Soto-Rios et  al. 2014). The optimum 
biosorption conditions for Pb2+ ions biosorption on the brown seaweed Sargassum 
ilicifolium were found to be initial pH 3.7, biosorbent concentration 0.2 g/L and 
initial Pb2+ concentration 200 mg/L resulting in the maximum uptake capacity of 
195±3.3 mg/g; the equilibrium biosorption data could be well described with both 
Langmuir and Freundlich isotherm models (Tabaraki et al. 2014). High-molecular 
alginates extracted from Djiboutian brown seaweeds, Sargassum sp. and Turbinaria, 
and isolated as sodium salts, which were deposited on the native Aerosil 200 SiO2, 
NH2-functionalized and COOH-functionalized SiO2 particles, were tested as biosor-
bents of Pb2+ ions from aqueous solution. The highest uptake, 585 mg Pb2+/g, was 
observed with the alginates originating from Sargassum sp. deposited on NH2- 
functionalized SiO2. On the other hand, using alginates originating from Turbinaria 
sp. deposited on SiO2, several sorption-desorption cycles could be performed, and 
thus, they are suitable to be used as an inexpensive biosorbent for Pb2+ ions (Aden 
et al. 2019). Fucoidan, a sulfated polysaccharide extracted from brown seaweed, 
used in the form of a silica composite was found to be a prospective Pb2+-imprinting 
matrix, and the fucoidan-based Pb2+ imprints were characterized with excellent 
sorption properties and showed higher capacity and higher binding strength for Pb2+ 
than other sulfated polysaccharides (Ferreira et al. 2017). The waste obtained after 
the sequential separation of polyphenols, fucoidan and alginate extracts from brown 
macroalgae Fucus spiralis seaweed, which was tested as biosorbent for Pb2+, was 
able to remove Pb2+ ions almost completely, equilibrium being achieved in few 
hours, and such biosorbent showed maximum adsorption capacity of 132±14 mg/g 
(pH 4.5±0.5, 20 °C) predicted by Langmuir model (Filote et al. 2019).

Three brown algae Sargassum vulgare, Cystosiera compressa and Turbinaria 
were tested as biosorbents for purification of wastewater containing Cu2+ and Pb2+ 
ions under stirring (200 rpm), and it was found that the effectiveness of the indi-
vidual biosorbents increased not only with increasing amount of biosorbents, but 
also with immersion time and low initial metal ions concentration. Changes of the 
pH of the medium significantly affected the effectiveness of the adsorption, maxi-
mum removal being observed at pH 8. The biosorption process could be described 
by Freundlich adsorption isotherm and second order kinetic model, whereas this 
process took place in three steps according to intraparticle diffusion process and the 
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efficiency of the metal ions removal was affected by the biochemical structures of 
the tested biosorbents (Negm et al. 2018). Chondracanthus chamissoi (Rhodophyta) 
was found to be a suitable biosorbent for Pb2+ and Cd2+ showing optimum sorption 
efficiency at approximately pH 4 with maximum sorption capacity 1.37 mmol Pb/g 
and 0.76 mmol Cd/g, whereby the biosorbent exhibited considerable higher affinity 
for Pb2+ than for Cd2+. Improvement of the sorption capacity and uptake kinetics 
with grinding the biomass was not observed. It could be assumed that during the 
sorption process, the metal ions interaction with carrageen belonging to the main 
constituents of this biosorbent occurred, whereby the affinity of the -SO3

− groups on 
the sulfated polysaccharide was higher for Pb2+ than for Cd2+ (Yipmantin et al. 2011).

CaCl2-pretreated biomass of brown seaweed, Lobophora variegata (Lamouroux), 
exhibited the maximum uptake capacities of 1.71 and 1.79 mmol/g for Cd2+ and 
Pb2+, respectively; the sorption process could be described by the pseudo-second 
order kinetic model. Sorption mechanism was found to be complex and consisted of 
both surface adsorption and pore diffusion. Based on the fit of experimental data 
with Langmuir isotherm, it was supposed that Cd2+ and Pb2+ ions covered the sur-
face of L. variegata by a monolayer. On the binding of metal ions by the seaweed 
participated predominantly -COOH groups accompanied by significant interactions 
with -NH2 and amide groups of the biomass (Jha et al. 2009). Sargassum horneri 
(Pheophyta) biomass pretreated with CaCl2 in order to increase Pb2+ adsorption, 
which was tested as biosorbent for Pb2+, showed qmax of 0.696 mmol Pb/g evaluated 
using Langmuir adsorption isotherm equation, and ca. 1.5-fold higher amount of 
Ca2+ was released from the biosorbent compared to the adsorbed Pb2+ amount 
(Southichak et al. 2008). The total amount of light metals present on the surface of 
raw biomass of brown marine macroalgae Ascophyllum nodosum was estimated as 
2.4 mEq/g, and comparable binding capacity was observed when the raw macroal-
gae were converted in different ionic forms, whereby as crucial functional groups 
responsible for cations binding -COOH (ca. to 1.3  mEq/g) and HSO3

− (ca. to 
1.1 mEq/g) groups were estimated. Using 0.1 M CaCl2 at pH 8.0 the regeneration of 
biosorbent could be performed enabling its reuse in multiple cycles (Mazur et al. 
2017). The advantage of the sequential application of macroalgal biosorbents, 
Fe-treated biochar and raw biochar fabricated from macroalgae, for the bioremedia-
tion of a complex industrial effluent was reported by Kidgell et al. (2014). Whereas 
Fe-biochar removed the metalloids from the wastewater, subsequent application of 
raw biochar removed the metals.

Based on temporal and spatial patterns of Zn and Pb content in Ulva australis 
collected from the Derwent Estuary, Tasmania, Australia, over 3 years (2013–2015), 
it was shown that both metals achieved high levels in the macroalga; however, Zn in 
seaweed varied seasonally (4.8–320.7  mg/g), while Pb levels were not affected. 
Highest Zn and Pb levels were observed in the middle-upper estuary, close to the 
zinc smelter, where seawater concentrations were higher suggesting that U. austra-
lis can be used for monitoring the effects of toxic metals in estuarine systems (Farias 
et  al. 2019). Investigation of Zn bioaccumulation by Gracilaria bursa-pastoris 
(Rhodophyta) seaweed in the coastal section of the Evros River Delta, Aegean Sea, 
showed correlation with its sediment loads suggesting that accumulated Zn in 
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macroalga reflected well the ambient Zn abundances, and the tested seaweed could 
be used as a bioindicator of Zn. On the other hand, observed negative correlation 
between accumulated Zn and water salinity was likely due to increasing Zn uptake 
with decreasing salinity. In contrast to Zn, bioaccumulated Cd in G. bursa-pastoris 
did not correlate with its content in the sediment and showed a negative correlation 
with Zn accumulated in the macroalga indicating that due to an antagonistic interac-
tion between Cd and Zn, the use of G. bursa-pastoris as bioindicator of Cd would 
be not satisfactory (Boubonari et  al. 2008). Formaldehyde-treated Sargassum 
glaucescens biomass used for biosorption of Zn2+ from aqueous solution achieved 
the maximum metal uptake capacity of 29.13 mg Zn/g in a batch experiment. Using 
S. glaucescens in a packed-bed column with 1.6 cm internal diameter, the increase 
in the height resulted in increased breakthrough and exhaustion time and a decrease 
of the breakthrough curves slope, whereby column with 18 cm height and 4 mL/min 
flow rate ensured the maximum dynamic capacity of 71.17  mg Zn/g (Dabbagh 
et al. 2016).

The residue of the alginate extraction from Sargassum filipendula seaweed as a 
biosorbent material in a fixed bed was reported to be suitable for removal of Ni2+ 
ions and can be used for treatment of effluents contaminated with toxic metals 
(Moino et  al. 2017). Under optimum conditions Enteromorpha sp. was able to 
remove 87.16% Ni2+ at pH 4.79, biomass concentration of 1000 mg/L, contact time 
70 min and temperature of 25 °C, while for maximum Cd removal (75.16%) pH of 
4.88, biomass concentration of 1000 mg/L, contact time 50 min and temperature of 
65 °C were necessary. Freundlich and Langmuir models described well Ni2+ and 
Cd2+ biosorption data, respectively, and using Langmuir model for Enteromorpha 
biomass, the maximum sorption capacities of 250 mg Ni/g and 167 mg Cd/g were 
predicted (Tolian et al. 2015). Using the alginate-based biosorbent produced from 
Sargassum sp. for biosorption of Ni2+ and Cu2+ ions from synthetic solutions and 
real electroplating effluents, the sorption equilibrium was observed within 180 min 
for Ni2+ ions and 360  min for Cu2+ ions; the adsorption kinetics data could be 
described by the pseudo-second-order and diffusion in spherical adsorbents, 
Langmuir model fitted well the experimental data, and the biosorbent showed the 
maximum sorption capacity 1.147 and 1.640 mmol/g for Ni2+ ions and Cu2+ ions, 
respectively. The biosorption of Ni2+ and Cu2+ ions was found to be mostly a chemi-
cal phenomenon, endothermic and spontaneous at temperatures ranging from 293 to 
313 K. Using acidic and saline eluents, partial desorption of the Ni2+ and Cu2+ ions 
from the biosorbent was obtained allowing its reuse in new sorption/desorption 
cycles. Decreasing amounts of Ni2+ and Cu2+ ions biosorbed from real electroplating 
effluents containing high concentrations of light metals were observed (Barquilha 
et al. 2019).

In experiments with fixed bed column using Sargassum glaucescens brown alga, 
the highest biosorption capacity of S. glaucescens for Sb3+ was found to be 5.89 mg/g 
within a flow rate of 8 mL/min and a bed height of 15 cm, whereby with increasing 
bed height the breakthrough and exhaustion times increased, while showing a 
decrease with the enhancement of the flow rate (Dabbagh et al. 2019).
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Murphy et al. (2008) compared Cr6+ and Cr3+ biosorption by red (Palmaria pal-
mata and Polysiphonia lanosa), green (Ulva compressa, Ulva linza, Ulva lactuca 
and Ulva intestinalis) and brown seaweed (Fucus vesiculosus and Fucus spiralis) 
dried biomass. P. palmata was most effective in removing both Cr3+ and Cr6+ at low 
initial concentrations, while at high initial concentrations of metals, F. vesiculosus 
showed the highest efficiency in removing Cr3+ and F. vesiculosus together with 
P. lanosa had the highest efficiency of removing Cr6+. For binding of Cr to Ulva spp. 
interactions of -NH2, -COOH, -SO3

− and -OH groups were responsible. In the rest 
tested seaweeds besides these function groups also the ether group participated in 
Cr6+ binding to the red seaweeds, and the ether group of brown seaweed was involved 
in Cr binding as well. Brown seaweeds, Macrocystis pyrifera and Undaria pinnati-
fida, tested for removal of Cr3+ from aqueous solutions exhibited the highest metal 
uptake at pH 4. The equilibrium data showed the best fitting with Langmuir model, 
and the maximum Cr3+ sorption capacities (qmax) of 0.77 mmol/g and 0.74 mmol/g 
were determined for M. pyrifera and U. pinnatifida, respectively (Cazon et al. 2012). 
Using dried biomass of the brown seaweed Sargassum dentifolium grinded to 
micro-size scale of 0.3868 μm, a 99.68% Cr6+ removal efficiency from 100 ppm 
Cr-contaminated wastewater using 1.5 g biosorbent per 100 mL, 1 h shaking contin-
ued to12 h static, pH 7.0 and 50 °C was reported and good fit of experimental data 
with the Langmuir isotherm suggested a monolayer adsorption on the biosorbent 
surface (Husien et  al. 2019). Using Laminaria digitata seaweed biosorbent  
with -COOH and -OH groups as the major binding sites on the surface (qmax of 
2.06 ±0.01 and 1.4±0.7 mmol/g; pKa of 3.28±0.01 and 11±1, respectively) tested 
for the removal of Cr3+ ions from aqueous solutions, it was found that depending on 
the pH the Cr species present in the solution, Cr3+ and CrOH2+, exhibited different 
affinities for the -COOH groups occurring on the surface of the algal biomass. For 
a description of the kinetics at batch system, a mass transfer kinetics model was 
used enabling to obtain the distribution of CrOH2+ and Cr3+ species in solution and 
at the binding sites (Dittert et al. 2013).

Deniz and Ersanli (2018) applied a coastal seaweed community composed of 
Chaetomorpha sp., Polysiphonia sp., Ulva sp. and Cystoseira sp. species to remove 
Cu2+ ions from synthetic aqueous medium by performing biosorption experiments 
in batch mode. The biosorption of Cu2+ ions was pronouncedly affected by pH, 
biosorbent amount, metal ion concentration and contact time, and the pore diffusion 
also played a role in the control of biosorption process. The Cu induced stress and 
ocean acidification was reflected also in physiological and morphological altera-
tions of Ulva prolifera. Moderate enhancement of pCO2 to 1000 μatm alleviated the 
toxic impact of Cu on seaweed, but at pCO2 of 1400  μatm it was restored. At 
1400 μatm pCO2 the presence of 2 μM Cu resulted in branched thalli, likely due to 
defense mechanism against the abiotic stresses induced by high Cu concentration 
and high pCO2 (Gao et al. 2017). The optimized combination of a composition con-
sisting of seaweed (Gracillaria sp.), blood clamp (Anadara granosa) and zeolite, 
when used as a biofilter, was able to reduce the content of Cu in the aquatic environ-
ment from 1 mg/L to 0.119 mg/L (Achmadi et al. 2019). The optimum condition 
parameters for Cu2+ removal from wastewater by activated carbon fabricated using 
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red seaweed Gracilaria changii as adsorbent in the batch experiment were pH 6.0, 
a contact time of 60  min and adsorbent dose 0.3  g resulting in maximum Cu2+ 
adsorption capacity of 0.07 mg/g. The experimental adsorption data could be fitted 
by Freundlich isotherm model and pseudo-second-order kinetic model (Lavania- 
Baloo et  al. 2017). Using large brown algae seaweeds, Saccharina japonica and 
Saccharina sculpera for removal of Cu2+ ions from the aqueous solution, Cu uptake 
of ca. 0.3 mmol per gram of macroalga with particle sizes <250 μm was observed at 
the equilibrium Cu concentration of 19 mg/L, while at Cu concentration of 47 mg/L 
the Cu uptake reached even 1.9 mmol/g macroalga, and this rise could be connected 
with the diffusion of Cu2+ ions through the gel formed at the initial stage of the 
adsorption, into the inner alginates of the seaweed (Kuzuhara et al. 2018). Brown 
seaweed Lessonia nigrescens tested as biosorbent of Cu ions at pH 3.2±0.2 for 
7  days of contact time achieved the maximum experimental uptake of 54.5 and 
58.5 mg Cu/g by the blades and the stipes of the alga, respectively; however, the 
equilibrium sorption isotherms could be described by both Langmuir and Freundlich 
models only for stipes as biosorbent. On the other hand, the Ho and McKay pseudo- 
second- order model was suitable to describe the sorption kinetics for both stipes and 
blades (Hansen et al. 2017). Also, a study of the mechanisms of Cu2+ biosorption on 
Lessonia nigrescens dead biomass showed that the Cu2+ ions interacted with algal 
biomass predominantly via the abovementioned groups by ionic and coordinative 
bonds by ligand multidentism, and rearrangements of the cell wall stiffness (Cid 
et al. 2018). Maximum capacity for Cu2+ biosorption on the dead biomass of brown 
macroalgae Durvillaea antarctica at pH 5.0 was estimated as 1.44 mmol/g, and it 
was stated that the ion exchange mechanism of Cu2+ biomass adsorption can be 
specified as physisorption in a multilayer heterogeneous system (Cid et al. 2015). 
For dry algal biomass of brown seaweed Cystoseira crinitophylla, adsorption capac-
ity of 160  mg Cu/g at 600  mg Cu/L equilibrium concentration and pH  4.5 was 
determined, whereby sorption isotherms could be well described with the Langmuir 
and Freundlich model equations. In the experiments using columns with Cystoseira 
protonated dry biomass, excellent regeneration of sorbent was achieved resulting in 
100% efficiency even after 35 sorption/desorption cycles at pH 4.5 and 96% for 
pH 2.6 (Christoforidis et al. 2015).

The competitive biosorption of Cu2+ and Ag+ ions was studied in batch systems 
using acidified waste of Sargassum filipendula as biosorbent (2 g/L) at 25 °C for 
12 h and pH ca. 5.0. Cu exhibited higher affinity for the biosorbent and a fast bio-
sorption kinetic profile, while Ag equilibrium times depended on the Cu concentra-
tion. As the rate-limiting step in Cu2+ ion removal, external diffusion was considered, 
which can limit the kinetic rates of Ag+ ions as well. In simultaneous processes of 
chemisorption and physisorption processes, several mechanisms such as ion- 
exchange, complexation and electrostatic attraction played a role, whereby notable 
amounts of Ca2+ and Na+ were released by the ion-exchange mechanism. A homog-
enous covering of both metal ions on the surface of the particles was observed, and 
in the macroporous biosorbent a considerable amount of macropores was filled with 
tested metal cations (do Nascimento et al. 2019).
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A brief overview of the maximum metal biosorption capacity of selected sea-
weeds is given in Table 3.1.

6  Metal Levels in Edible Seaweed Species Intended 
for Consumption

Seaweeds contain pronounced amounts of pigments, minerals and some water-and 
fat-soluble vitamins, which after extraction could be utilized for enrichment of 
functional foods. The most important compounds in terms of human nutrition found 
in 11 European edible seaweed species  and their benefits  to human health were 
analyzed by Kraan (2013). Also, the potential use of prebiotics from marine mac-
roalgae, which are rich in polysaccharides, for both humans and animals was dis-
cussed by O’Sullivan et  al. (2010). On the other hand Chiocchetti et  al. (2017) 
overviewed the occurrence of toxic metal(loid)s in seafood products and discussed 
the risk resulting from their consumption. The brown algae Saccharina latissima 
and Alaria esculenta and the red alga Palmaria palmata collected from natural pop-
ulations and aquaculture in the NE Atlantic were found to be good sources of anti-
oxidants, and the accumulated concentrations of toxic metals were below the upper 
limits set by the French recommendation and the EU Commission suggesting a low 
risk of their consumption for humans. Moreover, these seaweeds were good sources 
of antioxidants achieving the highest mean polyphenol content in winter (for Alaria 
and Saccharina) and spring (for Palmaria) (Roleda et al. 2019). Circuncisao et al. 
(2018) summarized the findings related to the mineral content of prevalent edible 
European macroalgae and focused attention also on the main factors interfering in 
their accumulation. Accumulation of Mg, and especially Fe, was found to be preva-
lent in Chlorophyta, in contrast to Rhodophyta and Phaeophyta, which accumulate 
higher concentrations of Mn and I, respectively. Moreover, the researchers stated 
that seaweeds can be used to replace NaCl in common foods resulting in increased 

Table 3.1 Maximum metal biosorption capacity of selected seaweeds

Seaweed Metal pH qmax References

Green Ulva fasciata Cd2+ 4.0 18.87 mg/g El-Sheekh et al. (2020)
Ulva lactuca Cd2+ 7.0 15.60 mg/g El-Sheekh et al. (2020)

Red Kappaphycus alvarezii Cd2+ 4.5 0.48 mmol/g Praveen and Vijayaraghavan (2015)
Kappaphycus alvarezii Cu2+ 4.5 0.47 mmol/g Praveen and Vijayaraghavan (2015)
Kappaphycus alvarezii Ni2+ 4.5 0.38 mmol/g Praveen and Vijayaraghavan (2015)

Brown Cystoseira trinodis Pb2+ 5.2 49.08 mg/g Salehi et al. (2014)
Cystoseira trinodis Ni2+ 5.2 14.58 mg/g Salehi et al. (2014)
Sargassum ilicifolium Pb2+ 3.7 195 mg/g Tabaraki et al. (2014)
Sargassum vulgare Fe3+ 3.0 63.67 mg/g Benaisa et al. (2016)
Turbinaria conoides Al3+ 4.0 2.37 mmol/g Vijayaraghavan et al. (2012a)
Turbinaria conoides Cd2+ 5.0 0.96 mmol/g Vijayaraghavan et al. (2012a)
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content in elements that are frequently deficient in the European population. 
Taxonomic genus and to a lesser extent also the geographic origin strongly affected 
the trace element profile, and a remarkable risk related to seaweed consumption 
connected with increased levels of Al and Cd was estimated (Miedico et al. 2017).

Cherry et al. (2019) in their review paper analysed the nutritional composition of 
edible seaweeds; evaluated health benefits connected with consumption of whole 
seaweeds extracted bioactive components, and seaweed-based food products for 
humans; and drew attention also to the potential of negative impact of the consump-
tion of edible seaweeds containing excess iodine and As. Determination of Cd, Cu, 
Hg, Pb, Zn, total As and inorganic As in 52 samples from 11 algae-based products 
commercialized in Spain for direct human consumption (Gelidium spp., Porphyra 
umbilicales, Chondrus crispus, Undaria pinnatifida, Ulva rigida, Laminaria spp., 
Hizikia fusiforme, Eisenia bicyclis and Himanthalia elongata) showed that the 
highest values of total and inorganic As contained samples of Hizikia fusiforme and 
that most Cd concentrations exceeded the French Legislation (Besada et al. 2009). 
Paz et al. (2019a) determined the content of toxic metals (Al, Cd, Pb and Hg) in 
edible seaweed samples consumed in Europa to assess the toxicological risk from 
the intake of these metals. The highest level of Al was recorded in seaweed salad 
(57.5 mg Al/kg d.w.), while the highest concentrations of Al (38.9 mg/kg d.w.), Cd 
(0.59 mg/kg d.w.) and Pb (0.40 mg/kg d.w.) were shown in Asian algae and the 
highest concentration of Hg (0.017 mg/kg d.w.) was found in European algae. The 
researchers stated that the consumption of 5 g a day of dehydrated seaweed would 
not pose a risk to the health of adults. Investigation of metal abundance in seaweeds 
from locations along the Firth of Forth and Forth Estuary in Scotland showed that 
within the same macroalgal species, abundances of As, I, Pb, Cu, Cd and U were 
affected by mixing between freshwater riverine and North Sea marine saltwater, 
whereby additional mixing of natural and anthropogenic inputs from the surround-
ing geology and industry had an impact on Zn, Ni, Co, Re and Os accumulation in 
macroalgae (Ownsworth et al. 2019).

Determination of the chemical composition of three edible seaweeds, Hypnea 
spicifera, Codium capitatum and Sargassum elegans, from the Indian Ocean, 
KwaZulu-Natal coast, South Africa, showed that the moisture level ranged from 
85.4 to 89.5%, protein levels from 6.1 to 11.8%, lipids from 7.5 to 13.1% and car-
bohydrates from 37.8 to 71.9%. The concentrations of individual metals in seaweed 
decreased as follows: Ca > Mg > Fe > Cu > As > Zn > Ni > C r> Pb > Co ≈ Se. 
Whereas C. capitatum and H. spicifera containing low concentrations of toxic met-
als were found to be suitable as potential sources of most essential nutrients, high 
levels of As in S. elegans ranging from 94.70±6.6 μg/g in winter to 65.10±2.3 μg/g 
in summer indicate that the consumption of those species could represent certain 
risk (Magura et al. 2016). Ganesan et al. (2020) evaluated the nutritional value of 
underexploited edible seaweeds Gracilaria edulis, Acanthophora spicifera, Padina 
gymnospora, Enteromorpha flexuosa and Ulva fasciata with recommended dietary 
allowances and found high levels of micronutrients such as Fe (14.8–72 mg/100 g), 
iodine (38.8–72.2 mg/100 g), and Ca (410–870 mg/100 g). In Ulva fasiciata the 
levels of essential aminoacids ranged from 189.2 to 306  mg/g, and the seaweed 
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contained 0.80% arachidonic acid, 0.59% of linoleic acid and monounsaturated 
fatty acids ranging from 3.05 to 14.08%. The observed contents of toxic metals in 
tested species were 0.012–0.076 ppm for As and 0.012–0.081 ppm for Cd, while 
0.030  ppm for Hg (concentration within the tolerable limit) was found only in 
A. spicifera. The researches stated that the abovementioned nutrients correspond to 
> 70% of macro- and micronutrients in precise combination of recommended 
dietary allowances suggested for pregnant women and could be used as an alterna-
tive food source. Rubio et al. (2017) analysed concentrations of 20 metals in edible 
seaweeds (Gelidium, Palmaria, Chondrus, Porphyra, Himanthalia, Eisenia, 
Laminaria, Undaria) originating from Asia and EU cultivated using conventional or 
organic practices. Higher concentrations of trace and toxic elements were found in 
red seaweed, suggesting the potential use of Porphyra as a potential bioindicator for 
metals. Considerable differences were observed between the average metallic con-
tent of Asian and European seaweed. The average Cd concentration in seaweeds 
from the conventional cultivation was more than twofold compared with that from 
the organic cultivation (0.28 vs. 0.13 mg/kg). By consumption of seaweed at 4 g/day 
the dietary intake of Mg and Cr could be supported, and the mean intakes of Al, Cd 
and Pb of 0.064, 0.001 and 0.0003 mg/day, respectively, do not cause health prob-
lems when other toxic metals in seaweed are missing.

Paul et al. (2014) compared biomass productivities and biochemical properties 
of Caulerpa lentillifera and C. racemosa, edible varieties of the green seaweed 
genus Caulerpa known under the collective term “sea grapes”. Productivity of 
tested species in 6 weeks yielded 2 and < 0.5 kg per week for C. lentillifera and 
C. racemosa, respectively. The nutritional value of C. racemosa was higher than 
that of C. lentillifera for both polyunsaturated fatty acids (10.6 vs. 5.3 mg/g d.w.) 
and pigments (9.4 vs. 4.2 mg/g d.w.), while the increasing frond size resulted in 
decreasing content of eicosapentaenoic acid in both species. Higher levels of Zn, 
Mg and Sr were estimated in C. lentillifera, while C. racemosa had higher levels of 
Se. As and Cd contents (1 vs. 0.1 ppm) were higher in C. lentillifera in comparison 
with C. racemosa showing higher Pb, Cu and V levels. Based on high biomass pro-
duction potential in monoculture and nutritional properties the researchers recom-
mended increased commercialization of C. lentillifera as aquaculture product in 
tropical Australia and in Southeast Asia.

Etemadian et al. (2018) evaluated nutritional properties of two dried brown sea-
weeds Sirophysalis trinodis and Polycladia myrica and found that they contained all 
of the essential amino acids, especially methionine, isoleucine, leucine, lysine, thre-
onine, valine, phenylalanine and arginine as well as high amounts of important fatty 
acids (linolenic acid, palmitic acid and oleic acid), proline, Ca, Mg, Fe Mn, Cu an 
Zn, and thus, these seaweeds can be used as a valuable source of nutrient supple-
ments for humans and animals. From the most consumed edible seaweeds in Europe, 
highest concentrations of K (57,480  mg/kg d.w.) were observed in Himanthalia 
elongata, while the highest Fe content (58.8 mg/kg d.w.) was determined in Asian 
Undaria pinnatifida species, whereby a dose of 5 g/day of dehydrated seaweed of 
this species can contribute to the admissible daily intake of Mg (9.32% adults) and 
Na (7.05% adults) (Paz et al. (2019b).
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7  Conclusions

Seaweeds, which together with corals create marvelous underwater formations 
playing with countless colors, are photosynthesizing organisms producing a signifi-
cant amount of oxygen in the atmosphere. However, excess concentrations of toxic 
metals generating harmful reactive oxygen species and causing oxidative stress 
adversely affect their growth and development reflected in the inhibition of photo-
synthetic processes, reduced growth, altered algal cell ultrastructure, up- or down- 
regulation of gene expression and increased accumulation of toxic metals in seaweed 
biomass. Sensitive responses of seaweeds to the presence of toxic metals enable to 
use them for monitoring of metal pollution in marine environment originating pre-
dominantly from anthropogenic activities in coastal regions by investigating their 
morphological and physiological characteristics. The surface of these marine mac-
roalgae contains various functional groups able to interact with toxic metal ions and 
bulk or nanoscale metal particles resulting in biosorption, whereby the metal con-
centrations bioaccumulated by seaweeds often correlate not only with the metal 
concentrations in surrounding aqueous environment but also with those in the sedi-
ments. Some seaweed species belonging mainly to brown algae (Phaeophyceae), 
particularly Sargassum sp., which show a great rate of tolerance against toxic met-
als, can accumulate in the biomass considerable metal amounts and consequently 
can be used for the removal of metals from metal-contaminated environment, 
whether using living or non-living seaweed biomass. Removal of toxic metals using 
living seaweed biomass can be used in situ in coastal areas close to industrial efflu-
ent discharges. On the other hand, the use of cheap metal sorbents prepared from 
dead seaweed biomass, which are effective also after several sorption-desorption 
cycles, is advantageous even before metal-contaminated wastewaters are discharged 
into the sea or rivers. Considering the high nutritional value of edible seaweeds 
containing high amounts of essential minerals, several vitamins and other health- 
promoting compounds it is inevitable to ensure that the accumulated levels of toxic 
metals do not exceed the permissible levels and did not pose a health risk to the 
human population. In general, seaweed biomass originating from renewable 
resources could be considered as a very prospective inexpensive material for effec-
tive removal of metals from the aqueous environment, and widespread consumma-
tion of edible seaweed species in the form of food supplements can exhibit beneficial 
impact on the health of increasingly growing human population.
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1  Introduction

As of now assessed at 7.4 billion, the total populace is dependent on agriculture 
results of which field crops have an enormous offer. The human populace is relied 
upon to arrive at nine billion in the following 30 years, which is required to raise an 
extended 60% food request (Muller et  al. 2017). Cereals, potatoes, and legumes 
have incredibly added to the world’s tremendous populace’s food prerequisites. In 
any case, these harvests’ yields are undermined by helpless soil quality, warmth and 
cold pressure, salinity and dry season, and different pathogen infections (Mohamed 
et al. 2018, 2019; Ghonaim et al. 2020). Thorough utilization of pesticides and com-
posts is done to fulfill the foreseen interest for food creation, yield, and gainful limit 
of significant harvests; however, their utilization frequently brings about different 
contamination and natural surroundings’ tainting. To safeguard the sustainability of 
our natural ecosystem and environment, increase in yields of agricultural crops for 
addressing future food issues needs some novel and eco-friendly aspects of agricul-
tural practices (Majeed et al. 2017).

Greatest arable land revelation and extreme utilization of chemical fertilizer have 
demonstrated yield stagnation and a decline in soil quality, a significant worry in 
developing and industrialized nations (Singh 2015). Plant nutrients are drained from 
the soil by an intensive crop method, and the signs of nutrient deficiency have been 
seen in plant parts and crop yield and quality have also been reduced. Current farm-
ing practices in food grain production have reduced the recycling of organic and 
other waste generated by the farm, resulting in a decline in soil organic matter 
(Shukla et al. 2013). Thus, age-old practices, the use of natural resources, agricul-
tural inhabitants, microbes, and organic improvements are remembered by the 
global science community (Singh and Strong 2016). The use of microorganisms in 
this process increases at a tremendous rate, and agricultural production increases 
due to stagnation. The dynamics of nutrient emanates from any source in the field. 
The soil microorganisms are primarily responsible for the pattern of crop supple-
ments, soil attributes, organic deteriorations and soil degradation.

Soil microorganisms change the hurtful impacts of substantial metals, pesticides, 
herbicides, and other concoction of substances. They debase the mixes into littler, 
less unstable portions. They improve soil ripeness levels, for example, obsession of 
environmental nitrogen, in situ assemblies of fixed phosphorus (P) and potassium 
(K), and production of siderophores, notwithstanding their capacity as a natural 
scavenger (Rao 2014). In root nodules of legume crops, more than half were needed 
to fasten atmospheric nitrogen by soil microorganism (Singh et al. 2016). Microbial 
biomass in soil plays an important role in soil health improvements and crop pro-
duction, thus maintaining sustainable agricultural and environmental efficiency 
(Singh et al. 2010; Singh and Singh 2012). The present chapter is focused on differ-
ent microbes in the soil, agricultural applications as bioinoculants for plant growth 
promotion, enhancing production for agro-environmental sustainability, and roles in 
soil fertility and health.
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2  The Rhizosphere

Microorganisms represent an assortment of life in the soil and assume a significant 
part in natural cycles by influencing the biogeochemical cycles, supplement pro-
curement, and pedogenesis of the earth (Schulz et al. 2013; Smith et al. 2015). They 
become essential elements of the arrangement of cultivation when a seed is germi-
nated in the soil for the beginning of its life cycle as essential live components of the 
soils (Meena et al. 2017a). The soil close to the plant roots (rhizosphere) is a vital 
living and climate for these microorganisms (Ullah et al. 2015; Bender et al. 2016).

Soil microorganisms play a critical role in sustaining and improving soil basics 
by joining natural and low soil particles to form aggregates (Bach et  al. 2010). 
Earth’s microorganisms are responsible for generating gene, glycoproteins, and 
polysaccharides, discharging the soil to create the foundation for soil structure 
(Hassink 1994). The provision of natural acids will affect pH for the microbes of the 
rhizosphere, thereby raising the availability of the additives for plants (Dimkpa 
et al. 2009). Also, the level of carbon and nitrogen in soil increases microorganisms 
to contribute towards soil saving surface and welfare (Bhatia 2008). Soil microbes 
are presently likewise utilized in the bioremediation of natural contaminants in soils 
through the mineralization cycle (Garbisu et al. 2017).

Some endophytic (bacteria and fungi) are microorganisms that assume a funda-
mental function in the control of abiotic and biotic stress with a specific spotlight on 
plant growth and development advancing rhizobacteria (PGPR) (e.g., Azospirillum, 
Enterobacter, Pseudomonas, Rhizobium, Bacillus, Cyanobacteria, and so forth) 
and arbuscular mycorrhizal organisms (AM) (Hassen et al. 2016). PGPR upgrades 
the openness of iron (Fe) in soil by delivering Fe-chelating specialists “sidero-
phores” and delivering organic acids “malate, citrate, and so forth” that decline pH, 
to energize the development of plants by controlling nitrogen fixation and plant 
hormones and production enzymes, improving the activity of antioxidants and edit-
ing volatile organic compounds (Singh and Jha 2016; Cohen et al. 2017).

In unfavorable circumstances, hardly any microbe is fitted with sigma variables 
that can determine impairment of gene expression upregulation (Taniguchi and 
Wendischen 2015). Nonetheless microbes, AM, adjust the rhizosphere by aggregat-
ing glomalin-related soil proteins (GRSP) and extending the area of absorption 
through arbuscules and cortical root vesicle production and water-holding capabil-
ity (Chowdhury et  al. 2015; Kuan et  al. 2016). Fungal hyphae also increase the 
supply of nutrients by upregulating P transporters and modifying gene transcription 
levels and activity related to stress-related antioxidants (Talaat and Shawky 2014; 
Maya and Matsubara 2013). Plant roots send the microorganisms signals by gener-
ating a wide range of exudates, such as amino acids, sugars, and various dicarboxyl 
acids “fumarate and succinate, malate,” which fill microorganisms as chemoattrac-
tors and influence their rhizosphere selection (Audrain et al. 2015; Schmidt et al. 
2015; Rosier et al. 2016).
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3  Microorganisms in Soil

Soil is a dynamic medium and supports different microbial communities such as 
bacteria, fungi, actinomycetes, algae, viroids, viruses, protozoans, nematodes, etc., 
which play a vital role in maintaining soil fertility, cycling of nutrient elements in 
the biosphere, humus formation, biological conversions, geochemical cycling, eco-
system sustenance, etc., besides supporting plant life and plant productivity (Singh 
et al. 2011a, b, c; Davinic et al. 2012; Meliani et al. 2012). In general, microorgan-
isms are known as fauna and flora that are smaller than 0.1 mm (Ellouze et al. 2014; 
Qiao et al. 2017). The population and variety of soil microorganisms differ widely 
and are influenced by the degree of fertility, organic matter, hazardous material 
presence, and climate influences. They are in size for a minute and cannot be seen 
with the naked eyes. In a soil having approximately 109 soil bacteria, with the help 
of a microscope, can see only 1 % of the total population (Bhatti et al. 2017; Bhat 
et al. 2017; Buscardo et al. 2018).

PGPRs are involved in various useful soil activities, such as destruction of crop 
residues, mineralization and soil organic matter synthesis, immobilization of min-
eral supplements, nitrification and nitrogen fixation, phosphate solubilization, and 
plant hormone formation that helps in crop productivity and protection. PGPRs also 
produce auxins that contribute to the growth of mycorrhizal mycelium (Fernández- 
Bidondo et al. 2011). This mycorrhizal mycelium colonizes plant roots which leads 
to changes in the exudates of the roots which have a selective effect on the rhizo-
sphere populations of other microbes (negative or positive) (Ye et al. 2015; Cornejo 
et al. 2017). In plant growth and development, microorganisms are involved through 
direct mechanisms, including hormone signalling modulation and phytopathogenic 
protection. Root exudate metabolites are responsible for contact between plants and 
microbes (Fig. 4.1).

3.1  Arbuscular Mycorrhiza (AM)

Because of their capacity to build up an interface for the trading of nutrients inside 
the living cells of the plant, mycorrhizal organisms contrast from other plant-fungus 
affiliations (Coats and Rumpho 2014). AM fungi have a broader absorbent surface 
than root hairs, along these lines assisting with retaining stable ions in the soil exter-
nal the depletion zones (Pichardo et al. 2012). In light of the presence of different 
extraradical or intraradical hyphal structures, seven unique sorts of mycorrhizal 
affiliations have been recognized such as “ectomycorrhiza, ecto-endomycorrhiza, 
monotropoid mycorrhiza, ericoid mycorrhiza, arbutoid mycorrhiza, orchid mycor-
rhiza and vesicular-arbuscular mycorrhiza” (Smith and Read 2008). The develop-
ment of arbuscular and vesicles inside cortex cells recognizes AM fungi. Their 
presence has led to the former standard name of the vesicular-arbuscular 
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mycorrhizal organisms, but currently, not all fungi produce vesicles arbuscular 
mycorrhizal (Friberg 2001).

3.1.1  Role of Arbuscular Mycorrhiza in Soil Fertility

3.1.1.1 Increasing Phosphorus Availability

Inorganic phosphate (Pi) soil is important for the correct development and working 
of all living things; normally plant development and yield are influenced when sup-
plies of Pi are decreased (Niu et al. 2013; López-Arredondo et al. 2014; Rawat et al. 
2016) as appeared in Table 4.1. The approach is to build the root-soil interface to 
enhance access and retention of the usable Pi (Yasin et al. 2016), and to solubilize 
Pi found in organic mineral complexes (Nouri et  al. 2014; Bahadur et  al. 2017; 
Verma et al. 2017b; Kumar et al. 2017). The monitoring of AM symbiosis according 
to phosphorus (P) availability is probably the most recognized example of such 
regulations (Balzergue et al. 2011). Pi can be consumed by the AM symbioses using 
root epidermal cells and root hairs, and through AM organisms (Nouri et al. 2014; 
Watts-Williams et al. 2015; Meena et al. 2015b, 2016; Bahadur et al. 2016). Along 
these lines, deciphering the synthetic flagging code in AM beneficial interaction 
stays an overwhelming yet unmistakable objective for the not so distant future (Nath 
et al. 2017; Verma et al. 2017a).

The different components proposed to represent improved nutrients take-up 
incorporate (1) expanded investigation of soil; (2) expanded phosphorus movement 
by arbuscular into plants; (3) root condition adjustment; (4) productive utilization of 
P inside plants; (5) dynamic move of P to the foundations of plants; and (6) expanded 
capacity of consumed P. The root take-up of phosphate is a lot speedier than the 
dissemination of particles through the root assimilation surfaces (Bhat et al. 2017). 
This prompts an area of phosphate consumption around the roots.

Fig. 4.1 Soil, microorganisms, and plant relationships
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3.1.1.2 Fixing Atmospheric Nitrogen

Nitrogen (N) is essential for amino acid manufacture and enters into protein and 
nucleic acid synthesis indirectly. In shoots, AM-related plants have an expanded N 
content. There are various systems proposed for this impact: (1) nitrogen fixation 
enhancement; (2) the immediate absorption of nitrogen; (3) facilitation of the trans-
fer of nitrogen, a mechanism by which non-nodulated plants gain from a portion of 
nitrogen fixed by nodulated plants; and (4) increased enzymatic processes such as 
“pectinase, xyloglucanase and cellulose” that are capable of decomposing soil 
organic matter involved in nitrogen metabolism (Barea 1997). AM hyphae tend to 
strip nitrogen and bring it to soil plants. They contain organic nitrogen breakdown 
chemicals and contain an enzyme that also modifies nitrogen structures of the soil. 
AM increases growth, nodulation, and fixation of nitrogen in the legume-rhizobial 

Table 4.1 List of different phosphorus-solubilizing fungal strains used for stimulation of 
plant growth

Fungus References

Aspergillus terreus Abdel-Ghany and Alawlaqi 
(2018)

Aspergillus, Fusarium, Penicillium Elias et al. (2016)
Aspergillus ustus
Aspergillus tamarii

Pany et al. (2018)

Byssochlamys nivea Dolatabad et al. (2017)
Aspergillus niger Prajapati and Modi (2012)
Aspergillus terreus Prajapati and Modi (2012)
Penicillium sp. Sangeeth et al. (2012)
Glomus intraradices,
Glomus mosseae

Wu et al. (2005)

Ectomycorrhizal fungi Alves et al. (2010)
Talaromyces funiculosus Kanes et al. (2015)
Trichosporon beigelii,
Pichia norvegensis,
Cryptococcus albidus var. aerius,
Candida etchellsii,
Rhodotorula aurantiaca,
Cryptococcus luteolus,
Neosartorya fischeri var. fischeri,
Cryptococcus terreus A,
Candida montana,
Penicillium purpurogenum var. rubrisclerotium and yeast 
isolate

Gizaw et al. (2017)

Rhizopus stolonifera, R. oryzae Patel et al. (2015)
Trichoderma, Paecilomyces, Beauveria, Metarhizium Shukla and Vyas (2014)
Mortierella sp. Xueming et al. (2014)
Trichoderma sp. and Papulaspora sp. Vitorino et al. (2012)
Piriformospora indica Yadav et al. (2010)
Sporotrichum thermophile Singh and Satyanarayana (2010)
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symbiosis. Mycorrhizal associations provide more than 50% of the plant N require-
ment (McFarland et al. 2010; Hindumathi and Reddy 2012; Hindumathi et al. 2016).

3.1.1.3 Improving Soil Structure

Ecosystem disruptions impact the soil physical, chemical, and biological processes. 
AM helps to bind soil particles and enhance soil aggregation and conservation of the 
soil (Bhat et al. 2017). AM is also known to boost soil fertility, as they generate 
glomalin that forms micro aggregates and finally macro aggregates after accumula-
tion in soil, along with the AM hyphae, and therefore, it explicitly serves as a back-
bone to aggregate the soil and stabilize the soil. It also releases exudates into the 
land and thereby promotes full stability so that other microorganisms grow better 
(Khanday et al. 2016).

3.1.2  Potential Benefits of AM Fungi in Plant Nutrition

In all plants, the root is known as the essential channel for water assimilation and 
mineral components. The utilization of harmonious microorganisms, for example, 
mycorrhizal fungi, alongside appropriate concoction and natural contributions to 
the region of the plant root system is one of the logical arrangements recommended 
to expand the development and efficiency of the root arrangement of plants 
(Redecker et al. 2013). Nutrient absorption, for example, P, performed by the diffu-
sion method and heading toward the root, depends on how rapidly and at what 
intervals to cover the root-absorbing surfaces, the diffusion of nutrients in the soil 
(Datta et al. 2017; Meena et al. 2017b; Gogoi et al. 2018). AM fungal hyphae also 
produce an exogenous enzyme, such as “phosphatases, phytases and nitrate reduc-
tase” which are critical for nutrient absorption and metabolism in addition to being 
structurally effective in extracting nutrients from soil exchange sites (Antibus et al. 
1992). The absorbed “P” can be transformed into polyphosphate granules in the 
external hyphae and transported to the shrubs for transfer to the host (Smith and 
Smith 2011).

Exogenous enzymes such as phosphatic enzymes hydrolyze P from unavailable 
sources and release P from organic P complexes and promote P absorption in humid 
tropical conditions generated from AM fungal extraradical hypha (Carlile et  al. 
2001). Extraradical amino acids, peptides, and ions (NO3− or NH4+) obtained nitro-
gen of AM in different shapes (Hawkins et al. 2000; Giri and Mukerji 2004). AM 
fungal hyphae have been reported to absorb inorganic N and convert it into intra- 
radical hyphae with amino acids (arginine). Intraradical hyphae have also shown 
amino acids are decomposed to join the C and transfer the remainder N as ammo-
nium to the host plant. These fungi, instead, release P from insolvent metal com-
pounds via the segment of organic acids such as oxalic acid/oxalates which have a 
higher affinity with P to combine Ca, Fe, and Al ions, absorbing P (Miyasaka and 
Habte 2001).
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AM fungi release in the soils glomalin-related proteins (GRSP) that are impor-
tant for the activity of the ecosystem and for ecological restore (Wu and Zou 2017) 
to increase soil texture (by regulating soil water-plant relationships). Glomalin 
serves as a hydrophobic glue to help the soil fungus cope and mitigate macro- 
disruption during the aerial growth of tissue in the plant (Singh et al. 2010). It can 
have a direct impact on the environment by improving soil aggregation by con-
structing macroaggregate structures by physically linking soil particles and organic 
materials (Leifheit et al. 2014, 2015). These aggregates improve the storage of car-
bon and nutrients and create a conducive environment for soil microorganisms to 
survive and grow. They are important for improving the root development, root 
growth, and microbial activity which promote water aeration and movement, and 
thus stimulate the structures and productivity of plants in a community (Rillig et al. 
2015). Another big benefit of AM is enhanced dry season and saltiness impacts, 
high soil temperatures, weak pH, and heavy-metal harm relief (Augé et al. 2015).

3.2  Plant Growth Promoting Bacteria (PGPB)

Among rhizosphere microorganisms, plant growth promoting bacteria (PGPB) hold 
a key position in natural ecosystem as well as in agriculture because they can stimu-
late plant growth by fixing nitrogen, improving soil nutrients, suppressing patho-
genic microbes, and modifying plants’ responses to biotic and abiotic stresses. 
Endophytic or free-living helpful microscopic bacteria stimulate plant growth and 
development by direct and indirect methods (Shameer and Prasad 2018). PGPB 
plays a key role in both the natural environment and agriculture among rhizosphere 
microorganisms because they can boot up plant growth by fixing nitrogen, improve-
ment of nitrate uptakes by plant roots (Stokstad 2016), enhancing soil nutrients 
(Jacoby et  al. 2017), decreasing pathogenic microbes, altering the responses of 
plants to different stresses (Shameer and Prasad 2018; Gouda et al. 2018; Etesami 
2018; Berendsen et al. 2018), upgrading phosphorus solubilization (Otieno et al. 
2015), and release of hormones, vitamins, volatile compounds, and other growth 
regulatory substances (Glick 2014) (Fig. 4.2).

Moreover, improving soil quality by changing over phosphates and nitrogen and 
remediating heavy metals with the utilization of some PGPBs is notable in farming 
fields (Rahman et al. 2018). Some PGPB strains have been demonstrated to be posi-
tively correlated with the suppression of different plant microbes by delivering 
antagonistic metabolites (Pineda et al. 2017; Berendsen et al. 2018) and inducing 
disease tolerance and improving insusceptibility reactions of hosts (Saraf et  al. 
2014; Chung et al. 2016; Rahman et al. 2018). Through PGPB, it was also argued 
that the conditions of drought, salinity, and photosynthetic activity can be managed 
effectively, and the biomass of some crops can be increased by responding properly 
to the stress requirements imposed (East 2013; Shrivastava and Kumar 2015; Ma 
et al. 2016).
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PGPB was also argued that the conditions of drought, salinity and photosynthetic 
activity can be managed effectively, and the biomass of some crops can be increased 
by responding properly to the stress requirements imposed (East 2013; Shrivastava 
and Kumar 2015; Ma et al. 2016).

3.2.1  Role of PGPB in Enhancing Soil Fertility

3.2.1.1 Phosphorus-Solubilizing Microorganisms

Soil microbes assume a key function in plant soil P collection and their capacity to 
solubilize and mineralize inorganic and natural soil P parts (Adhya et al. 2015). For 
some reasons, the utilization of phosphate-solubilizing species in agronomic prac-
tices is upheld. For instance, through their consistent activities in the soil, they sup-
port soil fertility, increment plant development, and harvest yield through 
accessibility and absorbed minerals, don’t cause natural contamination, improve 
soil warmth and cooling, ensure plants against some soil-borne microbes, and pro-
vide low-cost technologies with a strong cost-benefit ratio for their production 
(Parani and Saha 2012; Paul and Sinha 2017). For agronomic purposes, phosphorus 
is second just to nitrogen as the most restricting component for plant development. 
Phosphorus empowers the fixation of nitrogen in legume crops and is significant for 
the creation of photosynthesis and sugar (Sridevi and Mallaiah 2009; Saeid 
et al. 2018).

Fig. 4.2 An illustration of the plant growth promoting activities by PGPB
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Furthermore, the third plant macronutrient to help or even elevate the seed, grain 
efficiency, protein fusion, enzyme production, and starch creation, control root 
development, and control the movement of stomata in plant cells and photosynthe-
sis is potassium (K) (Britzke et al. 2012; Zorb et al. 2014). A soil K deficiency pre-
vents plants from consuming enough K, which in turn contributes to K deficiency 
syndromes. K deficiency in plants causes the leaf edges to turn yellow with a burnt 
appearance. It may also be responsible for slow growth and incomplete root growth. 
The K function is a series of tasks including activation of enzymes, adenosine tri-
phosphate and sugar, photosynthesis speeds, and photosynthesis-based sugar trans-
port to other parts of the plant through the phloem (Kour et al. 2020). K stimulates 
the starch synthase enzyme and thus plays a crucial role in the supply and transport 
of water, nutrients, and nutrients (Marschner 1995; Pettigrew 2008). In the ordinary 
P and K cycles, microorganisms have a significant part as P or K solubilizing micro-
organisms in the plant soil (Diep and Hieu 2013). These microorganisms discharge 
organic acids that fill in as chelating specialists and break down rock and silicon 
particles quickly and then release the K particles into the soil (Bennett et al. 1998).

Some strains of bacteria such as Bacillus spp. can release polysaccharides and 
carboxylic acids to solubilize K compounds that can be accessed by plants, such as 
“tartaric acid and citric acid” (Yi et al. 2008). The use of potassium-solubilizing 
microorganisms (KSM) as biofertilizers can increase the level of available K+ in the 
soil, thereby mitigating K deficiency in a more environmentally friendly manner 
(Barker et al. 1998).

KSBs are heterotrophic and use organic materials to extract cellular and energy. 
They perform meaningful soil functions, such as the formation of humus, the 
cycling of other organic rocks, and the prevention of the build-up of dead organic 
materials. KSBs are furthermore aerobic bacteria that play an important role in pre-
serving the soil structure by contributing to the formation and stabilization of soil 
water-stable aggregates. In addition to this, these bacteria stimulate the growth of 
plants and/or antagonize soil-borne root pathogens (Archana et al. 2013). The com-
ponent for mineral K solubilization relies upon the creation of organic acids that 
assume an essential part in soil natural K mineralization (Prajapati and Modi 2012). 
Microorganisms framed natural corrosive with a low sub-atomic weight, which 
chiefly serves to deliver K from minerals during physiological movement and incites 
an ascent in the fixation slope during mineral hydrolysis employing its retention of 
dissolvable K (Bahadur et al. 2014). After decomposition, organic matter contains 
acids such as “citric acid, formic acid, malic acid, and oxalic acid.” The dissolution 
of K compounds is increased by these organic acids, made up of the protons and 
Ca2+ ion complexing (Shanware et al. 2014). The aggregation of complexes between 
organic acids and metal ions, including Fe2+, Al3+, and Ca2+, is the solution for K 
solubilization (Styriakova et al. 2003).

Another study showed that K was solubilized by the release of inorganic and 
organic acids and by the development of Bacillus, Clostridium, and Thiobacillus 
mucilaginous capsules containing exopolysaccharides (Diep and Hieu 2013). The 
microbes, for example, Cladosporium cladosporioides, enduring capacity incorpo-
rates the age of protons, organic acids, siderophores, and organic ligands, which fill 
in as chelating specialists and play out the chelation cycle by liberating the K 
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mineral for crop take-up (Meena et al. 2014a, b; Kumar et al. 2015). In three distinc-
tive however related stages known as a triple activity, organic acid molecules influ-
ence mineral enduring: (1) acids tie to the mineral surface and eliminate minerals by 
electron move response from the mineral particles; (2) they break the oxygen con-
nections, and (3) via its carboxyl and hydroxyl gatherings, the chelate particles pres-
ent in an arrangement (Welch et al. 2002). Moreover, the discharge of amino acids, 
vitamins, and pytohormone substances, for example, indole-3-acitic acid (IAA) and 
gibberellic acid (GA3), is additionally known to assist increment with plant growth 
and development (Mohamed and Gomaa 2012). The addition of the bacterial strain 
Enterobacter hormaechei expanded the okra root and shoot length and adequately 
assembled K in the plant when feldspar was applied to the soil (Prajapati et al. 2013; 
Etesami 2020) (Table 4.2).

Table 4.2 List of different phosphorus-solubilizing bacteria strains used for stimulation of 
plant growth

Bacteria References

Bacillus subtilis RJ46 Saikia et al. (2018)
Acinetobacter spp. Rokhbakhsh-Zamin 

et al. (2011)
Pseudomonas
fluorescens

Ghorchiani et al. 
(2018)

Coccus sp.
Streptococcus sp.
Bacillus sp.

Wahid et al. (2016)

Bacillus mucilaginosus Zarjani et al. (2013)
Bacillus edaphicus Zarjani et al. (2013)
Enterobacter hormaechei (KSB-8) Prajapati et al. (2013)
Paenibacillus mucilaginosus Liu et al. (2012)
Paenibacillus glucanolyticus Sangeeth et al. (2012)
Agrobacterium tumefaciens Meena et al. (2015a)
Bacillus spp. PSB9 and PSB16 Panhwar et al. (2011)
Ewingella americana and Enterobacter aerogenes Ribeiro and Cardoso 

(2012)
Pseudomonas cedrina, Rahnella aquatilis, Rhizobium nepotum, and 
Rhizobium tibeticum

Rfaki et al. (2015)

Alcaligens, Klebsiella, and Azotobacter Behera et al. (2017)
Bacillus megaterium, B. methylotrophicus, B. subtilis, B. aryabhattai, 
B. simplex,
B. pumilus, Arthrobacter chlorophenolicus, Providencia rettgeri, 
Enterobacter cloacae,
E. ludwigii, Proteus penneri, P. vulgaris, Psychrobacter alimentarius, 
Acinetobacter
johnsonii, Serratia marcescens, Rhodococcus erythropolis, 
Pseudomonas geniculata, and Ochrobactrum haematophilum

Gao et al. (2016)

Aneurinibacillus aneurinilyticus Chauhan et al. (2017)
Azospirillum lipoferum and Azospirillum brasilense Mohamed et al. (2017)
Arthrobacter sp. Zarjani et al. (2013)
Paenibacillus glucanolyticus Sangeeth et al. (2012)
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3.2.2  Role of PGPB in Nitrogen Fixation

As it is a basic piece of nucleic acids, enzymes, and proteins, nitrogen (N) is one of 
the most significant components for plant development. 78% of N is in vaporous 
form. Nonetheless, N isn’t accessible to plants and is hence known to be one of the 
most growth restricting nutrients (Dalton and Kramer 2006). Atmospheric nitrogen 
(N2) must be altered or fixed to ammonia (NH3) by nitrogen-fixing microorganisms 
in order to become accessible to plants (Kim and Rees 1994). Biological nitrogen 
fixation microorganisms are classified as being (a) N2-fixing symbiotic bacteria 
(Ahemad and Khan 2012); (b) non-leguminous (e.g., Frankia); and (c) nitrogen- 
fixing types, such as cyanobacteria, and are non-symbiotic (free-living and endo-
phytes) (Bhattacharyya and Jha 2012).

In the root nodule, the bacteria do not have a cell wall. By an enzyme called the 
enzyme nitrogenase, they regulate the nitrogen of the atmosphere and contain 
ammonia (Olanrewaju et al. 2017). The complex of nitrogenase is described as a 
metalloenzyme consisting of two elements: (1) the metal cofactor dinitrogenase and 
(2) the iron protein reductase, the iron protein. The reductase in dinitrogenase pro-
vides electrons with a high strength reduction while the reduction in N2 to NH3 is 
accomplished by the dinitrogenase. This method requires a large amount of energy, 
requiring 16 ATP moles to reduce the nitrogen content by 1 mole. The microbial 
carbon is allocated oxidative phosphorylation for more ATP production instead of 
storing energy in the form of glycogen by synthesizing the glycogen synthesis. A 
nitrogenase gene (nif) is required to be an oxygen-sensitive gene for this process 
(Kundan et al. 2015).

3.3  Actinomycetes

Actinomycetes, gram-positive filamentous bacteria, grow in the rhizosphere and 
colonize plant tissues in agriculture for a longer period after sleeping sporulation. 
Actinomycetes for their PGP and biocontrol activities have been studied (Shaharokhi 
et al. 2005). Few actinomycetes are also reported as endophytes, colonizing plant 
tissue from various plants, including legumes of grain, wheat, corn, and several 
medicinal plants. Actinomycetes are well recognized as one of the most important 
groups and play a key role in maintaining the rhizosphere ecosystem and recycling 
of soil nutrients (Benizri et al. 2005). Actinomycetes were recorded in abundance 
using both cultivable and molecular plant rhizosphere techniques (Khamna et al. 
2009). Actinomycetes are an important group of soil bacteria, mainly Streptomyces, 
due to their ability to produce PGP substances and secondary metabolites, such as 
antibiotics and enzymes.
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3.3.1  Role of Actinomycetes in Phosphate Solubilization

Several scientists have reported rare but very high P-solubility actinomycetes with 
buffered tricalcium phosphate (TCP) and rock phosphate medium (RP). Some are 
related to highly cited strains of Bacillus or Pseudomonas, such as the Arthrobacter 
and Streptomyces sp. under similar conditions (Hamdali et al. 2012; Jog et al. 2014). 
The secretion of organic acid (Table 4.3) results in the acidification of the microbial 
cells and their surroundings, resulting in the proton replacement of Ca+2 and the 
solubilization of mineral phosphate (Rodríguez and Fraga 1999).

3.3.2  Role of Actinomycetes in Nitrogen Fixation

Nitrogen is a critical nutrient for virtually all lifeforms. While nitrogen makes up 
about 79% of our atmosphere, plants cannot use nitrogen in its gaseous state. It first 
must be fixed or combined into either ammonia, NH3 or Nitrate, NO3. The natural 
nitrogen cycle relies on nitrogen-fixing bacteria like those found in the Frankia fam-
ily of actinobacteria, to supply the fixed nitrogen. Fixed nitrogen is often the limit-
ing factor for growth, both in your garden and in the general environment.Fixed 
nitrogen is regularly the restricting element for development, both in the garden and 
in the overall condition. About 15% of the world’s nitrogen fixed normally is from 
advantageous connections between different types of the Frankia group of actino-
bacteria and their host plants. The plants that structure harmonious associations 
with Frankia are called actinorhizal plants. Frankia can give most or the entirety of 
the host plant’s nitrogen needs (Sayed 2011). Frankia can repair N2 by forming a 
vesicle, a spherical cell dedicated to N2 attachment, even during free- living circum-
stances. The vesicle is enclosed in several dozen hopanoid lipid envelopes that serve 
as an oxygen barrier that disables nitrogenase (Berry et al. 1993).

Table 4.3 Some organic acids created by potassium-solubilizing microbes

Microbes Organic acids

Bacillus edaphicus Citric, tartaric, oxalic acids
Enterobacter hormaechei Oxalic acid, citric acid
Paenibacillus mucilaginosus Oxalic, tartaric, citric acids
Cladosporium sp. Oxalic, citric, gluconic acids
Aspergillus niger Citric acid
B. megaterium, Pseudomonas sp. Malic, lactic, lactic, oxalic acids
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4  Conclusion

The soil fertility and health are very important for plant growth and development; 
the primary supplement needs of the yields production are satisfied by mineral 
manures. The unjustifiable utilization of mineral manure alongside supplement 
mining in serious farming has brought about the development of multi-nutrient 
inadequacy alongside undermined soil wellbeing, eventually deteriorating crop effi-
ciency. In this regard, soil microorganisms are the main retreat liable for various soil 
measures influencing the change of supplements and consequently affecting the 
resulting accessibility to plant foundations of these nutrients. The capacity for 
microorganisms to solubilize and mineralize nutrients from inorganic and organic 
pools is now very much seen, and their utilization could open another skyline for 
better harvest creation and profitability with improved soil fertility. Improving soil 
productivity by adding beneficial microbes and enzymes without disrupting the eco-
logical structure of the soil is also one of the main challenges in the current scenario, 
as different anthropogenic activities contributing to environmental problems 
increased. In addition, microbes play an essential role in plant growth’s nutrient 
availability as different forms of rhizobacteria live in or around soil rhizosphere, are 
associated with plant tissues, and play an incredible role in crop development. In 
this manner, steady and continuous exploration endeavors are needed to investigate 
and characterize more organisms with higher supplement transformation productiv-
ity and to plan improved inoculums with higher time span of usability and feasibil-
ity for their last application under field conditions.
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1  Introduction

Rapid urbanization and industrialization yielded unanticipated disadvantages to the 
environment, which serves both as a source of commercial raw materials and sink for 
the industrial waste products (Commoner et al. 1971). The waste materials such as 
heavy metals and organic dyes present hazardous effects due to their non- degradation 
to the harmless products by natural processes, further increasing their environmental 
persistence (Srivastava et al. 2017; Prasher et al. 2019). The heavy metals readily 
accumulate in the various trophic levels of an ecosystem, and while integrating into 
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the consumers, they exert significant mutagenic and carcinogenic effects (Kloke 
et al. 1984). The strategies adopted to alleviate the metal-based pollutants from the 
contaminated sites include the application of metal chelators, leaching with acids, or 
chemical treatment of the polluted site with lime and fly ash (Mishra et al. 2017). 
However, these approaches apply for the sites having a smaller area requiring rapid 
and complete decontamination and adversely affect the soil biota, its structure, and 
fertility (Castaldi et al. 2005). The identification of hyper- accumulating plants that 
accrue high amounts of heavy metals boosted phytoremediation as an emergent doc-
trine for highly effective, eco-friendly metal sequestration from the contaminated 
environment (Shrivastava et al. 2019; Rascio and Navari- Izzo 2011). The endophytic 
bacteria residing in these plants benefit the plant development and their optimal 
thriving by nitrogen fixation, biosynthesis of auxins, and plant hormones such as 
indole-3-acetic acid, generation of siderophore, and improved phosphate solubiliza-
tion, in addition to affording heavy metal resistance (Ma et al. 2016). Nevertheless, 
the endophytes improve mineral nutrition in the host plant and provide resistance 
against the abiotic and biotic stresses (Santoyo et al. 2016). Besides, the endophytic 
siderophores mediate phytoremediation of the heavy metal stressed soils by com-
plexation with the bivalent heavy metal ions that further assimilate within the host 
plant parts (Khare et al. 2018). Hence, the endophytic bacteria hold a high promi-
nence in the phytoremediation of soils contaminated with heavy metals without pro-
ducing any adverse impact on the ecosystem (Zhang et al. 2019a). The contemporary 
phytoremediation efforts obligate the utility of endophytic bacteria in improving soil 
health due to these beneficial manifestations. The current chapter epigrammatically 
discusses the manifestations of heavy metal toxicity and beneficial symbiotic asso-
ciation of endophytic bacteria with plants that prompts the uptake and accumulation 
of essential metal ions, and nutrients. Also, the chapter deals with the role of endo-
phytic bacteria for alleviating the heavy metal toxicity from the ecosystem. 

2  Host Plant Colonization by Endophytic Bacteria

Only certain strains of endophytic bacteria afford beneficial effects to the host plant 
when inoculated in the fields. The main effects include maintaining the plant health in 
a metal stressed environment. However, due to the underprivileged survival rate and 
weaker ability to colonize, several endophytic strains fail to produce the desired 
advantages (Rajkumar et al. 2009). The culture-based methods appraise the potency 
of endophyte to endure and inhabit in the host plant cells and tissues; however, the 
approach suffers limitations for not being able to differentiate between the inoculated 
strains and native endophytic population (Stecher and Johnson 2004). Further, the 
antibiotic-resistant mutant strains of parent endophyte customarily used to differenti-
ate from native endophytic population require a careful predetermination of resistance 
in native endophyte population to produce validated results (Ma et al. 2015). Besides, 
the biochemical methods incorporating the introduction of marker genes, and molecu-
lar methods including FISH, molecular fingerprinting, and real- time PCR, provide the 
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application for targeting, detection, and visualization of endophytic bacteria inocu-
lated in the plant tissues or rhizosphere (Ruppel et  al. 2006). These methods also 
enable the differentiation of inoculated endophyte over the native microflora. The 
marker genes including chromogenic markers and immunofluorescence techniques 
including confocal laser scanning microscopy enable the visualization of localized 
endophytic bacteria on plant surface (Pickup 1991). The labelling by green fluores-
cent proteins further enables appraisal of in vivo localization and in situ analysis and 
identification of endophytic cells in biofilms (Elbeltagy et al. 2001). Techniques such 
as quantitative real-time PCR efficiently quantify and detect the endophytic bacteria 
colonies in plants. Notably, the coupling of advanced fingerprinting techniques such 
as PCR-DGGE, BOX-PCR, ADSRRS, and RAPD, in addition to multivariate analy-
sis enables the determination of colonization behavior of inoculated endophytic bac-
teria and the configuration of microbial communities associated with the host plant.

To recruit the favourable endophytic bacterial species from the rhizosphere, the 
host plants release marked volumes of photosynthates and exudates to establish the 
primary communication, which further accelerates the colonization process 
(Hartmann et al. 2014). Some plant species release specific chemicals such as oxa-
late for the same purpose. Similarly, the compounds released by the host plant are 
involved in the quorum sensing of endophytic bacteria protected against the patho-
genic strains in the rhizosphere, in addition to stimulating the growth in the host 
plant (Zinniel et al. 2002). The endophytic bacteria successfully intrude different 
parts of the plant including seeds and embryo, hence thriving in the seedlings during 
their initial growth and germination. The communication between the microbiota 
present in rhizosphere and plant roots emerging out of the seedlings begins lately, 
which prompts the association of soil microbiota with plant roots (Liu et al. 2017). 
Alternately, a few endophytic bacterial strains capture the tissues of the plant shoot 
system eventually colonizing the entire plant endosphere. The persistent biotic and 
abiotic stress countered by plants in the form of salinity, heat, and diseases presents 
trivial effect on the thriving of endophytes as the latter readily manipulate their 
functional behaviour to avert the adverse conditions in the host (Abisado et  al. 
2018). The genomic analysis confirmed that the genes participating in the produc-
tion of biofilm, its adhesion, and subsequent motility contribute significantly to 
decide the colonization of the plant tissues by endophytic bacteria and their lifestyle 
within the host plant. In addition, the genes involved in bacterial chemotaxis and 
secretion express themselves during the colonization process, which mainly takes 
place in the root system of the host plant (Table 5.1).

3  Heavy Metal Stress in Plants

The farmlands worldwide face slightly to moderate contamination by toxic heavy 
metals including As, Pb, Zn, Co, Cu, Cd, and Hg owing to the application of phos-
phate fertilizers, smelters, industrial waste, and sludge from sewage, metallurgical 
processes, and unauthorized watering practices (Li et al. 2019; Prasher et al. 2020). 
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Table 5.1 Recently reported diversity of endophytic bacteria

Plant Endophytic genera Ref.

Distichlis spicata, 
Pluchea absinthioides

Bacillaceae and Enterobacteriacea Zhang et al. 
(2019a)

Panax notoginseng Holophaga, Conexibacter, Luteolibacter,
Gemmatimonas,
Methylophilus, Solirubrobacter, and 
Prosthecobacter

Dong et al. (2018)

Pennisetum sinese Pantoea, Pseudomonas, Burkholderia, 
Arthrobacter, Psychrobacter, and Neokomagataea

Deng et al. (2019)

Dendrobium stems Ralstonia, Comamonas, and Lelliottia Wang et al. (2019)
Tinospora cordifolia Bacillus, Aneurinibacillus, and Pseudomonas Duhan et al. 

(2020)
Pseudowintera 
colorata

Pseuomonas, Bacillus sp. Purushotham et al. 
(2020)

Aerobic rice (variety 
ARB6)

Gammaproteobacteria, Betaproteobacteria, 
Alphaproteobacteria, Firmicutes, and 
Bacteroidetes

Vishwakarma and 
Dubey (2020)

Pseudobrickellia 
brasiliensis

Pseudomonas aeruginosa, and Bacillus subtilis Cardoso et al. 
(2020)

Vernonia anthelmintica Micrococcus endophyticus, Bacillus megaterium, 
Pseudomonas chlororaphis, Stenotrophomonas 
pavanii, Pantoea ananatis

Rustamova et al. 
(2020)

Messerschmidia 
sibirica

Phytophthora nicotianae, Alternaria alternata, 
Ralstonia solanacearum, Acidovorax citrulli

Zhang et al. 
(2019b; 2019c)

Oryzia sativa Bacillus subtilis subsp. inaquosorum Nasrollahi et al. 
(2020)

Ephedra foliata Pseudomonas aeruginosa, Staphylococcus aureus, 
Escherichia coli, Bacillus subtilis

Ghiasvand et al. 
(2019)

Lycium ruthenicum 
Murr

Actinobacteria, Streptomyces, Micrococcales Liu et al. (2019)

Polygonum hydropiper Arthrobacter koreensis, Bacillus subtilis Ye et al. (2020)
Cucumis sativus Methylobacterium, Frigoribacterium, Lysinimonas Mahmood et al. 

(2019)
Lupinus luteus, 
Lupinus angustifolius

Paenibacillus glycanilyticus, Pseudomonas 
brenneri

Ferchichi et al. 
(2019)

Coffea canephora Enterobacter sp., Streptomyces sp., Bacillus sp., 
Serratia sp., Paenibacillus sp.

Hoang et al. 
(2020)

Paeonia ludlowii Alphaproteobacteria, Acidobacteria-6, 
Betaproteobacteria, Chloracidobacteria, 
Gammaproteobacteria, Spartobacteria

Lu et al. (2020)

Zea mays L. Bacillus cereus and Enterobacter cloacae Abedinzadeh et al. 
(2019)

Piper nigrum L. Bacillus siamensis, Bacillus amyloliquefaciens, 
Bacillus velezenis, Bacillus methylotrophiycus

Ngo et al. (2020)

Aloe vera Paraburkholderia, Enterobacter, Proteobacteria, 
Firmicutes, Bacteroidetes, Actinobacteria

Silva et al. (2019)

(continued)
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Nevertheless, the various natural sources such as landslides, volcanic eruptions, soil 
erosion, and weathering of rocks contribute a substantial amount of heavy metals in 
the environment (Mohammed et  al. 2011). The metals and metal ions serve as 
micronutrients essential for the plant development and as cofactors for catalyzing 
several critical biological pathways (Sessitsch et al. 2013). Conversely, the heavy 
metal strain adversely affects the plant growth and development by systemic impair-
ment of critical morphological, metabolic, and biomolecular processes (Mithofer 
et al. 2004; Prasher et al. 2018). A higher amount of heavy metals destroys plant 
proteins and macromolecules by generating physiologically hazardous reactive 
oxygen species, superoxide anion radical, and hydroxyl radical, which manifests 
redox imbalance, thereby resulting in functional loss of proteins and vital organelles 
(Maksymiec 2007). The redox balance in the plants sustains processes such as the 
formation of tracheary elements, lignification, and related cross-linking processes 
in the plant cell wall (Barcelo and Poschenrieder 1990). Therefore, the loss in this 
balance results in plant wilting and necrosis (Dutta et al. 2018). The disruption in 
redox homeostasis serves as the main reason for heavy metal toxicity in plants. The 
co-contamination by heavy metals interferes with the beneficial mutualistic relation 
between the plant and rhizobia, thereby restraining an optimal plant growth (Ghori 
et al. 2019). Notably, the heavy metal toxicity inhibits the metabolic and enzymatic 
activity of soil microbiota, eventually discouraging the efficiency to degrade haz-
ardous organic pollutants (Tiwari and Lata 2018). Other potentially damaging 
effects caused by heavy metal stress include lipid peroxidation that eventually leads 
to the disruption of biomembranes to yield malondialdehyde as a decomposition 
product (Yadav 2010). Hence, the plants need to maintain an optimum cellular level 
of heavy metals to endure the stressed soils (Figs. 5.1 and 5.2; Table 5.2).

Table 5.1 (continued)

Plant Endophytic genera Ref.

Zea mays L. Enterobacter, Shigella, Pseudomonas, 
Achromobacter

Lu et al. (2020)

Hordeum vulgare L. Paraburkholderia tropica Garcia et al. 
(2019)

Panax ginseng Meyer Bacillus amyloliquefaciens Sun et al. (2019b)
Oryzia sativa L. Bacillus altitudinis, Bacillus subtilis Nasrollahi et al. 

(2020)
Manihot esculenta Bacillus amyloliquefaciens, and Microbacterium 

imperiale
Freitas et al. 
(2019)

Camellia oleifera Bacillus subtilis Xu et al. (2020)
Hybrid pennisetum Bacillus megaterium Shah et al. (2020)
Rice sprout Enterobacter sp. Liu et al. (2020a, 

b)
Sinapis alba Pseudomonas sp. Plociniczak et al. 

(2020)
Ocimum sanctum Enterobacter cloacae Panigrahi et al. 

(2019)
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Fig. 5.1 Effect of heavy metal hyperaccumulation in plants

Fig. 5.2 The fate of heavy metal after internalization in the plant
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4  Phytoremediation by Endophytic Bacteria

The endophytic bacteria afford a mutualistic association with the host plant as obli-
gate and facultative dependence on the latter. Obligate endophytes rigorously 
depend on the host plant for their development and persistence, whereas the faculta-
tive endophytes spend some life cycle stages outside the host plant (Afzal et  al. 
2019). After entry in the host plant, the endophytic bacteria remain localized at the 
point of entry in the host or spread to the vascular system and intercellular spaces 
(Lodewyckx et al. 2002). The endophytes customarily demonstrate a modest speci-
ficity towards plant tissues and readily acclimatize to the variable conditions in 
plant tissues and the rhizosphere. To facilitate phytoremediation, the endophytes 
utilize both direct and indirect strategies (Walia et al. 2017). The direct strategies 
involve the production of functional biomolecules that directly manage pollutant 
degradation, hyper-accumulation, and co-metabolization. The biomolecules include 
enzymes such as cytochrome P450 monooxygenases, polyphenol peroxidases, glu-
tathione S-transferases, and nitroreductases that regulate the heavy metal stabiliza-
tion, and their deposition, eventually followed by detoxification (Singh et al. 2017). 
The mechanism of direct phytoremediation by endophytes involves covalent modi-
fication of the organic pollutants by supplementing polar, hydrophilic groups such 
as sulfides, amino acids, malonic acid, carbohydrates, glutathione, and malonic acid 
that improves the polarity and aqueous solubility of the pollutant, hence rendering 

Table 5.2 Toxic effects of heavy metals in plants

Heavy 
metals Source Effect on plant Ref.

Cu Smelting of ores, mining Retarded plant growth, leaf chlorosis, 
triggers redox imbalance

Chen et al. 
(2015)

Hg Hydroelectric discharge, 
paper and pulp industry, 
mining of cinnabar (ore)

Binding to water channel proteins, 
obstructing water flow in plants

Carvalho 
et al. (2019)

Cr Tanning industry Inhibits chlorophyll biosynthesis, plant 
wilting, root injury, metabolic alterations

Shanker 
et al. (2005)

Pb Sewage sludge, paper and 
paint industry, mining and 
smelting activities

Reacts with sulfhydryl group of enzymes 
and inhibits their activity, alters 
membrane permeability

Zhou et al. 
(2018)

As Natural geochemical 
processes, phosphate 
fertilizers, glass 
manufacturing

Disturbance in cellular redox 
homeostasis, irreversible binding with 
phytochelatins, and metallothioneins

Kalita et al. 
(2018)

Co Fossil fuels, incineration, 
alloys wearing, sewage 
sludge

Disturbs catalase activity, affects 
translocation of essential elements, 
decrease in water potential and rate of 
transpiration

Lwalaba 
et al. (2020)

Ni Mining and smelting, 
pesticides, phosphate 
fertilizers

Affects H-ATPase activity of the plasma 
membrane, nutrient imbalance, impaired 
cell membrane function

Parlak 
(2016)
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it degradable and assimilable to the endophytes in the host plant (He et al. 2020). 
Co-metabolization of complex pollutants with plants and another microorganism 
present in the soil serves as another direct phytoremediation strategy adopted by 
endophytes. Notably, the extracellular chelating compounds produced by endo-
phytes including siderophores, biosurfactants, and acidic organic matter facilitate 
the soil demineralization and accelerate metal solubilization (Rajkumar et al. 2012). 
Nevertheless, the indirect heavy metal phytoremediation approaches by endophytic 
bacteria constitute an enhanced supply of plant nutrients, plant growth regulation, 
alleviation of toxic stress, and communication with the microbial communities (Ma 
et al. 2011).

5  Role of Endophytic Bacteria for the Accumulation 
of Heavy Metals in Plants

The hyperaccumulator plant species aggregate an abundant amount of heavy metals 
in the shoot system compared to the surrounding soils, thereby providing suitable 
thriving conditions for the persistence of endophytic bacteria adapted to endure the 
heavy metal stress (Kramer 2010). In addition to promoting the growth of the host 
plant, the endophytes attenuate heavy metal toxicity by acidification mechanism, 
the formation of siderophores, metal chelation, and mobilization of metal ions as 
phosphates (Grobelak and Hiller 2017). Several endophytic bacterial strains pro-
duce 5-ketogluconic acid that promoted zinc solubilization (Mumtaz et al. 2017). 
Similarly, the lead resistant endophytic bacteria enhance the uptake of the heavy 
metal in the host plants to 75–130% by metal release from the non-soluble phases 
in soil (Sheng et al. 2008). Interestingly, the seed or rhizosphere inoculation with 
metal-resistant endophytic bacteria considerably improves the efficiency of metal 
extraction by endophytes (Manara 2012). Contrarily, in some cases the metal- 
resistant endophytes downregulated the heavy metal uptake and increase the plant 
biomass (Mesa et al. 2015). As such, the endophytic bacteria isolated from rice tis-
sues lower the uptake of nickel and cadmium in roots and shoot system mainly due 
to the heavy metal immobilization in rhizosphere by the bacteria (Ahemad 2019). 
The endophytic bacteria display resistance to heavy metals or their combination in 
the natural environment, however, the resistance occasionally diminishes for spe-
cific coexisting metals such as nickel and cobalt (Khare et al. 2018). The endophytic 
bacteria contain characteristic features such as cation influx systems, efflux pumps 
and detoxification systems acquired through the horizontal gene transfer that pro-
vides resistant against the heavy metals (Blanco and Lugtenberg 2014; Mudila et al. 
2019). Due to these features, the hyperaccumulator plants select the heavy metal 
resistant endophytic bacteria while directly retorting to the soil contamination 
caused by metal stress, which promotes optimal thriving of the host plant in a spe-
cific niche (Kandel et al. 2017). Nevertheless, the correct mechanism of heavy metal 
resistance offered by endophytic bacteria to a host plant is still under investigation 
(Table 5.3).
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Table 5.3 Recent reports on heavy metal alleviation by endophytic bacteria

Hyperaccumulator plant Endophytic bacteria
Metal 
accumulated Ref.

Pteris vittata Proteobacteria, Actinobacteria, 
Firmicutes, Agrobacterium, 
Stenotrophomonas, Pseudomonas, 
Rhodococcus, and Bacillus sp.

As Gu et al. 
(2018)

Pteris vittata Proteobacteria, Actinobacteria As Xu et al. 
(2016)

Pteris vittata Exiguobacterium sp. and Aeromonas 
sp.

As Han et al. 
(2016)

Oryza sativa japonica Ochrobactrum tritici As Moens 
et al. 
(2020)

Brachiaria mutica Pantoea stewartii, Microbacterium 
arborescens, and Enterobacter sp.

Cd Ahsan 
et al. 
(2019)

Sedum alfredii Endophyte SaMR12 (ES) Cd Wu et al. 
(2018a)

Sedum alfredii Buttiauxella sp. SaSR13 Cd Wu et al. 
(2018b)

Chromolaena odorata Exiguobacterium, Bacillus sp., 
Paenibacillus sp., Alcaligenes sp.

Cd Siripan 
et al. 
(2018)

Rinorea aff. Bengalensis, 
Ficus trachypison, and 
Trichospermum morotaiense

Proteobacteria, Acidobacteria, 
Actinobacteria

Ni Lopez 
et al. 
(2019)

Arabis alpina and 
Dysphania ambrosioides

Pseudomonas, Microbacterium sp. Pb-Zn Sun et al. 
(2019a)

Aeschynomene fluminensis 
and Polygonum acuminatum

Lysobacter soli, Pantoea sp., 
Burkholderia sp., Bacillus sp., 
Enterobacter sp., Klebsiella 
pneumoniae

Hg Mello 
et al. 
(2019)

Solanum lycopersicum Klebsiella sp. and Enterobacter sp. Cr Gupta 
et al. 
(2020)

Adiantum capillus-veneris Paracoccus versutus and Aeromonas 
caviae

As Marwa 
et al. 
(2020)

Chromolaena odorata Micrococcus luteus Pb Jampasri 
et al. 
(2020)

Cucumis sativus Aureobasidium pullulans BSS6 Cd-Pb Ali et al. 
(2019)

Sedum alfredii Sphingomonadaceae and 
Streptomycetaceae

Cd-Zn Luo et al. 
(2017)

(continued)
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Table 5.3 (continued)

Hyperaccumulator plant Endophytic bacteria
Metal 
accumulated Ref.

Pteris vittata Proteobacteria, Firmicutes, and 
Bacteroidetes

As Tiwari 
et al. 
(2016)

Prosopis laevigata Bacillus sp. Cr Ramirez 
et al. 
(2019)

Helianthus annuus Klebsiella sp. and Enterobacter sp. Cr Gupta 
et al. 
(2019)

Leptochloa fusca and 
Brachiaria mutica

Enterobacter sp. Microbacterium 
arborescens, and Pantoea stewartii

Cr Ahsan 
et al. 
(2018)

Cicer arietinum Bacillus thuringiensis, 
Stenotrophomonas maltophilia, B. 
subtilis, and B. cereus

Cr Shreya 
et al. 
(2020)

Glycine max L. Sphingomonas sp. LK11 Cr Bilal et al. 
(2018)

Sphaeralcea angustifolia Kocuria palustris As Vital et al. 
(2019)

Pteris vittata Pseudomonas sp. As-Pb Manzoor 
et al. 
(2019)

Oryza sativa Bacillus sp., Acinetobacter sp. As Rahman 
et al. 
(2020)

Oryza sativa Enterobacter ludwigii, 
Exiguobacterium indicum

Cd-Ni Jan et al. 
(2019)

Salix matsudana Koidz Sphingobium yanoikuyae Cd Zeng et al. 
(2020)

Sedum alfredii Sphingomonas SaMR12 Cd Wang 
et al. 
(2020a)

Oryza sativa Burkholderia sp. Cd Wang 
et al. 
(2020b)

Solanum lycopersicum, 
Lolium perenne, Glycine 
max

Burkholderia sp. Cd Guo et al. 
(2020)

Linum usitatissimum Serratia sp. Cd Shahid 
et al. 
(2019)
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6  Conclusion

The endophytic bacteria provide a symbiotic association with the host plant by pro-
moting the development of the latter in unfavourable soils containing heavy metals. 
The endophytic bacteria, which possess extraordinary tolerance towards the hazard-
ous heavy metals, afford several mechanisms to adsorb the metals, without produc-
ing any harmful effects on the host plants. Besides, the endophytic bacteria improve 
the uptake and storage of essential trace elements in the host plant, which further 
benefit the latter. However, the appraisal of in-field application of endophytic bacte-
ria must consider the genetic diversity and the molecular mechanisms contributing 
towards the metal hyperaccumulation. Importantly, the rationalization of the mech-
anistic basis of interaction between the endophytic bacteria and root exudates in 
heavy metal polluted soils further validates the application of endophytic bacteria 
for the high-performance phytoremediation on a large scale.
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1  Introduction

Soil represents the main support and regulator of energy and nutrient flows, and it 
has seven main functions, three of which are ecological (production of biomass; 
filtration, buffering and transformation of matter with respect to environmental pro-
tection against groundwater pollution; habitat biological and genetic reserve of 
plants, animals and organisms); three functions linked to human activity (basis for 
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industrial structures and socioeconomic activities; source of particulate material; 
cultural heritage of humanity); and a function related to agriculture and the environ-
ment (providing the medium for plant growth, habitat for animals and microorgan-
isms, regulation of water flow in the environment, environmental buffer in the 
attenuation and degradation of chemical compounds harmful to the environment) 
(Araujo and Monteiro 2007).

In view of the numerous properties and functions performed by the soil, actions 
for its conservation should routinely be undertaken, which is only possible with 
adequate knowledge and management, since the changes in land use associated with 
the management system, the excessive use of pesticides and fertilizers the applica-
tion of urban and industrial residues have led to changes in the biological properties 
of the soil, and the biological indicators are great auxiliary for verifying the effect 
of these agricultural practices on the quality of the soil (Araujo and Monteiro 2007).

Soil health is intrinsically related to the synergy of all these functions. Just as 
evaluating a patient’s clinical exams is essential to diagnose their problems, under-
standing and knowing the health of the soil is an important strategy for the adoption 
of conservation and recovery strategies for degraded and agricultural soils. Enzymes 
play a key role in this assessment, as they provide very sensitive data on the biologi-
cal quality of soils.

Thus, the objective of this literature review is to survey the most recent and 
updated information on studies involving soil health, with an emphasis on enzy-
matic activity. In addition, we intend to seek the latest updates on the practical 
application of these studies.

2  Origin of Soil Enzyme Studies

Soil microbiology aims to answer questions related to the types of microorganisms 
present in the soil, activities, metabolic capacity and frequency of nutrient input 
oscillations such as C, N, P, K, etc. (Dubeux et al. 2006). Factors such as tempera-
ture, humidity, hydrogen ion concentrations, content, composition and age of 
organic matter influence the local microbiota (Foster et  al. 2018). However, the 
infinity of microorganisms present in the soil allows a functional redundancy in the 
establishment of nutrient cycling, since they belong to different biological groups, 
acting in different biological fractions.

The microorganisms present in the soil are abundant, and when in a balanced 
system, they can act synergistically to assist the growth and development of plants, 
providing a healthy rhizosphere that can assist in the prevention of pathogen attacks. 
However, when an imbalance occurs, configured mainly by inadequate soil manage-
ment, these microorganisms can make room for pathogenic microorganisms and 
cause an imbalance in soil health and quality, which can lead to low crop productiv-
ity (Van Elsas et al. 2012) (Fig. 6.1).

The first studies on soil quality and health started in the middle of the 1980s, and 
it was from the turn of the century that guidelines such as soil safety and carbon 
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sequestration became relevant in the scientific community, i.e. the interest in the 
subject is recent (FAO-ISRIC-ISSS 2015).

Scientific knowledge on soil microbiota has provided more advanced studies on 
biological nitrogen fixation, organic matter production, microflora, rhizosphere, 
microorganisms acting on soil formation and structuring, pesticide degradation (soil 
remediation or bioremediation), recalcitrant products and enzymatic activity 
(Abiraami et al. 2020).

At the beginning of these studies, assessing the biological quality of the soil was 
a very difficult task, as the amount of organic matter varied very slowly, which did 
not reflect the current health of the system, and this was not necessarily correlated 
with microbial activity. It was then suggested to quantify the enzymes present in the 
soil, due to their ease, rapid response to changes in the environment and mainly 
because they are highly related to soil biodiversity (Bandick and Dick 1999).

The first enzymatic studies aimed to locate the fraction of the soil with the high-
est enzyme activity and the highest activity of specific enzymes per fraction of the 
soil (Hoffmann and Seegerer 1950). Also, responses to specific enzymes and their 
correlation with biological activity and cellular soil respiration began to be sought 
(Frankenberger Jr and Dick 1983). Little by little, studies have intensified, and 
today we can find patterns of recommended enzyme activity (Mendes et al. 2018; 
Abiraami et al. 2020) for agricultural soils.

In this regard, recently Embrapa Cerrados, in Brazil, launched a new technology 
based on the physical and chemical evaluation of the soil with the inclusion of the 
evaluation of the enzymes arylsulfatase and beta-glucosidase, in addition to several 
other associated parameters and linked in an information network. This new tech-
nology is called “Soil Bioanalysis”, or just BioAs (Embrapa 2020). This is an 
answer of about 30 years of studies of biological quality assessment in the Brazilian 
savannahs and promises to become a world reference in parameters of soil evaluation.

Fig. 6.1 The figure on the left shows a healthy rhizosphere, composed mostly of beneficial micro-
organisms. In this same figure, we can see a healthy plant. In the figure on the right, we can see a 
rhizosphere represented by a large majority of pathogenic microorganisms. In this figure, we iden-
tify a plant that is practically lifeless and sick
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This evolution is an important step towards the implementation of increasingly 
sustainable and productive agriculture since the world still has about six billion 
hectares of degraded soil (Ayub et al. 2020). Once the soil studies at the enzymatic 
level are intensified, it will be possible to monitor these degraded areas more closely 
and, consequently, recover more significant portions of these soils, and thus produce 
more food for the population.

3  Enzymes as Bioindicators

Soil is an indispensable part of terrestrial ecosystems because it houses biological 
processes and reactions, performing numerous key functions (Chaer et  al. 2009; 
Welc et al. 2012; Wahsha et al. 2017). In recent years the study of soil biology has 
become an important ally in confronting agriculture in the face of constant change 
and climate adaptation. With the increasing environmental degradation, due to the 
advances in searches for agricultural land, several studies have provided advances 
for innovations by sensitive indicators of biological soil quality. These provide an 
accurate and sensitive assessment of an ecosystem, in addition to providing a basis 
for indicating sustainable practices that favor soil recovery (Sardans and Penuelas 
2005; Hungria et al. 2009; Porto et al. 2009; Araújo et al. 2013; Singh and Sharma 
2020; Huera-Lucero et al. 2020).

Precisely, the study of the enzymatic activity of microorganisms in the face of 
climate change has become a common activity among the scientific community, 
since these studies have shown significant and important data that assist in several 
decision-makers (Bell et al. 2010; Kardol et al. 2010; Weedon et al. 2011; Wahsha 
et al. 2017; Huera-Lucero et al. 2020). Given these circumstances, maintaining soil 
quality, or even recovering it, is fundamental to sustainability, aiming at agricultural 
production and environmental conservation.

The accumulation of organic matter particulate, animal waste and rhizospheric 
depositions lead to the existence of microhabitats with high biological activity and 
a diversity hot spot (Kuzyakov and Blagodatskaya 2015). Enzymes are the proxi-
mate agents of organic matter decomposition, i.e. when enzyme activity is mea-
sured, quantitatively and qualitatively together, it is possible to infer changes in 
microbial demand for both carbon, nitrogen and phosphorus (Henry 2013), since 
these activities are directly related to the acquisition, fixation and retention of alter-
native sources of nutrients in the soil, contributing significantly to greater and better 
acquisition of these for the plant (Nguyen et al. 2017). For this reason, the highest 
enzyme concentration, for most soil enzymes, is found in the rhizosphere of plants 
when compared to soil mass (Singh and Sharma 2020).

The enzymes present in the soil can also be essential for the control of biotic and 
abiotic stresses. In a study conducted by Jetiyanon (2007) it was observed that 
plants under climatic or pathogenic stress generated different enzyme responses, as 
well as resistance. Therefore, the presence of certain enzymes in high concentra-
tions in plants indicates not only the presence of pathogenic stress but also an active 
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defense and resistance mechanisms. In this line of reasoning, Prasannath (2017) 
found that the induction of enzymatic synthesis by microorganisms, as well as the 
application of certain enzymes (peroxidase, β-1,3-glucanase, chitinase, phenylala-
nine ammonia-lyase and polyphenol oxidase), can promote resistance of the plant 
against pathogens.

Soil enzymes can be synthesized, accumulated, inactivated and/or decomposed, 
playing a very important role for both natural and agricultural systems. Most of the 
biochemical transformations of the soil are dependent or related to the presence of 
enzymes and, consequently, of the microorganisms that produce them (Table 6.1).

In this way, the evaluation of enzymatic activities can be of great value to indi-
cate whether a soil is adequately performing processes that are closely linked to its 
quality (da Silva et al. 2009; Badiane et al. 2001); the maintenance of soil quality 
also should be evaluated when exposed to xenobionts that aim to combat the biotic 
stress (Kumari et al. 2017). This is due to the sensitivity, coherence, cost and preci-
sion of the enzymatic activity; recently, some studies with specific biomes started to 
be carried out, aiming at the determination of parameters of the main enzymes 
related to soil health. These studies aim to facilitate a more practical approach to 
enzymatic assessments as a routine for farmers (Mendes et al. 2018) (Table 6.2).

Until very recently, these assessments at practical levels were not taken into 
account when making decisions on a farm. But little by little these activities are 
being implemented, since the quality of the soil is closely related to productivity, 
efficiency and consequently greater profit for farmers. Maintaining and/or improv-
ing soil health is essential for greater sustainability in agriculture, and the enzymes 
present in the soil are fundamental parts of this process.

Table 6.1 Likely direct impact of agricultural management practices on the microbial biomass 
and key C and N chemical transformation processes in an arable cropping system

(+) = increase in pool/process, (−) = decrease in pool/process (adapted by Murphy et al. 2007)
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3.1  Proteases

Proteases are a class of enzymes that hydrolyze proteins. For this reason, they play 
a fundamental role in the nitrogen cycle, in the most varied types of soil (Vranova 
et al. 2013). They are sensitive indicators of the mineralization capacity of nitrogen 
present in the soil. The largest producers of proteases are fungi and bacteria, such as 
Bacillus spp., and every day, mainly due to advanced molecular biology techniques, 
more protease-producing microorganisms are discovered and purified for large- 
scale use in various industrial and agricultural sectors (Sevinc and Demirkan 2011; 
Langklotz et al. 2012; Woźniak 2019).

Table 6.2 Systematization of the main enzymes present in the soil, their importance in agriculture 
and their mode of catalysis

Enzyme Importance for agriculture Method of catalysis References

Arylsulfatase Detect management 
problems and natural 
regeneration of degraded 
soils, supply of microbial 
diseases, detection of 
heavy metals, detection of 
herbicides

Hydrolysis of 
arylsulfate by fission of 
the O-S bond

Xian et al. (2015), 
Wyszkowska et al. 
(2016), Medeiros et al. 
(2017) and Aponte et al. 
(2020)

Glucanases Phytopathogen control, 
thermostability

Hydrolyzes 1,4-β-d- 
glucosidic bonds 
adjacent to 
1,3-β-linkages in 
mix-linked β-glucans

Chen et al. (2009, 2015, 
2019) and Gonçalves 
et al. (2020)

Proteases Nitrogen mineralization, 
phytopathogen control, 
nematicidal action, 
detection of management 
problems and natural 
regeneration of degraded 
soils

Hydrolyzes the 
terminal amino acids of 
polypeptide chains

Majumdar and 
Chakraborty (2017), Lori 
et al. (2017), Ding et al. 
(2018), Sulaiman et al. 
(2020) and Hu et al. 
(2020)

Cellulases Recycling nature, studies 
with irrigation soil and 
cooper stress, CH4 
emission evaluation, 
supression of pathogens

Hydrolysis of β-1-4 
glycosidic linkages 
within cellulose

Cao et al. (2019), Wang 
et al. (2020), Inayati et al. 
(2020) and 
Saravanakumar and Wang 
(2020)

B-glucosidase Soil quality indicator; 
nutrient cycling; soil pH 
indicator

Hydrolysis of β-1-4 
glycosidic linkages 
within short dextran 
chains, such as 
cellobiose, cellotriose 
and cellotetraose

Ferreira et al. (2017, 
2018), Muzangwa et al. 
(2020), Acosta-Martinez 
and Tabatabai (2000), 
Godoy (2020) and Ndiaye 
et al. (2000)

Phosphatases Indicator of the availability 
of inorganic phosphorus; 
soil pH indicator; soil 
quality indicator

Hydrolysis of ester 
bonds involving a 
phosphate group in 
organic material

Piotrowska-Długosz and 
Charzyński (2015) and 
Margalef et al. (2017)
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Proteases are enzymes of great importance for the control of phytopathogenic 
fungi, since they use chitin and β-glucan fibers, essential components of the fungal 
cell wall, to compose their matrix (Elad and Kapat 1999). Studies with genetic 
transformation into beet have shown that protease production in the soil is closely 
related to the biocontrol of the pathogen Pythium ultimum (Dunne et  al. 1997). 
Trichoderma spp. fungi are excellent sources of proteases that act significantly 
against pathogenic fungi (Schuster and Schmoll 2010; Sulaiman et  al. 2020). 
Another study that indicates bioprotection against pathogens by proteases was dem-
onstrated through secreted proteases from Bacillus amyloliquefaciens, which was 
effective against Macrophomina phaseolina, F. oxysporum, Fusarium semitectum 
and Alternaria alternata (Majumdar and Chakraborty 2017). Several other prote-
ases have been researched for having nematicidal action. One of the most recent 
studies shows the action of the secreted protease of Bacillus cereus with a very 
effective nematicidal action against Meloidogyne incognita (Hu et al. 2020).

Proteases are also efficient in assessing the biological quality of the soil. In a 
study developed to assess soil quality through crop rotation with garlic (Allium sati-
vum L.) and pumpkin (Cucumis sativus L.), it was found that this rotation provided 
a significant increase in some soil enzymes, including proteases (Ding et al. 2018). 
In a study comparing organic and conventional cultivation, proteases had an 84% 
increase in activity in organic soil, and, consequently, greater nitrogen mineraliza-
tion (Lori et al. 2017).

3.2  Arylsulphatase

The enzyme arylsulfatase has as its main source of substrate the sulfate esters, found 
mainly in organic matter. For this reason, it is common to observe a high value of 
this enzyme in soils rich in organic matter, especially in rainy seasons (Miguel 
et al. 2020).

The arylsulphatase enzyme has an excellent relationship with the labile carbon of 
the soil and is very sensitive to detect natural regeneration of degraded soils and 
management from organic nutrients (Medeiros et al. 2017; Ghosh et al. 2020). Also, 
high levels of C and arylsulfatase can be considered, together, excellent bioindica-
tors microbial diseases suppression. In a study developed by Leon et al. (2006), an 
excellent negative correlation was found with the incidence of the snap bean com-
mon root rot disease (Aphanomyes euteiches), and the enzyme activity + C, with 
high enzyme and C activity found in treatments with a low incidence of the disease.

When comparing arylsulfatase activity in different soil types and different 
depths, it is possible to verify that in forest soils, the activity is greater than in 
removable soils, mainly due to the deposition of organic matter (Balota et al. 2014). 
Due to the positive correlation of organic matter, carbon and activity of the enzyme 
arylsulfatase, it is expected that soils that have little turnover, crop rotation and no- 
tillage present higher productivity when compared to removable soils (Borase et al. 
2020). However, this high productivity is not always correlated with the enzyme 
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arylsulfatase, as is the case found in the study by Da Silva et al. (2020), which did 
not obtain a high correlation of the activity of this specific enzyme, with high pro-
ductivity in coffee, in the Brazilian cerrado region.

The enzyme arylsulphatase, among several evaluated enzymes, was the one that 
was most sensitive to evaluate heavy metals in the soil such as copper, arsenic, cad-
mium, zinc and nickel, and for this reason, it can be considered an excellent bioin-
dicator for contaminated soils (Xian et al. 2015; Wyszkowska et al. 2016; Aponte 
et al. 2020). It was also shown to be sensitive when evaluated under herbicide over-
dose (Baćmaga et al. 2014).

We verified from these results, the great versatility of the enzyme arylsulfatase 
for use as a bioindicator in several situations that affect soils around the world.

3.3  Glucanases

The β-1,3-glucanases enzymes are important controllers of phytopathogens, as they 
break down the cell wall of fungi and bacteria, through the hydrolysis of glucose 
residues in the polysaccharide chains (Zhongcun et al. 2004; Vancov and Keen 2009).

Chen et al. (2015) suggest that the application of β-1,3-glucanases increases the 
concentration of Bacillus in the soil and decreases the concentration of the fungi 
Fusarium. This result makes a lot of sense since this class of enzymes is released by 
several microorganisms in the soil, including Bacillus subtilis, which explains the 
increase in the concentration of Bacillus in the soil, in the addition of the enzyme. It 
has been shown to induce resistance against various pathogenic fungi, such as 
Phytophthora fragariae var. rubi, Aspergillus flavus, Fusarium culmorum, Fusarium 
oxysporum f. sp. cucumerinum, Fusarium udum, Macrophomina phaseolina and 
Treptomyces sioyaensis (Valois et  al. 1996; Rezzonico et  al. 1998; Chun-Ta and 
Bradford 2003; Hong and Meng 2003; Wróbel-Kwiatkowska et  al. 2004, Liang 
et al. 2005; Roy-Barman et al. 2006; Chen et al. 2009). Recently, several studies on 
soil proteomes have discovered new microorganisms that produce new glucanases. 
However, most of these studies are still restricted to the chemical and molecular 
identification of enzymes (Zhou et al. 2016; Angelov et al. 2017; Borshchevskaya 
et al. 2019; Edison and Pradeep 2020). However, dos Gonçalves et al. (2020) identi-
fied a β-glucanase in mangrove soils, which is thermostable and active at basic 
pH. Another study recently developed found a new endo-1,4-β-glucanase extracted 
from Burkholderia pyrrocinia JK, very active at a temperature of 10  °C (Chen 
et al. 2019).

All the results listed give a comprehensive dimension of the activity of gluca-
nases in several biocontrol mechanisms, both of pathogens in the soil and abiotic 
stresses.
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3.4  Cellulases

Cellulases are enzymes responsible for the hydrolysis of 1,4-β-d-glucosidic bonds 
of cellulose, present mainly in the cell wall of vegetables and thus play a significant 
role in the recycling nature (Khoshnevisan et al. 2017). This enzyme does not act in 
isolation. For the complete breakdown of cellulose molecules, it acts in synergy 
with other enzymes (endoglucanases, exo-cellobiohydrolase, exo-glucanases and 
β-glucosidases).

Changes in microbial biomass in irrigated rice paddies, treated with different 
irrigation and N fertilization systems, showed that cellulase had a high negative cor-
relation with CH4 emissions from these sites (Wang et  al. 2020). Another study 
involving irrigated soils was carried out by Cao et al. (2020), which verified the 
influence of copper accumulated in irrigated soils and its high negative correlation 
with cellulase quantification. These studies show the importance of this enzyme to 
assist in studies of irrigation, CH4 emission and copper stress.

Several studies have correlated the action of the cellulase enzyme as an adjuvant 
in the suppression of pathogens in agriculture. The use of Micromonospora carbo-
nacea, a cellulase producer, proved to be efficient in the biocontrol of Phytophthora 
cinnamomi, a fungus that causes root rot disease in some cultures (El-Tarabily et al. 
1996). The fungus Trichoderma virens, a major producer of cellulase and chitinase, 
is very efficient in the biocontrol of pathogens. Studies have already proved its effi-
ciency against Rhizoctonia solani, an extremely harmful and difficult to control 
fungus in mungbean (Inayati et  al. 2020): Macrophomina phaseolina, Fusarium 
graminearum, and Botrytis cinerea (Saravanakumar and Wang 2020) and 
Meloidogyne incognita (Zhang et al. 2015).

Currently, due to greater access to renewable technologies, several studies have 
been conducted in the search for cellulase-producing microorganisms that can be 
used on a large scale for the commercial production of this enzyme. Bhadrecha et al. 
(2020) found 17 strains with the same capacity to degrade cellulose and pectinase. 
Aslam et al. (2017) characterized a cellulase-producing Bacillus amyloliquefaciens- 
ASK11  in the presence of high concentrations of cadmium. Fasiku et  al. (2020) 
found 8 potential bacteria that produce a large amount of cellulase, amylase and 
protease.

These and hundreds of other scientific works available show the importance of 
microorganisms as natural recyclers of the environment, suppression of pathogens 
and consequently increased productivity.

3.5  β-Glucosidase

The activity of microorganisms and the enzyme β-glycosidase are constantly associ-
ated, which makes it one of the most common enzymes found in the soil, acting in 
the final stage of the cellulose decomposition process (Stieven et  al. 2020). 
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β-Glycosidase is one of the most important soil glycosidase enzymes, occurring in 
prokaryotic and eukaryotic organisms (Waldrop et al. 2000). This is used as an indi-
cator of quality (Ndiaye et  al. 2000; Ferreira et  al. 2017) and nutrient cycling 
(Muzangwa et al. 2020), directly influenced by the carbon content in the soil, acting 
on the production of glucose (final product of degradation), which is an essential 
component for energy sources for other microorganisms. Its involvement with the 
carbon cycle makes it essential to assess the biological quality of the soil (Prosser 
et al. 2011; Godoy 2020). β-Glycosidases act as quality assessors under different 
soil management practices (Doni et  al. 2012) and determine microbial activities 
present in it (Godoy 2020).

The pH variations greatly influence the enzymatic activity of β-glycosidase, and 
in this way, it has become a reliable indicator to measure acidity and basicity in the 
soil (Acosta-Martinez and Tabatabai 2000). For this reason, several studies that 
evaluate this soil enzyme used different pH rates (Foster et al. 2018).

The use of agro-industrial residues to replace chemical fertilizers for the produc-
tion of organic matter is efficient in increasing the production of this enzyme in 
several studies (Chang et al. 2007; Godoy 2020; Martins et al. 2020). Likewise, in a 
monoculture system, the production of B-glucosidase was shown to be inferior 
when compared to crop rotation systems (Sarto et al. 2020; Muzangwa et al. 2020), 
corroborating the premise of a biological indicator of soil quality of this enzyme, 
even in soils cultivated with fruit trees (Mondal et al. 2020), since in these, the soil 
turnover is very low. No-till systems positively influence the production of 
B-glucosidase, when compared mainly with conventional cultivation systems 
(Miralles et al. 2012).

In a study developed by Stieven et al. (2020), where he compared the biological 
activity of a soil integrated with crop farming and forest, with pasture area and 
native forest area, for 2 years, he observed that the greatest activity of β-glycosidase 
came from the presence of fungi. Also, it identified that the period of soil collection 
has a great influence on its activity. A similar result was found in a study carried out 
in the Caatinga biome, in Brazil, where the enzyme activity was monitored in soils 
originating from environmental preservation forests and in an area with constant 
anthropic activity, for 3  years, in the dry and rainy periods. Again, a significant 
reduction in the activity of the enzyme β-glycosidase (and the other enzymes 
involved in the study) can be observed in soils with high anthropic activity 
(Cavalcante et  al. 2020). Already in work carried out in the Pantanal biome, in 
Brazil, on native pasture soils classified with conservation status as excellent, regu-
lar and marginal, it can be seen that, as in other biomes, the enzyme β-glycosidase 
showed reduced activity, when correlated with conservation status. In other words, 
soils classified as excellent had higher enzymatic activity, while soils classified as 
marginal had the lowest activity averages (Pelissaro et al. 2020).

We know that only greater or lesser enzyme activity depends on several factors. 
What is considered greater for sandy soil is not considered greater for clay soil. 
When we talk about different biomes, these differences are much more pronounced. 
In this way, we were able to verify that there is a need for a global soil mapping, 
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taking into account mainly the soil texture. We can see that the research is intense, 
but there are still many gaps to be filled. In Brazil, due to the high correlation of the 
activity of β-glycosidases with biological quality of the soil, many research centers 
have already routinely adopted this enzyme for different soil types and regions 
(Mendes et al. 2003, 2012, 2018). We will talk more about this in Sect. 4.

3.6  Phosphatases

Phosphatases are a group of specific enzymes that interfere with phosphoric acid 
hydrolysis (Condron et al. 2005). The phosphatase reference in the soil is used as an 
indicator of the availability of inorganic phosphorus, essential for plants since they 
use only this form of phosphorus (Piotrowska-Długosz and Charzyński 2015). Acid 
phosphatase is found in acidic soils and alkaline phosphatase in alkaline soils 
(Dodor and Tabatabai 2003). The activity of both (acidic and alkaline) can be used 
to check the optimum pH for implanting cultures, and the acid/alkaline ratio is 
proven to be more efficient than detection by chemical method (Acosta-Martinez 
et al. 2003).

The study developed by Margalef et al. (2017) showed that the higher the weath-
ering of the soil, the lower the activity of phosphatases. The same study showed that 
forest soils have high enzymatic activity, whereas, in savanna soils and conventional 
planting, the enzyme activity has dropped. In angiosperm forests, enzyme activity 
was higher than in gymnosperm forests.

The study conducted by Mndzebele et al. (2020) quantified the activity of acid 
and alkaline phosphatase as an indicator of availability of P for the soil and plant, 
from the supplementation of different concentrations of chemical fertilizers (NPK) 
in different cultivation systems (a consortium of cowpea and amarantus). This study 
demonstrated that the less concentrated the fertilizer was (25% of what is required 
for the crop), the more was the activity of phosphatases. This indicates that the low 
concentration of fertilizer induces the production of this enzyme, to possibly supply 
the required needs of the crops. On the other hand, we also see that the high concen-
tration of fertilizers inhibits the production of this enzyme. This can be a problem if 
we think of the enzyme phosphatase as an indicator of soil health.

Another very interesting study conducted in the long term (13  years) with 
legumes and other crops proposed the monitoring of the soil from four different 
crop rotations and three different levels of integrated nutrient management. This 
study evaluated several biological aspects, such as soil organic carbon, soil micro-
bial biomass carbon, microbial biomass nitrogen and some enzymes, including acid 
and alkaline phosphatases. This study demonstrated that the use of fertilizers in the 
long term did not increase the enzyme indexes, mainly of phosphatases, demonstrat-
ing the need to add organic matter in the soil, since the production of these enzymes 
happens from microorganisms. In addition, it has shown that the addition of organic 
matter is closely related to increased crop productivity (Borase et al. 2020).
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Several studies report the extraction of new phosphatase enzymes in several 
microorganisms, such as Serratia sp. (Behera et al. 2017), Leclercia adecarboxylata 
and Pseudomonas putida, extracted from soils contaminated with heavy metals 
(Teng et al. 2019) and Aspergillus niger (Nelofer et al. 2016). These studies show 
the diversity of microorganisms producing phosphatases and envision infinite pos-
sibilities for their use.

3.7  Chitinases

Chitinases are enzymes produced by a wide spectrum of bacteria and eukaryotes, 
including plants and animals (Adrangi and Faramarzi 2013). These enzymes are the 
second biomaterial in greater quantity in nature, behind only cellulose (Gasmi et al. 
2019), which is widely distributed, particularly as a structural polysaccharide in the 
skeleton insects and crustaceans and on the fungal cell wall (Shinya and 
Fukamizo 2017).

Chitinases are a group of enzymes related to the pathogenicity of plants, as they, 
as the name suggests, degrade chitin, which is a fundamental component of the 
fungal cell wall (Jalil et al. 2015).

As this enzyme, together with 1–3 glucanase, degrades chitin in the fungi cell 
wall, they become osmotically sensitive and more prone to cell lysis. Chitinases are 
produced by different microorganisms, such as Trichoderma spp., Bacillus cereus 
and Pantoea agglomerans, and are proven to be very efficient in the biocontrol of 
pathogens. Studies from the 1970s proved its efficiency in the control of Rhizoctonia 
solani, Sclerotium rolfsii, Pythium ultimum, Alternaria spp., Bipolaris oryzae, 
Botrytis cinerea, Curvularia lunata, Fusarium oxysporum, Fusarium udum, 
Mycosphaerella arachidicola and Pestalotiopsis theae (Abeles et al. 1970, Chernin 
et al. 1995; Pleban et al. 1997, Chu and Ng 2005;Kirubakaran and Sakthivel 2007). 
Studies such as Lacombe-Harvey et  al. (2018) show that GH19 chitinases were 
found in plants, nematodes and some members of Streptomycetaceae.

Currently, one of the most commercialized microorganisms and seen as a poten-
tial in agriculture against phytopathogenic fungi is fungi of the type Trichoderma 
sp. These are famous for producing an amount and variety of chitinases that are very 
effective against other types of fungi. A study conducted by Loc et al. (2020) showed 
that extracellular chitinases extracted from T. asperellum PQ34 completely inhib-
ited the in  vitro growth of Colletotrichum sp. and Sclerotium rolfsii. In vivo it 
already had a high inhibitory power against Sclerotium rolfsii and acted as an excel-
lent controller of fungal infections of seeds. Another important chitinase-producing 
microorganism is Bacillus cereus. Madkour et al. (2019) isolated the strain B. cereus 
S3C and from it managed to obtain cell lysis of several phytopathogenic fungi such 
as Fusarium oxysporum and Rhizoctonia solani.

Fungal diseases are difficult to control, and for large crops, such as soybeans, 
they are true pests. That is why there are many studies today that demonstrate the 
role of chitinase enzymes in the degradation of the cell wall of these 
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phytopathogens. The use of isolated enzymes or chitinase-producing microorgan-
isms is an excellent strategy to combat these diseases since they do not generate 
residues and contribute to a higher biological quality of the soil.

4  Brazil: Pioneering in Bioanalysis of Soil

Brazil is an essentially agricultural country. In 2020, Brazil estimates that it will 
reach 247 million tons of grains, that is, 2.2% above the result of the previous year 
(IBGE 2020). These results are essential to keep the Brazilian surplus positive. 
Much of this positive result is due to the good agricultural practices adopted, such 
as correct soil management, use of seeds recommended for planting among the most 
diverse types of climate and topography, use of suitable cultivation methods for 
each specific crop, control of invasive plants, use of registered fertilizers and inocu-
lants, handling and use of recommended and registered pesticides, giving priority to 
integrated pest management, fertilization and adequate liming, taking into account 
the chemical and physical analysis of the soil, among others.

The physical attributes of the soil considered as indicators of quality are the 
parameters of texture, infiltration rate and water holding capacity, depth of rooting 
and density of the soil. Chemical attributes include pH, total carbon, electrical con-
ductivity and nutrients (Micros and Macronutrients).

However, even with so much care and minimally calculated handling practices, 
the producer ends up finding low productivity in areas with optimal concentrations 
of chemical fertilizers (Cherubin et al. 2016). In a study conducted by Santi et al. 
(2016), it was found places with optimal amounts of phosphorus in the soil, with 
regular monitoring, with low productivity in corn, proposing a low correlation 
between these characteristics. Conversely, places evaluated as having low biological 
diversity, presented in three different crops (corn, oats and soybeans) a high correla-
tion with low productivity. These characteristics are increasingly common, espe-
cially in soils produced with monocultures, showing that the current practices 
adopted, although efficient, are becoming insufficient, as we know them.

Biological indicators are extremely sensitive and are excellent indicators of soil 
quality, as mentioned several times in this study. The quantification of microorgan-
isms using NGS techniques has enabled greater knowledge of functional groups in 
the soil. However, routine molecular analyses of microbiome or metataxonomy are 
still restricted due to the high cost and demand for highly qualified labor. The bio-
logical parameters evaluated most frequently, mainly for their reliability, low cost 
and simplicity, are microbial biomass, dehydrogenase, N fixation, phosphatase 
activity, β-glycosidase and urease, in that respective order (Gil-Sotres et al. 2005). 
Interpreting all these indicators, individually, has always been a complex job. Unlike 
chemical and physical compounds, where parameters can be measured as little, 
medium or high, the values of biological indicators are very variable, as they can be 
influenced by climate, soil type, management, etc. (Lopes et al. 2013).
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Due to all the complexity of the soil environment, there is no fixed quantification 
that accurately determines what a top-quality soil is. For this purpose, those that are 
in environmental balance are established as parameters of maximum quality, that is, 
soils of native forests are usually used, as these are of the maximum standard. 
Another approach used is to establish soils of maximum quality with those that 
reach high productivity with less ecological damage (Gil-Sotres et al. 2005). Both 
strategies have been used and defended by several authors, while criticized by oth-
ers since these “ideal standards” will not always match the maximum quality stan-
dards. In addition, when considering the soils with the highest productivity as the 
best (in the second strategy), interest in research on recovering soils and contami-
nated soils is reduced (Gil-Sotres et al. 2005).

In this regard, for more than 20 years Brazilian researchers have been hard at 
studying the biological components of the soil, to understand this complex system 
and thus be able to provide Brazilian producers with an optimized and precise way 
of analyzing soil quality taking into account chemical, physical and biological 
parameters.

Throughout this period, several advances have been made both from a scientific 
and a practical point of view. From a scientific point of view, we can cite numerous 
scientific articles that report the efforts to evaluate and achieve levels of assessments 
that would generate qualitative responses concerning individual assessments of bio-
logical parameters. The first major result came from the study published by Lopes 
et  al. (2013), who developed three long-term experiments (17, 12 and 12  years, 
respectively), with 24 treatments, conducted in the Brazilian cerrado biome. This 
work aimed to study the management of P-based fertilizers, using various sources 
and application rates, and for that, several biological indicators were evaluated, such 
as P-melich, organic carbon, microbial biomass, basal respiration and enzymes, cel-
lulase, β-glycosidase, arylsulfatase and phosphatase, in addition to average produc-
tivity. This was the first study to provide tables of interpretation of reference values 
for soil microbial indicators based on crop productivity. This work was of funda-
mental importance because it showed a high correlation, positively, between the 
enzymes β-glycosidase, arylsulfatase and acid phosphatase with productivity and 
microbial biomass.

Since then, several Brazilian cooperatives and foundations have started to adopt 
the use of these enzymes in their analyses and have proven, crop after crop, that the 
practices adopted after these analyses contributed to the increase of soil resilience 
and increase of productivity in crops. Also, the production values were not corre-
lated with chemical and physical analysis and always had a high correlation with 
biological analysis and organic matter index. In other words, the increase in organic 
matter in the soil increases enzyme activity, and it is extremely sensitive to climatic 
variations, and management (Acosta-Martinez and Tabatabai  2000), in addition to 
being highly correlated with respiration and with alkaline phosphatase enzymes, 
acid phosphatase enzyme, dehydrogenase enzyme and cellulase enzyme (Lopes 
et al. 2013).

However, adding these enzymes together with chemical and physical analyses in 
routine evaluations was still not a simple task, since it was necessary to evaluate 
different treatments, which often became impracticable due to costs. Most studies 
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report loss of enzyme activity if they are not stored correctly, or processed quickly, 
which often makes analysis in commercial laboratories unfeasible, since the time 
between collection and analysis needs to be fast, often increasing the costs of hiring 
a larger number of employees, buying coolers and refrigerators, etc. The use of 
refrigerators and freezers is also not a very reliable practice. Several studies show a 
loss or increase in enzyme activity after cooling or freezing (Lopes et al. 2015). In 
addition, information on standards for tropical soils is lacking.

To try to solve this problem, Lopes et  al. (2015) evaluated the activity of the 
enzymes arylsulfatase, β-glycosidase and acid phosphatase in samples of cultivated 
soil and soil from a native forest of the Cerrado biome (clayey oxisol), air-dried and 
stored for a long time. The results of this study showed that there was an average 
reduction of 26% in β-glycosidase, 53% in arylsulfatase and 72% in acid phospha-
tase in the activity of these enzymes. Besides, the results proved that for the enzymes 
arylsulfatase and β-glycosidase, there was no reduction in the ability to detect varia-
tions in treatments in the soil. From this work, it was possible to establish and rec-
ommend air-drying for analysis of the enzymes β-glycosidase and arylsulfatase, for 
the soil in question. In this way, Embrapa Cerrados developed the fertBio concept 
(fertility + biology). This concept is based on the premise of evaluating both bio-
logical and chemical aspects in the same soil collection (Lopes et al. 2015). These 
samples are collected in the post-harvest phase and air-dried before the evaluations 
are carried out in the laboratory and sieved through a 2 mm sieve.

From the aforementioned studies, through the observation made that the enzymes 
β-glycosidase and arylsulfatase were not affected by liming and fertilization (like 
the enzyme phosphatase acid), they had a high correlation with organic matter and 
productivity, they were super sensitive to climatic variations, and thus, they func-
tioned as a “soil diary”, Embrapa Cerrados developed a technology called 
Bioanalysis (BioAs). Bioanalysis consists of integrating the evaluation of the 
enzymes arylsulfatase and β-glycosidase, together with physical and chemical anal-
yses of the soil. More than just evaluating these enzymes and making them standard, 
accredited laboratories to carry out this analysis have access to an Embrapa data-
base, where there is a compilation of validated algorithms to assist and interpret 
this data.

From the parameters evaluated by BioAs (activity of β-glycosidase enzymes, 
arylsulfatase, organic matter, potential CTC, acidity, supplies of K, Ca, Mg, V, S and 
P), it is possible to assign a soil quality index (SQI), based on these chemicals, 
physical and biological parameters. This SQI is made available to the producer 
through values (high, medium and low) of nutrient cycling, nutrient storage, nutri-
ent supply, biological SQI and chemical SQI. In this way, the producer has a more 
complete tool and at the same time with a more simplified interpretation.

Bioanalysis is an important advance in the interpretation of validation of biologi-
cal analyses for soil. It put Brazil at the forefront of technology. It still has many 
limitations, as we must take into account that Brazil has six different biomes and it 
is validated only for the Cerrado biome, and all the annual crops present in it. 
However, with the adherence and accreditation of laboratories around Brazil, it is 
intended to extend BioAs to all biomes and locations, even the most remote of Brazil.
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5  Conclusions and Future Perspectives

Understanding the mechanisms of action of enzymes in agriculture is an important 
step towards their systematized use, which allows the insertion of new technologies 
based on enzymes in agriculture. Given the knowledge we already have about 
enzymes in agriculture, we know that together these are extremely important tools 
for maintaining soil health and fertility and, consequently, increasing productivity 
and sustainably decreasing pests. The enzymes act together, like true gears that, if 
moved correctly, are true allies of good soil health (Fig. 6.2).

The use of enzymes in the soil has different aspects and is of great importance 
from a scientific, environmental and social point of view. The application of enzymes 
in contaminated soils, that is, the use of enzymes for bioremediation is a strategy 
with proven effectiveness for the most diverse problems (contamination with heavy 
metals, petroleum, oil, etc.). However, its use on a large scale, faces great chal-
lenges, such as high production costs. Studies with agricultural by-products, mainly 
in countries with high agricultural production, and thus, a great generator of by-
products, has been greatly expanded, with promising results, which promise to 
serve as a basis for enzyme production, increasing efficiency and lowering 
these costs.

Another aspect that hinders the production of new enzymes is the lack of discov-
ery of new microorganisms. Based on the availability of new technologies and bio-
technological advances, such as new generation sequencing (NGS) and 
metagenomics studies, this problem has been gradually overcome. Today the avail-
able databases have a significant collection of microorganisms. However, when we 
talk about soil, this collection is still limited. In a basic survey, we can see that many 

Fig. 6.2 Showing that the set of enzymes available in the soil, and not just one enzyme, helps in 
the proper functioning and health of the soil
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times, 50% of the microorganisms present in a soil sample have not yet been identi-
fied. Another problem is that the vast majority of these microorganisms, even when 
they are identified, are extremely difficult to grow in the laboratory. The develop-
ment of new strategies for the in vitro cultivation of these microorganisms will treat 
incalculable gains for the sector since they will open thousands of new possibilities. 
This information confirms that the challenges are still very great, but that we have a 
vast diversity of microorganisms to be explored and this generates countless possi-
bilities. Thus, it is expected soon, we can obtain new commercial products based on 
these new microorganisms.

The use of enzymes to measure the biological quality of the soil is another 
important factor that is gaining greater notoriety every day. Every day more agricul-
tural producers from around the world are becoming aware that the use of this type 
of analysis adds significant gains in terms of productivity. Today we can say that the 
use of analyses for enzymatic evaluation of the soil is a sure strategy and that it 
tends to follow a worldwide progression, from the creation of technologies for the 
joint evaluation of these analyses, together with chemical and physical analyses. 
The launch of BioAs in Brazil is a proof of this, and we hope to soon adopt this type 
of technology in other parts of the world. This type of technology is essential to 
raise awareness of the use of sustainable tools for agriculture.
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1  Introduction

Plant growth-promoting rhizobacteria are the soil bacteria that reside in rhizosphere 
and rhizoplane and carry the intrinsic potential to promote the plant growth by uti-
lizing different mechanisms, i.e., nitrogen fixation, different phytohormones 
(Abbass and Okon 1993; Egamberdiyeva 2005; Gravel et  al. 2007; Gutiérrez- 
Mañero et al. 2001; García de Salamone et al. 2001) and enzyme production, min-
eral solubilization (Basak and Biswas 2009; Panhwar et  al. 2012), siderophore 
productivity, and biocontrol activity, and induce systemic resistance (Adesemoye 
et al. 2009; Gopalakrishnan et al. 2011a, b, c). Various operative and a taxonomical 
cluster of PGPR encompass Pseudomonas, Erwinia, Bacillus, Caulobacter, Serratia, 
Arthrobacter, Micrococcus, Flavobacterium, Chromobacterium, Agrobacterium, 
Hyphomicrobium, Azorhizobium, Rhizobium, Bradyrhizobium, Sinorhizobium, 
Azorhizobium, Mesorhizobium, Allorhizobium, etc. As the demand for food has 
increased with expansion in population, the practices to boost agriculture produc-
tion have also been upgraded in several parts of the world (Clair and Lynch 2010). 
The application of PGPR as bioinoculant due to their substantial influences on crop 
growth and yield has attained considerable attention; furthermore, the emergence of 
PGPR used as an alternative source of chemical fertilizers and pesticides has 
increased its acceptance in farmer community (Vessey 2003).

Environmental stresses like climate change, water scarcity, increased salinity, 
and induction of hazardous chemicals have decreased the soil fertility (He et  al. 
2018); these are the major factors to become the reason for deficient growth and 
productivity of plants (Clair and Lynch 2010). Although PGPR is frequent and their 
spreading is principally controlled by specificities of environment nevertheless, 
Pseudomonas, in particular, are getting substantial attention due to multifarious fea-
tures that support plant growth under abiotic stresses (Sitaraman 2015; 
Saravanakumar and Samiyappan 2007). So, in this chapter, we discussed the poten-
tial of Pseudomonas as PGPR to alleviate abiotic stresses in detail.

2  Plant Growth-Promoting Traits of Pseudomonas

Pseudomonas spp. have been studied largely for their involvement in plant produc-
tion, biological control, antibiotic aptitudes, siderophore, indoleacetic acid produc-
tion, toxic compound degradation, and phosphate solubilization (Bensidhoum et al. 
2016; Jain and Pandey 2016). To express the potential of plant development promo-
tion, the PGPR should colonize in the host plant roots. Root colonization is impor-
tant because without fixed attachment the bacteria can easily be detached via water 
flow and the valuable extracellular secretions of a bacterial cell could diffuse in the 
rhizosphere being available to other microorganisms rather than plant roots (Mia 
et al. 2010). Pseudomonas is complicated in different mechanisms of plant develop-
ment, which are summarized in the next section.
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2.1  Nitrogen Fixation

Like other PGPB, several Pseudomonas spp. possess the capability of binding the 
biological N2 to compensate for the soil nitrogen loss. In chickpea, Pseudomonas 
was reported to contribute as plant development promoter, nodulation, and nitrogen 
fixation (Gopalakrishnan et al. 2015; Parmar and Dadarwal 1999). Pseudomonas 
carrying potential of phosphate solubilization have also been found promoting 
nutrient uptake in host plants through fixing nitrogen and dissolving phosphorus 
(Karimi et al. 2012). Coincubation of nitrogen-fixing Pseudomonas with other bac-
terial species has also been successful on different crops including common bean 
where Pseudomonas inoculation in combination with Rhizobium increased the plant 
growth yield by improving nitrogen fixation. This study exposed that Pseudomonas 
and Rhizobium co-inoculation increased the nitrogen ration derived from the nitro-
gen fixation mechanism up to 50% of the plant nitrogen demand and reduced the 
implementation of inorganic N fertilizer (Yadegari et al. 2010). The inoculation of 
nitrogen-fixing P. stutzeri A1501 in maize crop also augmented plant growth result-
ing from reduced application of inorganic N-fertilizer beside promoting N2-fixing 
and ammonium-oxidizing bacterial communities in the rhizosphere (Ke et al. 2019).

2.2  Nutrient Solubilization

Numerous studies describe that plant growth-promoting Pseudomonas have signifi-
cant capabilities to solubilize different important nutrients in soil. Nutrient- 
solubilizing microorganisms perform a significant role to convert insoluble nutrient 
into soluble by releasing extracellular enzymes, which increase the availability of 
soluble nutrients in the soil (Krishnakumar et al. 2014). These nutrients are solubi-
lized by Pseudomonas which help the plants to increase their growth and productiv-
ity. Inoculation of Pseudomonas Pf-5 and CHA0 strains has been characterized, and 
these strains imposed virtuous influence on the growth of tomato plant as a result of 
nutrient solubilization and siderophore production. Also, to promote plant growth, 
these growth-promoting Pseudomonas enhanced the dry biomass, yield and nutrient 
content in tomato plant tissues (Hu et al. 2017).

Bacterial strains of Pseudomonas are considered among the most powerful nutri-
ent solubilizers. Mostly, they play an important role in mineral phosphorus (P) solu-
bilization. PGPRs are going to assimilate numerous insoluble as well as a soluble 
form of phosphate. Pseudomonas are prominent among these P-solubilizing PGPRs 
(Singh et al. 2018). The assessment of Pseudomonas putida strain Rs-198 inocula-
tion on pepper plants proved effective that increased the plant biomass and enhanced 
nutrient uptake (P and Fe) by solubilizing nutrients and producing phytohormones 
(He et  al. 2019). Zarei et  al. (2019) described that inoculation of P. fluorescens 
strains promoted plant development and productivity, but also play an important 
role to compensate for the adverse factor of the ecosystem. The inoculated strains of 
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Pseudomonas fluorescens could solubilize nutrient especially phosphates besides 
the abilities to produce ACC deaminase in the configuration of 1- aminocyclopropa
ne- 1-carboxylic acid, auxin, and siderophores, and these helped to enhance the 
growth of crops by involving different mechanisms.

2.3  ACC Deaminase and IAA Production

Pseudomonas carrying PGP characteristics also express ACC deaminase activity 
which reduces (but not prevents entirely) ethylene level in plants that rises during 
exposure to environmental stresses. This enzyme supports plants against environ-
ment stress, promotes the productivity of plant (enhances the root dimension and 
aerial structure of plants), and facilitates the plants for adaptation and survival. The 
PGP Pseudomonas produce the ACC deaminase which behaves like a biological 
promoter for ACC and considered as one of the chief mechanisms that are involved 
in the plant development under stress conditions. In addition to ACC deaminase 
activity, PGP Pseudomonas produce IAA which enhances root tissue uptake, resul-
tantly boosting the growth of plants and initiating the enzyme ACC synthase tran-
scription, which eventually increases the ethylene production. The high level of 
ethylene reduces IAA signal transduction thus reducing IAA-catalyzed growth of 
plant. Therefore, the presence of a PGP Pseudomonas which encompass the enzyme 
ACC deaminase reduce the plant ethylene level thus reducing the above-mention 
feedback inhibition (del Carmen Orozco-Mosqueda et al. 2020).

Auxin controlled the numerous biological developments, i.e., cell development, 
cell division, tissue distinction, and light response in plants. Normally, root length 
increases by the excretion of IAA, augmentation of root surface aptitude and capa-
bility of plant to access soil nutrients occurs (Santoro et  al. 2015). Bacteria that 
produce IAA are acknowledged to uplift the seed germination, pledge adventitious 
and lateral root formation thus increasing the surface area to facilitate the host plant 
for better absorption of nutrients and water from soil (Ahemad and Kibret 2014).

2.4  Siderophore Production

Siderophore is a low-weight-molecule and chelating representative which bounds 
with the iron and is carried to a cell by cooperating with membranous receptors 
(Johnstone and Nolan 2015; Saha et al. 2016). The PGPRs that produce siderophore 
are considered as an auspicious substitute to the traditional farming predominantly 
in the perspective of increasing the development and productivity of plant by drop-
ping the use of chemical fertilizer. However, there is still a need for the scientific 
demonstration of a direct advantageous consequence of siderophore-producing 
PGPR on iron acquirement and plant growth in abiotic stress. Indirect indications of 
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siderophores enhance the development as well as a biological control system in 
nutrient-lacking soil.

The growth-promoting character of Pseudomonas has been related to the viable 
impounding of iron by siderophore production. Siderophore plays a vital role to 
upsurge the bacterial fitness in diverse environmental conditions. Several cellular 
processes including repairing of DNA, redox reactions, electron transport, meta-
bolic activities, and regulation of gene expression require iron for normal function-
ing, and several bacteria can sense and uptake the iron from surrounding environment. 
Bacteria scavenge the iron by producing siderophores (Green and Paget 2004; Puig 
et  al. 2017; Braun and Hantke 2011; Frawley and Fang 2014). Parmar and 
Chakraborty (2016) demonstrated formation of extracellular water resolvable 
yellow- green siderophore by Pseudomonas fluorescens that proved beneficial for 
plant growth development due to enhancement in root length, shoot height, and leaf 
number in an inoculated plant. Siderophore-forming Pseudomonas also influence 
physicochemical properties of soil (Sayyed et al. 2019). The physicochemical factor 
influences the production of PGPR’s siderophore. Consequently, the studies carried 
out to discover the potential of siderophore-producing Pseudomonas appraise their 
plant growth promotion efficiency as observed in Arachis hypogaea L. (Subramanium 
and Sundaram 2020). Barrientos-Moreno et  al. (2019) illustrated a connection 
between siderophore production, arginine metabolism, and oxidative stress toler-
ance in Pseudomonas putida. Some other investigations are described in Table 7.1 
showing the effect of plant growing promoter Pseudomonas species on differ-
ent plants.

3  Pseudomonas and Alleviation of Abiotic Stress

Some studies have identified a broad picture of special effects of abiotic stresses for 
the productivity of numerous plants (Almansouri et  al. 2001; Li et  al. 2011). 
However, the PGPR having extremely multifaceted and fascinating mechanisms 
related to stress alleviation improve the plants to better survive against stress envi-
ronments (Gopalakrishnan et al. 2015). Numerous PGP Pseudomonas strains can 
increase stress-bearing capacity of plants under various abiotic stress conditions 
(Fig. 7.1). Growth hormone production by PGPR improves plant root morphology 
which is a key biological mechanism that can increase the water and nutrient absorp-
tion in plants under severe edaphic circumstances. These groups of bacteria have 
specific plant growth-promoting traits like cellulase and protease glucanases which 
cause cell lysis and fungal cell wall degradation (Mabood et al. 2014). Moreover, 
few PGPR strains have sigma factor which supports the plant to diminish the adver-
sative effect of abiotic strain by using the specific amendments in gene appearance. 
Indoleacetic acid is a key signalling molecule, produced by PGP Pseudomonas, 
thus establishing a synergistic relationship with plant roots and working for phyto- 
stimulation (Ashwitha et al. 2013; Duca et al. 2014). Domination of ACC deami-
nase movement and IAA productivity contribution can exert positive effects on the 
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Table 7.1 Effect of stress-tolerant PGP Pseudomonas inoculation on different plants

Bacterial strains
Inoculated 
plants PGP traits Effect on plants References

P. putida;
P. aeruginosa;
P. fluorescens
P. vulgaris

Bean, 
Soybean, 
Mung bean, 
Chickpea, 
Common 
bean

IAA production, 
ACC deaminase 
production, 
siderophore 
productivity

Increase plant 
productivity
Increased efficiency 
of biological nitrogen 
fixation
Significant 
solicitation of N and 
P in grains

Yadegari et al. 
(2010), Kang et al. 
(2014), Sarma and 
Saikia (2014), Singh 
et al. (2018), Verma 
et al. (2010) and 
Younesi and Moradi 
(2014)

P. stutzeri;
P. protegens;
P. putida;
P. 
plecoglossicida

Maize IAA production, 
siderophore 
production, 
Chitinase, 
b-l,3-glucanase, 
ACC deaminase 
activity,
P solubilization

Increased plant 
growth;
Positive effect on the 
population of the 
N-fixing and 
NH4-oxidizing 
microbial 
communities in the 
rhizosphere;
Increased the 
biomass, nitrogen 
content, and nitrogen 
fixation rate;
Increased nutrient 
solubilization;
Significant effect on 
grain yield and soil 
fertility

Mahajan et al. 
(2020), Fox et al. 
(2016), Pandey and 
Maheshwari (2007), 
Kaur and Reddy 
(2014) and Singh 
et al. (2018)

P. protegens; 
Pseudomonas 
sp.; P. putida;
P. 
plecoglossicida; 
P. aeruginosa

Wheat IAA production, 
ACC deaminase 
activity, 
siderophore, 
gibberellin 
synthesis, and P 
solubilization

Increased the plant 
growth, biomass, 
nitrogen content, and 
nitrogen availability; 
expressively 
improved the grain 
yield and soil fertility
Inhibited ethylene 
levels; increased 
nutrient solubilization 
and root colonization

Fox et al. (2016), 
Govindasamy et al. 
(2009), Aloni et al. 
(2006), Kaur and 
Reddy (2014), 
Nadeem et al. (2010) 
and del Carmen 
Orozco-Mosqueda 
et al. (2020)

Pseudomonas 
sp.;
P. stutzeri

Sorghum, 
rice

IAA production,
N2 complex

Increased plant 
growth and yield by 
phytohormone 
production

Ashraf et al. (2011), 
Pham et al. (2017) 
and Lu et al. (2020)

P. aeruginosa;
P. fluorescens

Peanut, 
groundnut

IAA assembly, 
ACC deaminase 
productivity

Stimulated the plant 
growth;
Induced tolerance 
against abiotic stress

Gupta et al. (2020), 
Saravanakumar and 
Ramasamy (2007), 
Gupta and Pandey 
(2019) and Estévez 
et al. (2009)

(continued)
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Table 7.1 (continued)

Bacterial strains
Inoculated 
plants PGP traits Effect on plants References

P. koreensis and
P. entomophila

Sugarcane ACC deaminase 
activity, 
nitrogen fixation

Enhanced the plant 
growth, development, 
and nitrogenase 
activity;
Induced tolerance 
against abiotic stress

Estévez et al. (2009)

P. fluorescens; 
Pseudomonas 
sp.;
P. putida

Canola IAA production, 
ACC deaminase 
activity

Enhanced the plant 
growth by reducing 
ethylene production;
Induced tolerance 
against abiotic stress

Akhgar et al. (2014), 
Ali and Kim (2018), 
del Carmen 
Orozco-Mosqueda 
et al. (2020) and 
Cheng et al. (2007)

P. fluorescens;
P. migulae 
Pseudomonas 
sp.; P. 
aeruginosa;
P. stutzeri

Tomato ACC deaminase 
activity, 
siderophore 
productivity, 
gibberellin 
synthesis, P 
solubilization

Increased the 
biomass and 
assimilation of 
nutrients into the 
plant tissues; 
increased the plant 
growth by 
solubilization of 
nutrients;
Increased the growth 
of plants under stress 
conditions

Ali et al. (2011), 
Gupta and Pandey 
(2019), del Carmen 
Orozco-Mosqueda 
et al. (2020), Ali et al. 
(2012, 2014), 
Orozco-Mosqueda 
et al. (2019), 
Hernández-León 
et al. (2015), Hu et al. 
(2017), Tank and 
Saraf (2010) and 
Ferreira et al. (2019)

P. putida 
GAP-P45

Sunflower IAA production, 
ACC deaminase 
activity

Protected sunflower 
seedlings from 
drought stress 
through 
exopolysaccharide 
secretion and 
improving soil 
structure

Sandhya et al. 
(2009a, b)

P. fluorescens Sweet corn Siderophore 
production, 
ACC deaminase 
activity

Increased the plant 
growth by reducing 
the ethylene level;
Increased the iron 
and phosphate uptake

Zarei et al. (2019)

Pseudomonas 
sp. A3R3

Wild plants IAA production, 
siderophore 
production, 
heavy metal 
mobilization

Increased the plant 
growth by 
solubilization of 
nutrients

Ahn et al. (2004)

(continued)
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abiotically stressed plants by improving their tolerance against stress factors 
(Saleem et al. 2007; Yun-Xiu and Xiao-dong 2007).

Survival of Pseudomonas under abiotic stresses may be attributed to the con-
struction of exopolysaccharides (EPS) that help to defend the bacteria after water 
stress and water potential fluxes. Exopolysaccharides support biofilm formation 
which improves water retention and has binding potential to form soil aggregates 
that regulate water and nutrient flow from soil to plant roots (Sandhya et al. 2009a, 
b; Roberson and Firestone 1992; Tisdall and Oades 1982). The PGP Pseudomonas 
bacteria are also acknowledged for the generation of various growth promoters of 
plants like rhizobitoxine, exopolysaccharides (Vardharajula et al. 2011), and spe-
cific signal molecules like lumichrome (Dakora et al. 2015) and lipochitooligosac-
charides (Tanaka et al. 2015). By reducing ethylene production, rhizobitoxine can 
increase the development of plant under stress circumstances. Correspondingly, 
lipochitooligosaccharides and lumichrome support different plants in detecting eco-
system abiotic stresses. Furthermore, they behave like plant growth promoter which 
improves biomass production, root and shoot growth, and embryogenesis. In spe-
cific, these signal molecules help to develop a synergistic relationship between the 
plants and rhizospheric microorganisms, therefore shielding the plant from the con-
frontational things of abiotic stress (Tanaka et al. 2015). Colonization of P. chloro-
raphis (O6) in Arabidopsis thaliana roots could also induce abiotic stress tolerance 
by producing 2R, 3R-butanediol (volatile metabolite) (Cho et al. 2008). Mitigation 

Table 7.1 (continued)

Bacterial strains
Inoculated 
plants PGP traits Effect on plants References

P. putida, P. 
fluorescens

Tea Siderophore 
production,
P solubilization, 
IAA production

Enhanced the plant 
development;
Improved the quality 
and quantity of crops; 
significant effect on 
grain yield and soil 
fertility

Singh et al. (2018) 
and Esitken et al. 
(2010)

Pseudomonas
BA-8

Strawberry IAA production, 
P solubilization

Enrichment of 
soluble solids and 
sugar

Singh et al. (2018)

P. synxantha Aloe vera IAA production,
P solubilization

Enhanced the growth 
level and biosynthesis 
level

Guo et al. (2010)

P. migulae 8R6 
and 
Pseudomonas 
sp. UW4

Sesame IAA production, 
ACC deaminase 
activity

Induction of genes 
preventing cell 
damage

del Carmen 
Orozco-Mosqueda 
et al. (2020)

P. fluorescens 
UM270

Medicago IAA and 
Siderophore 
productivity

Increased plant 
productivity for stress 
conditions

Hernández-León 
et al. (2015)

P. aeruginosa 
FP6

Chilli Siderophore 
production

Increased growth 
yield

Sasirekha and 
Srividya (2016)

T. Yasmeen et al.



165

of abiotic stress by inoculation of plant growth-promoting stress-tolerant 
Pseudomonas is summarized in Table 7.2.

3.1  Pseudomonas Under Water Stress

Stress associated with water or moisture in the larger sense can be acknowledged as 
flooding and drought which causes considerable damage to crops over the world. 
Water deficiency and overflow both cause different morphological and physiologi-
cal changes in the plants which finally reduce the productivity and quality of plant 
yield. Under waterlogging, plant roots and soil submerge in excess water, thus creat-
ing hypoxic and anoxic environments which results in reducing the accessibility of 
O2 to the plants (Salazar et al. 2015). Under waterlogged conditions, different physi-
ological responses of plants alter to cope with the insufficient supply of oxygen. 

Fig. 7.1 Demonstration of abiotic stress tolerance induced by abiotic stress-tolerant plant growth- 
promoting Pseudomonas
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Table 7.2 Effect of salt-tolerant PGP Pseudomonas inoculation on different plants under abiotic 
stresses

Bacterial 
inoculation Plant Stress factor Effects on plants References

Pseudomonas 
sp.; P. 
fluorescens

Pisum sativum 
L.

Drought Increased the 
development of plant, 
yield, and maturing;
Increased the 
germination of a seed, 
shoot, and root length, 
production of 
antioxidant enzymes, 
and dry biomass;
Decreased ethylene 
production

Arshad et al. (2007), 
Gupta and Pandey 
(2019), Zahir et al. 
(2008) and Saikia 
et al. (2018)

Pseudomonas 
6-P

Cicer 
arietinum

Drought Increased plant tolerance 
against stress factors

Sharma  et al. 
(2013)

Pseudomonas 
sp. RJ15

Vigna mungo 
L.

Drought Increased the seed 
germination and root 
and shoot length;
Upregulation of 
antioxidant enzymes

Saikia et al. (2018)

Pseudomonas 
sp.

Finger millet 
(Eleusine 
coracana L.)

Drought Significantly increased 
antioxidant activity; 
improved plant fitness 
against oxidative stress

Chandra et al. 
(2018)

P. fluorescens Foxtail millet Drought Efficiently colonized in 
rhizosphere and 
enhanced plant 
development

Niu et al. (2018)

Pseudomonas Groundnut 
and pigeon 
pea

Drought Positive phosphatase 
activity induced drought 
tolerance;
Increased relative water 
content;
Increased osmotic 
regulation; modulated 
cell wall elasticity

Ashwitha et al. 
(2013) and Keyvan 
(2010)

Pseudomonas Mung bean Drought An elevated level of 
ROS-scavenging 
enzymes and cellular 
osmolytes; upregulated 
drought stress- 
responsive genes;
Augmented root, shoot 
length, and dry biomass

Sharma et al. (2013)

(continued)
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Table 7.2 (continued)

Bacterial 
inoculation Plant Stress factor Effects on plants References

P. putida 
GAP-P45

Sunflower Drought Produced biofilm and 
improved soil 
aggregation to facilitate 
water and nutrient 
supply

Sandhya et al. 
(2009a, b)

Pseudomonas 
sp. UW4

Lycopersicon 
esculentum

Waterlogging Significantly increased 
plant growth and 
tolerance to 
waterlogging

Ali and Kim (2018)

Pseudomonas 
sp. UW4

Cucumis 
sativus

Waterlogging Increased the growth of 
plants

Li et al. (2012) and 
Ali and Kim (2018)

Pseudomonas Sesame 
(Sesamum 
indicum L.)

Waterlogging Mitigated waterlogging- 
related damage and 
enhanced plant 
progression

Ali et al. (2018)

Pseudomonas 
sp. UW4

Brassica 
napus

Waterlogging Enhanced the plant 
growth under 
waterlogging by 
producing ACC 
deaminase

Ali and Kim (2018)

P. putida WT Rumex 
palustris

Waterlogging Altered plants’ response 
to long-term and 
short-term submergence 
generating ACC 
deaminase

Ravanbakhsh et al. 
(2017) and Ali and 
Kim (2018)

P. putida Tomato Waterlogging ACC deaminase 
synthesis ameliorated 
the flooding impacts

Grichko and Glick 
(2001)

Pseudomonas Soybean Salinity Increased activities of 
ion transport and proline 
accumulation

Yasmin et al. (2020)

P. fluorescens Maize Salinity Enhanced seedling 
development and plant 
growth

Kausar and Shahzad 
(2006) and Gupta 
and Pandey (2019)

P. fluorescens 
TDK1

Groundnut 
(Arachis 
hypogaea)

Salinity Increased salt tolerance 
by retaining the ACC 
deaminase action and 
enhanced growth of 
plants

Saravanakumar and 
Ramasamy (2007) 
and Gupta and 
Pandey (2019)

P. fluorescens;
P. migulae

Tomato Salinity Enhanced the health and 
growth of plant

Ali et al. (2011) and 
Gupta and Pandey 
(2019)

(continued)
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Overactivity of ACC synthase enzyme under hypoxic and anoxic conditions was 
reported in different plants (He et al. 1994; Sairam et al. 2008).

Inoculation of ACC enzymes producing Pseudomonas has been described to 
decrease the negative impact of produced ethylene and, consequently, improved the 
growth of the plant in excessive water circumstances. The water scarcity, on the 
other hand, is related to reduction in stomatal conductance and chlorophyll contents 
which create disturbance in the photosynthetic metabolism (Vurukonda et al. 2016; 

Table 7.2 (continued)

Bacterial 
inoculation Plant Stress factor Effects on plants References

P. fluorescens Canola
(Brassica 
napus L.)

Salinity Increased the growth of 
plants and resistance 
against salinity by 
producing ACC 
deaminase

Akhgar et al. (2014)

P. fluorescens Lettuce Temperature Induced systemic 
tolerance;
Promoted leaf 
development

Aponte et al. (2017)

Pseudomonas 
spp.

Gramineae 
and legume

Temperature Improved plant growth 
and yield

Höflich et al. (1994) 
and Höflich and 
Kühn (1996)

Pseudomonas 
spp.

Wheat Temperature Stimulated growth along 
with low levels of ROS

Ali et al. (2011)

Pseudomonas 
sp. AMK-P6

Sorghum Temperature Created heat revelation 
proteins;
Improved plant 
biological status

Ali et al. (2009)

Pseudomonas 
sp.;  
P. fluorescens

Wheat Heavy metal 
(Cd, Pb)

Increased root length 
and plant growth;
Reduced the ethylene 
production

Govindasamy et al. 
(2009), He et al. 
(2009), Singh et al. 
(2018) and Sheng 
et al. (2008)

Pseudomonas Wheat Heavy metal 
(Cd, Cr, Cu)

Declined the catalase 
(CAT), glutathione 
reductase (GR), 
superoxide dismutase 
SOD), proline, and 
malondialdehyde 
(MDA) levels

Rizvi and Khan 
(2017)

P. moraviensis Wheat Heavy metal 
(Co, Ni, Cr)

Decreased heavy metal 
uptake; decreased the 
biological accumulation 
coefficient (BAC) and 
translocation factor

Hassan et al. (2017)

P. aeruginosa Chickpea Heavy metal 
(Cr)

Improved symbiotic 
attributes, plant growth, 
and yield

Oves et al. (2013)
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Flexas et al. 2013). Different investigations have been reported at the worldwide 
level to exploit the importance and role of Pseudomonas, which improved the plant 
growth under water-stressed conditions (Gupta and Pandey 2019). Waterlogging 
severely affects physiological characteristics of terrestrial plants prominent to short 
photochemical productivity and stunted growth. ACC deaminase enzymes cleaved 
the ACC substrate into α-ketobutyrate, NH4, and mitigate the hostile effects of per-
sistent water stress. Ali et al. (2018) observed mitigation of waterlogging-related 
damage and improved plant growth in sesame (Sesamum indicum L.) plants that 
were inoculated with ACC deaminase forming Pseudomonas. Chandra et al. (2018) 
observed improvement in finger millet (Eleusine coracana (L.) Gaertn.) plant 
growth inoculated with ACC deaminase producing Pseudomonas spp. under 
drought-stressed conditions. Inoculated plants showed a significant increase in anti-
oxidant activity that ultimately improved plant fitness by protecting it from oxida-
tive stress induced by drought. Overexpression of ACC deaminase and 
exopolysaccharide (EPS) production potential in Pseudomonas fluorescens also 
helped to efficiently colonize in the rhizosphere of foxtail millet roots as reported by 
Niu et al. (2018). Effective bioinoculants (Pseudomonas) enhanced plant develop-
ment in drought stress and proved as potential contributor to endure cultivation in 
arid precincts. Ashwitha et al. (2013) isolated indoleacetic acid (IAA) and 1- amino
cyclopropane- 1-carboxylic acid (ACC) deaminase-generating Pseudomonas bacte-
ria with an additional character of positive phosphatase activity. Inoculation of these 
bacteria on groundnut and pigeon pea induced a certain degree of tolerance in 
drought-affected plants. High relative water content (RWC) as observed in drought- 
stressed Pseudomonas-inoculated plants could be the part of a resistance mecha-
nism to drought stress that helps in osmotic regulation and/or modulation of cell 
wall elasticity in plant tissues (Keyvan 2010; Ritchie et al. 1990; Ashwitha et al. 
2013). Under drought conditions, proline is accumulated in exposed plants as a 
physiological response to stress and helps to improve membrane stability (Delauney 
and Verma 1993). The elevated level of reactive oxygen species (ROS) scavenging 
enzymes and cellular osmolytes, upregulation of drought stress-responsive genes, 
augmented root and shoot length, and higher dry biomass are some other attributes 
that were observed in osmotic stress-tolerant Pseudomonas inoculated for mung 
bean in contrast with the uninoculated control plants under drought-stressed condi-
tion (Sharma et  al. 2013). Plant development in water-stressed cucumber plants 
with P. fluorescens inoculation alone and/or in combination with compost/biochar 
was described by Nadeem et al. (2017). Fioreze et al. (2020) observed nonsignifi-
cant effect of Pseudomonas inoculation (alone or in combination with other bacte-
rial species) on SPAD index under normal irrigation; however, under water deficit 
condition, notably increased values of SPAD (Soil Plant Analysis Development) 
catalogue were recorded with co-inoculation of Pseudomonas spp. and Azospirillum 
brasilense in wheat plants. Therefore it may be concluded that co-inoculation of 
Pseudomonas spp. with other beneficial bacterial species could effectively be uti-
lized to alleviate the deleterious special effects of water stress in different plants.
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3.2  Pseudomonas Under Salinity Stress

Soil salinity is also one of the severe issues related to the soil that has adversely 
influenced the yield and productivity of crops. It primarily increases the concentra-
tion of ions (Na+ and Cl−) in the soil that results in an osmotic and nutrient imbal-
ance in plants leading to disturbing normal plant functions (Munns and Tester 2008; 
Tavakkoli et al. 2010; Yaish et al. 2016; Moradi et al. 2011; Yaish and Kumar 2015). 
Soil salinity induces necrosis on plant roots and shoots, delays leaf exterior, and 
reduces leaf amplitude (Rajendran et al. 2009; Rahneshan et al. 2018). Moreover, 
ionic imbalance in plants, damaged of stomatal appearance, reduction in the CO2 
accommodation and photosynthetic efficiency, and induction of reactive oxygen 
species (ROS) and ethylene levels have also been reported in salinity-deficient cir-
cumstances (Chaves et al. 2009; Sarabi et al. 2017; Chatterjee et al. 2017; Heydarian 
et al. 2016; Stearns and Glick 2003; Ali et al. 2014). Undesirable changes in plant 
growth may occur due to distressed transport of phytohormones and photosynthetic 
metabolites to the emerging plant tissues (Ashraf 2004). Inoculation of PGPR dur-
ing the salinity-stressed condition for plants can promote the growth and develop-
ment through a range of mechanisms including production of growth hormones and 
ACC deaminase enzyme (Siddikee et  al. 2015), colonization in rhizosphere 
(Subramanian et al. 2015), and upregulation of ROS-scavenging enzymes (Nautiyal 
et al. 2013; Sarkar et al. 2018). thus ameliorating the undesirable effects of salinity 
on subjected plant. Salt-tolerant PGP Pseudomonas have been reported to increase 
nutrient uptake, photosynthetic pigments, and rate of photosynthesis besides 
decreasing extent of membrane damage that is investigated by non-enzymatic oxi-
dation of fatty acids (lipid peroxidation) (Samaddar et al. 2019). Increased activities 
of ion transport, proline accumulation, and reduced concentration of K in 
Pseudomonas-inoculated soybean plants were also observed in hydroponically 
grown salinity-stressed plants (Yasmin et al. 2020). Likewise, plant growth promo-
tion and instigation of salinity tolerance in maize, groundnut, tomato, and canola 
plants were observed with Pseudomonas inoculation in different salinity stress- 
related studies (Kausar and Shahzad 2006; Gupta and Pandey 2019; Saravanakumar 
and Ramasamy 2007; Ali et al. 2011; Akhgar et al. 2014). Inoculation of P. putida 
to cotton seeds before sowing also increased seedling biomass under the saline con-
dition and prevented salinity-induced abscisic acid (ABA) accumulation in seed-
lings (Yao et al. 2010). Studies have also explored the synergistic capabilities of 
Pseudomonas species by inoculating as consortia or co-culture. Samaddar et  al. 
(2019) testified that co-inoculation of P. frederiksbergensis (OB139) and P. vancou-
verensis (OB155) under salinity-stressed red pepper exhibited reduced emission of 
ethylene and improved contents of photosynthetic pigments compared to single 
inoculation.
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3.3  Pseudomonas Under Temperature Stress

Analogous to other abiotic stress, temperature stress also adversely affects plant 
growth and developmental processes. In several crops it is an unusual constraint that 
happens during grain filling. Heat stress affects the flexibility of membrane lipids 
which leads toward loss of membrane integrity. Furthermore, it also stimulates the 
inactivation of chloroplast and mitochondrial enzymes besides inhibition of protein 
synthesis, reduction in ion flux, and production of ROS (Schöffl et al. 1999; Howarth 
2005). Interseasonal climatic variation especially in temperature affects different 
sensitive crops. For example, the reduced yield of wheat plants even in well-watered 
conditions was observed due to increase in mean seasonal temperature (Wheeler 
et al. 1996; Batts et al. 1997).

Temperature disparities influence the enzymatic activities of cellular proteins 
after structural abnormalities in cell organelles (Ruelland and Zachowski 2010). 
Some thermotolerant plant growth-promoting species of Pseudomonas induce sys-
temic tolerance in the plants that were exposed to heat stress as observed by Aponte 
et al. (2017) in lettuce plants. P. fluorescens along with Azospirillum sp. promoted 
leaf development in this experiment suggesting occurrence of synergist relationship 
among both PGPR strains. The rhizobacterial strains modulated the high- temperature 
stress and suggested application of this potential biotechnological tool to partially 
overcome the impacts of this abiotic stress. Höflich et al. (1994) and Höflich and 
Kühn (1996) isolated Pseudomonas spp., along with other PGPR, and inoculated to 
gramineae and legume plants under temperature stress circumstances. Inoculated 
plants were observed to possess high growth and yield. Stimulated growth along 
with low levels of ROS in Pseudomonas-inoculated heat-stressed wheat plants was 
also observed by Ali et al. (2011). However, Yarzábal et al. (2018) reported root and 
shoot elongation in Pseudomonas-inoculated wheat plants grown in cold tempera-
ture suggesting formulation of cold-active biofertilizers for colder regions. Ali et al. 
(2009) observed improved level of cellular metabolites (i.e., sugar, amino acids, 
proteins, prolines, and photosynthetic pigments) in Pseudomonas (AKM-P6)-
inoculated pigeon pea under heat stress. Subramanian et al. (2015) also reported 
expression of certain proteins in Solanum lycopersicum Mill with P. vancouverensis 
and P. frederiksbergensis inoculation under cold stress. These proteins could protect 
the plant cells from cold stress. Moreover, reduction in membrane damage and oxi-
dative stress was also observed in this investigation.

3.4  Pseudomonas Under Heavy Metal Toxicity

The metals and metalloids having relatively high solidity and considered toxic even 
at ppb levels are called heavy metals. The biosphere is getting polluted by heavy 
metals due to their consumption in industrial, agricultural, and domestic activities 
(Vijayaraghavan and Yun 2008). Heavy metal stress is of serious international 
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concern because of their nondegradable nature. Once they enter into the ecosystem, 
they persist there and accumulate by passing through the food chain (Igwe et al. 
2005). Higher meditations of heavy metals in rhizosphere/soil reduce microbial 
population and metabolic activities (Ahamed et al. 2004). Generally, noxious heavy 
metals damage cell membranes, cause enzyme inhibition in cytoplasm, and conse-
quently reduce plant growth and development (Chibuike and Obiora 2014). The 
bacteria groups having PGPR traits can secrete different metabolites including anti-
biotics, proteins, and acids that help to alleviate the lethal effects of heavy metals 
(Denton 2007). Biofilms are collections of microbial cells that are attached to any 
surface (Flemming 1995) and can be used to remediate heavy metal pollution. 
Microbial biofilms either modify the heavy metals biochemically or accumulate 
them thus reducing their spread in the environment (Muñoz et al. 2006; Chang et al. 
2006). Biofilms can minimize the expected threat of heavy metals by immobilizing 
or partitioning to different environmental compartments. Metal-resistant and immo-
bilizing PGPRs have recently been reported with characteristic plant growth stimu-
lation, heavy metal accumulation within plant tissues, and reduction in heavy metal 
bioavailability (Wang et al. 2018; Yuan et al. 2017; Mallick et al. 2018; Han et al. 
2018). Pseudomonas either directly or indirectly play an imperative role to mitigate 
heavy metal stress by influencing metal accumulation or bioavailability. Plant 
growth-promoting heavy metal-resistant Pseudomonas have potential to tolerate the 
presence of heavy metals up to a varying extent and help to ameliorate the stress 
exerted by heavy metals. Meliani and Bensoltane (2016) examined the capabilities 
of biofilm and biosurfactant-producing Pseudomonas to minimize the toxic effects 
of zinc and lead. A decline in phytotoxic effect of Cd, Cr, and Cu was also observed 
in wheat plants by inoculating IAA and ACC deaminase-producing Pseudomonas 
aeruginosa. The plants in this investigation resulted from a decline in glutathione 
reductase (GR), superoxide dismutase (SOD), catalase (CAT), malondialdehyde 
(MDA), and proline levels with Pseudomonas inoculation in wheat plants (Rizvi 
and Khan 2017). Application of Pseudomonas in combination with arbuscular 
mycorrhizal fungi has also been evaluated for its role for bioremediation (Li et al. 
2020) and resulted in a decrease in Zn concentration in Zn-stressed maize plants. 
Pseudomonas moraviensis in another study produced promising results for heavy 
metal (Co, Ni, Cr) reduction in rhizosphere of wheat plants. However, co- inoculation 
with other PGPR further augmented the decrease in Ni, Cr, and Mn over its single 
inoculation. P. moraviensis inoculation also contributed to decrease the BAC (bio-
logical accumulation coefficient) and TF (translocation factor) for Cd, Cr, Cu, Mn, 
and Ni (Hassan et al. 2017). Evidence of improved symbiotic attributes, growth, and 
yield of chickpea plants with P. aeruginosa inoculation in Cr-contaminated soil has 
also been articulated (Oves et al. 2013).
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3.5  Pseudomonas Under Nutrient Deficiency

Water scarcity caused by drought and salinity stress leads to insufficient nutrient 
supply to the stress-affected plants. Nutrients are important factors besides water, 
air, light, and carbon that play an imperative role in the regulation of different plant 
growth stages (Lata et  al. 2018). PGPRs develop a mutualistic relationship with 
plant roots by establishing bidirectional movements of nutrients, water, and metabo-
lites. Root exudates are absorbed and nitrogen is delivered back to plant roots by 
nitrogen fixers; thus soil fertility is improved as a result of this synergistic relation-
ship. Similarly, phosphate solubilizers provide phosphorus to plants and get root 
exudates having water and carbohydrates as metabolites from plants. Siderophores 
produced by PGPRs under iron-limiting conditions help in iron sequestration to 
make it available to the plants (Whipps 2001; Compant et al. 2005). The productiv-
ity of plant development hormones such as auxins, cytokinins, and gibberellins 
(Spaepen and Vanderleyden 2011; Glick 2012; Shilev 2013; Kang et al. 2010) by 
PGPR stimulates root proliferation that results in extended absorption area for nutri-
ent uptake (Sharma et al. 2013; Ahemad and Kibret 2014). Nordstedt et al. (2020) 
in an investigation grew ornamental plants in low nutrient regimes and observed that 
the plants inoculated with PGP Pseudomonas sp. accumulated higher nutrient con-
tents (N, P, K, Ca, Mg, and S) in shoot compared to uninoculated plants. Plant 
growth promotion by inoculating Pseudomonas sp. in Pelargonium peltatum, 
Dahlia variabilis, and Chrysanthemum has been reported by Göre and Altin (2006). 
Srivastava and Srivastava (2020) observed a strong correlation among different 
combinations of Pseudomonas and salt stress and morpho-physiological attributes 
of Arabidopsis thaliana. The adversative effect of salinity in P-limiting conditions 
was well administered with the application of P. putida, thus suggesting its applica-
tion in nutrient-deficient conditions to improve crop productivity.

4  Use of Pseudomonas for Bioremediation 
and Phytoremediation

Remediation of polluted sites following bioremediation has gained attention for 
being an environmentally friendly and cost-effective nature of operation. Microbial 
potential to tolerate, sequester, immobilize, mobilize, and transform the contami-
nants is monitored to detoxify the contaminated sites (Bruins et al. 2000; Gibbons 
et  al. 2011). It is observed by various researchers that microorganism especially 
bacterial species can effectively absorb different heavy metals from the contami-
nated source such as soil or water (Fig. 7.2). Pseudomonas aeruginosa, a Gram-
negative pathogenic bacterium, can precipitate cadmium when anaerobic conditions 
are prevailing. Pseudomonas putida has been worked upon by different researchers, 
with observations that it has the highest levels of passive biosorption for heavy met-
als. Pseudomonas syringae can bind with copper ions as it produces 
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copper-inducible proteins such as CopA, CopB, and CopC (Igiri et  al. 2018). 
Microbial biofilms are more crucial for the bioremediation of the environment as 
these have more potential to counter heavy metals compared to individual bacterial 
cells. Pseudomonas aeruginosa biofilm cells have more resistance toward a variety 
of heavy metal ions such as Cu2+, Cd2+, and Pb2+. The cells around the biofilm that 
encompasses these heavy metals die and permanently capture these ions and as a 
result help to bioremediate these toxic ions from the environment. It has been noted 
during the research by different scientists that methylation of heavy metals increases 
their permeability across the bacterial cell. Microbial methylation is one of the most 
important aspects of bioremediation of metals and metal ions. Bacillus spp., 
Clostridium spp., and Pseudomonas spp. are responsible for the bio-methylation of 
heavy metals such as arsenic (As), mercury (Hg), and selenium (Se). Some research-
ers have used mercury- resistant bacterial strains for the bioremediation of heavy 
metals from different contaminated environments. De Jaysankar et  al. (2008) 
showed that P. aeruginosa removed 17.4 mg/L of cadmium (Cd) from the contami-
nated source. Six genes are found in Pseudomonas for resistance of cadmium that 
was recognized from three genes assembled as cadA2R, czcCBA1, and colRS. Metal 
efflux systems were predicted from the first two homologous genes (Nowicki et al. 
2015). Their study confirms that microbial strains like that of Pseudomonas spp. are 
potential candidates for the bioremediation of heavy metals from the environment 
to build a more sustainable ecosystem. Al-Dhabi et  al. (2019) confirmed that 
Pseudomonas spp. have a crucial role in the remediation of cadmium in the con-
taminated soil and can, therefore, be used as candidates for the bioremediation of 

Fig. 7.2 Various mechanisms of bioremediation of heavy metals by bacteria (i.e., Pseudomonas spp.)
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various metal ions from the environment. Among six different strains that were 
isolated, Pseudomonas strain Al-Dhabi-126 had the maximum tolerance for the 
cadmium, which was 2100 μg/mL. They concluded that Pseudomonas sp. can act as 
bioremediation agents for industrially generated effluents. Apart from acting as the 
direct source of bioremediation by absorption of heavy metals, bacterial strains par-
ticularly Pseudomonas sp. aid plants to bear environmental stress and thus enhance 
their ability to absorb different minerals and salt from the soil and in this way 
increase the quality of the soil. Pseudomonas putida as bio-stimulant support T. sati-
vum to induce tolerance, and in this way, it indirectly participates in bioremediation 
through plants more commonly known as phytoremediation (Oosten et al. 2017). 
Laccase enzyme produced by P. putida MTCC 7525 has shown maximum activity 
against industrial effluents and dyes with 16–84% decolorization of these effluents 
and synthetic dyes within 24 h of incubation (Kuddus et al. 2013).

Gong et al. (2018) showed that the engineered strain of P. putida KT2440 effec-
tively degrades pesticides in the soil, which also simultaneously degrades organo-
phosphate, carbamates, and pyrethroids. Their study further confirms that these 
engineered strains can be used for in situ bioremediation of highly effective agricul-
tural land due to excessive use of toxic fertilizers. Butachlor is an active ingredient 
in the preparation of herbicides and is considered as an environmental contaminant. 
High levels of butachlor in the soil decrease its fertility and retard plant growth that 
is why soils contaminated with this chemical compound must be treated. Mohanty 
and Jena (2019) showed that P. putida G3 strain is highly tolerant of butachlor soils. 
They showed that this bacterial strain can help in the effective bioremediation of 
contaminated soils at a rate of 700 mg/L within 360 h. Apart from bioremediation 
of butachlor, this strain has shown that it can remove up to 500–700 mg/L of ala-
chlor and glyphosate. Studies have proved that P. aeruginosa TPHK-4 can be effec-
tively employed for the removal of weathered petroleum hydrocarbons by 
biostimulation and bioaugmentation mechanisms (Ramadass et al. 2018). Quinclorac 
(QNC) is an environmental persistent herbicide which is used in rice fields. Less 
degradability and high persistency in the environment make QNC an environmental 
constraint that must be removed for a sustainable environment. P. putida II-2 can 
mineralize QNC into different metabolic energy sources in the form of different 
carbon compounds that are used as an energy source by various soil deviling bacte-
rial species, and in this way the concentration of quinclorac is maintained within the 
normal limits (Yang et al. 2020). Combined application of chelating agents (i.e., 
citric, oxalic, and amino acids) and P. fluorescens to remediate contaminated soil 
(with metals) also produces promising results (Gómez-Garrido et al. 2018). Gupta 
et al. (2018) observed ameliorative effect of PGP Pseudomonas sp. CPSB21 that 
mobilized Cr from contaminated soil to sunflower plants and revealed its potential 
contribution in the practice of microbe-assisted phytoremediation. Inoculation of 
CPSB21 strain was observed with an increased ability of Cr6+ uptake. Many other 
Pseudomonas sp. have more excellent tolerance capabilities to survive in highly 
toxic environments. Appanna et al. (1996) described that P. fluorescens strain could 
persist in the manifestation of either Mn, CO, or Cs with multiple metal stress toler-
ance mechanism. P. fluorescens strain can instantaneously stimulate plant 
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development and metal uptake in the plants having high potential to absorb metals 
(Wu et al. 2020). From the above discussion, it is evident that Pseudomonas spp. 
can be effectively used, employed, and engineered for the bioremediation and phy-
toremediation of various environmental constraints and pollutants in a sustainable 
and eco-friendly manner.

5  Conclusion

It is concluded that different potent strains of Pseudomonas help plants to better 
survive under various abiotic stresses like salinity, drought, flooding, temperature, 
nutrient deficiency, and heavy metal exposure. Pseudomonas, after successful colo-
nization in plant roots, modify different plant physiological and biochemical path-
ways that are linked with induction of tolerance in plants and support for their better 
survival under abiotic stresses. Pseudomonas appeared to activate defense mecha-
nisms under stressful conditions besides regulating osmotic and redox potential. Its 
evident contribution in bioremediation and assistance in phytoremediation provides 
the basis for exploitation of this valuable bioresource as a sustainable approach to 
administer abiotic stresses and to upsurge crop productivity in an eco-friendly way.
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1  Introduction

Sustainable agriculture particularly ecological sustainability can be achieved with-
out the use of chemical fertilizers that spoil fertility of the soil and biological diver-
sity. There is a need for alternative measures to cope up with these problems using 
natural agents. Plants and microorganism interact with each other in the ecosystem. 
This interaction with a different degree is due to various attractions toward secre-
tions of different metabolites which are generally referred to as root exudates. 
Bacteria usually live in a larger quantity in root influencing soil compared with the 
contiguous bulk soil, generally called the rhizosphere. Keeping in view the above 
information, the role of rhizosphere microbiology has great importance in sustain-
able agriculture as well as the world economy. In this context, there is a need to 
search beneficial microorganism (in which fungi, bacteria, Actinobacteria, and 
algae are very common). Due to the rapid growth and availability, there are up to 
one billion bacterial counts in each gram of soil. The plant-bacteria interaction may 
be neutral, injurious, or sometimes beneficial. These beneficial bacteria (usually 
associative, free-living, or symbiotic) usually make a symbiotic relationship with 
plant roots and also can bound themselves with the soil particles and soil aggregates 
and hence are rhizospheric (Maheshwari and Annapurna 2017) and make them fit. 
The metabolic processes of plant are interrupted due to any abnormality in form of 
either biotic or abiotic stress making the plant unhealthy. This disruption can be 
minimized by the use of crop rotation or organic composts (biological ways). PGPR 
(plant growth-promoting rhizobacteria) is another method to compete with stresses 
influencing plant growth and development (Maheshwari et  al. 2019). PGPRs are 
generally defined as those bacteria living inside plant roots or their locale that pro-
mote the growth of plant (Kloepper et al. 2004b). The major source of microbial 
biocontrol agents is usually soil bacteria (mostly from Bacillus, Pseudomonas, 
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Agrobacterium, Streptomyces origin) (Hofte and Altier 2010). PGPR strains and 
their products not only promote growth but also hinder the attack of pathogens to 
plants (Beneduzi et  al. 2012) and nowadays are excessively used in agricultural 
formulations (Mishra and Arora 2018).

Plant growth is affected by PGPR in two ways, i.e., indirect and direct. PGPRs 
directly provide various compounds to a bacterium that is synthesized by PGPR, 
thus enhancing directly plant growth, e.g., improvement in uptake of nutrients or 
provision of phytohormones, whereas during an indirect process, PGPR reduces the 
harmful effect of phytopathogens by producing an antagonistic substance that 
resists pathogen growth, thereby promoting plant growth (Glick 1995). Interaction 
of PGPR and plants is commercially used in sustainable agriculture, and their appli-
cations are studied in many horticultural and agronomic crops (Gray and Smith 2005).

There are different management strategies to control plant virus disease that 
include an amalgamation of selected cultural practices, using genetically resistant 
varieties, reducing insect vectors by applying insecticidal spray, and a combination 
of all these (Hull 1994). Cross-protection and developing genetically engineered 
plant are two additional methods to manage viruses (Denholm et  al. 1996). The 
most environmentally sound and economical option to minimize viral diseases is by 
far the use of genetically resistant varieties though not always available. However, 
cross-protection is a successful method against virus-host systems but not possible 
in some crops (due to threat related to infectious agent inoculation). In case of non-
availability of resistant varieties, genetically cultured crops can help against tar-
geted viruses (Tricoli et al. 1995). The effective control of the infectious virus and 
its vector using insecticidal application depends on transmission mode and requires 
knowledge about the ecology of an area but has major environmental concerns. The 
effective and economic measure to manage viral diseases is systemic acquired resis-
tance (SAR) (Ryals et  al. 1994), a kind of plant natural defense mechanism. 
Biological and chemical agents are used against viral infections (Kessman et  al. 
1994). Nonpathogenic microorganisms are used to prompt plant defenses, generally 
referred to as induced systemic resistance (ISR) (Ryals et al. 1994). For example, 
attempts to induce ISR have been done by Mann (1965) and found a significant 
reduction of tobacco mosaic virus using Bacillus uniflagellatus. Tobacco necrosis 
virus was significantly controlled by a bacterium living in the root colonization, i.e., 
Pseudomonas fluorescens (Maurhofer et al. 1994). Furthermore, cucumber mosaic 
virus (CMV) was significantly reduced by using PGPR (Raupach et al. 1996).

The use of biocontrol agents (BCAs) and PGPR is well-thought-out to be the 
most effective method to safeguard plants against plant pathogens. Many PGPRs 
and BCA are extensively studied against different plant pathogens and showed 
promising results to promote plant growth (Glick et al. 2007) particularly against 
different viral diseases in various crops (Srinivasan and Mathivanan 2009).

There is an increasing demand of microorganism’s mixture against plant viruses 
in recent times where PGPR strains (individually or in combination) against numer-
ous phytopathogens for biological control (Srinivasan and Mathivanan 2009). 
PGPR and BCAs control diseases caused by viruses using ISR (induced systemic 
resistance) mechanism in plants that are investigated in the field as well as under 
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greenhouse (Murphy et  al. 2003) especially bunchy top virus in banana (Harish 
et al. 2009), mottle and spotted viruses in tomato (Kandan et al. 2005), and mosaic 
virus in cucumber (Kloepper et al. 2004a) with certain exceptions (Ton et al. 2002). 
Table 8.1 represents the effect of PGPR on viral diseases of plants. This chapter 
aimed to understand the basic knowledge about plant growth-promoting rhizobac-
teria and its role as a biocontrol agent, to understand the role of PGPR in sustainable 
development especially in agriculture sector, to comprehend the interaction of 
PGPR with plants in inducing resistance against various plant pathogens, to study 
the role of PGPR in enhancing plant resistance against various viral diseases, and 
lastly, to elaborate the role of PGPR in disease management in various horticul-
tural crops.

2  Plant Growth-Promoting Rhizobacteria (PGPR)

Bhattacharya and Jha (2012) defined PGPR as plant rhizoshperic colonizing bacte-
ria that promote growth through either phosphate solubilization, fixation of nitro-
gen, sensing of quorums, or various other mechanisms. The application of PGPR 

Table 8.1 Effects of PGPR on viral diseases of plants

PGPR Viruses Effects References

Bacillus Tobacco mosaic virus Cultures and extracts from 
cultures reduced numbers of 
lesions from TMV

Mann (1965)

P. fluorescens 
CHAO

Tobacco necrosis 
virus

Reduction in TNV leaf necrosis 
in P. fluorescens-treated tobacco 
plants

Maurhofer et al. 
(1994)

P. fluorescens,
Serratia
marcescens

Cucumber mosaic 
virus

Treatment of cucumber or 
tomato plants
with PGPR-induced systemic 
resistance
against CMV

Raupach et al. 
(1996)

Bacillus
amyloliquefaciens,
B. subtilis,
B. pumilus

Tomato mottle virus Disease severity ratings were
significantly less in all PGPR
powder-based treatments

Murphy and 
Zehnder (2000)

Bacillus
Amyloliquefaciens,
B. subtilis,
B. pumilus

Cucumber mosaic 
cucumovirus 
(CCMV)

PGPR-mediated ISR occurred 
against
CCMV following mechanical 
inoculation
on tomato

Zehnder et al. 
(2000)

Bacillus
amyloliquefaciens

Pepper mild mottle 
virus (PMMoV)

Bacillus-induced systemic 
resistance
against PMMoV in tobacco via 
salicylic
acid- and jasmonic acid- 
dependent pathways

Ahn et al. 
(2002)
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started way back when Theophrastus (372–287 BC) added life to soil and defects 
were removed by mixing of different soils (Tisdale and Nelson 1975) which was 
technically proven when microscopy was introduced. The atmospheric nitrogen was 
converted to usable form by plants using soil bacteria and was confirmed during an 
investigation of root colonization in grasses (Hellriegel and Wilfarth 1888). 
Kloepper and Schroth (1978), while performing experiments on radishes, coined 
the term “rhizobacteria” for the first time, thus defined as bacterial community that 
competitively colonizes around plant roots that reduce plant diseases and promote 
growth. Some of the properties related to PGPR show their ability as biocontrol 
agent and stimulate plant growth (Vessey 2003). Rhizobacteria with plants have a 
negative, neutral, and positive type of relation and are further categorized as intra-
cellular (iPGPR) or extracellular (ePGPR) PGPR depending upon the type of inter-
action (Martinez-Viveros et  al. 2010). The ePGPR consists of different bacterial 
genera like Azorhizobium, Mesorhizobium, Bradyrhizobium, Allorhizobium, etc. 
and Frankia species mostly living in rhizoplane, cortex cells in root or rhizosphere 
(Verma et al. 2010). PGPRs promote yield and yield-related attributes of crop both 
directly and indirectly where colonization in the rhizosphere helps in hydrogen cya-
nide (Stutz et al. 1986), antibiotic production (Weller et al. 2002), and siderophore 
(Schippers et al. 1988). Figure 8.1 represents a bacterial community in rhizosphere 
showing their sole importance.

2.1  Taxonomic Classification of PGPR

Organisms are compared accurately through a reliable taxonomic system. However, 
during the last 30 years, many new characterization techniques are developed but 
the identification principle remains the same. The existing identification of bacterial 
strains is broadly classified into three categories which include (1) customary bio-
chemical, physiological, and morphological attributes; (2) conventional biochemi-
cal tests in contracted form; and (3) genomic and chemotaxonomic characters. It has 
become clear that none of the phenotypic methods are appropriate to categorize all 
strains of bacteria. Hence, the need to study chemotaxonomic and nucleic acid anal-
yses has emerged; however, it is difficult to study all species of bacterial strains in 
standard condition. Therefore, nowadays, polyphasic technique is becoming vital to 
classify bacterial strains. Polyphasic technique is generally defined as the reliable 
characterization of organisms by an amalgamation of phenotypic, genotypic, and 
chemotypic characters of microorganisms (Colwell 1970).

2.2  Phenotypic Characters

Phenotypic characters are comprised of physiological, biochemical, and morpho-
logical characteristics of microbes (de Vos et al. 2009). The investigations for con-
ventional phenotypes are characterized by microscopic cell appearance, the 
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morphology of colony, growth substrate and salt conditions for microorganism 
growth, temperature, pH, vulnerability to various antimicrobial agents, etc. One of 
the vital diagnostic features is gram reaction if the analysis of cell wall composition 
is performed. Biochemical tests comprised of nitrogen metabolism, oxygen rela-
tionship, and fermentation reactions to identify different bacterial strains (Rodriguez- 
Diaz et al. 2008). However, the authenticity of the outcomes varies from laboratory 
to laboratory which is a big issue, and standardized procedure should be followed 
while experimenting. Restrictive nature of expressing genes (similar individuals 
express various phenotypic features under different environment) is another draw-
back of phenotypic techniques and hence should be compared with data set of 
closely rated organisms. A battery of dehydrated reagents is used in contracted form 
of conventional biochemical tests (for taxonomical studies) where the reaction is 
started by adding standardized inoculum. For identification of Paenibacillus (Seldin 
and Penido 1986) and Bacillus (Logan and Berkeley 1984), API 50CH (a pheno-
typic fingerprinting system) is used which contains 1 control and 49 carbohydrates, 
while API 20 NE are used to identify species of Pseudomonas (Barr et al. 1989). 
Later Miller and Rhoden (1991) used Biolog assay (very much less laborious) to 
identify bacterial strains which is very useful to identify PGPR strains that belong 
to P. azotofixans (Pires and Seldin 1997).

Fig. 8.1 Bacterial community in rhizosphere showing their sole importance from a to d
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2.3  Chemotaxonomic Properties

FAME profiling, Fourier converted infrared spectroscopy, matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) mass spectroscopy, PAGE anal-
ysis of protein of the whole cell, diamino acid component of a cell wall, polar lipid 
analysis, Raman spectroscopy, and pyrolysis mass spectroscopy are some of the 
chemotaxonomic fingerprinting methods to determine PGPR.  Fatty acids (major 
constituents of lipopolysaccharides and lipids) are widely used for taxonomic pur-
poses. Different chemotaxonomic fingerprinting techniques used for PGPR detec-
tion include FAME profiling, PAGE analysis of whole-cell proteins, polar lipid 
analysis, quinone content, cell wall diamino acid content, pyrolysis mass spectrom-
etry, Fourier transform infrared spectroscopy, Raman spectroscopy, and matrixas-
sisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry. 
Fatty acids are the major constituents of lipids and lipopolysaccharides and have 
been used extensively for taxonomic purposes. FAME analysis is presently the only 
chemotaxonomic technique that is linked to a commercial database for identifica-
tion purposes. Fatty acid profiles showing variability in chain length, double-bond 
position, and substituent groups are perfectly suitable for taxon description and also 
for comparative analyses of profiles that have been obtained under identical growth 
conditions (Suzuki et al. 1993). Sodium dodecyl sulfate-PAGE for proteins of the 
whole cell along with normalizations for comparison of data for computers and 
standard procedure analysis requires standardized growth condition making impor-
tant inputs to polyphase taxonomic studies among the formers of aerobic endospore 
(Logan et al. 2009). Furthermore, polar lipids and quinones are now widely used to 
find unique genera of Bacillaceae. In the end, the whole bacterial cell chemical 
composition is being examined through UV resonance Raman spectroscopy, pyrol-
ysis mass spectrometry, and Fourier transform infrared spectroscopy (Logan 
et al. 2009).

2.4  Genetic Techniques

Genetic techniques are determined by DNA or RNA molecules and made revolu-
tionary contributions to identify the taxonomy of bacterial strains. Plasmid profil-
ing, fragment length polymorphism (RFLP), pulsed-field gel electrophoresis 
(PFGE), randomly amplified polymorphic DNA (RAPD), and ribotyping amplified 
ribosomal DNA restriction analysis (ARDRA) are some of the methods to deter-
mine bacterial strains and their subspecies (Depret and Laguerre 2008). One or 
more of these methods are used to determine PGPRs (Monteiro et al. 2009). The 
technique in which DNA can be denatured at a very high temperature but by lower-
ing the temperature molecules can be brought to its original state is known as reas-
sociation of DNA-DNA technique, which is effective to compare two strains of 
bacteria with complete genome (Stackebrandt and Liesack 1993). Another method 
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of taxonomic classification of bacterial species is DNA microarray. It uses frag-
ments of DNA instead of the whole genomic DNA. A single microarray is used to 
hybridize different DNA fragments but is a very expansive method. On a revolution-
ary point of view, when gene sequences of rRNA molecules were discovered, it 
becomes very easy to compare evolutionary similarities among strains which are 
known as phylogenetic comparisons (Stackebrandt and Goebel 1994). Related bac-
terial species are then analyzed by constructing dendrograms or phylogenetic tree. 
The phylogenetic tree ascertains the genus to which the strain belongs, and its clos-
est neighbors, i.e., those sharing the clade or showing >97 % 16S rRNA gene 
sequence similarity, are obtained from various culture collections to perform further 
genotypic, chemotaxonomic, and phenotypic analysis. At present, by correlation 
with experimental data obtained in the comparison of total genomic DNA (DNA–
DNA hybridization), it is proposed that a similarity below 98.7–99 % on the 16S 
rRNA gene sequences of two bacterial strains is sufficient to consider them as 
belonging to different species. On the other hand, two strains showing similarities 
above the 98.7 % threshold may represent two different species. In these cases, total 
genome DNA–DNA hybridization must be performed, and those strains for which 
similarities are below 70 % are considered to belong to different species (Stackebrandt 
and Goebel 1994). In the end, housekeeping or other protein-coding genes (recA, 
ropB, gyrB) are of great importance for the taxonomic analysis of species. For 
instance, the basis for clustering arrangement of Paenibacillus is a sequential com-
parison of rpoB (Mota et al. 2005). Furthermore, Wang et al. (2007) and Cerritos 
et  al. (2008) reported gyrB and recA sequential comparison for B.  Subtilis and 
Bacillus species, respectively. Figure 8.1 represents bacterial community in rhizo-
sphere showing their sole importance.

3  PGPR Interactions with Plants

3.1  Induced Resistance

A condition where plant develops a defensive strategy when needed against harmful 
organisms is called induced resistance (Van Loon et al. 1998). PGPR can reduce the 
activity of pathogenic microorganisms not only through microbial antagonism, but 
also by activating the plant to better defend itself. This phenomenon, termed 
‘induced systemic resistance’ (ISR) was first described by Van Peer et al. (1991) and 
effective in many agronomic (tobacco and beans) as well as Horticultural crops 
(tomato, radish, cucumber and carnations etc.) and Arabidopsis thaliana (Van Loon 
et  al. 1998). Phenotypically, rhizobacteria-induced ISR shows greater similarity 
with pathogen- mediated resistance. In pathogen-induced resistance, the infected 
plant part shows greater resistance, if the pathogen again attacked it which is gener-
ally called systemic acquired resistance (SAR) (Ross 1961). ISR is different from 
SAR from the fact that SAR is systemically prompted with necrotizing pathogen 
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after inoculation while nonpathogenic rhizobacteria induce ISR. Moreover, signals 
of a salicylic acid molecule are required in SAR, while signals of salicylic acid are 
not necessary but instead require ethylene and jasmonic acid signals. Regarding dif-
ferences in gene expression between the two resistance methods, SAR induces 
pathogenesis-related proteins, while ISR expresses PR set of genes, but both SAR 
and ISR are effective against broad-spectrum plant pathogens (Van Loon et  al. 
1998). Arabidopsis thaliana L. is a model plant that favors its use in PGPR studies, 
thus showing importance of SAR and ISR to test against fungal, viral, and bacterial 
pathogens (O’Callaghan et al. 2000). Using this model system, ISR is triggered in 
different plant species using P. fluorescens WCS417r as an inducing agent (a non-
pathogenic rhizobacterial strains) (Bigirimana and Hofte 2002) and also its use 
against different plant pathogens in Arabidopsis root colonization (Ton et al. 2002).

Rhizobacteria suppress diseases in plants using ISR which is spatially separated 
from pathogens. ISR is dependent on combinations of rhizobacteria (Pieterse et al. 
2002) or host suggesting that plant- and ISR-inducing rhizobacterium recognition is 
important in ISR induction. Iron-regulated siderophores, lipopolysaccharides, and 
outer membrane are some bacterial constituents used as ISR inducers (Van Loon 
et  al. 1998). Various changes in plant roots to induce ISR are increased enzyme 
levels, i.e., polyphenol oxidase, peroxidase, and chitinase (Chen et al. 2000); expres-
sion of genes during stress condition (Timmusk and Wagner 1999); increased phy-
toalexin production (Ongena et  al. 1999); strengthened cell wall of cortex and 
epidermis; and depositions of recently produced obstruction at infection sites 
(Benhamou et  al. 2000), but not all these changes are induced in plant-bacteria 
interaction (Steijl et al. 1999). The consistency of biocontrol agents for disease pro-
tection is not enough to contest with disease control using traditional methods. 
However, efficiency of biocontrol agents is improved by using antagonistic organ-
ism with several mechanisms of action (De Boer et al. 1999). Furthermore, com-
bined use of ISR and SAR offers great importance in agricultural practices and is 
helpful in an increased level of protection against specific bacterial pathogens (Van 
Wees et al. 2000). Finally, induced resistance is very useful against viral diseases.

3.2  Colonization in Roots

Colonization in roots is not only vital to apply microorganism for useful purpose but 
also the utmost step to manage the pathogenicity of soilborne microbes (Lugtenberg 
et  al. 2001). PGPRs generally colonize in the root system and suppress lethal 
microbes in plant rhizosphere which ultimately improved plant growth (Schroth and 
Hancock 1982). Colonization is largely considered important for biocontrol (Parke 
1991). The inability of PGPR to colonize them around plant roots limits their effec-
tiveness (Benizri et  al. 2001). Suppression of diseases and colonization or even 
primary population size of biocontrol agents are generally correlated with each 
other (Bull et al. 1991) where colonization ability is correlated with osmotolerance 
(Loper et al. 1985). Percolating water under field condition is an essential role to 
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distribute bacteria passively on plant roots (Liddell and Parke 1989). Attachment of 
bacteria to roots is greatly affected by features of cell surface and secondary metab-
olite accumulation by mutants (Carroll et al. 1995) which include rapid growth rate, 
lipopolysaccharide properties, and phototrophy for amino acid and vitamin B1 
(Lugtenberg et al. 1996), which is vital for colonization. When roots are under dis-
ease controlling conditions in a gnotobiotic system, both biocontrol agent and 
pathogen can be simultaneously visualized using autofluorescent proteins and con-
focal laser scanning microscopy which is helpful to understand biocontrol processes 
and root colonization (Benizri et al. 2001).

3.3  Genetic Variations in Host

The response and support of plant to beneficial microbes and biocontrol agents 
changes with plant species and cultivars (Handelsman and Stabb 1996) where some 
support and attract biocontrol agents that have an antagonistic relationship with 
pathogens. For example, isolates of Bacillus in wheat roots enhanced its growth 
(Chanway et  al. 1988), while the response of B. polymyxa is better to legumes 
(Chanway et al. 1988). Induction of genes for biosynthesis of pyoluteorin in P. fluo-
rescens varies with plant species (Kraus and Loper 1995) due to variation in root 
exudates. Furthermore, survival rate and disease incidence in the existence of bio-
control agent and pathogen also vary from specie to specie (King and Parke 1996). 
P. fluorescens can suppress disease more as compared with parent host-pathogen 
combinations and not others due to overproduction of 2, 4-diacetyl-phloroglucinol 
and pyoluteorin (Maurhofer et al. 1995).

4  Interaction of PGPR in the Rhizosphere

4.1  Interactions with the Microbial Community

There are variations for disease suppression by biocontrol agent in laboratory and 
field where these are effective to suppress disease in the laboratory but ineffective to 
control in the field. Indigenous soil microbial communities affect biocontrol agents. 
Biocontrol agents are further affected by the communities in which they were intro-
duced. The harmful populations of microorganism are decreased due to the intro-
duction of fluorescent pseudomonads which in some cases displace tenant microflora 
(Yuen and Schroth 1986). Soilborne pathogens are suppressed by the introduction 
and activity of PGPR population which can also be achieved by cultural practices 
(Kloepper et al. 1999), i.e., plant straw and organic manures (Siddiqui 2004), other 
integrated techniques of pest management, cropping system with antagonistic 
plants, and shills in microbial community structure (Kloepper et al. 1999).
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4.2  Interactions of PGPR Strains

Biocontrol agents are generally used against one pathogen to control diseases in a 
plant (Wilson and Backman 1999) but due to the ineffectiveness of one agent against 
all pathogens that attack a host plant in soil environments show erratic performance. 
Therefore, a combination of different biocontrol agents may be effective to suppress 
diseases in plant. Similarly, two or more biocontrol agents in different taxonomical 
organism (need different conditions, i.e., moisture, temperature, pH, etc.) colonize 
more aggressively which enhances the efficiency of biocontrol agent and growth of 
plant. Biocontrol agents are not from a single organism having more populations but 
are from naturally arose mixture of biocontrol agents. The use of different strains of 
PGPR mixtures has a greater tendency against multiple cucumber pathogens 
(Raupach and Kloepper 1998). The targeted pathogens as well as PGPRs are some-
times suppressed due to the incompatibility of co-inoculants (Leeman et al. 1996). 
Therefore, for compatibility of co-inoculated microbes, successful strain mixture 
development is essential (De Boer et al. 1997). The cost required to make a product 
of a single strain of biocontrol agent is much less than the product produced by a 
mixture of biocontrol agents due to production and registration issues. But one has 
to keep in mind that a mixture of biocontrol agents is well needed due to well adap-
tation to environmental changes throughout the growing season and hence protects 
plant against a variety of pathogens. Improvement in genetic diversity, stability, and 
level of biocontrol agent over a variety of environmental conditions is one of the 
other advantages of using microorganism mixtures (Pierson and Weller 1994), i.e., 
bacteria and fungi in particular.

5  Role of Plant Growth-Promoting Rhizobacteria 
in Biological Control

Plant growth-promoting rhizobacteria are a group of rhizobacteria including rod- 
shaped Gram-negative bacteria but also a very lower percentage of cocci, rods, and 
pleomorphic and Gram-positive bacteria. Bradyrhizobium japonicum (Guerinot and 
Chelm 1984), Rhizobium ciceri (Nour et al. 1994), Rhizobium galegae (Lindstrom 
1989), Sinorhizobium fredii (Chen et al. 1988), Azorhizobium caulinodans (Dreyfus 
et al. 1988), Mesorhisobium chacoense (Velazquez et al. 2001), Rhizobium fredii 
(Scholla and Elkan 1984), Rhizobium gallicum, Rhizobium giardinii (Amarger et al. 
1997), Sinorhizobium medicae (Rome et al. 1996), Mesorhizobium pluriforium (de 
Lajudie et al. 1998b), Rhizobium etli (Segovia et al. 1993), Allorhizobium undicola 
(de Lajudie et al. 1998a), and Sinorhizobium arboris (Nick et al. 1999) are some of 
the examples included in this group. PGPR living in the rhizosphere has an instant 
effect on the root system of plant and serves to form a variety of active microbial 
community. Evolution of relationship between rhizospheric microbes and plants 
can be predicted due to the allocation of carbon (deposition of 20%) to roots 
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(Handelsman and Stabb 1996), thus leading to control the diseases in the rhizo-
sphere. Streptomyces spp. control fungal root diseases and produce plant-promoting 
hormones and siderophores under in vitro condition hence considered as an antifun-
gal biocontrol agent and colonizing bacteria in the rhizosphere (Miller et al. 1990). 
PGPRs especially Pseudomonas, Bacillus, Azospirillum, and Azotobacter promote 
root colonization, root development and emergence of seedling, seed germination, 
water utilization, mineral nutrition, and disease suppression and hence improve 
overall growth of plant (Nelson 2004). PGPR strains use different mechanisms, i.e., 
lowering ethylene levels; inducing pathogen resistance and nitrogen fixation; pro-
moting mycorrhizal functioning and siderophore and phytohormone production; 
decreasing the toxicity of pollutants, etc., to promote growth of plants (Glick et al. 
1999) directly or indirectly (Castro et al. 2009). The group of PGPR strains includ-
ing Bacillus subtilis and P. fluorescens is usually considered the best for an indirect 
effect to promote growth (Damayanti et al. 2007). Therefore, PGPR based on the 
mode of action is divided into biofertilizers, biopesticide, and phytostimulator. 
Experimental verifications have shown that multiple mechanisms are used to 
improve plant growth which can be instantaneously triggered (Martinez-Viveros 
et al. 2010). PGPRs, with regular collaboration with microbial population (residing 
in the rhizosphere), affect the expression of each trait given above (Lugtenberg and 
Kamilova 2009). New insights for importance and biological control and genetic 
basis of the pathways are provided by biochemical and molecular approaches (Joshi 
and Bhatt 2011). A critical density of population of PGPR must be retained to be 
effective in the rhizosphere, although PGPR inoculation in plants may be improved 
for the time being.

Regarding the role of Pseudomonas, inoculations of canola seeds P. putida 
(GR122) significantly increase seedling’s root length grown under sterile conditions 
(Lifshitz et al. 1987) which was confirmed by El-Khawas et al. (2000) using spec-
trophotometer. There are several bacterial strains (Azospirillum, Klebsiella, 
Pseudomonas, Bacillus, Sarcina, and Azobacter) which are known as auxin- 
producing strains, isolated from the rhizosphere of various crops (Forlani et  al. 
1995). Another biocontrol agent living in the rhizosphere microbiota is filamentous 
Actinobacteria. Actinobacteria are reported to produce cytokinin dihydrozeatin 
riboside which is important to synthesize cytokinin in pure culture (Garcia de 
Salamone et al. 2001). Due to the formation of endospores, resistance of environ-
mental stresses is possible by a Gram-positive aerobic organism, Bacillus, which is 
also reported to promote plant growth (Kumar et  al. 2011). In contrast to 
Pseudomonas, Bacillus is not rhizospheric competent, but some strains are reported 
to be rhizosphere competent (Kumar et al. 2011). Bacillus cereus and P. fluorescens 
are reported to produce the highest amount (8.3 and 4.4 mg L−1) of auxin grown as 
a batch culture on a shaker. It is also reported that tryptophan and zinc is also con-
sidered to increase the biosynthesis of auxin using P. fluorescens (Nasr 2002). 
Probanza et al. (2002) reported promoting seedling growth of P. pinea using the 
genus Bacillus due to the production of gibberellin. Interaction of plants with ben-
eficial soilborne microbes is essential to acquire nutrients and water in the plant 
rhizosphere (Ryan et al. 2009). Rhizobacteria are interdependent on other microbes 
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as one microbe can convert plant exudates from one form to another which can be 
utilized by another microorganism. Therefore, the interaction of plant and microbes 
is dealt to a flexible and vibrant biological environment of the rhizosphere (Mayak 
et al. 2004), thereby extracting macro- and micronutrients that affect plant growth. 
PGPR can also produce different phytohormones like cytokinins, auxins, and gib-
berellins that can change the architecture of root and promote plant growth (Kloepper 
et al. 2007). Furthermore, root biomass, root surface area, and root hair number of 
tomato-inoculated PGPR are increased by IAA-mediated ethylene production 
(Ribaudo et al. 2006).

6  PGPR as Biocontrol Agents

Plant growth and development is badly affected by harmful soilborne pathogens. It 
is essential to find alternative ways to protect the plant from different diseases. 
PGPR is used to induce systemic resistance in plants against different pathogens 
(Wei et al. 1996) especially against bacterial, viral, fungal diseases,nematodes and 
insects (Maurhofer et al. 1998). Biocontrol using PGPRs produces bacterial metab-
olites (siderophores binding Fe) that minimize the density and activities of harmful 
pathogens in the rhizosphere of plants (Kloepper 1996). For example, the deleteri-
ous activities of F. oxysporum (causative agent of tomato wilt disease) can be mini-
mized using B. subtilis (Ghonim 1999).

A resistance mechanism where nonpathogenic rhizobacteria suppress disease in 
plants is known as induced systemic resistance (ISR) (Van Loon et al. 1998) where 
plant excites an improved state of ability against pathogens. It is previously reported 
in carnation that was protected against F. oxysporum by P. fluorescens strain 
WCS417r (Van Peer et al. 1991) and rhizobacteria strain in cucumber plants against 
anthracnose (Wei et al. 1991). The resemblance of rhizobacteria-facilitated ISR is 
the same as that of pathogen-induced systemic acquired resistance (SAR) wherein 
in both the cases the uninfected plant part shows more resistance to the pathogen 
(Van Loon et al. 1998) including viruses, bacteria, fungi, nematodes, and insects 
(Pozo and Azcon-Aguilar 2007). The most studied rhizobacteria that induce ISR are 
Bacillus and Pseudomonas (Van Wees et al. 2008). The term ISR to describe non-
pathogenic PGPR involvement to promote resistance regardless of the pathway 
used in the process was used by Vleesschauwer and Hofte (2009), while salicylic 
acid-induced resistance against localized infection was termed as SAR 
(Vleesschauwer and Hofte 2009). The signaling pathways for ISR and SAR are dif-
ferent, where SAR-induced pathway involves salicylic acid while ISR needs ethyl-
ene and jasmonic acid (Van Loon et al. 1998). Stronger protection is mediated by 
SAR as compared to ISR (Van Loon 2007), but the protection mediated by SAR and 
ISR when used together is more than those provided alone (Van Wees et al. 2000).

SAR gets activated when a tissue develops the symptoms of necrosis 
(Vleesschauwer and Hofte 2009), but it was reported that without the development 
of necrotic symptom it also triggered SAR as in case of Arabidopsis thaliana 
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(Mishina and Zeier 2007). Resistance to further attacks is prompted by SAR after 
the initial infection occurs. Pathogenesis-related proteins (PRs) which are a specific 
set of defense-related genes are then activated, and their accumulation is generally 
associated with SAR (Van Loon 2007). Some PRs are from 1,3-glucanases and 
chitinases which can hydrolyze cell wall of fungus (Van Loon et al. 1998). Those 
plants which are not capable to hoard SA can activate ISR. Hence, one can say that 
PRs are generally induced alongside SAR while ISR pathway does not use SA or 
activated PR genes (Pieterse et al. 1996).

An activator in the form of a regulatory protein NPR1 is required in SA signal 
transduction which is an essential part of SAR signaling pathway (Van Loon et al. 
1998). NPR1 existed as a multimer in non-induced plants and is converted to mono-
meric form by SA induction (Verhagen et  al. 2006). In this connection, npr1 
(Arabidopsis mutant) does not show SAR due to non-expression of PR genes by 
npr1. It is worth mentioning that ISR is not associated with SA and hence indepen-
dent of PRs (Van Loon et al. 1998). NPR1 overexpression in A. thaliana was reported 
to result from an increase in the transcript levels of PR genes, hence proves that 
NPR1-dependent PR gene-mediated disease resistance (Friedrich et al., 2001). 
Most recently, overexpression of NPR1 was also revealed to confer disease resis-
tance against a broad range of pathogens in different crops (Sundaresha et al., 2016). 
These results revealed that NPR1 is a potential candidategene for developing dis-
ease-resistant transgenic crops against multiple pathogens. An active sign of defense 
is the increased amount of jasmonic acid (JA) and ethylene (ET) by the infected 
plants (Mauch et al. 1994). ISR does not depend on the increasing production rate 
of JA and ET but the increased sensitivity of these hormones (Pieterse et al. 2001). 
During ISR development, Arabidopsis ET responds to mutant etr1 and JA to mutant 
jar1. Resistance in tomato DC 3000 is promoted against P. syringae using methyl 
jasmonate (MeJA) and 1-aminocyclopropane 1-carboxylate (ACC) (an ethylene 
precursor) in SA non- accumulating NahG plants (Pieterse et al. 1998).

7  Role of Allelochemicals in PGPR and Their Mode 
of Action for Suppression of Phytopathogens

Some rhizobia act as biocontrol agents that refers to suppress one or more phyto-
pathogens, while others directly affect plant growth by activating plant hormone 
production, nitrogen fixation, phosphorus solubilization, and siderophores. PGPRs 
improve the growth of plant indirectly through phytopathogen suppression while 
producing some secondary substances known as allelochemicals which prevent 
phytopathogenic growth. Antibiotics, siderophores, detoxification enzymes, lytic 
enzymes, and biocidal volatiles are the known allelochemicals which are produced 
by microbes in the soil. Siderophoreschelate available iron from the soil; antibiotics 
discourage bacte-rial colonization; lytic enzymes degrade many organic compound-
sincluding chitin (fungal cell walls); detoxification enzymes pre-vent damage from 
pathogenic toxins. Production of volatiles suchas hydrogen cyanide, suppress the 
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growth of fungal pathogens the ability to successfully compete with pathogens for 
nutrientsor specific niches on the root; and the ability to induce systemicresistance 
(ISR) (Compant et al. 2005). Mechanisms are briefly explained in Fig. 8.2.

7.1  An Approach for Plant Pathogen Suppression by PGPRs

PGPRs may utilize indirect mechanisms to suppress deleterious effects of patho-
gens by production and effect of various allelochemicals, i.e., antibiotics, sidero-
phores, degrading enzymes of a cell wall, hydrogen cyanide/volatile compounds, 
and multiple other indirect mechanisms like quorum quenching and competition 
between PGPRs and pathogens.

7.1.1  Siderophores

Fungi and bacteria produce compounds with low molecular weight, i.e., 
500–1000 Da, which chelate with ions (Fe3+) to facilitate its transport inside the cell 
(Ramadan et  al. 2016). Based on their structure, siderophores are named as 

Fig. 8.2 Mechanisms of interaction between PGPR and phytopathogens for plant growth and 
development
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catecholate; the ones only produced by bacteria are known as hydroxymate com-
pound which is produced by fungi and bacteria. Biocontrol agents synthesize sid-
erophores in a quantity that may limit iron availability to pathogens, thereby leading 
to resistance of host counter to the pathogens (Meziane et al. 2005). Fe3+ is changed 
to Fe2+ in the cytoplasm, showing little attraction toward siderophores and released 
in the cell supporting growth of microbes. Such release involved the enzymatic 
transformation from the state of ferric ion to ferrous. The efficiency of iron seques-
tration in PGPRs may enhance plant growth by availability of iron inside and 
decrease the iron concentration in rhizosphere that leads to prevention of the growth 
of other microbes, respectively.

7.1.2  Antibiotics

The principal mechanism used indirectly by PGPB counter to harmful phytopatho-
genic effects leads to antibiotic synthesis (Olanrewaju et al. 2017; Raaijmakers and 
Mazzola 2012). However, an antibiotic is pathogen-specific; therefore, one particu-
lar antibiotic may not show any effect against any other phytopathogen of the same 
species, whereas PGPR-synthesized antibiotics may contribute altered responses at 
different field conditions (Glick 2007). Among all the PGPR strains, Bacillus and 
Pseudomonas are the two most important genera well studiedextensively for anti-
biosis mechanisms in the disease management practices (Jayaprakashvel and 
Mathivanan 2011). Antibiotics gene regulation studied according to three lev-els for 
synthesis: environmental sensing, global regulation thatties antibiotic production 
and regulatory loci linked to genes forpathway enzymes. Gene tends to be cluster 
and at least some reg-ulatory genes are linked. With discovery of phenazine deriva-
tives (the first antibiotics) from Pseudomonas in 1983, a wave of studies started to 
the direction of bacteria as biocontrol agents. Since three decades, a variety of deriv-
atives are extracted and being experimented in laboratories and in fields which serve 
as antibacterial, antihelminthic, antiviral, and antifungal agents. From Bacillus only, 
there are multiple derivatives, namely, sublancin, Tas A, bacilysin, subtilin, subtilo-
sin, chlorotetain, surfactin, bacillaene, fengycin, and iturin, whereas the derivatives 
from pseudomonas are 2,4-diacetylphloroglucinol (DAPG), aerugine, butyrolac-
tones, cepaciamide A, ecomycins, zwittermycin A, kanosamine, rhamnolipids, pyo-
luteorins, viscosinamide, and many others (Goswami et al. 2016).

7.1.3  Enzymatic Degradation by Cell Wall/Antifungal Mechanism

Several plants possess antifungal mechanisms by synthesizing enzymes to degrade 
fungal cell wall. These enzymes included protease, β-1,3-glucanase, lipase and chi-
tinase degrading chitin, an essential part of the fungus cell wall (Husson et al. 2017), 
carbohydrate cell wall (Vaddepalli et  al. 2017), cell wall proteins, and cell wall- 
associated lipid, respectively. Few PGPRs mimic the mechanism of plants against 
fungi to produce these antifungal enzymes of the cell wall (Chernin et al. 1995). 
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These biocontrol agents proved to be more effective when genetically engineered 
for genes encoding degrading enzymes in laboratories (Koby et al. 1994). The over-
expressed chitinase gene mutant stains and co-transformed with amds gene showed 
an improved response against fungal protection (Kowsari et al. 2016). JS, a Bacillus 
sp., proved to affect the overexpression of PR-3 and PR-2 genes encoding chitinase 
and β-1,3-glucanase consecutively and persuaded plant ISR (Kim et al. 2015).

7.1.4  Competition Between PGPR and Pathogens

There is a general mechanism of competition between phytopathogens and PGPRs 
either for binding sites to roots of plants or nutrient uptake (Innerebner et al. 2011; 
Barahona et  al. 2011). This kind of competition may delay the phytopathogenic 
proliferation by limiting the phytopathogenic binding to the plants. Since it is gener-
ally not possible to create PGPR mutants for binding to plant surface with compa-
rable efficiency than phytopathogen, therefore the absolute manifestation of ability 
and function of biocontrol PGPR is rather missing. It is predominantly believed that 
other biocontrol mechanisms work parallel to competitiveness to inhibit the func-
tioning of phytopathogens. The first-ever research study was carried out for nutriens 
competition in biological control of damping-off (Pythium aphanidermatum) dur-
ing 1987 (Elad and Chet 1987).

7.1.5  Quorum Sustaining

Quorum sensing is a pathway of sensing the existence of similar bacteria. During 
proliferation, once bacterial cells have attained an optimum density, a particular set 
of genes turn on to alter cell metabolism (Cornforth et al. 2014; Zhang et al. 2019), 
and bacteria begin to synthesize and secrete out chemical molecules called autoin-
ducers. As the cell density increases, the level of autoinducers also increases to 
threshold outside cell environment. The molecules bind to receptors of cells in the 
vicinity and trigger a signaling pathway that leads to population-wise altered gene 
expression and eventually unified growth of cells high virulence (Huang et al. 2016). 
Stimulating the quorum sensing at a specific point can inhibit the virulence of phy-
topathogen and prevent plant growth inhibition (Pei and Lamas-Samanamud 2014; 
Chan et al. 2011). An enzyme known as lactonase, produced by PGPR, lowers auto-
inducer which may be used as a quenching tool and pretreat seedling with such 
PGPR to activate inhibitory pathway against phytopathogens (Glick 2015a). 
However, it has been a successful strategy observed in lab and tested on eggplant, 
Chinese cabbage, and potatoes with mutant aiiA gene that hindered the soft rot 
symptoms in crops (Dong et al. 2000).
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8  Spectrum of Protection by PGPR Against Virus 
Through ISR

Rhizosphere bacteria confer defense counter to several phytopathogens (Compant 
et  al. 2010). Different studies reported the antagonistic of PGPR against many 
pathogens besides having the ability of growth promotion in plants. A wide-ranging 
action of PGPR can be more encouraging in the application as compared to those 
with antagonistic activity against individual or couple of pathogens (Zhang et al. 
2017; Sun et al. 2017).

P. fluorescens exhibited resistance against a broad spectrum of viruses such as 
cucumber mosaic virus (CMV), bean yellow mosaic virus (BYMV), tobacco necro-
sis virus (TNV), tomato spotted wilt virus (TSWV) and tomato mosaic tobamovirus 
(ToMV), and Urdbean leaf crinkle virus (ULCV). Similarly B. amyloliquefaciens 
strain showed the effectiveness against a range of virus infections like potato virus 
Y (PVY), pepper mild mottle virus (PMMoV), cucumber mosaic virus (CMV), 
tobacco necrosis virus (TNV), tobacco mosaic virus (TMV), tomato chlorotic spot 
virus, (TCSV), tomato spotted wilt virus (TSWV), and tomato mottle virus (TMV). 
This shows that similar PGPR strain induces resistance counter to various patho-
gens of the same crop. On the other hand, biological control is obtained from the 
group of PGPRs in natural rhizosphere rather than from a population group of an 
individual strain (Zhang et al. 2017; Sun et al. 2017). The abovementioned PGPRs 
have been applied in a combination to fight against viral diseases and showed resis-
tance against virulence in plants (Table 8.1).

9  Biochemical and Molecular Networks of PGPR in Useful 
Plant-Microbe Interactions

9.1  Enhancement of Plant Growth and Nutritional Acquisition 
by Bacteria

Bacterial-derived chemicals of rhizosphere, i.e., NOD factors of rhizobial (LCOs or 
lipochito oligosaccharides), were successfully merged into the products of crop pro-
tection, enhancing the growth of plant both in leguminous and nonleguminous 
crops, and also stimulate defense of plant (Subramanian et al. 2016). PGPRs is an 
uncherished resource for elicitors of new plant defense but could be highly effective 
as compared to the products derived synthetically for the protection of crops (Wiesel 
et al. 2014; Bektas and Eulgem 2014). Plants developed in a symbiotic relationship 
with microorganisms colonizing terrestrial ecologies successfully (Werner et  al. 
2014). Considering PGPRs occurred naturally, its interaction and useful features 
could substitute the agro-systematic design with reduced inputs of fertilizers and 
enhanced or sustained yields of plant. Broadly explored useful trait of plant is the 
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biologically mutual symbiosis of nitrogen fixation by rhizobia (Udvardi and 
Poole 2013).

9.2  Nitrogen (N2) Fixation

Nitrogen is considered as the essential nutrient for better growth and yield of plant 
(Imriz et al. 2014; Gupta et al. 2015). It is also known as the basic constituent of 
amino acids, membrane lipids, and nitrogen nucleotides (Marschner 1995). Fixed 
nitrogen use is called biological nitrogen fixation (BNF) count for two-thirds of the 
atmosphere (Shridhar 2012). Mostly studied PGPRs for nitrogen fixation are 
Azoarcus sp., Rhizobium sp., Klebsiella pneumoniae, Beijerinckia sp., and Pantoea 
agglomerans where these are applied in the form of mixtures (Damam et al. 2016). 
Biological nitrogen fixation generally occurs during the unreactive atmospheric 
nitrogen through nitrogenase enzymatic action by bacteria to NH3 form utilized 
further by the plants (Bhattacharjee et al. 2008).

9.3  Solubilization of Phosphorus

Phosphorous plays a key role in the development of plant in all the metabolic pro-
cesses, i.e., plant receptor signaling, energy transfer, photosynthesis, macromolecu-
lar biosynthesis, and respiration (Anand et  al. 2016). Insoluble phosphorus 
solubilization is the key feature of PGPRs although they synthesize organic acids 
with low molecular weight (Sharma et al. 2013; Bahadur et al. 2018). Utmost usual 
genera of PGPR bacteria, i.e., Bacillus megaterium, B. polymyxa, B. subtilis, B. cir-
culans, B. firmus, Pseudomonas rathonia, P. striata, Rhizobium meliloti, and 
R. leguminosarum, could have phosphorylated by organic acid production (Imriz 
et al. 2014).

9.4  Phytohormone Production

Plant hormones mainly consist of cytokinin (CK), gibberellic acid (GA), auxin 
(IAA), ethylene, and abscisic acid. These are considered as the significant factors in 
alleviation of plant stress (Bücker-Neto et al. 2017). About 80% of the PGPRs can 
synthesize IAA (Patten and Glick 2002) that plays a key role in formation of nod-
ules and has a primary effect on cell differentiation and growth of plant roots 
(Gopalakrishnan et al. 2015). A research study on using IAA inoculation was car-
ried out, in which the produced fungi Massariosphaeria sp. and Aspergillus sp. 
reported significant effects to the host plants Aeschynomene fluminensis and 
Polygonum acuminatum against antagonistic mercury effects (Pietro-Souza et  al. 
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2017). Nowadays, strains of bacteria, i.e., S. rochei and Streptomyces sundarban-
sensis, have been reported playing a key role in the plant development and growth 
through biosynthesis of IAA (Han et al. 2018). The derivative compound of purine, 
cytokinin, also plays key role in cell differentiation and cell division. Bacillus mega-
terium, a strain of bacteria, is concerned with plant growth by cytokinin production 
(Numan et al. 2018).

10  Possible Influence of PGPR on Enhancing Resistance 
Counter to Viral Diseases

Biotic and abiotic stresses badly affect the quantity, quality, and parameters of plant 
growth grounded on plant stages, where average plant productivity may be mini-
mized between 65 and 87% (Gursoy et al. 2012). Different viruses of plants have 
been reported globally and considered to be very important plant pathogens which 
are responsible for high economic losses of both quality and productivity of various 
crops (Balconi et al. 2012). On the other hand, fungi, bacteria, and pests, where not 
even a single control method functions directly, have developed until now to resist 
against viruses. Management of viral disease in plants specifically depends on host 
plant genetic resistance, their environment, and pesticide which has been produced 
synthetically for controlling vectors, which can be an essential viral management 
strategy. Pesticides which are used effectively against viral diseases of plants are 
available in abundance, but due to persevering of poisoning residues, they cannot be 
deliberated useful in sense of long-term solution as they risk the health of the envi-
ronment. In contrast, some other diseases caused by viroids and viruses are having 
very few inexistent and ineffective solutions chemically (El-Dougdoug et al. 2012), 
hence the investigating for viral disease management of plants by natural defense 
induction of plants, for example, systematic acquired resistance (SAR). Currently, 
PGPR systematic resistance to plant viruses has been developed for viral disease 
management, despite the point that various ISR-based PGPR studies were carried 
out on several fungal and bacterial pathogens (Kloepper et al. 2004a, b), but the 
available studied reported very limited information on the management of viral dis-
eases while using different beneficial microorganisms and PGPR specifically. 
Moreover, plant growth is stimulated by some PGPRs, which in turn results in a 
good hand economic revenue for the growers (Babalola 2010).

10.1  Induced Systematic Resistance of PGPR Against Viruses 
in Plant

Two different types of induced resistance of pathogen [induced systematic resis-
tance (ISR) and systematic acquired resistance (SAR)] are well defined as “the 
physical and chemical stimulation of defense tool of host plants by the inducer 
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which leads to various pathogens that have been controlled.” The appearance of ISR 
in response to inoculation challenge of a pathogen is having similarity to that of 
SAR, because of reduced number of infected plants and infection severity. Often, 
this reduction is linked to invaded tissue reduction and pathogen growth reduction 
in tissues which are induced, reporting that plants can better resist to pathogens 
(Van Loon and Bakker 2005). PGPRs, called the microorganisms of bacteria which 
are saprophytic, live freely in the rhizosphere and aggressively inhabit the root sys-
tem (Ramjegathesh et al. 2013). Beneficial effects to plants can be provided through 
supplementary secretions, i.e., hormones, vitamins, and other growth factors 
enhancing plant productivity and growth (Babalola 2010). Many bacteria species, 
i.e., Agrobacterium, Aeromonas, Alcaligenes, Arthrobacter, Azoarcus, Azospirillum, 
Azotobacter, Burkholderia, Bacillus, Bradyrhizobium, Cyanobacteria (mainly 
Nostoc and Anabaena), Comamonas, Gluconacetobacter, Enterobacter, 
Herbaspirillum, Klebsiella, Pseudomonas, Paenibacillus, Rhizobium, Variovorax, 
Serratia, Xanthomonas, and Streptomyces, are reported as PGPRs. Few of them like 
Burkholderia, Azoarcus, Herbaspirillum, and Gluconacetobacter are found in vari-
ous tissues and cells of higher plants known as endophytes (Vessey 2003).

Salicylic acid (SA) is recognized as plant growth regulator which functions as a 
signaling molecule both in abiotic and biotic stresses (Basit et al. 2018), nearly in 
signal transduction intracellularly. SA helps in enhancing release of H2O2 and 
derived active oxygen of H2O2, and defense-related genes induced activities. Two 
different mechanisms after signalling pathways of SA i.e. a pathway of initiating 
bacterial and fungal resistance through genes expression of NPR1 and PR, while the 
other one triggers resistance against viral infection through substitutive oxidase. 
However, hormones mainly regulate defense in plants against viruses, depending on 
salicylic acid (SA) (Alazem and Lin 2015). In contrast, as there is a link between 
defense mediated by SA and antiviral mechanism of siRNA, SA could be consid-
ered as significant for local and systematic resistance; however, it contributes in 
elementary responses of immune system and resistance of R-gene (Beris et al. 2018).

Conversely, Arabidopsis thaliana endangered from cucumber mosaic virus 
(CMV) through a strain Serratia marcescens (90-166) by virus protection signaling 
passageway where JA could be found dependent and SA and NPR1 as independent 
(Ryu et al. 2004). Phaseolus vulgaris leaves treated with Bacillus globisporus and 
Pseudomonas fluorescens reported an enhanced activity of peroxidase and B-1,3- 
glucanase, individually in tobacco necrosis virus (TNV) and leaf sheaths inoculated 
from pathogens (Shoman et al. 2003).

PAL plays a key role in synthesis of various secondary metabolites, i.e., phenols 
and phenylpropanoids, and also lignin and derivatives of salicylic acid, which stim-
ulates the triggered resistance of PGPR and imparts plant immunity (Li et al. 2016a). 
Since then, the accumulation of secondary metabolites is proposed to control the 
viruses’ invasion. Thus, defense enzyme stimulation (PPO, PAL, and POD), as well 
as PR proteins by P. fluorescens strain application, can enhance plant resistance to a 
bunchy top virus of banana (BBTV) (Harish et al. 2008) and spotted wilt virus of 
tomto (TSWV). Similarly, in tobacco plants treated with Bacillus tested with spot-
ted wilt virus of tomato, the amount of defense enzymes (PPO, PAL, and POD) and 
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proteins PR was observed to significantly increase as compared to untreated/control 
plants (Lian et al. 2011). Strains of Bacillus cereus (I-35), Brevibacterium sanguinis 
(I-16), and Bacillus sp. (I-6) enhanced the activity of POD in the plants of hot pep-
per after inoculation of TMV and showed that such rhizobacteria may improve the 
defense response of plants through the activity of POD (Shafie et al. 2016).

Cv. viceae of Rhizobium leguminosarum (composition of ARC-202 and 
ICARDA-441) carried systematic resistance counter to yellow mosaic virus of bean 
(BYMV) through treatment of seeds, where the improved levels of polyphenol oxi-
dase, peroxidase, free proline, and total phenols were reported in bean faba.

Table 8.2 Plant protection for various horticultural crops against virus pathogens using PGPRs

Virus Plants Recent potential PGPR References

Banana bunchy top 
virus

Banana P. fluorescens (Pf1+CHA0) Kavino et al. 
(2009)

P. fluorescens (Pf1) + Bacillus 
(EPB22)

Harish et al. 
(2009)

Bitter gourd yellow 
mosaic virus

Bitter gourd P. chlororaphis Rajinimala 
et al. (2009)

Cucumber mosaic 
virus (CMV)

Cucumber Streptomyces griseorebens
Streptomyces cavourensis

Shafie et al. 
(2016)

Tomato (Solanum 
lycopersicon L.)

Stenotrophomonas rhizophila + P. 
aeruginosa

Dashti et al. 
(2012)

Pepper (Capsicum 
annuum)

B. amyloliquefaciens (5B6) Lee and Ryu 
(2016)

Tobacco Paenibacillus lentimorbus 
(B-30488)

Kumar et al. 
(2016)

Arabidopsis 
thaliana

B. amyloliquefaciens (IN937a) + 
B. subtilis (GB03)

Ryu et al. 
(2007b)

Tomato mosaic 
tobamovirus (ToMV)

Tobacco Streptomyces afghanensis Hussein 
(1992)

Datura metel P. fluorescens 2 Megahed et al. 
(2013)

Watermelon mosaic 
virus (WMV)

Pumpkin B. pumilus 293 (B2) El-beshehy 
et al. (2015)

Cucumber green 
mottle mosaic virus 
(CGMMV)

Cucumber Stenotrophomonas maltophilia 
(HW2)

Li et al. 
(2016b)

Tomato mottle virus 
(ToMoV)

Tomato B. amyloliquefaciens (IN 937a) Zehnder et al. 
(2001)

Pepper mild mottle 
virus

Pepper P. oleovorans (KBPF-004) Kim et al. 
(2017)

Tomato chlorotic spot 
virus

Tomato B. amyloliquefaciens (IN937a) + B 
.pumilus (SE34)
B. pumilus (SE34) + B. 
amyloliquefaciens (IN937a) + B. 
sphaericus (SE56)

Abdalla et al. 
(2017)

Potato virus Y (PVY) Tomato B. amyloliquefaciens (MBI600) Beris et al. 
(2018)
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11  Disease Management by PGPR in Horticultural Crops

PGPRs are known to be particular strains of root inhibiting bacteria which provoke 
the improved rate of growth in plants; induced systematic resistance counter to 
insects, pests, and diseases; and suppressed soil pathogens (Zebelo et al. 2016). The 
utmost common bacteria which are entomopathogenic are Xenorhabdus/Photorhabdus 
and Bacillus thuringiensis species. These have been developed alternate to chemical 
pesticides and are effective in insect pest control and are host-specific (Kupferschmied 
et al. 2013). Thus, the ability of PGPR to protect plants against pathogens and pests 
makes them a significant resource for the development of biocontrol agents against
plant viruses by induced the ISR intermediated studies of the significance of the 
PGPR against viruses in various plant species have acquired importance across the
defense spectrum of PGPR viruses. Various PGPR species have been used as micro-
bial inoculants for plant protection against viral infections and to enhance the yield 
of crops as mentioned in Table 8.2.

Strategies for disease management of plant viruses usually include particular 
cultural practice incorporation and insecticide application for controlling insects 
and varieties which are genetically resistant. The efficiency of reduction in viral 
infection through vector control by application of insecticides depends on the trans-
mission method. Moreover, viral disease management can be carried out through 
initiation of natural defenses of plants, i.e., SAR. In the majority of the cases, the 
agents used biologically include fungi, phytopathogenic bacteria, and viruses.

11.1  Bunchy Top Virus of Banana (BBTV)

BBTV, Babuvirus genus, is a member of family Nanoviridae which causes the dis-
ease of bunchy top, a serious viral disease of banana (Musa spp.; family, Musaceae). 
It is usually transferred in a non-replicated and determined circulative manner by an 
aphid vector called Pentalonia nigronervosa Coq. This disease is difficult to be 
reduced easily; however, a way to disease management of bunchy top is the use of 
ISR in in vitro micro-propagated banana virus-free plantlets with endophytic bacte-
ria (PGPE) and rhizobacteria (PGPR) strengthening the banana plants against infec-
tion of viruses (Harish et  al. 2008). Effectively used mixture of useful microbes 
(CHA0+PF1+EPB22) reduced the occurrence of disease, BBTV, in the plantlets of 
banana produced through tissue culture method (Kavino et  al. 2007a). However, 
Harish et al. (2009) reported that in field conditions and inside a greenhouse, appli-
cation of (EPB22+Pf1) combination has increased crop yield while reducing the 
incidence of BBTV.
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11.2  Tomato Chlorotic Spot Virus (TCSV)

TCSV (genus: Tospovirus), belonging to family Bunyaviridae, is usually transferred 
through Thysanoptera thrips in a persistent and propagative way; however, the high 
effective TSCV vectors are Frankliniella schultzei in its dark form tailed by 
Frankliniella occidentalis form (Martínez et al. 2018). TCSV causes different infec-
tions interlinked to heavy losses of quality and yield in crops of both agricultural 
and ornamental (Polston et al. 2013). Severe effect of TCSV disease can be reduced 
by strain IN937a, B. amyloliquefaciens, to nearly 50% in comparison with control 
and untreated infected crop (Abdalla et al. 2017).

11.3  Tomato Mosaic Tobamovirus (ToMV)

ToMV belongs to family Virgaviridae and genus Tobamovirus, which could be 
found in tomato crops globally. It may be either seed-borne or transmitted mechani-
cally through contaminated tools and by workers while propagating plants (Adams 
et al. 2012). Streptomyces afghanensis, an Egyptian isolate, is having a strong anti-
viral influence against ToMV inhibiting an indigenous wound on N. tabacum L 
(cultivar: White Burley). Culture filtrate, cell and liquid culture of B. circulans and 
P. fluorescens 2, which individually communicated ISR on tomato crops reduces the 
symptoms of ToMV and local wounds of ToMV formed on Datura metel as a host 
indicator of ToMV (Megahed et al. 2013).

11.4  Tomato Mottle Virus (ToMoV)

ToMoV, genus Begomovirus, belongs to family Geminiviridae and is usually transmit-
ted by Bemisia tabaci (Gennadius), B biotype whitefly, and was noted to be a primar-
ily limiting agent to yield of tomato crop. Management of ToMoV was restricted 
because of its vector’s ability to acquire unavailability of genetically resistant toma-
toes and resistance of insecticide. As compared to control plants, the plants treated 
with strains of Bacillus subtilis (IN937b) and B. amyloliquefaciens (IN937a) have 
lower amount of severe ToMoV disease ratings (Zehnder et al. 2001). Consequently, 
in all treatments which are powder-based, the analysis of Southern blot reported 
tomato plants infected with lower ToMoV in percentage as compared to plants in 
control treatment or going through seed treatment singly (Murphy et al. 2000).

11.5  Tomato Spotted Wilt Virus (TSWV)

TSWV, a Tospovirus genus, is known to be a member of family Bunyaviridae, 
which ranks among the most economically significant top 10 viruses of plants glob-
ally (Naidu et al. 2008). Commonly, it is transmitted by Frankliniella occidentalis 
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(Pergande), a western flower thrip, and also through various other thrip species 
causing damages to crops grown either in an open field or greenhouses in all kind of 
climatic zones. Handling of seedlings, seeds, and foliar and soil application treat-
ment with different strains of P. fluorescens (CoT-1, CoP-1, and CHA0) either sin-
gly or in the form of mixtures have instigated ISR against infection of TSWW in 
tomato crop both in the field and in greenhouse. It was also reported that mixture of 
CoP-1+CoT-1+CHA0 has decreased infection by a maximum of 84% while CHA0 
strain alone or in combination with C0T-1 strain by 80% as compared to control 
plants of tomato (untreated). P. fluorescens strains which were treated with the 
plants of tomato reported an improved promotion of growth as compared to the 
untreated or control plants, in both of greenhouse and field conditions (Kandan et al. 
2002). Beris et al. (2018) studied as well that soil amended, drench, or foliar appli-
cation of strain of Bacillus amyloliquefaciens (MB1600) has minimized the TSW 
virus occurrence at a maximum of 80%.

11.6  Potato Virus X (PVX)

PVX, genus Potexvirus, belongs to Alphaflexiviridae family and is a well-known 
potato crop pathogen globally. It causes an infection widely in potato plant host, 
specifically in family Solanaceae (Aboul-Ata et al. 2011; King et al. 2011). Both 
the concerted metabolites and their acetone source which is an Egyptian isolate 
(Streptomyces afghanensis) inhibited the local wound development triggered by 
PVX disease cv. whitefly, N. tabacum. However, seed treatment of potato crop with 
Bacillus vallismortis (strain: EXTN-1) reported the yield increase compared to con-
trol plants (untreated) at 45% of maximum (Park et al. 2006).

11.7  Potato Virus Y (PVY)

PVY, genus Potyvirus, fits in the family Potyviridae. Potato virus Y is a severe 
pathogen which causes infection to various significant crop species of Solanaceae 
family (nightshade), specifically in tomato, potato, pepper, and tobacco, and results 
in a high yield loss and degradation in quality (El-Dougdoug et al. 2014). Treatment 
of potato plants with a strain of Bacillus vallismortis (EXTN-1) improved yield at a 
maximum up to 45%, and its chlorophyll content also improved as compared to 
control plants (untreated) while guarding potato crop against the potato virus 
Y. Accretion of potato virus Y has decreased with the application of strain B. amy-
loliquefaciens (MB1600) at the time of very early infection and late PVY detection 
in apical leaves of the plants Beris et al. 2018).
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11.8  Pepper Mild Mottle Virus (PMMoV)

PMMoV, genus Tobamovirus, a well-known member of the family Virgaviridae, is 
an important pepper crop pathogen with a 100% infection on the field. This virus 
may easily spread mechanically either through seed coats infected with PMMoV or 
by grafting methods (Svoboda et al. 2006). The activity of Pseudomonas oleovo-
rans, strain KBPF-004, counter to pepper mild mottle virus was observed by Kim 
et al. (2017) parallel to control/untreated strain, ATCC-8062. The PMMoV-infected 
seeds of pepper harvested from the infected plants were left for a supernatant cul-
ture of free cells of every single strain before the plantation as compared to control 
PMMoV-infected seeds left untreated. It was observed that KBPF-004 strain has 
reduced the transmission rate of PMMoV seeds up to a maximum of 15.5% as com-
pared to ATCC-8052 strain, which was found to be 61.9%.

11.9  Bitter Gourd Yellow Mosaic Virus (BGYMV)

Momordica charantia L., locally named as bitter gourd, is a well-known old species 
of Cucurbitaceae and is native to Africa and tropical Asia, far reached to Malaysia, 
tropical Africa, India, and China (Behera et  al. 2010). BGYMV, being a 
Geminiviridae family member (Begomovirus genus), is a disease-causing virus 
causing an effect on the loss of yield due to vector whitefly, Bemisia tabaci. To 
control the disease, initiation of systematic infection resistance method in the bitter 
gourd crop counter to BGYMV is used (Rajinimala et al. 2009). The infection rate 
has reliably decreased at 45 days after planting DAS by seed treatment with P. fluo-
rescens and P. chlororaphis, and further, it is essentially diminished at 75 DAS 
contrasted with immunized control plants (untreated) (Rajinimala et al. 2009).

11.10  Watermelon Mosaic Virus (WMV)

WMV, genus Potyvirus, belonging to family Potyviridae, is the virus that is distrib-
uted mostly in Mediterranean and temperate regions with a wide range of host than 
many potyviruses, causing heavy yield loss in all kind of cucurbits (Moradi 2011). 
For the management of mosaic virus disease of watermelon plant, a tactical approach 
relays on insecticidal use for controlling its vectors, i.e., aphids and whiteflies, and 
the parallel protection of hereditarily produced plants (El-beshehy et al. 2015). In 
addition, systemic resistance to Watermelon virus (WMV) in the cultivation of 
pumpkin is triggered by application in the soil of two distinct PGPR strains, i.e 
strain B1: B. subtilis and strain B2: B. pumilus, either in combination or alone. It 
was noted that strain B2 inhibited the disease up to 77.7% approximately which was 
found significantly higher as compared to the alone effect of strain B1 or the com-
bination B1+B2 suppressing infection up to 33.3% and 66.6%, consecutively.
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12  Challenges and Future Scenarios in the Selection 
and Classification of PGPR Strains

In 1958 the Soviet Union pioneered the method of applying rhizobacteria in soil and 
removing bacterial and fungal pathogens from plant parts although the determina-
tion of effective PGPR strains during that time was complicated. Choosing the 
proper strain is basic, so the most valuable microscopic organisms are screened for 
the experiment to be successful. Effective methodologies should be considered for 
this reason. For the number of roots colonizing microorganism and testing their 
effect on plant growth improvement, the procedure can be selected for PGPR strain. 
With the selected strain, the plant parts can be then treated to observe the impact. 
Recently, for the selection/determination of effective PGPR strains, mass screening 
method has been used (Compant et al. 2005). The specificity of adaptation of host 
plant in specific soil and climatic condition or microorganism is ought to be consid-
ered in choosing the segregation conditions and screening tests (Bowen and 
Rovira 1999).

Various methodologies can be chosen dependent on characteristics like antimi-
crobial siderophores and root colonization production. The determination of supe-
rior strains can be encouraged by the improvement of high-throughput examine 
frameworks and amazing bioassays (Spadden et al. 2002). For horticulture, PGPR 
is presently considered as a protected method because of expanding yield as it holds 
a promising arrangement in being good for nature. To protect plants from chemicals 
that are used to kill pests and effect, the biological system is most significant. By 
controlling the plant and pest diseases, PGPRs likewise affect yield due to which 
one-third of plant losses. PGPR appears to valuably influence on the laboratory 
similarly in the greenhouse experiment. A developing field to improve and investi-
gate the PGPR strain is by a hereditary building which empowers to overexpress the 
characteristics so strains with required characters are acquired. Other than all the 
progress, there are ecological obstructions and unfavorable conditions that impact 
the action of PGPR. The issues of differing adequacy can be achieved by strain 
blending, improved immunization methods, or gene transfer of active genetic source 
of antagonists to the host plant. Different conditions can likewise influence PGPR 
as biocontrol because biocontrol agents need an indistinguishable environmental 
niche for existence and development. Subsequently, under different natural condi-
tions, the effect of biocontrol agent could be enhanced through the use of compati-
ble blended inoculum of biocontrol agent which could have a reliable achievement 
(Guetsky et al. 2001).

Other than being advantageous, there are a few difficulties faced by PGPR. The 
normal variety is a problem since it is hard to estimate how microscopic organisms 
will act in the lab and when put in the field. These varieties can be abrupt and influ-
ence the entire examination. Another test is that under field conditions, PGPR should 
be proliferated to recover their practicality and natural activity. This propagation can 
be as indicated by the plant type and could be occasional. The test could be as far as 
a working place that ought to be profoundly clean and fitting devices ought to be 
utilized because isolating and characterizing PGPR in vitro seems not to be easy.
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13  Conclusions

PGPR is an effective growth-promoting bacterium of plants colonizing in roots and 
enhances the induced and systematic resistance and genetic diversity either directly 
or indirectly. PGPR is a diverse study; thus, rhizobacteria can be taken into account 
as a biocontrol for plant growth. Plant growth can be effective either directly while 
synthesizing a compound by bacterium, i.e., aiding various nutrient uptake from the 
surrounding environment or plant hormones, or indirectly, reducing the harmful 
effect of plant pathogens by PGPR. Two different types of pathogens induced resis-
tance (induced and acquired systematic resistance (ISR, SAR)), defined as “physi-
cal or chemical stimulation of host plant defense mechanism by the inducer before 
various pathogens which have been controlled.” Two different mechanisms after 
signaling pathways of SA i.e. a pathway of initiating bacterial and fungal resistance 
through genes expression of NPR1 and PR, while the other one triggers resistance 
against viral infection through substitutive oxidase. Various PGPR species have 
been used as microbial inoculant for plant protection against viral infections and to 
enhance the yield of various crops. The efficiency of reducing viral infection through 
vector control by application of insecticides depends on the transmission method. 
Moreover, viral disease management can be carried out through the initiation of 
natural defenses of plants, i.e., SAR. In the majority of the cases, the agents used 
biologically include fungi, phytopathogenic bacteria, and viruses.
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1  Introduction

In the agricultural system, plant-microbial interactions have been studied exten-
sively for the benefits towards the host plants. The plant-associated microbial com-
munity (phytobiome) contributes mainly towards plant growth, resistance to the 
biotic and abiotic stress and disease resistance by different undefined mechanisms. 
Endophytes are microbes that inhabit the interior of plant tissues without producing 
any harmful effects to them. Reported studies on endophytic microbial (bacteria/
fungi) and mycorrhizal community revealed their involvement in soil structure sta-
bilization for efficient water and nutrient uptake towards host plant. Rhizobacteria 
and endophytic bacteria/fungi promote the plant growth by nitrogen fixation, phos-
phate solubilization, induction of biotic and abiotic stress tolerance and by second-
ary metabolite production, viz. siderophores for ferrous chelation, phytohormones 
and antibiotic/insecticide/alkaloids against pathogens/insect/herbivore pests 
(Fig. 9.1). Therefore, these microorganisms in agricultural system could be used to 
regulate the application of fertilizers, pesticides and herbicides (Yu et  al. 2019; 
Andrews et al. 2010).
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A weed may be defined as any plant that interferes with the objective of farming 
and accounts not more than 1% of total plant species on the earth. More broadly, 
‘weed’ signifies the species that are distributed evenly, can tolerate and grow in 
unfavourable conditions and reproduce quickly. Moreover, they compete with the 
crop plants for nutrients, sunlight, water and space in a farm and carry diseases 
inducing insect-pest, which affects the growth of the crops. They are characterized 
with vegetative reproduction, ease of dissemination of their reproductive organs, 
ample seed production, seed modification and long seed dormancy irrespective of 
human hazard activity and environmental conditions. More than 120 common 
weeds are reported, viz. ryegrass (Lolium perenne L.), black-grass (Alopecurus 
myosuroides), cheatgrass (Bromus tectorum), wild carrot (Daucus carota), ground- 
ivy (Glechoma hederacea), goosegrass (Eleusine indica), congress grass 
(Parthenium hysterophorus), timothy grass (Phleum pratense), creeping thistle 
(Cirsium arvense), couch grass (Elymus repens) and dandelion (Taraxacum offici-
nale), Amaranthus spp., kochia (Kochia scoparia), wall barley (Hordeum glaucum), 
bluegrass (Poa annua), green foxtail (Setaria viridis) and Chenopodium album 
(Betts et al. 1992; Malinowski and Belesky 2000; Qasem and Foy 2001; Harding 
and Raizada 2015). Among these, some weeds have the potential to induce allergic 
reactions to humans/animals and are responsible for a decrease in crop quality/
quantity or animal products with a 20–37% loss in the crop yield. In the USA the 
loss of the annual crop due to weeds is more than 26 billion USD. While in India, it 

Fig. 9.1 Mutualistic interaction between endophyte and host plant
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contributes to the total economic loss of around 11 billion USD in ten major crops 
of agriculture system. To establish in the field over the crops, weed acquired various 
strategies like production of allelochemicals, viz. carbohydrate and aldehyde mol-
ecules, quinines, complex conjugated flavonoids, tannins, terpenes, sesquiterpene, 
coumarin, organic acids, phenolics, steroids, alkaloids, simple unsaturated lactones, 
long-chain fatty acids, cinnamic acid derivatives, cyanogenic glucosides and sul-
phide that impede the germination, nutrient uptake, growth and development of 
crop plants. Moreover, agricultural practices like tillage and monoculture help the 
weed to persist in the field for a long time (Qasem and Foy 2001; Suryanarayanan 
2019; Sindhu and Sehrawat 2017; Gharde et al. 2018). Therefore, many measures 
have been taken to limit the weed infestation worldwide, such as crop competition, 
crop rotation, tillage, mechanical uprooting of weeds, herbicide usage and the burial 
of growing points.

Herbicides are a class of chemical compounds or pesticides that alone or in the 
mixture used to destroy, repel, control or mitigate unwanted weeds growing in or 
around the crop. The usage of herbicides for weed management has rapidly devel-
oped since 1944. Under the umbrella of the Weed Science Society of America, they 
have been classified into 29 different classes based on mechanism of action. 
Clodinafop propargyl (CF), atrazine, glyphosate (GP), 2,4-dichlorophenoxyacetic 
acid (2,4-D), 2-methyl-4-chlorophenoxyacetic acid (MCPA), metolachlor, 
tribenuron- methyl, tralkoxydim, sulphonylureas, fenoxaprop, molinate, diuron, 
pendimethalin, imazapyr and paraquat (PQ) are examples of the commonly used 
herbicides throughout the world. During the 1960s–2005, there is a consistent 
increase in herbicide consumption globally form 1960 (20%) till 2005 (48%). The 
global pesticide including herbicide, insecticide and fungicides/bactericides 
revealed sales of 850 million US dollars to 31,191 million US dollars, where the 
herbicides stand first place after the 1990s (44%). The prolonged applications of 
herbicides and alteration in weed management might have further emerged the her-
bicide tolerance in the weeds as well as desired plants. An excessive amount of 
herbicide further leads to soil and water pollution as well (Sindhu and Sehrawat 
2017; Singh and Singh 2016; Marin-Morales et al. 2013; Zhang et al. 2011). The 
possible ways through which the desired plant or weed have acquired herbicide 
resistance could be by the plants’ ability to metabolize and detoxify the herbicide 
alone. Excessive herbicide usage could induce biotic and abiotic stress in plants that 
leads to the gene expression required for herbicide degradation. However new evi-
dence proposes that the microorganisms, both free-living and the microorganisms 
residing inside the host plants’ living tissues (endophytes), can accord to the herbi-
cide tolerance either by its detoxification or by inducing plant chemical stress via 
latent stress signalling pathway. This revealed a biotrophic relationship in between 
microorganisms and plants (Kremer 2005; Tétard-Jones and Edwards 2016).

In the current review, we highlight the endophyte’s role in herbicide degradation 
and tolerance in plants/weeds.
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2  Role of Free-Living and Weed/Plant-Associated Microbes 
in Herbicide Degradation

Xenobiotics are the organic contaminants released into the environments due to 
human activities. Its amount accelerated further due to industrialization, agricultural 
practices, population growth and military activities. They are mainly pesticides, 
fuels and polycyclic aromatic hydrocarbons. Introduction of the earliest selective 
herbicides MCPA and 2,4-D in the late 1940s significantly changed the weed man-
agement without harming the crop yield. However, the introduction of herbicide- 
resistant crops (HRCs) against a specific chemical herbicide leads to the wide 
applications of nonselective herbicides and reason for the development of diverse 
herbicide-resistant (HR) weed biotypes. Currently, more than 25 herbicide target 
sites are investigated at molecular level, viz. photosystem II (PS II) inhibitors (tri-
azine, simazine), auxin pathway (2,4-D) inhibitors, acetolactate synthase (ALS) 
inhibitors (sulphonylureas, imidazolinone, triazolopyrimidine, pyrimidinylthioben-
zoates), EPSPS inhibitors (GP) and ACCase inhibitors (aryloxyphenoxypropionate, 
phenylpyrazolin and cyclohexanedione) of a metabolic pathway. So far, more than 
478 HR weed biotypes belonging to the 252 weed species from 67 countries have 
been reported. The resistance pattern of weeds is ALS inhibitor (133) >  triazine 
(71) > ACC inhibitor (43) > GP (24). More than 220 identified weed species show 
resistance to one or more herbicides. The HR weed species are predominantly 
revealed from the families, viz. Alismataceae (seven species), Asteraceae (39 spe-
cies), Amaranthaceae (11 species), Brassicaceae (22 species), Caryophyllaceae (six 
species), Chenopodiaceae (eight species), Cyperaceae (12 species), Poaceae (80 
species), Polygonaceae (seven species) and Scrophulariaceae (nine species) (Heap 
2014; Harding and Raizada 2015; Hussain et al. 2018; Vrbnicanin et al. 2017).

In 1937, Hans Molisch first introduced the term ‘allelopathy’ meaning allelon 
‘of each other’ and pathos ‘to suffer’. In natural and anthropogenic ecosystems, any 
biochemical interaction occurring between the plants/weed and microorganisms via 
chemical compounds (allelochemicals, allelopathins or allelopathic compounds) is 
termed as allelopathy. The plant/weed allopathy comprises the inhibitory action 
against cultivated weed/plants, but also other plant/weed species and plant patho-
gens (Mishra et al. 2013; Soltys et al. 2013). Therefore, in the ecosystem highly 
diverse microbial communities are harboured in vicinity of both weeds and crops. 
Different interactions observed between the microbes with their host range from 
mutualism, symbiosis, commensalism or pathogenic forms thereby contributing in 
soil structure and quality, plant health and productivity, induction of plant defence 
mechanism and control of phytopathogens (Table 9.1). Moreover, the plant variety 
and soil are both determinants that define the soil microbial community structure 
(Fatema et al. 2019). Although pesticides like herbicides are beneficial for agricul-
tural productivity, their excessive usage creates many environmental problems and 
lethal effects on human health. Thus, knowing the greater applications of microbial 
strains, we could retard the usage of herbicides and fertilizers without affecting 
yield. Here, bioherbicides allow restoration of the fertility and efficiency of the 
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Table 9.1 Some examples of plant/weeds and its mutually associated microbes

Host plant/
weed Endophyte Beneficial effects References

Brassica napus Microbacterium sp., Bacillus 
endophyticus, Bacillus 
amyloliquefaciens, 
Paenibacillus polymyxa, 
Azorhizobium caulinodans, 
Alcaligenes sp.

Heavy metal and antibiotic 
resistance, plant growth, 
promotion and antagonism

Card et al. 
(2015)

Solanum 
tuberosum

Bacillus sp., Streptomyces spp., 
Pseudomonas putida, Serratia 
plymuthica, Burkholderia 
phytofirmans

ACC deaminase activity, 
phosphate solubilization, 
siderophore production, 
indoleacetic acid (IAA) 
production

Degrassi and 
Carpentieri- 
Pipolo 
(2020)

Oryza sativa Bacillus sp., Azospirillum sp., 
Pseudomonas stutzeri, 
Burkholderia sp., Rhizobium 
sp., Rhodococcus sp., Ralstonia

IAA, N-fixing, P 
solubilization, ACC 
deaminase, antifungal 
activity, growth promotion

Glycine max Bacillus subtilis, Bacillus 
thuringiensis, Serratia, 
Pseudomonas, Kosakonia, 
Stenotrophomonas, 
Acinetobacter, Ralstonia, 
Enterobacter, Agrobacterium, 
Rhizobium

Antifungal activity; phytases; 
N fixation; phosphate 
solubilization, production of 
siderophores, IAA synthesis 
and ACC deaminase

Triticum 
aestivum

B. subtilis, Bacillus cereus, B. 
thuringiensis, Azospirillum sp., 
Arthrobacter sp., Burkholderia 
cepacia

Plant growth promotion, 
siderophore production and 
Zn solubilization, biocontrol, 
phytohormone synthesis: 
IAA, GA, ABA; phosphate 
solubilization

Solanum 
lycopersicum

B. subtilis, B. phytofirmans, 
Sphingomonas sp.

Production of gibberellins 
and IAA, IAA synthesis, 
ACC deaminase, IAA 
synthesis, ACC deaminase

Zea mays Bacillus spp., Pseudomonas 
spp., Azospirillum brasilense, 
Enterobacter asburiae, 
Enterobacter sp., P. polymyxa, 
Sinorhizobium meliloti

Antifungal activity, N 
fixation and growth 
promotion, biocontrol agent

Vitis vinifera Bacillus pumilus, Paenibacillus 
sp., B. subtilis, Curtobacterium 
sp.

Biocontrol agent

(continued)
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Table 9.1 (continued)

Host plant/
weed Endophyte Beneficial effects References

Psoralea 
corylifolia

Bacillus sp., Marinorhizobium 
sp., Sinorhizobium sp.

Plant growth promotion and 
salinity stress tolerance

Fatema et al. 
(2019)

Leucaena 
leucocephala

Microbacterium proteolyticum, 
Sphingomonas paucimobilis, 
Rhodococcus kroppenstedtii, 
Sphingomonas pseudosanguinis, 
Pseudomonas oryzihabitans

Degrades mimosine and N 
fixation

Lepidium 
draba

Pseudomonas viridiflava, 
Bacillus sp., Pseudomonas sp., 
Arthrobacter sp.

Biocontrol agent, hydrogen 
cyanide production, 
phosphate solubilization

Urtica dioica Bacillus methylotrophicus, B. 
pumilus, B. cereus, B. 
amyloliquefaciens

Plant growth promotion and 
biocontrol agent

Plantago 
lanceolata

Bacillus sp.

Calendula 
arvensis

Pseudomonas brassicacearum, 
B. amyloliquefaciens

P. 
hysterophorus

Bacillus sp. Biocontrol agent

Eupatorium 
adenophorum

Stenotrophomonas maltophilia, 
Stenotrophomonas rhizophila

Secondary metabolite 
production, plant growth 
promotion, bioremediation

Lactuca 
dissecta

Pseudomonas mendocina Plant growth promotion

Solanum 
surattense

Pseudomonas stutzeri

Sonchus 
arvensis

P. putida

Nicotiana 
glauca

B. cereus, Alcaligenes faecalis Biocontrol agent

Spartina 
pectinata

Herbaspirillum frisingense N fixation

Cyperus 
conglomeratus

Micrococcus luteus Salinity and stress tolerance

(continued)
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affected ecosystems and further aid in alleviating the herbicide-resistant and inva-
sive weeds in diversified cropping systems. Moreover, they can make a wide impact 
for bioremediation of water and land system in the future as well.

2.1  Role of Free-Living Microbes in Herbicide Degradation

Plant rhizosphere hosts complex microbial communities, which has affected plant 
root exudate and agricultural practices. It varies with plant species, genotype, plant 
age, stress exposure and nutritional status. Plant root exudates contain flavonoids, 
strigolactones, benzoxazinoid and malic acids that could attract the beneficial 
microbes involved in plant growth promotion by achieving nitrogen fixation, biofilm 
formation and pathogen retardation. Moreover, selective enrichment of microbes in 
rhizosphere can be attained by alteration in root exudate compositions by the plants. 

Table 9.1 (continued)

Host plant/
weed Endophyte Beneficial effects References

L. perenne L. Pseudomonas spp. Production of ACC 
deaminase, IAA, 
siderophores, HCN, 
phosphate solubilization, 
biocontrol agent

Feng et al. 
(2017)

Cannabis 
sativa L.

Paecilomyces lilacinus Biocontrol agent

Helianthus 
annuus L.

Aspergillus terreus LWL5 and 
Penicillium citrinum LWL4

Production of GAs, 
siderophores, oxidative stress 
responses, biocontrol

Tinospora 
cordifolia

Cladosporium velox Biocontrol agent

Dendrobium 
candidum

Pseudomonas saponiphila Production of IAA, 
siderophores, HCN, 
phosphate solubilization

Convolvulus 
arvensis

Yersinia ruckeri, Aspergillus 
flavus, Aspergillus niger, 
Drechslera biseptata, A. terreus

Plant growth promotion Mukhtar 
et al. (2010)

Euphorbia 
helioscopia

Azospirillum lipoferum, 
Acinetobacter lwoffii, 
Cladosporium cladosporioides, 
Aspergillus sydowii, Alternaria 
alternata

Chenopodium 
album

Curtobacterium albidum, 
Acinetobacter lwoffii, 
Aspergillus phoenicis, A. flavus, 
Cuvularia clavata,

Elymus 
dauricus

Pseudomonas aeruginosa and 
Pseudomonas savastanoi

Phytoremediation Siciliano 
et al. (1998)
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Secretion of phenazine-1-carboxylic acid and 2,4- diacetylphloroglucinol (2,4-
DAPG) by Pseudomonas spp. suppresses the growth of pathogenic Rhizoctonia 
solani, while secretion of lipoproteins by Bacillus spp. and Pseudomonas spp. acts 
against many soil pathogens. Moreover, production of pyrrolnitrin, oomycin A, 
hydrogen cyanide, phenazine and 2,4-diacetylphloroglucinol from genus 
Pseudomonas protects plants from many diseases. Secondary metabolites like IAA 
found to show an antagonistic effect on rhizospheric microbes and plant growth. 
Secondary metabolites, viz. antibiotics, siderophores, lytic enzymes and toxins, 
from soil microbes assist them to establish in the plant roots and rhizosphere. 
Majority of the free-living rhizospheric microorganism has the potential to use the 
herbicide as a source of carbon, nitrogen, sulphur, phosphorus and energy. 
Biotransformation of herbicides has been achieved through the reduction, oxidation, 
hydrolysis and lyase reactions. The rates of degradation reactions are accelerating 
under environmental conditions (temperature, soil organic matter) and agrochemical 
practices (history of herbicide-treated soil) (Tétard-Jones and Edwards 2016; Sindhu 
and Sehrawat 2017). Anderson et al. (1994) proved the importance of rhizosphere 
soil in the degradation of herbicides (Anderson et al. 1994). A group of microbes use 
sulfentrazone herbicide as a carbon source and metabolize it to 3-hydroxymethyl-
sulfentrazone (HMS). The bacterial strains Ralstonia pickettii, Rhizobium radio-
bacter and Methylobacterium radiotolerans and fungi, viz. Cladosporium sp., 
Eupenicillium sp. Paecilomyces sp., are the potential sulfentrazone degraders and 
had a tolerance level up to 7.0 μg/ml concentration (Martinez et al. 2008).

The phenylurea herbicides are used worldwide either pre- or post-emergence in 
fruit, cotton and cereal crops. Several soil fungi including Mortierella isabellina, 
Rhizoctonia solani, Cunninghamella elegans, Talaromyces wortmanii, Rhizopus 
japonicus and A. niger have potential to metabolize phenylurea herbicides, viz. 
chlorobromuron, isoproturon (IPU), linuron, metobromuron, fluometuron and diu-
ron. Various bacterial strains, viz. Pseudomonas fluorescens, Delftia acidovorans, 
Bacillus sphaericus, Sphingomonas sp. and Variovorax paradoxus, contribute to the 
detoxification of the above-listed herbicide as well (Sørensen et  al. 2003; 
EI  Fantoussi et al., 1999). Aryloxyphenoxypropionate herbicide like clodinafop-
propargyl (CF), a widely used herbicide for post-emergence control of cereal weeds, 
viz. Setaria, Alopecurus spp., Lolium sp., Phalaris sp. and Avena sp., is degrading 
by Pseudomonas sp. strain B2. Herbicide fenoxaprop-P-ethyl (FE) degrade by 
Rhodococcus ruber JPL2, Sphingomonas, Chryseomonas, Actinobacteria, 
Stenotrophomonas, Aquamicrobium, Alcaligenes, Pseudomonas, Agromyces and 
Microbacterium (Singh 2013; Hongming et al. 2015). Moreover, molinate a world-
widely used thiocarbamate herbicide in rice crop protection serves as a nutrient for 
actinobacterium Gulosibacter molinativorax ON4T. Molinate (thiocarbamate) her-
bicide is degraded by bacterial and fungal species. Rhizospheric microbes degrade 
organophosphorus herbicide malathion and GP by multiple pathways. GP is non-
selective systemic herbicide is degrading by Arthrobacter atrocyaneus, Pseudomonas 
sp., Enterobacter cloacae K7.and Flavobacterium sp. Fungi Trichoderma viride 
FRP3 use GP as source of phosphorus. The culture growth in Czapek broth contain-
ing GP reached maximum after 8 days with decease in GP and continue till 28 days 
(Arfarita et  al. 2013; Nunes et  al. 2013; Kryuchkova et al., 2014). Herbicide 
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imazapyr is degrade by soil Pseudomonas, Streptomyces sp. strain PSI/5 and 
Bacillus sp. Fungi Trichoderma viride FRP3 use GP as source of phosphorus. The 
culture growth in Czapek broth containing GP reached maximum after 8 days with 
decease in GP and continued till 28 days (Arfarita et al. 2013; Nunes et al. 2013; 
Kryuchkova et al., 2014). Atrazine has been used as nitrogen source and degraded 
by Agrobacterium radiobacter J14a Comamonas sp. and Klebsiella sp. A1 soil bac-
teria. In another study, atrazine degradation by isolate Burkholderia sp. and 
Enterobacter sp. from sugarcane-cultivated soil showed 82.1% degradation after 
62 days via intermediate desethyl atrazine (DEA) and deisopropylatrazine (DIA) 
(Ngigi et  al. 2012). Phenoxyalkanoic acid (PAA) herbicides such as MCPA and 
2,4-D are used worldwide. MCPA-degrading bacteria from the soil are mainly of 
alpha, beta and gammaproteobacteria. Alphaproteobacteria dominate the active 
degradation of MCPA (Liu et  al. 2011). The enhanced mineralization of [U-14C] 
2,4-D is reported in rhizosphere soil of Trifolium pratense (Shaw and Burns 2004). 
Soil bacteria, viz. Pseudomonas, Arthrobacter, Ralstonia eutropha JMP134, Delftia, 
Alcaligenes, Cupriavidus pinatubonensis JMP134, Burkholderia cepacia and 
Mortierella metabolize 2,4-D as carbon and energy source and degrade it by oxida-
tive reaction (Singh et al. 2014; Sviridov et al. 2015; Han et al. 2015; Ellegaard-
Jensen et al. 2013; Kumar et al., 2016; Sandoval-Carrasco et al., 2013).

FE is an aryloxyphenoxy propionate (AOPP) herbicide used for the control of 
annual and perennial weeds of wheat and soybean crop. An efficient FE-degrading 
isolate Rhodococcus sp. strain T1 metabolizes 94% of 100 mg/L FE in 24 h into 
fenoxaprop acid (FA) by cleaving the ester bond. A similar type of conversion of FE 
to FA also occurs in P. fluorescens and Alcaligenes sp. Herbicide diclofop-methyl 
(DM) can be metabolized by Sphingomonas paucimobilis and Chryseomonas lute-
ola (Hou et  al. 2011; Serfling et  al. 2007). Rhizospheric microbe of herbicide- 
resistant plant Kochia sp. was isolated for degradation of three herbicide mixture 
atrazine, metolachlor and trifluralin. The results revealed maximum microbial activ-
ity in rhizosphere soli as compared to edaphosphere soil (nonvegetated) (Anderson 
et al. 1994; Saxena et al., 1987). Importance of these free-living herbicide degrada-
tion microbes would help to attain the allocation of trait for herbicidal chemical 
production/degradation and to confer tolerance in transgenic crop plants. Recently 
the Liberty Link™ GM crops have achieved by transferring the bialaphos-resistant 
gene and phosphinothricin acetyltransferase gene from Streptomyces hygroscopicus 
and Streptomyces viridochromogenes, respectively. The transfer of glyphosate acet-
yltransferase gene from Bacillus licheniformis and acetolactate synthase gene in 
detoxifying bacteria revealed resistance to almost all the types of herbicide using 
GAT/HRA crop technology (Tétard-Jones and Edwards 2016).
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2.2  Role of Endophytes in Weed and Plant 
as Herbicide Degrader

De Bary in 1866 first proposed the term ‘endophyte’. It is simply a Greek-derived 
word in which ‘endon’ means within and ‘phyton’ referred to as plant. More broadly, 
endophytes are a group of microorganisms that include bacteria, fungi and viruses, 
which reside mostly within the plant tissues. The inhabitation of these microbial 
populations does not show any disease-like symptoms in plants. It is believed that 
genetic factors play a significant role in permitting a specific bacterium to become 
endophyte (Fatema et  al. 2019). Endophytes, which make up the endobiome of 
plant, evolve with the plant and together constitute plants’ holobiome. This type of 
symbiosis is a selective adaptation between the microorganism and the host, which 
is not easily reversible. Some studies revealed that the microbial species discovered 
within the host plant roots, shoots, leaves and other living parts are similar to the 
microbial population adjacent to the roots, hence, concluding the soil as a prime 
source of endophytes. The endophytes have expected to be motile for the successive 
transmission to other plant hosts. They could transmit by vascular and nonvascular 
plant tissues or through seeds contaminated with the external environment. 
Moreover, potential bacterial/fungal endophyte can migrate from soil to the host 
body parts by various modes like agricultural equipment, wind action and by vec-
tors, viz. insects, mites and birds. The various entry points in host plant have been 
identified, such as stomata, hydathodes, germinating radicles, nectarthodes, lenti-
cels, tissue wounds, broken trichomes, foliar damage from wind blown, rain or hail, 
soil particles or through undifferentiated meristematic root tissue and abrasion sus-
tained during root growth. Being in a mutualistic association with plants, endo-
phytes contribute to various benefits like host plant growth and reproduction, 
enhancement of nutrient uptake from soil, nitrogen fixation and induction of toler-
ance to biotic/abiotic stress. Microbial diversity of weed endophytes is mostly from 
families Pseudomonadaceae, Bacillaceae, Micrococcaceae, Rhizobiaceae, 
Alcaligenaceae, Xanthomonadaceae, Nocardiaceae and Microbacterium (Sturz 
et al. 2000; Frank et al. 2017; Fatema et al. 2019).

Endophyte B. licheniformis strain SDS12 isolated from Parthenium weed 
revealed 85.60  ±  1.36% diuron degradation via intermediate 3,4-dichloroaniline 
(3,4-DCA) formation (Singh and Singla 2019). Endophytic strain Neurospora inter-
media DP8-1 from sugarcane plant metabolizes diuron, monuron, fenuron, isopro-
turon, linuron, metobromuron, chlortoluron and chlorobromuron. Two important 
intermediates N-(3,4-dichlorophenyl)-urea and N-(3,4-dichlorophenyl)-N- 
methylurea were primarily identified by liquid chromatography-mass spectrometry 
analysis (Wang et al. 2017). The endophytic bacterial isolates Burkholderia gladioli 
and P. oryzihabitans from soybean (G. max) showed different sensibility profiles to 
the GP (Kuklinsky-Sobral et al. 2005). Endophytic quinclorac-degrading Bacillus 
megaterium strain Q3 isolated from tobacco roots (Nicotiana tabacum) degrades 
93% (initial concentration 20  mg/L) of quinclorac via 3-chlorin-8-quinoline-
carboxylic,3,7-dichloro-8-methyl-quinoline and 8-quinoline-carboxylic acid (Liu 
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et al. 2014). Rhizobium inoculation of pea plants (Pisum sativum) with POPHV6 
showed clearance of the 2,4-D from the soil and thereby reduced herbicide translo-
cation into aerial tissues (Germaine et al. 2006). Seed coating of the barley (Hordeum 
vulgare) with B. cepacia DBO1 (Pro101) allows effective seed germination and 
plant protection by degrading 2,4-D form contaminated soil (Jacobsen 1997). 
Ozawa et al. (2004) isolated simazine (2-chloro4,6-bis(ethylamino)-s-triazine) her-
bicide degrading bacteria Agrobacterium radiobacter and Bradyrhizobium japoni-
cum from the corn plant roots and soybean plant nodules. Faster degradation has 
achieved in both the plants after inoculation with respective isolates in vermiculite 
soil (Ozawa et al. 2004). DM or 2-[4-(2,4-dichlorophenoxy)phenoxy] propanoate 
herbicide is applied for common food crops around the world, while 2,4-D is selec-
tive for the control of broadleaved weeds. S-triazine herbicide has been applied 
commonly in sugarcane-cultivated soil. Atrazine (2-chloro-4-ethylamino-6- -
isopropyl amino-s-triazine) is used as a nitrogen source by two sugarcane- associated 
bacterial endophytes Burkholderia cepacia and Enterobacter cloacae (Jordan et al. 
2000; Wang et al.,1999).

Understanding the role of symbiotic endophytes in pesticide metabolism and 
herbicide tolerance in plants by direct and indirect route, genetically modified crops 
for pesticide degradation can retard the usage of herbicide in the field, but with 
some conventional limitations.

3  Role of Endophytes in Herbicide Tolerance in Weed 
and Plants

During the 1940s weed has been controlled extensively by herbicides. In the envi-
ronment, microbial adaptation to chemicals stimulates its degradations or biotrans-
formations by co-metabolism or growth-linked metabolism. Soon after due to 
detection of first herbicide resistance in triazine-resistant Senecio vulgaris weed in 
1968, a steady increase in HR weed has occurred. The global worst HR weed spe-
cies are from the Amaranthus, Conyza, Lolium and Echinochloa. The greatest num-
ber of weed-resistant species towards the herbicides is confirmed in the order by 
atrazine (66) > imazethapyr (44) > tribenuron methyl (43) > imazamox (37) > chlor-
sulfuron (36) > metsulfuron-methyl (35) > GP (34) > iodosulfuron-methyl-sodium 
(33) > simazine (31) > FE (31) > bensulfuron-methyl (29) > thifensulfuron-methyl 
(27) > pyrazosulfuron-ethyl (25) and fluazifop-P-butyl (25). The HR weed preva-
lence revealed more in the USA (144) followed by Australia (62), Canada (59), 
France (35), China (34), Spain (33), Germany (33), Brazil (31), Israel (29), Japan 
(18) and Chile (16). Crops have the most herbicide-resistant weed species than non- 
crop plants, viz. wheat (59)  >  corn (58)  >  soybean (46)  >  rice (39)  >  roadsides 
(31) > orchids (27) > barley (18) > cotton (14) (Vrbnicanin et al. 2017; Heap 2014).

HR or tolerance has often been used interchangeably by the researches. The 
resistance defines as any genetic change in response to selection by toxic chemicals 
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that may impair control in the field (Moss and Rubin 1993). HR is considered as an 
adaptive response of weed population and conferred through the repeated usage of 
herbicide at a site of application. Several mechanisms for herbicide resistance are 
hypothesized including abundances and diversity of herbicide-degrading microbial 
community, mutations/horizontal gene transfer and recombination which are within 
the microbial populations, alteration of herbicide binding site of an enzyme, 
decreased translocation or absorption of herbicide at the action site and herbicide 
sequestering at the cell surface. In weed population, alteration of enzyme target site 
confers resistance to more than a single herbicide called as cross-resistance. When 
more than one HR mechanisms have adapted by the plant due to mutations, multiple 
resistance phenomenons occur (Poursat et al. 2019; Heap 2014). Therefore, HR in 
weeds/plants could be broadly categorized as target site resistance (TSR) and non- 
target site resistance (NTSR). TSR is conferred mostly by dominant, semi-dominant 
and recessive alleles mainly involving the microtubule polymerization and fatty 
acid biosynthesis pathway. The herbicide target protein structure can alter due to 
amino acid substitution at a target binding site or change in the herbicide molecule. 
TSR towards the fungicides has attributed to increased production of target proteins. 
However, NTSR has revealed as predominant type of the resistance mechanism 
adapted under abiotic stress conditions, mainly against GP and ACC inhibitors. 
Here the herbicide mode of action is either by a diversion of electrons from PS I 
ferredoxin, inhibition of fatty acid elongase, stimulation of transport inhibition 
response protein 1 (TIR1), inhibition of ACCase/ALS/EPSP synthase and by altera-
tion in a hormonal signalling pathway. In HR weeds, several proteins have identified 
for herbicide degradation (glutathione-s-transferase, hydrolases, esterases, 

Fig. 9.2 Possible mechanism of herbicide hesistance Herbicide resistance (HR) in weeds/plants
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cytochrome P450s) and supplementary oxidase, peroxidase and transport proteins. 
The TSR- or NTSR-induced resistance in the weed is likelihood depending on her-
bicide type and its mode of action, its usage rate, weed species and population size, 
plant fitness and environment (Busi et  al. 2013; Delye et  al. 2013). Figure  9.2 
describes the possible mechanisms of herbicide actions, which after alterations can 
induce the HR in plants/weeds.

Moreover, endophytes that evolve with the host plant are associated in increasing 
the ecological fitness of plant by upregulating various defence genes including the 
herbicide degradation gene. Global Herbicide Resistance Action Committee 
(HRAC) reclassified herbicides into 18 groups depending on the mode of action. A 
plethora of research confirmed the role of weed-associated microbes in herbicide 
degradation (Prather et al. 2000; Powles and Yu 2010; Clay 2016) (Table 9.2).

Weed species, such as E. indica, Echinochloa crus-galli, Amaranthus sp., 
P. annua, Echinochloa colona, A. myosuroides and L. rigidum, developed herbicide 
resistance especially due to their congenital genetic variability. Additionally, herbi-
cides (e.g. synthetic auxins and sulphonylurea) of different chemical groups and 
modes of action can significantly differ in their risk levels for resistance. However, 
herbicides (sulphonylurea, pyrimidinyl (thio)benzoate, sulfonyl-amino-carbonyl- 
triazolinone, imidazolinone) with different chemical groups but with the same mode 
of action can also be distinguished in their risk level for resistance. In recent studies, 
it has revealed that infection with a fungal endophyte gains the property of herbicide 
tolerance in the host plant. L. rigidum infection with Neotyphodium spp. resulting in 
increased tolerance to the graminicide DM in populations that were normally prone 
to the herbicide (Vila-Aiub et  al. 2003). Relationships between the endophyte 
Neotyphodium spp. and tall fescue (Festuca arundinacea) have been observed as 
defensive mutualism. This interaction led to the alkaloid production by the endo-
phyte or secondary metabolite by encouraging the host system. The endophytic 
metabolite protects the weed or host plant from the attack of insects, nematode or 
herbivore. However, there is uncertainty about the existence of the endophyte with-
out its host, as it is completely dependent on the host for protection, a supply of the 
nutrition and water (Malinowski and Belesky 2000; Tozer et al. 2007; Perez et al. 
2013). Alkaloid from fungal endophytes induced herbivore resistance in the host 
plants. The endophyte Cryptosporiopsis sp. confirm pathogen resistance in larch 
(Larix decidua) and barley (H. vulgare), while Fusarium sp. relief Pyrenophora 
tritici-repentis infection in wheat (Triticum sp.). Endophytic fungus increased crop 
yield in apples (Malus domestica) by increasing the amount of soluble sugars. In 
another study, endophytes Penicillium minioluteum and Ampelomyces sp. were veri-
fied for enhanced tomato (S. lycopersicum) and soybean (G. max) plant growth 
under the drought and salt tolerance condition. Isolate Fusarium culmorum from the 
coastal dune grass (Leymus mollis) confers salinity tolerance (300–500 mM NaCl) 
in soybean plant (Morsy et al. 2020). Plant growth has shunted when exposed to 
high or low temperatures as it disrupts the cell membrane and the photosynthetic 
apparatus. A mutualistic association between tropical weed panic grass/rosette 
grasses and a fungal endophyte allows both organisms to grow at high soil tempera-
tures. Dichanthelium lanuginosum plants infected with fungal endophyte Curvularia 
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Table 9.2 Herbicide, site of action and resistant weed as per a report of International Survey of 
Herbicide-Resistant Weeds (www.weedscience.org)

Sr. 
no. Herbicide type Site of action

Herbicide-resistant weeds/
plants

Herbicide- 
degrading microbes

1 Clethodim, 
quizalofop, 
clodinafop, DM, FE

ACCase 
inhibitor

Digitaria sanguinalis, 
Setaria faberi, S. viridis 
var. major, Avena fatua, A. 
myosuroides, Lolium 
multiflorum, Lolium 
rigidum, Avena sterilis, 
Echinochloa phyllopogon, 
Phalaris minor

Rhodococcus sp. T1

2 Imazethapyr, 
cloransulam, 
bispyribac-sodium, 
chlorimuron, 
propoxycarbazone, 
chlorsulfuron

ALS/AHSH 
inhibitor

Sinapis arvensis, Digitaria 
sanguinalis, Iva xanthifolia, 
Sorghum bicolor, Sinapis 
arvensis, Solanum 
ptycanthum, S. faberi, 
Setaria pumila, 
Echinochloa phyllopogon, 
S. viridis var. major, K. 
scoparia, H. annuus, 
Ambrosia artemisiifolia, 
Ambrosia trifida, Avena 
fatua, Amaranthus 
tuberculatus, Amaranthus 
retroflexus, Amaranthus 
hybridus, B. tectorum, A. 
myosuroides, L. rigidum, 
Phalaris minor, Rumex 
dentatus

Streptomyces sp. 
strain PSI/5
Pseudomonas and 
Bacillus

3 Pendimethalin, 
trifluralin

Microtubule 
inhibitor

L. rigidum, Eleusine indica, 
Poa annua

B. circulans, B. 
subtilis, Azotobacter 
chroococcum, B. 
megaterium, 
Fusarium 
oxysporum, 
Paecilomyces 
varioti, Rhizoctonia 
bataticola

4 2,4-D, clopyralid, 
dicamba, mecoprop

Growth 
regulator 
(synthetic auxin)

A. tuberculatus, K. 
scoparia, Stellaria media

Pseudomonas, 
Alcaligenes, 
Ralstonia, Delftia, 
Arthrobacter and 
Burkholderia

5 Atrazine, metribuzin, 
chlorotoluron, 
isoproturon,

Photosynthesis 
inhibitor (PSII 
inhibitor) 
(triazine)

Polygonum pensylvanicum, 
S. faberi, K. scoparia, A.
tuberculatus, A. retroflexus, 
A. myosuroides, Phalaris 
minor, L. rigidum

Arthrobacter 
aurescens TC-1, 
Pseudomonas sp. 
strain ADP

(continued)
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Table 9.2 (continued)

Sr. 
no. Herbicide type Site of action

Herbicide-resistant weeds/
plants

Herbicide- 
degrading microbes

6 Bentazon, diuron Photosynthesis 
inhibitor

Sagittaria montevidensis, A. 
retroflexus, A. hybridus 
(syn: quitensis)

Beauveria bassiana, 
Caenorhabditis 
elegans, 
Phanerochaete 
chrysosporium, 
Mordellistena 
isabellina

7 Glyphosate EPSPS inhibitor K. scoparia, Ambrosia 
artemisiifolia, Ambrosia 
trifida, A. tuberculatus

Pseudomonas sp., 
Arthrobacter 
atrocyaneus, 
Flavobacterium sp.

8 Glufosinate 
(phosphinothricin)

Glutamine 
synthetase 
inhibitor

E. indica, L. perenne ssp. 
multiflorum, L. perenne, L. 
rigidum

Rhodococcus sp.

9 Clomazone HPPD inhibitor L. rigidum, Echinochloa 
crus-galli var. crus-galli

Aspergillus niger 
(UI-X172) and 
Cunninghamella 
echinulate 
(NRRL-3655)

10 Carfentrazone, 
lactofen

Cell membrane 
disrupter (PPO 
inhibitor)

A. tuberculatus, S. vernalis, 
Ambrosia artemisiifolia, 
Descurainia sophia, 
Amaranthus palmeri

Bacillus sp.

11 Acetochlor, 
metolachlor, 
pendimethalin

Seedling shoot 
inhibitor (very 
long-chain fatty 
acid inhibitor) 
(VLCFA)

Sorghum halepense, E. 
indica, P. annua, A.
myosuroides, A. palmeri, 
Echinochloa crus-galli var. 
crus-galli, L. rigidum, A. 
tuberculatus

Achromobacter sp. 
D 12, Rhodococcus 
sp. T3-1, Bacillus 
sp. ACD-9, Delftia 
sp.T3-6, 
Sphingobium 
sp.MEA31

12 Paraquat Cell membrane 
disrupter 
(photosystem 
(PS)1 inhibitor)

Arctotheca calendula (L.) 
Levyns, Epilobium 
adenocaulon Hausskn, 
Conyza bonariensis (L.) 
Cronq., Erigeron 
canadensis L., Erigeron 
philadelphicus L., Erigeron 
sumatrensis Retz., H. 
glaucum Steud, Hordeum 
leporinum Link, L. perenne

Lipomyces starkeyi, 
A. aerogenes, A.
tumefaciens, P. 
fluorescens, B. 
cereus

13 Bromoxynil Pigment 
synthesis 
inhibitor

C. album L., A. retroflexus, 
A. hybridus (syn: quitensis), 
S. vulgaris

Streptomyces 
felleus, 
Flexibacterium sp., 
Klebsiella 
pneumoniae, 
Flavobacterium sp.
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protuberata, exhibited tolerance to soil temperature at 50 °C for 3 days and as high 
as 65 °C for 10 days while non-infected plants died at 50 °C. Fungal endophytes 
have reported producing secondary metabolite pigment ‘melanin’ that may disperse 
in the hyphae or form a complex with oxygen radicals. Virus residing in a fungus 
can also associate to mediate the temperature tolerance (Redman et  al. 2002; 
Marquez et  al. 2007). Therefore, many endophytic bacteria and rhizobacteria 
increase the herbicide resistance of their host plants by degrading them, by produc-
ing toxic secondary metabolites or by inducing the inherent plant defence responses 
against pathogens also called induced systemic resistance (ISR) (Suryanarayanan 
2019; Tétard-Jones and Edwards 2016). Systemic acquired resistance (SAR) allows 
ISR study in biotic or abiotic stress conditions. ISR induced by different endophyte 
factors are flagella, salicylic acid, siderophores, lipopolysaccharides, antimetabo-
lites, jasmonic acid and N-acylhomoserine lactones (Fatema et al. 2019). Chen et al. 
(2017) demonstrated that at low concentration of DM, the rhizosphere microbes get 
affected and consequently allow cross talk between microbes and rice plant. This 
results in the stimulation of organic acid pathway (jasmonic acid or salicylic acid) 
and its release in root exudates. Most of the microbes utilize them as a carbon and 
nitrogen source and mark microbial abundance and diversity in the rhizosphere. 
Further induction of the stress response by the plant decreases its susceptibility to 
disease-associated pathogens. In another study, malic acid has been excreted by 
affected plant thereby inducing capsulated B. subtilis FB17. The B. subtilis FB17 
further degrades the herbicide directly as well as stimulates plants’ endogenous 
defence mechanisms (Rudrappa et  al. 2008; Chen et  al. 2017). Piriformospora 
indica, a fungal isolate from the Indian Thar desert, was investigated for growth- 
promoting activity in barley plant (H. vulgare L). The fungus induced plant salt 
stress tolerance and enhanced plant growth. Moreover, it conferred resistance to 
pathogenic fungus Fusarium culmorum (root rot) and the biotrophic fungus 
Blumeria graminis (Waller et al. 2005). Soil isolate Klebsiella ozaenae uses bro-
moxynil as sole nitrogen source and converts it to 3,5-dibromo-4-hydroxybenzoic 
acid by nitrilase enzyme (bxn). The plasmid-coded bxn gene is transferred to make 
transgenic herbicide-resistant tobacco and tomato plant. Phosphinothricin-degrading 
tripeptide (bar gene) from S. hygroscopicus was introduced into the tomato, potato 
and tobacco plant (Mazur and Falco 1989). Buss and Callaghan (2008) explained 
the possible role and interaction of pesticides with p-glycoprotein (p-gp) of ABC 
family in inducing herbicide, insecticide and fungicide resistance in plants. 
Upregulation of p-gp induces beneficial herbicide resistance in genetically modified 
(GM) plants. Applications of chemomodulators (natural and synthetic) and herbi-
cide safeners further maximize the efficacy of herbicide actions for weed control 
(Buss and Callaghan 2008). Endophyte Neotyphodium coenophialum (ex 
Acremonium) from family Clavicipitaceae and their sexual antecedents in genus 
Epichloe are estimated to infect 20–30% of grass species asymptomatically. 
Saikkonen et al. (2013) demonstrated that endophytes N. coenophialum promote the 
competitive dominance of meadow fescue (Scherodonus pratensis and Festuca pra-
tensis) and prevent weed invasion in the field (Saikkonen et al. 2013). The mutual-
istic association of fungi with the plant root system has been known as arbuscular 
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mycorrhizal fungi (AMF). The association of AMF has several benefits to host weed 
(mycotrophic weeds). AMF aids in increasing surface area using the fungal myce-
lium network in the soil and allows better nutrient absorption for the host such as 
accumulation of ammonium nitrogen, potassium, calcium, manganese, iron, copper, 
zinc and nickel. Apart from the nutrient’s absorption from the soil, AMF enhances 
seed germination, seed quality and seed production in mycotrophic weed. Plantago 
lanceolata L., an agricultural important weed and mycotrophic host for AMF, has 
strongly benefitted from the mycelium presence. Whereas, AMF infestation to non- 
mycotrophic weeds (non-host) like C. album L. and Spergula arvensis L. has shown 
an antagonistic effect. The presence of AMF mycelia to these non-host weeds has 
reduced survival rates and has resulted in the stunting effect of seedlings. AMF has 
benefitted host weed by reducing the biomass of the non-host (non-mycotrophic 
weeds like Rumex obtusifolius L., Polygonum lapathifolium L., C. album, Brassica 
kaber, Portulaca oleracea L.) by 50–90%. AMF has also proved to be beneficial for 
host plant to combat environmental stress like drought, high soil temperature, low 
light levels, adverse soil pH, saline soil and toxic metals. Mycorrhizal symbiosis 
with Abutilon theophrasti revealed greatly enhanced vegetative growth and flower, 
fruit and seed production (Stanley et al. 1993; Jordan et al. 2000; Begum et al. 2019).

Further, almost all plants are in the mutualistic association with microorganisms, 
and those who lack endophytes are more vulnerable to environmental stress and 
pathogenic attacks. Moreover, several findings on the mutualistic association 
revealed the importance of microorganisms in diverse conditions of the field with a 
net benefit to each participant.

4  Endophytes: A Promising Factor in Weed Management

Apart from producing metabolites supporting herbicide resistance, few bacterial as 
well as fungal endophytes have the potential of synthesizing toxic metabolites that 
show herbicidal activity. These metabolites induce chlorosis followed by necrosis in 
L. minor. Moreover, several rhizobacteria such as Pseudomonas, Xanthomonas sp., 
Enterobacter and Serratia had been developed as foliar and soil application bioher-
bicides. In another similar study, strains P. viridiflava CDRTc14 and P. fluorescens 
WH6 demonstrated similar phytotoxic effects on both Lepidium draba and Lactuca 
sativa seedlings. The results revealed germination arrest of grasses due to biosyn-
thesis of 4-formylaminooxyvinylglycine (FVG) metabolite production using 
in vitro assay. Isolate P. viridiflava, associated with the weed L. draba L., revealed 
inhibitory effect towards its host by the lytic activity against pectin and also involved 
in heavy metal stress tolerance (Hoagland 1990; Harding and Raizada 2015; Samad 
et al. 2017; Sindhu et al. 2018; Suryanarayanan 2019). Previous studies reported 
that endophytic actinomycetes could be a source of herbicidal metabolites too 
(Singh et  al. 2018). Thus, inoculation of such rhizosphere microorganisms and 
endophytes aids to minimize competition of weeds with crops and possibly reduces 
the usage of chemical herbicides that could benefit agriculture by contributing to 
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improve crop yields. Figure 9.3 represents the interactions of weed, pathogen and 
environment for successful biocontrol of HR plants/weeds (Sindhu et al. 2018).

The endophytic bacterial strains B. pumilus, P. brassicacearum, B. methylotro-
phicus, B. amyloliquefaciens and B. cereus were isolated from P. lanceolata and 
U. dioica plant. Isolate Euphorbia helioscopia was found effective against patho-
genic Agrobacterium spp. and Pectobacterium spp. These strains enhanced tomato 
seed germination and plant growth (Krimi et  al. 2016). The capability of 
Stenotrophomonas spp. as a biocontrol agent of plant pathogens has mentioned in 
various systems such as monocot and dicot crops as hosts. S. maltophilia strain C3 
has a remarkable high hydrolytic potential. These species were found to be a prom-
ising source of various enzymes such as glucanases, DNases, chitinases, RNases, 
lipases, proteases and laccases (Berg et al. 1996; Galai et al. 2009; Islam 2011). The 
property of chitinolytic and proteolytic activity in S. maltophilia contributes to its 
biocontrol activity (Zhang and Yuen 1999; Zhang et al. 2001). P. fluorescens ISR 34 
and Bacillus sp. ISR 37 isolated from P. hysterophorus inhibit downy mildew of 
pearl millet caused by Sclerospora graminicola by developing antimicrobial com-
pounds or phytoalexins (Chandrashekhara et al. 2007). Thus, the endophyte screen-
ing for herbicidal (weedicide) properties should carry out to endorse the potentials 
in weed control. Screening of host-specific and non-host-specific phytotoxins as 
bioherbicides from pathogenic and non-pathogenic microbes (bacteria/fungi) may 
provide the new herbicides with novel characteristics. An array of these phytotoxins 
are identified form the weed microbes, viz. curvulins, eremophilanes, maculosin, 
ophiobolin, zinniol, AAL-toxins, AK-toxins and AM-toxins. Mycoherbicides are 
commercially developed for control of weed and for foliar application (curve sur-
face of leaf/plant). A total of 14 fungi and one bacterium had been registered as 
bioherbicides in Canada, the Netherlands, China, Japan, South Africa and the USA, 
and mode of action of each biocontrol agent varies based on the type of 

Fig. 9.3 Interaction 
between weed, pathogen 
and environment
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microorganisms. These herbicides range from simple compounds (cyanide and 
organic acids) to complex molecule (plant growth regulators and secondary metabo-
lites) such as auxins and ethylene (Sindhu et al. 2018). Several biocontrol agents 
have registered under the trade names of DeVine®, Collego™ and BioMal™. The 
mycoherbicide named DeVine® (Phytophthora palmivora) has been used against 
strangler vine (Morrenia odorata) that targets mainly the basal stems and the seed-
ling roots and thereby promotes anthracnose (a plant disease involving lesions, 
necrosis and hypoplasia). AAL-toxin, a natural metabolite of Alternaria alternata f. 
sp. lycopersici pathogen, has been patented as herbicides against a range of crops 
and weeds species (Kennedy 1999; Kennedy and Kremer 1996). Furthermore, a 
biological control agent must have the following properties: (1) the microorganism 
must specifically target the weed and should not have any negative impact on the 
crop, environment and human life, (2) the microorganism should grow in larger 
mass, (3) the microorganism must be genetically stable and (4) it should kill a sig-
nificant percentage of weed and should be stable at any environmental conditions. 
Several bacteria, fungi and some virus-based bioherbicides have been developed 
and registered till today (Trognitz et al. 2016).

5  Conclusion

Weed management plays a crucial role in preventing economic loss in agriculture. 
The review highlighted the potential role of endophytes in various kinds of biotic 
and abiotic stress tolerance conditions. Several findings support the statement that 
the plant along with their endophyte has a maximum survival rate than that which 
lacks such kind of mutual interaction. Certain endophytes have shown some antago-
nistic effects on the non-host plants as well, and such inhibitory effect of microbes 
can be used to control weeds for sustainable agriculture practices. Also, it has seen 
that excess use of herbicides resulted in the pollution of soil and water bodies. Soil 
pollution leads to the soil infertility that can hamper agricultural processes. In recent 
studies, it has shown that certain free-living rhizospheric microbes and endophytes 
possess the ability to degrade herbicide and thus are promising species in biominer-
alization and phytoremediation. Moreover, excess of herbicides can give rise to the 
herbicide-tolerant weed or plant species; however, the role of endophytes in herbi-
cide tolerance in weeds and plants has been shadowed. Different factors can influ-
ence the HR evolution in weed and plants which are genetic (type/frequency/number 
of resistance gene), the biology of weed (seed production capacity and longevity in 
soil), type of herbicide (chemical structure, residual activity and action site), crop 
rotation, environmental conditions and herbicide dose. Regardless of all these rea-
sons, biochemical and agroecological research has still desired to understand the 
causes and consequences of herbicide resistance in weeds and crops, as well as to 
design the strategies for weed management.
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1  Introduction

The plant can interact with surrounding microflora either positively or negatively 
(Glick 2020b). The positive interaction occurs when adjacent microorganisms can 
stimulate plant growth and fortify plant health; however, the negative interaction can 
intervene rarely due to man-made disturbance in natural vegetation (Schippers 1992). 
The negative interaction of some microorganisms with plants leads to the reduction 
of plant growth and induction of a relative fault in some/all biological and physiologi-
cal activities in plants. This dramatically results in a classical phenomenon called 
plant disease (Agrios 2005). Disease development in plants is among several factors 
that cause a reduction in crop yield and quality of agricultural products and corrup-
tion of cereal crops (Singh et al. 2019). To deal with such serious threats against our 
economic crops, several approaches have been applied to eliminate or alleviate the 
damages caused by those diseases such as chemical approach by using pesticides as 
the prime tactic in this concern (He et al. 2016). In contrast, an indiscriminate use of 
these synthetic chemicals by agricultural producers resulted in rising several draw-
backs like development of phytopathogens resistance toward such chemicals, the 
high costs of using these chemicals in the agricultural sector, and their residues’ great 
risk on the environment and human being soundness (Compant et al. 2005; Fortunati 
et al. 2019; Lamichhane et al. 2018). Therefore necessity arises to looking for another 
management approach that is safe to non- target organisms, sustainable, and highly 
recyclable and has fewer costs than chemical pesticides (Fortunati et  al. 2019; 
Wyckhuys et al. 2019). Interestingly some microorganisms that have positive interac-
tions with plants have also the capability to suppress soil-borne pathogens through 
the exploitation of many mechanisms, and such competence can be used as an envi-
ronmentally friendly means to manage those kinds of plant diseases. This type of 
management approach is termed as a biological control (Akhtar and Siddiqui 2011; 
Siddiqui 2006). Generally, bacterial species that can effectively colonize the plant 
roots or rhizosphere, stimulate plant growth, and strengthen plant health besides their 
ability to suppress plant disease are named plant growth-promoting rhizobacteria 
(PGPR) (Glick 2012; Olanrewaju et  al. 2017). PGPR can provide the plants with 
those benefits in two ways, directly and indirectly (Köhl et  al. 2019). Direct way 
represents the direct antagonistic effect of those bacteria against plant pathogens, and 
this can be attained whether by contrariness or nutrient uptake competition, infection 
site colonization, and physical niche occupation (Pal and Gardener 2006). While 
indirect interaction involves plant resistance induction toward phytopathogens and 
growth facilitation of plants (Prasad et al. 2015; Vos et al. 2015). This chapter high-
lights PGPR’s role in the biological management of plant diseases.

2  Biological Management Approaches of Plant Diseases: 
An Overview

Biological control, in its broad definition by Raymaekers et al. (2020), is the use of 
living organisms (plants, animals, and microorganisms) or their secreted compounds 
or even their biological extracts for suppressing or mitigating phytopathogen growth 
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and proliferation. This definition elaborated that we can employ three levels of bio-
logical management of plant diseases. The first one uses the whole organism 
whether it is an animal, plant, or microorganism; for instance, there are many inves-
tigations reported on application of nematodes as biological agents against phyto-
pathogenic fungi due to their ability to feed on those fungal pathogens (Askary 
2010; Chen and Ferris 2000; Ishibashi and Choi 1991; Okada 2001). Parallel to this, 
intercropping/cultivar mixtures approach (recently termed as biocontrol plants) is a 
useful means for reducing exposed plant area to phytopathogen inoculum in the 
field particularly in case of foliar diseases (Almoneafy 2006; Parolin et al. 2014; 
Vidal et al. 2020). Furthermore, microorganisms (fungi, bacteria, and viruses) were 
widely exploited in plant disease biological control, and they proved their profi-
ciency to lessen the severe effect of diseases on plants in many studies (Almoneafy 
et al. 2012, 2014; Frampton et al. 2014; Horinouchi et al. 2007; Kering et al. 2019; 
Oskiera et al. 2015). The second direction in the biological management of phyto-
pathogens is with the use of secreted compounds obtained from living organisms 
that revealed antimicrobial activities against plant pathogens; in this regard, antimi-
crobial peptides have been regarded as plant protectant products. These peptides 
have a short sequence with usually less than 50 amino acid residues (Montesinos 
2007). Plants, insects, marine invertebrates, bacteria, amphibians, and mammals 
could secrete their derivatives as the first defensive line against deleterious micro-
bial invasion (Toke 2005). Many kinds of research have demonstrated the antimi-
crobial effect of these bioactive compounds in bacteria (Ahsan et al. 2017; Ongena 
and Jacques 2008; Raaijmakers et al. 2006; Sarwar et al. 2018), plants (Lay and 
Anderson 2005), and animals (Zasloff 2002, 2019). The third way in this control 
approach includes the application of biological extracts gained from living organ-
isms to diseased plants to reduce/mitigate disease incidence. Although most litera-
ture concerned with this approach focused on using and even formulating bioactive 
constituents extracted from plants to control phytopathogens (Borges et al. 2018; 
Osorio et al. 2010; Simonetti et al. 2020; Uppal et al. 2008). However, many studies 
have reported on the biocontrol activities of biological extracts of other organisms 
such as yeast (Zhang et al. 2020c), fungi (Tomas-Grau et al. 2020), and seaweed 
(El-Sheekh et al. 2020). Likewise, chitosan (a chemical treatment derivative of chi-
tinous shell of crustaceans) was widely used to prevent plant diseases as a biocon-
trol agent (Almoneafy et al. 2014; Kakar et al. 2014; Lin et al. 2020; Prasad et al. 
2020; Vanti et al. 2020; Zhang et al. 2020d).

3  The Most Documented Species of PGPR for the Biological 
Management of Plant Diseases

Investigators on PGPR research are constantly working either to unravel novel spe-
cies or to verify new features found in pre-discovered species. However, several 
PGPR species are frequently mentioned in relevant literatures on this topic. In this 
section, we will discuss to some extent the role of the most documented PGPR spe-
cies in the biological control of plant diseases.
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3.1  Bacillus and Related Species

In agricultural systems, the Bacillus genus is aerobic, ubiquitous, and endospore- 
forming bacteria. Native populations of this genus occur abundantly in most soils of 
the rhizosphere and colonize various parts of the plants inconsistently (Kloepper 
et  al. 2004; Mahaffee and Kloepper 1997). Recently, due to its advantages over 
other PGPR strains, Bacillus spp. have gained a great deal of attention in inoculant 
formulations, stable rhizosphere soil conservation, and improved sustainability 
potential for agriculture (Saxena et al. 2020).

The ability to generate a broad range of suppressive structural components con-
tributes to host defense response and spore formation, making them one of the best 
candidates for efficient plant disease control, making it easier to formulate their 
commercial products (Andrić et al. 2020; Fan et al. 2017; Fira et al. 2018; Francis 
et al. 2010; Köhl et al. 2019). Antimicrobial activities of Bacillus species are well 
reported in a large number of related studies; some of the recent Bacillus biocontrol 
activity-related studies are summarized in Table 10.1. The distinctive characteristic 
of Bacillus subtilis strains is that approximately 4–5% of their entire genome is 
devoted to secondary metabolites synthesis with a wide range of antagonistic capa-
bilities (Stein 2005). Similarly, a Bacillus amyloliquefaciens FZB42 genome 
sequence analysis has shown that approximately 8.5% were dedicated to the pro-
duction of secondary antimicrobial metabolites (Chen et al. 2007). Latterly, some 
isolates such as FZB42, QST713, or SQR9, previously referred to as Bacillus sub-
tilis or Bacillus amyloliquefaciens, have been reclassified as Bacillus velezensis 
illustrating the plant-associated model species Bacillus (Dunlap et  al. 2016; Fan 
et  al. 2017). Plant-associated bacillus species maintain their high potential as a 
strong competitor in the rhizosphere niche by either emitting a vast range of volatile 
compounds or synthesizing secondary soluble bioactive metabolites. Regarding 
volatile compounds, Kai (2020) reported that about 231 volatiles have been investi-
gated to date; some are exclusive for certain Bacillus isolate with non-antimicrobial 
capabilities, while others are more generally involved with antimicrobial activities. 
Whereas bioactive secondary metabolites secreted by Bacillus may be either ribo-
somally synthesized and modified after translational processes, such as bacteriocins 
and lantibiotics, or produced enzymatically by multimodular mega-enzymes, as 
with polyketides (PK), dipeptides or cyclic lipopeptides (Fig. 10.2, Caulier et al. 
2019; Fira et al. 2018; Kaspar et al. 2019; Rabbee et al. 2019). There are several 
functions of Bacillus volatiles and secondary metabolites. First is their contribution 
in direct antagonism with phytopathogens, second is their capability to induce host 
systemic resistance, and third is their association with Bacillus efficient root coloni-
zation and biofilm formation (Fig. 10.1) (Caulier et al. 2019; Fan et al. 2018; Kai 
2020; Nayak et al. 2020; Rabbee et al. 2019).
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3.2  Pseudomonads

The Pseudomonas genus contains more than 100 species with many known plant- 
associated microbes that support plant growth and conquer plant disease (Nelkner 
et  al. 2019). Plant-associated bacteria in this genus are aerobic, gram-negative, 
widespread in agricultural soil, and well suited for growth in the rhizosphere (Höfte 

Bacillus spp non-ribosomally cyclic lipopeptides and ribosomally peptides:

Fengycin Surfactin A Iturin A

Bacillaene Bacilysin Bacillomycin D

Subtilosin Subtilin

Zwittermicin A Mycosubtilin

Some bioactive metabolites produced by Pseudomonas spp.:

Phenazine-1-carboxylate Pyoluteorin Pyrrolnitrin

Fig. 10.2 The chemical structures of some antibiotics that are produced by different PGPR bio-
control agents. Some parts in this figure are created with Biorender.com

A. A. Almoneafy et al.
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and Altier 2010; Mulet et al. 2010). The biocontrol capacities of Pseudomonas spe-
cies associated with the rhizosphere have been widely investigated (Omoboye et al. 
2019; Oni et al. 2015; Stringlis et al. 2018). Pseudomonas spp. pose many special 
properties which makes them suitable means for biological management of plant 
disease including their ability to (1) grow fast and their tendency for mass produc-
tion; (2) nourish many kinds of root exudates and rapidly utilize them besides their 
capability to utilize a diverse range of available organic molecules in different 
niches as a source of energy; (3) colonize effectively spermosphere, rhizosphere, 
and phyllosphere; (4) compete effectively with other microorganisms for niche and 
nutrients due to their production of a wide range of antagonistic metabolites; and (5) 
acclimatize easily and broadly with different environments (Höfte and Altier 2010; 
Weller 2007). Pseudomonas spp. in general and Pseudomonas fluorescens in par-
ticular are extremely heterogeneous; for instance, sequencing of three Pseudomonas 
fluorescens strains revealed that they share about 60–64% of their genome, while a 
large fraction of their proteome (1146–1574 genes) is unique for each strain (Gross 
and Loper 2009).

Pseudomonas strains compete for ferric iron in an iron-deficient environment 
such as soil as most of them contain complex peptide siderophores (i.e., pyover-
dines). Such siderophores are used for catching iron from the soil, and specific 
receptors in the bacterial outer membrane can recognize and take up the resulting 
siderophore-Fe complex. Subsequently, Pseudomonas siderophores enable them to 
colonize diverse ecological niches and to compete with pathogens for iron success-
fully (Haas and Défago 2005; Morrissey et al. 2004).

Moreover, plant-beneficial pseudomonads are extensively reported for their high 
capacity to produce several antibiotic compounds that have been comprehensively 
elaborated by Morrissey et al. (2004) and Raaijmakers et al. (2002). However, Haas 

Fig. 10.1 Tripartite interaction between plant, PGPR, and phytopathogens in the rhizosphere. 
Some parts in this figure are created with Biorender.com
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and Défago (2005) demonstrated six classes of Pseudomonas antibiotic compounds 
as the most experimentally verified for their bioactivity against soil-borne patho-
gens including pyrrolnitrin, phloroglucinols, pyoluteorin, phenazines, cyclic lipo-
peptides (diffusible compounds; Fig. 10.2), and hydrogen cyanide (HCN; volatile 
compound). Another way for biocontrol activity of plant-beneficial Pseudomonas is 
represented with their capability to induce defense response in the plant (Alizadeh 
et  al. 2013; Bakker et  al. 2007; Couillerot et  al. 2009; Höfte and Altier 2010; 
Morrissey et al. 2004; Oni et al. 2015; Ran et al. 2005). As biocontrol agents, the 
key disadvantage of Pseudomonas is their inability to develop endospores (as many 
Bacillus spp. do), which makes the formulation of these bacteria relatively difficult 
for commercial purposes (Weller 2007). Some of the recent studies related to 
Pseudomonas biocontrol efficacy against different plant pathogens were compiled 
in Table 10.2.

3.3  Streptomyces

Streptomyces is a group of thread-like (fungi-like), gram-positive, non-motile, non- 
acid- fast, aerobic, and positive catalase bacteria (Flärdh and Buttner 2009; 
Gopalakrishnan et al. 2020; Hasani et al. 2014). This genus with its peculiar terres-
trial smell, high G+C (≈75%) in its DNA, and its large genomes is the most abun-
dant in soil bacteria and actinomycetes that make up approximately 10% of the total 
soil microbial flora (Gopalakrishnan et al. 2020; Janssen 2006). Likewise, other soil 
microorganisms and their population are interacting negatively or positively with 
plants, and even part of them are free-living within the soil (Rey and Dumas 2017; 
Seipke et al. 2012). Since they can produce a wide variety of secondary bioactive 
metabolites, like antibiotics (more than two-thirds of the antibiotics discovered are 
totally or mainly produced by this bacteria), they have been used as commercial 
biocontrol products in agriculture, in addition to their involvement in the pharma-
ceutical industry (Luo et al. 2016; Peláez 2006). Streptomyces are reported to be 
able to degrade organic matter, solubilize phosphate, and produce organic acids, 
siderographs, and phytohormones beside their antimicrobial activities toward phy-
topathogens (Gonzalez-Franco and Hernandez 2009; Law et al. 2017; Passari et al. 
2015). In the regard of biocontrol capability of Streptomyces, several Streptomyces-
based biocontrol agents (secondary metabolites) are commonly used to manage 
plant diseases and insects, including blasticidin, kasugamycin, streptomycin, oxy-
tetracycline, validamycin, polyoxins, natamycin, actinovate, mycostope, abamec-
tin/avermectin, emamectin benzoate, polynactin, and milbemycin (Aggarwal et al. 
2016; Flärdh and Buttner 2009). For their highly specific, readily degradable, and 
less environmentally toxic properties, these bioactive compounds are preferable, 
and these secondary metabolites are essential for effective competition with other 
microorganisms that come into contact (Aggarwal et al. 2016; de Lima Procópio 
et al. 2012; Gopalakrishnan et al. 2020). Moreover, Streptomyces can produce cell 
wall lytic enzymes such as chitinase, cellulase, protease, lipase, and β-1,3- glucanase 
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Table 10.2 Biocontrol determinants of plant-beneficial Pseudomonas against some plant disease- 
causing agents

PGPR strain
Delivery 
method Targeted pathosystem

Biocontrol 
determinants References

Pseudomonas 
chlororaphis 
ToZa7

Seed 
treatment

Tomato—Fusarium 
oxysporum f. sp. 
radicis-lycopersici

Pathogenesis-related 
(PR) genes PR-1a 
and GLUA 
upregulation + root 
colonization

Kamou et al. 
(2020)

Pseudomonas 
chlororaphis 
subsp. 
aurantiaca 
Pcho10

Spraying with 
PGPR cell 
suspension

Wheat—Fusarium 
graminearum

Phenazine-1- 
carboxamide (PCN) 
production

Hu et al. 
(2014)

Pseudomonas 
spp.

Soil and 
seedling 
treatment 
with crude 
CLPs PGPR 
extracts

Rice—Magnaporthe 
oryzae

Induction of host 
resistance (ISR) by 
cyclic lipopeptides 
(CLPs)

Omoboye 
et al. (2019)

Pseudomonas 
putida BP25

Seed 
treatment

Rice—Magnaporthe 
oryzae

Alter morphological 
change in 
roots + enhancing 
peroxidase and total 
phenol activities in 
rice

Ashajyothi 
et al. (2020)

Pseudomonas 
orientalis F9

Treatment 
with PGPR 
cell 
suspension on 
to the 
hypanthium 
of flowers

Apple—Erwinia 
amylovora

Competition 
potential for 
resources and space

Kron et al. 
(2020)

Pseudomonas 
fluorescens 
UM16, 
UM240, 
UM256, and 
UM270

Seedling 
treatments

Medicago truncatula—
Botrytis cinerea

Diffusible volatile 
organic compounds

Hernández- 
León et al. 
(2015)

Pseudomonas 
aeruginosa 
PM12

Soil 
drenching 
with HMB

Tomato—Fusarium 
oxysporum

Production of ISR 
determinant (HMB)

Fatima and 
Anjum 
(2017)

Pseudomonas 
aeruginosa 
BRp3

Seed dipping Rice—Xanthomonas 
oryzae pv. oryzae

Several secondary 
metabolites and 
defense-related 
enzymes

Yasmin et al. 
(2017)

P. fluorescens 
PICF7

Soil treatment Arabidopsis thaliana—
Verticillium dahliae Kleb

Induction of 
systemic resistance

Maldonado- 
González 
et al. (2015)

(continued)
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Table 10.2 (continued)

PGPR strain
Delivery 
method Targeted pathosystem

Biocontrol 
determinants References

P. 
chlororaphis 
ssp.
aureofaciens 
M71

Wound 
bacterization

Cypress—Seiridium 
cardinale

Phenazine-1- 
carboxylic acid 
(PCA) production

Raio et al. 
(2017)

Pseudomonas 
chlororaphis 
PCL1606

Root 
bacterization

Avocado—Rosellinia 
necatrix

2-hexyl, 5-propyl 
resorcinol (HPR) 
production

Calderón 
et al. (2014)

Pseudomonas 
sp. Ps14

Soil treatment Cucumber—Fusarium 
oxysporum f. sp. radicis 
cucumerinum + A. 
thaliana, Botrytis cinerea

Activation of 
systemic resistance

Alizadeh 
et al. (2013)

P. aeruginosa 
2apa

Seed 
immersion

Tomato foliar pathogens Systemic resistance 
activation, 
accumulation of 
phenolics, 
elicitation of 
lipoxygenase 
activity

Hariprasad 
et al. (2014)

Pseudomonas 
spp.

Seed 
treatment

Bean—Xanthomonas 
axonopodis pv. phaseoli

Root colonization Giorgio et al. 
(2016)

Pseudomonas 
strain Psd

Seedling 
treatment 
with pathogen 
spore 
suspension 
mixed with 
PGPR culture 
extract

Tomato—Fusarium 
oxysporum + Verticillium 
dahliae

Bioactivity of small 
RNAs (RsmX, 
RsmY, and RsmZ)

Upadhyay 
et al. (2017)

Pseudomonas 
fluorescens 
SBW25

Dual culture Potato—Streptomyces 
scabies + Phytophthora 
infestans

Production of HCN 
and cyclic 
lipopeptides (CLPs)

Stefanato 
et al. (2019)

Pseudomonas 
putida RRF3

Root 
inoculation

Rice—PGPR interaction Salicylic acid 
(SA)-mediated 
defense signaling 
mechanism in rice

Kandaswamy 
et al. (2019)

Pseudomonas 
fluorescens 
(P142)

Seed 
immersion

Tomato—Ralstonia 
solanacearum (B3B)

Priming plant 
defense response 
against bacterial 
wilt

Elsayed et al. 
(2020)

Pseudomonas 
putida MGP1

Fruit dipping 
with PGPR 
cell 
suspension

Papaya—Phytophthora 
nicotianae

ISR by activation of 
defense 
enzymes + PR1, 
NPR1

Shi et al. 
(2013)

Pseudomonas 
putida NH-50

Soil 
drenching

Sugarcane—Glomerella 
tucumanensis

Production of 
pyoluteorin 
antibiotic

Hassan et al. 
(2011)
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in addition to the lignocellulolytic enzymes (Bhattacharya et al. 2009; Chamberlain 
1997; Singh et  al. 1999). Although Streptomyces spores are more sensitive to 
adverse conditions than Bacillus species endospores, they can survive and remain 
dormant for long periods under desiccated conditions (Filippova et al. 2005; Flärdh 
and Buttner 2009). This added advantage is also appropriate and necessary for the 
successful bioformulation of these microorganisms. Streptomyces-based biocontrol 
agents are usually formulated and applied as culture extract, spore suspension, 
emulsifiable concentrate, wettable powder, and wettable granules (Aggarwal et al. 
2016; Arul Jose et al. 2013; Tamreihao et al. 2016). Several recent investigations 
concerned with the application of Streptomyces-based biocontrol agents in agricul-
ture are given in Table 10.3.

4  Involved Mechanisms in the Biocontrol Activities 
of PGPR Species

A great deal of research has been accomplished to understand and elucidate the 
complex tripartite interactions between plants, pathogens, and PGPR. On the way to 
comprehend such interaction, many related mechanisms have verified and catego-
rized into direct antagonistic mechanisms and indirect ones (Vos et al. 2015). Four 
biocontrol bioactivities are primarily based on PGPR direct antagonistic mecha-
nisms including:

 1. Parasitism of hyphae by certain Streptomyces strains, which is aided by secretion 
of lytic enzymes (e.g., chitinases and β-1,3-glucanases) (Singh and Gaur 2016)

 2. Delivery of a significant number of non-volatile and/or volatile allelochemical 
inhibitors (antibiotics) such as iturin, butenolides, pyrones, siderophores, terpe-
noids, and peptaibols (Cao et al. 2018; Hou and Kolodkin-Gal 2020; Salwan and 
Sharma 2020)

 3. Ecological niche or substrate competition which results in reduced pathogen 
infection pressure (Bloemberg and Lugtenberg 2001; Dobbelaere et al. 2003)

 4. Interference with bacterial pathogen quorum sensing by secretion of specific 
enzymes which can degrade N-acyl homoserine lactones (AHLs), a bacterial 
quorum-sensing regulating molecule, such activity called as quorum quenching 
(Boyer et al. 2008; Dong et al. 2002; Kumar et al. 2011)

Inversely, indirect antagonisms related mechanisms arise from activities that do 
not include any physical interaction between PGPR and pathogen in inducing of 
host systemic immune (Bakker et  al. 2007; Kloepper et  al. 2004; Pieterse et  al. 
2014). Further discussion with some additional details on these biocontrol involved 
mechanisms is presented below.
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Table 10.3 Streptomyces-based biocontrol agents and their biocontrol involved activities against 
some plant disease-causing agents

PGPR strain Delivery method
Targeted 
Pathosystem

Biocontrol-involved 
activity References

Streptomyces 
sp. MBFA-172

Spray with PGPR 
spore suspension

Strawberry—
Glomerella 
cingulata

Effective colonization of 
aboveground plant parts

Marian 
et al. 
(2020)

Streptomyces 
palmae 
CMU-AB204T

Mixing spore 
suspension or 
spores 
encapsulating 
alginate beads with 
soil

Palm oil—
Ganoderma 
boninense

Production of bioactive 
compounds, i.e., 
actinopyrone A (1), 
anguinomycin A (2), and 
leptomycin A (3)

Sujarit 
et al. 
(2020)

Streptomyces 
jietaisiensis 
strain A034

Root treatment with 
a spore suspension

Chili—
Meloidogyne 
incognita

Reduction of egg mass 
and decrease in the 
number of J2 of nematode

Ruanpanun 
and 
Nimnoi 
(2020)

Streptomyces 
pactum Act12

Soil and seedling 
treatment

Tomato—
Phelipanche 
aegyptiaca

Inhibition of seed 
germination and germ 
tube 
elongation + reduction of 
parasitic plants emergence 
in greenhouse and field 
trials

Chen et al. 
(2020a)

Streptomyces 
badius gz-8

Incorporation of 
dinactin with 
culture media of 
pathogen + Leaves 
spraying with 
dinactin

Rubber—
Colletotrichum 
gloeosporioides

Dinactin inhibited 
conidial formation and 
germination and decreased 
the spread of disease spots 
on the rubber leaves

Zhang 
et al. 
(2020a)

Streptomyces 
rubrogriseus 
HDZ-9-47

Soil treatment Tomato—
Meloidogyne 
incognita

Reduction of root 
galls + enrichment of 
beneficial 
microbes + reduction of 
certain soil-borne fungal 
phytopathogens

Jin et al. 
(2019)

Streptomyces 
sp. CNS-42

Soil treatment with 
mycelia suspension

Cucumber—
Fusarium 
oxysporum f. sp. 
cucumerinum

Reduction of disease 
index due to production of 
bioactive compound 
staurosporine

Li et al. 
(2014)

Streptomyces 
sp. DHV3-2

Soil treatment with 
mycelia suspension

Tomato—
Verticillium 
dahliae

Significant reduction of 
wilt incidence due to 
effective colonization of 
diseased roots by PGPR

Cao et al. 
(2016)

Streptomyces 
sp. MR14

Soil drenching with 
PGPR cells, 
supernatant and 
extract

Tomato—
Fusarium 
moniliforme

Significant destruction of 
Fusarium wilt aided by 
PGPR cells, supernatant, 
and extract application

Kaur et al. 
(2019)

(continued)

A. A. Almoneafy et al.



265

Table 10.3 (continued)

PGPR strain Delivery method
Targeted 
Pathosystem

Biocontrol-involved 
activity References

Streptomyces 
griseorubens 
E44G

Incorporation of 
culture filtrate with 
pathogen PDA 
medium

Tomato—
Fusarium 
oxysporum f. sp. 
lycopersici

Antifungal activity against 
Fusarium by secretion of 
chitinase

Al-Askar 
et al. 
(2015)

Streptomyces 
enissocaesilis

Sunflower—
Orobanche 
cumana

Reduction of seed 
germination + number of 
weed tubercles + increase 
of host polyphenol 
oxidase activity and 
improve beneficial 
microflora

Chen et al. 
(2016a)

Streptomyces 
anulatus S07

Soil treatment with 
S07 wheat/sand 
inoculum

Wheat—cereal 
cyst nematode

Significant drop in female 
nematode population 
densities

Zhang 
et al. 
(2016)

Streptomyces 
blastmyceticus 
JZB130180

Fruit injection with 
PGPR fermentation 
broth

Peach—
Monilinia 
fructicola

Antifungal activity due to 
secretion of bioactive 
compounds, i.e., chitinase, 
protease, cellulase, 
siderophores

Ni et al. 
(2019)

Streptomyces 
alboflavus 
TD-1

Pathogen culture 
treated with TD-1 
wheat bran culture 
by two inverse 
face-to-face Petri 
dishes assay

Aspergillus 
flavus

Causing antifungal 
activity and 
downregulation of 
aflatoxin B1 biosynthesis 
genes

Yang et al. 
(2019)

Streptomyces 
palmae PC 12

Spraying rice 
seedlings with 
PGPR spore 
suspension

Rice—
Pyricularia sp.

Significant reduction in 
disease severity due to 
effective foliar PGPR 
colonization and secretion 
of cell wall degrading 
enzymes

Chaiharn 
et al. 
(2020)

Streptomyces 
sp. 
NEAU-HV9

Seedling root 
dipping with PGPR 
suspension

Tomato—
Ralstonia 
solanacearum

Effective disease 
suppression attributed to 
actinomycin D production

Ling et al. 
(2020)

Streptomyces 
sp. 
HAAG3-15

Soil drenching with 
PGPR spore 
suspension

Cucumber—F. 
oxysporum f. sp. 
cucumerinum

Decrease of disease 
severity and 
incidence + production of 
azalomycin B

Cao et al. 
(2020)

Streptomyces 
sp. PBSH9

Seed treatment was 
more effective than 
other delivery 
methods

Potato—
Streptomyces 
galilaeus

Disease control up to 81% 
in greenhouse and 
between 47.64% and 
73.97% in 3-year field 
trials

Zhang 
et al. 
(2020b)

(continued)
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4.1  Direct Antagonistic Mechanisms

4.1.1  Parasitism

Parasitism is the connection between two species of organisms in which one profits 
to the detriment of another, often without harming the host organism (Lewin 1982). 
Our concern with parasitism is the ability of biocontrol agents to parasitize phyto-
pathogens, which is called hyperparasitism. The classical example in this regard is 
an obligate parasitic relationship between bacterial species Pasteuria penetrans and 
root-knot nematodes (Chen and Dickson 1998; Davies et al. 1988; Lewin 1982). 
However, there is also a facultative parasitism in the case of Streptomyces bacteria 
on some fungal phytopathogens (Chen et al. 2016b; Tapio and Pohto-Lahdenperä 
1991; Ziedan et al. 2010). Streptomyces isolate CC53 showed mycoparasitic activ-
ity against Sclerotium rolfsii, represented in coiling of CC53 filaments around 
pathogen hypha and spore proliferation resulting finally in the destruction of a 
pathogen (Singh and Gaur 2016). Similarly, Ziedan et al. (2010) reported hyper-
parasitism of Streptomyces alni on Fusarium oxysporum by inhibition of fungal 
growth colonization over pathogen hypha and suppression of conidia formation. As 
mentioned before, Streptomyces’s mycoparasitic capability was attributed to their 
cell wall degrading enzyme (e.g., chitinases and β-1,3-glucanases) production, 
since these enzymes initiate the physical destruction of the fungal cell wall 
(González-Franco and Robles-Hernandez 2009; Shrivastava et al. 2017).

Table 10.3 (continued)

PGPR strain Delivery method
Targeted 
Pathosystem

Biocontrol-involved 
activity References

Streptomyces 
sp. LH4

Treatment plants 
with cultured 
PGPR

Cucumber—
Sclerotinia 
sclerotiorum

Induction of disease 
resistance due to 
modulation of jasmonic 
acid and salicylic acid 
defense-related hormones

Mun et al. 
(2020)

Streptomyces 
sp. AgN23

Plants spraying 
with PGPR culture 
broth

Arabidopsis 
thaliana—
Alternaria 
brassicicola

Colonization of host 
phyllosphere + induction 
of resistance by 
biosynthesis of salicylic 
acid

Vergnes 
et al. 
(2019)

Streptomyces 
katrae NB20

Fruits soaking with 
PGPR cultural 
suspension

Banana—
Colletotrichum 
musae

Reduction of disease 
severity and pathogen 
conidial germination

Shu et al. 
(2017)

Streptomyces 
JD211

Soil mixing with 
PGPR powder 
formulation

Rice—
Magnaporthe 
oryzae

Increased defensive 
enzyme activities and the 
expression of PR1 genes

Shao et al. 
(2018)
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4.1.2  Nutrient and Spatial Competition

Limited and specific nutrients and spaces in the rhizosphere-associated surfaces 
lead to severe competition and even exclusive selection of the resident population of 
soil microbes for these essential requirements (Ab Rahman et al. 2018; Ram et al. 
2018). The competence of biocontrol agents in the rhizosphere requires a high 
potential of effective root colonization by native microflora (Whipps 1997, 2001). 
Effective root colonization can be achieved through three essential factors that must 
include in PGPR biocontrol agent; firstly Efficient competitors should be able to 
thrive and proliferate in the presence of a great diversity of microorganisms and 
phytopathogens via the metabolism of seed and root exudates, along with the plant 
roots, for a considerable time. Secondly, they should produce bioactive compounds 
that can inhibit the growth of a broad spectrum of neighboring microorganisms 
(Fukui et al. 1994). Thirdly, they should have the capability for biofilm formation 
along with their colonized niche; this ability enables them to establish an operative 
physical barrier that prevents any chemical or physical communications between 
colonized surfaces and other competitors (Davey and O’Toole 2000). Many studies 
reported that there are genetic and environmental criteria controlling the coloniza-
tion process between plant roots and PGPR biocontrol agents (Bishnoi 2015; Bruto 
et al. 2014; Barriuso et al. 2008). For instance, root exudates could become a selec-
tive substrate for the stimulation of certain groups of microorganisms but not others. 
This can be attained by the fact that the exudates are more favorable to certain 
microorganisms than others are or that the exudates are toxic to other groups of 
microflora so that the enzyme of the colonizers is appropriate for the detoxification 
of these phytotoxic materials (Bais et al. 2004). Moreover, it is found that rice root 
exudates induce a stronger chemical response of endophytic bacteria than other 
rhizobacterial organisms (Bacilio-Jiménez et al. 2003). On the other side, rhizobac-
teria use several metabolic approaches such as glucose extracellular conversion to 
gluconic acid and 2-ketogluconic acid that effectively allow certain bacteria, like 
many Pseudomonas species, to conceal glucose and therefore provide a competitive 
advantage over other microorganisms without their ability to take advantage of 
those compounds (Gottschalk 1986).

4.1.3  Antimicrobial Metabolites (Siderophores, Antibiotics, Lytic 
Enzymes, and Volatile Organic Compounds)

The antimicrobial activity of PGPR biocontrol agents is the most significant mecha-
nism used to suppress plant pathogens to harm the plant (Handelsman and Stabb 
1996). This activity is attributed to the action of three types of rhizobacterial bioac-
tive compounds, i.e., siderophores, antibiotics, and volatile organic compounds 
(Glick 2020a).

Siderophores are ferric-ion high-affinity, low-molecular mass compounds syn-
thesized by siderophores producing PGPR (Chaiharn et  al. 2009; Glick 2020a). 
These compounds can effectively chelate with Fe3+ ion found in the soil and take it 
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back to the PGPR bacterial cell which can attach with bacterial membrane receptor 
and used for bacterial growth (Glick 2020a). Consequently, PGPR siderophores will 
bind with a large part of the limited concentration of soil Fe3+ ion and prevent sur-
rounded phytopathogens (their siderophores have lower iron affinity than PGPR 
siderophores) from acquiring this ion sufficiently for their growth and proliferation. 
While the host plant is less effected with the iron-limited situation in soil than phy-
topathogens, also it can uptake the ferric-siderophore complexes and release their 
reductive iron for use in plant growth (Fig. 10.3; Ghosh et al. 2020; Glick 2020a).

PGPR antibiotics are secondary bioactive metabolites produced by PGPR bio-
control agents to suppress the growth of other competitor microorganisms as well as 
phytopathogens; they are synthesized either ribosomally or non-ribosomally in 
PGPR bacterial cells and secreted in their adjacent niche (Hou and Kolodkin-Gal 
2020; Mavrodi et al. 2006; Tarkka and Hampp 2008).

A considerable number of PGPR-mediated antibiotics are well reported and 
characterized for their antimicrobial effect, chemical structure, and mode of action 
in many related studies such as lipopeptides and bacteriocins of Bacillus, i.e., fengy-
cin, zwittermicin A, and bacillomycin D (Gu et al. 2017; Ongena and Jacques 2008; 
Qin et  al. 2019; Villegas-Escobar et  al. 2018); Pseudomonas, phenazine-1- 
carboxylate, 2,4-diacetylphloroglucinol, pyocyanine, and viscosin (Mavrodi et al. 
2006; Mishra and Arora 2018; Omoboye et al. 2019); and Streptomyces, dioctatin, 
streptomycin, and kasugamycin (Fig. 10.2; Salwan and Sharma 2020; Tarkka and 

Fig. 10.3 Suggested pathways of exertion siderophores, soil iron-chelating, and iron acquisition 
by the plant and how these pathways lead to suppressing soil-borne pathogens by siderophores 
producing PGPR. Some parts in this figure are created with Biorender.com
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Hampp 2008). Such antibiotics have antagonistic interaction with the plant patho-
genic microbes causing fungosis and sporogenic inhibition, disturb the permeability 
of the cellular membrane, damage macromolecules, impede electron transport, and 
lyse fungal hyphae (Haas and Défago 2005; Kannojia et al. 2019; Kenawy et al. 
2019; Niranjana and Hariprasad 2014). It is demonstrated that cyclic lipopeptides 
perform a crucial position in competition with other soil microbes, seeds/root colo-
nization, and formation of biofilm (Nielsen et al. 2005; Raaijmakers et al. 2010; 
Tran et  al. 2007). Another biocontrol activity of PGPR antibiotics, particularly 
under in  vivo conditions, represented the activation of plant systemic resistance 
since low concentrations of these metabolites do not have enough suppressive activ-
ity against plant pathogens in the rhizosphere compared to their high antagonistic 
activity under laboratory conditions (Fernando et al. 2005).

Cellular lytic enzymes (e.g., chitinases and β-1,3-glucanases) are also considered 
as other important antimicrobial substances implicated in the plant pathogen sup-
pression (Frikha-Gargouri et al. 2017; Singh and Gaur 2016). The mode of action of 
these enzymes ranges from the breakdown of fungal cell wall carbohydrates like 
chitin (the chief component in the phytopathogenic fungal cell wall) to the induction 
of some abnormal structures in fungal hyphae like bulges and/or rupture of hyphae 
tip and hyphal curling (Budi et al. 2000). These enzymes are secreted from both 
gram-positive PGPR like Streptomyces spp., B. circulans, B. cereus, and B. licheni-
formis (Sadfi et al. 2001; Singh and Gaur 2016) and gram-negative ones such as 
P. fluorescens, Enterobacter agglomerans, Pseudomonas aeruginosa, and Serratia 
marcescens (Kamensky et al. 2003; Neiendam Nielsen and Sørensen 1999).

Microbial volatiles are signal molecules characterized as having low molecular 
weight with a lipophilic nature, low boiling point, and high vapor pressure in normal 
conditions that are produced by catabolic pathways such as glycolysis and can travel 
through different ecological niches (Fincheira and Quiroz 2018). To date, about 231 
volatile secondary metabolites have been characterized from Bacillus consisting 
mainly of nitrogen-containing compounds, ketones, hydrocarbons, aldehydes, alco-
hols, acids, ester, sulfur, and aromatics (Kai 2020). Similarly, several volatile inhibi-
tory metabolites from Pseudomonas have been reported, like hydrogen cyanide 
(HCN), ketones, alcohols, sulfides, and aldehydes; however, HCN is the major vola-
tile among them (Raza et al. 2016). Due to their eco-friendly properties and long- 
term protective capabilities on crops against plant pathogens, further attention was 
given to PGPR-producing volatiles by researchers (Hernández-León et  al. 2015; 
Yang et  al. 2019). These molecules have been shown to have antimicrobial and 
nematicidal activity and may induce systemic resistance in plants (Audrain et al. 
2015; Fincheira and Quiroz 2018; Naznin et al. 2014).

4.1.4  Quorum Quenching

Several bacterial populations can sense their population density and control gene 
expression by a biological phenomenon called quorum sensing. Quorum sensing 
chemical signals can organize and synchronize many bacterial behaviors, such as 
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microbial interactions and even interactions with their hosts in different environ-
ments (Cornforth et  al. 2014). Quorum-sensing main signal molecules in gram- 
positive bacteria are oligopeptides and substituted gamma-butyrolactones, whereas 
in most gram-negative bacteria, the signal molecules for this phenomenon are 
N-acyl homoserine lactones (AHLs) (Faure et al. 2009). According to Whitehead 
et al. (2001), N-acyl homoserine lactones (AHLs) have been widely investigated as 
the most quorum-sensing regulating molecule. Several biological tools could 
quench the quorum-sensing phenomenon. For instance, many PGPR can produce an 
enzyme named as acyl homoserine lactonase (AiiA) able to degrade AHL mole-
cules by hydrolyzing the lactone ring of these molecules; this enzyme was first 
reported in soil Bacillus isolates by Dong et al. (2000). They confirmed that this 
enzyme was able to inhibit AHL activity and alleviate the virulence of Erwinia 
carotovora. In other investigations, researchers identified two enzyme types which 
inactivate AHLs in several bacterial species/genera, i.e., AHL acylases and AHL 
lactonases, both of which have been shown to inhibit the biological activity of AHLs 
(Zhang and Dong 2004). PGPR quorum-quenching ability was shown to be the 
main biocontrol mechanism against phytopathogens (Molina et al. 2003).

4.2  Indirect Antagonistic Mechanisms

4.2.1  Induced Systemic Resistance

Van Loon et  al. (1998) defined induced systemic resistance (ISR) as a state of 
improved defenses capabilities established by a plant that is exposed to specified 
biological or chemical inducements. In the opposite of the above-pointed mecha-
nisms, ISR need not any physical contact between PGPR biocontrol agent and phy-
topathogen. Two researcher groups (Van Peer et al. 1991; Wei et al. 1991) discovered 
PGPR biocontrol agents as resistance inducers against phytopathogens. The advan-
tages of ISR are its non-specificity for plant disease suppression, while other bio-
logical control activities are used for selected antagonists against only one or a few 
pathogens. For example, Hariprasad et al. (2014) report widespread suppression of 
Pseudomonas aeruginosa strain 2apa against many root and foliar pathogens of 
tomato by inducing systemic resistance in infected plants Several PGPR structural 
or secreted bioactive metabolites were shown to be determinants of ISR such as 
lipopolysaccharides (Van Peer and Schippers 1992), siderophores (Meziane et al. 
2005), salicylic acid (De Meyer et al. 1999), pyochelin and pyocyanin antibiotics 
(Audenaert et al. 2002), 2,4 DAPG (Weller et al. 2004), volatiles (Song and Ryu 
2013), N-acyl homoserine lactone (AHL) (Han et al. 2016), and flagella (Sumayo 
et al. 2013). Moreover, PGPR-related ISR bring about several structural and physi-
ological alterations as defense responses in host plant like reinforcement of cell 
wall, suberization, formation of papillae, increase of defensive enzyme production 
(i.e., polyphenol oxidase and peroxidase), and production of pathogenesis-related 
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proteins, thaumatin-like proteins, PR1, PR-2, chitinase, and β-1,3-glucanase (Raj 
et al. 2012; Van Loon et al. 1998; Zdor and Anderson 1992).

Finally, Glick (2020a) discussed another indirect biocontrol mechanism that alle-
viates the resulting damage of disease in plants by lowering stress ethylene in 
infected tissues at length; he reported that PGPR producing 1-aminocyclopropane- 1-
carboxylate (ACC) deaminase could reduce ethylene levels in both developed and 
stressed plant tissues.

5  Conclusion and Future Insights

PGPR is considered a promised means for sustaining ecological resources in differ-
ent ecosystems particularly those ecosystems found in arid and semi-arid areas. 
Furthermore, these groups of bacteria can be applied as an alternative eco-friendly 
means of synthetic pesticides or at least can involve in integrated pest management 
programs against targeted plant diseases. Those PGPR species with spore formation 
capabilities are more favorable and applicable to low-cost bioformulation with high 
potential for the long shelf life of their products. More studies are still necessary to 
explore many of the ambiguous aspects of PGPR-pathogens-plant interactions. For 
instance, recently, a great interest was directed to the role of melatonin (one of the 
plant hormones) in the mitigation of biotic stress on plants (Moustafa-Farag et al. 
2020). In this regard, it is demonstrated that some PGPR strains can produce mela-
tonin in plants or stimulate the plant to produce endogenous melatonin (Jiao et al. 
2016). So the key question here is to what extent will such melatonin-producing 
PGPR enhance plant resistance to phytopathogens? Based on the fact that root exu-
dates can determine bacterial species in the rhizosphere, it is important to investi-
gate which appropriate means can direct plant ability to exert selective root exudates 
to attract beneficial microorganisms. Few recent research projects have been allo-
cated with the ecological impact of the delivery of PGPR biological agents on rhi-
zosphere microflora, although this concern still has a considerable number of 
obscure facets to uncover. To reduce the performance variability of PGPR biocon-
trol agents, several endeavors could be helpful, such as applying PGPR consortiums 
with different biocontrol determinants or following certain delivery methods or 
even manipulating PGPR strains genetically to improve their biocontrol efficacies. 
As it has non-specific biocontrol activities against plant pathogens, PGPR-mediated 
ISR can be used to protect crops against a wide range of phytopathogens. Eventually, 
despite a few studies carried out with PGPR-plant-pathogen tripartite interactions 
using proteomics and genomic approaches, more research work is needed in this 
regard to clarify the exact role of each component in these interactions, which 
metabolites are involved, and how we can manage these interactions to obtain desir-
able findings.
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1  Introduction

The bioactive compounds, also known as “biologically active compounds”, are 
extra nutritious components found in a minute quantity in various products of plants 
and foods rich in lipids (Cammack et al. 2006). Bioactive compounds are mostly 
formed by microbes and plants, having broad pharmaceutical characteristics includ-
ing cardiovascular, anti-thrombotic, anticancer, antidiabetic, anti-glycaemic and 
antihypertensive (Villaescusa et  al. 2015; Atanasov et  al. 2015; El-Beltagi et  al. 
2018, 2019a, b, c; Hamed et  al. 2019; Aminkhani et  al. 2020), and are used as 
favoured medicines, made synthetically to cure different diseases with minimum 
side effects (Chang et al. 2013). Currently, these are demanded highly in the natu-
ropathy and pharmaceuticals, because of their benefits to plants and human’s health. 
These compounds are synthesized by microorganisms and nearly by few enzymes 
either with plant association or alone. Microbes living inside the tissues of plants are 
called endophytes, producing a wide range of these compounds (Singh et al. 2017).

Endophytes are known to be the class of endosymbiotic microbes which are dis-
tributed widely among the plants and make colonies in intra- or intercellular spaces of 
entire plant parts. They do not cause deceptive disease infection or substantial change 
in morphology (Fouda et al. 2019). Plant endophytes extending from a range of bac-
teria to fungi form a quality class of organic compounds, volatile in nature, and con-
sidered to be significant for the symbiotic relationship development under an 
environment with high competition with their host (Chowdhury et  al. 2015). 
Endophytes spend most of their life inside the tissues of a plant with no visible injury 
or elicitation in any defence reaction in plant host (Liarzi et al. 2016), and they exhibit 
wide-ranging symbiotic relationship with the host plants and different lifestyles, also 
possessing beneficial long-term association to both the host and microbes (Card et al. 
2016). Endophytes could be found in most of the ecosystems while reducing biotic 
and abiotic stressors of plant crops; stimulate immunity responses, excluding patho-
gens of plants by niche competition; and take part in the metabolism of phenylpro-
panoid and antioxidant activities, the activation of which produce defence in plants, 
molecules for survival and structural support (Ek-Ramos et al. 2019).
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Endophytic bacteria have reported with many different useful benefits to their 
host plant including plant metabolism modulation, activity of promoting growth and 
signalling of plant hormones leading to ecological biotic and abiotic stress adapta-
tion. Their use grants special concern for agricultural application development 
ensuring the improved performance of crops under drought, cold, contaminated soil 
and salinity stress conditions and enhanced resistance to disease (Lata et al. 2018).

The need to uplift human lifestyle using advance, new and beneficial compounds 
is ever growing. Despite the advancement in research and so much efforts to cope 
up with many medical problems (appearance of bacterial drug resistance, viruses 
threatening life, enhancement in fungal infections, problems with organ transplant, 
etc.), mankind is still unable to control these problems. Also, mankind faces differ-
ent problems like land and water pollution, environmental degradation and biodi-
versity loss, but more importantly, there are hurdles to produce enough food for 
people in certain parts of the world which has become a threat to human life. The 
endophytic population is greatly affected by climatic conditions and the location 
where the host plant grows. They produce a wide range of compounds useful for 
plants for their growth, protection to environmental conditions, and sustainability, 
in favor of a good dwelling place within the hosts. They protect plants from her-
bivory by producing certain compounds that will prevent animals from further graz-
ing on the same plant and sometimes act as biocontrol agents. A large number of 
bioactive compounds produced by them not only are useful for plants but also are of 
economical importance to humans. They serve as antibiotics, drugs or medicines, or 
compounds of high relevance in research or as compounds useful to the food indus-
try. This chapter provides an in-depth detail of occurrence, microbial biological 
by-products of endophytes, their mechanism, discovery, and significances and uses 
them to enhance plant health and human life.

2  Needs for New Medicines and Agrochemical Agents

To explore new chemotherapeutic agents, antibiotics and highly effective agro-
chemicals with low toxicity and less environmental effect is the need of the day. 
This research is accelerated by developing resistance against infectious microorgan-
ism (e.g. Mycobacterium, Streptococcus and Staphylococcus) to recent compounds 
and threatened naturally resistant organism present in the result of this search. 
Detection and development of new medicines to tackle new diseases such as SARS 
and AIDS in humans. New treatments are used as well as medications to treat ill-
nesses such as AIDS and ancillary (due to weak immune systems). Unscrupulous 
pathogens (Aspergillus spp., Cryptococcus spp. and Candida spp.) usually attack 
more on an immunocompromised human population, which is another major risk to 
human life. For treating nematode infections (malaria, trypanosomiasis, leishmani-
asis and filariasis) and parasitic protozoans, new and more drugs are required. 
Generally speaking, a single malaria can kill more lives every year among all the 
aforementioned diseases except AIDS virus and Mycobacterium tuberculosis 
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(National Institute of Health 2001). Alternative methods to control farm pathogens 
and pests are required to be searched to remove many synthetic agricultural agents 
from the market due to environmental and safety problems (Demain 2000), where, 
opportunities for innovative drugs and agrochemical discovery are possible due to 
novel natural products and organisms.

3  Natural Products and Their Traditional Approaches 
in Medicinal World

These are the naturally derived metabolites and by-products of plants, microorgan-
isms and animals (Baker et al. 2000). China is the largest traditional medicine users 
producing plants of approximately 5000 and obtained products in their pharmaco-
poeia. Aspirin (salicylic acid) is considered the most known and widely used medi-
cine in the world, reported in various plant species of different genera, i.e. Populus 
and Salix. Salicylic acid is naturally originated from glycoside salicin. Mayans 
nearly 3000 years ago treat intestinal ailments using fungi grown on roasted green 
corns which indicated the benefits of medicinal plants in now-extinct civilizations 
(Buss and Hayes 2000). Around 800 AD, the Benedictine monks use Papaver som-
niferum for a pain reliever, which was done way back by Greeks. In the past, prod-
ucts obtained from the mixture of leaf, stem and roots are considered very helpful to 
treat certain diseases, reduce pain and sufferings and provide relief and quality 
improvement in life, but understanding the complex nature and function of these 
bioactive compounds remained a mystery. The mystery was partly solved from 
Pasteur discovery (fermentation caused by living cells). By then people thought 
seriously to search the sources of these bioactive compounds which were microor-
ganisms. Later, the discovery of penicillin from Penicillium notatum (a fungus) pro-
vided motivation and observance power to Flemings, who led the antibiotic era. By 
then scientists are busy to overcome plant and human pathogens by applying differ-
ent microbial metabolites. Since many of the beneficial micro-organisms had been 
found, the work in medicine (immunosuppressing functions and anti-cancer) which 
is used to combat various harmful illnesses and therefore in agriculture, has been 
made simple, a revolutionary and sophisticated screening method developed in 
medicine as well as agriculture.

4  The Endomicrobiome

Microbial community could be studied within plants using next-generation sequenc-
ing (NGS) technology and is together termed as “endomicrobiome”. Various factors 
like geographical location and different genotypes of plants, etc. are somewhat less 
diverse than rhizomicrobiome (Edwards et al. 2015). The mechanism for microbe 
acquisition is still ambiguous in a particular ecosystem. A reasonable supposition 
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suggests a two-step acquisition of microbiomes. During the first step, microorgan-
ism is first introduced in the rhizosphere which is followed by entrance mechanism 
within root tissue. This entrance depends upon general factors and is species- specific 
(Bulgarelli et  al. 2013). Based on the time-staged profiling experiments in rice 
plants, it was concluded that microbial colonization starts within a day and reaches 
a steady state within 2 weeks. This shows the fast-growing process of microbial 
colonization in the endosphere. Root wounds, lateral roots, root hairs, lenticels or 
leaf stomata and cracks are usually the entry points of bacteria (Edwards et  al. 
2015). It is reported that Proteobacteria are found more in bulk soil as compared to 
endosphere while there is a reverse followed by acid bacteria, and Gemmatimonadetes 
are more in endosphere than in bulk soil. Pseudomonas-like operational taxonomic 
unit (OTU) which is gammaproteobacterial is found to be approximately 34% in 
endophytic bacterial sequence of Populus. After the analysis of sequencing 
approaches of different plant parts, a similar trend was observed in the whole com-
munity, not only in plant roots. When tomato leaf was analysed using 16S-rRNA 
pyrosequencing, it was reported the predominance of Actinobacteria (1.5%), 
Proteobacteria (90%), Verrucomicrobia (1.1%), Planctomycetes (1.4%) and 
Acidobacteria (0.5%). The phylum Proteobacteria is reported to dominate about 
98% among the microbial communities which mostly consist of Enterobacteriales, 
Pseudomonadales, Flavobacteriales, Actinomycetales, Xanthomonadales, 
Sphingomonadales and Rhizobiales (Shi et al. 2014). All these studies assumed the 
endosphere of most land plants.

5  Definition, Classification and Origin of Endophytes

Endophytes are defined as the organisms residing inside the plant’s internal tissues 
in its whole life period, no matter whether it was unbiased, beneficial or harmful to 
its host plant (Bacon and White 2000). They reside within plants for some part of 
the life cycle without initiating any signs of diseases (Sikora et  al. 2007). Thus, 
endophytic microbes are an ecology concept and are an essential part of a plant- 
microecology system (Li 2005). About 270,000–4,000,000 different kinds of endo-
phytic fungi live in the intercellular spaces and microtubule plant cells. Furthermore, 
a high density of about 104–106 CFU/g of endophytic bacteria live in plant roots 
(Dreyfuss and Chapela 1994). Moreover, McInroy and Kloepper (1996) discovered 
that Neotyphodium coenophialum (endophytic fungi) produced a syndrome called 
“fescue toxicosis” in cattle eating the grass Festuca arundinacea, providing new 
insights in this field.

6  Types of Endophytes

Endophytes are classified based on microbes into endophytic fungi, bacteria and 
actinomyces (Strobel et al. 2004).
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6.1  Endophytic Fungi

An endophytic fungus can multiply asymptomatically in the tissues of plants includ-
ing stems, leaves, and roots. Bacon and White (2000) reported that an endophytic 
fungus lives in the mycelial form in the biological organization within the living 
plant, at least for some time. Endophytic fungi are found to associate with above 
ground tissue of liverworts, hornworts, mosses, lycophytes, equisetopsids, fern, and 
seed plants from the arctic to the tropics and from agriculture fields to the most 
diverse tropical forest (Arnold 2007). They found that endophytic fungi could pro-
duce tolerance against drought and saline conditions (Waller et al. 2005). They act 
as stimulator against stress conditions more rapidly in comparison to the non-sym-
biotic plants (Redman et al. 2002). Red and chilli peppers contain a bioactive com-
pound, capsaicin, that has been used as a remedy against pain and different types of 
human cancers. The endophytic fungus named Alternaria alternata, separated from 
Capsicum annuum (chilli), produces capsaicin, while Eurotium sp. from the rhi-
zome of Curcuma longa (turmeric) produces asparaginase which can usually be 
used as an anticancerogenic enzyme (Jalgaonwala and Mahajan 2014).

6.1.1  Plant-Associated Fungi that Produce Bioactive Compounds

To adopt sustainable agriculture by maintaining a healthy ecosystem and reduce the 
residual effect of inorganic fertilizer and pesticides, the use of beneficial microor-
ganism, i.e. fungi, as a biocontrol agent and growth promoter can be an effective 
alternative to various chemical pesticides and controlling pathogens in plants 
(Vurukonda et al. 2018; Aswani et al. 2020). Fungi interact with plants in a different 
way, playing a key role in the maintenance of ecosystems’ well-being while devel-
oping associations with various plant tissues positively or negatively. These metabo-
lites adopt different protective measures in protecting plants from herbivores, 
inducing systematic resistance to pathogens, and stimulate the synthesis of phyto-
hormones and nutrient and water transport efficiency during different stress condi-
tions (Zeilinger et al. 2016). They increase resistance against stress conditions in the 
plants by producing bioactive compounds like Paecilomyces formosus LWL1, an 
endophytic fungus in japonica rice cultivar ‘Dongjin’ that produced secondary 
metabolites under heat stress and improves growth-related attributes (Waqas et al. 
2015). They promote accumulation of different secondary metabolites in the host 
plants under stress conditions (Venieraki et al. 2017).

6.1.1.1 Mycorrhizal Fungi

Mycorrhiza” the term used to describe the symbiotic association between a fungus 
and a root of higher plant. Endomycorrhizal fungi are involved in colonization of 
roots causing significant changes in their chemicals, produced by roots that 
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influence the health status of plant, their performance under competitive condition, 
soil aggregate formation, increasing resistance against any biotic or abiotic stresses 
and activation of stimulated response (Jamiołkowska et al. 2017). Endophytes pro-
vide extensive types of bioactive secondary metabolites with a selected structure 
including flavonoids, alkaloids, chinones, phenolic acids, steroids, quinones, 
tetralones, terpenoids, xanthones, and others. Bioactive secondary metabolites are 
also isolated from conifer-associated endophytic fungi which are having anti-
inflammatory, antimicrobial, antiproliferative, or cytotoxic activity toward human 
cancer cell lines and activity against plant insect pests or plant pathogens [96]. Such 
bioactive metabolites find wide-ranging application as anticancer, antiparasitics, 
agrochemicals, antibiotic, immune suppressants, and antioxidant agents (Stierle and 
Stierle 2015). Also, mycorrhizal fungi produce various bioactive compounds such 
as glomalin as defensive strategies that perform different functions by immobilizing 
contaminants on the hyphal cell wall and reduces predator infection (Souza et al. 
2012). Under drought conditions, the association of plants with mycorrhizal fungi 
withstand drought-induced oxidative stress by the increased production of antioxi-
dant compounds that scavenge reactive oxygen species and activate the activities of 
antioxidant enzymes (Rapparini and Penuelas 2014).

6.1.1.2 Fungi-Promoting Plant Growth

Such types of fungi living inside the soil can colonize the roots of plants. These 
fungi function as biocontrollers and growth promoters while improving the devel-
opment and growth, as these microbes destroy pathogenic microorganisms and pro-
duce substrates of minerals. Furthermore, a series of metabolic responses were also 
observed in the plants through the volatile organic compounds’ (VOCs) production 
by these fungi (Naznin et al. 2013). Plant defense is then achieved by priming for 
enhanced expression of sequences regulated by the production of jasmonic acid, 
ethylene, or salicylic acid. In other cases, the functions of mycorrhizal fungi are to 
produce active VOCs and antibiotics, both in plants and soil, which can be helpful 
in the identification of active biomolecules against plant pathogens and enhanced 
vegetative and reproductive performance of the plant (Vurukonda et al. 2018).

6.2  Endophytic Bacteria

Almost a diverse array of endophytic bacteria have some beneficial effects, i.e. as 
biocontrol agent, and act as an enhancer of N2 fixation, plant hormone production, 
phosphate solubilization and inhibitors of ethylene (C2H2) biosynthesis against dif-
ferent biotic and abiotic stresses, having biocontrol activity (Fig. 11.1). They get 
multiplied at low-density population compared to bacterial pathogens and rhizo-
spheric bacteria (Rosenblueth and Martinez Romero 2004), providing better protec-
tion than rhizospheric bacteria against abiotic stress. They help in repressing 
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nematode proliferation in the rotation of other crops with other plant hosts (Sturz 
and Kimpinski 2004). They grow usually inside cellular space and plant vascular 
tissues. According to an estimation, about 129 or more endophytic bacterial types 
have been isolated from different kinds of plants, particularly, gram-positive and 
gram-negative bacteria representing about more than 54 genera. Gaiero et al. (2013) 
reported that bacterial endophytes promote the growth of plant, but have not 
obtained productive success to influence the growth of plants in the field conditions. 
Endophytes act as plant growth promoters, suppress pathogens, remove contami-
nants and help in solubilizing phosphate or contributing to plant nitrogen assembly 
(Rosenblueth and Martínez-Romero 2006).

6.2.1  Bacteria Associated with Plants Produce Bioactive Compounds

Bacterial endophytes have several potential applications in drug discovery and phar-
maceutical (Tang et  al. 2008) and serve as a key source of natural products for 
application in oxidative stress and as new bioactive agents (Nongkhlaw and Joshi 
2015). They also act as antimicrobial agents that counteract the multidrug resistance 
in pathogenic microbes. The use of beneficial metabolites isolated from endophytes 
i.e. Amines and amides as the natural protective defense against pathogens which 

Fig. 11.1 Mechanism, classification and significance of endophytic bacteria
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shows the toxic effect on insects but not mammals are increasing day by day and 
have shown a significant response compared to antimicrobial compounds that are 
environmentally friendly. Many endophytes adopt resistance mechanisms against 
plant pathogens by producing extracellular hydrolases, e.g. proteinase, cellulases, 
esterases and lipases establishing resistance against plant invasions (Tan and Zou 
2001). The endophytic fungi enhance growth attributes of a dwarf mutant which is 
gas deficient, such as Dongjinbeyo and Waito-C rice through plant growth regulator 
production (Waqas et al. 2012).

6.2.1.1 Pseudomonas Species

They are facultative aerobic microorganisms and gram-negative bacteria; they can 
grow, both under aerobic and anaerobic conditions; however, their growth is fast in 
the aerobic condition under suitable nutritive ecological conditions. The physical 
appearance of this bacterium could be changed by using tools of molecular biology 
(Chin-A-Woeng et al. 2002). These bacteria with a minimum pathogenicity poten-
tial are saprophytic in nature, and show adaptation to changed environmental condi-
tions, where they are found in all types of ecosystems, i.e. soil, water, plants and 
animals (Madigan et al. 2010).

6.2.1.2 Phenazines

These are heterocyclic compounds with aroma, produced by Xanthomonas, 
Streptomyces, Mycobacterium, Burkholderia and Brevibacterium (Pierson III and 
Pierson 2010), which could be extracted easily from microbial culture and have 
significant nitrogen and brightly coloured pigments. According to a hypothesis, as a 
subsistence capability approach, phenazines are used by bacteria for a competition 
of nutrients or improving the ability of survival (Laursen and Nielsen 2004) that is 
not easily understood. They also affect negatively electron flow and functional 
enzymes that play a vital role in the cellular respiration (Yu et al. 2018).

6.2.1.3 Pyrroles

Pyrrole pyrrolnitrin is considered to be a very prominent bacterial compound which 
is produced by Burkholderia and Pseudomonas in some of the bacteria in secondary 
metabolism (Kilani and Fillinger 2014). Pyrroles in general function in electron 
transportation to a respiratory chain of complex III in mitochondria and play a key 
role in preventing protein and lipid oxidation (Gomes 2012).
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6.2.1.4 Siderophores

These are compounds diversely produced by genus Pseudomonas with low molecu-
lar weight and tendency of high affinity towards iron, helping in the metabolism and 
growth of organisms (Fedrizzi 2006). Pyoverdin and pyochelin have the ability to 
remove iron to perform the biological control of plant pathogens and decline in 
population (Scavino and Pedraza 2013).

6.2.1.5 Hydrogen Cyanide

It is a highly volatile compound which produces cyanide anions and is highly toxic 
when it comes in contact with air or water. A number of biocontrol PGPB have the 
ability to synthesize hydrogen cyanide (HCN). If the HCN produced by these bac-
teria were the only biocontrol mechanism being used in most instances, the low 
level of HCN would not be particularly effective at preventing the proliferation of 
most fungal phytopathogens. However, it is often the case that biocontrol PGPB that 
can produce HCN also synthesize some antibiotics or cell wall degrading enzymes 
(Fernando et al. 2005). Moreover, it has been observed that the low level of HCN 
synthesized by the bacterium improves the effectiveness of antifungals directed 
against fungal pathogens thereby ensuring that the fungi do not develop resistance 
to the particular antifungal in question. Thus, HCN synthesized by PGPB appears to 
act synergistically with other methods of biocontrol employed by the same bacte-
rium (Fernando et al. 2005). It also stimulates ISR in plants and is also involved in 
the cytochrome oxidase inhibition playing a key role in electron transport during 
cellular respiration to prevent adenosine triphosphate production (Spence et  al. 
2014) and also acts as antinematode agent. The model nematode Caenorhabditis 
elegans was repelled by using HCN together with pyrrolnitrin (Nandi et al. 2015). 
Likewise, Kang et  al. (2018) observed a positive correlation of HCN production 
with nematode biocontrol.

6.2.1.6 Bacillus Species

Biocontrol agents such as antibiotics are used to suppress pathogens that produced 
substances with the competition of antimicrobial activity, enhancing the growth of 
a plant and simulating resistance induction (Xu et al. 2013). They have an antimi-
crobial role formed by Bacillus sp. or ribosomal antibiotics like subtilin, chitinase, 
sublancin, Tas A and subtilisin A. They adopt environmental variations by forming 
endospore-resistant structures (Hoyles et al. 2012). Enabling polyketide synthases 
or NRPS formed various other compounds, e.g. mycobacillin, bacilysin, difficidin, 
chlorotetain, bacillaene, cyclic lipopeptides, and rhizocticins with a wide-ranging 
biotechnological significance (Shafi et al. 2017).

Iturins, consisting a subgroup of iturin, mycosubtilin and bacillomycin, through 
pore formation in the cytoplasmic membrane, affect cells (Gong et al. 2015). The 
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isomers of iturin A have a high antifungal activity against several microorganisms 
(Ye et al. 2012). Bacillomycin belongs to the family iturin lipopeptide, with a ring 
structure. It helps in spore germination, mycelial growth inhibition, antifungal 
action and productivity and also has high ultrastructural variations, i.e. cell wall and 
membrane damage (Gu et al. 2017). Mycosubtilin considerably affected some of 
the crops like F. oxysporum, B. cinerea, R. solani and Pythium sp. by targeting cells 
of cytoplasmic membrane (Leclère et al. 2005). Fengycins, also called plastathins, 
consisted of fatty acids which are hydroxylated, having solid antifungal activity 
(Gong et al. 2015). Surfactins are hydroxylated fatty acids, which are not toxic fungi 
themselves. A combination of surfactins with iturin A shows the tendency for anti-
fungal action (Deravel et al. 2014).

6.2.1.7 Actinobacteria, Beta- and Gammaproteobacteria

Actinobacteria are gram-positive bacteria generally found abundant in soil, water 
environment, animals and any other natural place and in anaerobic conditions with 
important morphological variations (El-Tarabily and Sivasithamparam 2006). The 
use of actinomycetes has been started by a human in the recent few decades assuring 
the quality of agricultural products. They have high potential as biological control-
ling agents of pathogens of plants. Antimicrobial compounds can be produced by 
actinomycetes acting as inhibition promoters against phytopathogens, as they also 
are producers of 70% of antibiotics (Lasudee et al. 2018).

Betaproteobacteria consisted of more than 400 species and 75 bacterial genera. 
They are mostly heterotrophic, while a few of them are known to be autotrophic and 
photo-heterotrophic, helping in soil pH maintenance and nitrate usage as a side 
acceptor of an electron. The majority of taxa within this class contain HPUT, which 
has been reported only for selected species of the gammaproteobacterial genus 
Shewanella and a Colwellia species, However, a few taxa have been reported to lack 
the Betaproteobacteria-specific HPUT (Ionczewski and Foster 2014).

However, Gammaproteobacteria consisted of a variety of polyamine patterns 
such as PUT, DAP, SPD and CAD in combinations and in a single form. Majority 
of Shewanella sp. contains HPUT and in common a diamine which is a clear seen 
trait for most of the beta bacteria. However, these species within the genus 
Shewanella did not show any relationship with this diamine. Species of the family 
Pseudomonadaceae consist of major polyamines PUT and SPD and often also 
CAD. Species of the genus Aeromonas contain DAP and PUT as major compo-
nents, and significant amounts of CAD may also be present. The family 
Enterobacteriaceae requires separate consideration. Almost all species of the 
assigned genera contain the major diamine PUT, and the majority of them also con-
tain major amounts of DAP and/or CAD and some also contain SPD. The physio-
logical age of the biomass from which polyamines were extracted can greatly 
influence the resulting polyamine pattern. In late exponential phase cells of K. pneu-
moniae, PUT is predominant, and DAP is a second major polyamine. In contrast, 
CAD is predominant in late stationary phase cells, and PUT is a second major 
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polyamine. These changes in the polyamine contents are reflected by a twofold 
reduction of relative amounts of DAP and PUT in late stationary phase cells, 
whereas the amount of CAD increases tenfold. Applying the same test conditions, 
DAP is the major polyamine in E. cloacae, and its relative amount is almost unaf-
fected (reduced from 51 to 45%) by the growth phase of the cells. At the same time, 
CAD is increased from 2 to 22%, and relative amounts of PUT are unaffected as 
well. In late exponential phase cells of Y. regensburgei, PUT is the major polyamine 
(54%), whereas in stationary cells, PUT and CAD are predominant (33.5 + 1.3%) 
(Hamana and Kishimoto 1996).

7  Volatile Organic Compounds

Compounds which are organic, have high vapour pressure, and easily evaporate at 
room temperature and are produced by actinobacteria having great potential as 
biopesticides in the field of agriculture (Sharma and Salwan 2018) are known as 
volatile organic compounds (VOCs). They are also known as solvents having vari-
able volatility and lipophilicity. A small amount of VOCs is present in correction 
fluid, graphics, copier and printer and carbonless copy paper. These are also found 
in craft material (adhesives, photographic solutions, glues and permanent markers) 
as well. These compounds have some major health concern from the last three 
decades due to their carcinogenic property (presence of predominant solvent, i.e. 
CHCl3, trichloroethylene, tetrachloroethylene, benzene xylenes and ethylbenzene). 
VOCs volatilize during production, transport, storage and processing activities; 
hence their entry point to the environment is through evaporation process.

7.1  Ecological Role of VOCs and Interspecies Interactions

Loss in biodiversity and changes in ecosystem behaviour due to environmental pol-
lution are major concerns to mankind causing different physiological disorders and 
diseases in human. Volatile organic compounds, with physical and chemical proper-
ties and mean life in the atmosphere, are introduced through biogenic and anthropo-
genic activity forming tropospheric ozone and less than 2.5 μm particles in big 
cities, degrading the quality of air and causing air pollution (Robinson 2005). 
According to World Health Organization, compounds with less than 250 °C boiling 
point (at a standard pressure of 101.3 kPa) are known as volatile organic compounds 
(Habre et al. 2014). Their life span is usually from few minutes to several months; 
hence transport through large distance from the emission source to the living body 
through air or skin causes several pathogenic diseases like atopic dermatitis, asthma, 
neurologic problem, etc. The International Agency for Research on Cancer (IARC) 
considered VOCs of group 1 as carcinogenic for humans (Rumana et al. 2014).

Direct and indirect interaction in community-wide scenario greatly depends on 
chemical traits of plants, which have a key role in running of these processes. 
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Plant- mediated interaction has several effects (allelopathy, natural communities, 
resource competition and facilitation) on plant community organization (Callaway 
1995), while the structure of a community is due to mutualistic and antagonistic 
interaction of plants with other organisms. Such interactions directly alter physiol-
ogy of another organism by plant traits or indirectly affect the third party (which is 
not involved in the interaction) due to the interaction of two organisms (Ohgushi 
et al. 2007). As a result, plant-mediated interaction adds complexity within com-
munity interactions and links potential organism of different trophic levels (Utsumi 
et al. 2010). It is well known that the effect of plant-mediated interaction on the 
agricultural system is of great importance. These effects include herbivore, patho-
gen and pollinators which affect plant productivity (Schiestl 2015).

7.2  Microbial VOCs (mVOCs) in Bacteria 
and Plant Interactions

Microbial interaction plays an important role within and outside kingdom interac-
tion due to a variety of compounds and secondary metabolites released by these 
microorganisms. Plant and soil-related microbes produced a group of secondary 
metabolite which was reported; however, there are many more groups which are 
still unexplored. These compounds are small and odorous with high vapour pres-
sure, low boiling point, a lipophilic moiety and low molecular weight, which has 
facilitated above and below ground diffusion and evaporation processes due to pore 
spaces in the ecological rhizosphere and soil (Effmert et  al. 2012). The mVOCs 
produced belonging to several classes (ketones, alchohols, pyrazines, alkenes, sul-
fides, benzenoids, terpenes, etc.) are influenced by different factors which include 
nutrient and oxygen availability, the growth stage of microbes, temperature, soil 
moisture, pH, etc. (Schulz-Bohm et al. 2015). mVOCs benefit the plants in several 
ways which include induced resistance against plant pathogen, source of nutrients 
and plant secondary metabolite production and induce soil fungistasis and suppres-
siveness (Wintermans et al. 2016). There is a decrease in spore formation of B. cine-
rea and Alternaria alternata, and increase in plant defence reactions is due to a 
6-pentyl-pyrone, a distinguishing compound of Trichoderma asperellum (Kottb 
et al. 2015). VOCs extracted from roots have multiple roles, i.e. as defence metabo-
lites, chemical attractants, carbon sources, etc. (Van Dam et al. 2016).

7.3  Microbial VOCs in Fungi-Plant Interactions

Recent studies have shown the capability of soil fungi to produce volatile organic 
compounds that enhance growth (Lee et al. 2015). There are beneficial effects of 
Trichoderma strains found in root ecosystem and soil to enhance plant growth by 
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mimicking themselves as secondary metabolites. This mimicry effect significantly 
improves biomass, plant size, chlorophyll concentration and root size of tomato and 
Arabidopsis (Lee et  al. 2016). 1-Hexanol at low concentration had a growth- 
promoting effect on Arabidopsis while at high concentration it inhibited plant 
growth (Jelen et al. 2014) showing the change of volatile fungal profile with matura-
tion and growth. Moreover, the survival of plants in certain habitats is also mediated 
by VOCs of endophytic fungi. VOCs enhance the growth of host by reducing the 
availability of nutrients to endophytic fungi showing the toxic effect of VOCs on 
endophytic fungi (Macias-Rubalcava et al. 2010).

7.4  Microbial VOCs in Fungi-Bacteria Interaction

There are different phenotypical responses in the interacting behaviour of fungi and 
bacteria due to fungal VOCs. Some of the recent studies showed the role of fungal 
VOCs in the suppression of bacterial growth, for example, VOCs formed by mush-
room (oyster) have an inhibitory effect on B. subtilis and B. cereus (Werner et al. 
2016). Transcriptomics and proteomics studies showed that there was a change in 
protein and gene expression (associated with energy metabolism, motility, second-
ary metabolite production, signal transduction and cell envelope biogenesis) of 
S. plymuthica when kept open to VOCs produced by Fusarium culmorum, a fungal 
pathogen (Schmidt et al. 2017). All the results indicate the significance of VOCs as 
molecules of signalling in bacterial and fungal interaction. In response to fungi, 
bacteria can also produce some VOCs which have an inhibitory effect on fungal 
growth. This phenomenon is known as soil fungistasis (Garbeva et al. 2011). VOCs 
produced by Streptomyces spp. have an inhibitory effect on the growth of a fungus 
Rhizoctonia solani thereby reducing the chances of diseases on the plant (Cordovez 
et al. 2015).

7.5  Endophytic Plants Secreting Microbial VOCs 
with Potential Aspects

The progress in biological, chemical and genomic analysis has led us to improve 
these mysterious natural volatile organic compounds produced by plant endophytes. 
We are at the beginning to explore the properties and nature of secondary metabo-
lites, and by now several metabolites positively affect biocontrol, the stimulants of 
plant growth, biofuel and biopharmaceuticals. The significant volatile organic com-
pounds produced organics of endophytes with the key role and their effect on socio- 
economic development (Table 11.1).
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7.6  VOCs of Endophytes as a Plant Growth Stimulant

Plant endophytes ranging from bacteria to fungi produce a diverse class of volatile 
organic compounds (VOCs) that are important for the development of symbiotic 
relation under highly competitive environment with the host. They provide for an 
alternative to chemicals used to protect plants from pathogens and thus allow for 
better crop welfare. Microbial volatile organic compounds (mVOCs) act as a bio-
control agent to control phytopathogens and as biofertilizers to promote plant 
growth. Various recent studies have proven the importance of mVOCs (eco-friendly) 
like a cost-effective sustainable strategy in the use of agriculture, which improves 
productivity, plant disease resistance and growth. Moreover, mVOCs can also be 
used as the substitutes to bactericides, fungicides and pesticides which are harmful 
(Ryu et al. 2003). It was evident that VOCs enhance plant nutrition, growth, health 
processes and resistance to stress, coined by a group of scientists who reported 
improvement in growth of Arabidopsis thaliana by volatile organic compounds 
released by Bacillus subtilis GB03. Furthermore, Bacillus species release volatiles 
that modify root architecture (Gutiérrez-Luna et al. 2010). Among the first volatiles 
produced by bacteria was 2,3-butanediol, which confers resistance in plants (Ryu 
et al. 2004).

Table 11.1 Volatile organic compounds and their functions

Name of fungus Compounds

Muscodor albus Isoamyl acetate
Muscodor crispans A mixture of antifungal and antibacterial volatile organic 

compounds
Daldinia concentrica 27 different compounds including alcohols, dienes, ketones, 

aldehydes and sesquiterpenes
Oxyporus latemarginatus 5-Pentyl-2-furaldehyde
Ascocoryne sarcoides Hydrocarbons (preferentially produces several ketones and esters
Phomopsis sp. 15 volatile compounds including sesquiterpene with α-humulene or 

α-caryophyllene and several naphthalene derivatives
Myrothecium inundatum Sabinene (monoterpene), 1-propanol, etc.
Trichoderma atroviride Expresses biocontrol gene phlA that encodes 

2,4-diacetylphloroglucinol
Pleurotus pulmonarius 
(oyster mushroom)

3-Octanone, 3-octanol, 1-octen-3-ol, benzaldehyde and unidentified 
trace components

Pseudomonas donghuensis Dimethyl sulphide, S-methyl thioacetate, methyl thiocyanate, 
dimethyl trisulphide, 1-undecan and HCN

Bacillus subtilis GB03 
(PGPR)

3-Hydroxy-2-butanone (acetoin), 2,3-butanediol, choline, and 
glycine betaine

Streptomyces sp. Methyl 2-methylpentanoate, 1,3,5-trichloro-2
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7.7  VOCs of Endophytes as Aroma and Flavour Compounds

Some endophytes that live in aromatic plants are of commercial importance and 
produce abundant VOCs which produce aroma and fragrance. Terpenes, terpenoids 
and ester molecules are used in the preparation of beverages and food which has 
valuable aroma and flavour. Many fungal VOCs are found to be identical to natural 
flavouring and fragrance produced by plant molecules and are therefore of huge 
importance in chemical, feed, pharmaceutical, food and cosmetic industries. The 
fungal endophytes, which are volatile, produce a desirable aroma and flavour prop-
erty which is used in many nonalcoholic beverages, jellies, backed goods, cheese, 
puddings, candies and other food products. The major component of rose oil, methyl 
eugenol (having a high demand in industries), has been identified in fungal endo-
phytes Aspergillus niger and Alternaria sp. which were extracted from Rosa dama-
scena (Abrahao et al. 2013). A remarkable molecule of terpene (β-caryophyllene) 
with spicy flavour has been reported in endophytic fungus volatile (Phialocephala 
fortinii) and extracted from Pinus sylvestris (Molina et al. 2012).

7.8  VOCs of Endophytes as Mycofumigation Agents 
and Biopharmaceuticals

Endophytic compounds are known to have anticancerogenic, antibacterial, immu-
nosuppressant and antioxidant activities, reported from different researches of the 
last few decades. VOCs enhance plant defence and are discovered to have new anti-
microbials to treat many diseases in medical science. Fungal endophytes produced 
different secondary metabolites used in pathogenic and pests attack control (Hung 
et al. 2015). Muscodor albus (an endophyte fungus) produce more than 25 volatile 
compounds extracted from cinnamon tree and are thought to have strategic defence 
against many pathogens (Stinson et  al. 2003). The first ever fungus endophyte, 
M. albus, was thought of having potential antimicrobial function against humans 
and phytopathogens. The volatiles of M. albus are also used to treat different dis-
eases like silver scurf, bacterial soft rot and dry rot in potatoes (Solanum tuberosum) 
inhibiting the three infectious fungi (T. indica, T. tritici and Tilletia horrida) causing 
many diseases in rice and wheat plants (Schalchli et al. 2016). Moreover, a special 
volatile, 2-phenylethanol, found in Aspergillus niger (endophyte fungi of rose) has 
great importance as preservatives in pharmaceuticals (Wani et al. 2010).

7.9  Significance of mVOC and Future Perspectives 
on Commercial Basis

Since the improvement in the analysis of gas-phase molecules, it can be observed 
that endophytic VOCs change biologically and chemically in a more active way. 
Gas chromatography-mass spectrometry (GC-MS) is known to be the most 
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common and effective method that identifies volatile components but limited to the 
column used in this spectrometry. These columns used are selective for detecting 
some chemical groups of VOCs but not the total VOCs (Insam and Seewald 2010). 
Recently, quantitative analysis of VOCs becomes easy using a technique called pro-
ton transfer reaction-mass spectrometry (PTR-MS) that is a very sensitive method 
(Strobel et al. 2011). Hydronium ion in gas phase is used as a sourcing agent to 
monitor VOCs in ambient air. Nowadays, the most effective tool to detect and iden-
tify VOCs is the combination of PTR-MS and GC-MS (Insam and Seewald 2010).

Various environmental factors such as the composition of a microbial commu-
nity, nutrient content, pH, humidity and temperature influence microbial volatile 
production (obtained as a complex mixture). These factors made it difficult to iden-
tify whether the effect is on an individual molecule and what is the mechanism. 
Hence, the commercial application of this volatiles is very limited as compared to 
the economic implications. Now it is well understood that there are varying differ-
ences of volatile compound effect from lab to field (Song and Ryu 2013). However, 
volatile compounds as a biocontrol and growth-promoting agent are effective 
against human and plant pathogens (Grimme et  al. 2007). Endophyte developed 
strategies to overcome the challenges related to climate change (salinity, water and 
drought stress and high temperature) faced by agriculture crops. Moreover, the use 
of volatile compounds proves to be important in overcoming adversities on plant 
communities.

8  Signalling Pathway of Secondary Metabolism 
in Endophytes

To establish a stable biological community collaboration between plants and organ-
isms is required. An ultimate model of studying the benefits of the interaction of 
fungi and plant is the relation between cool-season grasses and fungi (Schardl et al. 
2013). The infection of endophytes and its effect in the light of expression profile 
relay on the sequencing of RNA. The reprogramming of infection of endophytes 
results in metabolism which makes secondary metabolism easier compared to pri-
mary metabolism. These types of infections can also produce variations in host 
development such as trichome formation and biogenesis of cell wall. The endo-
phytic diazotrophic bacteria result in nitrogen signalling with endophytic bacteria. 
The diazotrophic bacteria help in growing a different variety of root associations 
and fixing N2 to plant-available ammonium. The biogenesis pathway of swainso-
nine was reported to be beneficially important in the medical treatment of cancer 
and plays a significant role in anticancer activities and in regulating the immune 
system (Carvalho et al. 2014).

The mechanism for the signalling of ethylene reported that this signalling path-
way helps in the production of endophytic fungus, the Gilmaniella sp. AL12, 
through induced production of ethylene in Atractylodes lancea (Yuan et al. 2016). 
Plantlet pretreatment with inhibitor aminooxyacetic acid (AOA) suppressed endo-
phytic fungi-induced accumulation of sesquiterpenoids. The amino oxyacetic acid 
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with ethylene inhibitor helps in the pretreatment of plantlets which inhibits the 
endophytic fungi (Ren and Dai 2012). The biosynthesis of sesquiterpenoid gives a 
theoretical base for active compound development in A. lancea and other compound 
biosynthesis like menthol, ginseng saponins, glycyrrhizic acid, artemisinin and 
paclitaxel. Jasmonic acid functions in the signalling pathway of fungal endophyte 
induced volatile oil for the plant Atractylodes lancea. Reports from research 
observed that jasmonic acid also helps in molecule signalling in mediated volatile 
of nitric oxide and hydrogen peroxidase by an endophytic fungus (Table 11.2).

9  Molecular and Metabolic Cooperation of Hosts 
and Endophytes

Many endophytes have the capability of producing different bioactive metabolites, 
which may be used as the agent for heals, either directly or indirectly, against a 
wide-ranging disease (Kharwar et al. 2011). Their vast biodiversity combined with 
the capability of biosynthesizing secondary metabolites has provided the impetus to 
many endophytic studies (Alvin et al. 2014). A symbiotic association between asex-
ual endophytes of fungus and tall grasses from Epichloe exposes alkaloid biosyn-
thesis that produces either beneficial or damaging effects (Ekanayake et al. 2017).

Table 11.2 Mechanism of metabolite production by endophytic fungi

Host plant Endophytic fungi Mechanism References

Anoectochilus 
formosanus

Epulorhiza sp. Enhance enzyme activities of 
chitinase, β-1,3-glucase, 
phenylalanine ammonium lyase 
and polyphenol oxidase

Tang et al. 
(2008)

Atracty lancea Sclerotium sp. Increase cell protection from 
desiccation and leaf metabolic 
capability of host

Chen et al. 
(2008)

Cucumis sativus Penicillium sp. Secret phytohormones, viz. 
gibberellins and indoleacetic 
acid

Waqas et al. 
(2012)

Nicotiana 
attenuata

Sebacina vermifera Enhance the absorption of 
nutrient and promote the growth 
and fitness by inhibiting 
ethylene signalling

Barazani 
et al. (2007)

Pecteilis 
susannae

Epulorhiza sp. Fusarium sp. Enhance the absorption of N, P 
and K element in plant 
promoting the seed germination 
of host

Chutima 
et al. (2011)

Pedicularis sp. Dark septate endophytic 
fungi

Increase their nutrient utilization 
efficiency

Li and Guan 
(2007)

Sesbania 
sesban

Funneliformis mosseae, 
Rhizophagus intraradices 
and Claroideoglomus 
etunicatum

Secrete plant hormones Abd_Allah 
et al. (2015)
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10  Uses and Importance of Endophytes in Plant Health

10.1  Antibiotics Prepared from Endophytic Microbes

Endophytes are a good source of antibiotics (organic natural products having low 
molecular weight) produced from active microorganisms. These natural products 
not only kill inclusive diversity of harmful pathogen (phytopathogen) but also those 
(bacteria, virus, protozoa and fungi) affecting humans and animals. The imperfect 
stage of Pezicula cinnamomea is Cryptosporiopsis quercina, known to be a fungus 
(isolated from an endophytic medicinal plant of Eurasia, i.e. Tripterygium wilfordii) 
which is associated with various deciduous species in European countries. 
Echinocandins, pneumocandins and antifungal are the major sources of bioactive 
compounds. A group of fluorescent bacteria (Pseudomonas viridiflava), mostly 
related to plants (linked with a portionof grass leaf present in or on the tissues), 
produce ecomycins (Strobel et al. 1999).

10.2  Antiviral Compounds

Another charming use of endophytic fungal antibiotic products is viruses’ inhibi-
tion. sp. is an endophytic fungus, isolates two different cytomegalovirus protease 
inhibitors Cytospora (Ctyonic acid A and B) by solid-state fermentation process. 
Using mass spectrometry and NMR methods, structures of isomers can be fully 
elaborated. There is a still long way to detect the potential of endophytic compounds 
having antiviral activities. Inadequate screening systems of a virus limit the detec-
tion of antiviral compounds, but still some detected compounds have shown encour-
aging results against viruses.

10.3  Volatile Antibiotics from Endophytes

Muscodor albus (fungus), isolated from a cinnamon tree, is a newly studied fungus 
from endophytic group (Worapong et al. 2001). A fungus having no spores (xylari-
aceaous fungus) produces a mixture of volatile compounds (having antibiotic effect) 
that can alter different types of fungi and bacteria (Strobel et  al. 2011). A non- 
Muscodor species, Gliocladium sp. (G. sp), for the first time has been discovered to 
be a producer of volatile antibiotics (different from volatile compounds of M. albus 
and M. roseus). Indeed, annulene could be found as the most abundant volatile 
inhibitor; previously, this was the first discovered natural product in an endophytic 
fungus and was used as rocket fuel (Stinson et al. 2003).
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10.4  Biocontrol Activity of Endophytes

A large number of microorganisms are present inside plants producing microbe- 
plant interaction (some are destructive while others are beneficial). These microor-
ganisms are rich sources of nutrients. Rhizobia, mycorrhiza and actinobacteria help 
the plants to get nutrients from the soil in a symbiotic interaction. Many bacterial 
species reduce the activity in the root system, stem, leaves and another plant organ 
by blocking plant tissues and vessels, but most of them are beneficial (metabolites 
producer) and help to increase plant defence mechanism against pathogens, nutrient 
uptake, growth promotion and hence crop productivity. Streptomyces belonging to 
actinomycetes are species-specific (having symbiotic relationship with plants) and 
are very much helpful to produce a variety of antibiotics. They protect the plants to 
fight against a pathogen, in response to boost up plant exudate production which is 
important for the growth of Streptomyces (El-Shanshoury 1991). Endophytic acti-
nobacteria produce a chelated iron compound (siderophores), and chitinolytic 
enzymes have a supplemental role to hinder fungal growth. They also produce chi-
tinase which damages fungal cell wall. About 90% of chitinolytic microorganisms 
are actinomycetes (Hastuti et al. 2012). A large number of bacteria (especially strep-
tomycetes) obtain nutrients and degrade environmental chitin and soil-borne fungal 
cell wall by producing chitinases. Numerous bacteria, and especially streptomyce-
tes, also form a variety of chitinases. Thus, selection and exploitation of chitinolytic 
mediators helps to control phytopathogenic fungi.

10.5  Endophytic-Mediated Plant Growth

Plants face hostile and unfavourable conditions in normal conditions, collectively 
called abiotic stresses which cause prevention in growth and homeostasis. Below or 
above optimum levels, severe ecological conditions often cause an effect on plant 
growth and development. Abiotic stress includes high or low temperature stress, 
nutrient stress, heavy metal stress, hunger stress, acidic, salt and drought stress that 
badly affect plant growth (Chaves and Oliveira 2004). Biotic stresses may consist of 
damage to plant caused by viruses, bacteria, fungi, pests, parasites, native or culti-
vated plants and weeds. Several microorganisms containing fungi, protozoa and 
bacteria make a symbiotic or beneficial association with plants, providing benefits 
to avoid various environmental stresses and support the development and growth of 
the plant as well (Shahzad et al. 2018). These endophytes contribute significantly to 
regulate many crucial physiological processes and enhance the overall growth and 
vigour of plants. For example, the endophytic fungi facilitate the cuticular cellulose 
degradation by improving the consequence of carbon absorption and promoting the 
germination of seed (Jerry 1994).
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10.5.1  Production of Growth-Induced Compounds and Phytohormones

Plant growth, defence response and physiological processes are positively affected 
by phytohormones (regulatory molecules) (Egamberdieva et al. 2017). IAA homeo-
stasis affects various physiological processes, comprising germination of a seed, 
cell differentiation, development of vascular tissues, vegetative growth, develop-
ment and elongation of root, photosynthesis and pigmentation (Ahmad and Kibret 
2013). Microbial representatives of this group enhance plant growth and develop-
ment by producing a variety of proactive substances such as siderophores, 1- ami-
nocyclopropane-1-carboxylate deaminase (ACC), phytohormones, e.g., indol acetic 
acid (IAA), gibberellic acid (GA), volatile organic compounds (VOCs), antibiotics, 
cyanides, and fungal cell-wall-degrading enzymes (Long et al. 2008). The enzyme 
ACC deaminase is thought to be a key trait in the arsenal that PGPB uses to promote 
plant growth. ACC and IAA deaminases produced by the rice plants cultivated in 
the fields of coastal areas recognized six endophytic bacteria in a study reported by 
Bal et al. (2013). Gibberellic acid-producing endophytic microorganisms often con-
tribute to the improvement of the host plant yield.

Phoma herbarum (an endophytic fungus) obtained from soybean roots under salt 
stress, showed growth enhancing properties, leading to increased active GAs pro-
duction and biomass (Hamayun et al. 2010). Strains (SF2, SF3 and SF4) of bacterial 
endophytes from sunflower under stress condition produced salicylic acid which 
was helpful to enhance plant growth (Forchetti et al. 2010). Root colonization by 
endophytic fungus Piriformospora indica caused stimulation in the growth and 
development of Arabidopsis due to the production of cytokinins (Vadassery 
et al. 2008). 

10.5.2  Potential Role of Endophytes in the Acquisition of Nutrients

One of the key roles is the acquirement of plant nutrients from its natural habita-
tion where most of the plants do not have the mechanism naturally to get vital 
nutrients. Nitrogen is essential for the plant growth and development but they can 
not obtain from the atmosphere, and dependent fertilizers containing nitrogen. 
Whereas, some other plants make a strong association with nitrogen-fixing bacte-
ria, helping out the plants to consume atmospheric nitrogen. Others make symbi-
otic associations with the nitrogen-fixating bacteria, mostly seen in legumes, 
which help the plants to utilize the atmospheric nitrogen. However, the coloniza-
tion of endophytes is markedly different than those of rhizobial nitrogen-fixating 
symbionts (Doty 2011) or an exchange offer by photosynthesis producing carbo-
hydrates is given for available nitrogen. Through energy involvement and nitroge-
nase enzyme, ammonia is formed from atmospheric nitrogen by symbionts. 
Herbaspirillum spp., Acetobacter spp. and Azoarcus spp. help to fix nitrogen from 
the atmosphere in an association with the actinorhizal and rhizobial symbiosis of 
plant and bacteria. As like rhizobial bacteria, endophytic organisms adopt various 
strategies to protect nitrogenase, an enzyme that is sensitive to oxygen. In 
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rhizobial condition, oxygen is usually at very low concentration, where, the hae-
moglobin in the legs provides help to clean free oxygen traces in the nodules. The 
endophytic associations between Gluconacetobacter diazotrophicus and sugar-
cane and pines are the well-studied symbiotic associations where the endophyte 
helps the host plant in nitrogen fixation (Hardoim et al. 2015). A high chelating 
iron compound, siderophores, functions in the absorption of iron (Johnson 
et al. 2013).

10.5.3  Endophytic-Mediated Tolerance to Abiotic Stress

Environmental stresses often disrupt the growth and development of plants. To over-
come the challenges in such a situation, the endophytes present inside the host plant 
help out. Though endophytes have a very short life in comparison to its host, the 
short life cycle helps the host cope with its diversity. In association with plant endo-
phytes, different strategies are then adopted to reduce the abiotic stresses emanating 
from the natural habitation of the host. Interaction between plants and microbes can 
be mostly classified as detrimental or neutral. In most of the cases, the interaction is 
considered as beneficial, because microbes consume the plants organic product for 
respiration and metabolism and at the same time help in nutrient recycling and toler-
ance against various stresses. Beneficial microbes encourage plant growth develop-
ment and inhibit the plant diseases by enhancing different types of the mechanisms 
which mainly include production of growth regulators, hormones, and pathogen-
inhibiting compounds (Lata et al. 2018). For example, Phoma spp. and Penicillium 
help to promote growth (uptake of nutrients and plant biomass) and overcome 
osmotic and drought stress caused by elevated polyethylene glycol and sodium lev-
els (Waqas et al. 2012). Plants such as tomatoes and rice with useful endophytes 
could survive in water-deficient conditions, even exhibiting better growth potentials 
than plants which lack these endophytes (Lata et al. 2018).

Salt and drought stress mitigation is normally concerned with consequent scav-
enging and accumulation of reactive oxygen species (ROS) (Sekmen et al. 2007). 
Though reduced levels of ROS to plant may support various antioxidants, e.g. 
tocopherol and glutathione, the main ROS scavengers include glutathione reduc-
tases (GR), monodehydroascorbate reductase (MDHAR), and dehydroascorbate 
reductase (DHAR) (Rouhier et al. 2008). ROS accumulation in the cells of plants 
can be toxic, leading towards DNA, lipid and protein oxidative damages. ROS 
respond signalling cascades while acting as the preliminary plant stress event 
(Noctor et al. 2017). Pathogen-plant interaction observed the accumulation and pro-
duction of ROS, similarly, leading salt and drought stress in association with suc-
cessive scavenging of species of reactive oxygen (Sekmen et al. 2007). Whereas, 
ROS in low concentration is significant for the signalling and growth of pants, raised 
accumulation of ROS can create harmful effects. Endophytes residing within the 
plants benefit their host to manage the accumulation of ROS and, hence, protect 
them from the harmful effects of ROS. Various endophytic plants like those associ-
ated with roots are studied, showing the tolerance of host plant to the toxic level of 
heavy metals (Choo et al. 2015).
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10.5.4  Endophytic-Mediated Response of Plant Defence

Plant growth and development is often compromised by the onset of several envi-
ronmental stresses as plants prioritize resistance over growth. In this scenario, the 
endophytes living inside the host plants come in great support in overcoming the 
challenges. Although endophytes are very short-lived as compared to their host, 
their shorter life span helps in their rapid evolution in aiding the host toward tack-
ling the diversities. The capacity of different endophytes providing resistance 
against these environmental stresses are exploited in modern sustainable agriculture 
(Zamioudis and Pieterse 2012) (Fig. 11.2). Moreover, the endophytic colonization 
in the plants induces a response to defence strategy while providing higher resis-
tance to other pathogens of plants. Such idea in plants is known to be induced sys-
tematic resistance (ISR) which could be normally observed in endophytic association 
of plant and bacteria (Robert-Seilaniantz et al. 2011). ISR induction and pathogen 
defence enhanced repeatedly were studied in response to Bacillus spp. and 
Pseudomonas colonization. Endophytic bacteria can control plant defence manipu-
lation and simulate the effect of primary defence against plant pathogens through 
ISR (Bae et al. 2011). Contrariwise, the endophytic fungus produces the chemical 
compound that inhibits growth, and these compounds function against offensive 
herbivores and invaded pathogens while protecting their host (Brader et al. 2014).

Fig. 11.2 Different mechanisms adopted by endophytes in promoting plant growth and mitigating 
different types of stress
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11  Secondary Metabolite Production: Challenges 
in Endophytic Research

Although a lot of researches have been done on endophytes showing valuable 
sources of new metabolites, still, many features of endophytes are not explored. 
Endophytes have significant importance in the industry producing various enzymes 
which are helpful to speed up many processes, and also stresses in many plants are 
also relieved by endophytes. Although many endophytes are forming bacterial and 
fungal origin and affect many aspects of plant growth (growth, yield and bioactive 
metabolite production), in-depth understanding of secondary metabolites produced 
and a chemical released by endophytes in a host plant still needs to be explored. 
There is a need to investigate the role of endophytes in bioreactors although 
researches are there where some anticancer metabolites are produced by endophytes 
(Amna et al. 2006). A classical example of this might be Entrophospora infrequens 
(an endophytic fungus) that produced some anticancer alkaloid camptothecin in 
bioreactors. Nowadays, “omics” tools are used to better understand the host- 
endophyte niche. These omics tools consist of genome sequencing, next-generation 
sequencing, comparative genomics, microarray, metagenomics and metatranscrip-
tome which help to recognize metabolic diversity and genetics of similar or related 
microbes. There is a lack of knowledge in the production of endophytes on a large 
scale for bioreactors to know the pathway shared by hosts and endophytes, an area 
of research for many scientists to explore and focus on.

12  Recent Developments in the Field 
of Microbiome Research

Studies regarding the use of microbiome have improved radically in recent years, 
due to the cost of analysis reduction and technological advancement. These 
researches have opened a gateway of data which has increased a significant amount 
of intuition to the scope of microbial populations consisting of interaction and their 
effect inside or outside of host as a particular portion of the ecological community. 
Keeping in view the significant role of microbiome including their combination 
with the host and other microbes provides a base for studying the engineering of 
new diagnostic techniques and strategies, which can be used in a diverse array of 
fields starting from ecology and agriculture to agriculture to medicine and from 
forensics to exobiology. The microbiome refers to a set of highly interactive micro-
bial species that is shaped by the environment in which it exists, which includes 
hosts, and exogenous natural and human factors.
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12.1  Interaction of Host with Microorganisms

The host along with its entire related microorganism is collectively called as “holo-
biont”, while the study of host and microorganism genome is called “hologenome”. 
According to researchers, the unit for natural selection is holobiont (Davenport 
et al. 2017). Every host can adopt two ways to procure microorganisms which are 
inherited from the parents (vertical) and taken from the environment (horizontal). A 
correlation of similar microbiome and host phylogeny is due to vertical transmis-
sion hence known as “phylosymbiosis”—however, it is important to bear in mind 
that the emergence of phylosymbiosis is irrespective of vertical transmission, e.g. 
contact of host species to other members (Groussin et al. 2017). Co-diversification 
(similar selective pressure or co-speciation results in microorganism with similar 
evolutionary histories) and co-speciation (host speciation results in microorganism 
speciation) are also the outcomes of vertical transmission (Davenport et al. 2017). 
In contrast to vertical transmission, horizontal transmission causes breakage of 
association with evolutionary histories, so mix them up. Hence, erode 
phylosymbiosis.

12.2  Interaction of Host and Microbiome 
with the Environment

12.2.1  Relationship of Microbiome with Environment and Ecology

Recent studies show the effect of microbiome on the different features of human 
health (Martí et al. 2017). However, generally speaking, interaction of microbiota 
with environment gives a clear picture of a healthy ecosystem and mankind. A 
healthy microbiome and environment results in healthy human microbiome and 
vice versa (Lloyd-Price et al. 2016). Therefore, it is very much important to study 
microbiome in ecosystem. The functional and structural richness of ecosystem 
communities determines the individual and populations of microbiome at various 
sides of biological organization (Rees et al. 2017).

12.2.2  Microbiome Ecology in a Population

There is a deep, empirical, computational and theoretical understanding of commu-
nity ecology (a sub-branch of ecology) nowadays. Diversity determines a stable 
microbiome-related population health and microbiome itself (Coyte et  al. 2015). 
The state of microbiome is determined by functional diversity (a more meaningful 
and fundamental feature) rather than taxonomic diversity (Li and Convertino 2019). 
Metacommunity approach (a useful tool to predict biodiversity assemblage) of 
microbiome is determined by alpha (diversity within), beta (diversity between) and 
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gamma diversity (total diversity of microorganisms) that consists of multiple inter-
acting communities. The scale for sharing fluctuation of information representing 
microorganism interdependencies greatly varies with biology, space and time 
(Leibold et al. 2004).

12.2.3  Nexus of Human, Microbiome and Environment

On a long and short timescale, microbiome research helps in making a positive 
relationship between human health and the environment. Efforts have been made to 
map microbiome of the globe for various habitats but the information regarding 
environment and microbiome population interaction is still lacking. Hence, a steady 
struggle for alternations in symptom-specific or disease analysis of microbiome to 
an outside environmental agent is the need of the day (Karkman et  al. 2017; 
Mitmesser and Combs 2017). The noteworthy that targeted monitoring, models, and 
theory guides this ecological examination need no in-depth health analysis of 
microbiomes but time, space pattern establishing an ecological state of the co-
evolving microbiomes Parfrey and Knight (2012) such as the pattern in biodiversity 
(Ochman 2016) and other services relating to the socio-ecological ecosystem.

13  Conclusion

Bioactive compounds, normally, can be used in controlling various diseases of 
plants biologically. The biological production of such antimicrobial bioactive com-
pounds depends specifically on the resources and space competition. As a natural 
derivative metabolite, bioactive compounds played a havoc role in the world of 
pharmaceuticals and agrochemicals to combat against various diseases in plants and 
play a key role in human welfare. A huge number of biological antimicrobials are 
formed as a result of biological secondary metabolism providing benefits to the 
plants. Such bioactive metabolites have great potential use in the agriculture indus-
try, specifically in controlling pathogens, and concerning the sustainability of the 
environment. Where the endophytes are known as biological endosymbiotic 
microbes found almost everywhere in the ecosystem, specifically distributed in a 
wide range in many plants, possess a long-term beneficial association with the host 
plant, combat against biotic and abiotic stresses and help in metabolism and stimu-
late immunity responses. Further, distributed in endophytic bacteria, fungi and acti-
nomycetes in association with plants produce bioactive compounds. Actinobacteria, 
Beta- and Gammaproteobacteria function differently, i.e. Actinobacteria found 
abundantly in soil and other natural spaces act as a biological controlling agent 
against pathogens, Betaproteobacteria function as pH moderator and 
Gammaproteobacteria containing DAP work in the growth phase of cells. Where 
volatile organic compounds (VOCs) play a significant role in carbon sources, 
defence metabolites and chemical attractants, various endophytes can produce 
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bioactive compounds/metabolites that can be used against many diseases either 
directly or indirectly. Studies regarding the use of microbiome have improved radi-
cally in recent years, due to the cost of analysis reduction and technological advance-
ment. There is a great need for new bioactive compound production to replace 
agrochemicals used in controlling plant diseases, and a vast research study is needed 
to be carried out globally.
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Abbreviations

AgNPs Silver nanoparticles
AuNPs Gold nanoparticles
BacMPs Bacterial magnetic particles
BMs Bacterial magnetosomes
BRECs Bovine retinal endothelial cells
CdS NPs CdS nanoparticles
CSE Cell-soluble extract
GTPase Guanosine triphosphatase
HRP Horseradish peroxidase
mAbs Monoclonal antibodies
MRI Magnetic resonance imaging
MTB Magnetotactic bacteria
PHB Polyhydroxybutyrate
TEM Transmission electron microscope

1  Introduction

Nanotechnology’s future applications and advantages in agriculture are immense. 
This involves the treatment of insect pests by new nanomaterial insecticide formula-
tions (Ragaei and Sabry 2014). One nanometer is understood to be a milliard of a 
micrometer or a million of a micron. That is around 1/80,000 of human hair diam-
eter or ten times hydrogen atom diameter. American scientists assert that “There is 
plenty of space at the bottom,” which was also held as a way of paying attention to 
the nanotechnological field. Feynman (1960) discovered technique through which it 
is possible to manipulate single atoms and molecules, utilizing series with special-
ized instruments to construct and manage a limited range of necessary scales, etc. In 
this context, Feynman suggested that the shift in magnitude would lead to scaling 
problems in various physical phenomena: gravity became less relevant, and surface 
tension and the attraction of van der Waals might be more relevant. Many experi-
ments on nanoparticles have shown their efficacy toward plant diseases, insects, or 
other threats. Therefore, such nanoparticles were still only used to repel insects, but 
also to prepare new products, such as pesticides and insecticides (Prasad et  al. 
2017a, b). But safety for plants to plants for metal-based nanostructures with far 
larger volume-to-volume particle size and with specific antimicrobials compared 
with their bulk materials is one of the latest with the rapid advancement of nano-
technology, and their special properties expand the use of a range of carbon nano-
materials (CNMs). The use of a buckyball molecule fullerene (C60) is, for example, 
commonly available in computers and aircraft airframes and as drug delivery carri-
ers in the form of biomedicine and carbon nanotubes (CNTs) (Ngan et al. 2015; Liu 
et al. 2015). These have thoroughly studied interactions between CNMs and plants. 
In 30-day experiments with hydroponic tension, for instance, graphene 
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concentrations ranging from 250 to 1500 mg/L inhibited wheat growth (Zhang et al. 
2016). A great number of physical, electronic, biological, or hybrid methods depend 
on the fabrication of various classes of nanoparticles. Although organic compounds 
are most common throughout the production of nanoparticles, the use of dangerous 
substances severely restricts their medicinal use, especially in medical practice (Liu 
et al. 2011). Hence, it is of utmost importance that to extend their biomedical appli-
cations, healthy, nontoxic, and environmentally friendly approaches are developed 
for the production of nanomaterials. Synthesizing microorganisms with nanoparti-
cles is one of the choices. The nanoparticles generated by biogenic enzyme process 
greatly outweigh those generated by chemical processes in many respects. Although 
the latter is capable of producing large amounts of nanoparticles of given size and 
shape in a reasonably short period, they become complex, obsolete, expensive, and 
ineffective and produce dangerous radioactive waste that is dangerous not only to 
the environment but also to public health. Usage of costly chemicals is avoided via 
an enzyme solution, and most suitable “green” pathway wasn’t as energy-intensive 
and environmentally friendly as chemical route. A biogenic method is again con-
firmed by the fact that in varying temperature, pH, and pressure conditions, most 
bacteria exist. These procedures provide greater catalytic reaction, increased sur-
face area, and enhanced interaction among enzyme and metal ion as a result of the 
bacterial cell membrane (Bhattacharya and Mukherjee 2008). Nanoparticles are 
biosynthesized as microorganisms take target ions out of the atmosphere and then 
transform metal into elemental metal by enzymes formed by cell activity. Depending 
on where nanoparticles are made, intracellular and extracellular synthesis can be 
categorized. Throughout the existence of enzymes, the intracellular process is the 
transport for ions to produce nanoparticles by bacterial cell. Extracellular nanopar-
ticle synthesis includes capturing metal ions on the cell surface and decreasing the 
amount of ions when enzymes are present (Zhang et al. 2011). To biosynthesize 
nanoparticles, a number of applications have been used, like selective drug carriers, 
cancer treatment, gene therapy and DNA sequencing, antiviral activities, biosen-
sors, reaction-enhancing rates, and isolation monitoring.

The objectives of this chapter highlight the extensive properties of inorganic 
nanoparticles and the synthesis of metal, oxide, sulfide, and other conventional 
nanoparticles among different species of microorganisms. It will also discuss the 
proposed pathways for the biosynthesis of inorganic nanoparticles. Size/shape and 
stabilization of synthesized nanoparticles were affected. Pharmaceutical formula-
tions include such nanoparticles, crop protection, and antibacterial agents. 
Synthesized biometallic nanoparticles are also investigated by manipulating 
Penicillium species and their uses in pharmaceutical applications (Fig. 12.1).

2  Metallic Nanoparticles

Table 12.1 summarizes several standard nanoparticles made through 
microorganisms.
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2.1  Gold Nanoparticles

In chemistry, Au nanoparticles get a long and glorious background to Roman times, 
wherein they were being used for aesthetic reasons to dye glasses. AuNPs were 
already used centuries earlier for the treatment of different diseases. Previous study 
recorded that colloidal gold substances had distinct characteristics than mass gold, 
which launched the modern era of AuNP synthesis (Hayat 1989). Because of the 
increasing need to improve environmentally sustainable material synthesis tech-
nologies, nanoparticles have received considerable attention as evolving bionano-
technology (overpass of nanotechnology and biotechnology). Extracellular 
production by Fusarium oxysporum fungus and actinomycete sp. with gold nanopar-
ticles has been documented in previous research. Intracellular synthesis of 
Verticillium sp. fungal gold nanoparticles has been reported (Ahmad et al. 2003a). 
Southam and Beveridge (1996) showed nanoscale gold particles could be readily 
caused inside microbes by cells with Au3+ ions. The gold monodisperse nanoparti-
cles were synthesized with Rhodococcus sp. alkalotolerant within extreme biologi-
cal regulation, like alkaline conditions and environments with marginally greater 
temperatures (Ahmad et  al. 2003b). Lengke et  al. (2006a, b) have submitted Au 
complexes to synthesize filamentous cyanobacteria in various shapes, including 
spherical, cubic, and octahedral, and to research the mechanisms of nanostructure 
formation. There have been studies of the development of nanocrystals and nanoal-
loys using Lactobacillus (Nair and Pradeep 2002). Table 12.1 summarizes some 
other typical microorganism-formed gold nanoparticles (Konishi et  al. 2007a; 
Singaravelu et al. 2007).

Fig. 12.1 Fields of application of nanoparticles
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2.2  Silver Nanoparticles

Ag nanoparticles exhibit Gram-positive bacteria with effective antimicrobial activ-
ity, particularly multiresistant strains such as Staphylococcus aureus which is resis-
tant to methicillin, as its bulk counterpart (Panacek et  al. 2006). The secrets of 
nature have contributed to the production of advanced nanoparticles through biomi-
metic approaches. Researchers have long made efforts to use microorganisms to 
manufacture as many silver nanoparticles as possible to create eco-friendly nano-
factories. Various microbes are recognized as reducing Ag+ ions in silver nanopar-
ticles, and most are spherical particles (Fayaz et  al. 2010). Klaus et  al. (1999) 
showed that when Pseudomonas bacterium is extracted from silver mine, while put 
within a solution containing aqueous silver nitrate, stutzeri AG259 played a signifi-
cant function throughout the decrease of Ag+ ions as well as in production with 
well-defined silver nanoparticles and separate topography of bacteria within peri-
plasmic space. AgNPs were produced as a film or formed in liquid or collected onto 
their cell surface when fungi Verticillium or Fusarium oxysporum were used (Jain 
et al. 2011). Table 12.1 lists some other microorganism-developed silver nanopar-
ticles (Kalimuthu et al. 2008; Gurunathan et al. 2009; Sneha et al. 2010; Fayaz et al. 
2009; Kalishwaralal et al. 2010; Castro-Longoria et al. 2011; Juibari et al. 2011). 
Synthesized AgNPs by Hamouda et  al. (2019) demonstrated good antibacterial 
activity toward multidrug-resistant bacteria (Bacillus cereus, Escherichia coli) and 
anticancer activity toward cell lines of human (breast, colon, liver). Low concentra-
tions of hemolytic activity of AgNPs have been studied and reported as nontoxic to 
human RBCs. Furthermore, the dynamics of absorption and cytotoxicity of these 
AgNPs have been studied in the cell lines of breast cancer, enabling them to be 
shown to be good antibacterial agents, with further proof of the different behavior 
of AgNPs to cause toxicity in cells and bacteria when collected at pH  7 or 8. 
Moreover, the theoretically unlimited source of the reducing agent (i.e., leaf extract 
obtained from agricultural processing waste) and its negligible environmental 
impact constitute another strength of this method (De Matteis et al. 2019; Tanase 
et al. 2019). It has been shown that the combination of AgNPbio and simvastatin may 
be a great future option for bacterial infection control, where lower doses of AgNPbio 
with the same antibacterial activity are needed when combined with simvastatin 
(Figueiredo et  al. 2019). Also, the synthesized silver nanoparticles had a strong 
antibiofilm property and were also found to be biocompatible with the red blood cell 
lysis assay and their association with peripheral mononuclear blood cells and 293 
cells of the human embryonic kidney. Mesoflavibacter zeaxanthinifaciens is there-
fore found to be an excellent source of exopolysaccharide synthesis that assists in 
production of silver nanoparticles (Oves et al. 2019).

2.3  Alloy Nanoparticles

Using alloy nanoparticles in catalytic reactions, electronics, and optical substances 
and coatings is of great interest. Fusarium oxysporum production of bimetallic 
Au-Ag alloy and argued that secreted NADH cofactor is a significant determinant of 
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the composition of Au-Ag nanoparticles (Senapati et  al. 2005). Au-Ag metal 
nanoparticles, biosynthesized by yeast cells, have been studied (Zheng et al. 2010). 
Nanoparticles of the Au-Ag alloy were commonly produced by extracellular phase, 
microscopically characterized by fluorescence and electron microscopic transmis-
sion, or generally existed as irregular polygonal nanoparticles. Electrochemical 
research has shown vanillin sensors have been able to enhance electrochemical 
reaction of vanillin at least five times by changing glass carbon electrodes based on 
Au-Ag metal nanoparticles. Au-Ag alloy nanoparticles from fungal strains have 
been used in Fusarium semitectum core-shell synthesis of nanoparticles and been 
very stable for several weeks (Sawle et al. 2008).

2.4  Other Metallic Nanoparticles

It is understood that heavy metals are life-threatening to microorganisms. Microbial 
tolerance to many other toxic metals is in nature due to its chemical detoxification 
or even cell-dependent ion excretion by protein complexes acting as ATPase, chemi-
cal cations, or anti-transporter protons. Solubility changes play a crucial role as well 
in resistant bacteria. Konishi et al. (2007b) studied the use of Shewanella algae, a 
metal ion-reducing bacterium, to obtain platinum nanoparticles. In most cells of 
Shewanella by time lactate was delivered as an electron donor, aqueous PtCl6b2 ions 
in elemental platinum were reduced to room temperature and neutral pH within 
60 min. Platinum nanoparticles of about 5 nm were found in periplasm. Sinha and 
Khare have shown that Enterobacter sp. can synthesize mercury nanoparticles 
(Sinha and Khare 2011). Cultivation conditions (pH 8.0 and lower mercury concen-
trations) facilitate the synthesis of uniformly sized, spherical, and monodispersed 
2–5 nm intracellular mercury nanoparticles. Many of heavy metals with hydrogen 
as an electron donor of the anaerobic hyperthermophilic microorganism Pyrobaculum 
islandicum, like U(VI), Tc(VII), Cr(VI), Co(III), and Mn(IV), have been reported to 
be reduced (Kashefi and Lovley 2000). In palladium nanoparticles, sulfate-reducing 
bacteria, Desulfovibrio desulfuricans, or metal ion-reducing bacteria sulfur can be 
synthesized. Table 12.1 also lists some other nanoparticles formed by microorgan-
isms (DeWindt et al. 2005; Lee et al. 2007; Bao et al. 2010).

3  Oxide Nanoparticles

Oxide nanoparticles are an essential type of microbial compound nanoparticles. The 
biosynthesized oxide nanoparticles from both sides have been investigated in this 
section: magnetic oxide nanoparticles or nonmagnetic oxide nanoparticles. In 
Table 12.2, many examples of magnetotactic bacteria (MTB) shown in development 
of nanoparticles of magnetic oxide and biological systems for the production of 
nanoparticles of nonmagnetic oxide are summarized.

K. M. A. Ramadan and H. S. El-Beltagi
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3.1  Magnetic Nanoparticles

Owing to its peculiar microstructure and properties, such as magnetic nanoparticles, 
strong forces, and its potential to widespread implementation in fields of biological 
isolation and biomedicine, superparamagnetic nanoparticles become new materials 
discovered. It is known that magnetic nanoparticles are Fe3O4 (magnetite) and Fe2O3 
(maghemite). Targeted treatment of cancer (magnetic hyperthermia), stem cell fil-
tering and manipulation, drug delivery guidance, gene therapy, DNA sequencing, 
and magnetic resonance imaging (MRI) have been actively investigated (Fan et al. 
2009). Magnetotactic bacteria produce intracellular magnetic particles containing 
iron oxide, iron sulfides, or either. To differentiate between them and artificially 
synthesized magnetic particles (AMPs), these particles were pointed as bacterial 
magnetic particles (BacMPs) (Arakaki et al. 2008). Its associations with bacterial 
links are presumed to function like biological compass points that allow bacteria to 
move to oxygen gradients in aquatic environments under geomagnetic field of Earth 
(Blakemore 1975). BacMPs, as they can be surrounded through biological mem-
branes composed primarily of lipids and proteins, could be quickly spread into 
aqueous media. In addition, individual BacMPs with better magnetic characteristics 
involve individual magnetic field or magnetite (Thornhill et al. 1995). Since the first 
magnetotactic bacteria study in 1975, numerous morphological forms have been 
described and observed in numerous aquatic environments, including cocci, spirals, 
vibrants, ovoid bacteria, and multicellular bacteria, with specific characteristics 
(Spring and Schleifer 1995). For example, magnetotactic cocci showed a high diver-
sity and distribution and were often found on aquatic sediment surfaces. Identification 
of such type of bacteria shows that it is microaerophilic, including the coccus strain 
cultivated by magnetic MC-1. In the case of Vibrio bacteria, three optional anaero-
bic marine vibrating forms were extracted from freshwater salt marshes. As part of 
Alphaproteobacteria, these bacteria are known to belong to Rhodospirillaceae fam-
ily, and truncated hexoctahedron-type BacMPs have been synthesized to evolve het-
erotrophically and organically with chemo. On the other side, parts of the 
Magnetospirillaceae family are present in sediments containing fresh water. In this 
family, significant amounts of previously isolated magnetotactic bacteria have been 
detected by utilizing culture medium and magnetic isolation methods. The first fam-
ily member was isolated from strain MS-1 of Magnetospirillum magnetotacticum, 
while the physiological and genetic features of strain MSR-1 of Magnetospirillum 
gryphiswaldense were also well studied. AMB-1 was discretionary magnetotactic 
anaerobic spirilla, separated by Arakaki et al. (2008). After 2000, several new mag-
netotactic bacteria were discovered in different ecological settings. Several of 
freshly described magnetotactic bacteria were recorded in Table 12.2. Uncultured 
magnetotactic bacteria were found in distinct environments (Lefevre et al. 2010a). 
Mesophilic bacteria are the most common cultivated magnetotactic bacteria, which 
appear to grow less than 30 °C. The majority of uncultivated magnetotactic bacteria 
is 30 °C and below. Thermophilic magnetotactic bacteria are described in only few 
studies. Each of magnetotactic bacteria known as HSMV-1 is identified in samples 
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of springs in which temperatures varied between 32 and 63  °C (Lefevre et  al. 
2010b). TEM images of the untouched HSMV-1 cell discovered single polar flagel-
lum and single bullet-shaped magnetosome string. The average number per cell of 
magnetosome crystals is 12 ± 6 and 113 ± 34 nm by 40 ± 5 nm. Report’s findings 
indicate that certain magnetotactic bacteria may at least indicate mild thermophilic-
ity. Under conditions where magnetotactic bacteria are present and are expected to 
develop as high as 63 °C and where Magnetosome magnetitis (Magnetosomes are 
membranous structures present in magnetotactic bacteria) is deposited, maximum 
temperature level has been extended (Lefevre et al. 2010b). The use of yeast cells as 
a template has been reported to synthesize magnetic Fe3O4 materials with a meso-
porous structure (Zhou et al. 2009a, b). Table 12.2 (Amemiya et al. 2007; Li et al. 
2007; Bose et  al. 2009; Perez-Gonzalez et  al. 2010; Zhu et  al. 2010;) mentions 
several other magnetic oxide nanoparticles.

3.2  Nonmagnetic Oxide Nanoparticles

Many oxide nanoparticles, including TiO2, Sb2O3, SiO2, BaTiO3, and ZrO2 nanopar-
ticles, were also investigated in addition to magnetic oxide nanoparticles (Jha et al. 
2009). A green, cheap-cost, repeatable biosynthesis induced by Sb2O3 nanoparticles 
of Saccharomyces cerevisiae has been described (Jha and Prasad 2010). The synthe-
sis was carried out in compliance with room temperature. Analysis has shown that 
the Sb2O3 device is a 2–10 nm spherical aggregate (Jha et al. 2009). For processing 
of SiO2 and TiO2 nanoparticles of soluble SiF62- and TiF62-anionic complexes, 
Fusarium oxysporum (Fungus) is used. F. oxysporum 4–5 and 3–11 nm were also 
prepared from tetragonal BaTiO3 and quasispheric ZrO2 nanoparticles in size 
(Bansal et al. 2004, 2005, 2006).

4  Sulfide Nanoparticles

As quantum dot fluorescent biomarker and cell marking agent, sulfide nanoparticles 
have been strongly bounded to fundamental and technological research for its fasci-
nating, innovative, optical, and electronic characteristics, in addition to oxide 
nanoparticles (Yang et  al. 2005). Microorganisms have nanocrystal CdS synthe-
sized, and it constitutes one typical form of sulfide nanoparticle. It was found that 
Clostridium thermoaceticum would aggregate CdS both on cell surface and in CdCl2 
media in existence of cysteine hydrochloride in raising environment, most likely 
serving as a sulfide source (Cunningham and Lundie Jr 1993). Klebsiella pneu-
moniae was reported to create CdS (20–200) nm of on cell surface, exposing growth 
environment to Cd2+ ions. Intercellular nanocrystals, consisting of rootite chrystal 
phase were formed, while E. coli incubates CdCl2 and Na2SO4 (Sweeney et  al. 
2004). Depending on cell growth process, nanocrystal formation differs greatly and 
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increases by approximately 20 Escherichia coli cultivated in stationary stage rela-
tive to that produced in retard logarithmic period. S. pombe, C. pombe, and S. gla-
brata (yeasts) were used in the production of CdS nanoparticles with intracellular 
cadmium mixture. PbS and ZnS nanoparticles have been designed and synthesized 
using biological systems. ZnS with 2–5 and 8  nm mean diameter intracellular 
nanoparticles were used with Desulfobacter and R. sphaeroides (Bai et al. 2006). 
The use of Rhodobacter sphaeroides, whose diameters are regulated by culture 
time, was also used to synthesize PbS nanoparticles (Bai and Zhang 2009). For 
extracellular development of sulfide metal nanoparticles, eukaryotic organisms like 
fungi have been reported for being ideal candidates (Ahmad et al. 2002). Certain 
stabilized metal-metal sulfide nanoparticles like CdS, ZnS, PbS, and MoS2 may be 
formed extracellularly by fungus Fusarium oxysporum when exposed to aqueous 
metal sulfate solution. Quantum dots were produced from Cd2+ ion interaction to 
sulfide ions supplied via reduction of sulfide ions. Other types of sulfide nanoparti-
cles were magnetic Fe3S4 or FeS nanoparticles. Uncultured magnetotactic bacteria 
have documented the development of Fe3S4 (Bazylinski et al. 1995). A sediment 
sample of magnetotactic bacteria was analyzed, and about 105 cells are collected 
the following purification by racetrack treatment. In uncultured cells, magneto-
somes showed extended rectangular shapes. The overall amount of magnetosomes 
in each cell was around 40, and they have been usually observed with big groups of 
cells. Magnetosomes forming a chain-like structure were detected alongside major 
clusters. Sulfate reduction bacteria may generate magnetic FeS nanoparticles 
(Watson et  al. 1999). Table  12.3 shows many sulfide nanoparticles formed via 
microorganisms.

5  Other Nanoparticles

A broad range of species from organic/inorganic composites in biological systems, 
are utilizing biopolymers, like microbial cells and protein, with organized struc-
tures. In addition to the above mentioned nanoparticles, microbe synthesis has been 
reported as SrCO3, PbCO3, CdCO3, PHB, CdSe, and Zn3(PO4)2 (Table 12.4). SrCO3 
crystals were produced with ionic Sr2+ ions while incubating demanding fungi 
(Rautaray et  al. 2004). Researchers assume even through fungal development of 
Fusarium oxysporum in higher cognitive superstructures, protein excretion modu-
lated the morphology and hierarchical assembly of strontianite crystals. Through 
yeast biotemplates, zinc phosphate nanopowder was produced (Pandian et al. 2009). 
Production of Zn3(PO4)2 particles with a butterfly-like microstructure between 
10–80 nm diameter and 80–200 nm in length was shown. It has been demonstrated 
that Fusarium oxysporum in extremely luminescent room temperature would syn-
thesize CdSe quantum dots (Yan et al. 2009).
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6  Mechanism of Nanoparticle Synthesis by Microbes

Different microorganisms have numerous pathways of nanoparticle creation. 
Nanoparticles, though, are usually shaped as follows: metal ions first were trapped 
in microbial cells or on the surface. Then, trapping metal ions in existence of 
enzymes was limited to nanoparticles. In fact, in two distinct ways, microorganisms 
affect mineral formation. At any point, you can change a solution’s composition to 
oversaturate it or undersaturate it. Another way for microorganisms to affect min-
eral formation is through organic polymers that could affect nucleation by encour-
aging (or preventing) stabilization of first mineral seeds (Benzerara et  al. 2010). 
Potential mechanisms for the production of some common nanoparticles were dis-
cussed in this section: gold and silver, heavy metals, and magnetic and sulfide 
nanoparticles. The basic process for intracellular creation of silver and gold nanopar-
ticles from Verticillium sp. or algal biomass has not been entirely known. However, 
the observation in which nanoparticles have grown on mycelium surface rather than 
in the solution supports the following hypothesis: first electrostatic interactions of 
ions with the overlooked cell wall of carboxylated groups of enzymes have captured 
fungal cells on the surface. The metal ions were then reduced to nuclei of gold or 
silver, which were then produced further by reduction and aggregation (Sneha et al. 
2010). It was suggested that nitrate reductase enzyme can synthesize nanoparticles 
of B silver (Kalishwaralal et al. 2008). Nitrate ions activate this enzyme and silver 
ions are reduced into silver. Reducing enzyme metals in electron shuttles is a poten-
tial way of minimizing silver ions. Nitrate reductase enzymes based on NADH and 
NADH-reliant enzymes are the essential factors for metal nanoparticle formation. 
NADH and NADH-reliant enzymes, especially nitrate reductase, are considered to 
be secrets for Bacillus licheniformis, which may be essential for biosynthesis of Ag+ 
to Ag0 or continued development of silver nanoparticles (Husseiny et  al. 2007). 
Molecular and proteomic response to hazardous conditions in metalloplastic micro-
organisms can lead to the development of heavy metal nanoparticles (Reith et al. 
2007). Toxic effect of the microorganisms on its survival is caused by strong metal 
ions like Ag+, Cd2+, Co2+, CrO4

2+, Cu2+, Hg2+, Pb2, Ni2+, and Zn2+. To counteract cer-
tain impact or precisely control metal metabolism, microorganisms develop molec-
ular and proteomic reactions (Nies 1999). Microbes have many essential genes of 
metal tolerance that allow cell removal through a range of techniques, including 
complexity, excretion, or limitation of precipitation. In conditions that require large 
amounts for moving ions of heavy metal, as mine waste dumps and metalworking 
plant flows including natural sedimentary areas, metallophilic microbes thus flour-
ish (Tang et al. 2005). A multistage method is thought to be a molecular mechanism 
of BacMP biomineralization. First sage is cytoplasmic membrane invagination, 
which is a predecessor to BacMP membrane (Arakaki et al. 2008). The mechanism 
for envelope formation remains unknown. Vesicular pathways for magnetotactic 
bacteria were more likely similar to other eukaryotes, or precipitation is controlled 
by particular GTPase. In a linear cytoskeletal filament chain, vesicles which were 
formed were then assembled. Aggregation of iron ions in vesicles is the second 
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stage in BacMP biomineralization. The movement of foreign iron is internalized by 
proteins and siderophores. An oxidation-reduction mechanism strictly controls 
internal iron. Closely bound BacMP proteins activate and/or regulate magnetized 
nucleation of crystal in the final step. Magnetite generation functional roles can be 
performed by different membrane proteins of BacMP. This requires iron supersatu-
ration deposition, preservation of conditions of reduction, and iron oxidation to 
reduce or dehydrate ferrihydrate to magnetite (Arakaki et al. 2008). This implies 
mineralization. Perez-Gonzalez and the staff recently suggested a new possible 
Magnetitis synthesization method that uses both passive and active Shewanella 
oneidensis (Spring and Schleifer 1995). Secondly, Fe2+ activity occurs as a terminal 
electron admitter, as bacteria use ferrihydrite, and the cell pH value may be increased 
by the amino acid bacterial metabolism. Localized accumulations of Fe2+ and Fe3+ 
on a network, bacterial surface wall, cell compositions, or cell particles allow a pas-
sive mechanism to be precipitated by magnetite system to supersaturate magnetite 
process. It was proposed that the production of CdS NP was due to disulfide (cys-
tine) bridges that could be related to slashing of S–H bonds or creation of new 
nanoparticle surface bonds, namely, Cd-thiolate (Cd–S–CH2COOH) S–Cd-bond 
complex (Sanghi and Verma 2009). Cadmium thiolate group CoOH interacts with 
hydrogen bond, not with NH2 protein. CdS-capped nanoparticles also bind to hydro-
gen bond groups of NH2 (Tang et al. 2005). A coordinated link between oxygen Cd2+ 
ion atom was created by one of the carboxylic oxygen group atoms, COOH, thus 
competing with the thiol group to construct surfaces with CdS nanoparticles (Lover 
et al. 1997). In general, microbes synthesize nanoparticles by implanting metal ions, 
followed by enzyme reduction, on cell surfaces (extracellular) or in cells (intracel-
lular). Using fungal cellular structure and cell membrane sugars, these metal ions 
can be absorbed and reduced. With different microorganisms, mechanisms of syn-
thesis of nanoparticles differ. Three options, for example, consist of an extracellular 
synthesis of nanoparticles, i.e., action by both electron shuttle quinones or nitrate 
reductase. Penicillium and many other fungal species have initiated the synthesis of 
nitrate reductase (Deepa and Panda 2014). Nitrate reductase activity was conducted 
using 2,3-diaminophthalene nitrites (Kumar et al. 2007). Oxysporum is associated 
with quinone extracellular shuttle, NADPH-dependent reductases, and nitrate 
reductase. Studies have shown AgNP production is generated earlier with 33 kDa 
protein and then with protein capping agent (free amine groups and cysteine) that 
maintains NPs of Aspergillus flavus (Soni and Prakash 2011). Metal ions were 
trapped firstly in the cell surface of fungi by electrostatic activity by intracellular 
synthesis and later reduced with enzymes inside the cell wall, contributing to NP 
construction and production (Singh et al. 2014). Silver nanoparticles involved in 
nitrate reductase enzyme Bacillus licheniformis are synthesized. NADH and 
NADH-based enzymes essential for Ag+ bioreduction and subsequent production of 
AgNPs secrete Bacillus licheniformis (Husseiny et  al. 2007). Reduction of 
Ag + requires a process of reducing electron shuttle enzyme to metallic silver by 
convincing nitrate ions and silver ions. Strong metal nanoparticles (Co2+, CrO4

2+, 
Pb2+, Zn2+, Hg2+, Cd2+) synthesize genetic and proteomic reactions that specifically 
control metal homeostasis and fight harmful effects (Reith et al. 2007). Shewanella 
oneidensis synthesis, moreover, involves active and passive pathways. Owing to 
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amino acid metabolism and efficient Fe2+ growth, pH value rises, accompanied with 
active Fe2+ or Fe3+ levels that enable magnetite process to aggregate, if ferrihydrite 
is used by bacteria. The research was conducted on the production of disulfide (cys-
teine) cross-section CdS NPs that cause S–H bond divide and the new model 
nanoparticle complex (Cd–S–CH2COOH) (Sanghi and Verma 2009). Acid carbox-
ylic COOH groups with a hydrogen bond resulted in CdS nanoparticle capping 
bonds with NH2 groups (Tang et al. 2005), cadmium-thiolate complex reaction. A 
coordination connection between Cd2+ and oxygen atoms has been generated by one 
carboxylic atom (–COOH) that competes to thiol for building nanoparticles on CdS 
surfaces (Li et  al. 2007). Covalent binding to nanoparticles of carboxylic acids 
while still inhibiting the growth of surface oxides that minimize the magnetic char-
acteristic of cobalt can induce biocompatibility. For the rational design of such enti-
ties, recognizing the origin of acid-metal interaction is important, but possibly most 
experimentally a difficult stage (Farkas et al. 2020) (Fig. 12.2).

7  Regulation of Nanoparticle Size and Morphology

It’s so well established that electronic and optical characteristics of nanoparticles 
depend enormously on their size and shape. Significant attention was paid to moni-
toring the scale, shape, and media support for nanoparticles. Special emphasis has 

Fig. 12.2 Microbial synthesis of nanoparticles
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recently been put in the form regulation, as it also allows properties to be optimized 
to the highest degree of versatility, which gives particles their distinctive character. 
Although physical and chemical techniques are capable of generating, over a short 
time, significant quantities of nanoparticles of certain size and shape, these tech-
niques are complex and present certain disadvantages, such as the development of 
radioactive waste that is hazardous not just to the environment but even to public 
health. Microbes that are considered to have been efficient green nanofabrics can 
regulate the size and shape of biological nanoparticles. Two fungal cultures of gold 
nanoparticles of different morphologies and sizes, Verticillium luteoalbum and one 
labeled isolate 3–6 (Gericke and Pinches 2006), were found to have an intracellular 
synthesis. Particle formation rate and particle size may be manipulated to a certain 
degree by manipulating parameters such as exposure times to pH, temperature, 
gold, and AuCl4. As demonstrated by electron microscopy scans, numerous mor-
phologies of particles were present, including circular, triangular, hexagonal, and 
other shapes. Shape and size of particles ranged dramatically from several nanome-
ters to around 100  nm. Their observations often found that particles of spheres 
seemed to be lower than particles of triangles and hexagons. During the study, 
screened bacterial cultures appeared to intracellularly synthesize thin, nearly 
homogenous gold nanoparticles. Particles were mainly noticed in the cell cyto-
plasm, with most spherically shaped particles. Gurunathan et al. (2009) investigated 
optimal process requirements to complete AgNP production and particle size reduc-
tion. In a synthesis of AgNPs, process temperatures and pH values have been used 
to detect optimum conditions, various mediums, and media of varying AgNO3 con-
centrations. A nitrate medium with a 5 mM AgNO3, a reaction temperature of 60 °C, 
and a pH of 10 was described as the maximum synthesis subject. It took only 30 min 
to achieve more than 95% conversion using Escherichia coli supernatant culture 
under these optimum conditions. The rate of synthesis of identical particles obtained 
using chemical methods is comparable or faster. Average particle size can be tuned 
by varying the AgNO3 concentration, temperature of reactions and pH from 10–90 
nm. During the synthesis of the Pt nanoparticles, the cell-soluble extract (CSE) 
might decrease the Pt(IV) into nanoparticles that were stable by means of binding 
protein and exhibit both g in solution. Strong initial Pt(IV) levels seemed to have led 
to more regular and geometric particles. More hydrochloride (pH to 4) was pro-
duced inside the system at high initial amounts of Pt(IV), leading to precipitation of 
biocomposites of nanoparticle proteins and consequently a reduction in the level of 
soluble particle size in colloids. Besides, without cellular restrictions, high size and 
type variations of protein-stabilized biogenic Pt(0) nanoparticles can be synthe-
sized. Magnetotactic bacteria create uniform size and morphological iron oxide 
magnetic particles. Magnetite shaped by magnetotactic bacteria takes different 
forms such as cuboid, rhombic, and rectangular shape of a bullet. A high degree of 
biological regulation has been observed in various species-dependent crystal mor-
phologies and structures (Amemiya et al. 2007). It is discovered that Mms6 is a big 
protein closely linked to Magnetospirillum magneticum AMB-1, the surface of bac-
terial magnetites (Arakaki et al. 2010a). With a uniform cuboctahedral morphology, 
protein was shown to intercede the creation of magnetite crystals. Formation of 
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magnetite with synthetic peptides imitating Mms6 protein was examined. A spheri-
cal structure of 0.70–0.90, similar to one of the bacterial magnetites and particulate 
matter formed by the Mms6 protein, was demonstrated by particles synthesized 
with short peptides comprising the Mms6 C-terminal acid region. Also, if other 
peptides are added in production, rectangular morphology was observed with circu-
larities of 0.60–0.85 (Arakaki et al. 2010b). The same group developed an addi-
tional method for highly controlled synthesis of magnetite crystals using the 
recombinant magnetotactic bacterial protein Mms6 in aqueous solutions at reduced 
temperatures. Crystallographic study of magnetite crystals reveals that Mms6 medi-
ates the development of a peculiar crystal shape of magnetite particles with narrow- 
scale distribution close to that seen in magnetic bacteria. Mms6 aggregates have a 
high affinity for iron ions in aqueous solution and have motif sequence in many 
biomineralization scaffold proteins, close to other organisms. If compared to Mms6, 
crystals have identical sizes (20 nm) and morphologies (cuboctahedral). This means 
that Mms6 has a direct impact through the synthesis process on size and shape of 
nanoparticles (Amemiya et al. 2007). Particle size control for other nanoparticles 
has also been seen. For instance, Yan et al. (2009) find that yeast induction is an 
efficient way of achieving a small diameter distribution of zinc phosphate powders. 
To prevent the large accumulation of Zn3(PO4)2 particles to completely control par-
ticle size and shape, their method used the yeast feature in reaction mechanism.

8  Nanoparticle Applications

Nanomedicine is a booming scientific area with a vast potential to improve human 
disease diagnosis and care (Fadeel and Garcia-Bennett 2010). The most widely used 
nanomedicine nanoparticles are fluorescent biologic labeling, drug/molecular deliv-
ery agents, as well as tissue engineering (Tian et al. 2008), heat tumor destruction 
(hyperthermia), MRI contrast enhancement, and phagokinetic analysis (Parak et al. 
2002). Many reviews and research articles have been published that analyze 
nanoparticles’ applications in biomedicine (Piao et al. 2011). Though biosynthe-
sized nanoparticles are relatively new, research has been initiated on applications in 
drug delivery, cancer care, genetic modification and DNA sequencing, antimicrobi-
als, biomaterials, and response enhancement.

8.1  Antibacterial Agent

Silver-based antiseptics were stressed in recent times due to proliferation and rise of 
microorganism resistance to various antibiotics. The use of Trichoderma viride fun-
gus in silver nanoparticles was biosynthesized (Fayaz et al. 2010). Aqueous silver 
(Ag+) ions were found to be decreased in solution when exposed to Trichoderma 
viride filtrate, resulting in production of pretty stabilized AgNPs. Nanoparticles 

12 Biosynthesis of Nanoparticles by Microorganisms and Applications in Plant Stress…



338

have also been tested with multiple antibiotics for increased antimicrobial activity 
toward Gram (positive and negative) bacteria. With the existence of AgNPs, anti-
bacterial efficacy of erythromycin, chloramphenicol, ampicillin, and kanamycin 
toward test strains has been improved. Strongest enhancement effect of ampicillin 
against test strains was detected. Results showed greater antimicrobial effects in 
combination with antibiotics with AgNPs and offered valuable insight into the pro-
duction of new antibacterial agents. Duran et  al. (2007) have demonstrated that 
extracellularly generated silver nanoparticles utilizing F. oxysporum could be inte-
grated through woven materials in an effort to avoid or decrease contamination with 
infective bacteria like S. aureus. Silver nanoparticles of Acalypha wilkesiana 
(AW-AgNPs) demonstrated substantial repression toward dominant Gram-negative 
and Gram-positive selected bacteria. Therefore, AW-AgNPs may be suggested as a 
potential antimicrobial and therapeutic agent against multidrug-resistant pathogens 
(Dada et al. 2019). The key components of AgNPs, CuONPs, AuNPs, and ZnONPs 
have been updated and commonly used for therapeutic and medicinal purposes 
(e.g., as antibacterial, antifungal, antiviral, anti-amebial, anticancer, anti- angiogenic, 
anti-inflammatory factors). These particles were suggested as alternatives to stan-
dard antibiotics to overcome bacterial resistance due to their excellently described 
antibacterial activity toward Gram (positive and negative) bacteria. Nanoparticles 
utilize mechanisms involved that differ from traditional therapies, with the benefit 
of becoming effective toward antibiotic resistance bacteria which have already 
formed, as well as by attacking several biomolecules that compromise resistant 
strain growth (Sánchez-López et al. 2020).

9  BM-NPs: Synthesized as Antimicrobial, Antiviral, 
and Scolicidal Potential from Penicillium Species

There have been studies of silver nanoparticle (AgNPs) biosynthesis caused by 
Penicillium citrinum (Yassin et al. 2017). Biogenic AgNPs toward aflatoxinic A. fla-
vus were also tested. Biogenic AgNPs toward aflatoxinic A. flavus var. columnaris 
isolated from sorghum seeds were also tested for antifungal activity (Fig.  12.3). 
They showed that action of AgNPs toward Aspergillus flavus varied from 20.28 to 
50.00%, and 224.5 to 4001.8 ppm were calculated at ED50 and ED95, respectively. 
Such antifungal activity was linked to the cell membrane and cytoplasm modifica-
tion, membrane permeability, and DNA energy depletion. In extracellular biomi-
metic synthesis, AgNPs induced by Penicillium chrysogenum strain FGCC/BLS1 
have been reported (Saxena et al. 2017). Their analysis showed potent antibacterial 
activity of AgNP at 100 ppm and antifungal activity at 100 ppm toward E. coli, 
K. pneumoniae, and S. aureus against phytopathogenic fungi sclerotiorum. In 
hemolytic test with a dose of 10  ppm in red blood cells, no cytotoxicity was 
observed. Exceptionally, biogenic synthesis of gold nanoparticles in an extracellular 
approach with P. funicular BL1  in 18–28  nm range has been documented 
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(Maliszewska et  al. 2017). They demonstrated a photodynamic inactivation of 
Candida albicans planktonic and biofilm cells in combination with synthesized bio-
genic AuNP exposure to rose bengal (RB). AuNPs showed no unusual murder of Xe 
lamp glare exposure to Candida albicans. However, killing was shown to be a fair 
efficiency of Candida albicans when RB and biogenic NPs are administered 
together like photosensitizing agent. Combination of RB and AuNP showed that 4.7 
log10 and 4.89 log10 had decreased CFUs, which were 99.91 and 99.99%, while 
98.21 and 99.37% were killed by RB alone after the same time. Furthermore, by 
using Penicillium spp. biosynthesized AgNPs. in an extracellular way (Verma et al. 
2013). Maximum antibacterial activity in AgNPs was observed in Bacillus and 
Pseudomonas spp., accompanied by E. coli and Salmonella spp. at concentrations 
of 1 mg/mL if used in conjunction with tetracycline, and maximum inhibition was 
observed in Salmonella, Pseudomonas, and Escherichia coli. A research was per-
formed using a disc diversion approach for Pseudomonas aeruginosa, Escherichia 
coli, Bacillus subtilis, Staphylococcus aureus, and Candida albicans to determine 
antimicrobial activities of biofabricated AgNPs of Penicillium aculeatum Su1. In 
either study, 200 μg/mL AgNPs had strongest antibacterial effect on all listed strains 
compared to 100 μg/mL AgNPs with a big variation relative to 50 and 200 μg/mL 
AgNO3 (Osman et al. 2015). Notably, Solanki et al. (2016) extracellularly synthe-
sized AgNPs using Penicillium brevicompactum between 6.28 and 15.12 nm. All 
through research, antimicrobial activity of biofabricated AgNPs has been evaluated 
utilizing disc-diffusion methods for clinically isolated pathogenic bacteria such as 

Fig. 12.3 A modern version of pharmaceutical nanobiotechnology and the interface of nanotech-
nology, bacteria, and pharmaceutical ability
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E. coli, S. aureus, and P. aeruginosa. They found that regardless of whether AgNP 
concentration improved, a dose-dependent zone of inhibition often increased. The 
inhibition zone for the 10 μL concentration between 7 and 16 mm was found in 
depth, while for the 20 μL concentration, the inhibition region was significantly 
found between 9 and 28 mm. In addition, Khan and Jameel (2016) extracellularly 
biosynthesized AgNPs with Penicillium fellutanum within a domain of 10–100 nm. 
Antifungal activity was assessed through the use of discharge assays against 
Candida glabrata, Candida albicans, and Candida tropicalis, though AgNO3 solu-
tion was not found to inhibit the region. Ammar and El-Desouky (2016) have also 
documented biosynthesis induced by HA2N Penicillium expansion between 14 and 
25 nm. For A. ochraceus and A. niger with disc-diffusion process, researchers even 
searched for an antifungal role for biogenic AgNPs. In particular, at concentration 
of 9 μg AgNPs in A, maximum inhibition level was observed in Aspergillus niger. 
Moreover, AgNPs with culture medium concentration of 220  μg/100  mL were 
found to cause, with 52.18% decrease percentage, the most important mycotoxin 
produced by Aspergillus ochratoxin, called Aspergillus ochraceus. Majeed et  al. 
(2016) have documented an extracellular approach of biomimetic synthesis of 
AgNPs ranging from 30 to 60 nm. Appraised antibacterial activity of AgNPs using 
Proteus vulgaris, Staphylococcus aureus, Escherichia coli, and Vibrio cholera dif-
fusion methods. For disc-diffusion research, every disc was saturated for 20 μg/mL 
of AgNPs. Antibiotics such as amoxicillin, carbenicillin, cefixime, ofloxacin, and 
piperacillin were contrasted with AgNPs. Antimicrobial activity of Ag nanoparti-
cles recorded strong via a zone of inhibition for E. coli, V. cholera, P. vulgaris, and 
S. aureus. Amusingly, Ag nanoparticles strengthened their antibacterial efficacy in 
combination with the aforementioned antibiotics. Moreover, Sarsar et  al. (2015) 
recorded biogenic AgNP production utilizing 5–25 nm range of Penicillium atra-
mentosum KM filtrate extract. Aeromonas hydrophila, Bacillus cereus, Enterobacter 
aerogenes, Micrococcus luteus, Staphylococcus aureus, and Salmonella typhimurium 
disc-diffusion process tested antibacterial activity. Significant antimicrobial activity 
toward Bacillus cereus has been observed. A considerable surface area was pro-
vided as AgNPs, contributing to its connection to the cell wall, increasing the integ-
rity of cell membranes causing apoptosis, and the authors advocate it for stronger 
bacterial communication. It also showed a substantial increase of antibacterial 
activity of microgravity-synthesized AgNPs than of usual gravity-synthesized 
AgNPs (Sheet et al. 2017). A research was carried out by Ali et al. (2014) that oth-
erwise recorded antimicrobial activity for AgNP extracellular/intracellular produc-
tion using Pseudomonas citreonigrum with micro-dilution technique toward 
B. subtilis, S. aureus, S. typhimorium, E. coli, and P. aeruginosa and demonstrated 
antifungal effect toward Aspergillus utilizing micro-dilution technique. In this 
research, the antiviral effect toward type 2 herpes virus and the cytotoxicity toward 
three cancer cell lines were also seen. Significant antiviral activity at concentrations 
of 50 μg/mL, medium antiviral activity at concentrations of 25 μg/mL, or poor per-
formance at concentrations of 12.5 μg/mL has been seen in extracellular environ-
ment-generated AgNPs, while far poorer results were found in intracellular AgNPs 
at concentrations of 50 and 25  μg/mL.  Authors proposed throughout viral 
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membrane whether disulfide linking areas in the glycoprotein subunit would inter-
act with AgNPs smaller than 10 nm in size because of their surface plasmon vibra-
tion and broad efficient dispersion cross-section including its individual AgNPs. It 
is important to remember that P. aculeatum used a mean diameter of about 60 nm 
and good scolicidal effect toward Echinococcus granulosus protoscolices. 
Extracellular biosynthesis of AuNPs is documented (Barabadi et al. 2017). Their 
results show that after 120 min of exposure, the scolicidal behavior of AuNPs was 
equal to that of AgNP, selenium NPs, 20% AgNO3 at 20  min, and isotonic 
saline at 20%.

Synthesis of extracellular AgNP has been recently documented by Sheet et al. 
(2017) to assess its biological and physicochemical role, using microgravity 
and  ordinary conditions. Findings indicate cytotoxic effects of microgravity- 
synthesized ANPs on cancer cells are much greater than standard severity- 
synthesized ANPs. In the range of 4–55 nm of exploited Penicillium aculeatum 
Su1, extracellular biosynthesis of AgNPs was stated (Ma et al. 2017). This research 
revealed that biosynthesized AgNPs are far more biocompatible with human bron-
chial epithelial cells than AgNO3 and were substantially dose-determined toxic to 
A549 cells via IC50 of 48.73 μg/mL, reflecting a potential impact on human pulmo-
nary adenocarcinoma cell proliferation. Moreover, cytotoxic activity of AgNPs 
was biosynthesized with the use of Penicillium spp. in vitro in a sample. Cell lines 
with human colon adenocarcinoma (HT-29) ranging from 5 to 100 μg/mL were 
tested in contrast to normal Vero cell lines. Findings showed that AgNPs of IC50 
had a cytotoxic effect of 30 μg/mL to HT-29, while IC50 was anticipated to be far 
greater than 50 μg/mL for the standard Vero cell line (Verma et al. 2013). Also, a 
research study found that biogenic AgNPs provided cytotoxic effects on the A549 
cancer cell line, whereas their toxicity was significantly lower at the same level as 
the usual Vero cell line. Expansion of AgNPs by active oxygen species, which 
causes oxidative damage that induces higher levels of necrosis at higher levels and 
not just affects critical enzymes, was explained by researchers (Majeed et al. 2016). 
Ali et  al. (2014) also reported intracellular/extracellular AgNP biosynthesis by 
using P. citreonigrum throughout the order of 10–50 nm. AgNPs were tested for 
cytotoxicity on (breast, colon, liver) cell lines. In dramatic terms, extracellular 
AGNPs showed significantly greater inhibition effect of three cancer cell lines than 
intracellular NPs. For this relation, researchers indicated that interruptions of 
AgNPs in the mitochondrial breathing chain might contribute to ROS, which inter-
rupts ATP production and leads directly to DNA damage. Furthermore, Vazquez-
Muñoz et  al. (2019) provide a deeper understanding of the complementary 
mechanism of AgNPs and antibiotics to effectively fight antimicrobial pathogens 
to alleviate current crises due to antibiotic resistance, particularly those with mul-
tidrug-resistant microorganisms.
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10  Microbial-Based Crop Safety Nanoparticle Applications

Through the manufacture of nanomaterials, the distribution of inorganic fertilizers 
and biopesticides to agriculture or a fully qualified approach to gene transfer, nano-
biotechnologies, including detection and control for phytopathogens and food 
safety against infections, can be widely used (Fig. 12.4). Nanoparticle crop protec-
tion applications are considered effective if they stay active in extreme conditions 
like temperature variations, target pathogen penetration, tolerance to phytopatho-
gens, cheap cost of formulation preferably in advanced mode of action, and social 
and economic advantages (Smith et al. 2008). In growing effectiveness and stabili-
zation of utilized cells and enzymes, nanoparticles play a pivotal role. Nanomaterials 
result from biomolecular integration (enzymes, metabolites, etc.) or full cell hybrid 
systems with different agricultural uses (Bailey et  al. 2010). Microbe-integrated 
nanoparticles gain from improved biological efficacy, fast fixation over the wide 
surface region, increased bioavailability and versatility, reduced toxicity, and 
improved mass delivery systems. Next NPs are trapped and nanomaterials are fused, 
and active ingredient is released in a controlled manner. The use of NP aids would 
involve a tailored distribution strategy based on the actions and environmental con-
ditions of phytopathogens. For instance, DNA-coated AuNPs have been utilized as 
a shot to bombard plant and tissue cells to induce gene transfer in gene gun protocol 
(Vijayakumar et al. 2010). Microbes (bacteria, fungi) and its metabolites (enzymes, 
inhibitors, antibiotics, toxins) have been able to use biocontrol factors to protect 
plants or to improve the productivity of plants for years.

Coating of polymeric NPs provided advanced pathways for improving efficiency 
and stability of biocontrol agents, as gravity preparations for formulations supplied 
to targeted pathogens with a directed distribution system. Besides, trapped nanoma-
terial products can support the growth of soil and plants (Peteu et al. 2010). Fungal 
biological control factors are highly precise and are widely available without inges-
tion, for mass manufacturing by contact. Many fungal genotypes (Beauveria, 
Nomuraea, Verticillium) spread infection via conidia, requiring humidity to allow 
host pathogenesis to germinate (Kulkarni et  al. 2008). To stabilize Myrothecium 
complex enzymes, nanoformulation with chitosan and montmorillonite clay NPs 
was produced and demonstrated for Fusarium spp. Gossyphilous Phenacoccus and 
biocontrol, with a sluggish discharge of enzymes (cotton mealybug). Antifungal 
hydrolases and enhanced chitina and chitosanase enzymes are induced by Chito 
nanoparticles handled with curcuma plants to protect plant host that have made 
them resistant to turmeric red Pythium aphanidermatum rhizome (Anusuya and 
Sathiyabama 2013). Silica-based NPs (60  nm) packed with fluorescent dye and 
covalently linked with microbe surface antigen-specific antibodies are sensitive. 
Copper is converted through metal NPs by popular plant species (Phragmites aus-
tralis and Iris pseudacorus) if produced using endomycorrhizal fungi in polluted 
soil (Manceau et al. 2008). The inhibition efficacy of Ag2S nanocrystals and ZnTiO3 
was higher. In corn-treated plants by silica NPs, greater tolerance to F. oxysporum 
and A. niger has been exhibited (Suriyaprabha et al. 2014). TiO2 NPs have improved 
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and provided defense toward Alternaria brassicae (Bacillus amyloliquefaciens) in 
Brassica napus rhizosphere (Palmqvist et al. 2015). Zinc oxide NPs showed that 
conidium and Penicillium expansum conidium were inhibited, resulting in fungal 
mat absence (He et  al. 2010). Magnetic reverse of nanoparticles is an extremely 
precise and sensitive approach. To detect Prunus necrotic ringspot virus promptly, 
reverse transcription loop-mediated isothermal amplification (RTLAMP) was estab-
lished (Zong et al. 2014). Incubated under atmospheric conditions with combination 
of CdCl2 + SeCl4 and CdCl2 + TeCl2 by electron transmission microscopy (TEM) and 
electron diffraction under specific conditions, high fluorescence CdSe QDs and 
CdTe QDs are metabolized by F. oxysporum (Shaligram et al. 2009). Yeast cells 
have also been used for nanoparticle cadmium telluride (CdTe) biosynthesis QD of 
tunable fluorescence emission (Nayak et al. 2010). To reduce time to classify unique 
phytopathogens, the nucleic acid sensor bound to quartz crystal microbiological 
sensor surface could be coupled with rapid PCR protocols (Maliszewska et  al. 
2013). Through the use of AgNPs, nanobiotechnology has lately become more 
effective toward multiple phytopathogens. AgNP interaction with microbes 

Fig. 12.4 Overview of the impact of nanoparticles on crop protection
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increases because of a higher surface-to-volume proportion and hence greater per-
meability (Kim et al. 2008). This reduced solution results in the production of highly 
stable AgNPs with sizes of 5–40 nm when aqueous silver (Ag+) ions are treated with 
Trichoderma viride filtrate (Fayaz et al. 2010). Antibiotic mixture with AgNPs has 
been tested to have a stronger antimicrobial effect on many types of bacteria (Aziz 
et al. 2014, 2015, 2016). Infection of S. aureus pathogens in textiles for extracellu-
larly formed AgNPs containing F. oxysporum was reduced (Duran et  al. 2007). 
Highest inhibition of disease was also found in Colletotrichum species (C. acuta-
tum, C. gloeosporioides, C. higginsianum, C. nigrum, C. orbiculare, C. dematium) 
or cucumber, pumpkin, and powdery mildew. DNA-directed AgNPs can be removed 
by Xanthomonas perforans leaf spot disease (Ocsoy et al. 2013).

In other studies, biogenic silver nanoparticles have impregnated and reported 
superior antibiotic disc activity (chloramphenicol) with two pathogenic bacteria 
Abelmoschus esculentus and Citrullus lanatus (Citrobacter freundii and Erwinia 
cacticida) diseases (Paulkumar et  al. 2014). Substantial antifungal effect toward 
spot blotching disease in wheat induced by Bipolaris sorokiniana has been metabo-
lized and illustrated (Mishra et  al. 2014). Xanthomonas axonopodis fluorescent 
silica nanoparticles (FSNP) were correctly demonstrated in tomatoes and peppers in 
conjunction with antibody molecules to prevent vesicatoria that cause bacterial spot 
disease (Mishra et  al. 2010). Nanoparticles include antibodies used to detect 
Xanthomonas axonopodis (Yao et al. 2009). Ag nanoparticles increasingly attracted 
researchers worldwide for their antimicrobial agents so their production is more 
cost-effective and competitive for plant disease control. If utilized in consortiums 
with several other nanocrystals, numerous studies have shown powerful effects on 
AgNPs. With the use of Ag-SiO2 NPs, Botrytis cinerea has been reduced by signifi-
cant antifungal activity (Oh et al. 2006). Ag nanoparticles have been tested toward 
Phoma glomerata, Phoma herbarum, Fusarium semitectum for antifungal activity 
with fluconazole spp., Trichoderma, and C. albicans through disc-diffusion method 
(Gajbhiye et  al. 2009). Throughout the type of Colletotrichum gloeosporioides 
(competence of anthracnosis), B. sorokiniana, M. grisea, and S. cepivorum, 
sclerotium- forming phytopathogenic fungi, the existence of AgNPs has been sig-
nificantly inhibited. AgNP fungistatic and fungicidal action against Ambrosian fun-
gus Raffaelea spp. and Fusarium culmorum was examined, as well as some 
pathogenic yeasts (Candida albicans, Candida parapsilosis, Candida tropicalis) 
(Kasprowicz et al. 2010). Inhibition effect has shown to be 15 mg of AgNP toward 
Alternaria alternata, Botrytis cinerea, Curvularia lunata, Macrophomina phaseo-
lina, Sclerotinia sclerotiorum, and Rhizoctonia solani.

11  Conclusion

Nanomedicine is a thriving scientific area with enormous potential for human dis-
eases to be properly diagnosed and treated. Biological synthesis of microbial 
nanoparticles for “green chemistry” is considered safe, nontoxic, and 
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environmentally acceptable. Depending on the location of intracellular and extra-
cellular production of nanoparticles, microorganisms, like bacteria, leaves, fungi, 
and actinomycetes, may be used. Shape and size of nanoparticles in intracellular 
particle form could be manipulated to a certain degree using control factors like pH, 
temperature, substrate concentration, and exposure time. The study is presently 
being performed to monitor molecular and proteomic microorganisms. These tech-
niques and their industrial use in medicine and health care are expected to be applied 
on a large scale in the next few years, with latest developments and ongoing attempts 
to increase the efficiency of particulate synthesis and to explore biomedical applica-
tions. Over the last decade, there have been huge advances in the field of nanopar-
ticles developed by the microorganism and their applications. However, to improve 
synthesis and track size and morphology of particles, a lot of work needs to be done. 
Compared with the physical and chemical process, it is recognized that production 
of nanoparticles with microbes (several hours, even some days) is a really slow 
process. Reducing time of production would make this path even more appealing. 
Particle size and monodisperse particles are two main concerns in the assessment of 
nanoparticle synthesis. Efficient particle size and monodisperse regulation must 
therefore be thoroughly examined. Several studies have shown that after a certain 
period, nanoparticles produced by microorganisms can decompose. The stability of 
biological nanoparticles therefore needs further research and should be improved. 
Because particle shape control in the physical and chemical production of nanopar-
ticles is indeed research subject, biological mechanisms with the ability to specifi-
cally regulate particle shape would seem to have significant benefits. Adequate 
control of particle size and monodisperse particle may be given with varying condi-
tions like microorganism type, microbial growth phase, growth medium, synthesis, 
pH, substratum concentrations, target nanoparticles’ origin compound, temperature, 
process period, and nontarget ion addition. Biosynthesis methods are also benefi-
cial, as nanoparts are mostly covered by lipid molecules, which give biological sta-
bility and solubility, which is important for biomedical applications and other 
synthetic processes for bottling. Research is currently being conducted to control 
genomic and proteomic cells. Shorter response period and high composition effi-
ciency are being achieved with a deeper understanding of the system of molecular 
and cellular synthesis, particularly separation and characterization for those mole-
cules responsible for nanoparticle depletion.
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1  Introduction

Food remains as the mainstay for all living creatures who are predominantly depen-
dent on agriculture. In today’s scenario, agriculture faces the greatest challenge with 
pests, changes in the climate and decrease in the utilization of essential nutrients 
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(Kagan 2016). Globally about 22,000 different types of plant pathogens, weeds, 
insects and mites affect farming (Zhang 2018). The challenge in plant disease man-
agement is the timely identification and availability of limited options of manage-
ment (Adisa et al. 2019). Hence, conventional methods are adopted to manage the 
diseases by developing host-resistant crop variants (Servin et  al. 2015). All crop 
plants do not have inherent resistant genes against pathogenic diseases, so their 
requirement is more significant as compared to genetically modified crops. 
Micronutrients like copper (Cu), manganese (Mn) and zinc (Zn) are responsible for 
the initiation of enzyme activities and generation of biomolecules which participate 
in defence of plants. Therefore, the search for a more sustainable alternative remains 
as the most challenging area in agriculture for improvement in crop production and 
management of plants from diseases and pest attack (Adisa et al. 2019). Engineered 
nanomaterial (ENMs) has gained much interest in the management of plant diseases 
and enhancement of soil fertility. Much research efforts have been conducted and 
reported for ENMs with potential for improvement for growth of healthy plants and 
crops with an increase in efficiency of nutrient use and defence for suppression of 
diseases in plants (Dimkpa and Bindraban 2017; Elmer and White 2018).

Rodrigues et al. worked on various nanotechnological techniques for improving 
sustainable agro-food systems. The study searched for improved techniques for 
delivery of nanofertilizers and nanopesticides ensuring controlled release and tar-
geted delivery to control the pathogens and pests safeguarding food safety and secu-
rity. The advances in detection of pathogen and toxins were also reported (Rodrigues 
et al. 2017). The efficiency of crop production may be increased by incorporating 
the engineered nanomaterial into traditional fertilizers and pesticides. The ENMs 
may be included in bulk or as the sole active ingredient (Dimkpa and Bindraban 
2017; Prasad et al. 2017).

The essential nutrients for plant growth may be supplied in a nanoform for 
improved release with increased efficiency. This contributes to greater enhancement 
in the growth of plant resisting the environmental stress conditions. Fertilizers are 
most essential for the development and growth of plants. The use of nanofertilizers 
has been proved to be more advantageous as compared to conventional fertilizers. 
Nanofertilizers are the ENMs which provide essential nutrients to crops. They also 
increase the performance, accessibility or use of conventional fertilizers incorpo-
rated with ENMs (Liu and Lal 2015). The specific property of nanofertilizers, i.e. 
the small particle dimension of nanoparticles (NPs), has more surface area which 
augments absorption and utilization of nanofertilizers. The use of nanofertilizers 
prevents the loss of fertilizer by the processes like leaching and emissions and 
enduring assimilation by soil microflora (Liu et al. 2006; DeRosa et al. 2010). To 
maintain the soil fertility for extended period, nanofertilizers help by releasing at 
slower rates and decreasing the extent of toxicity due to the application of conven-
tional fertilizers in large quantity (Suman et al. 2010).

As compared to nanofertilizers, nanopesticides help in the prevention or suppres-
sion of severity of infections to the plants by fungi, bacteria or oomycete diseases. Due 
to the nano-property of nanopesticides, they are found to be more potent, lower dose 
is required for application, and they maintain the productivity as compared to the 
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conventional pesticides of chemical resemblance (Adisa et al. 2019). Nanopesticides 
reduce the frequency of application of pesticide, thereby reducing the wash-off and 
environmental pollution with reduced economic input cost by the farmer (Chhipa 2017).

This chapter emphasizes the mechanism of different nano-enabled fertilizers and 
pesticides which improves growth, crop production, crop quality, seed germination, 
seedling vigour, initiation of a root and photosynthesis to flowering under different 
biotic and abiotic stress conditions. The chapter focuses mainly on the biotic and 
abiotic stress conditions that affect the growth or development of plants and weaken 
the plant defence mechanism. The chapter elaborates the different types and the 
mechanism involved in the action of nanofertilizers and nanopesticides.

2  Conditions Affecting the Plant Growth

As plants are quiescent, they have to face all environmental changes like drought, 
flood, salinity in the soil, extreme variation of temperature, ultraviolet radiations, 
etc. and attack of pathogens, commonly categorized as abiotic and biotic stress con-
ditions (Fig. 13.1). These abiotic stress conditions develop different reactive oxygen 
species (ROS) like hydrogen peroxide (H2O2), hydroxyl radical (OH−), superoxides 
(O2

•−), singlet oxygen species (1O2) and hydroperoxy radical (HO2
•). These ROS 

accumulate in the plants and subsequently cause destructions in membrane biomol-
ecules (Foyer and Noctor 2000). ROS initiates the noxious injury to cells and genes 
(Shen et  al. 2010a, b; Yadav et  al. 2014), thereby interfering the plant growth 
(Begum and Fugetsu 2012). Other than these deteriorating effects, ROS also facili-
tates different defence systems by activation of a cascade of cell signalling and 

Fig. 13.1 Different abiotic and biotic stress conditions affecting the growth and defence system 
of plant
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encouraging or suppression of many gene expressions (Hancock et al. 2001). Floras 
possess enzymatic antioxidants to counteract the oxidative stress like superoxide 
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione reduc-
tase (GR) and some non-enzymatic antioxidants like glutathione and ascorbate that 
help in scavenging the ROS continuously. Plants fight the stress through osmosis by 
increasing the deposition of different organic osmolytes which helps in maintaining 
the normal hydration level. Similarly, hypoxia (deficiency of oxygen supply) results 
in a decrease in energy level, so the plants alter their metabolic processes to main-
tain the energy and replace the metabolism of carbohydrate with fermentation 
(Banti et al. 2013). Stress due to metal ions can be overcome by the plants, by syn-
thesizing metal-ligand chelates, organic acids and polyphosphates. These metal 
chelates are restricted and confiscated in apoplasm or symplasm. However, the 
effect of ENMs depends on the plant varieties and the nature of nanomaterial used 
(Lin and Xing 2007). Most of the nanomaterials are responsible for alteration in 
gene expression as a response to abiotic and biotic stress conditions. They also 
affect the biosynthetic processes of the cell, cell organization, electron transport and 
energy pathways (Landa et al. 2012; Kaveh et al. 2013; Aken 2015).

Of all these stress conditions, most affected physiology of plants is photosynthe-
sis. As photosynthesis is the only physiological process to maintain the strength of 
a plant, ENMs protect the plant from different stress conditions by improving the 
rate of photosynthesis, the conductance of stomata, the rate of transpiration, the 
efficiency of water use and the content of chlorophyll and the proline and carbonic 
anhydrase activity (Haghighi and Pessarakli 2013; Siddiqui et al. 2014). Advantages 
of ENMs are that its use in low concentrations is very potent in improving different 
abiotic traumas and improved growth and development of plant (Mahajan et  al. 
2011; Amira et al. 2015).

2.1  Abiotic Stress

Abiotic stress conditions like drought, flood, salinity, extreme temperature and 
metal stress affect and cause a huge loss in crop production globally by a reduction 
in crop quantity and quality (Wu and Ma 2015). These stress conditions alone or in 
combination affect the morphology and physiology of the plant negatively, and also 
the changes in biochemical and molecular level decrease the crop yield (Rao 
et al. 2016):

 1. Abiotic stress due to drought: Stress due to drought is one type of anthropogenic 
climate change which restricts the production and distribution of crop (Khan 
et al. 2017).

 2. Abiotic stress due to soil salinity: Salinity in the soil is the result of excess depo-
sition of sodium chloride which causes stress to the crop plants due to osmosis 
and ions. In osmotic stress conditions, the uptake of water and nutrients by the 
plants is reduced. However, in ionic stress condition, there is an excess deposi-
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tion of sodium ion (Na+) in the cytosol of the cells, causing the lowering of 
potassium/sodium (K+/Na+) ratio (Khan et al. 2012). This imbalance results in 
excess production of ROS which causes damage to biomolecules and outflow of 
electrolytes and distresses different physiological processes in cytosol (Khan 
et  al. 2010; Sharma et  al. 2012; Ismail et  al. 2014). The presence of excess 
sodium ion (Na+) and chloride ion (Cl−) induces salt stress and damage to the 
plant. So, to defend it, the plants reduce the uptake of ions from soil or deposi-
tion in the vacuoles (Khan et al. 2017).

 3. Abiotic stress due to temperature: Stress due to temperature influences the sus-
tainable growth and yield of plants. Temperature stress can be considered by two 
headings, i.e. high-temperature (HT) stress and low-temperature (LT) stress. 
Low-temperature stress may also be termed as cold stress or chilling stress or 
freezing stress. High-temperature stress causes damage to the plant irreversibly 
affecting the growth and development (Wahid 2007). Cold stress is generally 
referred to as the temperature from 0 to 15 °C in which the plant is injured with-
out deposition of ice crystals in the tissues of plants, whereas freezing stress is 
generally temperature below 0 °C, and ice crystals are deposited into the tissues 
of plant (Hasanuzzaman et al. 2013). Cold stress causes loss of flexibility in the 
cell membrane and leakage of solutes. Plants under cold stress have slow devel-
opment and seed germination and decreased production (Suzuki et  al. 2008). 
Photosynthesis is the most affected physiological process of plant under cold 
stress as it decreases chlorophyll (Chl) content, carbon dioxide assimilation, 
transpiration rate and deterioration of enzymes (Yordanova and Popova 2007; 
Liu et al. 2012). Similarly, HT stress facilitates more generation of ROS, and the 
oxidative stress is responsible for the degeneration of lipids of membrane and 
biomolecules and leakage of electrolytes (Moller et al. 2007; Savicka and Skute 
2010; Karuppanapandian et al. 2011). HT stress reduces the content of Chl and 
rate of photosynthesis (Prasad et al. 2011).

 4. Abiotic stress due to metals: Metal stress (MS) is one of the main abiotic stresses 
inhibiting the plant growth and causing phytotoxicity (Chibuike and Obiora 2014). 
Metal stress causes metal toxicity-associated inhibition of plant growth by sup-
pressing the activities of vital enzymes and obstruction in the uptake of essential 
nutrients causing deficiency symptoms (Capuana 2011). Metal stress facilitates 
excessive production of ROS and the oxidative stress along with the damage of 
cell and biomolecules of a cell (Rascio and Navari-Izzo 2011; Sharma et al. 2012).

 5. Abiotic stress due to ultraviolet-B radiation: Ultraviolet-B (UV-B) radiation of 
wavelength 280–315  nm causes an increase in ROS level in the plant cells 
(Mackerness et al. 2001) which causes damages to the DNA and the structure of 
chloroplast and interferes with numerous cellular physiological developments 
comprising photosynthesis (Chen et al. 2011; Hideg et al. 2013). The enzyme and 
non-enzyme antioxidant system of plants deposit phenolic compounds (glycerol, 
inositols, sorbitols, etc.) which absorb harmful UV radiations (Shen et al. 2010a, b).

 6. Abiotic stress due to flood: Flood causes a deficiency of oxygen to the plant due 
to water-clogging. Oxygen diffuses 104-fold slower in the aqueous medium than 
air (Armstrong and Drew 2002). Hypoxia or deficiency of oxygen causes a 
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decrease in energy level, inhibits respiration and upregulates the expression of 
genes responsible for ethylene synthesis (Komatsu et  al. 2009). Stress due to 
flood hampers the seed germination, vegetative and reproductive growth along 
with root growth and hypocotyl pigmentation (Hou and Thseng 1991; Linkemer 
et al. 1998; Visser et al. 1997; Komatsu et al. 2012).

 7. Abiotic stress after harvesting and storage: Plants also suffer abiotic stress due 
to transport to long-distance places and various post-harvest storage conditions. 
During transport and storage, darkness is also responsible for post-harvest stress. 
Dark stress declines chlorophyll content, rate of photosynthesis and activities of 
enzymes against oxidative stress and escalates production of ethylene, genera-
tion of ROS and damage of cell membrane (Prochazkova and Wilhelmova 2007). 
These changes in cellular contents reduce the shelf life and marketable price of 
the plant and plant products, whereas in horticultural harvest, these post-harvest 
stresses cause increased dehydration, oxidation, respiration and lipid peroxida-
tion, so this affects the net mass and nutritious value of the product (Ouzounidou 
and Gaitis 2011).

2.2  Biotic Stress

Apart from abiotic stress, biotic stress is caused by pathogens or pests like bacteria, 
fungi, viruses, insects, arachnids and weeds. The causative pathogens or pests divert 
the uptake of nutrients by the host plant leading to the death of the plant due to 
deprivation of nutrition. Biotic stress leads to both pre- and post-harvest losses. The 
host plants can counteract the biotic stress by using their inherent genetic system or 
the genetic code present. In the presence of these biotic stress conditions, the resis-
tant genes present in the plant genome are encoded by multiple orders (Gull et al. 
2019). Among the causative pathogens, fungal infections are the most than bacterial 
infections. Very few viruses cause biotic stress conditions. Microbes lead to plant 
droop, spots on the leaves, rotting of the roots and damage to the seeds, whereas 
insects lead to physical damage to the plants and act like carriers or vectors of the 
viruses or bacteria, spreading the disease from infected plant to a healthy plant. 
Weeds are unwanted plants which interfere with the growth of the plants by compet-
ing for space and nutrients. Weeds grow very faster as compared to the desired crop, 
so they dominate the growth and development of the required crop (Trueman 2020).

3  Role of Nanofertilizers in the Plant Growth

Nanofertilizers act similarly to conventional fertilizers using nanotechnology. 
Nanofertilizers mainly provide nutrients to plants. The use of nanofertilizers in 
place of conventional fertilizers allows the controlled release of nutrients and water 
flow to enhance the agricultural gain (Moaveni and Kheiri 2011; Naderi and 
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Danesh-Shahraki 2013). Misuse or overuse of fertilizers leads to negative effects 
like declination in fertilization response ratios and incidents of multi-micronutrient 
scarcities in soils with a decrease in soil mineral content. This fails to maintain the 
optimum fertility standards of the soil affecting the crop yield (Kalia and Kaur 2019).

3.1  Advantages of Nanofertilizers over Conventional Fertilizers

Nanofertilizers which are preferred over the conventional fertilizers have the fol-
lowing advantages (Fig. 13.2):

 1. Primarily nanofertilizers are used as they release the required micronutrient, 
macronutrient and non-nutrient in a controlled manner as compared to conven-
tional fertilizers. The nutrients are lost as a response to abiotic and biotic stress 
conditions. Nitrogen-containing fertilizers volatilize as gaseous ammonia and 
nitrous oxides. Similarly, phosphorous-containing fertilizers precipitate as cal-
cium, iron and aluminium phosphates. Micronutrients are more available in 
nanoformulation easing the uptake by plants (Kalia and Kaur 2019; Dimkpa and 
Bindraban 2017).

 2. Nanoparticle-embedded nanofertilizers can have higher uptake by plants as the 
nanosize formulations can pass through the pores and by molecular transporters. 
Various ion channels are utilized by the nanofertilizers for higher absorption and 
nutrient uptake (Aamir Iqbal 2019).

 3. ENMs can be used as soil binders (Majeed and Taha 2013) or land reclamation 
agents (Liu and Lal 2012). The soil binding prevents soil erosion. Polymeric 
nanoparticles (NPs) can absorb and store a high amount of water and simultane-

Fig. 13.2 Comparison of conventional fertilizer to nanofertilizers
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ously decontaminate the pesticide residues, heavy metals and other toxic sub-
stances for the plants, animals and human beings (Kalia and Kaur 2019).

 4. Loss of nanofertilizers by volatilization, emission or leaching is very less, so the 
quantity and frequency of application are less. It also prevents environmental 
pollutions (Aamir Iqbal 2019).

 5. Nanotechnology opens the scope for development of nanodelivery systems for 
application of fertilizers. The ecological benefit can be achieved by reusing and 
recycling the agri-biowastes to fabricate the nano-products to carry the nutrient 
elements of plants (Wanyika et al. 2012).

3.2  Types of Nanofertilizers

The precision of agriculture can be enhanced by increasing the nutrient use effi-
ciency using nanofertilizers. Nowadays, nanofertilizers are considered as smart tech-
nology to make sustainable agriculture (Khot et al. 2012; Davarpanah et al. 2016). 
The use of bulk conventional fertilizers is replaced with nanofertilizers, and that 
leads to declination in soil and water pollution due to excessive nutrients (Dimkpa 
and Bindraban 2017). Different nanoformulations like metal oxide nanoparticles are 
mainly used techniques for nanofertilizers (Davarpanah et al. 2017). The physico-
chemical properties of the ENMs depend on the type of method of synthesis and 
their origin. They may be prepared from inorganic metals or organic substances. 
Inorganic metal oxides like zinc oxide, magnesium oxide, titanium oxide and silver 
oxide are of more use as nanofertilizers, whereas polymers, lipids and carbon nano-
structures are also a source of ENMs. As the primary objective of nanofertilizers is 
the adequate source of nutrients for growth and development of a plant, they are 
classically categorized into three types, i.e. micronutrient nanofertilizers, macronu-
trient nanofertilizers and non-nutrient nanofertilizers. Further another class is also 
emerging in the field of nanofertilizers, i.e. nano-biofertilizers produced by biologi-
cal synthesis or green synthesis (Feregrino-Perez et al. 2018; Liu and Lal 2015):

 1. Micronutrient nanofertilizers: Micronutrients are required in a very minute or 
trace quantity by plants for their growth and development. These micronutrients 
act as cofactors and are very essential for different physiological and biochemi-
cal processes. Other than this, they also help in the conjugation of different 
enzymes and macromolecules of primary or secondary importance. Supply of 
these micronutrients in the form of nanofertilizers helps in seed germination and 
root and shoot growth due to the increase in planta concentration of indole acetic 
acid [IAA]. This enriches the crop product with micronutrients mainly like zinc, 
boron, iron and manganese (Kalia and Kaur 2019). Zinc (Zn) affects plant 
growth as it is present in the structure of proteins or acts as a cofactor of different 
enzymes of physiological importance (Noreen et al. 2018). Zn mainly partici-
pates in carbohydrate synthesis, protein metabolism and regulation of a plant 
growth hormone, i.e. auxins. It also protects the plants from pathogen attack 
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(Broadley et al. 2007). ZnO NPs induce the morphological growth and develop-
ment of pomegranate (Punica granatum L.) in in vitro condition by elevating the 
chlorophyll content and reduction of proline accumulation (El-Mahdy and 
Elazab 2020). Boron (B) is another important micronutrient which involves in 
the photosynthesis and other physiological processes. B plays a significant role 
in biosynthesis and lignification of cell walls (Navarro-León et al. 2016). Iron 
(Fe) is also equally important as zinc and boron in various physiological pro-
cesses, and its deficiency mainly affects the yield (Palmqvist et al. 2017). Ngan 
et al. reported the effect of iron nanoparticles (FeNPs) on the formation of root 
and growth of carnation (Dianthus caryophyllus) plantlets in vitro and micro-
ponic system. FeNPs also affected the uptake of other nutrients like Ca, K, Mg 
and Fe and helped in the generation of antioxidant enzymes (Ngan et al. 2020). 
Manganese (Mn) is another micronutrient that participates in the photosynthesis 
as a cofactor of various enzymes and other physiological processes like biosyn-
thesis of adenosine triphosphate (ATP), chlorophyll, fatty acids, proteins and 
different secondary metabolites like flavonoids (Palmqvist et al. 2017).

 2. Macronutrient nanofertilizers: For appropriate growth and metabolism of plants, 
macronutrients (MNs) are required in large quantity. Mainly nine elements are 
considered as macronutrients. Carbon (C), hydrogen (H) and oxygen (O) are deriv-
atives of air and water. Elements that are derivative of soil are nitrogen (N), phos-
phorous (P) and potassium (K) and considered as primary MNs, whereas secondary 
or tertiary MNs are calcium (Ca), magnesium (Mg) and sulphur (S). MNs are 
essential for more than 95% of the biomass for the plants (Kalia and Kaur 2019).

 3. Non-nutrient nanoparticulate nanofertilizers: Non-nutrient nanofertilizers don’t 
contribute for the nutrients but effectively deliver the required fertilizers in 
nanodelivery systems like carbon-based nanotubes, fullerenes, graphenes and 
quantum dots. Some inorganic nanoparticles of lithium (Li), silver (Ag) and gold 
(Au) or metal oxide nanoparticles like titanium dioxide (TiO2), cerium oxide 
(CeO2), bimetallic nanoparticles (CdSe) or nanoclay mineral particles are used 
for delivery of non-nutrient nanoparticulate nanofertilizers (Kalia and Kaur 
2019). Xie et al. reported the co-activity of graphene oxide and indole acetic acid 
(IAA) on the growth of Brassica napus L. by multiple phytohormone pathways. 
Graphene oxide or IAA alone inhibits the root growth, but when they are co-
administered, the growth of the root and shoot is facilitated by phytohormone 
pathways like abscisic acid (ABA), IAA, gibberellin (GA), cytokinin (CTK), 
brassinolide (BR) and salicylic acid (SA) (Xie et al. 2020).

3.3  Synthesis of Nanofertilizers

The nanomaterial to be used as nanofertilizers can be synthesized by any one of 
three methods, i.e. top-down method, bottom-up method or biological synthesis 
(Behera et  al. 2020). The top-down method is a physical method by which the 
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particle size is reduced to nanoscale in such a way to obtain uniform-sized assem-
blies. But this method has the limitation of non-uniform-sized nanoparticles with 
impurities, whereas the bottom-up method starts with an atomic or molecular level 
to produce nanoparticles with controlled size using different chemical methods. In 
this method, the size of the nanoparticles can be controlled easily with less impurity 
(Singh and Rattanpal 2014; Pradhan and Mailapalli 2017). Nanomaterials can be 
synthesized biologically, the so-called biosynthesis approach. In this approach, dif-
ferent natural sources are used, derived from plants or microorganisms. The advan-
tage of the biosynthetic method is the better regulation of the toxicity and particle 
size (El-Ramady et al. 2018; Yadav et al. 2012).

4  Mechanism of Action of Nanofertilizers for Plant Growth 
in Stress Conditions

The defence system of the plant protects the plant from the damages caused by dif-
ferent stress conditions if they respond before the stimuli of stress. Cellular machin-
ery and the defence system are the crucial mechanisms in the protection of plants 
from abiotic and biotic stress conditions. When the ENMs interact with plants under 
abiotic stress conditions, ROS generation is the most common reaction. The ROS 
triggers the defence system of the plants and exacerbates the damages of the plant 
cells (Dat et al. 2000). Though ENMs encourage ROS generation (Qi et al. 2013; 
Oukarroum et al. 2012; Ma et al. 2010; Simon et al. 2013), it also participates in 
scavenging the ROS by acting similarly to enzymes for antioxidation (Rico et al. 
2013a, b; Wei and Wang 2013). The actual mechanism of nanofertilizers can be 
understood by two approaches, i.e. proteomic and genomic approach. These two 
mechanisms explain possible mechanisms of action of nanofertilizers in the pres-
ence of abiotic stress conditions.

4.1  A Proteomic Approach for a Mechanism of Action 
of Nanofertilizers

 1. Vannini et al. reported a proteomic study on roots of Eruca sativa with two dif-
ferent forms of silver, i.e. silver nanoparticle and silver nitrate. The application 
changes the proteins involved in the metabolism of sulphur and redox regulation. 
This effect was owing to the distinctive physicochemical properties of silver 
nanoparticles (Vannini et al. 2013).

 2. Abiotic and biotic stress condition elevates the cytosolic calcium ion (Ca2+) in 
plant cells and triggers the generation of nitric oxide (NO) (Khan et al. 2012; 
Corpas et al. 2006; Del Rio et al. 2004). Mirzajani et al. (2014) studied the influ-
ence of silver nanoparticle on the roots of Oryza sativa assuming a proteomic 
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approach. He found that silver nanoparticles are involved in oxidative stress 
reaction pathway, regulation of Ca2+ and signalling, transcription and denatur-
ation of protein, cell metabolisms and apoptosis. Mirzajani et al. followed the 
findings of Goyer (1995) and assumed that the silver nanoparticles or silver ions 
released from the nanoparticles interfere with the metabolism of cell by interact-
ing with the second messenger like Ca2+ sensing receptors, voltage- or ligand-
gated calcium ion channels and calcium-sodium (Ca2+/Na+) exchanger (Mirzajani 
et al. 2014).

 3. On exposure to the stress condition, the defence mechanism of the plant is acti-
vated by a series of a response to signalling network. Calcium ion (Ca2+) plays a 
vital role in signalling as a second messenger. Stress stimulus translocates the 
calcium ion from its store to cytosol by calcium channels so elevating the cyto-
solic Ca2+ level. The increased Ca2+ is detected by Ca2+-binding proteins (CaBPs) 
which downregulate the alteration in expression of gene and plants’ adaptations 
to stress conditions (Khan et al. 2014).

 4. Miao et al. reported that the fullerene C60 nanocrystals suspended in aqueous 
medium caused functional variation of the Ca2+/calmodulin-dependent protein 
kinase II (CaMKII) (Miao et al. 2014). Later the findings were reinforced by 
Marmiroli et  al., (2015) and they experimented on Arabidopsis thaliana with 
cadmium sulphide (CdS) quantum dots. They found the overexpression of a 
calcium-binding protein CML45 and calcium-dependent protein kinase 
23  (Marmiroli et  al. 2015). These calcium-binding proteins control the stress 
responses, and their overexpression develops the increased resistance of plant 
towards different abiotic stresses (Xu et al. 2011; Boudsocq and Sheen 2013).

 5. Improved activity of nitrate reductase is responsible for the increase in NO level 
in plants due to an increase in NO synthesis (Carpenter et al. 2012). ENMs ele-
vate the enzyme activity (Shahrokh et al. 2014). So the elevated NO levels coun-
teract the nanomaterial-induced phytotoxicity and also facilitate the genes 
responsible for antioxidant activity and suppress the generation of ROS and lipid 
peroxidation (Chen et al. 2015).

4.2  Genomic Approach for a Mechanism of Action 
of Nanofertilizers

 1. Frazier et al. reported the interaction of miRNA, a small non-coding RNA, with 
a nanomaterial in abiotic and biotic stress conditions. miRNA controls different 
physiological processes of the plant in response to stress conditions. Nano-
titanium dioxide (TiO2) and aluminium oxide (Al2O3) NMs, when applied on 
tobacco plants, upregulated the miRNA expression in the protection of plants 
contrary to metal stress (Frazier et al. 2014).

 2. Kim et  al. performed the experimentation of nano-zerovalent iron (nZVI) on 
Arabidopsis species. nZVI improved the tolerance of the plant by expressing a 
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gene AHA2 involved in stomatal opening in drought condition. The treatment 
decreased apoplastic pH, increased leaf area and widened stomatal opening. The 
AHA2 gene enhanced the H+-ATPase by fivefold in nZVI-treated plants than the 
control plants, which is responsible for stomatal opening (Kim et al. 2015).

 3. ENMs behave similar to Ca2+ and interact with CABP and trigger the cascades 
of stress-responsive genes. So the enhanced gene expression facilitates cell divi-
sion, cell elongation and tolerance against the stress conditions (Almutairi 2016).

Different nanomaterials are used as nanofertilizers to overcome different abiotic 
stress conditions. Table 13.1 illustrates different reported literature for nanomaterial 
to be used in different plant species.

5  Role of Nanopesticides in the Plant Growth

ENMs containing pesticides as an active constituent with antimicrobial activity are 
termed as nanopesticides (Kah and Hofmann 2014; Iavicoli et al. 2017). The main 
objective of nanopesticide is to protect the crop or plants from infections caused by 
different pathogens like fungi, bacteria, viruses and oomycete diseases. The modifi-
cation of pesticides into nanopesticides brings about a sustainable amendment in the 
field of agriculture for better quality and quantity of yield. The modification to 
nanostructure changes and improves the properties of the nanomaterial which make 
them more potent; thereby low-dose application are required to get good results. 
ENMs as nanopesticides work promptly at lower dose, so the adverse effects to an 
environment like run-off and environmental pollution are avoided. The advantages 
of nanopesticides are also the conservation of energy and water inputs required for 
crop production and lower the economic cost of the pesticides (Chhipa 2017).

So many approaches were adopted to develop nano-enabled versions of conven-
tional pesticides. They may be organic or inorganic polymeric nanomaterials with 
variations in their property related to shape, size and other morphological features 
(Kah and Hofmann 2014; Yin et al. 2012). Biodegradable polymers are used to for-
mulate so many nanoformulations like nanospheres, nanocapsules, nanogels and 
nanofibres. In nanospheres, the active constituents are distributed uniformly, 
whereas nanocapsules contain the active ingredient in the core part enclosed within 
the polymeric matrix (Iavicoli et al. 2017). Nanogels are formulated by incorporat-
ing within the cross-linked biopolymer networks containing the active ingredient 
within the pores (Kah and Hofmann 2014; Yin et al. 2012).

Advantages of Nanopesticides over Conventional Pesticides

 1. As compared to the conventional pesticides, carbon nanotubes were found to be 
more effective for germination of seed and growth of plant (Khodakovskaya 
et al. 2013; Zheng et al. 2005).

 2. The small size and high-surface-to-volume ratio property of nanomaterials allow 
them to enter into intercellular space by apoplastic pathway or across the cell 
wall. Once they get inside the apoplast, they can easily come into epidermal and 
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cortical cells and reach the endodermis and get accumulated consistently (Larue 
et al. 2012; Zhao et al. 2013).

 3. Rico et al. postulated another alternate approach of symplastic (through cyto-
plasm) route. The symplastic route is a more controlled pathway for movement 
of nanomaterials into plant cells. In this route, the nanomaterial binds with the 
carrier protein, favours entry into the cell and easily interchanges through ion 
channels, aquaporins and endocytosis (Rico et al. 2011).

6  Mechanism of Action of Nanopesticides for Growth 
of Plants in Biotic and Abiotic Stress Conditions

The efficacy of nanomaterial on plants is affected by abiotic and biotic stress condi-
tions. In biotic stress, the efficacy of nanomaterial for the plant response especially 
depends on the properties of the ENMs and the species of the plant. El-Argawy 
et  al. reported probable mechanisms of actions of ENMs against the pathogens 
causing the biotic stress. The study suggested that the cationic silver (Ag+), copper 
(Cu2+), zinc (Zn2+) and titanium (Ti4+) released from ENMs bind to the anionic sulf-
hydryl or other functional groups in proteins (El-Argawy et  al. 2017). The ionic 
interaction of these functional groups with the metal ions causes an alteration in 
activity and functions of the proteins leading to cell membrane disruption. 
Sometimes these released ions may be toxic to plant genes causing interference in 
the electron transport chain (ETC) and alteration in the structure and function of 
DNA. All these destroy the integrity of the cell wall leading to the death of the 
pathogen.

ENMs can diminish the biotic stress in plants by two pathways, direct antimicro-
bial effect and an indirect effect by stimulation of nutrition-induced defence system, 
affecting the metabolic processes in the plant (Servin et  al. 2015). In the direct 
pathway, biocidal effect of nanopesticides occurs by penetration and accumulation 
in the cell membrane, consequently leading to cell lysis (Salem et al. 2011). The 
ENMs can accelerate the generation of ROS (Lamsal et  al. 2011a, b), and the 
increased level of ROS causes disturbances in the cellular homeostasis of microbes, 
and the oxidative stress damages the cell at a different level and causes automatic 
cell death (apoptosis) (Gill et al. 2005). Excessive ROS also destroys the DNA and 
enhances lipid peroxidation, enzyme inhibition and ultimately apoptosis, whereas 
ROS at lesser or moderate level acts as a secondary messenger in different physio-
logical processes and develops the tolerability of plant towards biotic and abiotic 
stress conditions. This tolerability can be understood by the intracellular hormone-
mediated signalling sequences like apoptosis, closure of the stomata, gravitropism 
and responses of plant towards different stress conditions (Mittler 2002; Yan et al. 
2007; Joo et al. 2001; Miller et al. 2008):
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 1. Nanopesticides containing silver: Nanopesticides containing silver ion act by 
inducing toxicity to the pathogen. Silver ions (Ag+) are released from the nano-
material and recognized to be extremely toxic, disrupting the cell membrane of 
the pathogen by interacting with membrane proteins with cysteine moiety 
(Servin et al. 2015). Mishra et al. suggested that Ag+ penetrates and accumulates 
destroying pathogen due to the sclerotial rind disruption (Mishra et al. 2017).

 2. Nanopesticides containing copper: Cu-based NMs act similar to silver as anti-
microbial nanopesticide (Adisa et al. 2019). Oussou-Azo et al. reported the anti-
fungal activity study on Colletotrichum gloeosporioides using Cu NPs, CuO 
NPs and CuO. The antifungal activity of the Cu NPs was found to be maximum 
as compared to other forms. Cu NP prevents hyphal growth and spore germina-
tion (Oussou-Azo et al. 2020).

 3. Nanopesticides containing zinc: Zinc oxide (ZnO) nanopesticides inactivate the 
pathogens by severely damaging the microbial cell wall in the presence of 
ROS. If the toxicity effect of Ag-, Cu- and Zn-containing NMs towards the plant 
cell is considered, then Zn has the least toxicity to the plant cells. So they are 
more preferred as nanopesticide having very less negative impact on the environ-
ment (Adisa et al. 2019).

 4. Nanopesticides containing chitosan polymer and another engineered nanomate-
rial (NM): The nanomaterial containing chitosan (CNMs) prevent the in vitro 
growth of pathogenic fungi and improve the in vivo seed germination and bio-
mass (Sathiyabama and Parthasarathy 2016). It also causes the leakage of potas-
sium ion (K+) by disrupting the cell membrane and necrotic cell death. CNMs 
are positively charged superficially as amino groups are present on the surface 
which is responsible for antimicrobial activity of the nanopesticides.

The positive charge on the surface of chitosan increases its affinity towards nega-
tively charged surfaces on the microbial cell membrane. It also enhances interaction 
with metals present in the cell. The electrostatic interaction between polycationic 
CNMs and anionic components of the pathogens can disrupt permeability of cell 
membrane, an outflow of intracellular materials and ultimately cell lysis (Xing 
et al. 2018).

Chitosan NMs can be used against the fungal infection as they disrupt the integ-
rity of the cell wall or cell membrane similarly by electrostatic interaction (He et al. 
2011). They inhibit the glucan-synthesizing enzymes which biosynthesize glucans, 
i.e. a significant biomolecule providing strength to the cell wall of the fungi (Aranda-
Martinez et al. 2016). Other mechanisms involve the interaction of the CNMs with 
the fungal DNA and further interfering with protein synthesis by inhibiting the 
mRNA. The cationic amino group of CNMs interacts with an anionic phosphate 
group and amino acids of DNA, thereby inactivating the enzymes involved in pro-
tein synthesis (Kheiri et al. 2016).

Table 13.2 illustrates the reported nanopesticides to fight the biotic and abi-
otic stress.
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7  Conclusion

Much progress persists along the prevailing pathways, and agrochemicals are quick 
to switch into or at least consider themselves as the next new genre of contaminants 
related to the farming activities. In such a context, nanotechnology could potentially 
prove as an element of burgeoning strategies to counteract pesticide and fertilizer 
contamination. Boosting collaborations among varied disciplines involved at all 
stages of the production and assessment of agrochemicals enable the production of 
products which integrate within the various limitations of the agrochemical industry 
framework, and this would possibly bring added value compared to the existing 
ones. With the prevalence of piling regulatory pressure, there is a need of opportuni-
ties to encourage creativity that can drive the development of smarter solutions for 
nutrition and plant protection. Fostering more collaboration across various scientific 
domains would guarantee consumer acceptance. Beginning on a wider nano-enabled 
development framework and building on experiences from other related sectors 
would be of greater benefit in promoting more sustainable agrochemical production.
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1  Introduction

Plant growth regulators (such as auxins, cytokinins, gibberellin, abscisic acid, and 
ethylene) play an important role in mediating growth of different plant species at 
very low concentrations as well as signaling environmental alterations or changes, 
initiating stress responses (biotic and abiotic) and indicator molecules in the regula-
tion of almost all phases of plant growth and development (maturation) from 
embryogenesis to senescence (Li et al. 2010).

Seaweed and microalgae extracts are used as growth stimulants or growth regu-
lators in cultivation of agricultural species due to its content from the plant growth 
regulator (hormones) concentrations (Stirk and Van Staden 2006).

In various algal species, phytohormones were recorded in significant amount 
when compared with their amount in plants, and the various biological activities of 
algal hormones corresponded to the functions of hormones in higher plant 
(Tarakhovskaya et al. 2007).

El Shoubaky and Salem (2009) investigated green macroalgae (Ulva lactuca and 
Enteromorpha clathrate) as biofertilizers due to their high concentrations of inor-
ganic nutrients in addition to organic compounds and plant growth hormones. 
Phytohormones of microalgae and macroalgae are exogenous growth regulators, 
affecting the tolerance ability to different factors of various (abiotic and biotic) 
stress conditions (Romanenko et al. 2015).

Hormonal level may undergo changes when the alga is exposed to an alteration 
in natural environmental or laboratory conditions such as light (quantity, quality, 
and duration), temperature, salinity, etc. Moreover, Nimura and Mizuta (2002) 
reported that the endogenous abscisic acid (ABA) content of laminaria sporophyte 
increased as a result of its transition from the vegetative growth stage to the repro-
ductive state. Also, in some microalgae, ABA was increased under salt stress or 
lowered moisture content. Polyamines and betaines are important active signal fac-
tors required for different processes in plant and algal development and participate 
in biotic and abiotic stress responses as illustrated by Kusano et al. (2008). These 
factors were recorded in different stressed microalgal and seaweed species 
(Mackinnon et al. 2010; Gebser and Pohnert 2013).

In the following sections, we will summarize the major plant hormones and its 
analogues present in algal species and its physiological functions and methods of 
extractions and determinations and if any abiotic stress factors can affect the accu-
mulation of these regulators inside the algal species.
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The chemical structure of major phytohormones and other regulators produced by algae

2  Algal Hormones

2.1  Auxins

It is interesting to know that not only the hormonal substances produced by the 
highly evolved terrestrial plants are already produced by the lower primitive thal-
lophytic algae, but they also function similarly. Regarding auxins, there have been 
numerous investigations that dealt with auxin production (especially IAA) in many 
algal species (microalgae, macroalgae, and cyanobacteria).

Starting with Du Buy and Olson (1937) who reported the presence of auxin in the 
tissue of Fucus vesiculosus, occasionally, other scientists recorded the presence of 
auxin in Bryopsis muscosa. Also, indole acetic acid (IAA) were found in the brown 
seaweeds Fucus, Macrocystis, and Desmarestia sp. Few years later (Skibola 2004; 
Tarakhovskaya et al. 2007; Li et al. 2007), a growth substance similar to IAA was 

14 Production of Plant Hormones from Algae and Its Relation to Plant Growth



398

found in Laminaria agardhii. These previous investigations proved their findings by 
the use of bioassay of Avena coleoptile curvature.

This was followed by a lot of investigations which dealt with the presence of 
auxinic substance in many algal species as well as the isolation and identification of 
indolic substance using different analytical methods. The previously recorded stud-
ies confirmed the production of auxins in various algal species belonging to differ-
ent divisions, but they also proved that the hormonal function and its catabolism 
followed the same pathway as that in angiosperms (Sitnik et al. 2003; Stirk et al. 
2009). Researches continued in this field till now, recording the presence of one or 
more plant hormones in different algal species, identifying its (or their) chemical 
structure by chromatographic analysis, and confirming its hormonal properties by 
specific plant bioassays (Table 14.1 and Figs. 14.1, 14.2, and 14.3). Auxins in algal 
thalli varied from season to season, and developmental stage and highest concentra-
tion were recorded especially in summer season and in vegetative tissues (EL 
Shoubaky and Salem 2016; Mori et al. 2017).

The effect of different culture conditions especially a biotic stress (such as con-
centration of l-tryptophan, acidity degree, and light conditions) on the synthesis of 
indole by Spirulina sp. was reported by Ahmed et al. (2010). It was found that the 
formation of IAA in Spirulina sp. was organized by 1.5 μg/mL l-tryptophan con-
centration. Moreover, the height amount of IAA was found at pH 6 in light-dark 
cycle 8:16 h. However, in the dark, auxin synthesis was not observed.

IAA is the naturally occurring growth regulator in the kingdom of plant. It is 
present in very low concentration (0.5–15 μg/kg) and is in equilibrium with bound 
forms (such as glucose, ester, aldehyde, and more complex forms as 
glucobrassicin).

IAA is synthesized in different plants from the tryptophan (amino acid) by dif-
ferent biosynthetic routes.

2.1.1  Physiological Properties of Auxins

 1. Initiation of root formation.
 2. Apical dominance.
 3. Tropisms.
 4. Differentiation of phloem elements.
 5. Induction of elongation.

2.1.2  Separation and Detection

Auxins can be separated by paper chromatography (PC) using the mobile phase/
isopropanol/ammonium hydroxide/water (8:1:1).

It can be separated by thin layer chromatography (TLC F254) using the mobile 
phase/chloroform/ethyl acetate/formic acid (5:4:1); standard indoles are used for 
comparison.
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To detect the separated spots, they can be sprayed with the coloring reagent 
DMAC (0.1  g of p-dimethylaminocinnamaldehyde in 10  mL concentrated HCl, 
then diluting to 200 mL with acetone). In case of using PC for separation, the PC 
paper will be dipped in the reagent, dried, and then heated at 65 °C for 2.5 min. 

Table 14.1 Seaweed species 
producing auxins

Algal species Division

Fucus vesiculosus Phaeophyta
Macrocystis sp.
Desmarestia sp.
Fucus sp.
Ascophyllum sp.
Ascophyllum nodosum

Laminaria agardhii

Laminaria sp.
Undaria pinnatifida

Pylaiella littoralis

Fucus vesiculosus

Ecklonia maxima

Macrocystis pyrifera

Dictyota humifusa

Sargassum heterophyllum

Laminaria japonica

Valonia utricularis Chlorophyta
Valonia macrophysa

Bryopsis muscosa

Acetabularia sp.
Cladophora sp.
Ulva pertusa

Enteromorpha compressa

Caulerpa paspaloides

Enteromorpha prolifera

Ulva fasciata

Ulva lactuca

Ulva rigida

Gelidium amansii Rhodophyta
Eisenia bicyclis

Ceramium rubrum

Botryocladia sp.
Porphyra sp.
Pyropia yezoensis

Bangia fuscopurpurea

Sarconema filiforme

Nemalion multifidum

Furcellaria fastigiata
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Fig. 14.1 Some Phaeophyta species producing auxins
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Another coloring reagent can be used in case of PC which is called Salkowski 
reagent (0.001  M ferric chloride in 5% perchloric acid), giving pink spots with 
FeCl3/perchloric acid/ethanol reagent. Using TLC for separation of the indolic 
extract, the spray reagent is used as 0.25% of DMCA in ethanol/conc. HCl (1:1) and 
the color will develop over night at room temperature (purple spot).

2.1.3  Identification and Determination

For identification of indoles, spectral measurements in methanol must be at wave-
length 220–320 nm. Indole acetic acid has fluorescence peak of 365 nm and activity 
peak of 285  nm. Identification of auxins are performed by LC/MS, GLC/MS, 
HPLC/MS, and GC/MS, which identify the indolic compound(s) (compared with 

Fig. 14.2 Some Chlorophyta species producing auxins

14 Production of Plant Hormones from Algae and Its Relation to Plant Growth



402

either standard or not) at its specific retention time, and recording its chemical struc-
ture and formula.

2.1.4  Measurement of Its Characteristic Biological Activity

 1. Using suitable plant bioassays (for each hormone compared to the control of 
synthetic standard).

 2. Avena coleoptile curvature test.
 3. Elongation of wheat (or barley) coleoptile sections.
 4. Induction of rooting in cutting stem of mung bean.

Fig. 14.3 Some Rhodophyta species producing auxins
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2.2  Cytokinins

They are group of plant growth regulators consist of purines substituted in the six 
position. The first naturally occurring cytokinin was zeatin (from Zea mays) which 
was commonly found as riboside forms. Cytokinin was found to initiate all division 
in plant tissue culture during growth. It interferes with auxins in many developmen-
tal stages controlled by the balance on the ratios of cytokinin to indoles which may 
influence shoot and root differentiation and growth of lateral buds or remain at the 
undifferentiated callus stage. Cytokinins are synthesizing from adenosine-5- 
monophosphate producing iso-pentenyladenine (ip) which was believed to be the 
precursor of all other naturally occurring cytokinins. Different cytokinin-like sub-
stances were reported in different algal species belonging to various algal groups, as 
zeatin, dihydrozeatin, iso-pentenyladenine (ip), N6-methylaminopurine, and 
N6,8,8-dimethyl-allylaminopurine.

In Phaeophyta, Stirk et al. (2003) recorded cytokinin-like activity in Fucus ser-
ratus, Ascophyllum nodosum, Ecklonia maxima, Laminaria saccharina, Fucus 
vesiculosus, Dictyota sp., and Sargassum heterophyllum (coincide with the release 
of gametes), while Stirk and Van staden (1997) reported the cytokinin activity in the 
green seaweeds: Ulva sp., Cladophora contexta, Codium capitatum, C. extricatum, 
Halimeda cuneata, Caulerpa racemosa, and Valonia macrophysa.

Detection of cytokinin-like activity in the red seaweeds (Rhodophyta) was 
achieved by Yokoya et al. (2010) and Mori et al. (2017), who reported that this activ-
ity was demonstrated in Galaxaura diesingiana, Gelidium amansii, Amphiroa bow-
bankii, A. ephedraea, Arthrocardia sp., Cheilosiphorum sagiltatum, Jania crassa, 
Plocamium corallorhiza, Hypnea rosea, H. spicifera, Spyridia hypnoides, Pyropia 
yezoensis, and Bangia fuscopurpurea. In various algal groups (Stirk et  al. 2009; 
Mori et  al. 2017), aromatic cytokinins (topolins) were recorded as shown in 
Table 14.2 and Figs. 14.4, 14.5, and 14.6.

Regarding the response of algal cells to abiotic stress condition and its relation to 
phytohormone accumulation, Maršálek et al. (1992) found that during cultivation of 
microalgae species, the concentration of ABA in mother algal cultures was three 
times folded when compared with new culture. An increase in ABA level was 
observed during the first 24 h of microalgae cultivation in the absence of light con-
dition and decreased in the following 24 h; at the same time, the amount of ABA 
was decreased gradually in light and dark environment conditions (14:10) (Stirk 
et al. 2014). Also, ABA softened the effect of various oxidative stress conditions, 
with positive relation to the activity of AO enzymes such as glutathione S-transferase, 
peroxidase, and catalase (Yoshida et al. 2003).
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2.2.1  Separation and Detection

Separate the ammoniacal fraction by descending paper chromatography using pro-
panol/ammonia/water (10:1:1) as described by Stirk and Van staden (1997) and 
using standard cytokinin (as kinetin) for comparison. t-Butanol/conc. NH4OH/H2O 
(3:1:1) or n-butanol/acetic acid/water (4:1:1) can be used as mobile systems. The 
separated cytokinin appears as dark spots in short UV light. Using TLC of alumina 
G, separation of cytokinin (as zeatin) can be performed using butanone saturated 
with water or EA saturated with H2O or by chloroform/EthOH (9:1). Detection done 
using Dische reagent (spraying with 0.5 g cysteine hydrochloride in 3MH2SO4 giv-
ing a pink color after 20 min).

Table 14.2 Seaweed species 
producing cytokinins

Algal species Division

Fucus vesiculosus Phaeophyta
Desmarestia sp.
Undaria pinnatifida

Bifurcaria brassicaeformis

Ascophyllum nodosum

Sargassum muticum

Laminaria japonica

L. pallida

Macrocystis pyrifera

Ecklonia maxima

Laminaria saccharina

Dictyota sp.
Dictyota humifusa

Sargassum heterophyllum

Macrocystis angustifolia

Splachnidium rugosum

Ulva sp. Chlorophyta
Ulva fasciata

Cladophora coelothrix

Codium capitatum

C. extricatum

Halimeda cuneata

Caulerpa racemosa

Caulerpa filiformis

Valonia macrophysa

(continued)
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Algal species Division

Amphiroa bowbankii Rhodophyta
A. ephedraea

Arthrocardia sp.
Plocamium corallorhiza

Cheilosporum sp.
Hypnea spicifera

Galaxaura diesingiana

Gelidium amansii

Cheilosporum sagittatum

Jania crassa

Hypnea rosea

Griffithsia pacifica

Pyropia yezoensis

Bangia fuscopurpurea

Aeodes orbitosa

Gigartina clathrata

Gigartina polycarpa

Sarcothalia scutellata

Hymenena venosa

Nothogenia erinacea

Plocamium corallorhiza

Carradoeriella virgata

Porphyra capensis

Sarcothalia stiriata

Suhria vittata

Amphiroa bowerbankii

Arthrocardia sp.
Cheilosporum sp.
Jania sp.

Table 14.2 (continued)

2.2.2  Identification and Determination

Occur by using HPLC.

2.2.3  Bioassay/Biological Activity

The ability of cytokinin to promote growth of secondary phloem of carrot. The 
effect of cytokinin on barley germination.
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Fig. 14.4 Some Phaeophyta species producing cytokinins

The cytokinin-like activity promoting cell division can be assayed by soybean 
callus culture.

2.2.4  Physiological Properties of cytokinins

 1. Shoot and Root differentiation in tissue culture.
 2. Growth of lateral buds and leaf expansion.
 3. Chloroplast development.
 4. Leaf senescence.
 5. Morphogenesis in cultured tissues.
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Fig. 14.5 Some Chlorophyta species producing cytokinins

2.3  Gibberellins (GAs)

It is clear from literatures that gibberellin-like substances are synthesized by differ-
ent types of macroalgae. Bently (1960) suggested the presence of GA3 like sub-
stances in microalgae and macroalgae. She revealed that there are two unknown 
components in acidic extracts of phytoplankton which have some growth stimula-
tory characteristics. Meanwhile, Stirk et  al. (2013a, b) extracted gibberellin-like 
substance from Fucus vesiculosus, purified it by PC and identified one or an ana-
logue of GA1, GA3, and GA6 (~10 μg/kg F.wt) (Rf = 0.3–0.4). Furthermore, other 
data found gibberellin-like activity in Fucus spiralis (GA1 or GA3).

Detection of gibberellins in other brown seaweeds was recorded by many inves-
tigations (EL shoubaky and Salem 2016). Moreover, these scientists recorded gib-
berellin in the red seaweeds Hypnea musciformis, Gracilaria corticata, and 
Porphyra leucostricta. Table  14.3 and Figs.  14.7, 14.8, and 14.9 recorded some 
algal species producing gibberellins. Researches continued till now searching for 
plant hormones in seaweed species and applying recent techniques for their extrac-
tion, separation, identification, and determination (Stirk et al. 2013a, b). Gibberellins 
are group of hormones (belongs to diterpenoids) which stimulate plant growth and 
are widespread in plants and algae.
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Fig. 14.6 Some Rhodophyta species producing cytokinins

In fact, more than 40 compounds of gibberellin structure have been recognized 
till now. The most familiar is gibberellic acid (GA3).

2.3.1  Physiological Properties of Gibberellins

 1. It promotes seed germination and organ differentiation.
 2. It stimulates stem elongation and shoot growth.
 3. It interferes with leaf expansion, development, and fruit maturity (Yamaguchi 

2008; Sun 2010). It has positive effect with IAA to differentiation of cell and 
elongation of root but has negative effect with abscisic acid on growth and ger-
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Table 14.3 Seaweed species 
producing gibberellins (GAs)

Algal species Division

Cystoseira sticta Phaeophyta
Fucus vesiculosus

Fucus spiralis

Sargassum plagiophyllum

Ecklonia radiata

Ascophyllum nodosum

Enteromorpha flexuosa Chlorophyta
Oedogonium cardiacum

Caulerpa prolifera

Codium fragile

Enteromorpha prolifera

Ulva lactuca

Ulva rigida

Gracilaria corticata Rhodophyta
Porphyra leucostricta

Hypnea musciformis

Sarconema filiforme

Fig. 14.7 Some Phaeophyta species producing gibberellins
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mination. Negative and positive effects depend on environmental conditions and 
factors with stress-related ethylene and negative effects with cytokinin concen-
tration (Weiss and Ori 2007; Yamaguchi 2008). Gibberellins were synthesized 
from glyceraldehyde 3-phosphate in young shoot tissues and developing seeds.

Fig. 14.8 Some Chlorophyta species producing gibberellins
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2.3.2  Separation and Detection

Gibberellins contain more than 40 chemically closely related compounds which are 
difficult to separate and distinguish. Separation of gibberellins can be performed on 
column of 5% OV-22, on DMCS-treated chromosorb W.

Gibberellins are separated on silica gel plates with the solvent system benzene/
butanol/acetic acid (70:25:5) and benzene/acetic acid/water (50:19:31). Detection 
was carried out by H2SO4/water (7:3) spraying the plate and then exposure at 
120 °C; GA3 appear as spots with yellow-green.

2.3.3  Identification and Determination

The most satisfactory method for gibberellin determination is by GC/MS; using 
GLC, gibberellins converted first to their methyl ester (by Methylation) or TMS 
esters (silylation).

2.3.4  Plant Bioassays (Measurement of Gibberellin Biological Activity)

 1. Lettuce hypocotyl.
 2. α-amylase,
 3. Dwarf rice leaf.

Fig. 14.9 Some Rhodophyta species producing gibberellins
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2.4  Abscisic Acid (ABA) and Lunularic Acid

It is a sesquiterpenoid growth inhibitor (inhibitor of elongation), but it may signifi-
cantly stimulate maize root elongation at some concentrations. ABA is present in 
several plant species in root tips and root caps. White light and stresses (mineral 
starvation and leaf dehydration) induce high content of ABA in leaves. In the brown 
algae of genus Ascophyllum (A. nodosum) and some species of Laminaria (Nimura 
et al. 2002), a hormone was detected which suppressed plant growth in bioassay.

In various algal groups, the growth-inhibiting complex includes lunularic acid 
and abscisic acid, and other undifferentiated biologically active compounds were 
recorded.

Lunularic acid is a kind of growth inhibitor which was detected in liverworts. Its 
structure, activity, and metabolism resemble those of ABA. It suppressed the growth 
of cut discs from cultured Laminaria japonica and induced reproductive tissue for-
mation at the same concentration used in higher plants (10−6 to 10−4 M). Also, ABA 
induced the morphogenesis of Hypnea pluvialis cells to form cysts. In some micro-
algae, the endogenous ABA content increased under stress conditions (salinity, light 
intensity, drought, etc.).

El shoubaky and Salem (2016) recorded ABA in the green seaweeds Ulva rigida 
and Ulva lactuca as well as in the red Sarconema filiforme, and higher concentration 
of ABA was recorded in U. lactuca where the ABA profile (by GC/MS) contained 
cis-, trans-ABA-l-alanine methyl ester, cis-, trans-ABA-l-valine, and cis-, trans-
ABA-l-alanine. Stirk et  al. (2009) detected endogenous ABA in the green Ulva 
fasciata and the brown Dictyota humifusa. It was also detected in different seaweed 
commercial extracts as Kelpak R from Ecklonia maxima. Also, red seaweeds were 
found to produce ABA as in the case of Bangia fuscopurpurea and Pyropia yezoen-
sis by Mori et al. (2017), as well as red algae of Brazil (Yokoya et al. 2010), as 
illustrated in Table 14.4 and Figs. 14.10 and 14.11.

2.4.1  Separation, Detection, and Determination

Using paper chromatography for separation of ABA in the algal extract and stan-
dard ABA (at conc. 10−6 M) for comparison. Detect the isolated spots by UV light 
of 254 nm as dark absorbed spots. The most widely used techniques for quantifica-
tion are GC/MS, GLC/MS, and HPLC/MS.

2.4.2  The Biological Activity of ABA Using Specific Bioassays

 1. Inhibition of elongation of wheat coleoptile sections (ABA of more than 10−8 M).
 2. Induction of stomatal closure.
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2.5  Ethylene

Plants and macroalgae produce a range of volatile compounds, such as alcohols, 
alkane, alkenes, esters, etc.

These volatile compounds are produced in response to biotic or abiotic stimuli. 
These compounds have several biological roles in higher plants such as promotion 
of seed germination, inhibition of the stem, root elongation, ripening of fruits, 
senescence of leaves and flowers, and sex determination as reported by Bleecker 
and Kenode (2000), Klee (2004), Grennan (2008), Holopainen and Gershenzon 
(2010), and Loreto and Schnitzler (2010). Most of the biosynthetic pathways of 
volatile compound production depend on S-adenosylmethionine compound which 
may act as a substrate for the enzyme reactions or as a source of methyl group (as 
in the synthesis of jasmonates, salicylates, and brassinosteroids). Ethylene and 
dimethyl sulfide are examples of etherial compounds which are produced from the 
red alga Gelidium sp.

The concentrations and types of these compounds were affected by various abi-
otic stress factors as salinity, light quality, and exogenous ethylene. The period of 
light and darkness causes the production of amines and methyl alkyl compounds.

Reaction oxygen species (ROS) act as a secondary messenger initiating a signal 
cascade which stimulate ethylene synthesis (Mackerness 2000). Accumulation of 
volatile compounds was recorded after the exposure to red light and application of 
exogenous ethylene.

The level of dimethyl sulfide (DMS) which emitted in all conditions didn’t 
increase after incubation with ethylene (they appear to be not coordinated as 
reported in the red alga G. arbuscula. In Acetabularia mediterranea, the rate of 
algal development decreases with increase of ethylene production.

In Enteromorpha intestinalis, reduction of chlorophyll content below that of con-
trol occurred on the addition of ethephon which decompose to generate ethylene as 

Table 14.4 Seaweed species 
producing abscisic acid 
(ABA) and lunularic acid

Algal species Division

Ascophyllum nodosum Phaeophyta
Laminaria japonica

Dictyota humifusa

Laminaria sp.
Ascophyllum sp.
Laminaria digitata

Ulva rigida Chlorophyta
Ulva lactuca

Enteromorpha compressa

Ulva fasciata

Sarconema filiforme Rhodophyta
Bangia fuscopurpurea

Pyropia yezoensis
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Fig. 14.10 Some (a) Phaeophyta and (b) Chlorophyta species producing abscisic acid and 
lunularic acid

reported by Garcia-Jimenez et  al. (2013). Moreover, ethylene was involved in 
growth of the red alga Pterocladiella capillacea (Garcia-Jimenez and Robaina 2012).

When the acclimatized Ulva intestinalis to low light intensity was transferred to 
high light condition, ethane level was increased causing an inhibition of chlorophyll 
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content (by 30%). Table 14.5 and Fig. 14.12a, b recorded some algal species pro-
ducing ethylene.

2.5.1  Gas Chromatography/MS Analysis of the Released Volatiles 
(GC/ MS)

Volatile compounds are analyzed using Varian 431GC/210MS with capillary col-
umn and He as a carrier gas.

2.5.2  Physiological Properties of Ethylene

Ethylene production increased during leaf abscission, flower senescence, and fruit 
ripening.

Physiological stresses and wounding induce ethylene biosynthesis.
During storage of fruits, vegetables, and flowers, an effective ethylene absorbent 

is used (KMnO4, pot. permanganate) to reduce ethylene concentration in the storage 
area (extending the storage life of the fruits).

Inhibition of Ethylene Action.

Fig. 14.11 Rhodophyta species producing abscisic acid and lunularic acid

Table 14.5 Seaweed species 
producing ethylene

Algal speciesa Division

Ulva intestinalis Chlorophyta
Acetabularia mediterranea

Pterocladiella capillacea Rhodophyta
aNo Phaeophyta species were recorded
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Ethylene effects can be antagonized by silver ion Ag+ [in the form of AgNO3 or 
silver thiosulfate Ag(S2O3)2]. Also, CO2 at high concentrations (5–10%) inhibit 
many ethylene effects.

3  Growth Substances (Growth Regulators)

There are five classical phytohormones detected in angiosperms and in the lower 
plants as algae. They are auxins, cytokinins, gibberellins, abscisic acid, and ethyl-
ene which control different physiological and developmental processes. Their 
extraction, separation, detection, and determination by various methods are well 
known. Also, their synthetic pathway(s) and biological functions and bioassays 
have long been documented. Different chemical compounds were reported to con-
trol growth and ameliorate plant (or algal) defensive system against biotic or abiotic 
stresses. These compounds are termed growth substances or growth regulators; they 
include brassinosteroids, jasmonic acid, salicylic acid, polyamines, and betaines. 
Higher plants and lower plants (as algae) were reported to produce different growth 
regulators (Mikami et al. 2016; Mori et al. 2017).

Fig. 14.12 Seaweed species producing ethylene. (a) Chlorophyta and (b) Rhodophyta
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3.1  Brassinosteroids (BRs)

They are group of polyhydroxylated steroid growth regulators which have a remark-
able role in various biochemical and development processes in different organisms 
such as plants and algae, including elongation, reproduction, and cell division, in 
stems and roots, stress responses, leaf senescence, and photomorphogenesis. The 
most active components of brassinosteroids are termed brassinolide and castasterone 
which are widely reported in various tissues of seeds, flowers, leaves, pollens, 
stems, and roots (Bajguz and Hayat 2009). The precursor of brassinolide is the 
campesterol (C28-sterol) by oxidation at C6 and addition of OH groups into the 
β-ring. Brassinazole is an inhibitor of brassinosteroid biosynthesis.

Brassinosteroids have been recorded in Hydrodictyon reticulatum by Bajguz and 
Hayat (2009) as well as in angiosperms, gymnosperms, the pteridophyte Equisetum 
arvense, and the bryophyte Marchantia polymorpha (Bajguz and Tretyn 2003). 
Table  14.6 and Fig.  14.13 recorded some seaweed species producing growth 
substances.

Secondary internode bioassay of beans is used, where brassins cause both cell 
elongation and cell division as well as bending, swelling, and splitting of the second 
internode. Brassinosteroids act locally near their site of synthesis and transported in 
the xylem.

Brassinosteroids have usually effect on the transport of auxin by indirect way 
(Symons et al. 2008), increase the percentage of ethylene accumulation, and have an 
additive effect with GA3, in addition to its synergistic effect with auxins (IAA). 
Moreover, Brassinosteroids have effects on increase cytokinin and jasmonic acid 
production and decrease ABA responses. In the seaweed extract of Ecklonia max-
ima (Phaeophyta) called Kelpak (Stirk et  al. 2013a, b), auxins, cytokinin, GAs, 
ABA, and brassinosteroids were detected.

Table 14.6 Seaweed species 
producing growth substances 
(growth regulators)

Algal species Algal group

Brassinosteroids
Hydrodictyon reticulatum Chlorophyta
Jasmonic acid
Fucus vesiculosus Phaeophyta
Gelidium sp. Rhodophyta
Polyamines
Dictyota dichotoma Phaeophyta
Ulva rigida Chlorophyta
Gelidium canariensis Rhodophyta
Grateloupia doryphora

Cyanidium caldarium

Rhodomorphin
Griffithsia pacifica Rhodophyta
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3.2  Jasmonic Acid (JA)

Jasmonic acid (is a fatty acid) and its volatile methyl ester (jasmonate) were detected 
in some seaweed’s species. Also, a hydroxylated compound called tuberonic acid, 
its ME, and its glucosides control potato tuberization development.

Jasmonic acid is produced from the fatty acid linolenic acid (18:3) and plays an 
important role in plant defense by inducing the synthesis of proteinase inhibitors.

Jasmonates inhibit seed and growth germination and promote abscission, fruit 
pigmentation, and ripening formation. Jasmonic acid and methyl jasmonate were 
detected in many species of microalgae and cyanobacteria. Moreover, it was 
observed in the red seaweed Gelidium latifolium and in brown seaweeds (oxilipins 
and lipoxygenases) as reported by Arnold et al. (2001) shown in Table 14.6 and 
Fig. 14.13.

Fig. 14.13 Seaweed species producing growth substances (growth regulators). (a) Jasmonic acids. 
(b) Polyamines
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3.3  Polyamines (Aliphatic Amines)

Different seaweed species produced polyamines in the red macroalgae Gelidium 
canariensis, Grateloupia doryphora, and Cyanidium caldarium, in the brown 
Dictyota dichotoma, as well as in the green Ulva rigida (Table 14.6 and Fig. 14.13). 
The content as well as the biosynthesis of polyamines in algae doesn’t differ from 
that in higher plants (50–150 μg/g F.wt).

Polyamine content in macroalgae changes with seasons and developmental stage 
(Marián et al. 2000; Sacramenta et al. 2004; Alcazar et al. 2010). Polyamines belong 
to the putrescine group (putrescine, spermine, and spermidine). It derived from the 
carboxylation of the amino acids, arginine and ornithine, putrescine (diamine) → sper-
midine (triamine) → spermine (quadramine).

It exerts regulatory control on the development and growth at very low concen-
tration (especially cell division and morphology). In carrot tissue culture, when 
polyamine content is low, callus growth only occurs, but at higher concentration, the 
embryo is formed (polyamines are released to the outer growth media). They aren’t 
recorded in the commercial seaweed products till now.

3.4  Salicylic Acid (SA)

It is recognized recently as potential regulatory compound. It is produced from phe-
nylalanine (AA).

Salicylic acid plays a role in the pathogen’s resistance. It was reported that SA 
enhance flower longevity, inhibit biosynthesis of ethylene and seed germination, 
and reverse the effect of ABA.

Salicylic acid was detected in the red seaweeds Pyropia yezoensis and Bangia 
fuscopurpurea (Mori et al. 2017). The precursors of SA are cinnamic acid and ben-
zoic acid. To quantify the amount of SA in an extract, methyl salicylate (ortho- 
anisic acid) can be used as an internal standard (HPLC analysis) (Forcat et al. 2008).

3.5  Signal Peptides

Small molecular weight peptides (as systemin) were found to have regulatory prop-
erties in plants which travel in phloem from attacked leaves by herbivore insects to 
the distant leaves to protect them from insect attack. The traveled signal peptides 
induce an increase in the production of jasmonic acid and proteinase in the distant 
leaves for protection.

Signal peptides produced by plants many have a role in:

 1. Activation of defensive responses.
 2. Cell proliferation promotion.
 3. Nodule formation (in legumes).
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No known recorded studies that extracted, separated, and identified such signal 
peptides in seaweeds till now.

3.6  Small RNA Molecules

Recently, many small RNA molecules of single-stranded RNA that consist of 21–22 
nucleotides have been identified in plant phloem which may act as transportable 
signals that regulate gene expression involved in plant defense against viruses. 
Many of these micro-RNAs (miRNAs) have been identified which means that they 
may represent a more general means of regulating gene expression.

No such RNA molecules have been identified in seaweeds.

3.7  Rhodomorphin

This regulator was detected in Griffithsia pacifica (red alga) following morphoge-
netic effects in this alga (Table 14.6 and Fig. 14.13). When an intercalary cell in the 
filament is removed, the basal cell of the filament starts to secrete the regulator 
rhodomorphin which increases the formation of reparatory cell. Further studies 
showed that rhodomorphin is a glycoprotein with molecular weight of 14  kDa. 
Similar glycoproteins were recorded in the green alga Volvox sp. where it acts as a 
pheromone facilitating the gamete adhesion and fusion. So, the function of these 
glycoproteins in algae was to provide adhesion and fusion of gametes during sexual 
reproduction.

3.8  Commercial Seaweed Concentrates (or Extracts)

Many reports were published in literature concerning the presence of plant growth 
hormones in brown, green, and red seaweeds (Crouch and Van Staden 1993; Stirk 
et al. 2013a, b; Tuhy et al. 2013). Their presence was determined and confirmed by 
plant bioassays and chromatographic analysis (TLC/LC/MS, HPLC/MS, 
and GC/MS).

A commercial seaweed concentrate was firstly prepared from the water zone 
occupied by Fucus and Ascophyllum sp. which was tested to have cytokinin-like 
activity due to the presence of isopentenyladenine (ipA).

During the past two decades, utilization of commercial seaweed products 
increased as natural sources of fertilizers, biostimulants, and soil ameliorants. It 
improves plant growth is relatively cheap and easy to apply either as soil manure or 
as foliar spray. It was suggested that bioactive organic compounds in the seaweed 
concentrate are responsible for the increase in crop yield (Crouch et  al. 1992). 
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Recent researches showed that macroalgae have recorded the ability as a source for 
products that contain growth regulators and plant hormones and many of the 
observed effects to treated crops are now attributed to these constituents. The chem-
ical composition of seaweeds revealed that all the major plant nutrients and trace 
elements are present in marine seaweeds.

Many investigators recently reviewed the presence of antibiotic, antiviral, anti-
bacterial, and antioxidant activities due to the active substances obtained from 
marine algae. These substances may be responsible for the reduced harmful effects 
of some plant pathogens (Hamed et al. 2018).

Some of commercial seaweed products (have commercial names):

 1. Maxi-crop/Seasol.
 2. Algifert/Algimex/Algistim.
 3. SM3/Seamac/Marinure.
 4. SWC (Kelpak66).

They contain gibberellin-like activity, betaines, ABA, ethylene, and cytokinins. 
The commercial seaweed extracts use the seaweeds Ascophyllum nodosum, Ecklonia 
maxima, Enteromorpha compressa, Durvillaea potatorum, Fucus serratus, 
Porphyra perforata, Sargassum muticum, Laminaria japonica, Macrocystis pyrif-
era, Ectocarpus confervoides, and Pylaiella littoralis.

4  Conclusion

From the obtained data, we can conclude that algae (micro and macro) extracts are 
rich with plant hormones and other growth regulator substances. So we can use 
these species commercially as growth stimulants in different agricultural sectors. 
Some of these algal species can be used as organic fertilizer and biofertilizers due 
to its ability for nitrogen fixation (in case of species with heterocysts) and its content 
from inorganic chemical substances (such as phosphorus and potassium), in addi-
tion to organic substances and hormones. The wider distribution, high adaptability 
to different cultural factor conditions (biotic and abiotic stresses), and high growth 
rates led algae to be considered as an attractive feedstock for developing fertilizer 
and biorefinery products, in addition to the ability of these algal species to increase 
the accumulation of phytohormones when exposed to different abiotic stress condi-
tions such as salinity, drought, light intensity, chemical substances, etc.
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1  Introduction

Trichoderma spp., free-living saprophytic fungi, is found commonly in the soil 
where plant roots sustain especially in intercellular spaces. This fungus is known to 
be highly interactive in three different environments, viz., soil, root, and foliar 
(Singh et al. 2006). The first description of this fungus was recorded in Germany in 
the year 1791. In 1927, four species of this fungus is identified based on color, 
conidial shape, and colony appearance by Gilman and Abbott. There are two major 
species, i.e., T. lignorum (due to conidial globose structure) and T. koningii (due to 
conidial oblong structure), which are mostly known. In 1932, Weindling has shown 
its capability as an effective biocontrol agent toward pathogen, Rhizoctonia solani. 
Harman et  al. (2004) had revealed this fungus to be opportunistic and avirulent 
symbiont, and at times, it also possesses parasitic capability. Several Trichoderma 
species such as T. harzianum, T. viride, T. hamatum, T. koningii, and T. 
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longibrachiatum have phytopathogenic property against a number of fungi like 
Pythium ultimum, Fusarium oxysporum, Sclerotinia sclerotiorum, etc. (Manczinger 
et al. 2002).

Trichoderma is one recognized fungus which is being used as a biocontrol agent 
since 1920 (Samuels 1996). They are known to improve plant health along with 
their natural capability to degrade the toxic compounds produced by the plants. It is 
important for the overall growth of the plant, and its function is not limited to dis-
ease control particularly to soil-borne diseases (Zaidi et al. 2014). Trichoderma is a 
ubiquitous genus which grows in wider habitats and at high population densities 
(Chaverri et al. 2011). This could be proved through its diverse applications and 
role. The fungus have increase reproductive ability.  It  is known to survive under 
abiotic stress conditions and compete with other pathogens for the uptake of nutri-
ents for their survival, augmenting the plant defense system (Tripathi et al. 2013; 
Daguerre et al. 2014; Keswani et al. 2014). Certain species of this fungus also have 
multiple interactions with crop plants, for example, Trichoderma harzianum strain 
T22 and Trichoderma atroviride strain P1 (Woo et al. 2006). This chapter focuses 
on the role of Trichoderma in agriculture and disease management.

2  Characteristic Features of Trichoderma

Increased growth rate, bright green conidia in major strains of this fungus, and 
repetitively branched structure of conidiophore are the main characteristics of this 
fungus (Gams and Bissett 1998). This fungus is known to be a flourishing colonizer 
of their habitat. It can be indicated by the way it utilizes the substrate and secretes 
enzymes and antibiotic compounds irrespective of the environmental condition, 
whether the condition is like that of tropical rainforest or of biotechnological fer-
mentor (Schuster and Schmoll 2010). In Trichoderma colonization, the fungus iden-
tifies and adheres to root via hydrophobins or expansin-like proteins through which 
it penetrates in the tissues of the plant. Hydrophobins are small proteins which are 
hydrophobic, and it coats the cell wall of the fungus, whereas swollenin is also pro-
tein molecule that is known to break the cell wall of the plant (composed of crystal-
line cellulose structure) due to the carrier of cellulose-binding molecule which 
assists in the expansion of cell wall of root cells and root hairs (Brotman et  al. 
2008). For instance, T. asperellum produces TasHyd 1 (belonging to class I hydro-
phobin) and swollenin TasSwo (belonging to expansin-like proteins) that helps in 
protecting its hyphal tips and root colonization (Viterbo and Chet 2006; Brotman 
et al. 2008). Druzhinina et al. (2011) had revealed that due to an increase in root 
surface area by swollenin molecule, Trichoderma takes extra benefit during its 
establishment in the rhizosphere. The plant-derived sucrose is an important resource 
by which Trichoderma cells assist three aspects, i.e., root colonization, synchroni-
zation of defense mechanisms, and improved photosynthetic rate (Vargas et  al. 
2009). In root colonization process, Trichoderma swaps molecular messages and 
also causes fungal deposition by elicitors in apoplastic cells of roots 
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(Contreras- Cornejo et al. 2014; Gupta et al. 2014). Shoresh and Harman (2008) had 
shown that though T. harzianum Rifai strain 22 (T22) resides in roots, only their role 
during colonization is prominent as it stimulates impactful alterations in proteome 
of corn shoot seedlings. Morán-Diez et al. (2009) had also revealed that T. harzia-
num secretes endopolygalacturonase, ThPG 1 (plant cell wall-degrading enzymes) 
during active root colonization. Furthermore, Chacón et al. (2007) had illustrated 
that after 72 h of colonization of roots with Trichoderma, cell walls of plant epider-
mis and the cortex are much stronger than nontreated plants, and even they possess 
cellular deposition (consists of an abundance of callose) which acts as a barrier for 
the pathogens.

3  Role of Trichoderma in Agriculture

Trichoderma is a well-known fungus for its diverse uses in agriculture. Some strains 
of this fungus cause a direct impact on the plant by enhancing their growth and 
uptake of nutrients (Table 15.1). The nutrient uptake by Trichoderma causes the 
secretion of organic acids which help in dissolving many minerals and trigger the 
uptake of nutrients from soil. This in turn led to consumption and movement of 
nutrients. Besides, the involvement of Trichoderma in the soil causes expansion in 
the area of rhizosphere and rise in secretion of organic acids and extracellular 
enzymes (phosphatase, urease, etc.) due to its ability of colonization. This will 
result in an improvement of cycling of nutrients and enzymatic activity. Harman 
(2011) and Khan et al. (2017) had revealed that this fungus helps in the conversion 
of nutrients into useful nutrients as required by the plant. This was also supported 
by Mbarki et al. (2016) who suggested that rise in nutrient and enzymatic activity 
helps in improving the quality of soil and enhancing the growth of a plant. Different 
species of Trichoderma are also known to break down N compounds into available 
N by releasing nitrous oxide (Maeda et al. 2015). Soil-borne diseases are known to 
arise due to the discrepancy in soil microbes, and Trichoderma is effective in con-
trolling soil-borne diseases due to its property of rapid growth and vitality as it cov-
ers the space where microbes develop and even uptake the nutrients which otherwise 
could be used up by the microbes causing soil-borne diseases (Zhang 2015). 
Trichoderma besides increasing nutrient uptake also promotes the growth of benefi-
cial microbes and their biomass (Wagner et al. 2016). Hyperparasitism is another 
property of this fungus in which there is a secretion of cell wall-degrading enzymes, 
such as xylanases, cellulases, etc., that helps in good growth and development. 
Besides, higher-use efficiency of fertilizer, seed germination rate, and plant defense 
system are also having a strong positive impact of this fungus (Shoresh et al. 2010). 
Trichoderma is also playing an effective role in unraveling the mysteries of the 
molecular biology of plants. A significant rise in height and weight of dwarf tomato 
plants has been reported after treatment with T. viride by 28% and 8%, respectively 
(Lindsey and Baker 1967). This was also seen in other plant species too such as 
pepper, chrysanthemum, and periwinkle where this fungus (Trichoderma 
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harzianum) improved the germination and flowering incidence and occurrence, 
besides height and fresh weight of plant. Furthermore, Windham et al. (1986) had 
also revealed that in corn, radish, tomato, and tobacco, T. harzianum and T. koningii 
play an important part in augmenting the germination rate of the plant along with its 
emergence and dry weight.

The following are the major role of Trichoderma (Fig. 15.1) in agriculture:

 1. Bio-fertilization: Trichoderma plays an efficient role in improving plant health 
even when there is no pathogen present. This fungus shows its maximum pro-
duction in acidic soil as it creates favorable conditions for itself by secreting 
organic acids which in turn gives additional benefit to the crop grown in such 
soils. This fungus helps in dissolving mineral ions (Fe, Mn, and Mg) and phos-
phate ions present in the soil that cause the crop to absorb these nutrients in an 
easier and better way in which in general condition may not be sufficiently 
available.

 2. Plant defense system: This fungus secretes a number of lytic and proteolytic 
enzymes as well as volatile and secondary metabolites (Table 15.2) for surviving 

Table 15.1 Role of certain Trichoderma species in plant growth promotion and nutrient uptake

Trichoderma 
species Plants Role of the fungus on plant References

Plant growth promotion

T. harzianum Pepper, 
chrysanthemum, and 
periwinkle

• Improved the germination.
• Flowering incidence and 
occurrence.
• Height and fresh weight.

Chang et al. 
(1986)

T. viride Tomato Height and weight of dwarf 
tomato plants

Lindsey and 
Baker (1967)

T. harzianum and 
Trichoderma 
koningii

Corn, tomato, tobacco, 
and radish

Increased germination rates, 
emergence, and dry weights

Windham 
et al. (1986)

Trichoderma 
harzianum T22

Crack willow (Salix 
fragilis)

Shoots and roots that were 40% 
longer and more than double the 
dry biomass of controls

Adams et al. 
(2007)

Trichoderma 
asperellum PR11

Cacao seedlings Significantly increased plant 
height, fresh root, and shoot 
weight against control

Tchameni 
et al. (2011)

Nutrient uptake

Trichoderma 
asperellum PR11

Cacao seedlings Increase in acid phosphatase 
activity and phosphorus uptake

Tchameni 
et al. (2011)

T. harzianum T447 Tomato seedling Increase in calcium, magnesium, 
phosphorus, and potassium 
concentration

Azarmi et al. 
(2011)

Trichoderma virens 
As19-1 (T.v7)

Soya bean Fe uptake is increased up to 77% Entesari et al. 
(2013)

Trichoderma 
asperellum CHF 78

Tomato Increase dry weight of plant Li et al. (2018)
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against pathogens present in the same environment. These secondary  metabolites 
are known to be produced at minimal nutrition requirements and are even used 
in various purposes due to its beneficial properties (Khan et al. 2020). The anti-
fungal activities exhibited by this fungus are known against many fungal patho-
gens (Vizcaino et al. 2005) wherein secondary metabolites are being involved 
(Vinale et al. 2008). Besides, it also secretes hydrolytic enzymes such as chitin-
ases, proteases, and glucanases, which are the bases of its relationship with 
pathogens. This relation is known as mycoparasitism.

Fig. 15.1 Different responses of Trichoderma on plant and its panoply mechanism. Trichoderma 
works in a plant through five ways, i.e., as developer of transgenic plant, biocontroller against 
diseases, abiotic stress alleviator, root colonizer, and plant defense response

Table 15.2 Some of the secondary metabolites secreted by different species of Trichoderma

Trichoderma species
Secondary 
metabolites References

T. harzianum Azaphilone Vinale et al. (2006)
Butenolide
Harzianolide Almassi et al. (1991), Claydon et al. 

(1991), Ordentlich et al. (1992)
Harzianic acid Vinale et al. (2009)
Trichorzianines Hajji et al. (1987)
Harzianopyridone Cutler and Jacyno (1991)
Dehydroharzianolide Almassi et al. (1991)

T. viride, T. atroviride, T. 
harzianum, T. koningii

6-Pentyl-α-pyrone Vinale et al. (2014), Marra et al. (2006)

T. virens Gliotoxin Rajasekaran and Murugesan (2005)
Heptelidic acid Pachauri et al. (2020)

T. viridens Viridian Awad et al. (2018)
T. viridens Viridiol Moffatt et al. (1969)
T. koningii Koninginin A 1 Harman (2000)
T. koningii Trichoviridin Nobuhara et al. (1976)

Cyclonerodiol Cutler et al. (1991)
T. cerinum Cerinolactone Cutler et al. (1986)
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 3. As plant survivor under abiotic and biotic stress: Trichoderma fungus is also 
being used for coping out the plant from abiotic and biotic stress conditions. The 
interaction of Trichoderma and plants exposed to biotic and abiotic stress with 
pathogenic microbes particularly nematode and fungus is antagonistic (Singh 
et  al. 2004). This antagonistic activity helps in enhancing plant growth, root 
growth, and resistance to many diseases and abiotic stress (Lorito et al. 2010; 
Bae et al. 2011; Harman 2000; Shoresh et al. 2010), nitrogen use efficiency, P 
solubilization, availability of nutrients, and humic acid content (due to organic 
matter decomposition) (Harman 2011a; Harman and Mastouri 2010; Shoresh 
et al. 2010). The abiotic stress includes salt stress, high temperatures, and drought 
( Shoresh et al. 2010). Zaidi et al. (2014) showed that the use of this fungus helps 
in declining the use of nitrogen efficiency by 30% in certain crops without affect-
ing the crop yields. Such application of this fungus has repercussion in agriculture.

 4. Development of transgenic plants: Several studies had illustrated that in trans-
genic plants in which overexpression of genes isolated from Trichoderma occurs 
is a new approach to overcome the situation of adverse condition. For example, 
development of transgenic plants such as Nicotiana tabacum and Solanum 
tuberosum using genes isolated from T. harzianum revealed to be tolerant to 
diseases like Alternaria, Botrytis, or Rhizoctonia (Lorito et al. 1998), and over-
expression of chitinases in the same plants were tolerant to abiotic (salt stress 
and heavy metals) and biotic stress (diseases including fungal and bacterial). 
Montero-Barrientos et al. (2010) had revealed that cloning of heat-shock protein, 
HSP 70 gene, from T. harzianum in Arabidopsis resulted in providing tolerance 
to heat stress and other associated stresses like salt, osmotic, and oxidative stress. 
Another gene encoding protein, Thkel 1, from T. harzianum showed regulation 
in glucosidase activity which helped in improving plant growth in Arabidopsis 
plant by providing tolerance against salt and osmotic stress (Hermosa et  al. 
2011). Studies had also shown that there are many proteins isolated from 
Trichoderma, like small protein 1 (Sm1), PKS/NRPS hybrid enzyme, etc., which 
are useful in bestowing resistance against various pathogens either soil-borne or 
foliar (Howell et al. 2000; Perazzoli et al. 2012; Viterbo et al. 2005).

4  Property and Mechanism of Trichoderma 
in Disease Management

Trichoderma strains have long back identified as a biological agent that helps the 
plant to improve its growth and productivity (Ansari 2017; Singh et al. 2006). It is 
considered as one of the best biocontrol agents known so far and has attracted the 
interest of many scientists as a promising substitute to chemical fungicides against 
several disease-causing pathogenic organisms (Kubicek et al. 2001). Among many 
of the species identified in Trichoderma, five species are known as biological agents 
(Rifai 1969; Benitez et  al. 2004). These are T. harzianum, T. asperellum, T. 
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atroviride, T. virens, and T. reesei. These strains can curtail disease severity by 
inhibiting pathogens which attack the plant either through soil or through roots. 
They do so by their antagonistic and mycoparasitic property (Viterbo and Horwitz 
2010). This fungus stimulates the release of many compounds which provide resis-
tance either in  localized or in a systemic manner. In induced systemic resistance 
(ISR), certain strains of this fungus affect the growth, development, and biochemis-
try of plant as the fungus colonizes and penetrates inside the root of the plant reach-
ing to its tissues. This helps the plant to defend against many pathogens attacking it 
(Shoresh et al. 2010; Lorito et al. 2010). Kubicek et al. (2011) had shown its myco-
parasitism capability in two species, viz., T. atroviride and T. virens. Moreover, 
Druzhinina et al. (2011) had illustrated that there are two aspects which attracted 
this fungus to grow in rhizosphere, one being the presence of the organism on which 
it can feed and another being the available nutrients in the root zone of the plants. 
Both these aspects also help this fungus to improve the growth of the plant. Several 
studies have reported its role in controlling pathogens of the plant either by elicita-
tion or by developing resistance toward the pathogen (Harman et al. 2004). In addi-
tion to this, one of the major mechanisms used in Trichoderma for acting as 
biocontrol agent is its capability of competition for space, nutrients, and formation 
of volatile compounds (enzymes and antibiotics) against other microbes. The hydro-
lytic enzymes secreted by this fungus degrade partially the cell wall of pathogen and 
cause parasitization on the attacked pathogen (Kubicek et al. 2001).

Trichoderma spp. is also known to decline the incidence and severity of disease 
through plant-mediated mechanism. This mechanism is alike to systemic acquired 
resistance (SAR) on the phenotypic basis and is known as induced resistance which 
is mainly concerned with plant parts above the ground and gets activated by this 
fungus (Singh et al. 2011; Harman 2011). This induced systemic resistance (ISR) is 
newly discovered in Trichoderma and is now attaining much more importance. 
When roots were inoculated in cucumber plant (of age 7 days), T. harzianum helped 
in increasing plant defense system by increasing activities of peroxidase and chitin-
ase enzyme along with cellulose and cellobiose wall deposition (Yedidia et al. 2001).

5  Interaction of Trichoderma spp. with Other Microbes

Trichoderma is an antagonist microorganism that causes a reduction in the growth 
of the pathogens, and their survival gets difficult by the various mechanisms this 
fungus adopt (Fig. 15.2) such as enzyme secretion, competition, antibiosis, interac-
tions of its hyphae with another fungus, mycoparasitism, etc. (Singh et al. 2006). 
During the competition process, this fungus suppresses the growth and survivability 
of pathogen through its antagonistic property. For instance, 80–85% of collar rot 
disease in elephant foot yam plant is effectively controlled by T. harzianum (Singh 
et al. 2006). Another important aspect is mycoparasitism where Trichoderma attacks 
the target organism physically not only by acting as a parasite but also by producing 
toxic chemicals. Some of these chemicals are volatile, like trichothecine, 
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sesquiterpene, etc., and may travel via air. Chitinases and antibiotics secreted by 
Trichoderma spp. work in synergistic manner, causing a relatively stronger impact 
on the target organisms. The mechanism involves three stages wherein the first stage 
comprises of the interaction of chemical stimulus of a pathogen with antagonistic 
nature of Trichoderma that results in a chemotropic response, the second stage com-
prises of identifying and recognizing the pathogen and antagonistic fungi through 
lectins, and the third stage is the interaction of hyphae of Trichoderma with hyphae 
of pathogen fungi where the hyphae of Trichoderma coils around the hyphae of 
pathogen and secretes enzymes such as pectinase and chitinase. This could be seen 
in interaction of Trichoderma with pathogens like Fusarium roseum, Phytophthora 
colocasiae, F. solani, etc. (Singh et al. 2006). Besides, this fungus has a character-
istic feature to take up nutrients from the source and survive effectively in compari-
son to other microbes as it can break down chitin component of other fungi or 
cellulose of plants which are generally difficult to break down by other microbes 
due to their complexity.

Besides this, some strains of this fungus can even bind with ions of iron present 
in soil to produce siderophore (Leong 1986), for example, Serpula lacrymans. This 
specialized compound is difficult to be uptake by other microbes, and so it results in 
unavailability of iron uptake to the microbes present in the same environmental 
condition. This causes the target organisms not to become resistant toward it as in 

Fig. 15.2 Interaction of Trichoderma spp. with pathogens in the plant. Trichoderma adopts diverse 
mechanisms to enhance the overall growth and productivity of the plant. In competition mode, it 
competes with pathogenic microbe by growing faster and dominating over others. In mycoparasit-
ism, it feeds on to other microbes present in the rhizospheric region of the plant. In antibiosis, 
secretion of antibiotics or secondary metabolites from this fungus helps in inhibiting the growth of 
other microbes. In induced resistance, it secretes chemicals which protect the plants from patho-
gens, and even genes isolated from this fungus provide resistance to biotic and biotic stress. In 
endophytes, Trichoderma can grow in a plant as endophytes, thereby benefiting the plant 
development
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doing so the organism needs to be resistant to many mechanism routes involved in 
the mode of action of Trichoderma.

6  Role of Trichoderma in Management of Viral, Fungal, 
and Bacterial Pathogens

Trichoderma is well known for its biocontrol activity against several crucial plant 
pathogens like virus, fungi, and bacteria causing severe diseases (Madan et  al., 
2000; Al-Ani 2018). As a biocontroller against many fungal infections in plants, 
several studies had reported that this fungus works either by inhibiting or by parasit-
izing the pathogen mycelial growth by production of certain enzymes like chitin-
ases, permeases, etc. and thus helps in controlling the disease-causing pathogen to 
proliferate (Table 15.3). Trichoderma was also found to be effective in red rot dis-
ease of sugarcane, the most damaging disease (Madan et al. 1997; Ansari et al. 2008; 
Ansari 2012). In viral infections, Luo et al. (2010) had showed that T. pseudokonin-
gii SMF2 have antimicrobial peptaibols referred to as trichokonin which increased 
upregulation of genes governing plant defense and are being used against tobacco 
mosaic virus (TMV) infection for coping out the plant from the disease with 
increased reactive oxygen species (ROS) and phenolic compounds. Cucumber 
mosaic virus (CMV) also showed effective results in its management by the use of 
this fungus (Sachdev and Singh 2020). Elsharkawy et al. (2013) had illustrated that 
T. asperellum SKT-1 showed increased levels of genes associated with salicylic 
acid, jasmonic acid, and ethylene in leaves by inducing resistance in plants with this 
disease. However, in the case of pretreatment of this fungus in Arabidopsis plant 
against this disease, the defense mechanism gets activated against this disease. In 
Solanum lycopersicum, defense response is induced by T. harzianum T-22 strain 
against CMV disease (Vitti et al. 2015). In bacterial diseases, Al-Ani (2018) had 
showed that T. asperellum T203 gives a protective effect against Pseudomonas 
syringae pv. lachrymans in cucumber plants. Studies had revealed another strain of 
Trichoderma, T. pseudokoningii SMF2, possessing antibacterial property against a 
wide range of Gram-positive and Gram-negative bacteria (Bora et  al. 2020; Shi 
et al. 2012; Li et al. 2014). Pectobacterium carotovorum ssp. carotovorum causing 
disease of soft rot in Chinese cabbage was able to manage by this Trichoderma 
strain through the production of trichokonins which inhibited bacterial growth by 
increasing production of PR-1a gene, ROS, and SA (Li et al. 2014). Khalili et al. 
(2016) had also illustrated that in charcoal rot of soybean, Trichoderma acts as an 
effective biocontrol agent. Studies have also reported that T. harzianum also proved 
to be a positive controller of wilt diseases caused by Ralstonia solanacearum in a 
number of crops such as chili, brinjal, ginger, tomato, etc. (Bora et al. 2013; Deuri 
2013). The use of T. viride in lettuce plant had reported to effectively manage the 
disease caused by R. solanacearum and F. oxysporum f. sp. lactucae (Khan 
et al. 2018).
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7  Conclusion

Trichoderma is a free-living soil fungus that is frequently seen in the soil and rhizo-
spheric region of the plant. This fungus is known for its many characteristics and 
peculiar properties which benefit the plant in its growth and development. It is being 
known worldwide for its protectant activity and growth enhancement. Different 
strains of Trichoderma produce compounds that elicit the plant defense responses. 
These compounds include low-molecular-weight compounds, proteins, and pep-
tides. Trichoderma also have many potential abilities such as tolerant capability 

Table 15.3 Different strains of Trichoderma controlling fungal infection and mode of action

Trichoderma 
species

Trichoderma 
strain Fungal pathogen Mode of action References

T. koningii MTCC 796 Macrophomina 
phaseolina

Parasitize fungal 
mycelia growth

Gajera et al. 
(2012)

T. harzianum T12 Khalili et al. 
(2016)

T. harzianum FocTR4 Fusarium 
oxysporum f. 
subspecies 
cubense

Restrain the growth of 
mycelium

Al-Ani et al. 
(2013)T. atroviride Tveg1 and TR10

T. asperellum CCTCC-RW0014 F. oxysporum f. 
subspecies 
cucumerinum

Increasing production of 
protease, cellulose, and 
chitinase

Saravanakumar 
et al. (2016)

Trichoderma 
asperellum 
strain

T34 F. oxysporum f. 
sp. lycopersici

Competition for iron and 
form siderophores

Segarra et al. 
(2010)

T. hamatum URM 6656 F. solani Production of chitinases da Silva et al. 
(2016)

T. harzianum T3 Ceratocystis 
radicicola

Lysis of hyphae, 
phialoconidia, and 
aleurioconidia

Al-Naemi et al. 
(2016)

T. atroviride T17 Guignardia 
citricarpa

Antagonistic activity by 
secreting proteins such 
as chitinase, mutanase, 
a-1,2-mannosidase, 
α-galactosidase, 
a-1,3-glucanase, neutral 
protease, carboxylic 
hydrolase ester, etc.

de Lima et al. 
(2016)

T. harzianum T39 Gliocladium 
virens

Inhibit growth of fungal 
mycelia

Bora and Deka 
(2007)

CICR G S. sclerotiorum Mukherjee 
et al. (2014)

T. atroviride P1 Phytophthora 
cinnanerium

Olabiyi and 
Ruocco (2013)

T. viride T30, T31 R. solani

T. harzianum T22 Botrytis cinerea
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against a number of biotic and abiotic stresses, enhancement in nutrient uptake 
activity of plant, and augmentation in nitrogen use efficiency and even in photosyn-
thetic activity. A large number of genes are known to over express in Trichoderma 
species that helps in abiotic stress tolerance to plants. Some antibiotic substances 
are also being secreted by this fungus to dominate and kill other fungal pathogens, 
thereby maintaining its colonization where it uses its hyphae to adhere to plant roots 
through hydrophobins or swollenin. Trichoderma is a renowned biocontrol agent 
that helps manage the diseases occurring in the plants.
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1  Introduction

The symbiotic bacteria present around the roots of plants are called rhizobacteria 
which are free-living unswervingly correlated with root surface or dwell inter alia 
on the roots such as endophytic bacteria without adding any value to the soil 
(Kloepper and Beauchamp 1992). When rhizobacteria help plants to grow, they are 
defined as plant growth-promoting rhizobacteria (PGPRs) (Kloepper et al. 2004). 
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Bacteria must be competent for rhizosphere, i.e., capable of interacting with 
rhizosphere- based nutrients secreted from the root or from sites which can be occu-
pied on the root, to exert their beneficial effects in the root system (Hao et al. 2012; 
Kim et al. 2012). Also, the characteristic inherence of PGPR is that it interacts with 
other microbes, such as arbuscular mycorrhizal fungi (AMF), to promote plant 
growth. In addition to soil-based microbes other than AMF, the plant-AMF relation-
ship is mostly manipulated through indirect mechanisms by the increased availabil-
ity of soil nutrients (Ghignone et al. 2012; Pii et al. 2015), while its impact directly 
is still under debate for plant-based growth (Glick 2012). A very favorable habitat 
for the growth of microorganisms in the rhizosphere, which covers a volume of root 
soil, which is chemically and physically affected by the plant root, can have a poten-
tial effect on plant health and soil fertility (Sorensen 1997). The microorganisms 
colonizing at root may be free, parasitic, and saprophytic, and their diversity remains 
varied because population and species abundance often change amino acid, mono-
saccharide, and organic acids into primary sources of nutrients released from a root 
environment which support the dynamic increase and activities of different micro-
organisms (Kunc and Macura 1988). It has been observed that in various plant spe-
cies with aid of PGPR, plant growth has been improved in terms of an increase in 
seedlings, biomass, vigor, root system proliferation, and production. During the past 
30 decades, various reports have been performed at a very exponential rate to iden-
tify PGPR in different agricultural systems and agroecological regions, as they are 
an important component of the root-colonizing microorganism (Podile 2006) 
(Table 16.1).

The protective effect of PGPR inoculated to seedlings was observed against soil- 
borne pathogens (Manjula and Podile 2001; Guo et al. 2004). Therefore, the role of 
PGPR as defense products for soil pathogens has been increased. However, in recent 
years, PGPR has once again been discovered as biofertilizers, and organic farming 
has become more important with minimum to no input. The requirement for a 
threshold point to sustain plant development for the initial bacterial inoculum indi-
cates the quorum sensing of bacteria in plant-PGPR interactions plays a significant 

Table 16.1 Commercially accessible PGPR strains, which are primarily assisted by mechanisms 
for direct plant production

PGPR strain
Trade 
name Manufacturer Recommended application

Azotobacter spp. Bioplin Kumar Krishi Mitra 
Bioproducts Pvt. Ltd., 
Pune, India

Soil drenching for sunflower, 
tomato, and another vegetable 
crops

Bacillus subtilis Kodiak GB03 Gustafson, LLC, 
Dallas, TX

Seed treatment in fruits and 
vegetables

Bacillus spp. Bioyield Gustafson, LLC, Plano, 
TX

Seed treatment in tomato, 
tobacco, cucumber, and pepper

Bacillus, Pseudomonas 
and Streptomyces spp.

Compete Plant Health Care BV, CA 
Vught

Soil drenching for turfgrass, 
nursery, and greenhouse 
plantations
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role (Teplitski et  al. 2000). With understanding and knowledge of genetics, bio-
chemical and physiological pathways aimed to help as to how PGPR can be used for 
plant growth promotion and disease control, hence with the goal of choosing and 
improving potential strains for crop improvement. PGPR innovation and distribu-
tion systems in various crop systems increase the rapid acceptance of strains and 
satisfy farmers by reducing costs in respect of chemical fertilizer.

2  Mechanism of Action of PGPR

PGPR-mediated growth in plants is promoted as per the reports of Kloepper and 
Schroth (1981), with the alteration in the rhizosphere niche of the entire microbial 
community through the formation of different compounds (Kloepper and Schroth 
1981). In general, PGPR promotes plant growth through promoting either the pro-
duction or regulation of the hormone levels of plants or indirectly interfering with 
the rhizosphere, by fixing nitrogen, solubilized phosphorus, and potassium, or the 
production of siderophore. Other biocontrol mechanisms, such as antibiotics (Chin- 
A- Woeng et  al. 1998) and CNN (competition for nutrients and niches) (Validov 
et al. 2009), have been certainly required to create root colonization over the current 
years. The development of exopolysaccharides may be one of the potential explana-
tions. Thus, produced exopolysaccharides reduce Na uptake by binding them and 
also by forming biofilms (Qurashi and Sabri 2012). Although there are two mecha-
nisms involved for PGPR, mostly studied is the direct one which is also dis-
cussed below.

3  Direct Mechanisms Involved in PGPR

In the absence of pathogens, direct PGPR promotes plant production. According to 
Vessey (2003), plant rhizosphere soil bacterial species growing in, on, or around 
plant tissue enhance plant development and growth through a multitude of pro-
cesses. In addition to supplying mechanical assistance and supporting water and 
nutrient absorption, rhizosphere microbial behavior influences the habits of rooting 
and the availability of nutrients to plants.

3.1  Nutrient Acquisition

A part of these organically grown plants are additionally metabolized by nearby 
microorganisms as carbohydrate and nitrogen sources and replanted for the growth 
and processing by certain microbiological molecules (Kang et al. 2010).
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3.2  Nitrogen Fixation

Certain microorganisms are in a position to transform nitrogen to ammonia through 
the process of fixing nearly two-thirds of the global amount of nitrogen by means of 
complex enzyme mechanism known as nitrogenase (Kim and Rees 1994). There are 
two groups of microbes which fix atmospheric nitrogen into a usable form: (a) sym-
biotic nitrogen-fixing bacteria (Ahemad and Khan 2011) and Frankia (nonlegumi-
nous tree) and (b) nonsymbiotic nitrogen-fixing form such as cyanobacteria 
(Bhattacharyya and Jha 2012). Host plant, which is associated with nonsymbiotic 
nitrogen-fixing bacteria, fixes a minimal amount of nitrogen (Glick 2012). 
Diazotrophs are nitrogen-fixing microbes and contain molybdenum nitrogenase 
which is responsible for biological nitrogen fixation and other related activities 
(Bishop and Jorerger 1990). A variety of free-living bacteria, such as Azospirillum 
spp., in addition to Rhizobia spp., can also fix and distribute nitrogen to the plants 
(Wisniewski-Dyé et al. 2015). However, the bacteria which live freely produce only 
a small number of fixed nitrogen required by the bacterial host plant. Nitrogenases 
(nif) are also important for the fixation of nitrogen into structural genes, iron-protein 
activation genes, molybdenum cofactor genes, electron donations, and regulatory 
genes required for the synthesis and action of enzymes (Bruto et al. 2014). As with 
the NIF genes, they usually occur in a group of 7 operons between the dimensions 
of 10 and 20 kb, encoding 20 proteins (Glick 2012).

3.3  Phosphate Solubilization

Phosphorus (P) is the second most important nutrient-restricting plant growth in 
soils, in both organic and inorganic forms, following nitrogen (Khan et al. 2009). 
The phosphorus mass of soil is found as an insoluble form when only the monobasic 
ions (H2PO4) and the diabasic ions are taken into consideration when absorbing 
plants in two soluble forms, although phosphorus is available to plants in minimal 
amounts (Bhattacharyya and Jha 2012). Phosphorus deficits are frequently used in 
soil fields because plants absorb lower phosphatic fertilizers and the remaining 
complexes quickly become insoluble when a reaction to other soil component phos-
phatic fertilizers is carried out (Mckenzie and Roberts 1990). However, routine 
treatments of phosphate fertilizers are both costly and unnecessary (Kaur and Reddy 
2014). This led to the search for environmentally sustainable and affordable alterna 
Pyoluteorin was first isolated in tive to grow crops in low phosphorus soils.

In this respect, a viable substitute for the chemical phosphatic fertilizers is pro-
vided by the phosphorus sources used by the plant (Khan et al. 2007). The microor-
ganisms which can solubilize the phosphate are called phosphate solubilizing 
microorganism (PSM). Although the most potential biofertilizer of different PSMs 
inhabiting the rhizosphere was the use of phosphate-solubilizing bacteria (PSB), 
plants that can easily absorb via biological routes obtain a good amount of 
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phosphorus (Zaidi et al. 2009; Yadav et al. 2014). Kumar et al. (2001) put forward 
that many crops like radish, potato, tomato, and wheat are associated with microbial 
species which solubilizes phosphorus.

Therefore, it is very relevant for agricultural microbiologist that PGPRs can solu-
bilize the mineral phosphate since they can boost phosphorus availability for effec-
tive plant development. PGPRs for the solubilization of precipitated plant phosphates 
were registered as a possible plant growth support mechanism in field conditions 
(Verma et al. 2001; Guo et al. 2015). The reason for the solubilization of inorganic 
phosphorus might be the organic acid synthesis by rhizospheric microbes (Barea 
and Richardson 2015). The commercial use of PGPB phosphate solubilization was 
unfortunately limited due to variable results (Ghosh et al. 2014).

 Biological disease control is an attractive alternative strategy for the control of 
plant diseases. Meanwhile, it also provides practices compatible with the goal of a 
sustainable agricultural system. Understanding the mechanisms of biological con-
trol of plant diseases through the interactions between antagonists and pathogens 
may allow us to select and construct the more effective biocontrol agents and to 
manipulate the soil environment to create a conducive condition for successful bio-
control. Many factors have to be considered in deciding whether a biological system 
is feasible for the control of a particular pathogen. Of prime importance is the avail-
ability of a suitable antagonist capable of maintaining itself on the host plant. The 
environment under which the crop is grown will play a significant part in determin-
ing whether effective population levels of an antagonist can be established in com-
petition with the existing microflora. Environment may also govern the choice of 
antagonist; for example, yeasts can survive on leaves more readily than non-spore-
forming bacteria under adverse humidity conditions. It is essential that the primary 
mechanism by which antagonism is brought about should be known. A variety of 
biological controls are available for use, but further development and effective 
adoption will require a greater understanding of the complex interactions among 
plants, people and the environment (Nega 2014). Currently, agriculture faces chal-
lenges, such as soil fertility reductions, changes in climate, and increased pathogen 
attacks (Gopalakrishnan et  al. 2015). In this way, our future main priorities are 
environmentally sustainable plant conservation strategies. There are growing ques-
tions about the use of chemical and synthetic fertilizers and pesticides and environ-
mentally sustainable and effective approaches to crop growth and development. The 
sustainability and safety of the horticulture industry depend on eco-adaptation 
methods such as biopesticides, biofertilizers, and crop residues. PGPR is a big part 
of the conservation of crops, the development of growth, and the improvement of 
soil health (Beneduzi et al. 2012; Liu et al. 2017). Some of the exceptional PGPR 
strains that play a large part in inhibiting or destroying pathogens by making unique 
antibiotic mixtures are Pseudomonas, Bacillus, Azospirillum, and Rhizobium. In 
addition to chemical pesticides, the microbial antagonist is another way to suppress 
plant pathogen in crops. A broad variety of pathogens are regulated by PGPR, 
including bacteria, fungi, viruses, and nematic diseases (Liu et al. 2017).
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4  Major Antibiotics of PGPR

In the management of plant diseases, PGPR plays a vital role in the production of 
antibiotics, and the system is called pathogenic microbes’ inhibition or suppression. 
PGPR such as Bacillus species and fluorescent Pseudomonas help in the destruction 
of pathogens, generating inhibitory, antagonistic metabolites in their defense mech-
anism against harmful strains of microbes. Furthermore, in plant induced systemic 
resistance mechanism (ISR) antibiotics play a critical role in direct antagonistic 
action. Specific microorganisms can produce a range of antibiotic products, for 
example, PGPR produce multiple antibiotics (Table 16.2).

Antibiotic is defined as a heterogeneous community of low-molecular organic 
complexes that harm the production or metabolism of various microorganisms 
(Kumar et al. 2015). In vitro and in situ, the development of the target pathogen was 
smothered more effectively with the help of antibiotics. The formation of one or 
more antibiotics is the most crucial aspect of plant growth that promotes rhizopatho-
logical bacteria and promotes resistance to other pathogens (Glick et  al. 2007). 
Moreover, the antibiotics are classified as volatile and nonvolatile, as aldehydes, 
alcohols, sulfides, ketones, and hydrogen cyanide come under the category of 

Table 16.2 Antibiotics 
produced by PGPR

PGPR Antibiotics

Pseudomonas sp. Antifungal antibiotics
Phenazines
Phenazine-1-carboxylic acid
Phenazine-1-carboxamide
Pyrrolnitrin
Pyoluteorin
Cepaciamide A
Oomycin A
Viscosinamide
Pyocyanin
Antibacterial antibiotics
Pseudomonic acid
Azomycin
Antitumor antibiotics
FR901463
Cepafungins
Antiviral antibiotic
Karalicin

Bacillus sp. Kanosamine
Zwittermicin A
Iturin A (cyclopeptide)
Bacillomycin
Plipastatins A and B

S. Hamid et al.



447

volatile antibiotics, while the nonvolatile antibiotics include heterocyclic nitroge-
nous compound (Gouda et  al. 2017; Fernando et  al. 2018). Antibiotics promote 
plant growth and possess other potentially beneficial properties like antimicrobial, 
antiviral, and antioxidant (Ulloa-Ogaz et al. 2015; Fernando et al. 2018).

The antibiotics that play a critical role when plant pathogens are suppressed are 
classified into two groups: volatile and nonvolatile antibiotic products.

4.1  Nonvolatile Antibiotics

4.1.1  Polyketides (2,4-Diacetylphloroglucinol (DAPG or Phl))

DAPG or Phl is a phenolic polyketide compound which is obtained from fluorescent 
pseudomonas with antibacterial, antifungal, and antioxidant activities (Gaur 2002). 
Phl is a key determinant of plant growth-enhancing rhizobacteria’s biocontrol activ-
ity. Gaeumannomyces graminis var. tritici is responsible to cause take-all diseases 
in wheat which can be suppressed by 2,4-DAPG antibiotic to act as take-all decline 
(TAD) which is produced from strains of P. fluorescens (Weller et al. 2007). The 
diseases are caused by some soil-borne pathogens and are prevented by some strains 
of P. fluorescens which also have nematicidal activity (McSpadden Gardener 2007; 
Meyer et al. 2009). As per reports of Dwivedi and Johri (2003), Phl’s mode of action 
remains uncertain, although the interaction between root-associated Phl-producing 
microorganisms and pathogens is considered to be a significant cause of disease 
suppression. So, in plants, Phl elicits ISR microorganisms and, therefore, can serve 
as unique elicitors in plant disease management of the development of phytoalexins 
or other related molecules.

4.1.2  Pyoluteorin (Plt)

Pyoluteorin (Plt) is a natural antibiotic that is biosynthesized from a hybrid nonribo-
somal peptide synthetase (NRPS) and polyketide synthase (PKS) pathway 
(Fermando et al. 2005). Pyoluteorin was first isolated in the 1950s from Pseudomonas 
aeruginosa strains T359 and IFO 3455 and was found to be toxic against oomyce-
tes, bacteria, fungi, and against certain plants (Kraus and Loper 1995). Plt inhibited 
most pathogens of oomycete, like Pythium ultimum. The severity of Pythium damp-
ing decreased when seeds are applied with Pseudomonas Plt producing, reported by 
now by Nowak-Thompsan et al. (1999). Hassan et al. (2011) put forward that in 
sugarcane, Glomerella tucumanensis is responsible to cause disease, namely, red 
root rot, but pyoluteorin produced by P. putida has been found to be effective against 
this disease.
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4.1.3  Heterocyclic Nitrogenous Compounds

Heterocyclic nitrogen pigments called phenazines, which are low-molecular-weight 
compounds, were developed by a small group of bacterial species including 
Pseudomonas, Burkholderia, Brevibacterium, or Streptomyces, since more than 50 
phenazine compounds occurring naturally were examined. Some bacterial strains 
will generate blends of different phenazine derivatives simultaneously (Guttenberger 
et al. 2017; Dasgupta et al. 2015). Like phenazine-1-carboxylic acid (PCA) found in 
P. fluorescens 2–79, however, P. aureofaciens 30–84 has been identified as a mix-
ture of PCA along with a minimum amount of 2-hydroxyphenazine.

Several PGPR pseudomonad strains have antibiotic and antitumor features and 
are active in their ability to suppress pathogenic plant fungi and nematodes 
(Cezairliyan et al. 2013; Zhou et al. 2016). The disease caused by G. graminis var. 
tritici in wheat has been biocontrolled by compound known as phenazine-1- 
carboxylic acid (PCA) which is produced by P. fluorescens 2–79 and P. aureofa-
ciens 30–84 (Thomashow and Weller 1988; Chin-A-Woeng et al. 2000; Shanmugaiah 
et al. 2010; Ju et al. 2018). P. aeruginosa PNA1 (wild-type) phenazine-1-carboxylic 
acid and phenazine-1-carboxamide are important in controlling cocoyam root rot 
caused by P. myriotylum (Tambong and Hofte 2001). P. aeruginosa is known to 
produce pyocyanin and phenazine-1-carboxylic acid which are having antagonistic 
activity against F. oxysporum, Aspergillus niger, and other various pathogens (Rane 
et al. 2007; Abo-Zaid 2014). In P. chlororaphis, 30–84 phenazine derivatives have 
to be developed to prevent plant pathogens (Ju et al. 2018). Several volatile antibiot-
ics, such as hydrogen cyanide, aldehydes, alcohols, ketones, and sulfides, are pres-
ent in this region, but hydrogen cyanide is the most important metabolite (Yu 
et al. 2018).

4.2  Volatile Antibiotics

4.2.1  Hydrogen Cyanide (HCN)

Various Gram-negative bacteria, namely, Chromobacterium violaceum, P. aerugi-
nosa, and P. fluorescens, produce cyanide as their secondary metabolite (Hass and 
Defago 2005). It has been reported by many workers that hydrogen cyanide (HCN) 
showed the nematicidal activity against Meloidogyne hapla as produced from the 
bacterial strain, namely, P. chlororaphis O6 (Kang et al. 2018). Sarhan and Shehata 
(2014) reported that in alfalfa, infection caused by F. solani can be stopped by gen-
eration of HCN from F. solani. Hydrogen cyanide (HCN) production is an essential 
determinant of biocontrol (Anderson and Kim 2018). The characterized hcnABC 
gene set was found to be responsible in Q2-87 and CHA0 for biosynthesis of HCN 
(Hass and Defago 2005).
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4.2.2  Aldehydes, Alcohols, Ketones, and Sulfides

Mycelium formation, ascosporous germination, and survival of sclerotia were 
entirely impeded by these substances. These volatiles come directly into contact 
with sclerotial structures that lead to a reduction in inoculum capacity, preventing 
the occurrence of the disease (Fernando et al. 2004). The pathogen Erwinia caroto-
vora has been inhibited by bacterial volatiles such as 2,3-butadienol (Ryu et al. 2003).

5  Biostimulants of PGPR

Plant growth regulators or phytostimulants which include auxin (indole-3-acetic 
acid (IAA)), gibberellic acid (GA), cytokinins (CK), and ethylene are organic 
chemical compounds that are known to regulate plant growth and development. 
Throughout the years, these chemical molecules became known as the main bio-
chemical, physiological, and morphological hormones required for growth. PGPR 
species of the genera Azospirillum, Pseudomonas, Xanthomonas, Rhizobium, and 
Bradyrhizobium can form phytohormones (Mohamed and Gomaa 2012).

Auxin is a vital hormone, which controls most plant processes directly or indi-
rectly. Being the first phytohormone identified in the Phalaris canariensis seeds by 
Darwin (1887), it has since paved the way for further exploration leading to the 
detection of the most active and prominent plant hormones in the auxin community, 
namely, indole-3-acetic acid (IAA). No matter how the plants can synthesize this 
chemical compound (endogen supply), their success still depends entirely on exter-
nal (exogenous) supply. PGPR is mainly supervised and is correlated with soil bac-
teria in this external gathering (Khalid et al. 2006). The cell function of auxin ranges 
from distinguishing the vascular tissue, initiating lateral and adventitious roots, 
stimulating the division of cells, and elongating the growth of the shoots and roots 
(Glick 1995). PGPR is significant in the development of the stage cum availability 
of nutrients in the rhizosphere for more efficient IAA production, considering the 
type of species and strain it cultivates, the condition, and the development 
(Ashrafuzzaman et  al. 2009). While plants have now recognized other auxins 
including indole-3-butyric acid (IBA) and phenylacetic acid (PAA) (Normanly 
1997), researchers also need to learn their structure mechanism of action and func-
tioning. In comparison, in the soil-plant auxin pool and l-tryptophan (l-TRP) as a 
substitute for the production of the auxin, IAA producers are found to be more 
prevalent. The results indicate a rise in the l-tryptophan level that raises the bio-
chemical and metabolic activities of bacterial BIPs or APBs, with subsequent root 
length reactions and root architecture modifications. Tryptophol, tryptamine, 
indole- 3-pyruvic acid (IPA), and indole-3-acetamide are the primary metabolic 
pathways (Bartel 1997). Emergent evidence demonstrates that species that produce 
low auxins due to the lack of l-tryptophan are likely to grow high auxins when 
increased by l-tryptophan, especially in the presence of a viable strain of Rhizobium 
(Zahir et al. 2010). Importantly, it is important to notice that plant-based indigenous 
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auxin (IAA) might still not be automatically adequate to achieve maximum plant 
performance but should contribute to plant growth (Pilet and Saugy 1987). 
Therefore, it is important to explain the chemical 130 messengers (IAA produced 
by PGPR) with an exogenous need to bring about optimum plant development, 
growth, and adaptation to the stressful setting.

It is not well known yet what exact pathways PGPR stimulate to promote plant 
growth through the synthesis of gibberellic acid (Kang et al. 2009). GA is a group 
of diterpenes which greatly affect the processes of sprouting, leaf growth, elonga-
tion of the root, extension of the lateral root, fruit development, flowering, and ini-
tiation of trichomes (Yamaguchi 2008). Gibberellins and genera are the primary 
targets during environmental stress conditions because of the important role played 
by them in improving effective photosynthetic processes in plants, and they are a 
major plant growth biological regulator, which can enhance stress tolerance in many 
crops. The exogenous application of these growing hormones can be useful in soil 
shift and crop production improvements (Iqbal et al. 2011). Gibberellins are essen-
tially interested in the alteration of plant morphology and promote the production of 
an aerial component, (Van Loon 2007) and has also been given to their effect in 
increasing tolerance of abiotic and biotic stresses. At the cellular level, the growth 
rate is regulated by the combined activity of two processes: cell proliferation and 
expansion. Gibberellins (GA) are plant specific hormones that play a central role in 
the regulation of growth and development with respect to environmental variability. 
It is well established that GA promotes growth through cell expansion by stimulat-
ing the destruction of growth-repressing DELLA proteins (DELLAs) and promotes 
chloroplast biogenesis, shoot proliferation, senescence, apical dominance, develop-
ment of anthocyanin, and photomorphogens (Davies 2004). This also contributes to 
the susceptibility to vascular changes, proliferation of root hair, and suppression of 
the development of lateral root and main elongation (Aloni et al. 2006), and this 
molecule can be obtained by either plants or PGPR in an endogenous and exoge-
nous way.

Plants improve the absorption through biosynthesis of endogenous cytokinin 
(Pospíšilová 2003). Studies have shown that cytokinin perfectly regulates plant 
adaptation, especially in salt-exposed areas, during plant growth (Hadiarto and Tran 
2011). Through a biochemical test, cytokinin is a major antagonist of abscisic acid 
(ABA), resulting in certain phytohormone regulation (Pospíšilová 2003). The cyto-
kinin content of the plant declines significantly during water scarcity, resulting in a 
favorable rise in ABA concentration. The evaluation of the development in broth 
media for plant hormones by various streptomycin strains indicates that cytokinin 
and gibberellin are synthesized by both strains (Mansour et al. 1994). While essen-
tial to phyto-development, it does not yet have a well-defined mechanism of action. 
The cytokinin in the receptor gene is regulated by changes in osmotic conditions 
(Merchan et al. 2007). Various studies have shown that the plants are immune to 
environmental stress by inoculating seedlings with cytokinin strains of Bacillus 
subtilis.

Ethylene which is a special phytohormone has a wide spectrum of chemical 
activity as at low concentrations the useful function of this biomolecule is better 
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reported. This impairs certain significant developmental features, e.g., root elonga-
tion, defoliation, and other cellular processes, which lead to reduced crop produc-
tion at high concentrations (Bhattacharyya and Jha 2012). An enzyme 
1-aminocyclopropane-1-carboxylic acid (ACC) deaminase is required to resolve 
these troubling effects. The biocatalyst’s function is to degenerate the ACC plant 
which is the direct precursor to α-ketobutyrate and ammonium for ethylene synthe-
sis on the plant (Glick et al. 2007). The decay results from the decrease of plant 
production of ethylene by a variety of pathways, while PGPR producing ACC 
deaminase controls the amount of ethylene of plants and stops high levels of ethyl-
ene from inhibiting development (Noumavo et al. 2016). However, this vaporous 
hormone also governs the initiation, maturation, and germination of the seeds and 
abscission of the leaf and wilting (Kaur et al. 2016).

6  Role of PGPR in Biocontrol of Plant Disease

The greatest danger to food security worldwide is the loss of crops from plant dis-
eases. The losses vary from small reductions in plant growth to major damage 
resulting in plant death and reduced yields (Savary et al. 2012). Many methodolo-
gies were studied to avoid or control these pathogens, including the production of 
resistant varieties by plant breeding, the production of GMO plants, as well as the 
chemical enrollments such as fungicides. Furthermore, there could be a detrimental 
effect on the health of humans through the presence of pesticide and fungicide left-
overs. Due to the imperatives on antibiotic development in standard environments, 

Fig. 16.1 Model to 
illustrate the role of PGPR 
in plant protection
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the role of antibiotics in biocontrol and microbial antagonism has been discussed. 
PGPR is a biocontrol agent with the ability to kill a large variety of potential species 
with plant disease. PGPR must use one of the following mechanisms to be an effec-
tive biocontrol agent against pathogenic microbes: antibiotic formation, systemic 
resistance induction, hydrogen cyanide formation, and lytic enzyme formation 
(Fig. 16.1) (Lugtenberg and Kamilova 2009). According to reports by Junaid et al. 
(2013), key organisms which attack the plants typically include, in host plants, bac-
teria, fungus, and nematodes which cause bad diseases. Thereby, rhizobacteria or 
their metabolites are known to function as a sort of protection against disease.

6.1  Antibiotic Production

Antibiotic production by PGPR is one of the essential components for the promo-
tion of plant growth and antimicrobial activity (Table 16.3). These antibiotics have 
been shown to play a part in disease concealment through mutant study and bio-
chemical exams using distilled antibiotics in various biocontrol frameworks. These 
antimicrobial mixes can track pathogenic plant microbes or their growth by inhibit-
ing the germination of spores and fungal mycelia lysis (Adhya et al. 2018; Ulloa- 
Ogaz et al. 2015). PGPR is known as a biocontrol agent due to the generation of 
antibiotics which includes known examples, i.e., DAPG, phenazine, cyclic lipopep-
tides, and amphisin (Loper and Gross 2007), while there is certain list of antibiotics 
which includes zwittermicin A, oligomycin A, xanthobaccin, and kanosamine 
known to be generated by Pseudomonas strains, Bacillus, Streptomyces, and 
Stenotrophomonas sp. (Compant et  al. 2005). However, these biochemicals are 
found to be regulated by abiotic, biotic, and other environmental factors, and dis-
eases caused by pathogens can be suppressed by low-weight-molecular compounds 
known as antibiotics as various good known drugs from PGPR as biocontrol agents 
which have been utilized for the disease control include 2-hexyl-5-propyl resorcinol 
(HPR), 2-hydroxymethyl-chroman-4-one, d-gluconic acid, hydrogen cyanide 
(HCN), and phloroglucinols (Phl) (Cazorla et al. 2006). To maintain other microbes 
in the soil as niche competition in the field will have passed, and the fundamental 
path to decreasing the incidence of disease in plants will be followed by Rhizobacteria 
with a view to nutrient supply and spatial abundance (Kamilova et al. 2005, b). If an 
association of competent microbes flourishes in the rhizosphere and affects the radi-
cally colonized PGPR by releasing noxious metabolites or compounds, it thus 
impedes the root absorption capacity to assimilate growing and developing nutri-
ents. Apart from the ability to survive in the nutrients of PGPR, flagellum, lipopoly-
saccharide, chemotaxis, and root exudate secretion enhance its longevity (Lugtenberg 
and Kamilova 2009). According to Saraf et al. (2011), it is important in heme growth 
the reduction of ribotide precursors of DNA and ATP synthesis that siderophores are 
synthesized in PGPR with iron chelation when not present in pathogenic fungal spe-
cies of plant. Space exposure is thus a significant factor in the thriving and dominant 
role of PGPR over pathogens in niche competition, and the rhizosphere role plays a 
vital role in supplying plant nutrient exposure (Heydari and Pessarakli 2010).
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Table 16.3 Generation of antibiotics for soil-borne diseases via the PGPR microorganism

Antibiotics/functions PGPR Pathogen/disease References

Phenazine, 
2,4-diacetylphloroglucinol 
(DAPG)

Pseudomonas 
fluorescens

Meloidogyne 
incognita
Fusarium 
oxysporum

Meyer et al. (2016)

Surfactin
Iturin
Fengycin

Bacillus velezensis Ralstonia 
solanacearum
Fusarium 
oxysporum

Cao et al. (2018)

Volatile antibiotics Bacillus 
amyloliquefaciens 
subsp. plantarum 
XH-9

Fusarium 
oxysporum

Wang et al. (2018)

Bacilysin B. subtilis Phytophthora 
infestans

Caulier et al. (2017)

Hydrogen cyanide
Phenazine

Fluorescent 
pseudomonads

Pythium 
aphanidermatum

Prabhukarthikeyan 
and Raguchander 
(2016)

Pyrrolnitrin Pseudomonas 
aeruginosa

Rhizopus 
microsporus, 
Fusarium

Uzair et al. (2018)

Bacillus
Peptide
Antibiotics

Bacillus Fusarium 
graminearum

Khan et al. (2017)

Surfactin
Iturin A
Iturin D
Fengycin
Bacillomycin D

Bacillus subtilis Wilt and root rot Smitha et al. (2017)

Bacillomycin D
Fengycin A

B. subtilis Sclerotinia 
sclerotiorum

Abdeljalil et al. 
(2016)

Pyrrolnitrin
Hydrogen cyanide

Pseudomonas 
chlororaphis

Sclerotinia 
sclerotiorum

Nandi et al. (2015)

Triterpenoid soyasapogenol Rhizobium 
leguminosarum bv. 
viciae

Didymella pinodes Ranjbar Sistani et al. 
(2017)

Fengycin Bacillus 
amyloliquefaciens 
subsp. plantarum

Rhizomucor 
variabilis

Zihalirwa Kulimushi 
et al. (2017)

Iturin
Bacilysin
Bacillomycin
Surfactin
Subtilin
Subtilosin

B. 
amyloliquefaciens

Sclerotinia 
sclerotiorum

Vinodkumar et al. 
(2017)

(continued)
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6.2  Induced Systemic Resistance (ISR)

To combat pathogenic bacteria, fungi, and viruses, PGPR activates some form of 
protection mechanism. This will improve and adapt the plant much better (Van 
Loon 2007). The gene and gene products have not been well established for this 
form of biological control phenomenon. Unlike systemic acquired resistance (SAR), 
a protection state is triggered in the entire plant following primary pathogen infec-
tions (Bakker et  al. 2013). To act against plant pathogens, a mechanism called 
induced systemic resistance (ISR) uses plant hormones like jasmonic acid (JA), sali-
cylic acid (SA), and ethylene and other organic acids for the stimulation and signal-
ing in host plant for the defense purpose (Pieterse et al. 2000). This mechanism is 
mediated through JA, ethylene, and SA biosynthesis pathways (Dempsey and 
Klessig 2012). The interaction of these hormones is either antagonistic or synergis-
tic to change the mechanism of defense (Nassem and Dandekar 2012). A large num-
ber of secondary metabolites that have antibiotic activity (phenolic, flavonoids, 
alkaloids, cyanide glycosides, etc.) were identified as an ISR mechanism in nonin-
fected crops following receipt of chemical signals from infected plants, with vola-
tile methyl salicylic acid as a signal (Dempsey and Klessig 2012). Antimicrobial 
active ingredients, such as phenols, can inhibit microbial development, and different 
phenolic metabolic cells that are less harmful to plant cells accumulate in the cells 
than aglycones. After infection, aglycone is released by hydrolysis which is toxic to 
both plant cells and microbes (Kenawy 2016). The defense response in the plant 
system can cause cell wall thickening and lignification, callus deposition, a buildup 
of phytoalexins, and synthesis of many lytic enzymes (Sticher et al. 1997).

According to Labuschagne et al. (2010), to cope up with environmental stress, 
PGPR reaction toward ISR can be achieved through adjustment of physical and 
biochemical reaction to environmental stress and also by increasing physical and 
mechanical vigor of the cell wall, and it has been observed that certain molecules 
such as lipopolysaccharide, N-acyl homoserine lactone (AHL), salicylic acid, etc. 
are antibiotic forms of ISR in PGPR (Van Loon 2007). There are certain bacterial 
species which are found to be involved in the process to biocontrol including 
Pseudomonas sp., Bacillus pumilus, and Enterobacteriaceae (Jourdan et al. 2009). 
Zehnder et al. (2001) found that ISR has wider scope when applied PGPR strain is 
used as a seed coat against Pseudomonas syringae causing angular leaf spot, 
Colletotrichum lagenarium causing anthracnose in cucumber, and Erwinia tra-
cheiphila leading to bacterial wilt.

Table 16.3 (continued)

Antibiotics/functions PGPR Pathogen/disease References

DAPG Pseudomonas sp. 
LBUM300

Clavibacter 
michiganensis 
subsp. 
michiganensis

Lanteigne et al. 
(2012)

2,4-diacetylphloroglucinol 
(2,4-DAPG), pyoluteorin 
(PLT) pyrrolnitrin (PRN)

Pseudomonas 
fluorescens

Botrytis cinerea 
Monilinia 
fructicola

Zhang et al. (2020)
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Besides, P. fluorescens has protected tomatoes from wilt diseases and may serve 
as an ISR signal to cause DAPG pools in tomato root rhizosphere (Haas and 
Keel 2003).

7  Conclusion

Over the last century, the effective application of organic fertilizers, herbicides, and 
pesticides should not be overlooked in an agricultural environment. They help plant 
growth initially while having a long-term negative impact. This practice not only 
affects the land and its inhabitants but also threatens people’s lives through the food 
chain. The soil has become extremely infertile and unproductive due to the rise in 
soil pollution, condition of climate, soil pathogens, and extensive land overuse. 
Food insecurity and the increasing population are evident at the low agro-yield. To 
achieve auto-sufficiency, a wide understanding of the microbial interaction and its 
mechanism of action must be made, particularly in the tropic world, to be essential 
to scientific knowledge. Not only does this lead to bumpers but also keeps the 
ground healthy and safe. Although the PGPR campaign has been in progress for 
decades, in Africa, it has not been adopted due to a lack of understanding and gov-
ernmental policies. Nonetheless, efforts will be based on the replacement of bio-
product agrochemicals such as biofertilizers, bioinsecticides, and bioherbicides by 
a supportive PGPR consortium. To boost crop yield while preserving the soil condi-
tions, farmers must carefully define and recognize the benefits of these bioinocu-
lants in terms of improved plant nutrients and biocontrol through the introduction of 
systemic resistance and nutrients or space rivalry. This approach is to mitigate soil 
degradation, habitat change, and land flora and fauna loss by genetically modified 
processing of PGPR as an essential compound of modern food production. Finally, 
this technology, especially in developed countries, must be used and implemented 
to curb the possible humanitarian (famine) crisis in areas ravaged by war and terror-
ism, thus stimulating the production of food and improving our community’s envi-
ronmental safety..
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1  Introduction

Bioavailability of essential nutrients is generally low in cultivated and infertile soils 
due to resource competition, especially phosphorus (P), which limits the growth of 
plants (Dubey et al. 2020). Biologically, it is required in plants for their cell divi-
sion, synthesis of cell organelles, energy and cellular metabolism, synthesis of 
starch and amino and fatty acids, and N fixation. So, it contributes to root and stalk 
development, reproduction, fruit/seed quality, disease resistance, and eventually 
production. Phosphorus is among the less-abundant macronutrients (except N) in 
the soil (about 0.1% of all elements). It is crucially required by all microorganisms 
for cell synthesis and metabolism, energy transfer, and signalling (Bünemann 
et al. 2011).

Contents of bioavailable P in agricultural lands are very little (<0.01–3.07 mg L−1), 
due to firstly poor P content of parent materials and secondly its high reactivity 
causing fixation in the mineral matrix (Sharma et al. 2013). This small content ful-
fils only a little portion of plants’ requirement, so the rest has to be obtained via 
biotic and abiotic processes for which P-solubilising microflora could be quite help-
ful. Thus soil microorganisms have developed diverse strategies to enhance P bio-
availability. Plants can take up only inorganic P (viz. HPO4

2−, H2PO4
−), while 

bacteria and fungi also have the capability of consuming low-molecular-weight 
(LMW) compounds of organic P (Schwöppe et al. 2003). However, protozoa could 
also take up high-molecular-weight (HMW) compounds of organic P. It infers that 
a little fraction of organic P pools remains microbially unavailable, so diverse 
sources of phosphorus in soil could provide ecological niches for various species 
(Jones and Oburger 2011).

Phosphorus bioavailability in the soil is associated with reversible processes of 
immobilisation-mineralisation (biological), sorption-desorption (physical), and 
dissolution-precipitation (chemical). Unfortunately, most of the native P in soil and 
applied through fertiliser become immobile or fixed via reactions with Al3+ and Fe3+ 
in low-pH soils and with Ca2+ in alkaline soils (Khan et al. 2015). Therefore, fertil-
iser’s phosphate use efficiency rarely exceeds 30% with its soluble concentration in 
the soil around 1.0 mg kg−1 (Mengel et al. 2001) if the total P ranges 500–800 mg kg−1 
in soil. Total P content in surface soils (0–15 cm) falls in the range of 50–3000 mg kg−1 
contingent upon the type of parent material/soil, land management, and vegetation 
cover (Sims and Pierzynski 2005). Phosphorus fixation phenomena prevail exten-
sively in the soil as hardly 0.1% of the entire P pool, viz. 0.05% (w/w) is bioavail-
able, which renders it inaccessible to plants, so its deficiency impedes the growth 
and yields of plants.

Under this scenario, sustainable crop production and long-term agricultural 
development demand for exploration of natural processes and biological entities to 
mobilise the large resource of fixed P accumulated in soil (Dixon et  al. 2020). 
Heterotrophic microbes mainly govern the soil P solubilisation by excreting organic 
acids and enzymes for P supply to plant roots. Phosphate-solubilising microorgan-
isms (PSM) comprising the P-solubilising bacteria (PSB) as well as P-solubilising 
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fungi (PSF) are used as biofertiliser for P release from immobilised organic and 
fixed mineral forms in soil (Khan et al. 2014). Sections proceeding below encom-
pass all types of PSM existing in soil, forms of phosphates available for use by 
PSM, mechanisms of phosphate utilisation, and potentials of native soil P for agri-
cultural production.

2  Phosphate-Solubilising Microorganisms

A larger proportion of total P in the soil is organically bound; therefore, microbes 
contribute enormously in P turnover. Microorganisms produce carbon dioxide, pro-
tons, and secondary metabolites (viz. amino acids, starch, organic acid anions, 
enzymes, siderophores, phenols, etc.), which catalyse the processes of phosphate 
solubilisation (Jones and Oburger 2011). Several species of microbes possess great 
capability of enhancing the organic P cycling through solubilisation of bound 
organic and mineral P. Research on the PSM spans over a century witnessing the 
superiority of bacteria (1–50% of total soil bacteria) with greater potential of P solu-
bilisation than fungi (only 0.1–0.5% of total soil fungi) classified as PSM (Chen 
et al. 2006). Within the total PSM population/species in soil, the PSB outnumber the 
PSF greatly; however, fungal strains possess higher P-solubilising capability 
(Gyaneshwar et al. 2002).

More diversified populations of PSM proliferate physically and remain active 
metabolically in the rhizospheric soils than in other environments. More frequently 
studied PSM species among bacteria are Bacillus, Burkholderia, Enterobacter, and 
Pseudomonas, while that of fungi are Aspergillus, Penicillium, and Trichoderma 
(Bononi et  al. 2020). Microorganisms responsible for P acquisition also include 
ectomycorrhizal and endomycorrhizal fungi. Greater number of metabolically 
active PSM is found in the rhizosphere than in other ecologies. They exist ubiqui-
tously in forms and population in almost all types of soils depending on the cultural 
activities, physicochemical properties, organic matter, and phosphate minerals, 
eventually with their highest populations in cultivated and range lands (Khan 
et al. 2015).

2.1  Bacteria

Phosphate-solubilising bacteria (PSB) produce organic acids and phosphatases, 
which mineralise the P-bearing organic materials present in soil (Rodríguez and 
Fraga 1999). A number of bacteria in fertile soils range from 101 to 1010, and their 
live biomass could be around 2000 kg ha−1. Structural forms of bacteria found in 
soil are spherical (cocci, 0.5  μm), rod-shaped (bacilli, 0.5–0.3  μm), or spiral 
(1–100 μm). Bacilli are the most common type in soil, while spirilla exist scarcely 
in the natural environments (Baudoin et al. 2002). Relatively more efficient PSB 
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communities in soil are Bacillus, Enterobacter, Pseudomonas, Burkholderia, 
Azotobacter, and Rhizobium (Jones and Oburger 2011). Strains of Serratia marces-
cens have been suggested as supersolubiliser for biofertiliser preparation (Ben 
Farhat et al. 2009).

Multiple P solubilisation mechanisms operating simultaneously have been found 
in some bacteria as in the case of Gluconacetobacter diazotrophicus (Intorne et al. 
2009). Thus, P-solubilising indole acetic acid-producing rhizobacteria (PSIRB) 
could perform more efficiently than P-solubilising rhizobacteria (PSRB) or indole 
acetic acid-producing rhizobacteria (IRB) individually (Hariprasad et  al. 2009). 
Similarly, several P-solubilising bacteria proliferating on the outer membrane of 
mycorrhizal hyphae proliferating in the soil (hyphosphere) add up indirectly to P 
uptake of mycorrhizae and eventually the plants (Gonzalez-Chavez et  al. 2008). 
Such PSB species may colonise in the mucilage of hyphae, on hyphoplane, among 
the walls of hyphal layers or within the hyphae (Mansfeld-Giese et al. 2002).

2.2  Fungi

Several non-mycorrhizal fungi isolated from agricultural soils exhibit P-solubilising 
capability. Among them, inoculation with Aspergillus, Mucor, Penicillium, and 
Trichoderma species has shown 5–20% improvement in the production of crops 
(Gunes et al. 2009). Like some ectomycorrhizal fungi, the non-mycorrhizal fungi 
(e.g. Arthrobotrys, Emericella, Penicillium) could use one or more of these mecha-
nisms for P solubilisation, viz. soil acidification, production of organic acid anions 
(e.g. citrate, oxalate, gluconate), and release of acid and alkaline phosphatases/phy-
tases (Xiao et al. 2009). Phytase enzyme-producing fungi efficiently hydrolyze the 
phytases/inositol phosphates, which have the main share in the organic P of soil.

Chaetomium globosum is efficient in the production of phosphatase and phytase 
for mobilising organic P and has great potential to produce citric, formic, lactic, and 
malic acid, which are important for about one unit reduction in soil pH (Tarafdar 
2019). Aspergillus is known to be the most efficient fungus for producing both types 
of phosphatases (acid and alkaline). The minimum concentration of fungal released 
organic acids required to solubilise the phosphates is in the range of 0.2–0.5 mM 
(Tarafdar 2019). In PSF-treated crops, fungal share in the P uptake is usually greater 
than that of plants themselves. Extracellular enzymes produced by fungi are more 
efficient than their intracellular counterparts for P solubilisation.

2.3  Actinomycetes

General characteristics of actinomycetes found in soil include their capability of 
existing in extreme environmental conditions (e.g. water and salinity stress), pro-
duction of antibiotics and phytohormones, plant growth promotion, and P 
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solubilisation by some strains (Hamdali et al. 2010). Several species of P-solubilising 
actinomycetes (PSA) isolated from the rhizosphere soil have been recognised to 
enhance P use efficiency and stimulate the plant growth when reinoculated. Around 
20% genera (including Streptomyces and Micromonospora) among all the actino-
mycetes are capable of performing P solubilisation process.

Opposite to most fungi, the majority of the PSA does not possess acidifying 
characteristics. Rather, they release the citrate, formiate, lactate, malate, and succi-
nate anions from respective organic acid and other organic substances associated 
with P dissolution (Hoberg et al. 2005). They store phosphorus as polyphosphate in 
their mycelia (Hamdali et al. 2010). Due to their thermotolerance, actinomycetes 
could be employed preferentially to accelerate the P-release process during compost 
production (Chang and Yang 2009).

2.4  Mycorrhizae

Mycorrhizal symbiosis among the plant roots and fungal species in soil is usually 
established in the agricultural and forest ecosystems. The presence of arbuscular 
mycorrhizal fungi (AMF) is very common in the surface and subsoils, where they 
establish symbiotic as well as mutualistic associations as found in several plant 
types (Yang et al. 2018). The rhizosphere is the main habitat for a diversity of ben-
eficial microbes including AMF, which improve P bioavailability and increase the 
growth of inhabited plants (Zhang et al. 2014). These fungi release protons as well 
as extend their hyphae for the acquisition of soluble and/or insoluble forms of soil 
P and then share it with plants especially on P-deficient soils (Smith and Smith 
2011). Interaction of such AMF and plant growth-promoting rhizobacteria (PGPR) 
boosts their activities in the rhizosphere, also to enhance P uptake by the colonised 
roots of plants (Pierre et al. 2014). By having long aerial mycelia, the AMF trans-
ports phosphate from long distances unreachable by plant roots.

The AMF may also release the organic acids and phosphatases that could help 
solubilise the native P sources unavailable to plants (Tarafdar 2019). Thus, plant 
root infection with AMF enhances their nutrient absorption efficiency, improves the 
growth of AMF-infected plants, and influences their root morphology depending 
upon the mycorrhizal density. The AMF enhance the nodulation in legumes and 
increase the plant root surface area to approach and uptake more nutrients by the 
plants. Thus, nitrogen fixation in legumes being dependent on P supply improves 
with AMF colonisation. The mycorrhizal hyphae also combine the mineral particles 
of soil and organic materials to make macroaggregates, which join to make more 
stable macroaggregates (Bibi et al. 2018). The AMF application could reduce the 
use of P fertiliser.
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3  Phosphate Sources vs. Microbial P Solubilisation

Soil microbes have enormous potential for mineralising and solubilising the organic 
as well as inorganic phosphate compounds, respectively. Various kinds of P miner-
als as contained in the phosphate rocks exhibit variable solubility. However, the 
forms of P found in different soils may not be similar to that in phosphate rocks. In 
the soil’s solid phase, physical and chemical forms of phosphates strongly regulate 
the efficiency of PSM to mobilise the bound P (Jones and Oburger 2011). As the 
PSM display differential response to various forms of phosphates, so their inocula 
are developed according to their ability to dissolve the particular forms of phos-
phates under field conditions. The following paragraphs comprehend the most dom-
inant P forms in soil:

3.1  Mineralisation of Organic Phosphates

The proportion of organic phosphates in soil varies greatly ranging from 4% (in 
sandy soils) to 90% (in organic soils) of the total phosphorus contents, but generally 
it’s 30–65% in mineral soils (Jones and Oburger 2011). Abundant kinds of organic 
P present in soil are mainly inositol phosphates (dominant, ≥80%), phospholipids 
(0.5–7.0%), and nucleic acids which account for ≤3% (Quiquampoix and Mousain 
2005). Some organic P compounds being less abundant are sugar P, monophos-
phorylated carboxylic acids, and teichoic acids. Inositol phosphates are component 
of the insoluble complexes or polymers containing proteins and lipids and have high 
acidity. Their stability is related to phosphate group counts, which render the higher- 
order esters being stronger recalcitrant liable to biodegradation and thus higher in 
abundance. Phospholipids are mostly in the form of phosphoglycerides. Nucleic 
acids and their derivatives are quickly mineralised, resynthesised, and incorporated 
into microbial biomass or soil constituents.

Organic soil amendments, viz. municipal biosolids, compost, crop residues, and 
animal manures, also contribute to P nutrition of plants and soil microorganisms. 
Nevertheless, P bioavailability from them depends on the P forms present therein and 
their interaction with soil. Therefore, it has created great interest in the interactive 
effects of PSM inocula with organic amendments for providing nutrients to the crops. 
Precise analysis reveals that biosolids contain mainly inorganic P forms, like var-
iscite (Al-P, containing 86% of total P) and less-soluble hydroxylapatite (Ca-P, hav-
ing 14% of total P), while manures contain 12–68% each of dicalcium phosphate 
dehydrate and struvite (magnesium ammonium phosphate), 0–18% variscite, and 
20–70% organic P as calcium phytate (Ajiboye et al. 2007). Inorganic P component 
of compost mostly binds to calcium forming the minerals apatite or octacalcium 
phosphate. Distribution of inorganic P among Al, Fe, and Ca fractions in the compost 
is also dependent upon the type of additives, e.g. lime, metal salts, etc., which reduce 
the P solubility and immobilisation (Maguire et al. 2006). Phosphate solubility in 
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organic additives is mostly affected by the equilibrium soil solution and its pH, as at 
lower pH Fe and Al phosphates render stronger recalcitrant, while Ca phosphate at 
acidic pH is less recalcitrant. Nonetheless, in addition to phosphate, organic additives 
supply considerable amounts of carbon and nitrogen, which enhance microbial activ-
ities, like respiration, mineralisation, turnover, and biomass build-up (Saha et  al. 
2008), and accelerate C, N, and P cycling. Increased microbial activity enhances not 
only the solubilisation of organic and inorganic P found in the organic amendments 
but also the solubilisation of originally existing P forms in soil too.

Considerable amount in the pool of organic P contributed through the biomass of 
soil microorganisms. Nevertheless, the contents (mg kg−1) of microbial P present in 
different soil types range widely from 0.75 (in sandy soils) to 106 (in grasslands) 
and 169 (in forest litter), which could constitute 0.51–26% of the total P therein 
(Oberson and Joner 2005). Various phosphate-containing compounds in microbes 
(as % of the total microbial P) include nucleic acids (30–65%), phospholipids, 
phosphate esters, and phosphorylated coenzymes (15–20%), along with some 
P-storage compounds, viz. polyphosphates and teichoic acid found only in Gram- 
positive bacteria (Bünemann et al. 2011). Phosphorus immobilisation by microor-
ganisms depends more upon C than P limitation; thus P contents in microbial 
biomass are related to soil C dynamics (Achat et  al. 2009). Seasonal variations 
leading to dry periods, increased soil depth, decreased organic matter, and P fertili-
sation reduce the biomass P content of microorganisms (Chen et al. 2003).

Nearly 50% among the microbial communities associated with soil and plant 
root system perform P mineralisation through phosphatase enzymes, e.g. acidic/
alkaline phosphatases and phytases (Zineb et al. 2020). Phosphatase enzymes min-
eralise their substrate of organic phosphate and yield inorganic forms of phospho-
rus. Major mechanisms for the mineralisation or hydrolysis of organic phosphates 
and residues to make them bioavailable involve organic anions/acids, siderophores, 
and phosphatase enzymes produced largely by the microbial population and par-
tially by plant roots (Dodor and Tabatabai 2003). Some microbes, for instance, 
Enterobacter agglomerans, can perform both functions, viz. hydrolysis of organic P 
compounds and solubilisation of inorganic P minerals like hydroxyapatite.

3.2  Solubilisation of Phosphate Minerals

Within the growing season, only a small portion (around 1%) from the total soil P 
assimilates into vegetation biomass, which reflects little P bioavailability to plants 
(Quiquampoix and Mousain 2005). A fraction of inorganic P ranges 35–70% of the 
entire soil P being related to the parent material, pH, vegetation, and pedogenesis 
(Sims and Pierzynski 2005). The pool of organic P rises through soil development 
processes; however, it declines in greatly weathered and past developed soils. 
Therefore, soil development processes, P allocation between organic and inorganic 
P pools, and P forms greatly influence the P accessibility to microbial community 
and eventually effectiveness of PSM to promote crop growth in the field (Jones and 
Oburger 2011).
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Phosphatic minerals are subjected to solubilisation with several species of sapro-
phytic bacteria and fungi mostly through chelation by both organic and inorganic 
acids produced by them. Hydroxyl and carboxyl ions from these acids effectively 
chelate the cations (Al, Fe, Ca) while lower down the pH under basic conditions; 
resultantly several phosphate compounds are solubilised (Stevenson 2005). Organic 
acids produced by these microbes are mostly low molecular weight, e.g. gluconic 
and ketogluconic acids (Deubel and Merbach 2005). The pH mainly in rhizosphere 
reduces with the release of protons/bicarbonates (anion/cation balance) as well as 
with the gaseous (O2/CO2) exchange. Thus, organic acids contribute to phosphate 
solubilisation through pH reduction, cation chelation, and competition with phos-
phate to find adsorption sites in the soil. Generally, organic acids are more efficient 
than inorganic acids to solubilise the phosphates if compared to the same level of pH.

3.2.1  Solubilisation of Ca-Bound Phosphates

Sources of primary P minerals in less weathered and unweathered soils having neu-
tral or alkaline pH are calcium phosphates (various types of apatites), e.g. fluorapa-
tite, hydroxyapatite, and francolites (Benmore et al. 1983). Acidification through 
lowering of soil pH by PSM inocula solubilises Ca phosphates and releases inor-
ganic P. For this purpose, several types of acidifying PSM are employed to enhance 
the dissolution of phosphate rocks before incorporation into the soil, via inoculation 
of individual PSM or compost enrichment with microbial consortia (Aria et al. 2010).

Under alkaline conditions, phosphate minerals present in soil as apatites and phos-
phate from P fertilisers are fixed as phosphates with calcium like Ca3(PO4)2. These 
compounds and rock phosphates (fluorapatite, francolite) exhibit low solubility rate in 
soil releasing very little concentration of inorganic P being insufficient to support the 
normal plant growth. Phosphate solubilisation in alkaline soils undergoes with the 
joint influence of pH reduction and the release of organic acids (e.g. carboxylic acid). 
Both these mechanisms operated by soil microorganisms dissociate the bound forms 
of phosphorus (Stephen and Jisha 2009). Reduced pH or excretion of H+ around 
microbial cells releases phosphate from P-fixed minerals through proton substitution 
(with more absorption of cations than anions) or production of Ca2+ (Villegas and 
Fortin 2002). However, an opposite reaction takes place when anion uptake exceeds 
that of cations/H+ due to excretion of OH−/HCO3

− (Tang and Rengel 2003).
Carboxylic anions released from PSM show greater affinity to Ca, and thus it 

solubilises more P than the acidification alone. Being an important P solubilisation 
mechanism, complexing of cations is mainly through pH decrease by organic acids 
and influenced by nutrition, physiology, growth, and metabolites of the PSM (Reyes 
et al. 2007). Organic anions and associated protons are important for solubilisation 
of precipitated P compounds. They would chelate the metal ions attached with com-
plexed P compounds or could release the adsorbed P via ligand exchange reactions. 
Thus Ca-P releases through joint mechanisms of pH reduction and carboxylic acid 
production, as the proton release mechanism alone cannot proceed this process 
(Deubel and Merbach 2005).
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3.2.2  Solubilisation of Al and Fe Phosphates

In lower pH and highly weathered soils, the dominant P minerals are Fe and Al 
phosphates and inorganic P bound and/or occluded by Fe and Al oxy(hydr)oxides 
(Sims and Pierzynski 2005). Under neutral and acidic soil conditions, Al and Fe 
oxides/hydroxides greatly influence the P availability, due to rare occurrence of 
various Fe and Al phosphates, e.g. wavellite, variscite, and strengite. With decreas-
ing pH, positive surface charge of Fe and Al oxides is increased, and strong covalent 
bonds (chemisorption) are developed through negatively charged P, which renders 
it recalcitrant to exchange reactions. However, low-molecular-weight (LMW) 
organic anions (e.g. gluconate and oxalate) excreted from PSM could compete with 
inorganic P for sorption sites. Further, pH dynamics may influence the surface 
potential of oxides, resulting in the solubility of inorganic P (Jones and Oburger 2011).

Iron- and aluminium-associated phosphates are solubilised through proton pro-
duced by PSM via reducing the negative charge on adsorbing sites that ultimately 
enhances sorption of negatively charged P ions. Release of protons may also reduce 
the P sorption due to acidification that increases H2PO4

− as compared to HPO4
2− 

exhibiting greater affinity to the reactive sites on soil. Carboxylic acids mostly solu-
bilise the Al-P, while Fe-P is solubilised via direct dissolution of phosphate mineral 
due to anion exchange of PO4

3− by acid anion, which could chelate both Fe and Al 
ions attached to phosphate (Henri et al. 2008). Root-associated pseudomonas strains 
have high-affinity Fe-uptake system depending upon release of Fe3+-chelating 
agents, viz. siderophores (Khan et al. 2007). Further, carboxylic anions replace the 
PO4

3− anions from sorption complexes through ligand exchange, thus chelating both 
Fe and Al ions attached to phosphate, which after transformation releases bioavail-
able phosphate for plants. The capability of organic acids for chelating the metal 
cations is highly affected by these acids’ molecular structure, principally by the 
abundance of carboxyl and hydroxyl ions.

3.3  Release of Immobilised P from PSM Biomass

It is a general understanding that phosphorus released by PSM is consumed mainly 
by the plants and soil organisms. Conversely, the fact is that inevitably the greater 
portion of released P gets assimilated by the PSM biomass itself. Normally, the 
release of PSM’s immobilised P takes place after their cell death with environmen-
tal changes, starvation, or predation by microflora and microfauna. Fluctuation in 
soil conditions, e.g. drying-rewetting and/or freezing-thawing, results in higher 
rates of microbial cell lysis (breakdown) causing flush events, which witness a sud-
den rise of bioavailable P in soil solution (Butterly et  al. 2009). Approximately, 
30–45% of microbial P (constituting 0.8–1 mg kg−1) is mineralised within a day 
during the first flush event after drying-rewetting cycles (Grierson et  al. 1998). 
Nevertheless, P bioavailability proceeding the flush events is mainly relying on the 
P-sorption capability of soil, as the major part of released P could subsequently be 
immobilised on the solid phase.
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Grazing of microorganisms by microbivores (e.g. nematodes, protozoa) also 
releases microbial P. During a preliminary study, the presence of bacterial grazers 
caused substantial P mineralisation within a week, while in their absence, vigorous 
P immobilisation continued beyond 3  weeks without any P release (Cole et  al. 
1978). Similarly, the presence of organic matter and its C/P ratio render a substan-
tial influence on microbial P immobilisation-mineralisation dynamics (Silvan et al. 
2003). Inputs of easily available C sources as fresh organic materials improve the 
microbial P with subsequent decrease and rise in soil P on the depletion of a sub-
strate (Jones and Oburger 2011). Nevertheless, substrate quality and soil character-
istics determine the time passing between P immobilisation and remineralisation, as 
the dynamics is smaller for stronger recalcitrant organic materials (Oehl et al. 2001).

4  Mechanisms of Phosphate Solubilisation

Phosphate-solubilising efficiency is the ability of PSM to produce organic acids, 
whose hydroxyl as well as carboxyl ions chelate cations associated with phosphate, 
so bringing them to soluble state. Phosphate solubilisation in the global P cycling 
undergoes several mechanisms, which also include organic acids and/or proton 
release attributed to soil microorganisms. Phosphorus assimilated in the microbial 
biomass is immobilised for a shorter time, but remineralisation or turnover by 
microorganisms transforms it in a bioavailable form after some time depending 
upon the soil conditions. Therefore, P-solubilising microbes are the key players in 
all the three components of P cycle being operated in soil, viz. mineralisation- 
immobilisation, dissolution- precipitation, and sorption-desorption. Bioavailability 
of inorganic P from the P-containing minerals is largely governed by their dissolu-
tion properties, which are influenced mainly by the pH and equilibrium reactions in 
soil solution (viz. sorption and desorption). Whereas, the P bioavailability from 
organic P materials entirely depends upon the activities of soil microorganisms, e.g. 
mineralisation, enzymatic hydrolysis, etc. Therefore, various factors and mecha-
nisms are involved in the solubilisation of organic and mineral phosphates in soil as 
detailed in the following paragraphs:

4.1  Phosphate Release Through pH Dynamics

Microorganisms release protons or hydroxide ions, which change the pH of soil 
solution as well as mineral nutrient bioavailability. Although phosphate solubilisa-
tion via alkalinisation is rarely reported, P solubilisation through microbial acidifi-
cation rendered by numerous species of bacteria and fungi is well recognised (Ben 
Farhat et al. 2009) especially if phosphate is associated with calcium. Release of 
protons sometimes relates to production of organic acid anions, which is enhanced 
with NH4

+ supply (rather than NO3−), and decrease in pH resulting to more P 
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solubilisation (Sharan et al. 2008). Penicillium rugulosum with the assimilation of 
amino acids as a sole N source also decreased pH in external medium and thus 
enhanced P mobilisation. Contrastingly in Pseudomonas fluorescens, C source (e.g. 
glucose vs. fructose) but not N source (e.g. NH4

+ vs. NO3
−) imparts more impact on 

proton release (Park et al. 2009).
It reflects that in various microbial species, dissimilar strategies operate in proton 

release, influenced somewhat by NH4
+. Although pH dynamics is a potential P solu-

bilisation mechanism, nevertheless, situations in the field (against in vitro) might 
not be favourable for enough acidification due to insufficient labile N and C as limit-
ing factors for microbial activity in the bulk soil (Jones and Oburger 2011). Also, 
especially the calcareous soils have strong pH buffering capacity that might reduce 
the P solubilisation and reduce the growth of PSM.

4.2  Phosphate Release Via Organic Acid Anions

Just only acidification may not be enough to understand the process of P mineral 
solubilisation. The LMW organic acid anions (carboxylates) produced from micro-
organisms are also involved in the solubilisation of inorganic P (Patel et al. 2008). 
Frequently observed organic acid anions released from PSM are citric, gluconic, 
glycolic, 2-ketogluconic, lactic, malic, malonic, oxalic, succinic, and tartaric acids 
(Gyaneshwar et al. 2002). Secretion of protons (rather than organic anions) com-
pensates the loss of negative charge, which reduces the pH of soil. On the other 
hand, organic anions influence P solubilisation through their negative charges or 
metal complexation properties. So, inorganic P is mobilised from the metal oxide 
surface through ligand exchange or solubilisation of iron or aluminium oxides and 
calcium phosphates, and adsorption/chelation of organic anion liberates the 
occluded P due to weakening of mineral bonds (Jones and Oburger 2011). Further, 
adsorption of organic anions on metal oxides reduces positive surface potential that 
also facilitates the release of adsorbed P.

Organic acids mostly released by bacteria are gluconic and 2-ketogluconic acid, 
while that by fungi include citric, gluconic, and oxalic acid (Khan et  al. 2009). 
Tricarboxylic acid anions (e.g. citrate) have a greater potential of inorganic P solubilisa-
tion due to mineral dissolution mechanism than that of dicarboxylic acids (e.g. gluco-
nate, oxalate), whereas oxalate is more efficient for P mobilisation in calcareous soils 
due to greater affinity for making Ca precipitates (Ström et al. 2005). Phosphorus mobil-
isation by organic anions is influenced mainly through soil characteristics (e.g. sorption 
sites, pH) and properties/quantity of PSM-released organic acid anions, differing greatly 
from a few micromolars to 100 mM (Gyaneshwar et al. 2002; Patel et al. 2008). The 
P-solubilising property of organic acid anions mostly declines in soils with higher con-
tents of carbonate and Fe or Al (hydr)oxides (Ström et al. 2005; Oburger et al. 2009).

The LMW carboxylates released from microorganisms as well as roots of a plant 
are used by microbes as labile C substrate and being removed from the solution; 
thus their P-mobilisation potential is reduced. For continuous P dissolution during 
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the crop season, organic acid anions must be released by PSM regularly, as their 
half-life is very short, viz. 0.5–12 h (Jones et al. 2003). Importantly, within high- 
sorbing soils, breakdown of organic acid anions by microorganisms is greatly 
reduced (Oburger et al. 2009). In addition to enhancing the growth of microbes and 
solubilisation of inorganic P, organic acid anions increase the solubility of organic 
P to make it more prone to enzymatic hydrolysis (Tang et al. 2006).

4.3  Phosphate Release by Enzymes

Phosphorus demand mostly provokes the release of enzymes required for the break-
down of organic P, which is catalysed by phosphatases produced by PSM present in 
the soil. Usually, extracellular phosphatases instead of intracellular ones release 
larger amounts of phosphates in soil solution (Nannipieri et al. 2011). Phosphatases 
or phosphohydrolases represent the large category of enzymes, which catalyse the 
breakdown of both esters and anhydrides of H3PO4 (Dodor and Tabatabai 2003). 
Their activities are inhibited at higher contents of orthophosphate (end product), 
other polyvalent anions (e.g. MoO4

2−, AsO4
3−), and some metals, while lower con-

tents of divalent cations (e.g. Ca, Mg, Zn, Co) activate these enzymes (Quiquampoix 
and Mousain 2005). Moreover, adsorption on soil minerals or organominerals may 
change enzymes’ conformation and activities. Sorption to solid phase decreases 
enzymatic activity, but it shields enzymes from microbial decay or thermal inactiva-
tion. Clay particles most strongly hold the phosphatases, cluing that soil character-
istics (e.g. minerals, SOM, pH) influence PSM-released enzymes, and their activity 
is not only depending on release rate (Jones and Oburger 2011).

Among the several classes of phosphatase enzymes produced by PSM, phospha-
tases are the most abundant ones and are categorised as acid and alkaline phospha-
tases depending upon their pH optima and external conditions (Jorquera et al. 2008). 
Thus, acid phosphatases are more abundant in low-pH soils, and alkaline phospha-
tases predominate in neutral- to high-pH soils. The plant roots mostly release acid 
phosphatases, but rarely alkaline phosphatases, so this could be a niche for PSM. It 
is very exhaustive to determine the difference among root- and PSM-produced 
phosphatases; however, microbial phosphatases exhibit higher affinity to organic P 
compounds as compared to those coming from plant roots (Richardson et al. 2009). 
Reports on both positive and negative correlations between phosphatase activity and 
inorganic P concentration in soil highlight the uncertainty and interactive complex-
ity of biochemical processes of P mobilisation (George et al. 2002; Ali et al. 2009).

4.4  Phosphate Release by Siderophores

Siderophores are biochemical complexing agents having a greater affinity for iron, 
and they are produced by most of soil microbes in response to Fe deficiency. About 
500 siderophores have been recognised, and the majority is used by several microbes 

G. Jilani et al.



475

and plants, while some are utilised by the producing microbes themselves (Crowley 
2007). Production of siderophores by PSM is well documented, but not widely 
known for P solubilisation mechanism (Hamdali et al. 2010). Due to dominance of 
mineral dissolution against the ligand exchange by organic acid anions as 
P-solubilising mechanism, siderophores might also be considered for enhancing P 
bioavailability.

In spite of extensive evidence of Fe mobilisation by siderophores, only one study 
reported the impact of microbial siderophores on P bioavailability (Jones and 
Oburger 2011). Improved Fe and P diffusion of two siderophores (desferrioxamine 
B, desferriferrichrome) and iron-chelating agent EDDHA if compared with water 
through root simulation method was found long before by Reid et al. (1985). Further, 
desferriferrichrome enhanced the P diffusion 13-folds against water, while desfer-
rioxamine B rendered very little impact. By keeping in view the large reserves of Fe 
phosphates in soil, greater P-sorption capacity of Fe (hydr)oxides, and Fe require-
ments of microbes, the role of siderophore-enhanced P solubilisation is quite 
obvious.

4.5  Phosphate Release Mediated by Exopolysaccharides

Microbes in soil produce exopolysaccharides (EPS) and biosurfactants mostly to 
cope with biofilm formation and stress conditions. Recently, nonenzymatic high- 
molecular- weight (HMW) microbial exudates (viz. mucilage, EPS, etc.) are also 
being investigated for their effectiveness in P solubilisation from soil components. 
Gaume et al. (2000) reported that maize root mucilage if adsorbed onto synthetic 
ferrihydrite reduced the P adsorption continuously, but this mucilage couldn’t 
mobilise the pre-adsorbed P in a significant amount. Nonetheless, the indirect effect 
of microbial mucilages has been observed on the P availability via increased soil 
aggregation and pore connectivity in soil, which facilitates the soil moisture reten-
tion and movement (Ionescu and Belkin 2009).

It has been reported that microbially produced EPS can make complexes with the 
metals in soil variably (Ochoa-Loza et al. 2001), which indicates that they could 
have some influence on the P solubility in soil. Microbial EPS and organic acid 
anions produced in pure culture have been found to enhance the dissolution of tri-
calcium phosphate in a synergistic manner (Yi et  al. 2008). The microbial EPS 
production could be favoured under P-deficient soil conditions, thus being more 
favoured with N supply rather than available P (Wielbo and Skorupska 2008). 
Moreover, the rate of phosphate solubilisation depends upon the microbial popula-
tion/source and EPS contents in soil.
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5  Interactive Effects of PSM on Plants

The PSM might also come in competition with growing plants for the uptake of 
released P from any source. Phosphorus in the soil solution increases under the situ-
ation when (a) active P solubilisation from the soil minerals containing large P 
contents and (b) sum of the SOM mineralisation and remineralisation of organic P 
detained in microbial biomass exceed P immobilisation (via P uptake and its assimi-
lation in plants/microbial biomass) and sorption onto the surface of soil minerals. 
These processes involved in P cycling are driven by several physicochemical soil 
characteristics (e.g. mineral contents, organic matter, texture, structure, tempera-
ture, moisture percentage) and vegetation properties, which collectively influence 
the P bioavailability in soil from PSM inoculation (Jones and Oburger 2011). Since 
the microbial populations and activities are greater in the rhizosphere, so the com-
bined efforts of microbes and plant roots in proton (or hydroxide) extrusion could 
enhance the P bioavailability to both. Further, respiration by plant roots and microbes 
would increase CO2 concentration in the rhizosphere and might cause the pH to 
decrease.

Tarafdar (2019) mentioned that co-inoculation with compatible fungi could 
mobilise greater amount of soil P for better plant growth; for instance, the AMF 
Glomus mosseae combined with Aspergillus fumigatus had a greater activity of 
phytase enzymes. Plants and PSM have a synergistic association, where microbes 
provide the soluble P and plant roots supply the carbon compounds (mostly sugars), 
which are metabolised for microbial proliferation (Pérez et  al. 2007). Thus, the 
presence of PSM in the rhizosphere is highly beneficial for improving crop produc-
tion. Combined inoculation of Rhizobium and PSM or AMF renders better plant 
growth than inoculation of each microbe alone in P-deficient soil (Zaidi and Khan, 
2006). Positive interactive effects on plant growth through simultaneous application 
of PSB with AMF or with N-fixing bacteria, e.g. Azospirillum and Azotobacter, 
have been investigated extensively (Figueiredo et al. 2017; Wahid et al. 2020).

6  Extent of Phosphate Solubilisation in Soil

Contribution of PSM for enhancing the plant growth is influenced mainly by micro-
bial P- mobilisation activities, viz. P uptake followed by its release and P redistribu-
tion throughout the soil mass. Numerous studies at the greenhouse and field level 
have been undertaken to assess the number of phosphates solubilised through inocu-
lation of PSM, and an increase of crop yields up to 70% has been reported (Kumar 
et al. 2016). The PSB species of P. striata and B. polymyxa mobilised correspond-
ingly 156 and 116 mg P L−1 (Rodríguez and Fraga 1999). Similarly, P. fluorescens 
released 100 mg P L−1 from Ca3(PO4)2, 92 mg P L−1 from AlPO4, and 51 mg P L−1 
from FePO4 (Henri et al. 2008). Acid-producing PSM also improve the solubilisa-
tion of phosphatic rocks (Gyaneshwar et al. 2002).
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The PSB strains have the capabilities to solubilise the inorganic P from 53 to 
42 μg P mL−1 and mineralise organic P ranging 8–18 μg P mL−1 (Tao et al. 2008). 
Seed inoculation of C. globosum, P. purpurogenum, and E. rugulosa could mobilise 
45–60 kg P from soil, rendering 416–25% improvement in the production of various 
crops (Tarafdar 2019). The PSB applied along with SSP fertiliser and rock phos-
phate decreased the P fertiliser rate by 25% and 50%, respectively (Sundara et al. 
2002). The PSB strains of P. putida, P. fluorescens, and P. fluorescens solubilised 
51%, 29%, and 62% phosphate, correspondingly (Ghaderi et al. 2008).

Zineb et  al. (2020) reported that Bacillus, Burkholderia, Pseudomonas, and 
Serratia strains inoculated to rock phosphate solubilised up to 600 mg P mL−1 by 
producing phytases (16.1–24.8 U mL−1), IAA (up to 39.6 μg mL−1), and sidero-
phores (9–81.1%). The use of PSM inoculum can benefit equivalent to 
100–150 kg P ha−1 the fields growing horticultural crops (Gunes et al. 2009). The 
PSM have a daily potential of mineralising 1–4 mg P kg−1 in the soil; but without 
any distinction between the enzymatic (biochemical) and biological (microbial 
turnover) strategies of mineralisation (Oehl et al. 2001).

7  Contribution of PSM in Crop Production

The worldwide consensus is evolving extensively to encourage the adoption of sus-
tainable practices for the management of both agroecosystems and environment. 
Among them, the high emphasis has been put on the use of beneficial/effective 
microbes, referred to as biofertilisers or inoculants. These active biological agents 
containing beneficial microorganisms drive the biogeochemical nutrient cycles. The 
PSM, mainly the bacteria Bacillus, Pseudomonas, Burkholderia, and Enterobacter 
and the fungi Trichoderma, Aspergillus, and Penicillium, including ectomycorrhi-
zae and endomycorrhizae have been found beneficial for enhancing the bioavailable 
P in the cultivated lands as well as improving the production of crops (Bononi et al. 
2020). The PSM solubilise the precipitated soil P and fertiliser P contributing sig-
nificantly to meet P deficiency and enhance crop yields (Sharma et al. 2013).

The combined use of PSB and AMF renders better P uptake both from soil and 
rock phosphates applied in the field (Cabello et al. 2005). Not only the PSM enhance 
plant growth by P solubilisation, but they could also increase the N fixation under-
taken by crop plants (Ponmurugan and Gopi 2006). The PSB strains of Pseudomonas 
sp. have been reported to enhance the number and mass of nodules, growth attri-
butes, grain yield, nutrient bioavailability, and their uptake in the soybean crop (Son 
et al. 2006). In another study, seedling length of Cicer arietinum was increased by 
PSB application (Sharma et al. 2007). Co-inoculation of PSB and PGPR decreased 
the P application rate up to 50% in maize (Yazdani et al. 2009). Inoculation with 
PSB alone raised the biological yield, whereas co-inoculation of the same PSB 
along with AMF gave the highest yield of barley grains (Mehrvarz et al. 2008). The 
PSB application improved sugarcane production by 12.6% (Sundara et al. 2002). 
Inoculation of alpine Carex with Pseudomonas fortinii significantly improved the 
weight of fresh roots and foliage and P content in shoots (Bartholdy et al. 2001).
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Application of PSB in addition to P fertiliser produced 30–40% higher yield of 
wheat grains than with sole P fertiliser, while inoculation without P fertiliser 
enhanced 20% yield over control (Afzal and Bano 2008). Pseudomonas putida and 
AMF co-inoculation in barley also improved the content of leaf chlorophyll 
(Mehrvarz et al. 2008). With combined inoculation, Bradyrhizobium, G. fascicula-
tum, and B. subtilis interacted positively for improving plant growth and N and P 
uptake of green gram, and seed yield was increased by 24% over control (Zaidi and 
Khan 2006). The PSB strains of Bacillus, Burkholderia, Pseudomonas, and Serratia 
inoculated to Medicago truncatula increased the dry shoot weight in the range of 
40–134% and 13–87% in two soils, and the best results were obtained with their 
consortium (Zineb et al. 2020).

Currently, Wahid et al. (2020) reported the potential of AMF inoculum contain-
ing six species (viz. G. microaggregatum, F. geosporum, C. etunicatum, F. mosseae, 
R. intraradices, and G. claroideum) and PSB strain Bacillus sp. PIS7 along with 
phosphate rock on field-grown maize followed by wheat in alkaline soil. Their com-
bined application significantly enhanced the grain yield of crops and P uptake as 
compared to control and sole applications. In legumes, co-inoculation of Rhizobium 
and PSM demonstrates great potential in terms of enhancing the nodulation, crop 
growth and nutrient uptake from chemical fertilisers, e.g. 30% yield improved in 
soybean (Govindan and Thirumurugan 2005).

Although the strong buffering capacity of soil suppresses the solubilisation of 
bound P by native microorganisms, efficient PSM inoculants could enhance the 
microbial activity of P solubilisation contributing significantly in agricultural pro-
duction. Phosphorus bioavailability in soil depends upon the natural processes of 
sorption-desorption and immobilization-mineralization. Soil microorganisms con-
tribute enormously in supplying soil phosphorus to the plants through solubilisation 
of inorganic compounds and mineralization of organic materials. These microor-
ganisms operate two mechanisms in soil, viz., lowering of soil pH via production of 
organic acids and their anions to solubilise mineral phosphates, and mineralization 
of organic phosphates via acid phosphatases. Soil enriched with phosphate solu-
bilisers increases the phosphorus bioavailability to the crops. Better efficiency is 
achieved by co-inoculation of phosphorus solubilising bacteria with other beneficial 
bacteria, fungi and mycorrhizae. Hence, exploitation of PSM through biofertilisers 
bears great prospective for utilisation of fixed soil P present hugely in the soil. 
Similarly, bio-mineralisation of phosphate rocks by the PSM could be an eco-
friendly alternative to mineral fertilisers, especially in alkaline soils. So, this chapter 
concludes that PSM exhibit high potential for the development of a safe biofertiliser 
product, which could improve the P bioavailability in soil and enhance the plant 
growth and crop yields to achieve sustainable agricultural production.
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1  Introduction

Cyanobacteria, also known as blue-green algae, were the first organisms that cre-
ated molecular oxygen and transformed the biosphere from anaerobic to largely 
aerobic. Many cyanobacteria have a very wide distribution. Thanks to these fea-
tures, they are considered as a model organism that enables us to learn about micro-
bial biogeography and evolution (Gupta et al. 2013; Prasanna et al. 2009; Ahmed 
et al. 2010).

Cyanobacteria have been identified as important inhabitants of many agricultural 
soils that potentially contribute to biological nitrogen fixation, phosphate dissolu-
tion, mineral release to increase soil fertility, and crop productivity (Singh 2014). 
They produce and secrete a variety of biologically active substances, such as pro-
teins, vitamins, carbohydrates, amino acids, polysaccharides, and phytohormones, 
which act as signal molecules to support plant growth. So, they protect plants 
against environmental stress. It is determined that the related bacteria are also found 
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in cultivated fields. Identification of dominant strains effective in plant growth was 
found important for plant production (Osman et al. 2010; Prasanna et al. 2009).

Cyanobacteria show antagonistic activity against many plant pathogenic fungi. 
The application of cyanobacteria as biological fertilizers reduced the disease sever-
ity caused by the pathogen in many plants (Küçük and Sezen 2019).

2  General Features of Cyanobacteria

Cyanobacteria members are the oldest oxygen-producing photoautotrophs on earth. 
Plant chloroplasts evolved from cyanobacteria through the process of endosymbio-
sis. Cyanobacteria are known as blue-green algae, which is commonly confused 
with algae because it shares traits with algae and bacteria, because of the 
C-fucocyanin, a blue-green pigment they contain (Yadav et al. 2017) (Table 18.1).

Their cell structures are simple, and individual cells can also exist as spheres, 
courses, or flat colonies. The most common form of the colonies is a filament. The 
colonies can contain several cells or several thousands of cells in a mucilage sheath. 
Threads of cyanobacteria are called “trichomes.” There is no organization or divi-
sion of labor between cells in the threads. However, it is seen that some cells grow 
and take a homogeneous appearance, and structures called “heterocyst” occur. A 
thick wall, enriched with nutrients, surrounds some of the cells, and structures resis-
tant to unfavorable conditions called “akinetes” are formed. In some cells, real 
branching is seen, while in other cells, false branching is also observed. In some 
species, it is seen that the trichome thinners from the bottom to the end and there is 
a heterocyclic at the bottom (Mishra et al. 2013).

Since cyanobacteria cells have a prokaryotic organization, they do not have any 
membrane organelles. The cell wall is similar in structure and function to Gram- 
negative bacteria (Whitton and Potts 2012; Mishra et  al. 2013). The cytoplasm 
structure consists of two different layers, namely, chromoplasm and centroplasm. 

Table 18.1 General characteristics of algae (on the left) and bacteria (on the right). Cyanobacteria 
have combination characteristics that come from algae and bacteria (middle column) (adapted 
from https://www.deq.ok.gov, DEQ n.d.)

Algae
 • Eukaryote
 • Photosynthetic
 • Unicellular and 
multicellular
 • Can be filamentous
 • Found only in aquatic 
environments
 • Does not produce toxins
 • Can form visible colonies 
in water

Cyanobacteria
• Prokaryote
• Photosynthetic
• Unicellular and 
multicellular
• Can be filamentous
• Found in many diverse 
habitats
• Capable of producing 
toxins
• Can form visible 
colonies in water

Bacteria
• Prokaryote
• Non-photosynthetic
• Unicellular
• Found in many diverse habitats
• Capable of producing toxins
• Can cause increased turbidity, not 
visible colonies

N. Gören-Sağlam
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Chromoplasm is a colorful and networked structure with uncertain boundaries 
around the centroplasm. Generally, it does not have a vacuole and is immobile. As a 
chemical structure, RNA is dispersed, and assimilation pigments have a lamellar 
structure. However, they are not homogeneously disperplastics as plastids sur-
rounded by a real membrane. Centroplasm is colourless and located in the centre. 
Its chemical structure consists of DNA; it contains elements in the form of a stick, 
reticular, or thread. All of these correspond to the nucleus and are called chromatin 
devices. There is no real nucleus (Shevela et al. 2013).

There is only chlorophyll-a from chlorophylls in cyanobacteria. Among the 
carotenoids, they contain β-carotene and E-carotene. Cyanobacteria often have all 
the types of xanthophylls and lutein. They contain C-fucocyanin and allophycocya-
nin, which are phycobilins. The color of Cyanophyta is mostly bluish green, olive 
green, and yellow brown. Cyanobacteria take the blue-green color from fucocyanin. 
There is also a small amount of phycoerythrin (Takaichi et al. 2009; Singh 2014).

Food storage substances in chromoplasma are glycogen, cyanophilin from pro-
teins, and volutin. Nitrogen constitutes 8% of the dry weight of blue-green algae.

Reproduction in cyanobacteria occurs by dividing the cells into two, as in bacte-
ria. Colony-forming species are seen cell division, and asexual reproduction occurs 
in a type of fragmentation. In some of the filamentous species, with the death of the 
cells in between, the thread breaks down into several cells. These parts are called 
“hormogonium.” Hormogoniums occur in abnormal conditions and develop and 
form the thread when the conditions are favorable (Cohen and Meeks 1997).

2.1  Ecology and Phylogeny of Cyanobacteria

Cyanobacteria have spread to all parts of the earth. They live in freshwaters and 
seas. Some of their species are planktonic. Some species are benthic; they live on 
the grounds of streams, lakes, pond waters, and marshes. In suitable conditions and 
seasons, some of the planktonic species can over-proliferate and cause the death of 
fish and other aquatic organisms due to the toxic substances that appear. Some spe-
cies of cyanobacteria are found in moist soils and on rocks that leak water as a 
blackish-mucilage cover. They also live on bare rocks on the shores of the seas, 
bark, and arctic regions (Nagarajan et al. 2011). In addition to their association with 
plants, they can develop epiphytically on bark, leaves, roots, and stems of sub-
merged areas (Aguiar et al. 2008; Boopathi et al. 2013). They are the most abundant 
algae after diatoms on the soil surface and below. There are also species living in the 
dark cave walls as they show chromatic adaptation according to the light intensity. 
Some species live at 75–85 °C in hot water sources. There are also species living in 
deserts, poles, snow, rarely in salt waters, and oceans.

Cyanobacteria provide nitrogen for the growth of the plant partner. It has been 
explained that cyanobacteria can convert atmospheric nitrogen to ammonium form 
with nitrogenase enzyme, and ATP is used in this conversion (Magnuson 2019):
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 N H e MgATP NH H MgADP Pi2 3 28 8 16 2 16 16+ + + → + + ++ −
 

Species belonging to some blue-green algae genus (Chroococcus, Gloeocapsa, 
etc.) live symbiotically with fungi and form “lichens.” Some species of Anabaena 
and Nostoc also live symbiotically with some species of ferns, Gymnosperm and 
Angiosperms. Cyanobacteria are known to affect tallus morphogenesis in lichens 
(Singh et al. 2016; Singh 2014). It is known that cyanobacteria, especially those that 
form symbiotic relationships with plants, secrete protein from carbohydrate-rich 
arabinogalactan. It has been found that these proteins act as signaling molecules 
which do not play an important role in the regulation of plant growth and develop-
ment (Abdel-Raouf et al. 2012). The secretion of phytohormones by cyanobacteria 
begins with the formation of a symbiotic relationship (Singh et al. 2016).

Nitrogen fixation is an important feature of cyanobacteria. Various species can 
physiologically detect the free nitrogen of the air. Cyanobacteria are similar to bac-
teria in these aspects. Apart from cyanobacteria, no other algae group has this fea-
ture. The nitrogen-binding species in the structure of lichens give nitrogen they 
detected to the fungus (Zehr 2011; Stal 2013).

Base compositions of DNA molecules belonging to different cyanobacteria have 
been determined. GC rates of cyanobacteria with unicellular form vary between 35 
and 71%. This ratio indicates that this group includes a very large group of organ-
isms that have very few genetically related relationships. On the other hand, DNA 
ratios of DNA molecules of the cyanobacteria group that form the heterocysts very 
much less (between 38 and 46%). Cyanobacteria are grouped with their morpho-
logical lines as well as phylogenetic features. Unicellular cyanobacteria are very 
broad phylogenetic, and different representatives show phylogenetic relationship 
with different morphological groups (Yadav et al. 2017; Chittora et al. 2020).

3  Biofertilizers

Agricultural systems that use more inputs for high yields cause environmental prob-
lems and depletion of natural resources. The rapid production increase caused by 
the application of chemicals decreases gradually, and a healthy agriculture system 
becomes inevitable. The production of clean foods without agricultural chemicals is 
compulsory for the future of humanity and natural resources. Plant nutrients are 
essential for crop and healthy food production, given the growing population of the 
world. Today, agricultural strategies are mainly carried out on inorganic chemical- 
based fertilizers, which pose a serious threat to the environment and human health 
(Itelima et al. 2018). Biofertilizer is used as an alternative way to increase soil fertil-
ity and crop production in sustainable agriculture. The use of beneficial microorgan-
isms as biofertilizers is crucial for the agricultural sector, given their potential in 
food safety and sustainable crop production (Vessey 2003). Research is ongoing to 
make biofertilizers an important component of nutritional management. According 
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to a report by the FAO published in 2006, biofertilizer is a substance used for prod-
ucts containing microorganisms that fix atmospheric N or secrete growth-promoting 
substances that help dissolve soil nutrients (FAO 2006).

Nitrogen fixers (N-fixer), potassium and phosphorus solubilizers, plant growth- 
promoting rhizobacteria (PGPRs), endo- and ectomycorrhizal fungi, and cyanobac-
teria are commonly used as biofertilizer components (Fig.  18.1) (Ansari and 
Mahmood 2017; Zakeel and Safeena 2019). The use of biofertilizers provides 
improved nutrients and water intake, plant growth, and enhanced plant defense 
against abiotic and biotic stresses. These properties of biofertilizers play a very 
important role in soil fertility and environmental protection. Also, their low cost will 
benefit farmers economically (Itelima et al. 2018).

Biofertilizer is an alive, pure, or mixed microorganism formulation that, when 
applied to seed, plant surface, or soil, colonizes in the rhizosphere or enters the plant 
tissues, fixes atmospheric nitrogen, and increases soil uptake and plant nutrient 
uptake and vegetative growth (Chatterjee et al. 2017) (Fig. 18.2). Biofertilizers are 
cheaper than chemical fertilizers, do not show toxic effects to plants, do not pollute 
groundwater, do not increase soil acidity, and do not adversely affect plant develop-
ment. The most prominent features of biofertilizers related to plant development are 
nitrogen fixation, making plant nutrients available, biological control of diseases, 
and secretion of plant growth stimulants. While a significant amount of fossil energy 
is used in chemical fertilizer production, energy is free in biological fertilization. 
The species that are active among the bacteria generally isolated from the rhizo-
sphere are chosen by considering their adaptability to activity and environmental 
conditions and are stored for use in single or multiple species containing biological 
fertilizers. Reducing the use of excessive chemical fertilizers, potential nitrogen 
fixation and the use of phosphate-dissolving bacteria as biological fertilizers 
increases productivity in agricultural products. However, it is necessary to develop 
special plant-microorganism combinations that will show high efficiency in wide 
environmental conditions (Vessey 2003; Adesemoye and Kloepper 2009; Sinha 
et  al. 2010; Khosro and Yosef 2012; Santos et  al. 2012; Raja 2013; Youssef and 
Eissa 2014; Chun-Li et al. 2014).

As biofertilizers are living content and product content, quality of life and shelf 
life directly affect the availability or efficiency of biofertilizer. 

Biofertilizer:

Fig. 18.1 Classification of biofertilizers. (Adapted from Zakeel and Safeena 2019)

18 Cyanobacteria as Biofertilizer and Their Effect Under Biotic Stress



490

• Colonized in the rhizosphere when entering seed, plant surface, or soil or enter-
ing plant tissues.

• Fixing atmospheric nitrogen.
• A living, pure, or mixed microorganism formulation that increases soil.

These:

• Cheap cost.
• Do not show toxic effects to plants.
• Do not pollute groundwater.
• Do not increase soil acidity.
• Biologically controlling soil-borne diseases and secreting substances that stimu-

late plant growth (increase tolerance to environmental stresses) phosphorus, and 
uptake of plant nutrients and plant growth (Çakmakçı 2014).

Effective work of microorganisms occurs only when there are favorable and opti-
mal conditions for them to metabolize their substrates. Some of these conditions are 
adequate water and oxygen (varies depending on whether microorganisms are aero-
bic or anaerobic), pH, and ambient temperature.

3.1  Types of Biofertilizers

According to the general classification in the FAO’s report entitled “Plant Nutrition 
for Food Security” published in 2006, biofertilizers can be divided into four main 
categories:

Fig. 18.2 Effects of biofertilizers on physiological and biochemical properties of soil
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 1. N-fixing biofertilizers: These include Rhizobium, Azotobacter, Azospirillum, 
Clostridium, and Acetobacter bacteria; cyanobacteria; and fern Azolla (collabo-
rating with cyanobacteria).

 2. P-solubilizer/activating biofertilizers: Phosphate-solubilizing bacteria (PSB) 
and phosphate-solubilizing microorganisms (PSMs), for example, Bacillus, 
Pseudomonas, and Aspergillus. Mycorrhiza is a nutrient-activating fungus.

 3. Composting accelerators: Cellulosic (Trichoderma) and ligninolytic 
(Humicola).

 4. Plant growth-promoting rhizobacteria (PGPRs): Pseudomonas species. 
PGPRs increase plant growth and performance.

Different types of biological fertilizers and related microorganisms are given in 
Table 18.2 (Itelima et al. 2018).

Among these, the groups of N-fixing organisms are the most important biologi-
cal fertilizers used in plant growing. Another important biofertilizer is those con-
taining P-dissolving organism cultures. Unlike industrial nitrogen fixation, 
biological nitrogen fixation involves the conversion of nitrogen (N2) to ammonia 
via microorganisms. Many microorganisms (e.g., Rhizobium, Azotobacter, and 
Cyanobacteria) reduce the atmospheric N2 to ammonia (NH3) using molecular N2 
with the help of nitrogen enzyme:

 N H e NH2 36 6 2+ + →+ −
 

Biological nitrogen fixation is an important nitrogen source for plant life. 
Biological nitrogen fixation estimates range from 100 to 290 million tons N/year. It 
is estimated that 40–48 million tons of this total is biologically fixed in agricultural 

Table 18.2 Types of biofertilizers and related microorganisms (Itelima et al. 2018)

Groups Examples

Nitrogen-fixing biofertilizers
Free-living Azotobacter, Beijerinckia, Clostridium, Klebsiella, Anabaena, Nostoc

Symbiotic Rhizobium, Frankia, Anabaena, Azolla

Associative 
symbiotic

Azospirillum

Phosphate-solubilizing biofertilizers
Bacteria Bacillus megaterium var. phosphaticum, Bacillus subtilis, Bacillus 

circulans

Fungi Penicillium spp., Aspergillus awamori

Phosphate-mobilizing biofertilizers
Arbuscular 
mycorrhiza

Glomus spp., Gigaspora spp., Acaulospora spp., Scutellospora spp., 
Sclerocystis spp.

Ectomycorrhiza Laccaria spp., Pisolithus spp., Boletus spp., Amanita spp.
Ericoid mycorrhiza Pezizella ericae

Orchid mycorrhiza Rhizoctonia solani

Plant growth-promoting rhizobacteria (PGPRs)
Pseudomonas Pseudomonas fluorescens
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crops and fields. Only nitrogen-fixing microorganisms supply an additional nutrient 
(N) to the soil plant system. Other biological fertilizers dissolve or activate the 
nutrients already in the soil. Azolla is an almost unique species when evaluated as a 
green fertilizer among nitrogen-fixing cyanobacteria. In this process, it does not 
only add the nitrogen it fixes biologically but also other nutrients it receives from 
the soil. While Rhizobium is specific to legumes, Cyanobacteria and Azolla are use-
ful in increasing N supplies during flooded rice cultivation as they are abundant in 
wetlands (FAO 2006).

Some of the biofertilizers promote plant growth through the production of plant 
hormones. The production of hormones such as auxins, cytokinins, and giberellins 
has an effect on plant development and quality via direct and/or indirect mecha-
nisms (Eşitken et al. 2003a, b; Elsheikh and Elzidany 1997).

Direct mechanisms:

• Biological nitrogen fixation.
• Reducing environmental stress.
• Harmony in a bacteria-plant relationship.
• Increasing the inorganic phosphorus solubility.
• Mineralization of organic phosphorus compounds.
• Increasing iron intake and increasing the ratio of some trace elements.
• Vitamin synthesis.
• Increasing root permeability.

Indirect mechanisms:

• Taking a role as biocontrol agents, reducing diseases with antibiotic production.
• In soils contaminated with various organic compounds, it is counted as protect-

ing plants by breaking down barrier xenobiotics.

The main idea in biological fertilization is to reduce the use of chemicals to sup-
port agricultural sustainability, to protect natural resources and the environment, 
and to improve the quality. In its current state, biofertilizers cannot replace agricul-
tural chemicals alone, but they reduce their usage rates and support ecological agri-
culture (Eşitken et al. 2003a, b; Elsheikh and Elzidany 1997).

4  Biotic Stress

Stress in plants is defined as all external factors that adversely affect the growth, 
development, or productivity. Plants are constantly subjected to environmental 
stresses due to their immobile structure. Stresses in plants cause a wide variety of 
events such as cellular metabolism, gene expression, changes in growth rates, crop 
yields, etc. Plants developed effective strategies and mechanisms to deal with envi-
ronmental stresses. Stress response mechanisms contribute to stress resistance or 
stress tolerance at different morphological, biochemical, and molecular levels 
(Bakır 2020). The stresses to which plants are exposed are gathered under two 
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important topics. These are “abiotic” and “biotic” stresses (Fig. 18.3). Biotic factors 
are stresses caused by infection of microorganisms (fungi, bacteria, and virus) and 
attacks of harmful animals (Lichtenhaler 1996; Büyük et al. 2012). Abiotic stress 
factors are environmental factors including drought, cold, hot, salt, and nutritional 
deficiencies and are among the factors that decrease productivity in agricultural 
production. Biotic and abiotic stresses have been shown to reduce the average crop 
productivity by 65–87% depending on the crop type (Verma et al. 2013).

Viruses, bacteria, fungi, nematodes, insects, arachnids, and weeds are known as 
living organisms that cause biotic stress in plants. The organisms that cause biotic 
stress can lead to the death of plants by depriving their hosts of nutrients directly. 
Biotic stresses are very important for agriculture due to pre- and postharvest losses. 
Generally biotic stresses affect photosynthesis, because of chewing insects and 
virus infections, and reduce the rate of photosynthesis (Gull et  al. 2019). The 
increase in the amount of pests and pathogens in nature can be caused by climate 
changes. For example, it is known that an increase in temperatures facilitates patho-
gen spread. At the same time, many abiotic stress conditions weaken the defense 
mechanisms of plants and thereby increase their susceptibility to pathogen infection 
(Suzuki et al. 2014).

Three different pathogen attack strategies have been defined (Koeck et al. 2011; 
Elad et al. 2011):

 1. Necrotrophy: Plant cells are killed by pathogen infection (gray mold, Botrytis 
cinerea).

 2. Biotrophy: In biotrophy the plant cells remain alive (powdery mildew, 
Podosphaera aphanis).

Fig. 18.3 Types of stress in plants
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 3. Semibiotrophy: The pathogen does not immediately kill the cells, causing them 
to die later in the infection, in this type (anthracnose, Colletotrichum acutatum).

Some pathogens that cause biotic stress in plants and their effects on the area 
they infect are given in the table below (Table 18.3) (Kanwar and Jha 2019).

Plants use highly complex defense systems against pathogen attacks. The defense 
mechanism has two types: innate and systemic plant response. However, the plant 
in two ways exhibits a natural defense: specific (specific to species/pathogen race) 
and nonspecific (non-host or general resistance). Nonspecific resistance is based on 
both structural barriers and inducible responses, including numerous proteins and 
other organic molecules produced before infection or during a pathogen attack. 
Structural defenses include morphological and structural barriers, chemical com-
pounds, proteins, and enzymes. These compounds not only protect the plant from 
invasion but also give the plant strength and hardness, giving it tolerance or resis-
tance to biotic factors (Onaga and Wydra 2016).

5  Usage of Cyanobacteria as Biofertilizer for Biotic Stress

Different microorganism groups associated with plants have been described to pro-
duce metabolites with beneficial effects on plants (Berendsen et al. 2012; Mendes 
et al. 2013). The harmful effects of pathogens on plants have been known for a long 
time. Studies reveal signals related to microorganisms promoting plant growth 
(PGPR = plant growth-promoting rhizobacteria), and plant communications have 
accelerated in recent years. PGPRs have been reported to release signaling com-
pounds that can bind to receptor sites on the plasma membrane and cause activation 
of genes, leading to the synthesis of proteins and enzymes or secondary metabolites 
(Hussain et  al. 2013). Many of the signaling compounds included in the phyto-
chemical reaction belonging to the carbohydrate, lipid, glycolipid, or glycoprotein 
group have been identified (Yamaguchi and Huffaker 2011). Some of these com-
pounds have been found to cause an increase in the accumulation of glucosinolates, 
alkaloids, polyphenols, flavonoids, flavonoid glycosides, saponins, terpenes, and 
phytoalexins, when applied to plants as spray or root treatments (Hussain et  al. 
2013; Rodriguez et al. 2006). These phytochemicals protect plants from biotic and 
abiotic stress and help plants develop resistance to these stresses (Shan et al. 2012; 
Sokolova et al. 2011).

When studies on microorganisms that support plant growth are examined, it has 
been determined that the most researched studies are rhizobacteria, symbiotic rhizo-
bia, and mycorrhizal fungi. In recent studies, it is seen that another group of micro-
organisms that encourage plant development is cyanobacteria (Mendes et al. 2013; 
Willis et  al. 2013). In recent studies, data affecting the gene expression of host 
plants have been obtained with the signals produced by cyanobacteria; thus it has 
been determined that various changes occur in the phytochemical structures of 
plants (Manjunath et  al. 2010; Singh et  al. 2016; Yadav et  al. 2017). The 
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Table 18.3 Some biotic stresses and their effect in plants (Kanwar and Jha 2019)

Pathogen Plant Effect References

Bacteria

  Pseudomonas 
syringae

Soybean Reduced photosynthesis Zou et al. (2005)

  Xanthomonas 
campestris pv. 
vesicatoria

Tomato Reduced photosynthesis Kocal et al. (2008)

  Pseudomonas 
syringae

Arabidopsis Reduced photosynthetic rate 
at the infection site

Bonfig et al. (2006), 
Berger et al. (2007), 
de Torres Zabala et al. 
(2015)

Viruses

  Tobacco mosaic virus Tobacco Photo inhibition and photo 
oxidation of chlorophyll in 
infected cells

Balachandran et al. 
(1994)

  Cucumber mosaic 
virus

Cucurbita 
pepo

Reduced photosynthesis, 
starch mobilization, and 
alteration in metabolism

Tecsi et al. (1996)

  Potato virus Y Tobacco Accumulation of soluble 
sugars

Herbers et al. (2000)

  Abutilon mosaic virus Abutilon 
striatum

Carbohydrate accumulation 
in leaves during early 
symptom development

Lohaus et al. (2000)

  Pepper mild mottle 
virus (PMMoV)-I

Nicotiana 
benthamiana

Increase in NPQ values of the 
areas invaded by the 
pathogen

Pérez-Bueno et al. 
(2006)

  Rice stripe virus Rice Repression of genes related 
to photosynthesis

Cho et al. (2015)

  Strawberry vein 
banding virus 
(SVBV)

Fragaria 
vesca

Altered photosynthesis Chen et al. (2016)

  Grapevine leafroll- 
associated virus 3 
(GLRaV-3)

Vitis vinifera Reduced photosynthesis and 
altered expression of genes 
related to sugar metabolism

Vega et al. (2011), 
Montero et al. (2016)

  Bean common mosaic 
virus (BCMV)

Phaseolus 
vulgaris

Repression of genes related 
to photosynthesis and 
carbohydrate metabolism

Martin et al. (2016)

Herbivores attack or wounding

  Caterpillar Wild parsnip Reduced CO2 assimilation in 
the attacked leaf is 
proportionally greater than 
the leaf area that is actually 
damaged

Zangerl et al. (2002)

(continued)
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development of phytochemicals has opened a new field of research that may have 
significant economic benefits for the agricultural industry. Studies on resistance 
induced to control plant diseases in laboratory, greenhouse, and field conditions 
enabled the commercialization of R&D products, thereby providing new-generation 
microbial fertilizers or product preservatives.

Bioactive compounds produced by cyanobacteria have been found to increase 
phytohormone levels, which are responsible for triggering the development of the 
subsoil and aboveground parts of the plant. It is also known that phytohormones 
regulate the enzymatic activities and metabolic changes that occur during plant 
growth. Therefore, the increase in the activity of peroxidase and phenylalanine 
ammonia-lyase enzymes from defense enzymes has also been linked to phytohor-
mone levels (Tvorogova et al. 2013). The presence of jasmonic acid (JA) has been 
detected in cyanobacteria (Singh 2014). These bacteria have been reported to trigger 
the accumulation of abscisic acid (ABA), which ensures plant survival in stress 
conditions such as wilt, water stress, osmotic stress, and salt stress (Khan et  al. 
2012). Jasmonic acid and its various metabolites are known to be responsible for 
regulating plant development as well as plant reactions to abiotic and biotic stress 
(Khan et  al. 2012). In addition, members of Synechococcus, Anabaena, Nostoc, 
Calothrix, Scytonema, and Cylindrospermum can produce ethylene (Singh et  al. 
2016). Flavonoids and phytohormones have been reported to aid plant- microorganism 
interactions (Jaiswal et al. 2018); these compounds increased root colonization of 
microorganisms (Kehr et al. 2011), providing an allelochemical effect on the popu-
lation of other organisms (Khan et al. 2012). These also served as signal molecules 
(Kehr et al. 2011; Khan et al. 2012).

Cyanobacteria are used as biological fertilization of some rice cultures. It is 
known that over a hundred of cyanobacteria species fix N. Common cyanobacteria, 
Nostoc, Anabaena, Aulosira, Tolypothrix, and Calothrix, are used as biological 

Table 18.3 (continued)

Pathogen Plant Effect References

  Manduca sexta Nicotiana 
attenuata

Repression of genes related 
to photosynthesis, while 
induction of genes related to 
carbohydrate metabolism

Hui et al. (2003)

  Mechanical wounding 
or (Choristoneura 
occidentalis or 
Pissodes strobi)

Picea 
sitchensis

Repression of genes related 
to photosynthesis

Ralph et al. (2006)

  Trichoplusia ni Arabidopsis Reduced maximum quantum 
efficiency of photosystem II 
and increased dark 
respiration rates

Tang et al. (2006)

  Mirid bug (Tupiocoris 
notatus)

Nicotiana 
attenuata

Increased photosynthesis Halitschke et al. 
(2011)

  Meloidogyne 
incognita

Tomato Altered expression of genes 
related to primary 
metabolism

Shukla et al. (2017), 
Zhao et al. (2018)
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fertilizers for rice (Chittora et al. 2020). Cyanobacteria also release plant growth 
substances such as IAA (indoleacetic acid) and GA (gibberellic acid) and improve 
polysaccharides that help bind soil particles (improving soil structure). These are 
also used as a soil conditioner and to protect the soil against erosion by entangled 
bulk formation (FAO 2006). The optimum temperature for cyanobacteria is about 
30–35 °C. The pH of the soil is the most important factor in the growth of cyano-
bacteria and N fixation. The optimal pH for growth of cyanobacteria in the culture 
medium is 7.5–10, and the lower limit is around 6.5–7. The growth of cyanobacteria 
is better in neutral to alkaline soils under natural conditions. Cyanobacteria need all 
plant nutrients to grow and fix nitrogen (N). N-containing fertilizers often inhibit 
the growth and N fixation of cyanobacteria. Since phosphorus (P) increases the 
growth and N fixation of cyanobacteria, sufficient phosphorus must be present in 
irrigation water. Consequently, P deficiency causes a marked decrease in the growth 
of cyanobacteria and thus N fixation. Cyanobacteria vaccine can be prepared in the 
laboratory or open areas. The open-air soil culture method is simple, is less expen-
sive, and can be easily adapted by farmers (FAO 2006).

Some cyanobacteria have been found to reduce the occurrence of a disease 
caused by plant pathogens in plants (Table 18.4), for example, culture filter and 
ethyl acetate extract of Calothrix elenkinii Kossinskaja; in pot experiments, it has 
been found that it decreases disease severity on Pythium aphanidermatum (Edson) 
Fitzp-infected soybean, tomato, and pepper seeds (Manjunath et al. 2010). It was 
investigated that damping-off disease in tomato seedlings inoculated with a group 
of fungal pathogens containing Pythium debaryanum R. Hesse, Fusarium oxyspo-
rum f. sp. lycopersici W.C. Snyder & H.N. Hansen, Gibberella fujikuroi (Sawada) 
Wollenw, and Rhizoctonia solani J.G. Kühn decreases with Trichormus variabilis 
(Kützing ex Bornet & Flahault) Komarek & Anagnostidis and Anabaena oscillari-
oides Bory ex Bornet & Flahault applications (Chaudhary et al. 2012). Trichormus 
variabilis and A. laxa A. Braun were found to produce a systemic defense response 
in tomato plants struggling with Fusarium sp. wilt. Some enzyme activities, phenyl-
alanine ammonia-lyase, polyphenol oxidase, chitosanase, and β-1,3-glucanase, 
were found high in the tomato roots treated with cyanobacterial formulations. This 
situation revealed the importance of cyanobacterial interaction with tomato seed-
lings (Prasanna et al. 2013).

The use of bacteria that promote plant growth as biocontrol agents to be used 
against soil-borne plant pathogens has become very attractive in recent years for 
sustainable agriculture. These microorganisms reveal their induced systemic resis-
tance (ISR), which strengthens the physical and mechanical of the cell wall and 
alters the synthesis of metabolites for defense against pathogens and the physiologi-
cal and biochemical reaction of the host (Chaudhary et al. 2012).

6  Conclusions

Today, strategies that can help reduce chemicals used for agricultural products, a 
more economical product to be used instead of chemicals, and environmentally 
friendly agriculture are demanded. Various methods are tried to increase product 
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Table 18.4 Some cyanobacteria and their biocidal activities against plant pathogens (Kumar 
et al. 2019)

Cyanobacteria Extract Plant pathogens References

Fischerella 
muscicola

Fischerellin • Uromyces 
appendiculatus (brown 
rust)
• Erysiphe graminis 
(powdery mildew)
• Phytophthora infestans
• Pyricularia oryzae (rice 
blast)

Hagmann 
and Juttner 
(1996)

Nostoc muscorum Bis(2,3-dibromo-4,5- 
dihydroxybenzyl) (BDDE)

• Sclerotinia sclerotiorum 
(cottony rot of vegetables 
and flowers)
• Rhizoctonia solani
• Candida albicans

Borowitzka 
(1995)

Tolypothrix 
byssoidea

Antifungal peptides 
(dehydrohomoalanine, Dhha)

Antifungal activity 
against the yeast Candida 
albicans

Jaki et al. 
(2001)

Oscillatoria redekei 
syn. Limnothrix 
redekei HUB 051

Antibacterial fatty acids 
(α-dimorphecolic acid, a 
9-hydroxy-10E,12Z- 
octadecadienoic acid 
(9-HODE), and coriolic acid)

Inhibited the growth of 
Gram-positive bacteria
• Bacillus subtilis 
SBUG 14
• Micrococcus flavus 
SBUG 16
• Staphylococcus aureus 
SBUG11 and ATCC 
25923

Mundt et al. 
(2003)

Nostoc sp. Cryptophycin Natural pesticides against 
the fungi, insects, and 
nematodes

Biondi et al. 
(2004)

Anabaena 
subcylindrica, 
Nostoc muscorum, 
Oscillatoria 
angusta

Efficient algal filtrate 
concentration (EAFC)

• Alternaria alternata
• M. phaseolina
• F. saloni

Abo-Shady 
et al. (2007)

Spirulina platensis, 
Oscillatoria sp., 
Nostoc muscorum

Cercospora beticola 
causing leaf spot of sugar 
beat

Mostafa 
et al. (2009)

Calothrix elenkenii Ethyl acetate extract Pythium aphanidermatum Manjunath 
et al. (2010)

Lessonia 
trabeculata

Ethanolic extracts Reduced number and size 
of the necrotic lesion in 
tomato leaves following 
infection with Botrytis 
cinerea

Jimenez 
et al. (2011)

Gracilaria chilensis 
(red algae)

Aqueous and ethanolic extracts Phytophthora cinnamomi Jimenez 
et al. (2011)

Durvillaea 
antarctica

Crude extracts Tobacco mosaic virus 
(TMV) in tobacco leaves

Jimenez 
et al. (2011)

(continued)
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yield. Cyanobacteria are abundant in agricultural areas and, especially in rice-culti-
vated soils, together with microalgae, are considered as microbial photosynthetic 
agents of the soil. Because of its important roles in nitrogen fixation, cyanobacteria 
are inevitable to be used in agriculture to increase vegetative production. Although 
there are several studies on nitrogen fixation abilities, their ecological roles are not 
fully understood. It has been determined that cyanobacterial inoculation in agricul-
tural areas provides increased yield even in the presence of high doses of nitrogen 
fertilizers. In addition to increasing the nitrogen content of plants, cyanobacteria 
can be used to promote plant growth. For this reason, significant progress has been 
made in recent years in the development and application of cyanobacterial 
biofertilizers.

Biosynthesis of phytohormones, polysaccharides, vitamins, amino acids, and 
peptides is considered crucial for plant growth and development. Microorganisms 
release these active compounds in the rhizosphere where plant roots can absorb.

Cyanobacterial strains have been identified in studies that support the growth of 
the plant, usually by greenhouse and pot experiments performed under controlled 
conditions. New studies are needed to try cyanobacterial strains in field conditions. 
This chapter is expected to shed light on the work to be done in the application of 
cyanobacteria to agricultural fields.
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1  Introduction

Insects and herbivores are the diverse living organism with millions of species 
around the globe (Behmer 2009). These insects and herbivores require an adequate 
amount of food and nutrients to fulfil their need to live (Wetzel et al. 2016). These 
food resources help them grow, develop and reproduce and continue their race 
(Moore et al. 2014). For such purpose, these organisms require the host to fulfil their 
need. Plants are the major source that provides nutrients and food supply to these 
insects and herbivores. The search for host plants greatly depends on their plant 
traits which help the insects and herbivores identify them. Therefore, insect/
herbivore- plant interaction needs to be explored (Bruce et al. 2005).

Plant-associated signals are helpful for herbivores to gather information related 
to plant location and defensive strategies and also identify nutritional quality during 
the process of food-seeking (Hassani et al. 2018). These signals (from sensory 
modalities) play a vital role to identify the initial location of the plants rather to 
individual plants or tissues during the process of host-plant selection (Biere and 
Bennett 2013). One of the criteria that help insects locate plants over long spaces is 
visual signals (Reeves 2011). On contrary, insects and herbivores use other signals 
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like taste, smell, etc. that require plant contact which identifies suitable feeding tis-
sues (Pan et al. 2015). These signals vary with varying insects and herbivores, but 
there are certain useful signals, i.e. soil environment, nocturnal, diurnal or crepus-
cular activity, which are common among different insects and herbivores to identify 
host plants (Bruce and Pickett 2011).

Plants live with insects and herbivores together in an ecosystem since very long 
from 350 million years. When they are living together so insects and herbivores feed 
these plants, in response plants also have developed a variety of defensive strategies 
ranging from morphological to biochemical defence to restrict these insects and 
herbivores to completely vanish the plants from the earth (Howe and Jander 2008). 
These strategies can identify nonselfed signals or molecules as nonfunctional cell 
same like animals and humans activating the immune system of plants against these 
herbivores and insects (War et al. 2013a, b). These defensive strategies (morpho-
logical/mechanical and biochemical) (War et al. 2012) involve the increase in latex 
deposition, thorns, spines, sclerophylly, thicker leaves, hairs, trichomes, etc.; toxic 
chemical production like alkaloids, terpenoids, quinones and certain secondary 
metabolites (anthocyanins, phenols); and proteins in plants, respectively, to delay or 
kill the development and growth of herbivores and insects (Hanley et  al. 2007). 
Moreover, plants not only directly but also indirectly affect the biology of insects 
and herbivores. The direct effect may be the preference of host plant or reproductive 
success and survival where the strategies indirectly include the recruitment of 
another organism (which are enemies of those insects/pests and herbivores) and 
microorganisms which counter affect the harm created by these insects and herbi-
vores. The indirect defence also includes blending of herbivore-induced plant vola-
tiles (HIPVs) and extrafloral nectar that attracts enemy which increase the 
effectiveness in resistance against these insects and herbivores (Arimura et  al. 
2009). Induced resistance against the attack of insects and herbivores makes the 
plants phenotypically plastic and tissues less nutritious resulting to reduced attrac-
tive food choice and practically revolting insects/pests and herbivores. The induced 
resistance not only has the above-mentioned advantage; rather this resistance can be 
transferred to the next generation (transgenerational effect), making the plant more 
vigorous and minimize insect/pest or herbivores attack in the progeny (Karban 2011).

Furthermore, an additional layer of complexity in aging of insects/pests and her-
bivores arises from plant-herbivore interaction with microorganism (Hassani et al. 
2018). Microorganism may be beneficial or pathogenic that indirectly affects the 
selection process by insects and herbivores. Additionally these microbes also help 
modify plant traits (Biere and Bennett 2013). Interactions between plants and 
microorganisms are universal. The role of plant-associated microbes are well under-
stood modifying plant phenotypes and reshaping the interaction between insects/
herbivores and plants (Biere and Bennett 2013). These microorganisms adjust plant- 
produced signals which greatly affect the foraging behaviour and oviposition of 
insects and herbivores (Kariyat et al. 2013). There are various visual, olfactory and 
gustatory signals which are associated with a beneficial and pathogenic microorgan-
ism that greatly affects the insect/herbivore-plant interaction (Bruce et al. 2005). 
This chapter emphasizes on the forging behaviour of herbivores and insects for the 
selection of host plants and their interaction with microorganism.
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2  Ecological and Evolutionary Pattern 
of Host-Microbe Interaction.

Plants are chief facilitator between related microbe and insect interaction. The inter-
action of microorganism with their host ranged from parasitic to a mutualistic rela-
tionship; hence, it is engaged with insects, herbivores and plants in either a short 
term or an everlasting relationship. There are several factors which greatly affect the 
nature of this interaction which includes environmental and ecological effects of 
microbial communities (Sugio et  al. 2014). For example, according to De Vries 
et  al. (2004), trips are mostly infected by Enterobacter Erwinia sp. which has a 
beneficial effect to the host on which trips feed on. Additionally, various parasites 
have been reported to attack plants and insect communities; thus, under various 
conditions, the interaction of parasites, however, evolves to a useful relationship. 
The evolutionary period has a great role to change the parasitic to a mutualistic 
relationship, but this change may also be fast within 20 years (Sugio et al. 2014). 
For such purpose, Weeks et al. (2007) reported a 10% fertility increase in Drosophila 
simulans population by Wolbachia over uninfected females (due to endosymbiont 
genome).

A surging type of effect has been observed between interactions of two different 
plant species which greatly changes their modelling and community structure. The 
effect of the modelling of community structure can be seen indirectly within plant- 
associated insect communities (Colman et al. 2012). Therefore, there is not only a 
two-way interaction observed between the insect host and plants but also an interac-
tion of three ways such as microbes, insects and plants which has great evolutionary 
and co-evolutionary effects (Biere and Bennett 2013). This three-way interaction 
was greatly explained by Jones et al. (2013). They reported that the interaction of 
aphids and barley is reliant on the different genotypes of rhizosphere bacteria and 
also the species that interact. Two basic pathways are involved in plant-insect inter-
action mediated by microbes. According to the first pathway, the suitability for the 
food resource for herbivorous insect by host plants is greatly affected by symbiont, 
pathogen and microbe interaction. These interactions greatly alter plant abundance, 
phenology, morphology, biochemistry, physiology and other aspects which affect 
herbivore population and community structure. Example for such type of interac-
tion includes the role of some phytopathogens in inducing defences against herbi-
vores. The second pathway includes insect microbial pathogen and symbiont 
interaction that affects the ability of their insect hosts to explore food plants. This 
influence greatly affects the performance and specialization of food plants. For 
instance, not only the plant sap-feeding lifestyle has evolved due to the acquirement 
of microbial nutritional endosymbionts but also exerts a greater shift from the cur-
rent host to other crops. Ecological opportunities are brought in the hosts due to 
microbial activities which is a great innovation in them. Bacterial taxa change the 
sap-feeding and colony-making ability of insects in almost all plant species which 
is brought about by symbiotic associations between microbe, plants and insects. 
Sometimes one symbiont is required to fulfil the nutritional requirement of microbes, 
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e.g. hemipteran group hosts specific bacteria (Buchnera for aphids and Carsonella 
for psyllids) (Hansen and Moran 2014), while some required two symbionts such as 
conifer aphid that acts as a host for Cinara cedri and Serratia symbiotica (Lamelas 
et  al. 2011). Similarly, a leafhopper species Homalodisca vitripennis associates 
with Sulcia muelleri and Baumannia cicadellinicola (Toju and Fukatsu 2011). 
Genotype of the symbionts is the criteria to determine the performance of host plant 
for some herbivorous insects. For example, modification of pest status on soybean 
between two stinkbug species of genus Megacopta is due to the exchange of symbi-
ont Candidatus Ishikawaella capsulata (Hosokawa et al. 2007). The driven forces 
that help insect-microbe, plant-microbe and plant-insect-microbe interaction are 
usually the transmission patterns of microbial communities. Regular infection from 
the ecosystem helps their hosts to acquire plant symbionts of which are mostly fac-
ultative (Sugio et  al. 2014). For example, nitrogen-fixing rhizobia from the soil 
frequently attack new legume plants. Leaf nodules of certain plant species of genus 
Rubiaceae are inhibited by a bacteria, i.e. Burkholderia sp., in obligatory symbiosis. 
Symbiont transmission maintains symbioses through host generations and has a 
pivotal role in their evolution. Two fundamentally different modes of transmission 
can be distinguished: horizontal (that is, from an environmental, free-living symbi-
ont source) and vertical (that is, inheritance of the symbiont from the mother or, 
more rarely, from both parents). However, there is great variation, and transmission 
can also be mixed, involving both vertical and horizontal transfers from the environ-
ment and intraspecific or interspecific host switching (Lemaire et al. 2012). 

There is a greater role of plant-mediated microbes in structuring communities of 
herbivores. There is a greater effect of microbes that induced changes in plant traits 
on performance and behaviour of individual herbivore or their population. A bot-
tom- up effect on the above-ground insect herbivores is created by below-ground 
microbes. This is done through increasing the nutritional quality and defence mech-
anism and also through an alternation of plant abundance, thus exerting a substantial 
influence on insects individually or at a community level (Sugio et al. 2014).

Another important evolutionary significance of microbe, insect and plant interac-
tion is the transfer of lateral gene in between the host and symbionts or insects and 
microbes which are plant-mediated (Hansen and Moran 2014). This leads to a varia-
tion of traits either in a direct way or indirectly in various stress responses or in 
insect and plant nutrition. Incorporation of gene, Bacillus mannanase in the genome 
Hypothenemus hampei (an important coffee plant pest), allows coffee berries to 
exploit a new ecological niche (Acuna et al. 2012). The cellulase gene responsible 
for the degradation process is reported to originate from microbes in both plant 
nematodes and termites (Todaka et al. 2010). There is a possibility of gene transfer 
between plant and insect microbial companion. Furthermore, the limited proof has 
been reported for lateral gene transfer in plants’ nuclear genome and chloroplast 
that alters insect traits or host plants, which may alter the microbe and host associa-
tion (Richardson and Palmer 2007).
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3  Microbial Diversity Associated with Herbivorous Insects 
and Plants

Advanced technologies focused on the overabundance of earlier unseen microbial 
associates and the well-studied microbe, insect and plant symbiosis. Many aspects 
of host ecology are mainly affected by microbial communities, but these do not 
contribute to host survival or reproduction. These aspects include utilization of 
plant, climate change response and defence against enemies (Oliver et al. 2010). 
Plant and insect microbiomes show microbial communities that are internally inter-
acted with their hosts. The rising and fast growth of next-generation sequencing 
(NGS) technologies benefits the assessment of microbial communities related to 
plants and insects. This permits recognizing the taxonomic diversity of microbial 
communities in different environmental conditions and ecosystems. PCR-amplified 
taxonomic genes, whole genome sequencing and whole transcriptomics have been 
realized through NGS technologies for bacteria (16S rRNA gene) and fungi (16S 
rRNA gene). These whole genomic datasets help identify the existence and density 
of microbial communities relating to their host in a specific environment if com-
bined with a specific database and modified bioinformatics. This (datasets of tran-
scription) will also indirectly help assess the biological functions of microbes 
(Sugio et al. 2014).

There is a dire need to collect information about some important groups of her-
bivorous insects as the insect-associated bacterial diversity is fast growing. Although 
herbivorous insects have protected different microbial communities with limited 
diversity, still, it is let by some taxa (Jones et al. 2013; Colman et al. 2012). Not 
more than 30 different operational taxonomic units (OTUs) or taxa on the average 
basis are by protected by Drosophila species; in contrast, mammalian gut can 
accommodate more than 1000 taxa (Chandler et al. 2011a, b). Recent researches 
support the hypothesis of feeding habits and evolutionary history of insect microbial 
communities and conclude low diversity of bacterial species (an average of 10–15 
OTUs per insect). For instance, xylophagous leaf feeders can harbour the communi-
ties of bacteria about 38 and 103 OTUs as per sample of communities of bacteria 
(Russell et al. 2013), while insects which are sap-feeding, e.g. whiteflies, aphids and 
psyllids, are having the poorest microbial diversity even not more than 3–7 OTUs 
per sample (Jing et al. 2014). Primary and secondary symbionts especially related 
to different sap feeder groups dominate most individuals of these insects.

Insect-derived structure hosts obligatory symbionts, while facultative symbionts 
can reside in various positions in the host like haemolymph and sheath cells, etc. 
Different bacterial associates can reside at different positions of insect gut and play 
direct or indirect roles in nutrition process (Dillon and Dillon 2004), while different 
other groups, i.e. Spiroplasma and Wolbachia, can alter host sex ratio by infecting 
the insect reproductive organs (Engelstadter and Hurst 2009) and in salivary glands 
of insect hosts (Kaiser et  al. 2010). Plants can also host different diversity of 
microbes, i.e. pathogens, beneficial associates and commensals as compared to 
insects as well. The most common and well-established mutualistic association in 
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plants is the mycorrhizal fungi and nitrogen-fixing bacteria. Apart from this, there 
are certain other bacteria and endophytic fungi that benefit the host plants with dif-
ferent functional biological ranges (Bulgarelli et al. 2013).

4  Mechanism of Insect-Plant Interaction Under 
the Influence of Microbes

4.1  Plant Hormones Mediating Responses of Plant Defences 
Against Herbivorous Insects

Hormones are used to facilitate the defence mechanism of plants against different 
insect herbivores. Plants also produce various chemicals and volatiles to protect 
themself from the attack of insect/pests. They also produce (when needed) such 
molecules that are toxic to insects. Plant defense against herbivore attack involves 
many signal transduction pathways that are mediated by a network of phytohor-
mones. Plant hormones play a critical role in regulating plant growth, development, 
and defense mechanisms (Wu and Baldwin 2010). A number of plant hormones 
have been implicated in intraand inter-plant communication in plants damaged by 
herbivores. Most of the plant defense responses against insects are activated by 
signaltransduction pathways mediated by JA, SA, and ethylene (Zarate et al. 2007). 
Specific sets of defense related genes are activated by these pathways upon wound-
ing or by insect feeding. These hormones may act individually, synergistically or 
antagonistically, depending upon the attacker. It also varies from species to species. 
Thus, manipulations in hormonal balance or signalling process manipulate the 
plant- insect interactions (Zarate et al. 2007).

4.2  Insect Symbionts Can Counteract Plant Defences

The consequences of plant-insect interactions are altered by insect-associated 
microbes which are location dependent. During the plant-insect-symbiont interac-
tion, insect symbiont lives within an insect body, neutralizing plant defence 
responses by producing different enzymes required by insects. Due to climate 
change in North America, Dendroctonus ponderosae (mountain pine beetle) colo-
nize and kill conifers, thus extending the range of its host trees (Raffa et al. 2013). 
One of the recent studies using metagenomic study on mountain pine beetle revealed 
that D. ponderosae live in association with those microbial communities which pro-
duce terpene-degrading genes as compared to microbial communities using plant 
biomass processing. Terpenoids are usually noxious to beetle and are being synthe-
sized by pine trees (Adams et al. 2013). Moreover, D. ponderosae-associated bacte-
ria also synthesize diterpene acids and monoterpenes showing the role of 
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D. ponderosae degrading terpenoid-based defences in plants (Boone et al. 2013). 
The western corn rootworm (WCR, Diabrotica virgifera virgifera LeConte) 
(Coleoptera: Chrysomelidae) is a major corn pest that has been controlled via annual 
rotation between corn (Zea mays) and nonhost soybean (Glycine max) in the United 
States. This practice selected for a “rotation-resistant” variant (RRWCR) with 
reduced ovipositional fidelity to cornfields. When in soybean fields, RR-WCRs also 
exhibit an elevated tolerance of antiherbivory defenses (i.e., cysteine protease inhib-
itors) expressed in soybean foliage. Here we show that gut bacterial microbiota is an 
important factor facilitating this corn specialist’s (WCR’s) physiological adaptation 
to brief soybean herbivory. Comparisons of gut microbiota between RR- and wild-
type WCR (WT-WCR) revealed concomitant shifts in bacterial community struc-
ture with host adaptation to soybean diets. Antibiotic suppression of gut bacteria 
significantly reduced RR-WCR tolerance of soybean herbivory to the level of 
WT-WCR, whereas WT-WCR were unaffected. Our findings demonstrate that gut 
bacteria help to facilitate rapid adaptation of insects in managed ecosystems (Chu 
et al. 2013).

4.3  Insects Symbionts Can Change the Physio-Morphology 
of Plants

During the interaction of plants and insects, various symbionts of insects increase 
the supplement of nutrition to the insects, host in nature (Kaiser et al. 2010). Insects 
meet their nutritional requirement by altering the source-sink relationship and to 
avoid plant tissues from being senesced. They also protect themselves from the 
seasonal variation for nutrient provision (Giron and Huguet 2011). Several galling 
insects and leaf minor system are a clear example of such type of phenomena. 
Phyllonorycter blancardella (herbivorous leaf-mining moth) promote “green 
islands” (prompt green and active area in the yellow senesced leaf). This is made 
possible through altering the profile of plant cytokinins (Giron et al. 2007), manipu-
lating protein-sugar content and overcoming the need for food which is unavailable 
under the condition of senescence. Induction of green islands and control of nutri-
tional imbalances are made possible in the presence of symbiotic bacteria (Body 
et al. 2013; Kaiser et al. 2010). Not only cytokinins may be involved in promoting 
growth and source-sink relationship and reducing leaf senescence but are also 
involved to improve plant defence by mediating JA signalling (Erb et  al. 2012). 
Thus, it is clear from the discussion that insect symbionts play a key role in the 
expression of genes and hormonal balance within the host plant that causes morpho-
logical and metabolic variations in plants (Giron and Glevarec 2014).
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5  Biological Control Using Invertebrates 
and Microorganisms

The use of a population of one organism (living) to suppress the population of another 
organism (living) is known as biological control. The use of biological control is 
since long about 2000 years, but the contemporary use is underway from the nine-
teenth century (van Lenteren and Godfray 2005). There are four known classes of 
biological control, namely, natural, conservative, classical and augmentative. 
According to the Millennium Ecosystem Assessment, when a pest population is sup-
pressed by a natural beneficial organism, it is known as a natural control. In conser-
vative biological control, natural organism controls plant diseases in soil as well as 

Table 19.1 Worldwide use of major augmentative biological control programs (after van Lenteren 
and Bueno 2003), with updates and supported with references when large differences in areas 
under control existed between 2003 and 2016

Natural enemy Pest and crop Area under control (in ha)

Trichogramma spp. Lepidopteran pests in vegetables, cereals, 
cotton

10 million, former USSR

Trichoderma spp. Soil diseases, various crops 5 million, Brazil, Europe
Trichogramma spp. Lepidopteran pests in various crops, forests 4 million, China
Cotesia spp. Sugarcane borers 3.6 million, South 

America, China
Metarhizium 
anisopliae

Lepidopteran pests in sugarcane 2 million, Brazil

Trichogramma spp. Lepidopteran pests in corn, cotton, 
sugarcane, tobacco

1.5 million, Mexico

Trichogramma spp. Lepidopteran pests in cereals, cotton, 
sugarcane, pastures

1.2 million, South 
America

AgMNPV Soybean caterpillar in soybean 1 million, Brazil
Beauveria bassiana Coffee berry borer in coffee, whitefly in 

several crops
1 million, Brazil

Entomopathogenic 
fungi

Coffee berry borer in coffee 0.5 million, Colombia

Trichogramma spp. Lepidopteran pests in cereals and rice 0.3 million, Southeast Asia
Trichogramma spp. Lepidopteran pests in sugarcane and 

tomato
0.3 million, Northeast 
Africa

Predatory mites Spider mites in greenhouses, fruit 
orchards, tea and cotton

0.07 million China

Trichogramma spp. Ostrinia nubilalis in corn 0.05 million, Europe
Orgilus sp. Pine shoot moth, pine plantations 0.05 million, Chile
30 spp. of nat. 
Enemies

Many pests in greenhouses and interior 
plantscapes

0.05 million, worldwide

Egg parasitoids Soybean stinkbugs in soybean 0.03 million, South 
America

Five spp. of nat. 
enemies

Lepidoptera, Hemiptera, spider mites in 
orchards

0.03 million, Europe
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crop residues minimizing the infection of pest and pathogen. When natural enemies 
are collected from the area where the pest has originated and released to invaded pest 
areas, thereby permanently suppressing pest population is known as classical bio-
logical control (Cock et al. 2010). Augmentative biological control (ABC) is usually 
defined as the release of large-scale additional natural enemies when there are very 
few natural enemies present to effectively control a pest. Usually, large mass produc-
tion of additional pests is prepared in the laboratory and growers to buy on a large 
scale to control pests (van Lenteren 2012). The modern use of ABC was initiated in 
Russia to control beetles in different crops using Metarhizium anisopliae (insect 
pathogens) by Metchnikoff during the 1880s. Currently, ABC is used in many inte-
grated pest programs to control pest populations in different fruits, vegetables, field 
crops and greenhouse crops (Table 19.1). ABCs are reported to be economically and 
environmentally affective against chemical pest control (Cock et al. 2010).

5.1  Availability of Biological Control Agents in the Market

About 170 species of augmentative biological control agents (invertebrates) are 
used in Europe (Cock et al. 2010). Moreover, about 230 species of invertebrates 
(biological control agents) worldwide are used to control the pest population, but 
the list is still not complete (Van Lenteren 2012). There are many reasons for the 
non-provision of data by manufacturers of natural enemies which include market 
development, sales volumes and profit margins. A worth of about US$58.46 billion 
was recorded by global pesticide market in 2015 (Research and Markets 2016). 
Approximately US$1.7 was obtained from invertebrates and microorganisms (bio-
logical agents) in the global market during 2015 which is less than 2% of the pesti-
cide market. The annual growth rate of biological control markets is 15% since 
2005 which was 10% before 2005 showing the faster trend of biological markets as 
compared to synthetic pesticide markets (Dunham 2015). The use of commercial 
ABC is in garden crops (vegetables and ornamentals) and high-value outdoor crops 
(vineyards, strawberry, etc.), which involve about 15–20 different natural enemy 
species, contributing about 80% of invertebrate biological control agent markets. 
The remaining 20% of the natural enemy market is from a relatively cheap and 
simple application of biological control programs (use only biological control 
agent), e.g. Cotesia spp., against lepidopterans in sugarcane and Trichogramma spp. 
against lepidopterans in sugarcane and cereals. Predatory mites are reported to 
immensely contribute to the growth of invertebrate biological control agent markets 
(Messelink et al. 2014).

The problem of pests rose due to the creation of less stable natural ecosystem and 
simplified agroecosystems in evolutionary agricultural practices. Enormous losses 
in agriculture crops (about 40%) are reported in various parts of the world due to the 
attack of insects/pests mostly termites, grasshoppers, cattle ticks and locusts. 
Though there is a marginal increase in pesticide use, crop losses remained fairly 
stable. Developed countries nowadays are shifting strategies for pest management 
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to transgenic plants that produce different resistance traits to fungi, viruses or 
insects. Farmers are still using some agrochemical pesticides to control insect/pests 
and diseases in agricultural practices, thus responsible to maintain quantity as well 
as quality of food globally. The scientists are forced to focus on alternative environ-
mentally safe, cost-effective and reliable strategies due to the overuse of these 
chemical pesticides resulting in an adverse effect on non-targeted organisms, 
groundwater pollutions, the resistance of insects to chemicals, deposition on edible 
food crops and also a negative effect on human health (Chandler et al. 2011a, b).

6  Role of Biopesticide in Integrated Pest Management 
as a Biocontrol Agent

There is a very high demand of active compounds (biological origin and their syn-
thetic derivatives) to protect crop against traditional pesticides. These synthetic 
compounds not only have minimized the accessibility and harmful toxicological 
issues but also improve crop resistance against pests (their survival). There is very 
much less burden of biologically originated insecticide (biopesticides) on the envi-
ronment, as they are less noxious, required in very low amount, and decompose 
quickly. Furthermore, these are confined to specific target and do not affect other 
organs. There are many biological agents used in insect pest management (IPM) 
which include fungi, bacteria, virus, protozoans, botanicals (plants or products 
derived from plants), predator/pathogen system, plant-incorporated protectants 
(PIPs) and insect pheromones. The primarily and commercialized product devel-
oped as bioinsecticide nowadays is from Bacillus thuringiensis. Among very large 
number, a very few biologically originated compounds are commercially used 
(available and affordable to growers) (Singh et al. 2019a). Hynes and Boyetchko 
(2006) clarified the term “biopesticide” which is taken in a misleading sense. 
Biopesticide does not mean that microbes can destroy pest population, rather it 
means that it suppresses the pest population, and crop produce is not affected due to 
resistance against the toxic effect of pests. There are several classes of biopesti-
cides: fungi (B. bassiana), entomopathogenic bacteria (Bacillus thuringiensis) or 
viruses (Baculovirus), protozoa and nematodes (entomopathogenic) as well. 
Bacillus thuringiensis belongs to family Bacillaceae that produces a toxin which is 
used against various classes of insects (Fisher and Garczynski 2012).

6.1  Pesticides Derived from a Microorganism

Biopesticides (derived from bacteria, fungi, viruses and nematodes) are environmen-
tally friendly and do not have any toxic effect of non-targeted pests but very effective 
against species-specific pests. There are either beneficial or harmful microorganisms 
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living in close vicinity of plants. There is a potential importance of beneficial micro-
organism to control pests and improve soil fertility in contrast to harmful microbes 
which cause losses in crop production. So, there is a need to isolate, test, facilitate and 
commercialize different types of beneficial microbes in agriculture (Fig. 19.1)

6.2  Biopesticides Derived from Bacteria

One of the cheap and widely used pest bioregulation means is bacterial-based pes-
ticides (Sarwar 2015). There are so many bacterial species with insecticidal proper-
ties, but very few have reached to commercialization stage (Table 19.1). About 100 
well-renowned Bacillus thuringiensis or Bt (well-known microbial pesticide) 
reported controlling insects/pests especially belonging to Coleoptera (Scarabaeidae 
or Chrysomelidae, Diptera (Nematocera) and Lepidoptera) (van Frankenhuyzen 
2009). It is a spore-forming, gram-positive and facultative bacterium (Jurat-Fuentes 
and Jackson 2012) and contains potential properties of bio- as well as a chemical 
pesticide. It is inexpensive and formulated easily; action mode is quick with pro-
longed shelf life just like synthetic pesticide but is not harmful to the environment. 
Bt is sunlight sensitive which is only demerit reported and therefore needs to be 

Fig. 19.1 An illustrative representation of insect and plant interaction as effected by mycorrhizal 
fungi. Roughly describe the Eucalyptus genus associating both arbuscular mycorrhizal (AM) and 
ectomycorrhizal (EM) fungi subjected to both pollination (i.e. bees and various other insects) and 
insect herbivory (subsequent of aphids and different other insects). Herbivores subjected to ene-
mies on these plants are also linked with the mycorrhizal fungi. Different signs (+,−, 0) put on the 
arrows show plant effect either immunized with AM or EM
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applied at specific timings. Humans, beneficial organisms, vertebrates and environ-
ment are harmed with Bt formulations, but one should be selective and safe while 
applying Bt formulations on vegetables and fruits (Chandler et  al. 2011a, b). 
B. thuringiensis and B. thuringiensis subsp. kurstaki are worldwidely used to check 
the attack of leaf rollers and defoliators (lepidopteran insects) in orchards and fields 
(Glare et al. 2012) especially pests of corns, cotton, legumes, crucifers, solanaceous 
vegetables and cucurbits (Kroschel and Lacey 2009).

6.3  Biopesticides Derived from Fungi

Mycoinsecticides/mycopesticide (class of microbial insecticides) are natural patho-
gen derived from entomopathogenic fungi, useful against many pests and Acari in 
agriculture. One of the many suitable characteristic features of fungi is that they are 
useful to the non-targeted organisms (predators and parasites of pests and bees) 
minimizing the risk for the growth and development of earthworms and collembo-
lan (useful organisms), hence acting as a useful biocontrol agent (potential IPM 
agent and useful to safeguard biodiversity and long-term crop husbandry) (Koike 
et al. 2011).

Fungi in IPM exploit proper environmental conditions and ecological approaches 
that suppress the growth of pest (promotion and spread of pathogen within pest) 
(Lacey et al. 2015). Metarhizium anisopliae and Beauveria bassiana are the two 
ascomycetes used as commercial mycopesticide among the so many available com-
mercial mycobiopesticides (Metarhizium spp., Beauveria spp., Lecanicillium spp. 
and Isaria fumosorosea) (Table 19.2). These are applied as mycelium or conidia that 
sporulate after their application. Luz et al. (2008) reported that Aedes albopictus 
and A. aegypti (adult mosquitoes) can be controlled using M. anisopliae (insect- 
pathogenic fungus). Moreover, locust control in Australia and Africa is also possible 
due to mycopesticide (Chandler et al. 2011a, b).

In recent time, it is also reported that apart from entomopathogenic role of fungi, 
they also act as endophytes that promote plant growth as the rhizosphere. Other 
studies also reported increased potentiality of fungus in integrated pest management 
due to the use of genetic, ecological and functional diversity. Using tools like genetic 
engineering, information regarding virulence and tolerance to adverse situations 
will initiate cost-effective applications of mycoinsecticides against pest control in 
the field of agriculture (Sharma et al. 2020).

6.4  Biopesticides Derived from Viruses

Apart from bacteria and fungi, viruses are also reported to be helpful against various 
insects/pests that cause severe losses in crops. Virus-based pesticides are effective 
against lepidopteran pests of rice, cotton, vegetables and plant-chewing insects. 

19 Microorganism: A Potent Biological Tool to Combat Insects and Herbivores



518

Table 19.2 Bacterial and fungal biopesticides developed to control pest attack on various 
crop plants

Microorganism 
species Type Target pest

Bacteria Bacillus popilliae Members of Coleoptera
Paenibacillus popilliae Coleoptera: Scarabaeidae: Popillia japonica

Bacillus thuringiensis var. 
kurstaki

Members of Lepidoptera and Coleoptera

B. thuringiensis var. 
aizawai

Lepidoptera

B. thuringiensis var. 
galleriae

Helicoverpa armigera and Plutella xylostella

B. thuringiensis var. 
israelensis

Diptera: Culicidae, Simuliidae

B. thuringiensis subspecies 
japonensis strain Buibui

Coleoptera: Scarabaeidae

B. thuringiensis subspecies 
tenebrionis

Coleoptera: Chrysomelidae, predominantly

Leptinotarsa 
Lysinibacillus sphaericus

Diptera: Culicidae

Serratia entomophila Costelytra zealandica

Chromobacterium 
subtsugae

Leptinotarsa decemlineata, Hemiptera, Acarina

Fungi Aschersonia aleyrodis Hemiptera (Aleyrodidae)
B. bassiana sensu lato Acari, Diptera, Lepidoptera, Hemiptera, Isoptera 

Coleoptera, Diplopoda, Hymenoptera, 
Lepidoptera, Orthoptera, Siphonaptera, 
Thysanoptera

B. bassiana Coleoptera, Acari, Diptera, Orthoptera, 
Thysanoptera, Hymenoptera, Hemiptera

Beauveria brongniartii Coleoptera (Scarabaeidae)
Conidiobolus thromboides Acari Hemiptera, Thysanoptera
Hirsutella thompsonii Acari
Isaria fumosorosea Acari, Diptera, Coleoptera, Hemiptera, 

Thysanoptera
Lagenidium giganteum Diptera (Culicidae)
Lecanicillium longisporum Hemiptera
Lecanicillium muscarium Acari, Hemiptera, Thysanoptera
Metarhizium anisopliae 
sensu lato

Acari, Blattoidea, Coleoptera, Diptera, 
Hemiptera, Isoptera, Lepidoptera, Orthoptera 
Metarhizium acridum Orthoptera

Nomuraea rileyi Lepidoptera
Paecilomyces 
fumosoroseus

Hemiptera
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Heliothis zea nucleopolyhedrosis is reported to be the first viral pesticide used 
against different insects/pests. Among the various entomopathogenic viruses (irido-
viruses, poxviruses, nodaviruses baculoviruses (BVs), polydnaviruses, cytoplasmic 
polyhedrosis viruses, parvoviruses, picorna-like viruses, nucleopolyhedrosis viruses 
(NPVs), tetraviruses, granuloviruses (GVs), acoviruses and reoviruses), baculovirus 
(BV) is reported to be the most effective viral pesticide produced commercially 
(Moscardi et  al. 2011) and reported infecting different species of Heliothis or 
Helicoverpa genera. HzSNPV (types of baculovirus) are noxious against the pest of 
sorghum, beans, soybean, tomato and maize. There is a limited use of non-BV 
viruses, i.e. cyprovirus, tetraviruses, etc., in protecting crops (Sarwar 2015).

7  Plant Attributes That Determine Herbivore

Several evidences are available which clearly indicate the role of plant traits in mini-
mizing the growth, survival and feeding aspects of herbivores. These may be eco-
logical traits (resistance) and evolutionary response (defence). The traits responsible 
for resistance in plants against herbivores are constitutive (sustainable at a steady 
level) and inducible (responsible for maintaining physical, allelochemical and/or 
nutritional traits of plants) (Karban and Myers 1989). Resistance traits can also be 
classified by tolerance (plant capability to regrow after herbivore attack) and avoid-
ance mechanism (capability of plants to deter herbivore either through physical 
barriers, probability of being found or quality of plants as food). The following 
paragraphs shows the avoidance mechanism from herbivore attacks (Zamora 
et al. 1999).

7.1  Physical Barriers

Herbivores should overcome all the hurdles after searching for a host plant. In 
response to herbivore, plants also have a countless specialized structure to deter 
these herbivores which are leaf hairs and trichomes which prevent invertebrates 
(Bernays and Chapman 1994), while thorns, spines, scales and barbs are effective 
against mammals (Grubb 1992). Other plants secrete adhesive from glands which is 
not only effective in repelling small pests but also traps small arthropods which has 
a carnivory effect on plant. Herbivores also avoid sclerophylly which is a mechani-
cal barrier to their digestive system (Turner 1994). The spine is also another defen-
sive strategy used by plant to avoid the attack of herbivore. Spines negatively affect 
the performance of herbivores by reducing their rate of consumption (Gowada 1996).
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7.2  Possibility of Existence

Initially, the herbivores need to find a host plant. In response to herbivore, plant has 
discovered certain traits through which herbivores are unable to find his host plant. 
For example, plants occupying free sites from an enemy, showing a good defence 
system, may lack odour for attracting insect or herbivore and may have damaged 
tissue and short life span; the production of the edible portion of plant does not 
synchronize with the presence of herbivore. Plants having longer life cycle are more 
prone to herbivore than those having a short life span. Another way for plants to 
protect themselves is “mass flowering or fruiting”. In this strategy plants synchro-
nize its production of tissues (flowers, leaves or fruits) as closely as possible which 
helps overcome the capability of herbivore to consume all the available tissues. In 
this way time and space effect is being multiplied (Kelly 1994).

7.3  Quality of Plants as Food

Herbivores have no problem in habitats where plants are abundant. The potential 
food for herbivores is the cell wall (cellulose, lignin and hemicellulose) and cyto-
plasm of plants. About 90 and 65% of the total biomass of trees and grasses, respec-
tively, are cellulose, hemicellulose and lignin. Herbivore animals cannot be 
producing the decomposing cellulose enzymes and hence cannot consume the 
abounding food directly. Apart from the cell wall, the plant cytoplasm is rich in 
proteins, and lipids and starches are abundant in reproductive and photosynthetic 
tissue. Animals solve plant chemical defences by consuming the plant cytoplasm 
(Howe and Westley 1988).

Herbivores are not only confined to the available energy but also nutritional qual-
ity of plant tissues. Comparing animal and plant tissues shows clear differences. 
Plant tissues are rich in carbon with a lower quantity of N, P and S compared to 
animal tissues (Sterner and Hessen 1994). In general, the animal herbivores have 
nitrogen ten times more than the plants they ingest. There is a marked difference to 
characterize the boundary line of plants and animals in the biological make-up of 
resource and the consumer. Hence, herbivores are largely dependent specifically 
(for female reproduction living) on better quality and rare plants and plants’ organ 
in “green deserts” (Moen et al. 1993). Furthermore, McNaughton (1998) found the 
distribution of African ungulates is largely associated with a level of minerals (Na, 
Mg and P), and herbivore density clearly describes selective ingestion and assimila-
tion of essential limiting minerals. Several nitrogenous compounds, i.e. alkaloids 
and cyanogenic glycosides, may be poisonous (Bentley and Johnson 1992). 
Therefore, it is worth noted that all the nutritional minerals may not be present in the 
tissues of the plant; however, they are may be available equally to herbivores. There 
is an unbalanced chemical composition of herbivore diets which would cause a 
decrease in the efficiency of herbivores. The consequence of which will be reflected 
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to a decreased production of all the trophic levels of the food chain. Therefore, her-
bivores are very much selective in searching for food hosts, but plants have also 
adapted certain strategies to overcome the attack of herbivores (White 1993).

8  Recent Advances in Plant-Herbivore Interaction

Plant-herbivore interaction has a crucial link between food webs and primary pro-
duction and hence is considered important to understand community dynamics and 
functioning of ecosystem. They are also considered a backbone for multiple fields 
within ecology and ecosystem, i.e. co-evolution (Johnson et al. 2015), nutritional 
ecology (Wetzel et al. 2016), chemical ecology (Schuman and Baldwin 2016) and 
ecological stoichiometry (Lemoine et al. 2014a, b). Recent technological and statis-
tical advances, i.e. phylogenetic and genetic basis of plant and herbivore interaction 
(Edger et al. 2015), remote sensing technology (RS) and global positioning system 
(GPS), statistical advances (Lemoine et al. 2016) and DNA barcoding to explain 
herbivore diets (Kartzinel et al. 2015), have rapidly increased the importance of this 
field. Plant-herbivore interaction is now considered a leading driving force to study 
various aspects of ecology and evolution. This topic highlights the importance of 
different areas of plant-herbivore interaction which is given as under.

8.1  Plant Defence Theory

One of the foundations laid for the field of ecology, evolution, a theory of co- 
evolution, chemical ecology and mechanism explaining the success of invasive spe-
cies (Verhoeven et al. 2009) is plant defence against herbivores. It has been thought 
from long that success of plant invasion through enemy release hypothesis (enemy 
loss) is conflicting (Alofs and Jackson 2014), alternatively supported (Heckman 
et  al. 2016), and ambivalent (Heger and Jeschke 2014) from the direct evidence 
produced in the recent studies which has become a challenge to some key models in 
these fields. Moreover, increased invasiveness and competitive effect of neighbour-
ing plants are not associated with an enemy release. Based on recent studies find-
ings, it could be observed that one should examine the interactions of released 
enemies with environmental carriers are whether through the availability of 
resources or disturbance (Gruntman et al. 2017). It should also be examined that 
plant-herbivore interactions alone are invasion resistance predictors as compared to 
the integrity or complexity of the whole food web (Smith-Ramesh et al. 2017). It is 
thought from long that plant chemical defence is regarded to be the primary source 
of defence against herbivores, whereas a weaker relationship between chemical 
defence and herbivory is observed at a community scale across sympatric species 
(Schuldt et al. 2012). However, recent studies at a comparative and community level 
re-emphasize the significance of diverse strategic defences against a wide range of 
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community types (Moles et al. 2013) such as traits of life history, structural defences, 
nutrient quality and redistribution of above- and below-ground chemical defences 
that control herbivory (Mundim et  al. 2017). Endara and Coley (2011) predict a 
linear reduction in herbivory due to low nutrient quality as compared to Wetzel et al. 
(2016) who reported that it is not the nutrient quality but variance in nutrient traits 
that determine herbivory performance. For example, insect performance is due to 
the high or low nutrient level and nutrient toxicity or nutrient-toxin interactions. The 
low nutrient level leads to better performance of insects which decreased when 
nutrient availability is more (Tao et al. 2014). Weak natural communities and crops 
are susceptible more to the eruption of insects in comparison to a varied system 
when they were provided with relatively homogenous nutrient levels (Dyer et al. 
2012). Plant-herbivore interaction is situation dependent. For example, plant- 
herbivore interaction is controlled by neighbouring plant community (Barabas and 
D’Andrea 2016), by local predator community (Flagel et al. 2016), by plant-fungal 
and bacterial microbiomes (Christian et al. 2015) and by local nutrient condition 
(Burghardt 2016). All these factors sharpen the co-evolution of plants, and their 
herbivore gives rise to a highly complex “phytochemical landscape” (Glassmire 
et al. 2016). It is concluded that the functional traits of plants play an important role 
in understanding the interactions of food web ecological processes (Schmitz 
et al. 2015).

8.2  Diversity of Herbivores and Role of Ecosystem

The potential role of functional diversity and different species is widely recognized 
to maintain a resilient, healthy ecosystem (Lefcheck et al. 2015). The function of an 
ecosystem can also be maintained through consumer diversity even though the 
function of ecological diversity shows dominance in various specific studies of 
plants (Lefcheck and Duffy 2015). There are many effects of herbivore diversity on 
many aspects (primary production, consumption of producer biomass and plant 
diversity) of primary producer communities (Burkepile et al. 2016). The function of 
ecosystem is affected by loss in diversity of herbivores. The integration of various 
aspects of herbivory ecology (population growth, movement and predation risk) 
with diet is proven by recent studies (Adam et al. 2015) which results in more inte-
grative knowing of herbivore complementarity.

Empirical work and synthetic analyses have shown multifunctionality of ecosys-
tem due to biodiversity (Lefcheck and Duffy 2015). Besides primary production, 
biodiversity also affects various other processes of an ecosystem like nutrient 
cycling, decomposition rate, nutrient retention and many other interlinked pro-
cesses. Lefcheck et al. (2015), in a multifunctionality experiment of species diver-
sity on 94 ecosystem biodiversities, concluded that there was a consistent effect on 
aquatic and terrestrial habitat as the function grew stronger. Perhaps critically 
speaking, the diversity of herbivore influences numerous ecosystems positively at a 
high threshold level as compared to plant diversity at a higher threshold level which 
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has a negative effect. Therefore, it is predicted that consumer diversity has a stron-
ger influence on the ecosystem than plant diversity (Duffy 2003).

8.3  Interaction of Plants and Herbivores in Climate 
Change Era

There are intense consequences of climate change for life on earth and thought from 
the recent researches that climate change was 10 times faster in the last 65 million 
years (Diffenbaugh and Field 2013) than in any other time, but climate change var-
ies across different ecosystems (Loarie et al. 2009). Other recent studies also con-
cluded that there are fast evolutionary and environmental reactions of herbivore and 
plant interaction to our climate warming. For example, there is a movement of hun-
dreds of pests and pathogen in the northern hemisphere at an average of 2.7  km/
year, since the 1960s which matched with observed increased temperature. 
Herbivores, in most of the cases, respond much rapidly to climate change as com-
pared to host plants (Lu et al. 2013). For example, Aratus pisonii (mangrove crab) 
move much faster at 6.2 km/year (Riley et al. 2014) surpassing the average move-
ment rate of mangrove of 1.3–4.5 km/year (Williams et al. 2014).

Furthermore, climate change has created “oceanic hotspots” by strengthening 
the ocean flow and expanded the range of many species of tropical fish to temperate 
regions. The result of this tropicalization has led to overgrazing on the communities 
of temperate macroalgae in Japan, Australian Gulf, Mediterranean, South Africa 
and Mexico (Verges et al. 2014). Reduced snowpack due to warmer winter initiated 
a process “phonological mismatch” that has increased the attack of herbivory on 
woody species especially aspen (Brodie et  al. 2012). It is worth noted that the 
increased amount of rains in the warmer winter has an opposite effect in the High 
Arctic and hence hardened the snowpack and reduced food availability for verte-
brate herbivores in the winter (Hansen et al. 2014). Increased carbon dioxide and 
temperature (the main driving forces of climate change) greatly affect the physiol-
ogy and metabolism of both plants and herbivores (DeLucia et al. 2012). According 
to the metabolism theory, high rate of metabolism in ectothermic consumers due to 
high temperature results in increased feeding rate (O’Connor et al. 2011), but there 
are irregularities in the feeding rate (decrease, increase or remain unchanged) of 
insect herbivores due to high temperature (Lemoine et al. 2014a, b). In some cases, 
high temperature has caused toxicity of compounds (Kurnath et al. 2016) but varies 
from species to species (Lemoine et al. 2013). Future work is suggested on plant- 
herbivore interaction to temperature and carbon dioxide and should observe the 
evolutionary consequences of climate change.
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8.4  Neo-technologies for Considerate Diversity of Herbivores 
and Metabarcoding of DNA

It is a challenging and difficult job to determine diet breadth of herbivore and func-
tional diversity, but recent technological advances made this challenge more man-
ageable. For example, careful and time-consuming observation of feeding and 
behaviour of herbivore results in dietary characterization, but not always visual 
observation gives you the actual species of being consumed in a mixed population 
(Nash et al. 2016). To solve some of these problems, new and advanced technolo-
gies are required to give an exact and accurate measurement of diet physiologies of 
herbivore.

The ambiguous aspects of functional diversity, niche partitioning and comple-
mentarity have been solved by the development of DNA metabarcoding and helped 
to accurately measure herbivore gut content to resolve herbivore diet (Kress et al. 
2015). DNA metabarcoding left behind all the previous traditional techniques to 
resolve herbivore diet identification and give quantitative measurements of relative 
consumption of food and capture rare diet items (Willerslev et al. 2014). Kartzinel 
et  al. (2015) examined diet niche partitioning of seven mammalian herbivores 
(impala, buffalo, dik-dik, African savanna elephant, Kenyan savanna and two spe-
cies of zebra), using metabarcoding technique, and concluded that there was a con-
siderable difference in the diet of all herbivore at all comparison levels.

9  Interaction of Plants, Insects and Fungal Mycorrhiza

A symbiotic association between various plant species roots and fungi for the 
exchange of resources from fungi (soil resources) to plants (photosynthetic carbon) 
is known as mycorrhizas. This type of association not only improves the individual 
plant performance but also modifies plant productivity, nutrient cycling and plant 
community structure (Smith and Read 2008). Insects have a major role as herbi-
vores, seed disperser, pollinator and parasitoids and affect individual plants, plant 
communities and even the whole ecosystem (Price 1997). Insects also associate 
with plants in most ecosystems, where they influence individual plants, plant com-
munities, and ecosystems through their roles as herbivores, parasitoids, seed dis-
persers, and pollinators. Different research showed that insects and mycorrhizal 
fungi interact with one another in complex ways likely to be important to fungi, 
insects, and host plants. Several reviews have been published synthesizing many of 
these findings and proposing conceptual models by which the enormous variation in 
interaction outcomes can be understood (Gange 2007).
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9.1  Influence of Insects on Mycorrhizal Fungi

Insect consumes fungal hyphae (mycophagy), feed host tissues and disperse mycor-
rhizal fungal propagules, hence influencing the performance of fungus directly or 
indirectly (Smith and Read 2008). The influence of insect herbivory on mycorrhizal 
fungi is generally on above-ground herbivore (Currie et al. 2006) which estimates 
how much a mycorrhizal fungus occupies the plant root system. There is a negative 
effect of insect herbivory on EM fungi colonization (Mueller et  al. 2005). An 
increase in the colonization of mycorrhiza is found at the insect herbivory’s early 
life stage or moderate or low level of insect herbivory (Kula et al. 2005). This may 
result from increased nutrient acquisition for regrowth after defoliation and 
increased root exudation by plants (Gange 2007).

9.2  Influence of Mycorrhizal Fungi on Insects

Many studies on plant-mycorrhizal fungi-insects reported the influence of mycor-
rhizal fungi on plant-herbivore interaction. Mycorrhizal fungi through changes in 
nutrient content not only increase the plant size the plant quality which may also 
change (Smith and Read 1997) but also affect numerous traits of plants, where 
mycorrhizal fungi also change inducible and constitutive defences and tolerance to 
herbivory during plant-herbivore interaction (Bennett et  al. 2006). Mycorrhizal 
fungi have a positive as well as a negative effect on the above- and below-ground 
herbivores (Table 19.3, Fig. 19.1). In contrast, the attack of root herbivore has gen-
erally been reduced by mycorrhizal fungi (Gange 2007). It is predicted that through 
a quality change in plants, tolerance or defence quality and mycorrhizal fungi influ-
ence herbivore in abundance on host plant which results from cascade up to herbi-
vore enemies (Fig.  19.1). Multiple mechanisms (as earlier discussed) have been 
adopted by arbuscular mycorrhizal (AM) and ectomycorrhizal (EM) fungi that 
affect plant herbivores. There are very few studies focusing on constitutive second-
ary compounds within plant tissues. Wurst et al. (2004) found that catalpol levels 
are reduced when AM fungi were inoculated, whereas Gange and West (1994) 
reported that the amount of aucubin and catalpol was minimum when fungicide has 
suppressed AM fungal community.

10  Mechanisms for Enzymatic Virulence 
of Entomopathogenic Fungus

The process in which death of insect occurs due to pathogenesis is known as viru-
lence (Mondal et al. 2016). The virulence of entomopathogenic fungi is determined 
by the production of cuticle-degrading enzyme and varies from insect to insect due 
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to the production of a variety of enzymes (proteases, lipase and chitinase) which is 
considered to be necessary causing death of insect during pathogenesis (Samuels 
et  al. 2011). The main barrier for the entry of pathogenic fungus in the various 
stages of insect life cycle is usually cuticle of insect (very heterogeneous structure), 
which is composed of protein, chitin associated with lipids, wax and phenolic com-
pounds (Ortiz-Urquiza and Keyhani 2015). These enzymes break down the insect 
cell wall’s cuticular polymers that help the fungus pathogen enter the insect body, 
taking nutrients for its growth and taking control of insect, hence preventing the 
crops from damage and helping in the potential benefit to the growers (Petrisor and 
Stoian 2017). Many studies have been carried out on the extracellular activity of 
insect and cuticle-degrading enzymes produced by fungi and also biochemical char-
acterization of these enzymes during the pathogenesis process and during the inter-
action of host and pathogens (Cristina and Stoian 2017).

10.1  Abiotic Stresses vs. Improved Virulence

The most noticeable damage to metabolic and molecular functions of entomopatho-
genic fungus is due to various abiotic stresses (high temperature, UV radiation and 
low water) that greatly limit fungal activities in the field. The virulence of Beauveria, 
Metarhizium and pathogenic fungi is increased by different metabolic pathway 
genes (HsPHR2 (CPD photolyase), heat shock protein 25 (HSP25), Try (tyrosi-
nase), MrPhr1 (CPD photolyase), trxA (thioredoxin) and BbSOD1 (superoxide dis-
mutase)) (Zhao et al. 2016). The overexpression in DNA repair photolyase is known 
to improve resistance in fungus to solar radiation (Fang and St. Leger 2012), while 
the tolerance level of B. bassiana is improved with the expression of thioredoxin 
(trxA) against UV-B irradiation, heat and oxidation (Ying and Feng 2011). 
Furthermore, increased fungal virulence in M. anisopliae against UV radiation is 
due to the integration of PKS gene cluster for melanin biosynthesis (Liao et  al. 
2014). Therefore, improvement in the stability of fungus can be achieved using a 
genetic engineering tool. Vigorous genetic management technologies (genome 
combination of several Metarhizium spp. and Bassiana) with being helpful to deter-
mine complete information about the host-specific genes and pathogenicity and new 
virulence techniques against insects can be achieved (Xu et al. 2014).

10.2  Strategies of Entomopathogenic Fungi in Integrated 
Pest Management

Chemical insecticides used to protect plants from noxious insects/pests may not 
only cause a negative effect on the ecosystem but also insect resistance to different 
chemical substances. Thus, scientists nowadays are compelled to look for new 
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effective, eco-friendly methods to minimize insect/pest outbreak. In biological con-
trol or insect/pest suppression, special attention is given to the use of natural ene-
mies of insects (entomopathogenic fungi) (Sahayaraj 2014). In both conventional 
and natural production systems, the most important method in IPM is entomopatho-
gens. Several examples have shown the role of bioinsecticide having entomopatho-
gens to control pests (Nana et al. 2015).

The use of entomopathogens depends on pest, environment or specific crop and 
may be used alone or in combination with botanical pesticides, chemicals or other 
entomopathogens. The performance of entomopathogenic fungi is mostly increased 
with formulation development. Potential formulations are developed from about 
171 products globally since the 1960s, of which Beauveria and Metarhizium sp. 
contribute 33.9%, respectively, and Isaria fumosorosea and B. brongniartii contrib-
ute 5.8%, 4.1, respectively. These formulations are helpful in natural, classical and 
augmented biocontrol but do not harm the beneficial organism and hence are char-
acterized as low-danger substance. The whole plant can adopt its defence system 
against a variety of insects/pests using a potent mechanism, i.e. induced system 
resistance (ISR), which is induced by beneficial entomopathogenic fungi (Pieterse 
et al. 2014).

11  Interaction of Insects and Plants Under the Influence 
of Bacteria

Plants and insects have been co-existing for more than 400 million years, leading to 
intimate and complex relationships. Throughout their own evolutionary history, 
plants and insects have also established intricate and very diverse relationships with 
microbial associates. Studies in recent years have revealed plant- or insect-associ-
ated microbes to be instrumental in plant-insect interactions, with important impli-
cations for plant defences and plant utilization by insects. Microbial communities 
associated with plants are rich in diversity, and their structure greatly differs between 
below- and above-ground levels. Microbial communities associated with insect her-
bivores generally present a lower diversity and can reside in different body parts of 
their hosts including bacteriocytes, haemolymph, gut, and salivary glands. 
Acquisition of microbial communities by vertical or horizontal transmission and 
possible genetic exchanges through lateral transfer could strongly impact on the 
host insect or plant fitness by conferring adaptations to new habitats. Recent devel-
opments in sequencing technologies and molecular tools have dramatically 
enhanced opportunities to characterize the microbial diversity associated with 
plants and insects and have unveiled some of the mechanisms by which symbionts 
modulate plant-insect interactions. These microbes may alter the metabolism in 
plant defence system and both in primary and secondary metabolites against insects 
benefiting either plants or insects.
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11.1  Bacterial Diversity Specified in Insects and Plant Host

Further, recent researches of the well-studied symbioses in insects (i.e. Buchnera 
aphidicola and the obligatory symbiont of aphids) and plants (i.e. mycorrhizal and 
nitrogen-fixing bacterial mutualists) employ innovative technologies highlighting a 
surfeit of microbial associates hidden previously. In insects, this concerns the grow-
ing field of research on facultative symbionts (also referred to as secondary or 
accessory symbionts as opposed to obligatory or primary symbionts) and, to a lesser 
extent, the inhabitants of the digestive tract, referred to as gut associates. These 
microbial communities, although not essential for the host’s reproduction and sur-
vival, may considerably affect many aspects of their host’s ecology, behavior, and 
physiology, such as traits associated with plant utilization, protection against natural 
enemies, or responses to climate changes (Oliver et al. 2010).

11.2  Communities of Bacteria in Relation to Insects 
and Plant Herbivores

11.2.1  Bacteria Community Associated with Insects

A vast studied literature study has been observed on the diversity of bacteria associ-
ated with insects; however, more evidence for many groups of herbivorous insects 
(i.e. Lepidoptera) is required to the study. It is observed from literature studies that 
a few taxa have dominated the limited diversity of herbivorous insect microbial 
populations (Jones et al. 2013). Whereas approximately 1000 taxa inhibit mamma-
lian guts in general, operational taxonomic units (OTU) or distinguished taxa, not 
exceeded to 30 sequences, are harboured by Drosophila spp. (Chandler et al. 2011a, 
b), and bacterial diversity of various species is not that much high (an average of 
10–15 OTUs per insect) supporting the feeding habits and evolutionary history 
microbial community of insects (Colman et al. 2012). The richest gut bacterial com-
munities are xylophagous insect harbour (as per sample of 103 OTUs), and the 
insects feeding on leaves are considered to be in the intermediate ones, as per each 
sample, 38 OTUs, while the poorest microbial diversity (not more than 3–7 OTUs 
per sample) has been observed in sap-feeding insects (i.e. whiteflies, aphids and 
psyllids). Proteobacteria, specifically, the Enterobacteriaceae, is known to be the 
biggest community of microbes from insecticidal herbivores. The two major bacte-
rial groups are facultative and obligatory insects’ symbionts in a wide range and the 
endosymbiont of psyllids (Carsonella); aphids (Buchnera); whiteflies (Portiera), 
the major endosymbiont (Moran et al. 2008); and rice weevil (Sitophilus oryzae). 
Facultative symbionts occurred in various parts of the host’s cell sheath in primary 
bacteriocyte (insects’ derived structures) and peripheral parts in secondary bacterio-
cytes, while obligatory symbionts are inhibited in bacteriocytes (Dillon and Dillon 
2004). Some of the bacteria like Spiroplasma and Wolbachia cause infection in the 
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reproductive organs of insects and change the ratio of host sex in males (Engelstadter 
and Hurst 2009).

11.2.2  Plant-Associated Bacterial Communities

Plants in comparison to insects are found to be significant diversity hosts of micro-
bial enmities consisting of commensals, the actual valuable associates and patho-
gens. Distinguished examples of mutualist microbes are nitrogen-fixing bacteria 
and mycorrhizal fungi, while other endophytic bacteria and fungi benefit only their 
plant hosts in a wide array of biological purposes (Bulgarelli et al. 2013). Usually, 
plant-associated communities of bacteria are categorized into two; according to the 
location of bacteria, colonizing either beneath the layer/tissues of the ground (rhizo-
sphere) or else above (phyllosphere, in an abundance of 106–107 cells of bacteria 
on the leaf area per centimetre), either live on or within the leaves (Humphrey et al. 
2014). All the bacterial communities differ both in structure and diversity. The 
structure of the communities of bacteria of rhizosphere appears to be found specifi-
cally through mutual influence of exudates of roots which carry the soil biome dif-
ferentiation through factors dependent on host genotype and in rhizosphere, whereas 
the phyllosphere communities could be seen on the surface of the leaves (Bulgarelli 
et al. 2013).

11.3  Mediation of Plant Defence Responses in Contrast 
to Herbivorous Insects by Plant Hormones

Plants produce different chemicals and volatiles repelling attackers. Elemental mol-
ecule production having toxicity against insects could be planted damaging and 
costly. Hence, plants protect themselves while inducing such molecules production 
at the time they needed it. On the attack of insects, plants produce defensive mole-
cules that trigger a process providing complex signals bringing a reaction for resis-
tance (Wu and Baldwin 2010). Plant defense responses are mainly regulated by 
three phytohormones: jasmonic acid (JA), salicylic acid (SA) and ethylene (ET). JA 
and ET are generally associated with plant defense responses against necrotrophic 
pathogens and herbivorous arthropods. In particular, activation of the JA signaling 
pathway is characterized by the induction of defensive compounds in vegetative 
tissues such as secondary metabolites (e.g. polyamines, quinones, terpenoids, alka-
loids, phenylpropanoids, glucosinolates and antioxidants), proteins (e.g. polyphenol 
oxidases and proteinase inhibitors) and leaf trichomes (Escobar-Bravo et al. 2017). 
The pathway of signalling, opposed to ET and JA, signals pathway supported by 
salicylic acid and tempted by biotrophic microbes and more or fewer insects feeding 
on saps (hemipterans), i.e. aphids and whiteflies, requiring plants’ living cells’ 
active feeding process (Moran and Thompson 2001), whereas the signalling 
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pathway of jasmonic acid initiates plant defence responses which are effective 
against few or more sap-feeding insects, i.e. leafhopper and whitefly (Zarate et al. 
2007). The scenario of defence of plants counter to aphids is more complex. As 
revealed from different experiments, plant defence against aphids seems to be medi-
ated by JA (De Vos et  al. 2007) and further pathways of defence (Louis and 
Shah 2013).

11.4  Plant-Allied Bacteria May Interfere with Plant 
Defence Signalling

Plant roots, beneficial or pathogenic to plants, linked with various bacterial and 
microbial soil-borne communities (may be fungi as well), whereas few of the rhizo-
bacteria which are growth promoting are known to produce induced systematic 
resistance in contrast to pathogenic microbes and insect herbivores and function as 
plant growth promoter (Pineda et al. 2010), where priming defence genes mediate 
ISR and more often contributes plant reaction in response to hormones of plants, i.e. 
ET and JA (Van der Ent et al. 2009). A stronger and faster expression of cellular 
defence is induced by ISR-primed plants upon insect and pathogen attacks, result-
ing in a better improved resistance level against attackers (Pozo et al. 2008).

12  Plant Defence Against Insect Herbivores

To counter the herbivore attack effects, a plant response is shown to herbivory 
through a different morphological, molecular and biochemical mechanism. The bio-
chemical mechanism mediated both by direct and indirect defences is wide-ranging 
against the herbivores. Moreover, some unstable natural compounds are unconfined 
by plants attracting herbivores’ natural competitors. Still, our approach to under-
standing these defensive mechanisms is very limited.

12.1  Herbivory and Shoot Morphology

Morphology of shoots has a great influence, the way how to keep themselves pro-
tected in response to photosynthetic tissue loss and nutrients which are valuable to 
herbivores (Sebata and Ndlovu 2012). Regarding shoot morphology, defences have 
been spread between the plants woody in nature in savanna of semiarid regions as 
they affect the susceptibility of plant parts to browsers (Scogings et al. 2004). Plants 
which are woody have separated into two different groups, i.e. shoot-dominated 
species (produce newly arisen leaves on new long shoots) and species of limited 
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shoots (produce bunches of new leaves on the nodes of previous unbrowsable 
shoots), where the species with dominating branches are influenced by adding new 
leaf area and epical buds extending internodes and have higher nutrient concentra-
tion than species which are having limited shoots which add newly arisen area of 
leaf with no shoot elongation (Ganqa and Scogings 2007). The epical shoot meri-
stem species are less susceptible to microbial herbivores as compared to the species 
which are dominated in shoots (Dziba et  al. 2003), requiring improved defences 
against herbivory. The shoot-limited species depend on structural defences (thorns) 
as they have poor chemical defences where the goats have shown the preference to 
use their upper mobile lips and favour shoot-limited overshoot-dominant species 
(Sebata and Ndlovu 2012). Secondary compounds (i.e. compressed tannins and 
fibres) of plants are lesser in species which have limited shoots and replace its lost 
tissue rapidly by growing again (Scogings et al. 2004). Both of them adopt anti- 
herbivory defences.

Fig. 19.2 Mechanism of induced resistance in plants
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12.2  Host Plant Defence Against Insects

Plants show a strong response to attack from herbivore through a forceful and com-
plex defence system consisted of physical barriers and chemical toxin in nature. 
Plant defense can be divided into resistance and tolerance strategies. Plant traits that 
confer herbivore resistance typically prevent or reduce herbivore damage through 
expression of traits that deter pests from settling, attaching to surfaces, feeding and 
reproducing, or that reduce palatability. Plant tolerance of herbivory involves 
expression of traits that limit the negative impact of herbivore damage on productiv-
ity and yield. Identifying the defensive traits expressed by plants to deter herbivores 
or limit herbivore damage, and understanding the underlying defense mechanisms, 
is crucial for crop scientists to exploit plant defensive traits in crop breeding 
(Agrawal 2011). In the previous decades, a remarkable and well-established 

Table 19.4 Defensive proteins of plants against pests

Plant species Insects species References

Protease 
inhibitors

Sorghum bicolor
Tomato
Gossypium hirsutum
Solanum nigrum
Nicotiana attenuata
Arabidopsis transgenic/rape 
seed oil
Transgenic Arabidopsis/
tobacco

Schizaphis graminum
Manduca sexta
Helicoverpa 
armigera
Manduca sexta
Spodoptera littoralis
Spodoptera exigua
Spodoptera exigua

Zhu-Salzman et al. 
(2004)
Chen et al. (2005)
Dunse et al. (2010)
Hartl et al. (2010)
Steppuhn and Baldwin 
(2007)
De Leo et al. (2001)

LOXs Cucumis sativus
Nicotiana attenuata
Alnus glutinosa
Wheat
Tomato
Nicotiana attenuate

Spodoptera littoralis
Bemisia tabaci
Agelastica alni
Sitobion avenae
Macrosiphum 
euphorbiae
Myzus persicae
Myzus nicotianae

Reymond et al. (2004)
Kempema et al. (2007)
Tscharntke et al. (2001)
Zhao et al. (2009)
Fidantsef et al. (1999)
Voelckel et al. (2004)

Peroxidases Alnus glutinosa
Arabidopsis
Buffalo grasses
Poplar
Medicago sativa
Corn
Oryza sativa/rice

Agelastica alni
Bemisia tabaci 
(whitefly)
Blissus occiduus
Lymantria dispar
Aphis medicaginis
Spodoptera littoralis
Spodoptera 
frugiperda

Tscharntke et al. (2001)
Kempema et al. (2007)
Heng-Moss et al. 
(2004)
Gulsen et al. (2010)
Barbehenn et al. (2009)
Huang et al. 2007
Chen et al. (2009)
Stout et al. (2009)

Hevein-like 
protein

Arabidopsis Bemisia tabaci Kempema et al. (2007)

Chitinase Sorghum bicolor Schizaphis graminum Zhu-Salzman et al. 
(2004)

Catalase Buffalo grass Blissus occiduus Heng-Moss et al. 
(2004)
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progress was observed finding the response in which plants induced to stress are not 
similar. Plants respond to herbivory through various morphological, biochemicals, 
and molecular mechanisms to counter/offset the effects of herbivore attack. The 
biochemical mechanisms of defense against the herbivores are wide-ranging, highly 
dynamic, and are mediated both by direct and indirect defenses. The defensive com-
pounds are either produced constitutively or in response to plant damage, and affect 
the feeding, growth, and survival of herbivores. In addition, plants also release vola-
tile organic compounds that attract the natural enemies of the herbivores. These 
strategies either act independently or in conjunction with each other. Host plant 
resistance to insects, particularly, induced resistance, can also be manipulated with 
the use of chemical elicitors of secondary metabolites, which confer resistance to 
insects (Steppuhn and Baldwin 2007).

12.3  Secondary Metabolites and Plant Defence

Such compounds which are not effecting normal plant development and growth are 
called secondary metabolites. These compounds decrease the lusciousness in tis-
sues of plants where they have formed. Metabolites for defence are utilized in 
response to microbial or insect attacks or stored in inactive forms. The earlier is 
called phytoanticipins, initially activated by β-glucosidase the time herbivores 
mediate the release of various metabolites and aglycones (Barakat et al. 2010), and 
later are known to be phytoalexins.

12.4  Defensive Proteins of Plants

Insects’ nutritional requirements are same as that of several other animals where 
insect always search for a healthy and true host to get food for the offsprings. Gene 
expression change with stresses includes the attack of insects leading to both quan-
titative and qualitative protein alterations that as a result play a significant role in 
oxidative defence and transduction of signals (Fig.  19.2) (Gulsen et  al. 2010). 
Numerous proteins of vegetable taken by insects remain whole and stabilized within 
the middle intestine and there then move through the wall of the intestine into the 
haemolymph. Changes in the contents of amino acids or sequential proteins influ-
ence the role of these proteins. Similarly, the anti-insect activity of proteins (toxic) 
susceptible to proteolysis could increase by administrating a protease inhibitor (PI) 
that prevents toxic proteins from degrading allowing them to use protective func-
tions (Table 19.4). Advances in proteomics and microarray approaches revealed that 
a vast spectrum of plant resistance protein (PRP) is included in defence of plants 
counter to herbivores (Chen et al. 2009). Due to arthropods’ changed eating habits, 
several paths for signalling including ethylene, salicylic acid and jasmonic acid (JA) 
regulate the proteins induced by arthropods (Arimura et al. 2009).
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13  Plant Defence Against Herbivory and Insect Adaptation

The arms race of evolution between insects and plants headed towards the huge 
defence system development in plants tending to identify signals from cells which 
are damaged and unnatural molecules, like animals, and trigger the immune system 
of plants in response to herbivores (Moore et al. 2014). Combating the attack of 
herbivores, plants produce some specific secondary metabolites, morphological 
structures and proteins having repellent, toxic and anti-feed effects on microbial 
herbivores (Bruce et al. 2005). Plant directly deals with herbivores, influencing the 
host plant survival or success of reproduction and in an indirect way by various 
other species as pests’ natural enemies (Kariyat et al. 2013). The direct defence is 
influenced through the characteristics of plant-mediating biology of herbivores as 
protection surface mechanics in plants (i.e. thorns, spines, trichrome, thicker leaves 
and hairs) or toxic chemical production like alkaloids, phenols, terpenoids, qui-
nones and anthocyanins, inhibiting or killing the herbivorous development (Reeves 
2011), whereas the indirect defence against microbial insects is arbitrated through 
the release of mixtures and volatile attracting natural enemies of herbivores specifi-
cally or through the provision of food (i.e. nectar of flower) (Kariyat et al. 2013). 
Herbivores require developing pathways to fight with the protection of plant in a 
way using woody plants as slabs. Herbivores which feed on plants have a very small 
mouth to handle a difficult task of small leaves removed from thorny bushes 
(Belovsky et al. 1991). Majority of exploratory animals are having sprightly lips and 
tongues which let the animals to avoid thorns and select only leaves (Gordon and 
Illius 1988). More likely, the goats with narrow and mobile noses can give move-
ment easily to their mouths in the thorny bush and pick only leaves (Shipley et al. 
1999). Giraffe (Giraffa camelopardalis) having flexible long tongue is facilitated to 
feed on acacia trees (solid) (Hanley et al. 2007). Rumen development in ruminants 
could also be considered as an evolution to plant protection, like it lets ungulate 
digesting fibrous plant parts (Perez-Barberia et al. 2004).

14  Structural Traits of Plants and Their Role 
in Anti-herbivorous Defence

Plants having different resistance mechanisms to herbivores can generally be 
divided into two main groups: evasion and tolerance. Protection is considered to be 
in the concept of an umbrella including both tolerance and avoidance (Stowe et al. 
2000), whereas some authors distinguish between plant tolerance to attack herbi-
vores and avoid plant protection properties that appear through protection. Avoidance 
is deliberated to be chemical (i.e. phenol production which stop herbivores from 
nurturing early after the first bite) (Hanley and Lamont 2001) and structural (i.e. 
thorns surrounding the leaves) (Gowada 1996), or it is the herbivores’ avoidance 
through synchronization of life cycle (Saltz and Ward 2000). The structural defence 
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is a mechanism of avoidance based on structural properties, whether they are micro-
scopic changes in the thickness of the cell wall or they may be visible plant promi-
nences, a convenient structural protection definition (Boege and Marquis 2005), 
which could be an anatomical or morphological feature which gives an advantage of 
fitness for plants through direct prevention of herbivore feeding. Thus, we shortly 
suppose explanations of alternative adaption for structural defence deliberated 
below, considering crop protection as the only trait to be highlighted as a need; 
however, a complex formed from a group of related features and related structures 
adapts together (Agrawal and Fishbein 2006).

15  The Role of Plant-Associated Microbes in Mediating 
the Selection of Host Plants by Insect Herbivores

Plant microbial interactions are pervasive and may differ from beneficial parasites 
or pathogens. It is recognized that plant-related bacteria may play an important role 
modulating phenotypes of plants to form plant-insect interactions (Porter et  al. 
2019), i.e. increasing evidence shows that microbes change plant-produced cues 
which subsequently affect the foraging behaviour and oviposition of herbivorous 
insects (Eigenbrode et al. 2018).

16  Potential Role of Plant Growth Regulators in Plant 
Defence Against Pathogens and Insects

Phytohormones play a significant role in plant defence and growth regulation 
through mediating the processes of development and network signalling in response 
to plants in a vast range of biotic and parasitic interactions. Such plant hormones 
may be a target to pathogens and arthropods in the duration of arms race evolution 
between plants and their biological partners disrupting the metabolism of plants, 
controlling their morphology and physiology, and attack the plants successively. In 
arthropods, bacterial symbionts mediate the phenotypes induced by cytokines, pro-
ducing intricate insects, microbes and plant interaction. In the previous years, the 
key model plants (i.e. Arabidopsis) and improved molecular techniques caused a 
great increase to understand the involved signalling cascades. The phytohormones, 
i.e. salicylic acid, ethylene and jasmonic acid, emerged swiftly as significant regula-
tors in response to the specific defence gene activation (Pieterse et al. 2012). Their 
consequences and involvement for plant defence, fitness and survival were studied 
both in field and laboratory conditions; in open filed they were exposed to a wide 
range of natural ecological communities. Other plant hormones like auxins, gibber-
ellin, cytokinins and abscisic acid were evolved as significant regulators for defence 
recently (Robert-Seilaniantz et al. 2011).
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17  Potential Role of Secondary Metabolites in Defence 
Mechanism of Plants Against Herbivory and Insects

17.1  Secondary Metabolites

A huge and wide range of organics are produced by plants showing no role in the 
development and growth directly, i.e. these organic compounds usually function in 
photosynthesis, transportation of solutes, respiration process, differentiation and 
assimilation of nutrients (Hartmann 1991). A great variety of secondary metabolites 
or natural products are produced with a bulging function against microbial patho-
gens and predators on the base of repellence and toxic nature to microbes and her-
bivores, while some of the functions contrary to abiotic stress (i.e. to UV-B exposure) 
are important for communication of plants with several other organisms (Schafer 
and Wink 2009). The three principal compounds are phenolics, terpenes and other 
compounds containing N and S. Phenolic compounds are primarily produced from 
the shikimic acid pathway products, playing a key role in plants as defensive com-
pounds, and terpenes consisted of units of 5-carbon isopentanoids, known as chains 
of feed and toxins to several herbivores. Moreover, the compounds containing N 
and S are mainly produced by normal amino acids (Van Etten et al. 2001).

17.1.1  Terpenes

These compounds are known to be the largest secondary metabolite class as com-
bined by the biosynthetic basis of acetyl coA and intermediates of glycolytic sources 
(Grayson, 1998), where its subclass comprised of monoterpenes (C10) lies in the 
flowers and leaves of chrysanthemum species providing a strong response of insec-
ticidal to different insects like bees, wasps, beetles and moths (Turlings et al. 1995). 
Sesquiterpenes (C15) are distinguished by a lactone ring of five members with a 
strong repellent feeding to several insect herbivores and mammals (Picman 1986). 
Diterpenes (C20) are found in leguminous trees and pines in the form of abietic acid 
(Bradley et al. 1992). Triterpenes (C30), e.g. limonoid, are found in citrus fruits in 
the form of a bitter substance which performs as anti-herbivore. Polyterpenes (C5), 
e.g. carotenoids, are primary tetraterpenes, from the pigment family. The second 
one, rubber, is found in vessels that are long, known as laticifers protecting wound 
healing and defence counter to insect herbivores (Eisner and Meinwald 1995).

17.1.2  Phenolic Compounds

A wide range of secondary products containing chemically heterogeneous phenol 
groups are produced by plants. It may be an important part of plant defence system 
(Wuyts et al. 2006). Phenolic compounds are secondary metabolites of plants. So 
far, more than 8000 phenolics have been found from natural sources and are 
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classified into phenolic acids, flavonoids, stilbenes, coumarins, lignins, and tannins. 
Phenolics play a crucial role in plants by controlling their growth as an internal 
physiological regulator and play a role in the defense mechanism of many plants 
against herbivorous insects and fungi. In addition, some of the coumarin derivatives 
are having a huge antifungal performance against pathogenic fungi that are soil-
borne (Brooker et  al. 2008). Furanocoumarins are found largely in members of 
Umbelliferae, i.e. parsnip, celery and parsley. And these are simply considered non-
toxic until they are activated by UV-A (Rice 1984). Lignin are generally formed 
from different alcohols, i.e. coumaryl, coniferyl and sinapyl, known as a polymer of 
phenylpropanoids which are branched highly (Lewis and Yamamoto 1990). 
Flavonoids, considered to be one of the largest phenolic groups, vary plant functions 
like pigmentation and defence methods (Kondo et al. 1992). Isoflavonoids, usually 
secreted by legumes, play a key role in plant development and defence responses 
and also promote the formation of nodules fixing nitrogen by rhizobial symbiosis 
(Sreevidya et al. 2006). Tannins, a common toxin, significantly reduce the growth 
and survival of many herbivores and in a great diversity of animals act as a feeding 
repellent. They are known to cause an astringent sensation in the mouth of mam-
malian herbivores as a result of their salivary protein binding (Oates et al. 1980).

Fig. 19.3 Biosynthetic association between the primary and secondary metabolites
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17.1.3  Secondary Metabolites Involving Sulphur

Such metabolites having GSH are found in the soluble fraction of plants in the form 
of organic S, playing a significant role as a reduced S mobile group in the regulation 
of plant development and growth, and in stress response, it acts as a cellular antioxi-
dant (Kang and Kim 2007). It is accumulated rapidly after the attack of fungus, 
where it may act as a systematic messenger to carry some useful attack-related 
information to the tissues that are not infested, whereas the GSL is known as a group 
of N and S with low molecular mass and contains phytoglucoside, produced in 
higher plants enhancing its resistance in contrary to the negative effects of parasites 
and predators (De Vos and Jander 2009). Phytoalexins are produced in response to 
bacterial and fungal infections and many other stresses which help in limiting the 
invading pathogens spread (Grayer and Harborne 1994); defensins and thionins are 
non-stored, S-rich plant proteins which are produced and accumulated after the 
attack of microbes (Van Loon et  al. 1994), involved in natural defence system. 
Thionins are found in infected spikes of the cell walls of resistive wheat germ-
plasms, and they may act as a defence response in Fusarium culmorum spread and 
other infections (Kang and Buchenauer, 2003).

17.1.4  Secondary Metabolites Having Nitrogen

Such metabolites including alkaloids are known to be a family of secondary metab-
olites consisting of N and are found in higher plants specifically in about 20% of the 
plant species (Hegnauer 1988), mostly in herbaceous dicots and a very few in gym-
nosperms and monocots. This is re-believed to work as a defensive substance against 
predators (Hartmann 1991), and some of them cause interference with several com-
ponents of the nervous system, i.e. chemical receivers/transmitters (Creelman and 
Mullet 1997), whereas the cyanogenic glucosides consist of N-containing group of 
protective compounds, which release the HCN poison, found in members of 
Rosaceae, Gramineae and Leguminosae families (Seigler 1981). They are not toxic 
themselves; instead, they are broken down to produce H2S and HCN like volatile 
toxic substances when the plant is crushed (Taiz and Zeiger 1995). Some unusual 
amino acids to be found in plants are non-proteinaceous, are present in free form, 
are incorporated in proteins and play a key role as substances involved in defence 
system (Johnson et al. 1989). Usually, plants synthesizing amino acids which are 
non-proteinaceous are toxicity resistant to these substances, though they enhance 
defensive system against insects, herbivorous animals and pathogenic microbes 
(Funck et al. 2009) (Fig. 19.3).
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18  The Potential Anti-herbivory Defence Role of Microbial 
Organisms on Plant Thorns

Several anti-herbivorous defences adopted by plants are spines, thorns and prickles. 
It has recently been discovered that they are often aposematic (warning staining). 
However, the anti-herbivory physical defence performs some structures which are 
sharp and found to be a tip of the iceberg. It can be observed that thorns of various 
species of plants usually anchorage the aerobic and anaerobic bacterial amount, 
especially Clostridium perfringens, the potentially casual lethal agent of gangrene 
gas. Research work of medical studies showed that pathogenic fungi in animals and 
humans are introduced by spines, thorns and prickles (Halpern et al. 2007).

18.1  Bacterial Microbe and Thorns

Spines, thorns and prickles are fleeting antibacterials, mechanically protected in 
thousands of species of plants originated in different arid zones (Grubb 1992). A 
complete defensive story might not be of mechanical defence provided by thorns 
against herbivores. Injuries can cause thorns to infect bacteria and cause serious 
infections, which can be much more dangerous and painful than lone thorns alone. 
Recent publications have indicated that thorns found in Crataegus spp. (known as 
hawthorn commonly) and Phoenix dactylifera (commonly called date palm) have 
some bacterial pathogens. Pathogenic organisms and dead bacteria contain further 
bacterial hubs, which are inhabited by thorns and are divided with the greatest plau-
sibility into preventing and damaging to the herbivores (Gowada 1996).

18.2  Pathogenic Fungal Microbes and Thorns

Bacteria not only result in the injury by plant thorns causing infected inflamma-
tion. Various medical studies indicated that thorns, spikes and prickles introduce 
fungal pathogens into humans and animals. Dermal infections of fungi which 
cannot penetrate into the skin are caused by dermatophytes, even though they may 
penetrate dermal tissues through a punctured wound (Willey et  al. 2008). 
Chromoblastomycosis, a kind of dermal mycosis, is caused by demacia or pig-
mented saprophytic mould. Thorns of Mimosa pudica plant produce Fonsecaea 
pedrosoi (Salgado et al. 2004), and, sporotrichosis, a dermal mycosis, was found 
in Sporothrix schenckii fungus. This can be hazardous to the working gardeners, 
florists and forestry, which is also identified as a disease of a rose garden as it is 
generally spread by prickles of roses (Haldar et al. 2007). The skin eruption then 
spread to muscles and bones. This disease are categorized into actinomycetoma 
and eumycetoma commonly spread/caused by a filamentous fungus (Fahal 2004).
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19  Role of Microorganism in Controlling Root-Knot 
Nematodes in Different Crops

Nematodes being severe pests to crops can be controlled by nematicides which are 
environmentally hazardous. Therefore, alternative methods could be developed to 
reduce the harmful effect of these nematicides to suppress nematodes. The most 
common traditional method to control nematodes is soil fumigants. Being a cost- 
effective technique but due to the chemical nature, a broad-spectrum range produces 
economic losses and harm to non-target species. Hence there should be an alterna-
tive way (plant-derived products) which is eco-friendly to alleviate nematode infes-
tation in crops (Singh et  al. 2019b). As root-knot nematode lives underground, 
hence the damage cannot be estimated which makes their control difficult. Parasitic 
nematodes present in the soil hinder the uptake of water and nutrients to different 
plant parts like bulbs, roots and tubers, thus causing nutrition and water deficiency 
symptoms leading to stunted plant growth. Nematodes initially attacked the root tip 
portion degrading the cell wall and moved towards the vascular cylinder leading to 
gall formation (giant cell). These structures draw off the nutrients and photoassimi-
lates of the plants. Both the young (infection process is lethal) and mature plants 
(losses in yield) are affected by root-knot nematodes. Stunted growth, loss of yield 
and quality (changes in organic acids and amino acid levels and chlorophyll con-
tent) and reduced resistance against various biotic and abiotic stresses in fruits, 
vegetables and field crops are the damages related to the attack of root-knot nema-
todes (Kepenekci et al. 2018). Fruits and vegetables are badly affected by the attack 
of nematodes. Some of the horticulture crops affected by root-knot nematodes along 
with their management practices are given below.

Tomatoes, being the most important and popular horticulture crop worldwide, 
greatly suffer from biotic and abiotic stresses. Nematodes can cause several losses 
in yield and make the plant susceptible to bacterial and fungal attack (Zhou et al. 
2016). About 10–30% losses annually in vegetables is due to root-knot nematode 
invasion. Crop management, resistant cultivars and chemical nematicides are some 
of the management strategies to control nematodes in tomato. Apart from these, 
biological control management is the best alternative. Among the biocontrol agents, 
Trichoderma album, Bacillus megaterium, Ascophyllum nodosum, Trichoderma 
harzianum (Radwan et al. 2012), Streptomyces (Ruanpanun et al. 2010) and arbus-
cular mycorrhiza (Sharma and Sharma 2017) having nematicidal properties are 
affective against root-knot nematodes in tomatoes.

Carrot, being a root crop, is among the ten vegetables grown worldwide in the 
tropical and subtropical areas. Six species of nematodes attack carrot plant. Among 
them, an endoparasitic nematode “Meloidogyne hapla” badly affects carrot crop. 
Severe losses (quantitative losses of about 24–55% and qualitative losses of 
13–77%) have been observed due to the attack of root-knot nematodes. Poor or no 
tap root formation by the invasion of root-knot nematodes is due to giant cell “galls” 
produced in the growing root tips resulting in defective and forked carrots 
(Nagachandrabose 2018). Pseudomonas fluorescens, Purpureocillium lilacinum 
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(Killani et al. 2011), B. subtilis (Huang et al. 2010) and Pochonia chlamydosporia 
(Bontempo et al. 2014) are among the various biocontrol strategies adopted to sup-
press root-knot nematodes with improved growth and yield as well.

Chilli is among the commercially grown crops globally, recorded several losses 
due to parasitic nematodes. A root-knot nematode Meloidogyne incognita infests 
chillies resulting in less flower production, less yield and stunted growth. 
Pseudomonas fluorescens compared with pesticides has proven prolonged resis-
tance against nematode attack (Khan et al. 2012).

Banana, one of the chief economic crops grown in the tropical areas of the world, 
faces severe losses due to nematodes, and about 132 species (belonging to 54 gen-
era) are known to be present in rhizosphere of banana (Eissa et al. 2005). Mokbel 
et al. (2006) reported about 76% occurrences of nematodes in banana. The biocon-
trol agents used to control the attack of root-knot nematodes are Glomus fascicula-
tum, Paecilomyces lilacinus, Penicillium spp., Bacillus subtilis and Trichoderma 
viride, showing effective nematicidal activities (Esnard et al. 1998), hence resisting 
the plant against nematodes. Apart from these some alga species like Laurencia 
obtusa, Sargassum vulgare, Jania rubens and Ulva lactuca are also useful to control 
nematode activity.

20  Conclusions

It is essential to understand the ambiguous signalling molecules of herbivores, their 
mode of action, identification and transduction of signals. A single trait can influ-
ence the natural competitors, positively or negatively, associated with herbivores. 
There are many different factors either ecological or mutual community relationship 
or evolutionary effects can effect the microbial communities. Hence, it is essential 
to understand and know about the multitrophic interactions and significances of 
defensive attributes for herbivory insect and pest management, understanding the 
induced resistance in plants. Herbivores are confined to the available food and nutri-
tional minerals, whether not all the minerals are present in the tissues of plants, but 
they may be available to herbivores equally. Also, there are fast evolutionary and 
environmental reactions of herbivore and plant interaction to climate change or 
warming. Pest population suppressed by a natural beneficial organism is known as 
a natural control. The scientists are forced to focus on alternative environmentally 
safe, cost-effective and reliable strategies due to the overuse of these chemical pes-
ticides resulted in an adverse effect on non-targeted organisms, groundwater pollu-
tions, the resistance of insects to chemicals, deposition on edible food crops and 
also negative effect on human health. Farmers are still using some agrochemical 
pesticides to control insects/pests and diseases in agricultural practices, thus respon-
sible to maintain quantity as well as quality of food globally. There are many bio-
logical agents used in insect pest management (IPM) which include fungi, bacteria, 
virus, protozoans, botanicals (plants or products derived from plants), predator/
pathogen system, plant-incorporated protectants (PIPs) and insect pheromones. But 
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the main issue is that among the very large number, a very few biologically origi-
nated compounds are commercially used (available and affordable to growers) 
(Singh et al. 2019a; Hynes and Boyetchko 2006). It could be suggested as well that 
thorns, prickles and spines, by wounding pathogenic fungi or bacteria of plants 
inside the herbivorous body, also pass through the major defence line (the skin) and 
cause diseases. It is furtherly needed to collect information about some important 
groups of herbivorous insects as the insect-associated bacterial diversity is fast 
growing.
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1  Introduction

Phytopathogens are major biological barriers and a significant threat to food prod-
ucts (Hussain et al. 2020). Every pathogen in any community may inhibit the growth 
and development and sometime kill the whole plant. Root-knot nematodes 
(Meloidogyne incognita) are microscopic and eel-like roundworms. They prolifer-
ate many problems for different crops and ornamentals. Root-knot nematode lives 
and feeds in the root of various plants, and the most susceptible crop is brinjal.  
Although numerous saprophytic nematodes exist in soils, they differ from plant 
pathogenic nematodes in that the latter have styles that allow feeding on plants. 
Plant pathogenic nematodes can be ecto- or endoparasites depending on their feed-
ing location in the root and sedentary or migratory depending on their movement 
during feeding. Nematode feeding on plants can cause mechanical injury and alter 
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cell physiology because of enzymes in their saliva. Consequent symptoms on plants 
include yellowing, stunting, hyperplasia at feeding sites such as root knots and root 
galls, root lesions, etc. Root-knot nematodes (Meloidogyne spp.) are capable of 
damaging a wide range of plants, mainly vegetables, and cause yield losses in agri-
culture (Sikora and Fernandez 2005). Root-knot nematode most economically 
destructing species is on field, horticulture, crops (Ye et al. 2015), and vegetable 
crops losses around 10% (Koenning et al. 1999). Meloidogyne species are obligate 
parasites of the plant roots like monocots, dicots, herbs, shrubs, and woody plants. 
Meloidogyne’s infection symptoms include root galls (formation of galls due to 
damages in water and nutrient- conducting abilities of the roots), shoot chlorosis, 
deficiency of nutrient, stunted growth, and wilting (Hunt and Handoo 2009). Root-
knot nematodes are controlled by various types of nematicides that have hazardous 
effects on the environment. Hence, the identification of new approaches alternate to 
harmful chemical nematicides could be effective in controlling root-knot nematodes.

On the other hand, many studies (Meyer and Roberts 2002; Ciancio and Mukerji 
2007; Hashem and Abo-Elyousr 2011; Affokpon et al. 2011) reveal that some other 
methods of management of root-knot nematode by biocontrol (fungal, bacterial) 
and organic amendments are beneficial cultural practices in nematode management 
and suppress the nematode population.

In the past several years, a strong movement that uses biological control agents 
in the management of nematode and the momentum behind this due to nematicides 
is toxic, and biocontrol agents are eco-friendly. The use of biocontrol agents at the 
place of nematicides is an awareness of their danger. In the present scenario, we 
have limited cultivars, economic pressure, and limited land for agriculture. We can-
not afford expensive nematicides available in the market and also hazardous for 
flora and fauna of agricultural soil.

Nematologists emphasize on integrated biological management strategies for nema-
tode management. Various fungi, bacteria, and different sporozoans are biological tools 
called biocontrol to reduce nematode populations under the greenhouse conditions, 
laboratory, and agricultural fields. However, the field experiments have been inconclu-
sive, and some studies were disappointing. According to the International Potato Center 
(CIP), Peru, the nematologists have discovered a fungus Purpureocillium lilacinum 
that manages the root-knot nematode population and Meloidogyne spp. (Franco et al. 
1981). The International Potato Center (CIP) provides a new path and an alternate 
method of nematode management from chemical control to biological control.

Bacterial biocontrol agents also play a significant role in plant growth and health 
and reduce the nematode population. Rhizobacteria reduce pathogen growth and 
supply micro- and macronutrient to protect from diseases caused by a different type 
of pathogens (Kloepper et al. 1980; Griffin 1990). Various bacteria have the capabil-
ity that causes infections in plant-parasitic nematode’s different patterns like mak-
ing colonies or trapping nematode by the spores. The primary bacteria studied as a 
biocontrol agent of the nematode are active in the rhizosphere of the plants and 
capable of invading the plant tissue. They are facultative endophytic bacteria like 
Pseudomonas species and Bacillus species. Some are obligatory parasitic bacteria, 
such as Pasteuria species. These are all the above bacteria that show exceptional 
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destructive abilities to reduce the nematode (Meloidogyne spp.) population 
(Machado et al. 2012). Ambo et al. (2010) reveal that vermicompost and Glomus 
aggregatum alone and in combination with Bacillus coagulans observed an excel-
lent plant growth and biomass of test plant and notice that the root-knot nematode 
population was decreasing. The seven strains of Gluconacetobacter diazotrophicus 
bacteria show antagonistic efficacy against M. incognita (Bansal et al. 2005). The 
growth of Solanum lycopersicum, P. fluorescens, A. chroococcum, and A. brasilense 
and composted organic fertilizers show a reduction of the multiplication of root- 
knot nematode and enhance plant health (Siddiqui 2004).

An organic amendment has been used from immemorial time when the farmers 
add different types of crop waste conveniently available. Sometimes observed by 
landholders, organic additive may be animal and plant origin, improve soil health, 
and increase crop yield. Organic wastes showed a beneficial effect and provide extra 
nourishment to the crop (Muller and Gooch 1982). In 1973 a summary published by 
Singh and Sitaramaiah focused on use of organic amendments for control nema-
tode. In the literature, many trails of organic amendments like oil cake, crop waste, 
compost, manure, green manure, organic manure, poultry manure, different extracts, 
processed crop waste (husk, straw, etc.), agro-industrial waste (fly ash, charcoal, 
etc.), sawdust, and chopped leaves are used by different researchers as organic addi-
tives to improve crop yields and suppress the root-knot disease (Muller and Gooch 
1982). The severity of Meloidogyne incognita was maximum reduced when chopped 
leaves of Azadirachta indica and Ricinus communis were used in soil (Akhtar and 
Mahmood 1993). Root-knot nematode, Meloidogyne incognita, population signifi-
cantly reduced when treated with neem, mahua, and castor oil cake on the Polianthes 
tuberosa; oil cake also enhances the growth of plant (Jothi and Poornima 2017). 
Biocontrol agents Paecilomyces lilacinus and Trichoderma viride alone and in com-
bination with mustard oil cake reduced root-knot disease caused by M. incognita 
(Goswami et al. 2006). Fungal biocontrol of Trichoderma harzianum and organic 
wastes, viz., cow urine and organic additives, farmyard manure, and vermicompost, 
was tested separately and in combination with control of M. incognita population in 
Withania somnifera (Pandey et al. 2011).

In the management of root-knot disease caused by Meloidogyne spp., the previ-
ous study reveals that this disease is reduced by biocontrol agents, organic amend-
ments, and different eco-friendly organic wastes.

2  Fungi as a Biocontrol Agent Against Root-Knot Nematode

The use of chemical nematicides is being limited, given the growing concern for the 
umbworld and health of human being that has led to its ban. Control of chemically 
synthesized nematicides is one of the most trending methods in the present; how-
ever, the environment and health perilous by chemical nematicides have led to the 
gradual elimination of certain effective nematicides for certain crops. Biological 
control is a plausible option with different bacteria, fungi, and other predators (e.g., 
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mites). Management of RKN through biocontrol agents of fungi is the most diverse 
among all the enemies of nematodes, using a variety of mechanisms to hold and kill 
the nematodes (Fig. 20.1).

Different nematophagous fungi perform various mechanisms to arrest the nema-
tode and kill them (Stirling 2014). Nematophagous fungi have more than 700 spe-
cies which come under various phyla, such as Zygomycota, Chytridiomycota, 
Basidiomycota, and Ascomycota. Furthermore, organisms that belong to the phylum 
Oomycota have also shown nematicidal activities (Li et al. 2015).

Wei et al. (2009) utilized a detection strategy that depends on the production of 
chitinase and protease to recognize fungi with the greatest potential which suppress 
nematodes. Three isolates selected for this strategy, one P. chlamydosporia and two 
P. lilacinus, are responsible for reduced root galling of Meloidogyne sp. in tomato 
field from 48% to 61% and increase the yield through a similar percentage.

Nematophagous fungi are cosmopolitan in nature which are capable of modify-
ing saprophytic behavior in carnivores, due to which they can feed on nematodes 
under harsh conditions for their nutrition. They are natural adversary of plant- 
parasitic nematodes that are developed in a highly sophisticated infection manner 
(Braga and Araújo 2014; Degenkolb and Vilcinskas 2016). The use of nematopha-
gous fungi for all natural enemies of nematodes is an exciting and fast-developing 
area of research (Jyoti and Singh 2017). Many researchers have prepared bionema-
ticides that are sold in the world market. The list of certain available fungi against 
RKNs acts as biocontrol (Table 20.1).

Overall, most fungal genera controlled RKNs which improved plant growth and 
yield performance. Some fungal genera such as Paecilomyces spp., Pochonia spp., 
and Trichoderma spp. are maximum studied against RKNs. Trichoderma spp., 

Fig. 20.1 Management of RKN by nematophagous fungi
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Table 20.1 Fungal species (biocontrol agents) against RKNs on different crops

Fungus
Nematode 
managed Crops References

Aspergillus niger Meloidogyne 
incognita

Mung bean Bhat and Wani (2012)

Aspergillus niger Meloidogyne spp. Tomato Li et al. (2011)
Aspergillus niger Meloidogyne 

javanica
Pigeon pea Askary (2012)

Paecilomyces lilacinus Meloidogyne 
graminicola

Rice Narasimhamurthy et al. 
(2017a, b)

Paecilomyces lilacinus Meloidogyne 
incognita

Black gram Kumar et al. (2017)

Paecilomyces lilacinus Meloidogyne 
incognita

Okra Simon and Pandey 
(2010)

Paecilomyces lilacinus Meloidogyne 
incognita

Tobacco Ramakrishnan and 
Nagesh (2011)

Paecilomyces lilacinus Meloidogyne 
javanica

Tomato Ganaie and Khan (2010)

Paecilomyces lilacinus Meloidogyne 
incognita

Pittosporum tobira 
(mock orange)

Baidoo et al. (2017)

Paecilomyces lilacinus Meloidogyne 
incognita

Tobacco Ramakrishnan and Rao 
(2013)

Paecilomyces lilacinus Meloidogyne 
incognita

Brinjal Nisha and Sheela (2016)

Paecilomyces lilacinus Meloidogyne 
incognita

Tomato Khalil et al. (2012a, b)

Pochonia chlamydosporia Meloidogyne 
incognita

Tomato Silva et al. (2017)

Pochonia chlamydosporia Meloidogyne 
javanica

Lettuce Viggiano et al. (2015)

Pochonia chlamydosporia Meloidogyne 
javanica

Brinjal Parihar et al. (2015)

Pochonia chlamydosporia Meloidogyne 
incognita

Okra Kumar and Jain (2010a)

Pochonia chlamydosporia Meloidogyne 
incognita

Okra Dhawan and Singh 
(2010)

Pochonia chlamydosporia Meloidogyne 
incognita

Common bean Sharf et al. (2014)

Trichoderma harzianum Meloidogyne 
javanica

Tomato Feyisa et al. (2016)

Trichoderma harzianum Meloidogyne 
incognita

Pea Brahma and Borah 
(2016)

Trichoderma harzianum Meloidogyne 
incognita

Brinjal Devi et al. (2016)

Trichoderma harzianum Meloidogyne 
incognita

French bean Gogoi and Mahanta 
(2013)

(continued)
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Paecilomyces chlamydosporia, and P. lilacinus are common soil dwellers, and few 
strains are aggressive parasites of sedentary stage of nematode (Siddiqui and 
Mahmood 1996; Sharon et al. 2001). Some toxic metabolites are also released from 
Trichoderma spp. (Khan and Saxena 1997; Sharon et al. 2001). A field area infected 
by M. incognita and T. harzianum decreased galling in the roots of tomato approx. 
47% compared with untreated field area (Goswami et  al. 2008). Another eco- 
friendly biological control organism, arbuscular mycorrhizal fungi (AMF), is 
responsible for the management of PPN. In vitro, field and greenhouse experiments 
have shown protective effects against PPN with the help of AMF on plants like 
bananas, tomato, and coffee (Calvet et al. 2001; Vos et al. 2012; Koffi et al. 2013; 
Alban et al. 2013).

Table 20.1 (continued)

Fungus
Nematode 
managed Crops References

Trichoderma harzianum Meloidogyne 
incognita

Brinjal Kumar and Chand 
(2015)

Trichoderma harzianum Meloidogyne 
incognita

Green gram Deori and Borah (2016)

Trichoderma harzianum Meloidogyne 
incognita

Green gram Singh and Mahanta 
(2013)

Trichoderma harzianum Meloidogyne 
javanica

Tomato Jamshidnejad et al. 
(2013)

Trichoderma harzianum Meloidogyne spp. Tomato Khattak and Khattak 
(2011)

Trichoderma harzianum, 
Trichoderma viride

Meloidogyne 
incognita

Okra Kumar and Jain (2010b)

Trichoderma harzianum, 
Trichoderma viride

Meloidogyne 
javanica

Tomato Al-Hazmi and Javeed 
(2016)

Trichoderma harzianum and 
Trichoderma viride

Meloidogyne spp. Round-leaf fountain 
palm

Jegathambigai et al. 
(2011)

Trichoderma viride Meloidogyne 
incognita

Mulberry Muthulakshmi et al. 
(2010)

Trichoderma viride Meloidogyne 
incognita

Mulberry Muthulakshmi and 
Devrajan (2015)

Trichoderma viride Meloidogyne 
graminicola

Rice Priya (2015)

Trichoderma viride Meloidogyne 
incognita

Cowpea Kumar et al. (2011)
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3  Bacteria as Biocontrol Against Meloidogyne spp.

Since microorganisms inside the rhizosphere are widespread, they are an abundant 
source of biologically active, beneficial compounds that can help farmers (Ramezani 
Moghaddam et al. 2014). Throughout the previous years, several reports have exam-
ined the impact of rhizobacteria on RKNs, like Bacillus, Pseudomonas, and 
Pasteuria. These are key genera of nematophagous soil microbe (Tian et al. 2007; 
Li et al. 2015) and have a significant potential since the first pathogen defense line 
targeting rhizosphere root plants could be named (Raddy et al. 2013; Tiwari et al. 
2017). Such nematophagous bacteria exhibit diverse pathways to combat nema-
todes and overt antibiosis direct parasites (Lee and Kim 2016), reducing competi-
tion from the plant root for essential resources and ecological niches (Mendoza 
et al. 2008), and may cause systemic resistance to a host plant (Cawoy et al. 2011). 
Antibiosis for the production of reactive antibiotics, toxin, and volatile organic 
compounds (Rahman et  al. 2018) is the most closely researched and commonly 
known pathway (Saraf et  al. 2014). Certain rhizobacteria, such as Pasteuria, 
Pseudomonas, Streptomyces, and Bacillus (74%), are known as nematicidal traits as 
compared to Pseudomonas (54.77%) which had the largest decrease rate for 
M. javanica egg hatching (Turatto et al. 2017). In a research of the antagonistic abil-
ity, growth-enhancing strains of rhizobacteria adolescents of the second stage were 
M. incognita. The ability of three species of Bacillus, namely, B. subtilis, B. coagu-
lans, and B. firmus, to combat M. javanica was investigated, and B. subtilis was 
identified as the cause of the highest decline in eggplant growth in nematode infec-
tion (Abbasi et al. 2014), while B. coagulans increased significantly plant produc-
tion. Containing eight bacterial isolates, respectively, B. subtilis, the inhibitions of 
complete M. incognita egg hatching were found to be responsible. Thus, Bacillus 
genus members can be used as the natural biocontrol rhizobacteria (Metwally et al. 
2015). B. subtilis produces various compounds with antimicrobial properties, 
including lipopeptides, exoenzymes, and volatile organic compounds and used in 
biological control and responsible for the development, under airborne conditions, 
of the most resistant endospores (Gao et al., 2016). One of the most studied and 
characterized secondary metabolites of B. subtilis is surfactin, a cyclic lipopeptide 
that has many important but distinct functions, such as signaling activities and 
reduction of surface tension (Sansinenea and Ortiz 2011). Such dormant spores are 
highly resistant to severe conditions like food scarcity, water shortages, elevated 
temperatures, and adverse pH levels (Cawoy et al. 2011). In the technical point of 
view, Bacillus’ capacity to manufacture thermal- resistant and desiccator-prone 
endospores is extremely beneficial to formulate (Ongena and Jacques 2008) a 
healthy commodity which can be sold on the market under normal conditions 
(Padgham and Sikora 2007). This also helps keep bionematicides healthy when they 
are being processed (Rosas-García 2009). Bacillus spp.’s capacity to stimulate the 
growth of plants and antagonize plant pests, like root-knot nematode (RKNs) (Wu 
et al. 2015), exists concurrently and is therefore interlinked. Many advantageous 
characteristics would also not be isolated as goods that are sold by regulatory 
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Table 20.2 Application of various Bacterial spp. that have a nematicidal action against root-knot 
nematode species

Bacteria Nematode control Crop control References

Pasteuria 
penetrans

Meloidogyne 
javanica

Tomato Mankau and Prasad (1972)

Pasteuria 
penetrans

Meloidogyne spp. Sugarcane Spaull (1984)

Pasteuria 
penetrans

Meloidogyne 
javanica

Tomato, grape Stirling (1984)

Pasteuria 
penetrans

Meloidogyne 
incognita

Soybean, hairy vetch, 
tobacco

Brown et al. (1985)

Pasteuria 
penetrans

Meloidogyne 
incognita

Tomato Maheswari and Mani (1989)

Meloidogyne 
javanica

Pasteuria 
penetrans

Meloidogyne species Mung bean and brinjal Zaki and Maqbool (1990)

Pasteuria 
penetrans

Meloidogyne 
arenaria

Rye, peanut, and vetch Oostendorp et al. (1991)

Pasteuria 
penetrans

Meloidogyne 
incognita

Tomato Vargas et al. (1992)

Pasteuria 
penetrans

Meloidogyne 
incognita

Kiwi Verdejo-Lucas (1992)

Meloidogyne 
arenaria

Meloidogyne hapla

Pasteuria 
penetrans

Meloidogyne 
javanica

Chickpea Sharma (1992)

Pasteuria 
penetrans

Meloidogyne 
arenaria

Peanut Chen et al. (1996, 1997)

Pasteuria 
penetrans

Meloidogyne 
arenaria

Tomato, oriental 
melon

Cho et al. (2000)

Pasteuria 
penetrans

Meloidogyne 
incognita

Tomato and banana Jonathan et al. (2000)

Pasteuria 
penetrans

Meloidogyne 
incognita

Tomato Chand and Gill (2002)

Pasteuria 
penetrans

Meloidogyne 
javanica

Brinjal Kumar et al. (2005)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Sugar beet Kavitha et al. (2007)

Pasteuria 
penetrans

Meloidogyne 
incognita

Tomato Ravichandra and Reddy 
(2008)

Pasteuria 
penetrans

Meloidogyne 
incognita

Tomato Singh et al. (2008)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Field pea Siddiqui et al. (2009)

(continued)
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Table 20.2 (continued)

Bacteria Nematode control Crop control References

Pasteuria 
fluorescens

Meloidogyne 
incognita

Tomato Abo-Elyousr et al. (2010)

Pseudomonas sp. Meloidogyne 
incognita

Okra Vetrivelkalai et al. (2010)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Jasmine Seenivasan and Poornima 
(2010)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Mulberry Muthulakshmi et al. (2010)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Maize Ashoub and Amara (2010)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Okra Kumar and Jain (2010a)

Pasteuria 
fluorescens

Meloidogyne 
arenaria

Groundnut Kalaiarasan et al. (2010)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Tomato Singh and Siddiqui (2010)

Pseudomonas sp. Meloidogyne 
incognita

Black pepper Devapriyanga et al. (2012)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Tomato Khalil et al. (2012a, b)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Black gram Akhtar et al. (2012)

Pasteuria 
fluorescens

Meloidogyne 
graminicola

Rice Anita and Samiyappan 
(2012)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Chili Wahla et al. (2012)

Pasteuria 
fluorescens

Meloidogyne 
graminicola

Rice Seenivasan et al. (2012)

Pasteuria 
penetrans

Meloidogyne 
javanica

Tomato Vikram and Walia (2014)

Pasteuria 
fluorescens

Meloidogyne 
graminicola

Rice Priya (2015)

Pasteuria 
penetrans

Meloidogyne 
incognita

Tomato, cucumber Kokalis-Burelle (2015)

Pasteuria 
penetrans

Meloidogyne 
arenaria

Snapdragon Kokalis-Burelle (2015)

Pasteuria 
fluorescens

Meloidogyne 
incognita

Mulberry Muthulakshmi and Devrajan 
(2015)

Pasteuria 
penetrans

Meloidogyne 
javanica

Okra, chickpea Vikram and Walia (2015)

Pasteuria 
penetrans

Meloidogyne 
graminicola

Rice Thakur and Walia (2016)

Pasteuria 
fluorescens

Meloidogyne 
graminicola

Rice Narasimhamurthy et al. 
(2017a, b)

(continued)
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authorities. According to Saraf et al. (2014), it points out that owing to their rapid 
growth, quick handling, and robust colonization of the rhizosphere and antagonistic 
bacteria, like Bacillus, are suitable for biocontrol (Table 20.2). The US Food and 
Drug Administration (USFDA) has shown effectiveness in the usage of Bacillus in 
bionematicides which provide the classification of B. subtilis as mainly considered 
healthy (Usta 2013).

4  Use of Organic Amendments for Root-Knot 
Nematode Management

The management of nematodes is a difficult task due to their wide occurrence, wide 
feeding habit, and simple dispersal. In this way, it is important to look through 
effective management practices to diminish and keep plant-parasitic nematode pop-
ulation underneath the harm level. The management of plant-parasitic nematodes is 
progressively troublesome in contrast with other microbes since they normally live 
in the soil and assault the underground parts (mainly roots) of the plant. Several 
methods are known to manage the root-knot nematodes which include the use of 
nematicides, organic matters, resistant cultivars, and biological control. Utilization 
of organic matters such as oil cakes, neem sawdust, and cleaved leaves is very help-
ful and gives numerous advantages, for example, the expansion in some natural 
enemies (Oka 2010) changes the physical and chemical properties of soil and con-
ductivity of water which prompts better plant development (Akhtar and Malik 2000; 
Gonzalez et al. 2010).

Oil cakes like castor (Ricinus communis), mustard (Brassica campestris), 
Jatropha spp. flax (Linum usitatissimum), neem (Azadirachta indica), groundnut 
(Arachis hypogea), mahua (Madhuca indica), and sesame (Sesamum indicum) have 
been discovered as powerful in diminishing the augmentation of root-knot nema-
todes (Ansari and Azam 2010; Ganai et al. 2011; Rehman et al. 2011). Soil amended 
with oil cakes of neem, castor, mustard, and other plant items has been effectively 
utilized for the managing plant-parasitic nematodes (Mohan 2011; McGeehan 
2012). Khan et  al. (2011) found that neem oil cake was discovered essentially 
decreasing the number of Meloidogyne incognita and expanded yield of carrot. 
Youssef and El-Nagdi (2004) reported that sesame seed cake essentially decreased 
root galls and egg masses and prevented nematode build-up on squash plants. The 
impact of urea covered with nimin and oil cakes of neem, castor, and rocket plate of 

Table 20.2 (continued)

Bacteria Nematode control Crop control References

Pasteuria 
fluorescens

Meloidogyne 
incognita

Cowpea Nama and Sharma (2017)

Pasteuria 
fluorescens

Meloidogyne 
javanica

Tomato Eltayeb (2017)
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mixed greens/duan was discovered viable against the root-knot nematode, M. incog-
nita, and increment development of mung bean (Wani and Bhat 2012; Gupta 2017).

Amended soil with neem cake, castor cake, groundnut cake, sunflower cake, and 
farmyard manure has fundamentally decreased the nematode population and 
expanded the plant development (Jagadeeswaran and Singh 2011). The utilization 
of neem cake and mustard cake was effective and keeps their population in soil 
below the threshold level (Adhikari et al. 2017). Kumar and Khanna (2008) observed 
that neem cake improves the growth of tomato and inhibits the development of 
M. incognita. Luma et al. (2003) found that neem cake and Rakshak gold (neem- 
based item) were malicious against the eggs of M. incognita. According to Saikia 
et  al. (2007) and Seenivasan (2010), various plant products such as neem cake, 
vermicompost, neem seed kernel, sawdust, and carbofuran 3G essentially improved 
the plant development boundaries and yield of brinjal with comparison diminished 
in nematode population both in soil and roots.

Plants have been a reservoir of glorious and fascinating natural biopesticides. 
Addition of plant parts such as freshly chopped leaves to the soil is one of the tradi-
tional agriculture practices for the nematode management that improves the soil 
structure, texture, nutrient content, and soil flora and fauna. After a brief analysis of 
neem by an Indian pharmaceutical scientist in 1919, it has been found that neem oil 
contains an acidic compound named as “margosic acid.” However, actual research 
on neem in 1942 isolated three active compounds such as nimbin, nimbidin, and 
nimbinene. From time immemorial, neem as a reservoir of various components has 
insecticidal, fungicidal, bactericidal, and nematicidal properties (Gajalakshmi and 
Abbasi 2004). According to Akhtar and Alam (1993), neem tree has various compo-
nents that suppress the population of plant-parasitic nematode. In the big nations, 
for example, the USA, Canada, and Europe, neem is sold as insecticidal in the mar-
ket. Azadirachtin, one of the potent parts of the neem tree, has been marketed. The 
toxicological profile of azadirachtin is commonly ideal (Stark 2007). Soil amended 
with various parts of neem (A. indica) has been seen as profoundly successful in 
diminishing the number of inhabitants in different phytonematodes (Rather and 
Siddiqui 2007). Freshly cleaved leaves and seeds of neem (A. indica) contain vari-
ous terpenoids, some of which are perceived as having nematicidal impacts although 
the exact compounds remain uncertain (Akhtar 2000; Chitwood 2002). Enormous 
amounts of sawdust are formed as by-products in wood industries. It is used as mod-
est fuel, fluid retentive, filling material, and so on. Since it is insufficient in nitrogen, 
it isn’t supported as a soil amendment; however, a few reports demonstrate its 
potential for nematode control (Miller and Edgington 1962; Singh et al. 1967; Singh 
and Sitaramaiah 1971). Singh et al. (1967) suggest that sawdust amended soil also 
supplemented with nitrogenous fertilizers to improve its efficacy against soil micro-
organism as well as plant growth. Mian and Rodriguez-Kabana (1982) have identi-
fied that nematode-control properties of soil organic matters are directly related to 
the nitrogen content or inversely related to the C/N ratio, while according to Alam, 
M. M. (unpublished) in case of sawdust, not the C/N ratio, but carbon content or 
quantity of sawdust is related to nematode management. Be that as it may, in another 
report, Rodriguez-Kabana et  al. (1987) communicated the assessment that the 
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adequacy of a given organic matter relies upon its chemical composition and the 
types of microorganisms that create during its decomposition. To additionally check 
these outcomes, an endeavor has been made to analyze the viability of sawdust of 
two unique sources against plant-parasitic nematodes swarming certain vegetables. 
To further verify these results, an attempt has been made to compare the efficacy of 
sawdust of two different sources against plant-parasitic nematodes infesting certain 
vegetables.

5  Conclusions

The species of root-knot nematodes such as Meloidogyne sp. are responsible for 
causing a greater loss in crop production. Application of chemical pesticides causes 
a toxic effect to plant and consumer also. However, the use of organics and biocon-
trol agents replaces the chemically based control measures. The use of organic 
amendments and biological agents shows eco-friendly behavior to our environment 
rather than chemical control methods.
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1  Introduction

The global human population is on a perpetual upsurge, however, at the declining 
rates. The human beings inhabiting this planet are now approaching 7.5 billion, 
which marks a 100% upturn as compared to that of the early 1960s. This increasing 
number of human beings, undoubtedly, requires more food resources to proliferate 
and thrive in the existing environments. Therefore, the major challenge for the agri-
cultural systems is to enhance the food crop production in the upcoming era simul-
taneously addressing the hazards as well as inconsistency along with the 
eco-efficiency (Jeranyama et  al. 2020). However, some different strategies are 
already being followed for increasing the food crop production, for instance, use of 
chemical fertilizers, introduction of genetically modified plants, employment of 
agrochemicals, as well as the usage of sophisticated machinery. The explicit appli-
cation of chemical fertilizers has amplified dramatically from 0.5 tons to 23 million 
tons from 1960 to 2008 correspondingly (Pandey 2018; FAO 2019a, b). The increas-
ing levels of environmental concerns are laying a pressure on the farming commu-
nity to produce the food crops sustainably (Rani et  al. 2019; Singh et  al. 2019; 
Sharma et al. 2019, 2020; Kapoor et al. 2020).

Since the domestication of plants, several strategies have been followed for 
enhancing the yield of food crops. The advancements in scientific researches and 
innovation of newer technologies introduced the green revolution which proved to 
be a milestone in attaining an enhanced food crop production. However, it accounted 
for a significant enhancement in food crop production persistence of the global 
monster of hunger coupled with the environmental sustainability concerns requiring 
the intervention of novel technologies that can fulfill the demands of a higher pro-
duction along with the preservation of environmental sustainability. The quest to 
fulfill both these demands puts forward the idea of engineering the rhizospheric 
portion of plants. The rhizosphere seems to be the most complex habitat of a vast 
array of microbial population encompassing an intermingled network of plant roots, 
diverse microbial communities, and soil (Ahkami et al. 2017). This narrow zone of 
plant-microbe interactions represents the first plant-prejudiced microbial habitat 
which affects the plant growth in a direct as well as indirect manner. The rhizo-
spheric portion is a complex dynamic and compactly inhabited zone of soil that 
proves to be an incredible site for the multifaceted set of inter- as well as intraspe-
cies interactions and food web communications which lay a strong effect on the 
carbon flow as well as transformation (Dessaux et al. 2016; Walker et al. 2011). The 
plant systems have evolved in a realm of microorganisms. The coevolution of plants 
with the rhizospheric microbiome has resulted in a state where both these 
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components start affecting each other from the very first day of the dawn of plant 
life. The roots of plant systems are largely known for altering the physical charac-
teristics of the soil. Plants harbor a vast microbial population by secreting carbon-
rich compounds via roots, where such labile substrates are largely favored by the 
members of microbial communities and they swiftly blend them (Doornbos et al. 
2012). The alteration of physical as well as chemical environs of the rhizosphere by 
the plant systems largely affects the suitability of diverse microbiological clusters 
and microbial connections and has also encouraged the evolution of novel microbial 
systems that fit themselves in the rhizospheric life. The gain of fitness sustained by 
the microbial systems must overshadow the price to the plants in diverted carbon 
and energy (Vandenkoornhuyse et al. 2015). These plants associated with microor-
ganisms largely assist the plant systems under their plant growth promotion attri-
butes. They not only facilitate the plant systems in the uptake of several key nutrients 
but also protect them from many biotic as well as abiotic stresses. They are found to 
enhance the plant productivity directly by fixing the nitrogen, solubilizing the phos-
phate, producing the siderophore, and indirectly increasing the organic carbon pool 
of the soil, conferring the plants with the ability to tolerate various biotic as well as 
abiotic stresses (Mohanram and Kumar 2019). Numerous indications display that 
plants engineer their rhizospheric microbiome. The most primaeval lines of plants 
also display a strong capability of altering the comparative richness of different 
microbial clusters in the soils neighboring their rhizosphere (Chaparro et al. 2014; 
Valverde et al. 2016) that assists the plant systems in their growth. Apart from this 
ability of plants to alter their rhizospheric communities, various human practices 
have also proven to be key drivers in engineering the microbial population of a rhi-
zospheric portion which strongly favors the establishment of advantageous micro-
bial systems on the plant roots which ultimately results in improved plant health and 
upsurged plant productivity. Therefore, the present chapters strongly target different 
approaches that are often employed to engineer the plant rhizosphere to bring a 
qualitative as well as a quantitative upsurge in the productivity of plant systems.

2  Rhizosphere and Root Exudates

The rhizosphere seems to be the most composite microbial territory on the earth, 
encompassing a cohesive system of plant roots, soil particles, as well as an assorted 
microbial conglomerate of archaea, bacteria, virus particles, as well as micro- 
eukaryotes. This fine region of contact amid the soil particles and the plant roots 
establishes the foremost plant-prompted habitation faced by soil microbiota. The 
rhizosphere represents an active and compactly inhabited zone of soil upholding a 
multifarious set of inter- as well as intraspecies communications. In addition to this, 
it also acts as an active site for the ongoing food web interactions that are known to 
have a significant influence on the carbon flow and transformation (Ahkami et al. 
2017; Dessaux et al. 2016). Adding more to it, the classical description of rhizo-
sphere has described it as a four-dimensional (4D) body: three dimensions for the 
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volume and the fourth dimension representing the time for the rhizospheric func-
tioning (Kuzyakov and Razavi 2019). The assessment of the rhizosphere divulges 
that it is a habitat for diverse classes of microorganisms. The total volume of 
microbes inhabited in this zone is represented by some good, by some bad, and by 
a few ugly microbes. These good, bad, and ugly microorganisms denote at this point 
the good microbes, plant pathogenic microbes, and opportunistic human pathogenic 
microbes correspondingly (Dutta and Bora 2019). The microbial dwellers of rhizo-
sphere that have sparked the interest in studies targeting rhizosphere and rhizo-
spheric engineering are the microbes having constructive effects on the plant 
systems which are largely represented by nitrogen-fixing microorganisms, mycor-
rhiza, plant growth-promoting rhizobacteria (PGPR), and the microbes possessing 
antagonistic activity toward plant pathogens. However, the rhizospheric inhabitants 
that are found to be harmful for the plants take account of the phytopathogenic 
fungi, oomycetes, bacteria, and nematodes (Mendes et al. 2013).

This natural environment allows different microbial strains to co-occur and to 
form multifarious microbial populations as well as communities. Therefore, the rhi-
zospheric zone has further been divided into three distinct sub-zones: the endorhi-
zosphere which represents the fragment of the root cortex along with the endodermis 
where the microorganisms, as well as the mineral ions, exist in the apoplastic space 
amid the plant cells; the rhizoplane, which denotes the middle zone after the epider-
mal root cells and mucilage; and the ectorhizosphere, which symbolizes the farthest 
zone extending from the rhizoplane out into the bulk soil (McNear 2013). The term 
rhizoplane was denoted the direct exterior surface of plant roots along with any 
tightly clinging soil particle or debris as well as microbiological populations. The 
existence of rhizosphere is not under a section of limited extent or shape but should 
rather be considered as an ascent of physical, chemical, as well as biological posses-
sions alongside the plant root. Therefore, the plant rhizospheric portion is of 
supreme significance for several valuable ecosystem amenities, for instance, to 
maintain the nutrient as well as water cycle, seizure of vital nutrients, and the 
sequestration plus storage of carbon (Adl 2016).

The plant metabolism strongly affects the rhizospheric portion by releasing the 
carbon dioxide and by emancipating the photosynthates by way of diverse kinds of 
root exudates predominantly via rhizoplane and ectorhizosphere. The importance of 
root exudates for plant systems can be understood by the fact that plants discharge 
approximately 40% of its photosynthates unswervingly into the soil systems pri-
marily as compounds of higher as well lower molecular masses (McNear 2013). 
The plethora of interactions taking place amid rhizosphere and rhizospheric micro-
biome governs the plant growth as well as yield in their natural environments. The 
molecular events taking place in the plant rhizosphere precisely shape the plant 
rhizospheric microbiome or rhizobiome (Sasse et al. 2018).

The plant roots are the main plant structures that are held accountable for the 
acquirement of both water and essential nutrients and the secretion of different pri-
mary and secondary metabolites called as root exudates. The plant’s primary 
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metabolites oozed through roots are predominantly organic acids, carbohydrates, 
and amino acids. In addition to it, plants also exudate a vast range of secondary 
metabolites, currently also called plant natural products such as alkaloids, terpe-
noids, and phenolics. In addition to this, these exudates have also been categorized 
into two clusters, i.e., low-molecular-weight compounds, for instance, sugars, 
amino acids, volatile compounds (VOCs), phenolic compounds, organic acids, and 
other secondary metabolites, and high-molecular-weight compounds, like polysac-
charides and proteins. It has also been established that the root exudation is largely 
responsible for shaping the plant rhizobiome, and these exudates find engrossment 
in numerous biotic as well as abiotic connections. Several different root exudates 
have also been found responsible for the initiation of quorum-sensing mechanisms 
in either the repression or stimulation of quorum-sensing rejoinders of correlated 
bacterial class. However, the rhizospheric portion has been largely ignored, for its 
different possible attributes that can enhance the crop yield, predominantly owing to 
the several confronts allied with the sampling within the rhizospheric soil (Oburger 
and Schmidt 2016; McCormack et al. 2017; Dutta and Bora 2019). Additionally, the 
role of plant-allied rhizospheric microbiome has already been unveiled for its differ-
ent plant growth-promoting attributes. In addition to it, the root exudates, apart from 
harboring the rhizobiome, are also known for the maintenance of the rhizospheric 
environment by the possession of several key and unique attributes. The root exu-
dates are also acknowledged for enhancing the accessibility of several key nutrients, 
for instance, phosphorus, because of the discharge of phosphatases and chelation by 
the oozed organic acids that are known to concentrate the available phosphorus for 
the plant uptake (Dakora and Phillips 2002). The exudates are also known for del-
eteriously affecting the adjoining plants, for instance, via fabrication of allelochem-
icals (Callaway and Aschehoug 2000) which provides an opportunity for engineering 
the trait of weed inhibition in the plant systems. The exudates are also known for 
their possession of root-insect communication trait. The root herbivory by numer-
ous pests like aphids can result in noteworthy reductions in produce as well as the 
quality of important crops which are known to be inhibited by the root exudates, 
thereby demonstrating insecticidal activity. The root exudates are also known for 
altering biochemical and physical properties of the soils inevitably. The root exu-
dates are known to stabilize the soil structure along with an enhancement in the 
water retention capacity of the soil, thereby indirectly improving the plant growth 
by managing the soil health. Moreover, they also play an imperative character in the 
elevation of positive interactions among microbes, for instance, by instigating the 
colonization with mycorrhizae via releasing strigolactones (Biate et  al. 2015). 
Consequently, an explicit range of traits associated with the rhizosphere are potent 
enough to be targeted for the improvement in crop yields along with a concomitant 
reduction in the input of chemical fertilizers and other agrochemicals (Preece and 
Peñuelas 2020). Therefore, the highly dynamic and potent attitude of plant rhizo-
sphere makes it a suitable area of interest for its manipulation in the quest to obtain 
improved plant health and enhanced crop productivity.
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3  Rhizospheric Microbiome

The rhizosphere acts as a definite hotspot and provides a platform for numerous 
networks in the interior of the bulk soil. It represents an important biological hotspot 
where respiration, gaseous altercation, nutrient and moistness usage, and confined 
provisions of organic matter are deliberated to be most concerned. On the contrary, 
the bulk soil represents an oligotrophic environ, specifically on the stock of root- 
instigated organic material. Therefore, the rhizosphere, as affected by root exuda-
tion, may encompass up to 1011 microbiological cells per gram root and with 1012 
functional genes per gram soil belonging to over and above 30,000 prokaryotic 
inhabitants (Mendes et al. 2011; Prosser 2015). The cumulative genome of this rhi-
zospheric microbiome appears to be much greater than the plant genome, and it is, 
therefore, denoted as the second genome of the plant. The rhizospheric microbiome 
and its role can be considered similar to the human intestinal microbial populations 
as they also play a great role in human health maintenance (Berendsen et al. 2012; 
Bron et  al. 2012). The rhizospheric microbiota control diverse biogeochemical 
cycles along with the various other soil processes by influencing the main rhizo-
sphere progressions, for instance, respiration, nitrification, and denitrification 
(Breidenbach et al. 2016; Philippot et al. 2013). They are also known to conspicu-
ously influence the iron cycle in soils and have also been demonstrated as the essen-
tial drivers of soil organic matter decomposition in the temperate grasslands (Li 
et al. 2019). Therefore, total characteristics of the agronomic rehearse demand a 
superior considerate of the different rhizospheric progressions that aid plant pro-
gression as well as disease suppression. Consequently, owing to the non-replaceable 
role of rhizospheric microbiome, the exploration of the complex connection amid 
crop, soil, and microorganisms in the plant rhizosphere has become the fundamental 
part for nourishing vigorous as well as high-yielding production structures (Uzoh 
and Babalola 2018). Therefore, the term rhizosphere diversity is often employed to 
decrypt a vast array of microorganisms residing in the zone of soil, bordering, and 
habitually stimulated by plant roots. The intimate interactions of plants with micro-
bial communities in this special zone of soil have made the rhizosphere a place for 
extraordinary microbial accomplishments (Huang et al. 2014; Nicolitch et al. 2016).

The major proportion of the diverse microbiota harbored by the plant systems is 
picked up throughout their lifespan from the adjacent environs; thereby, it seems 
that a considerable part of the plant microbiome finds its origin from the seeds. The 
seed-allied microbiota is supposed to play an indispensable part in initial phases of 
the plant development, thereby upsetting the germination as well as the subsistence 
of the seedling (Pitzschke 2016; Truyens et al. 2015). The soil-based microbes come 
later into the play and have to contend alongside the previously established micro-
biota. The microbiota selected in the rhizospheric zone will move to other plant 
parts and later inhabit diverse plant tissues especially leaves which later represent a 
major part of the phyllosphere microbiome (Hardoim et al. 2015; Mitter et al. 2016; 
Sánchez-Cañizares et  al. 2017). The plant-originated metabolites known as root 
exudates play an indispensable role in the root colonization of rhizospheric 
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microbiome. These are usually of low molecular weight and accordingly are 
straightforwardly easily utilizable, consequently, fashioning an upsurge in the 
microbiological population thickness of rhizosphere as equated to the bulk soil. The 
most noticeable and earliest work on the “the rhizosphere effect” was done by 
Albert Rovira, the research provided detailed views of plant-driven microbial colo-
nization of the rhizosphere at the microscopic scale (Burns 2010; White et al. 2017). 
This comparative increment in the integer of microbes in plant rhizosphere is usu-
ally articulated as the R/S ratio, where R denotes the numbers per gram of soil in the 
rhizosphere and S in the bulk soil. There is a great variation in these ratios which 
range between 5 and 50 which may cross 100 also, and this variation is governed by 
several factors like microbial members, stage of development of plant systems, 
plant species, as well as the nutritional eminence of plant systems. It should also be 
taken care of that only a definite percentage of the root surface is shielded by the 
microbes, for instance, of the total root surface area of maize, the bacteria cover 
only 4% in apical zones, 7% in the root hair zone, and up to 20% in basal zones. The 
inhabitation of a root by the rhizospheric microbiome is, however, not limited to 
rhizoplane only but can also happen in the apoplast of the cortex to varying degrees 
as indicated by the presence of endophytes (Marschner 2012). The growth of roots 
into the deeper soil is closely followed by the active colonization of the newer root 
just behind the meristematic tissues by the microbes attracted toward the root sur-
face. The exudates oozed in the region directly behind the root tip and in the distal 
zone of elongation zone encourage the growth and proliferation of microorganisms 
and also appeal additional soil microbes toward the root surface. However, the exu-
dation of metabolites is at a reduced pace and quantity in the root-hair and its neigh-
boring region which furthers marks a decline in the intensity of microbial inhabitants 
(Marschner 2012). Thus, the fast-growing roots experience an abrupt variation in 
the microbial community of rhizoplane and rhizosphere from apical to basal regions 
alongside the root axis (Bowen and Rovira 1991). It is the alteration in category as 
well as the amount of carbon accessible as exudates in different root zones which 
stimulates the differences in the community structures (Baudoin et  al. 2003; 
Marschner 2012). However, such differences in the microbial concentration along-
side the root axis are vital for the overall nutrient revenue in the interior of the 
microbial load (Marschner et al. 2011). An upsurge in the microbiological density 
might lead to an overall nutrient immobilization, while a reduction in microbial load 
can lead to a net nutrient release.

The plant largely controls the microbial inhabitation of its root environment by 
secreting highly diverse root exudates. Their diversity and complexity can be taken 
into account by the fact that the root exudates of even a small plant species may 
comprehend more than 100 diverse metabolites (van Dam and Bouwmeester 2016). 
Furthermore, the attitude and class of root exudates only happen to be decisive for 
the dispersal of bionetworks and niche exactness of definite plant systems (Dakora 
and Phillips 2002). The release of these composites by the plant roots proceeds by 
as a minimum of two possible mechanisms, for instance, the exudates may be con-
veyed crosswise the cell membrane and then discharged into the adjacent rhizo-
sphere, or the plant produces may also be secreted from the root edge cells and root 

21 Rhizosphere, Rhizosphere Biology, and Rhizospheric Engineering



584

edge-alike cells, which are known to discrete from the root structures as they mature 
(Hawes et al. 2000; Vicré et al. 2005). The root exudates may contain every possible 
plant-originated compound excluding some definite composites that find their key 
involvements in the process of photosynthesis. The rhizospheric microbiome is 
deliberated as a conglomerate of key engineers that have the potential to be employed 
to reconstruct the biodiversity and purposes in the tarnished environments. These 
microorganisms owe an imperative part in the management of growth, health, as 
well as ecological aptness of their host plant (Buee et  al. 2009; Dutta and Bora 
2019). Furthermore, these microbial systems have engrossed much attention and 
have become a subject for rhizospheric engineering due to their possession of key 
role in the management of both natural and accomplished agriculture soil ecosys-
tems as they find involvement in diverse and significant progressions referring to 
soil structure formation, organic matter disintegration, toxin exclusion, xenobiotic 
deterioration, bioremediation, rhizoremediation, nutrient cycling, etc. A plethora of 
microbes inhabiting the rhizosphere has the capability of doing these jobs for their 
host plants. However, all the microbes inhabiting rhizosphere are not culturable, but 
the advances in the techniques of molecular biology and biotechnology have expe-
dited the process of considering the role of other 99% microbes that cannot be cul-
tured in laboratory situations. However, the major plant growth-promoting 
rhizobacteria that have been reported so far belong to the genera Azotobacter, 
Burkholderia, Arthrobacter, Chromobacterium, Caulobacter, Xanthomonas, 
Azospirillum, Enterobacter, Bacillus, Pseudomonas, Serratia, Flavobacterium, 
Klebsiella, Erwinia, and Micrococcus (Bal et al. 2013).

The rhizospheric microbiological inhabitants represent a subdivision of the 
microbiological society inhabiting the bulk soil. The secretion of exudates by plants 
allows the proliferation of some specific microbes in the rhizospheric zone as 
equated to the bulk soil. There have been several theories which have tried explain-
ing the relative assembly of microbial communities in the rhizosphere. However, 
two main theories have emerged for a possible explanation. The first one is referred 
to as niche theory, which points out the significance of deterministic progressions, 
and the second one is deliberated as the neutral theory, which focuses on stochastic 
processes (Dumbrell et al. 2010). The niche-centered theory forecasts that the varia-
tions in the species community configuration are allied to the deviations in the eco-
logical variables because species owe distinctive possessions that reward them the 
exploitation of matchless niches. The species copiousness in this theory will follow 
pre-emption, broken stick, log-normal, and Zipf-Mandelbrot models. On the other 
hand, the neutral theory envisages the structure and configuration of species com-
munities to the geographic remoteness amid the samples on the account of their 
dispersal limitation, since several species are functionally comparable based on 
their capability to utilize niches. Consequently, their richness will follow a zero-sum 
multinomial (ZSM) distribution. Both the theories are well associated with ecologi-
cal aspects, but none can provide any evidence in the favor of the dynamic nature of 
microbiological community association in rhizosphere (Mendes et al. 2014).

Since all the members of rhizospheric microbiome are not culturable, however, 
the culture-grounded approaches have advocated the supremacy of gram-negative 

P. Sharma et al.



585

microbes in rhizosphere. The proper designation of the microbiota to precise groups 
requires the use of advanced molecular biology techniques. Since microbial influ-
ences in the rhizospheric portion are repeatedly synergistic, thereby, the understand-
ing of microbial system at the community level seems to be most ecologically 
significant. The community-level depiction of several agriculturally important crops 
like corn, pea, potato, rice, alfalfa, avocado, tomato, and corn has revealed that in 
most of the studies, but not all, the Proteobacteria was found to be the dominating 
group. However, the results varied among different classes of Proteobacteria, but 
mostly Gammaproteobacteria were found to overpass the other classes (Hawkes 
et al. 2007). Similarly, Uroz et al. (2010) also found the dominance of Actinobacteria 
and Proteobacteria in the oak rhizosphere soil. Likewise, the exploration of the 
rhizospheric community of three different cultivars of potato also revealed the dom-
inance of the phylum Proteobacteria (46%), which was followed by Firmicutes 
(18%), Actinobacteria (11%), Bacteroidetes (7%), and Acidobacteria (3%) (Weinert 
et al. 2011). The rhizospheric community structure of alfalfa and barley as assessed 
by Kumar et  al. (2018) was also largely represented by Proteobacteria (45.9%) 
which was followed by Bacteroidetes (21.4%) and Actinobacteria (10.4%). 
Similarly, the rhizospheric community analysis also proved the dominance of 
Proteobacteria with a share of 47% followed by Actinobacteria (23%), Firmicutes 
(6%), and Acidobacteria (5%). It also displayed the presence of eukaryote (3%) and 
archaea and virus (1%). The comparative analysis of rhizospheric soil as compared 
to the bulk soil confirmed the overexpression of phyla Actinobacteria, Acidobacteria, 
Chloroflexi, Cyanobacteria, Chlamydiae, Tenericutes, Deferribacteres, Chlorobi, 
Verrucomicrobia, and Aquificae in the rhizospheric soil (Mendes et al. 2014). The 
rhizospheric microbiome of any particular plant is known to be affected by different 
factors, and the microbial populations are known to react and acclimatize them-
selves to such factor, for instance, the loss of nitrogen-fixing symbiosis in L. japoni-
cus modifies the assembly of the community accumulations in the roots as well as 
rhizospheric compartments (Zgadzaj et al. 2016; Sánchez-Cañizares et al. 2017). 
The patterns of exudates also vary a lot due to plant age, for instance, the GC-MS 
analysis of root exudates secreted by gnotobiotically nurtured A. thaliana displayed 
that the intensities of sugars and sugar alcohol secretion diminished during the plant 
development, although the degrees of amino acid and phenolic secretion augmented 
with time. The exudates comprising of sugars, organic acids, and amino acids 
intensely shake the configuration of microbiological plant populations, where the 
members of Actinobacteria and Proteobacteria represent the principal consumers 
of such compounds (Chaparro et al. 2014). The effect of exudates on shaping the 
rhizospheric diversity can be taken into consideration by the fact that a mutation of 
an ABC transporter, which finds active involvement in the process of exudation, 
altered the fungal as well as the populations in the rhizosphere of A. thaliana. 
Nevertheless, the incorporation of organic acids rather than sugars, even in the 
absence of plant systems, encourages bacterial fruitfulness and diversity. Therefore, 
the procurement of nutrient in any form acts as a strong driver for the microbial 
assemblage (Badri et al. 2009; Shi et al. 2011). The rhizospheric microbiome of a 
plant species is also affected by the presence of other plants. Interestingly, the 
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microbial populations of plant systems cultivated in a mixed field are found to con-
tain an enhanced level of microbial biodiversity, which in turn rewards the plant 
with an enlarged plant height and leaf surface area as equated to the plant cultivated 
in a monoculture (Lebeis 2015).

4  Plant-Microbe Rhizosphere Interactions

The plant systems have evolved in a realm of tiny microorganisms. The plants 
started influencing their rhizospheric microbiome from the very first day. The plant 
roots brought out numerous changes in the soils which ultimately resulted in the 
alteration of the physical configuration of the soil. Plant systems dug out the key 
nutrients from the soils, thereby giving a tough competition to the already inhabit-
ing microorganisms. They also took out water from the soils, thereby modifying the 
soil moisture that too was faced by microorganisms. The plant debris resulted in the 
accretion of organic carbon that was later handled by the heterotrophic microorgan-
isms, which resulted in the materialization of soil organic matter. The beginning of 
the process by which plants started releasing their photosynthates via roots favored 
the quick assimilation of microorganisms (Cotrufo et al. 2013; Lehmann and Kleber 
2015; Doornbos et al. 2012). This further lead to the alterations in the physical as 
well as chemical environs of the rhizosphere, which in turn influenced the fitness of 
diverse microbial assemblies and communications amid microorganisms and 
thereby incited the evolution of new microorganisms that were better suited to the 
life in this thin zone of rhizosphere (Lambers et al. 2009). The sum of genotypic as 
well as phenotypic deviations in the plant attributes that support the plant-allied 
microbiomes responsible for upsurging the plant nutrient accessibility, precluding 
pathogenic microbes, or else refining plant aptness coupled with the plant perfor-
mance sustains a fitness benefit. Therefore, the aptitude of plant systems toward the 
sustenance of a constructive microbiota is an attribute under selection. This close 
relationship of plant systems with the microorganisms is often regarded as an assim-
ilated ecological entity acknowledged as a holobiont (Vandenkoornhuyse et  al. 
2015). This holobiont has been the unit under selection for several billions of years, 
thereby supervising the evolutionary pathway headed for plant traits supporting 
constructive microbiomes.

There is a vast array of microbial systems inhabiting the plant rhizospheric zone, 
and they are expected to interact with the plant systems in numerous ways. But most 
frequently only three distinctive classes of such host-microorganism associations 
are taken into consideration for the activities of the plant-allied microbiome: para-
sitic, which deleteriously affects the health of plant systems; mutualistic, which aids 
the plant growth by its growth promotion attributes; and the commensalism, which 
does not have any effect on the plant systems. However, these descriptions only take 
into account of the direct influence of the microbial systems on the plant systems 
and not the indirect belongings on the other community associates, consequently, 
exclusive of the influence of microbe-microbe communications happening in plant 
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microbiomes. The microorganisms inhabiting the interior of plant tissues are capa-
ble of producing numerous growth-prompting molecules, improving nutrient pro-
curement, or persuading defense from several biotic and abiotic stresses. While the 
beneficial and deleterious communications amid hosts and microbial species can be 
specifically elaborated, the notion targeting commensalism is not defined with much 
clarity. A  true commensal certainly does not affect the plant health in any form, 
therefore, it is discreetly impossible to quantity, since it necessitates witnessing the 
absenteeism of a phenotype. In conclusion, the microbial systems can be deceitfully 
considered as commensals owing to their transient occurrence, provisional dor-
mancy, or their performance of some formerly uncharacterized roles. Such kind of 
perceptions necessitates the performance of community-level investigation at the 
multiple time points and ecological situations (Berendsen et al. 2012; Lebeis 2015; 
Zapalski 2011). The interactions among numerous microbes inhabiting the rhizo-
sphere also affect the composition of the rhizospheric microbiome. For example, 
diverse bacterial and fungal rhizospheric inhabitants act as antagonists for numer-
ous soil-dwelling fungal or nematode phytopathogens by the possession of diverse 
mechanisms. These mechanisms may encompass antibiosis, competition, aptitude 
of parasitizing the plant pathogens, damage in the phytopathogenic activity via quo-
rum sensing, and initiation of the systemic resistance in plant systems (Ali et al. 
2017). However, here, only the account of plant-microbe interactions is taken into 
consideration.

4.1  Beneficial Interactions: The Good Microbiome

A major proportion of microbiological populations residing the rhizospheric zone 
have a vital part to perform in enhancing the configuration as well as production of 
the natural plant systems via safeguarding the persistence and forbearance against 
diverse biotic as well as abiotic stresses. This job is done by numerous tools, such 
as bio-fertilization, encouragement of root progression, management of stresses, 
rhizoremediation, and disease suppression. A large proportion of rhizospheric 
microbiomes behave synergistically, promote plant growth as well as development, 
expand the nutrient acquirement, enhance their tolerance, and induce different 
defense mechanisms in the plant systems. Therefore, these are deliberated as “the 
good” of rhizospheric microbiomes (Ali et  al. 2017). The bacterial members of 
rhizosphere actively engaged in plant health elevation activities are designated as 
plant growth-promoting rhizobacteria (PGPR). The plant health and growth promo-
tion trait of rhizosphere-residing bacteria is brought out by maintaining an active 
supply of numerous vital nutrients that otherwise are either inaccessible or narrowly 
obtainable by the plant systems, for instance, nitrogen, iron, phosphorus, and zinc. 
The mechanisms underlying the superior nutrient endorsement encompass phos-
phate solubilization, nitrogen obsession, solubilization of zinc, and iron chelation 
via fabrication of siderophores. Additionally, the PGPR also produces several plant 
hormones, such as indole acetic acid, cytokinin, and gibberellins. Furthermore, the 
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other mechanisms may comprehend the possession of ACC deaminase activity, bio-
film materialization, and production of various exopolysaccharides. The active 
involvement of rhizospheric dwellers in various nutrient cycles results in recovering 
vital nutrients like N, P, K, Zn, and Fe, thus enhancing their bio-obtainability to the 
plant systems (Ali et  al. 2017; Sharma and Chauhan 2017; Backer et  al. 2018). 
Broadly, such microbes are classified into three major classes according to their 
possession of plant growth promotion trait. First are the microbes that upsurge the 
accessibility of the nutrients to plant systems and are designated to be biofertilizers. 
The second type of microorganisms is responsible for increasing the plant growth 
by various indirect means such as by protecting from different plant pathogenic 
attacks. Such organisms are known to be biocontrol agents. The third class com-
prises microbes that are responsible for stimulating plant growth through secretion 
of different phytohormones as well as growth regulators, for instance, auxins, gib-
berellins, cytokinins, etc. Such microorganism is best regarded as biostimulants (Ali 
et al. 2017).

The PGPRs are also recognized to bring out the accession and assimilation of 
nitrogen to the plants which is considered as the succeeding most significant occur-
rence afterward photosynthesis in the plant systems. The process of biological dini-
trogen fixation is extremely important to the global agricultural systems. In this 
process, the inactive dinitrogen from the atmosphere is reduced to ammonia in the 
occurrence of nitrogenase enzymes and is a doing of diazotrophic microbes 
(Sulieman 2011; Dixon and Kahn 2004; Franche et al. 2009). The nitrogen fixative 
microbial systems are commonly classified as (1) symbiotic nitrogen-fixing micro-
bial systems (e.g., rhizobia and Frankia) (Zahran 2001; Ahemad and Khan 2012) 
and (2) nonsymbiotic (free-living, associative, and endophytes) nitrogen-fixing 
microbial systems like Cyanobacteria (Anabaena, Nostoc), Azotobacter, 
Azospirillum, Azocarus, etc. The symbiotic association necessitates a multifaceted 
communication amid the host microbial partners which may result in creation of 
some specialized structures like nodule formation for the intracellular colonization 
of bacteria (Bhattacharyya and Jha 2012; Giordano and Hirsch 2004).

PGPR also assist the plant by enhancing the availability of several vital and key 
nutrients. The method usually employed is the solubilization of the nutrients fol-
lowed by their enhanced uptake. The solubilization of key nutrients takes place by 
secretion of some mild organic acids by the microorganism where the enhanced 
uptake proceeds by the secretion of some chelator molecules like iron. The plant 
systems usually face a problem which is low phosphate obtainability due to the 
occurrence of phosphate in insoluble forms. The phosphate-solubilizing bacterial 
strains convert the insoluble phosphate into its monobasic diabasic forms which are 
easily available to the plant systems. The phosphate-solubilizing bacteria dwelling 
the rhizosphere discharge some mild organic acids and enzymes called as phospha-
tases which facilitate the transformation of inexplicable forms of phosphate to the 
plant-accessible forms. The major phosphate-solubilizing bacterial strains are rep-
resented by Azotobacter chroococcum, Bacillus circulans, Cladosporium herbarum, 
Enterobacter agglomerans, Pseudomonas chlororaphis, P. putida, Rhizobium sp., 

P. Sharma et al.



589

Bradyrhizobium japonicum, Beijerinckia, Burkholderia, Pantoea, Flavobacterium, 
and Microbacterium (Ali et al. 2017; Vessey 2003; Lugtenberg and Kamilova 2009).

Iron is another essential nutrient required by the plant systems; however, its com-
parative insolubility in the soils restricts its accessibility to the plants. It plays a key 
role by aiding as a cofactor in different enzymes which catalyze numerous biologi-
cal progressions such as nitrogen fixation, respiration, and photosynthesis. Plant 
roots favor iron absorption in the form of reduced ferrous ion, but the availability of 
ferric ion is much common in finely ventilated soils. Several rhizosphere-inhabiting 
bacteria have the attribute of siderophore production which functions to bind the 
ferric form of iron, and it is evident that plant species have the capability of absorb-
ing bacterial Fe3+-siderophore complexes (Stein et al. 2009; Andrews et al. 2003; 
Lemanceau et al. 2009). The siderophores represent some lower molecular mass 
complexes possessing excessive empathy toward the chelation of ferric ions which 
is shadowed by the shift and its accretion in the bacterial cells. There can be differ-
ent types of siderophores like phenol catecholates, hydroxamates, rhizobactin, and 
pyoverdine siderophores which differ in their structure as well as activity. In addi-
tion to this, several fungi are known to produce siderophores which include the 
rhodotorulic acids which are di- or tri-hydroxamates, the ferrichrome-type sidero-
phores, and the fusarinines. The siderophore production not only provides the iron 
to the plants, but it also restricts the growth of various bacterial and fungal plant 
pathogens by restricting the iron availability to those microorganisms. A vast array 
of microorganisms have been reported for siderophore production that are largely 
represented by Agrobacterium tumefaciens, Erwinia, Bacillus subtilis, Pseudomonas 
stutzeri, Mycobacterium, Nocardia, Rhodococcus, Arthrobacter, Azotobacter, 
Penicillium, and Aspergillus (Osman et al. 2018; Sheng et al. 2020).

The rhizobacterial members of genera Bacillus and Pseudomonas have been 
reported to produce diverse plant growth regulators which further result in the 
development of fine root fibers by the plant systems, thereby amassing the entire 
surface area resulting in enhanced nutrient and water uptake. The different types of 
plant growth hormones secreted by microbes are found to be auxins, mainly 
indole- 3-acetic acid, cytokinin, and gibberellins. These growth regulators are 
acknowledged to enhance the increase in root length, cell division process, seed and 
tuber sprouting, movement of water and nutrients, and secondary root development. 
Additionally, they also mediate geotropic as well as phototropic reactions and 
thereby confer resistance to different stresses. The microbes are also known to 
secrete inhibitors like ethylene which influence the hormonal equilibrium in plant 
systems. Ethylene is considered as a senescence hormone acknowledged for inhibit-
ing plant growth during usual circumstances; however, at lower levels (0.05 ml/l), it 
is known for stimulating plant growth. This gaseous hormone is called as “stress 
hormone,” and its level is known to upsurge during the plant exposure to different 
stresses. The rhizobacterial members are also known to produce 1- aminocycloprop
ane- 1-carboxylase (ACC) deaminase enzyme which cuts the ethylene production in 
plant, thereby assisting the plant systems in stress recovery (Backer et  al. 2018; 
Ahemad and Kibret 2014).
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Plants being immobile living systems have to confront some abiotic stresses like 
drought stress, temperature stress, salinity stress, etc. These stresses cause a consid-
erable decline in plant fitness and overall crop produce. The plant-allied valuable 
microbes are known to play an important role in stress abatement along with the 
expansion of such agricultural systems that are found to be resilient toward the cli-
matic changes. Innumerable studies have proven that numerous rhizospheric 
microbes like Rhizobium and Azospirillum possess the trait of plant stress allevia-
tion. The PGPRs are known to secrete several compounds that behave as osmolytes, 
for instance, the secretion of glycine-betaine, proline, ectoine, trehalose, polyols, 
and sucrose by PGPR actions in harmonization with the composites secreted by 
roots in response to various biotic as well as abiotic strains. The bacteria 
Pseudomonas pseudoalcaligenes, Bacillus pumilus, Pseudomonas putida, 
Enterobacter cloacae, Serratia ficaria, Pseudomonas fluorescence, Dietzianatro 
nolimnaea, Bacillus amyloliquefaciens, etc. are reportedly known for alleviating the 
salinity stress (Khan and Bano 2019). Similarly, on exposure to drought strain, 
plants experience the deposit of numerous stress-induced composites, like proline, 
polysugars, abscisic acid, and glycine betaine, along with an increment in the pro-
duction of enzymatic as well as nonenzymatic antioxidants. The soil microbiota 
initiate diverse biological contrivances like accrual of compatible solutes, EPS fab-
rication, and spore formation. These mechanisms employed by the microorganisms 
assist the plant systems to cope with the drought stress. Similarly microorganisms 
employ a variety of stratagems to assist the plant systems in coping with different 
abiotic and biotic stresses (Priyanka et al. 2019).

The beneficial rhizospheric microflora also assists the plant systems to get rid of 
different recalcitrant and xenobiotic compounds, which have accreted in soil sys-
tems owing to the rapid pace of anthropogenic activities which further results in the 
soil humiliation and sterility. The coevolution of plant and their allied microbiota 
has effectively resulted in the reclamation and restoration of the degraded soils 
without instigating any detrimental by-products, unlike conventional methods. This 
process is often said to be rhizoremediation. Several root exudates secreted by 
plants, like linoleic acid, behave as surfactants which enhance the availability of 
pollutants to the microbial systems by forming a layer on soil particles which also 
upshot improved attachment of bacteria on the pollutant. The bacteria then secrete 
several compounds including enzymes and metabolites which function to break-
down the toxic pollutants into their nontoxic forms. The bacteria, namely, Bacillus 
licheniformis, Bacillus mojavensis, Achromobacter xylosoxidans, P. aeruginosa, 
Ochrobactrum sp., P. fluorescence, Microbacterium sp., Microbacterium sp., 
Rhizobium sp., Rhizobium, Pseudomonas, Stenotrophomonas, and Rhodococcus, 
have been reported to degrade various pollutants (Mishra and Arora 2019). 
Therefore, the possession of numerous and multidisciplinary beneficial attributes of 
plant-allied rhizospheric microbiota has projected them as an effective substrate for 
engineering the plant rhizosphere.
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4.2  Harmful Interactions: The Bad Microbiome

The plant systems secrete root exudates for attracting beneficial microflora, but 
some pathogenic microbiota also gets attracted toward plant roots. These microor-
ganisms parasitize the plant systems and result in several severe infections, there-
fore executing damaging effects on various crops of economic importance. This part 
of rhizospheric microbiome which affects the health of plant systems and thereby 
results in a considerable drop in the plant yield as well as economy represents “the 
bad” rhizosphere microbiome. The soil that endured pathogenic microbiota signifi-
cantly deteriorates the crops, and among these fungal members of the rhizobiome 
are found to be most distressing. Consequently, this portion of rhizobiome seems to 
be a notable chronic menace toward global food production as well as economic 
steadiness. A vast variety of phytopathogenic fungi finding their origin from the 
rhizosphere have been reported; however, the most common pathogenic fungi take 
account of members of genera Phytophthora, Aspergillus, Verticillium, Fusarium, 
Mucor, Pythium, and Rhizopus. On the other hand, several bacteria have also been 
reported as pathogenic which largely belong to the genera Pseudomonas, Ralstonia, 
Erwinia, and Xanthomonas. The population and a variety of destructive and con-
structive microbes are interconnected to the measure and eminence of the rhizode-
posits and to the aftermath of the microbiological communications happening in the 
rhizospheric zone (Somers et al. 2004; Tournas and Katsoudas 2005).

There are four major classes of phytopathogens, namely, virus, bacteria, fungi, 
and nematodes (Agrios 2005); however, only two of these are considered to be key 
performers in the soils, namely, fungi and nematodes. Nevertheless, bacterial patho-
gens on a narrow scale are also deliberated to be soil-borne, possibly for the reason 
that nonspore formers are not able to endure well in soils for longer times. In addi-
tion to this, bacterial pathogens also necessitate an injury or an indigenous breach 
for their penetration into the plants and thereby initiate the infection process. 
However, some bacterial pathogens are still able to infect the plant systems, for 
instance, Ralstonia solanacearum is responsible for bacterial wilt of tomato and 
Agrobacterium tumefaciens for the crown gall disease. A fewer filamentous bacte-
rial pathogens also exist and infect the plant systems and are better adapted for their 
survival in soils. However, only fewer viruses are capable of infecting the roots. 
Their chances of infection are restricted by their requirement of vector and wound 
in the plant tissues for the initiation of infection. However, nematodes and fungi like 
Olpidium and Polymyxa act as the vehicles for viral particles (Campbell 1996; 
Nester et al. 2005; Raaijmakers et al. 2009). The pathogenic fungal species are caus-
ing major harms to crops in the form of various diseases, thereby affecting the 
overall economy of the field. The major sinks of the crop economy find their origin 
from several genera like Pythium, Fusarium, Verticillium, Rhizoctonia, and 
Armillaria (Ali et al. 2017).

The microbiota inhabiting the rhizosphere is also composed of many nematode 
species that are found to be parasitic to the plant systems. While a major proportion 
of the nematodes inhabiting the soils is free-living, 7% of the overall soil-lodging 
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nematodes are found to be pathogenic to diverse plant species. The plant-parasitic 
nematodes have been found to affect different crops of much economic importance 
such as wheat, soybean, potato, tomato, and sugar beet. The nematode parasitism 
produces different signs in plant systems like leaf chlorosis and patchy, wilting, 
arrested growth coupled with the defenselessness against other major pathogens. 
The most pathogenic of all these nematodes are said to be root-knot nematodes and 
cyst nematodes which belong to the Heteroderidae family due to their broad range 
of host plants. The other major category of parasitic nematodes is migratory endo-
parasitic nematodes which migrate through roots and detrimentally feed on the 
plant cells, thereby causing substantial necrosis in the plant tissues. These are 
largely represented by the rice root nematode (Hirschmanniella), lesion nematode 
(Pratylenchus), and burrowing nematodes (Radopholus). These nematodes are 
attracted toward the plant roots by several of the root exudates like alcohols, ketones, 
organic acids, terpenoids, thiazoles/pyrazidines, cyclic adenosine monophosphate, 
esters, ions, amines, amino acids, and other aromatic compounds (Moens and Perry 
2009; Jones et al. 2013; Ali et al. 2015; Rasmann et al. 2012).

These soil-originated pathogenic microbes have evolved in very hard situations, 
and therefore these are well fitted to the rhizospheric zone as equated to other micro-
organisms. They have invented several methodologies in their evolutionary journey 
to have hard edifices like resting spores, which aid their survival for longer periods 
in the nonappearance of the host crop.

The rhizospheric soil encompasses numerous microorganisms, somewhat lesser 
in statistics, which are found to be human pathogens. Such unscrupulous microbial 
pathogens are “the ugly” ones owing to their most damaging nature by unswerv-
ingly infecting the humans. These ugly microbes may either be native to the soils 
and also be dropped by human deeds, for instance, carried by animal as well as the 
bird fecal material, manure solicitations, by agricultural machineries, use of slaugh-
terhouse wastes, sewage water, and medical wastes. The major human opportunistic 
pathogens dwelling the plant rhizosphere are of dermatological significance affect-
ing the skin, hair, nails, etc. The opportunistic human pathogens are mainly repre-
sented by fungi like Microsporum canis, Trichophyton mentagrophytes, Aspergillus 
spp., Coccidioides, Blastomyces dermatitidis, and Trichophyton rubrum. However, 
the human pathogenic bacterial members especially the spore formers also inhabit 
the rhizosphere, for instance, Clostridium tetani, C. botulinum, Bacillus anthracis, 
Actinomyces israelii, and Clostridium perfringens, and some nonspore formers like 
enterotoxigenic strains of E. coli also inhabit rhizosphere (Berg et al. 2005; Chapman 
2005; Baumgardner et al. 2011; Blackburn et al. 2007; Ali et al. 2017). The presence 
of numerous plant pathogenic microbial systems and unscrupulous human patho-
gens in the rhizospheric zone has prompted a need to engineer the rhizosphere 
where only beneficial microbiota can thrive by kicking out the plant and human 
pathogens so that the release of plant photosynthates via roots can be properly uti-
lized by the plant systems.
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5  Rhizospheric Engineering

The plant systems regulate the occurrence of microbial populations in the rhizo-
spheric zone. Plants have also advanced several functions and stratagems for the 
alteration of rhizosphere and rhizobiome. It has also been proven that both benefi-
cial and pathogenic (plant, human) microbes inhabit the rhizosphere. The configura-
tion, comparative copiousness, and spatial and chronological dynamics of the 
rhizospheric microbial inhabitants not only affect the plant health and growth but 
also lay a strong influence on the health of human beings (Ryan et al. 2009; Mendes 
et al. 2013). The domestication of plant systems was mainly done using artificial 
selection by selecting crops based on traits excluding reproductive fitness, thereby 
deviating the whole process from the natural selection. The food crops were mainly 
selected based on huge seed size, condensed bitterness which is a principal defense 
mechanism, and some other traits, which unintentionally altered the plant traits 
regulating the microbiome. Therefore, the domestication process of crops has 
resulted in the alteration of the microbiomes conscripted by the plant systems (Leff 
et al. 2016; Pérez-Jaramillo et al. 2016). The advent of employing nitrogen-based 
fertilizers has also resulted in a paramount deviation from the natural selection. The 
application of nitrogen-based fertilizers made it sure that the yield of crops was not 
unswervingly associated with a plants’ capability of supporting microbial nutrient 
cycling. The N fertilization leads to a sharp reduction in the microbial biomass as 
well as their variety (Treseder 2008; Ramirez et al. 2010), concomitantly leading to 
the promotion of copiotrophs above oligotrophs (Fierer et al. 2012). The plant selec-
tion following explicit fertilizer establishments has promoted the unlinking of soil 
microbiota from the plant health. The application of ammonium-grounded fertiliz-
ers tends to condense the rhizospheric pH, whereas the application of nitrate-based 
fertilizers leads to an increase in the pH, thereby resulting in an alkaline rhizo-
sphere. It is evident that alterations in soil pH can modify the soil chemistry in the 
zone surrounding the roots and thus impact the progression along with the configu-
ration of microbial societies (Ryan et al. 2009). The selection of plant systems fac-
ing extraordinary fertilization management has resulted in the selection of genotypes 
supporting microbial N mineralization (Schmidt et  al. 2016). Consequently, the 
present varieties may have experienced a loss in their aptitude of supporting micro-
biota responsible for degrading the organic forms of nitrogen and solubilizing the 
mineral nutrients like phosphorus (Wallenstein 2017).

Therefore, the major research interest in this field is precisely leaning toward the 
development of different approaches that could reshape the rhizospheric microbiota 
in favor of those microbial systems that have the potential of improving plant health 
as well as productivity and can also avert the propagation of different plant and 
human pathogenic microbiota already inhabiting the rhizosphere. Several research 
programs have already proven that plant’s genetic makeup along with soil variety is 
an important driver for shaping the rhizospheric microbiota (Berg and Smalla 2009; 
Bakker et al. 2012). Moreover, the fascinating roles played by microorganisms in 
various natural processes like soil organic materialization, nutrient proclamation, 
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and pathogen burden have projected them for manipulating the microbiome as key 
for the rhizosphere engineering (Wallenstein 2017). The impact of soils on the rhi-
zospheric microbiota has already been validated for different plant species (Berg 
and Smalla 2009). The soil systems are composed of extremely multifaceted and 
assorted environs that considerably affect the physiology of plant systems, a con-
figuration of root exudation, and concurrently the rhizospheric microbiome. The pH 
of soil systems has also a significant part to play in determining the rhizospheric 
microbiome. The abundance along with a variety of bacterial populations has been 
found to fluctuate by the ecosystem type where the soil pH is the key driver. The 
bacterial variety is utmost in the neutral soils and subordinate in the soils having an 
acidic pH (Fierer and Jackson 2006; Mendes et al. 2013). Based on the genetic con-
figuration of plant systems also, innumerable methodologies have been suggested 
for reshaping the microbial configuration of rhizosphere in the quest to redirect the 
microbial movement. The term “rhizosphere engineering” thereby denotes the alter-
ation of plant’s root and adjoining environment in the quest to generate a “biased” 
milieu that will unambiguously improve the crop yield as well as the plant endur-
ance.  Root exudates play an essential role in enticing different plant pathogenic 
microbes and activation of their virulence factors. Therefore, altering the amount of 
root exudates through plant breeding experiments or by genetic alteration seems to 
be an apparent methodology for redirecting rhizospheric microbiome. The other 
strategy for reshaping the rhizosphere involves various soil amendments like the 
addition of compost and biochar which favor the colonization by beneficial micro-
bial communities. Other strategies include the introduction of beneficial microbes 
in soil onto seeds and planting materials (Bhattacharyya and Jha 2012; Mendes 
et al. 2013). The understanding of the actions involved can help propose the differ-
ent techniques which can allow the modification of the rhizosphere for an improved 
plant fitness and enhanced soil output. The different methodologies and representa-
tions of rhizospheric engineering are discussed under.

5.1  Soil Amendments

The alteration of the rhizospheric soil, and in turn its microbial constitution which 
has remained the most involuntary concern of the human activities, such as the fre-
quent farming of some definite crops, may bring about the appearance of disease- 
oppressive soil systems, and several soil pollutants have also been reported for 
radically distressing the configuration of soil as well as plant-allied microbiota. The 
expansion of various novel practices in the field of microbiology and microbial 
ecology has delivered several prospects for modifying the soil microflora in a way 
analogous to the discerning “rhizosphere engineering” that happens in nature (Ryan 
et al. 2009). The amendments in soils seem to be the easiest way of engineering the 
rhizosphere. A vast array of soil amendments is employed for upsurging the plant 
productivity which also proves to be an important tool for shaping the rhizospheric 
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microbiome (Fig.  21.1). This section takes account of the different types of soil 
amendments that are often employed for getting a biased rhizosphere.

5.1.1  Soil Amendments with Compost

The addition of compost to the soils is also known for altering the microbial com-
position of rhizosphere. It increases the soil suppressiveness toward the soil-borne 
pathogens. However, the soil suppressiveness is dependent on the type of compost 
added. It also enhances the number of antagonists in the rhizosphere (De Brito et al. 
1995). It further improves the physical as well as biochemical belongings of the 
soil, upsurges the soil water balance, and enhances the nutrient supply to plants, 
thus altering the soil properties and making it fit for microbial inhabitation. The 
short-term application of composts increases the rhizosphere soil carbon mineral-
ization and microbial biomass, and this carbon mineralization increases the progres-
sion of roots and thin root hairs (Zhang et al. 2014) which further allow the plant 
systems to harbor beneficial microbiota. The compost brings a source of carbon for 
the existing rhizospheric microbiota in the form of soil organic matter, and it also 
acts as a source of diverse classes of microorganism which later inhabit the plant 
rhizosphere. It also alters the soil chemistry as well as soil structure in a substantial 
manner and thereby significantly affects the configuration of plant-allied microbial 
communities (Green et al. 2007). The soil organic matter represents a noteworthy 
basis of utilizable carbon for different rhizospheric inhabitants (Toal et al. 2000), 

Fig. 21.1 Diagram depicting the different types of soil amendments employed for shaping the 
rhizospheric microbiome
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and it has also been advocated that the incorporation of composts to the soil can 
upkeep microbes that are not even endured by exudates. This capability for compost- 
originated organic matter to endure some microbes advises that the “rhizosphere 
effect” does not act similarly on all microbial inhabitants (Boehm et al. 1997). De 
Brito et  al. (1995) noticed that the compost incorporation to soil augmented the 
occurrence of bacteria in the rhizosphere of tomato that exhibited antagonism 
against various soil-borne pathogens like Rhizoctonia solani, Pyrenochaeta lycop-
ersici, Fusarium oxysporum f. sp. radicis-lycopersici, and Pythium ultimum. The 
suppression of various pathogenic microbes by addition of compost is known to 
bring about the recruitment of definite microbes as the suppressive soils tend to lose 
their suppressive activity on their pasteurization and sterilization (Weller et al. 2002; 
Haas and Défago 2005). The addition of compost and organic matter enhances the 
microbial activity in the soil which inhibits the growth of pathogens either directly 
by its antagonistic activity or indirectly by the possession of competitive actions of 
recruited soil microorganisms. The suppression incurred to the soil systems either 
can be general or may also be specific. In case of general suppression, a basal shield 
contrary to an extensive collection of pathogenic microbes is established, and the 
defeat is not accredited to any precise microbe (Weller et al. 2002). However, the 
possession of specific suppression is attributable to the accomplishments of precise 
microbes that act contrary to specific pathogens and is found to be more operative 
than general suppression. The compost amendments in the soils not only redesign 
the structures of a microbial community but also lead to the establishments of new 
equilibria (Hadar and Papadopoulou 2012). The composts are also known to contain 
various bacterial and fungal biocontrol agents that later inhabit the plant rhizosphere 
and are known to advance the regularity of disease control. Antoniou et al. (2017) 
assessed the consequence of compost addition on the rhizospheric community of 
tomato along with its effect on the suppression of fungal pathogens. The compost 
added to the plant was able to suppress the fungus, namely, Fusarium oxysporum f. 
sp. lycopersici and Verticillium dahliae. It was also observed that the compost lost 
its disease suppression ability upon sterilization. Furthermore, it was found that the 
phyla Firmicutes and Ascomycota were dominating the compost, whereas the phyla 
Actinobacteria, Proteobacteria, Bacteroidetes, and Mucoromycota were rarely iso-
lated. The addition of compost significantly altered the microbiological configura-
tion of the rhizospheric zone as experienced by a reduction in the Ascomycota and 
Firmicutes, while Actinobacteria, Bacteroidetes, and Proteobacteria were aug-
mented. Surprisingly, the number of Proteobacteria was found to be augmented by 
57 times in the rhizosphere samples, while Actinobacteria by 6.1 times as equated 
to the unplanted compost sample. Innumerable studies have evidenced that the 
incorporation of compost in the agricultural soils protects the plant systems from 
some pathogenic microbes such as Pythium ultimum, Pythium irregular, 
Phytophthora nicotianae, Sclerotinia minor, and Sclerotinia sclerotiorum. The 
mechanisms may include the direct suppression of the pathogens or activation of the 
disease resistance genes in plant systems (De Corato 2020). Countless studies have 
testified a relative increment in the members of Proteobacteria and Actinobacteria 
upon compost addition, thus making it the most dominant group in the rhizosphere. 
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Proteobacteria are also acknowledged for playing a serious role in the global 
cycling of carbon, nitrogen, iron, and sulfur, whereas Actinobacteria are supposed 
to subsidize the global carbon cycle by degrading the plant biomass, and because of 
their aptitude of decomposing organic matter in the soils, they are also proficient for 
fabricating several key enzymes like cellulases, hemicellulases, chitinases, gluca-
nases, and amylases (Mickan et  al. 2018; Yang et  al. 2019). Conclusively, the 
amendments of compost in the soils prove to be an effective tool for reshaping the 
rhizosphere biology and, in turn, the beneficial rhizospheric inhabitants for improved 
plant health and yield.

5.1.2  Soil Amendments with Biochar

Biochar is a very steady product of thermal deterioration of organic materials in the 
lack of air (pyrolysis) and is distinguished from charcoal by its use as a soil amend-
ment. The temperature of pyrolysis lies in the range from 300 to 1000 °C. The bio-
mass employed for pyrolysis is principally composed by organic composites like 
cellulose, hemicellulose, and lignin (Kavitha et al. 2018). It has also been desig-
nated as a promising measure to upgrade the soil fertility besides other environmen-
tal amenities such as carbon sequestration for the extenuation of climate changes. 
The addition of biochar is acknowledged for the enhancement of the fertility of soil 
systems predominantly by uplifting the pH of acidic soils or by enhanced nutrient 
retention via cation adsorption and by uplifting the water retention capacity of the 
soil. The desired depth for the application of biochar lies in the range of 4–6 cm 
(Lehmann et  al. 2011; Yu et  al. 2019). The biochar amendments in the soils are 
known to alter the diversity as well as an abundance of the biological community. 
The alterations induced by the biochar amendment in the microbial community con-
figuration may not only distress nutrient cycling and plant progression but also the 
dynamics of organic matter present in the soil systems (Wardle et al. 2008; Kuzyakov 
et al. 2009; Liang et al. 2010). The biochar apertures function as a microenviron-
ment for the proliferation of microbial systems. The microorganisms utilize carbon, 
nutrients, gases, and water offered by the biochar for growth as well as reproduc-
tion. The soil application of biochar at a proportion of 10 t per hectare has resulted 
in a noteworthy upsurge in the biological nitrogen fixation by red clove as equated 
to the control. Its amalgamation in the soil is also known to affect the arbuscular 
mycorrhizal fungi in a positive manner (Jaafar 2014; Mia et al. 2014). Biochar also 
reduces the tensile strength of the soil, therefore making the root as well as mycor-
rhizal nutrient mining extra operative. The reduced tensile strength also facilitates 
the easy seed germination and also simplifies the movement of invertebrates through 
the soil, thereby modifying the predator/prey dynamic (Lehmann et al. 2011). The 
biochar addition supports the growth of PGPRs like Bacillus insolitus, Aeromonas 
hydrophila, and A. caviae which are known to mitigate the salinity stress by the 
secretion of exopolysaccharide responsible for binding sodium ion that results in a 
reduced uptake by the plants along with the production of an enzyme called 1- amin
ocyclopropane1- carboxylate deaminase which also relieves the salinity stress 
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(Ashraf and Harris 2004; Ali et al. 2014). In addition to it, the microbial copious-
ness has also been confirmed in the biochar-amended soils by different methods, 
like total genomic DNA extraction, plate count, substrate-induced respiration, 
fumigation- extraction, phospholipid fatty acid extraction, and staining and direct 
surveillance of discrete biochar particles. Furthermore, it also enhances the rate of 
reproduction of microbial populations (Lehmann et al. 2011). The microbial com-
munities associated with the nitrogen transformations are known to be altered upon 
biochar incorporation indicating a reduced soil nitrogen loss and improved nitrogen 
utilization as indicated by a reduction in the number of Nitrososphaera in the rice 
fields upon biochar amendment (Liu et al. 2017). Moreover, the biochar addition is 
also known to uplift the network of beneficial fungi in the rhizospheric zone (Wang 
et al. 2019). Win et al. (2020) evaluated the effect of biochar on the rhizospheric 
communities using the next-generation sequencing methods and observed that bio-
char augmented the copiousness of Proteobacteria as well as Actinobacteria in the 
rhizoplane particularly after 2 weeks of transplantation. On the contrary, there was 
a decrease in the number of Acidobacteria and Bacteroidetes. The members of 
Xanthomonadaceae experienced an increment of 2.8-folds in their numbers after 
2  weeks of transplantation followed by Desulfuromonadales (1.8-fold), 
Burkholderiales (1.8-fold), and Actinomycetales (1.4-fold) along with a concomi-
tant decline in the relative abundance of Sapropirales (1.8-fold) and Nitrososphaerales 
(2-fold). Similarly, Cheng et al. (2018a, b) also observed that the supplementation 
of the soils with the biochar augmented the diversity as well as an abundance of 
bacteria. The comparative copiousness of Adhaeribacter, Rhodoplanes, 
Pseudoxanthomonas, and Candidatus Xiphinematobacter augmented in the biochar- 
amended soil; however those of Lacibacter, Pirellula, and Kaistobacter faced a 
decline. The addition of biochar is also acknowledged for influencing the root 
metabolome and is known to alter the levels of some amino acids as well as organic 
acids. Therefore, it is not only the rhizosphere microbiome that is altered upon soil 
amendments with biochar, but the rhizosphere metabolome is also reshaped. Chen 
et al. (2017) observed that the biochar addition along with a simultaneous nitrogen 
reduction caused a 1.75-fold increase in the levels of isoleucine, a 2.16-fold surge in 
malonate, and a 2.15-fold rise in acetate in exudates. Similarly, Bornø et al. (2018) 
also observed that the exudates of particularly glucose and fructose were intensely 
altered by the biochar application, specifying that the plant reaction to biochar 
application can modify the configuration of root exudates discharged into the rhizo-
sphere. This altered exudation process in turn plays a key role in engineering the 
rhizospheric microbiome (Fig. 21.2).

5.1.3  Other Soil Amendments

A large number of human practices are known to alter the rhizospheric microbiome 
in an unintentional way, for instance, addition of fertilizers, addition of substrates 
for fueling bioremediation processes, use of pesticides and other agrochemicals, 
etc. The application of glyphosate has been shown to alter the denitrification process 
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in the grass sward along with a surprising increment of 20- to 30-fold in the denitri-
fication process as equated to the herbicide-untouched grass. The denitrification 
process in the soil is predominantly attributable to the facultative anaerobic bacte-
ria; thereby, any increment in the process suggests a possible alteration in the diver-
sity and number of accountable microbes in the rhizospheric zone (Tenuta and 
Beauchamp 1996; Qian et al. 2018). The application of diclofop-methyl leads to a 
reduction in the nitrification of urea nitrogen in soils. This weedicide is potent 
enough to inhibit the enzyme acetyl-CoA carboxylase activity and thereby can lead 
to a reduction in the fatty acid synthesis in the crop. In addition to it, the persistence 
of residual DM particles in the soil systems is known to affect an extensive range of 
plant metabolic pathways and thus can lead to an augmented exudation of organic 
acid (Rensink and Buell 2004; Qian et al. 2012; Chen et al. 2017). The plant root 
exudates are the crucial influencers of rhizospheric microbiota configuration; there-
fore, the testified impact of diclofop-methyl on the exudation nurtures the probabil-
ity that multifaceted plant-microbiome communications could restrain the DM 
poisonousness and could also alter the copiousness of specific microbes distressing 
the biogeochemical cycles of nutrients. Qian et  al. (2018) reported that the 

Fig. 21.2 A portrayal depicting a GM plant engineered for the secretion of specific root exudates 
which later harbors definite microbial populations and alleviate the heavy metal stress
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application of DM on rice altered the levels of 28 different exudates in the rice rhi-
zosphere. The altered exudation also affected the rhizospheric microbiome and 
resulted in an increase in the fraction of Proteobacteria from 42.1% in the control 
to 55.4% after 5 days of DM exposure. However, the comparative richness of phyla, 
Firmicutes and Acidobacteria, faced a decline from 22.0 and 16.9% in the control 
to only 8.9 and 13.9%. Additionally, the comparative richness of the genera 
Azospira, Clostridiales, and Rhodocyclaceae increased from 7.1, 0.3, and 1.1% in 
the control to 21.0, 2.4, and 2.3% of total rhizospheric microbes.

The wastewater-borne pollutants are also known to alter the rhizospheric con-
figuration of the holobiont. The wastewater-borne sulfonamides are known to alter 
the microbiome composition in the constructed wetlands planted with Cyperus 
alternifolius, Cyperus papyrus, or Juncus effusus. A noteworthy decline in the 
microbial diversity has been testified along with a precise inhibition of microbes 
involved in the nitrogen and sulfur cycle. However, the microbes like Methylosinus, 
Methylotenera, Methylocaldum, and Methylomonas which are potent for degrada-
tion of sulfonamides are found to be increasing in the rhizospheric zones of the 
plants (Man et al. 2020). The irrigation with treated wastewater is also known to 
alter the composition of rhizobiome. The soil ammonia-oxidizing bacterial popula-
tions are altered irrespective of the ammonium concentration or the presence of 
plants. The treated wastewater brings a reduction in the comparative richness of 
Actinobacteria along with a simultaneous upsurge in the comparative copiousness 
of Gammaproteobacteria (Oved et al. 2011; Frenk et al. 2014). Zolti et al. (2019) 
also reported an upsurge in relative copiousness of Gammaproteobacteria and a 
decline in Actinobacteria, in the root microbiome receiving irrigation with treated 
wastewater. The assessment on more precise levels revealed the abundance of 
Pseudomonadales and a reduction in Streptomycetales and Pseudonocardiales. 
Similarly, the wastewater effluent containing aged nanoparticles has also been 
acknowledged for influencing rhizospheric microbiota. In a study by Liu et  al. 
(2018), it has been claimed that the copiousness of cyanobacteria was amplified by 
12.5% as demonstrated predominantly by an upsurge of Trichodesmium spp., and 
the lavishness of unknown archaea was heightened from 26.7% in the control to 
40.5% in the soil watered with wastewater effluent containing aged nanoparticles.

Several other organic amendments, such as seed meal for the control of fungal 
pathogens, also alter the rhizospheric microbiome. The soil amendments with 
Brassicaceae seed meal preparations for the suppression of apple replant disease 
altered the rhizobiome in a significant way. The amendment not only suppressed the 
pathogen Pratylenchus penetrans but also elevated the level of Proteobacteria and 
Acidobacteria in the rhizosphere. In addition to it, the microbial genera engaged in 
numerous nitrogen-cycling progressions, like Bradyrhizobium, Rhodopseudomonas, 
and Nitrospira, were found to exhibit more abundance. Similarly, the fungus 
Basidiomycota got reduced in abundance in the apple rhizosphere after the treat-
ment, whereas the abundance of Zygomycota got increased (Mazzola et al. 2015).

The addition of fertilizers also changes the structure of rhizosphere microbiome. 
The soil amendments with high levels of nitrogen fertilizers negatively affect the 
soil diazotrophs. The discharge of root exudates is reliant on the plant physiological 
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status along with the nutrient obtainability. For instance, maize has been reported to 
discharge subordinate amounts of amino acids via roots during nitrogen scarcity 
(Carvalhais et al. 2011, 2013). Therefore, the application of nitrogenous fertilizers 
alters the nutrient status of the soil and thus affects the rhizospheric microbiome. 
The analysis of root exudates of maize during nitrogen fertilization has revealed a 
tremendous increment of 30-folds in the sugar alcohols, 11-folds in sugars, and 
7-folds in phenolics. This altered exudation process affected the rhizospheric micro-
biome by elevating the levels of Bacillales, Nitrosomonadales, and Rhodocyclales 
and by reducing the abundance of Chloroflexales, Gemmatimonadetes, and 
Phycisphaerae (Zhu et al. 2016).

6  Engineering the Plant

The plant systems happen to be the strategic elements for shaping the microbial 
populations in the rhizospheric zone. The plant’s ability to employ a diversity of 
occupations and stratagems to alter its rhizosphere in the quest to circumvent 
environment- associated stresses has attracted the interest of researchers for modify-
ing the rhizosphere by engineering the plant systems. The understanding of the 
actions taking place assists in the development of techniques for modifying the 
rhizosphere for attaining improved plant healthiness and enhanced soil output effi-
ciency. The plants can be genetically engineered for altering the soil organic anion 
efflux along with its transference from root cells by altering plants with an inordi-
nate aptitude to produce organic anions coupled with their conveyance outside the 
cell. The plants are also potent enough to be genetically amended for the fabrication 
of several recombinant proteinaceous molecules, root exudates, and several other 
metabolites which target a biased rhizospheric colonization (Ryan et  al. 2009; 
Mohanram and Kumar 2019). Nevertheless, the engineering of plant systems drives 
beyond the presently extensively nurtured, genetically altered plant systems that are 
resistant to a few pests or resilient to some herbicides.

The role of root exudates in shaping plant microbiome has attracted the attention 
of plant breeders and plant biotechnologists on a global basis for engineering the 
plant systems in the quest to get definite root exudates in higher concentration. As 
early as 1978, Petit et al. recommended to harness the benefit of the close connec-
tion prevailing amid the plants and their accompanying microbiota for framing the 
exudation process. This would offer a selective benefit to certain microbes which 
would help them in their establishment in the rhizospheric zone, a stratagem later 
designated “biased rhizosphere” or “artificial symbiosis” (Savka et al. 2002). The 
earlier reports on engineering plant systems for a biased rhizosphere mainly target 
the engineering of plant systems to produce opines. The presence of opines in the 
rhizospheric zone powerfully shakes the native microflora. To be sure, such opine- 
secreting transgenic plants lead to an increment in the population of opine- 
consuming associates that may range from 100 to more than 10,000-folds in the 
non-sterile soils (Mansouri et al. 2002). This phenomenon can result in alterations 
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of the bacterial members that persist evident even in the nonexistence of the selec-
tive pressure of opines (Oger et al. 2000) which further validate the excellence of 
opines as discerning substrates for microbial inhabitants in the rhizospheric zone. 
For instance, the transgenic lotus plants genetically altered for the production of two 
opines, namely, mannopine and nopaline, altered the composition of rhizospheric 
microbiome along with a specific increment in the bacterial communities able to 
exploit these molecules as sole carbon source (Oger et al. 2004).

The plant metabolism is redesigned for engineering the plant systems for desir-
able root exudates. The genes directing the synthesis of root exudates are firstly 
recognized in the plant systems, and then their expression levels are altered for 
redesigning the rhizosphere for upgraded features. For instance, the GM rice and 
tomato engineered with the vacuolar H+-pyrophosphatase gene AVP1 from the 
Arabidopsis plant displayed almost 50% more citrate as well as malate efflux as 
compared to their wild types after their treatment with aluminum phosphate. This 
was later deduced as a probable mechanism for enhancing resilience toward 
aluminum- ion-induced strain and to advance the plant aptitude to consume the 
unsolvable phosphorus (Ahkami et al. 2017; Yang et al. 2007). Similarly, a gene 
encoding for citrate synthase from Citrus junos plant when cloned and overex-
pressed in Nicotiana benthamiana led to a threefold increment in the enzyme activ-
ity which further supported the accumulation of citrate in a concentration that was 
found to be twofolds higher as equated to the wild-type plant systems. Certainly, the 
root systems of genetically altered plants were found to be more tolerant to alumi-
num toxicity, and, surprisingly, their roots sustained to lengthen at levels of 100 mM 
Al, which were enough to constrain growth in wild-type plants (Deng et al. 2009). 
Likewise, the citrate synthase gene originating from Pseudomonas aeruginosa 
when transferred into papaya also led to an augmented accrual of citrate in the cyto-
plasm (Rengel 2002) which was further complemented by enlarged efflux of citrate 
into the vicinity of roots along with an improved forbearance of transformed plants 
to Al. The secretion of specific root exudates has also been reported for increased 
plant tolerance toward the deficiency of nutrients. For instance, the transferring of 
rye chromosome 5R or only a minor segment of chromatin from the long arm of the 
chromosome 5R to wheat upsurges its lenience toward the copper paucity (Schlegel 
et al. 1997). The plant’s increased tolerance toward copper deficiency after the chro-
mosome transference is also coupled by the fact that genes for mugineic acid syn-
thase and 3-hydroxymugineic acid synthase, the enzymes involved in biosynthesis 
of common phytosiderophores, are located on the rye chromosome 5R (Rengel 
2002). Furthermore, the root exudates are also supposed to play a significant role in 
the abovementioned process.

The plant systems are evolved with different mechanisms to discharge the exu-
dates into the rhizospheric zone, comprising diverse kinds of passive as well as 
active transport systems. Conventionally, the exudation has been deliberated to be a 
passive progression, arbitrated via different pathways: the conveyance over the root 
membrane by diffusion, ionic channels, and vesicles transport (Baetz and Martinoia 
2014). The pitch shaped by their dissimilar levels amid the cytoplasm of root cells 
and the rhizosphere is a major factor in shaping the exudation process which is also 
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a subject to be affected by the permeability of root membrane, the veracity of root 
cells, and the polarity of the compounds to be exuded (Badri and Vivanco 2009). 
The presence of ion channels for secretion of several root exudates also provides a 
selective prospect for engineering the plants. The ionic channels are held account-
able for discharging the carbohydrates along with some precise carboxylates like 
malate and oxalate, which are oozed not by diffusion, but via a transport machinery 
facilitated by proteins. Two different anionic channels have been described: SLow 
Anion Channels (SLACs), originally named S-type (Slow-type), which need several 
seconds to be activated, and QUick Anion Channels (QUACs), originally named 
R-type (Rapid type), which can be activated in a few milliseconds (Dreyer et al. 
2012). The aluminum-activated malate transporters (ALMT) and multidrug and 
toxic compound extrusion (MATE) membrane transporters are extensively studied 
among all the transporters (Sharma et al. 2016; Kang et al. 2011; Vives-Peris et al. 
2020). The two approaches that have been tried to upsurge the discharge of organic 
ions from the roots are engineering the plant systems with an improved ability to 
synthesize organic ions and genetically altering the plant systems with a heightened 
aptitude to convey organic ions outside the cell (Ryan et al. 2009). The first approach 
targets the expression of genes concerned with the synthesis of particular ions, 
whereas the second approach targets the genes encoding proteins facilitating the 
movement of organic ions through the plasma membrane. The genetic engineering 
of plants grounded based on the second approach takes account of genes encoding 
the transport proteins. The foremost gene that was recognized to translate a trans-
port protein facilitating the efflux of organic anions from plants is TaALMT1 from 
Triticum aestivum (Sasaki et al. 2004). This gene codes for the first fellow of an 
innovative membrane protein family that functions as an anion channel to mediate 
Al3+-activated malate efflux from roots. Thus, it represents an important tool for 
altering the malate release in the plant rhizosphere. Similarly, the MATE genes are 
found to efflux a vast array of small organic composites comprising secondary 
metabolites like flavonoids and alkaloids (Omote et al. 2006). They have also been 
found to enable citrate efflux from the plant cells. The Arabidopsis and tobacco 
plants transformed with SbMATE1 and HvMATE genes, respectively, have been 
reported to deliberate Al3+-stimulated citrate efflux along with an augmented toler-
ance of Al3+ stress (Magalhaes et al. 2007; Furukawa et al. 2007). The examples 
have exhibited the key part of transport proteins in engineering the plant systems for 
getting a biased rhizospheric zone. Similarly, the plant systems can also be engi-
neered for altering the rhizospheric pH as the plant systems are known to back the 
rhizospheric acidification by engendering electrochemical gradient potential cross-
wise the cell membrane of root cells after the efflux of H+. This acidification assists 
in the augmentation of the plant’s contact to Fe3+ and P which are otherwise not 
accessible to plants (Hinsinger et al. 2003). The efflux of H+ ions from the plant 
cells is principally under the control of a large family of H+-ATPase. Therefore, the 
manipulation of plant systems for the overexpression of these genes in the quest to 
amend the rhizospheric pH also seems to be an open opportunity. The expression of 
the AVP1 pyrophosphatase in Arabidopsis beyond the normal levels persuaded a 
highly acidified rhizospheric environ, speciously by increasing the action of the cell 
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membrane H+-ATPase (Yang et  al. 2007). Therefore, the involvement of diverse 
biotechnological approaches can be utilized to engineer the plant systems for get-
ting a biased rhizosphere owing to the ability of the engineered plants to produce the 
desired root exudates, acidify the rhizospheric zone, and therefore harbor the desired 
set of microbial systems.

7  Engineering of Microbial Partners

The particular aim of microbiome engineering is to influence the microbiota in the 
direction of an assured type of microbial community that owes the potential of opti-
mizing plant functions of interest. Furthermore, the engineering of microbial part-
ners is always motivated to harnessing the advantage of naturally evolved 
plant-microbiome communication networks (Quiza et al. 2015). The directing force 
toward the alteration of rhizospheric microbiome in the quest to upsurge the plant 
functioning and productivity is the plenty of evidence that has unveiled the critical 
role of plant-microorganism connection to the healthiness, output-efficiency, and 
the complete situation of plant systems. Therefore, the only objective of modifying 
the plant microbiome is to drive the plethora of rhizospheric interactions in the 
direction of enhanced constructive aftermaths for the plant systems. The plant root 
exudation-mediated microbial colonization of rhizospheric microbiome is largely 
explored, but what is of more interest is that the presence of specific microbes in the 
rhizosphere is also identified to amend and shape the exudation process, for instance, 
antimicrobial-resistant Pseudomonas is potent enough to block the fabrication of 
plant antimicrobial compounds (Bais et al. 2008; Hartmann et al. 2009; Oburger 
et al. 2013). Thus, the parameter dealing with the engineering of microbial partners 
requires a prompt knowledge of rhizospheric interactions. However, the efforts for 
revealing rhizospheric communications are predominantly focused toward the apti-
tude of a single plant root exudate to touch the single bacterial or fungal rhizo-
spheric inhabitant. The unblemished constraint tackling this kind of attitude is the 
removal of the microorganism from any environment that would surely pot the exis-
tence of interspecies interactions into ignorance (Ziegler et  al. 2013). The other 
major restrain in this approach is the inability of several rhizospheric microbes to 
grow in the laboratory and the inadequacy of the culture-dependent approaches for 
the qualitative scrutiny of rhizosphere microbiome. Interestingly, in spite of these 
several methodologies, targeting rhizosphere microbiome engineering necessitates 
the involvement of microbial isolates at hand, thereby pointing the requirement for 
the escalation of cultivability of rhizospheric microbes. Therefore, the possession of 
a distinct functional capacity by several microbial isolates puts forward the approach 
of inoculating these microbial cultures in the plant rhizosphere in the quest to engi-
neer the plant microbiome for improved plant well-being and output (Ryan et al. 
2009; Quiza et al. 2015). However, the perseverance, as well as the serviceability of 
the inoculated isolates, needs to be further measured to ascertain positive influences 
when used as a definite stratagem for manipulating the rhizospheric microbiome 
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(Stefani et  al. 2015). In addition to this, the inoculation with genetically altered 
microbial strains also represents an important strategy for manipulating the rhizo-
spheric microbiome. The recombinant strains are genetically altered for any particu-
lar desired trait, and in several circumstances, the recombinant strains have the 
potential to address complications allied with the swift diminution of the population 
density coupled with their undersized persistence. The recombinant strains may 
bring out the augmentation of several inhabitants of the endogenous community by 
the transferal of genetic material via horizontal gene transfer. However, the release 
of GM strains in the environs necessitates a thorough assessment to appraise the 
impending risks associated (Ryan et al. 2009). However, the disruption of existing 
microbial communities of the rhizosphere before the inoculation favors the estab-
lishment of biological functions in the rhizosphere. The different approaches for 
altering the rhizosphere by targeting the microbial partner of the holobiont are 
explained in detail in the subsequent paragraphs.

7.1  Rhizosphere Engineering by Microbiome Manipulation

The manipulation of rhizospheric microbiome in a direct manner seems to be an 
easy and more feasible method for engineering the rhizosphere. The inoculation of 
potent microbial strains seems to be an imperative choice for altering the rhizo-
spheric microbiota. The existence of several novel tactics is potent enough to aug-
ment the competence as well as perseverance of the newly introduced microorganism 
into the soil systems (Bakker et al. 2012). The inoculation process follows some 
screens and selection perimeters along with a precise evaluation of the different 
plant health elevation attributes of the retrieved microbial isolates. Furthermore, 
their survival and growth in the carrier and their efficacy to perform in the natural 
environments are also assessed before the inoculation (Okafor 2016). The coloniza-
tion followed by dominance in the rhizospheric zone by the microorganisms is very 
critical for both beneficial and pathogenic microbes (Bakker et al. 2012). The apti-
tude of PGPR is being harnessed from several decades as amendments in the form 
of attributable to their employment as eco-friendly substitute to chemicals, thereby 
acting as protecting shield against the long-lasting negative impact on different 
chemicals on the environmental health. However, the employment of this technique 
has not picked up the anticipated pace regardless of having numerous proven ben-
efits. Therefore, the farming community has lost interest in this technology and thus 
still relies on the usage of chemical fertilizers (Dubey and Sharma 2019). Several 
limitations in the abovementioned process came across either with the monoinocu-
lation or even with a consortium assembled with a group of two or more bioinocu-
lants. The direct inoculation of any microbial culture in the rhizosphere is estimated 
to tackle a substantial degree of competition from the surroundings. It may also alter 
the already prevailing equipoise in the rhizospheric zone and, thus, can upset the 
plethora of valuable natural connections (plant-microbe and microbe-microbe inter-
actions) prevailing in the soils. However, some strategies for enhancing the 
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rhizosphere microbiome focusing on the co-inoculation with numerous microbial 
strains or mixed cultures of arbuscular mycorrhizal fungi (AMF), ectomycorrhizal 
fungi (ECM), PGPR, and endophytes, enabling combined niche exploitation, cross- 
feeding, enhancement of one organism’s colonization ability, modulating plant 
growth, and achieving niche saturation and competitive exclusion of pathogens have 
become successful also (Satyanarayana et al. 2019). The inoculation of microbial 
culture along with some organic amendment like compost has also proven to be suc-
cessful and has produced desirable results. The microbial strains that are to be inoc-
ulated are the result of the study of any particular plant’s microbiome as the plant 
microbiome consists of several energetic microorganisms that have the potential to 
alter the plant physiology as well as development and can also prompt the resistance 
systems against pathogenic microbes along with the elicitation of diverse tolerance 
mechanisms against numerous plant stresses (Santoyo et al. 2017; Yaish et al. 2017; 
Yuan et  al. 2016). The whole plant microbiome is not capable of assisting plant 
growth as only a few microbial strains possess these beneficial attributes and the 
synergistic effects between two strains or more have also been reported for their 
plant growth supportive attributes (Rojas-Solís et  al. 2018; Timm et  al. 2016). 
Therefore, the desired microbial strains are maintained in the form of bioformula-
tions for preserving their viability by shielding them from hostile environmental 
situations. There are different modes of applications of bioformulations in the field 
such as biopriming of seeds, foliar spray, seedling dip, and soil drenching. However, 
the inoculation of the desired microorganisms in the rhizosphere not only increases 
the number of the inoculated microbes but results in the alteration in the rhizo-
spheric environmental conditions, and therefore the change in the diverse array of 
communications taking place in the rhizosphere brings out an overall change in the 
rhizospheric microbiome. For instance, Wan et al. (2017) reported that the inocula-
tion of tomato rhizosphere with the biocontrol agent Bacillus amyloliquefaciens 
altered the rhizospheric composition and increased the abundance of Pseudomonas 
and Massilia. Similarly, Bacillus amyloliquefaciens when inoculated in the sor-
ghum rhizosphere significantly enhanced the yield and also affected the rhizosphere 
microbiology as the proportion of Tremellomycetes was reduced by 8.87% in the 
continuous cropping soil (Wu et al. 2019). Likewise, the inoculation of Pseudomonas 
putida Rs-198 in the pepper rhizosphere increased the abundance of Blastococcus, 
AKYG587, Pseudomonas, Cyanobacteria, and Chloroflexi (He et  al. 2019). The 
PGPR Paenibacillus mucilaginosus when co-inoculated with the rhizobia 
Sinorhizobium meliloti in the rhizosphere of Medicago sativa also altered the rhizo-
biome as displayed by a relative increment in the abundance of Firmicutes as well 
as Acidobacteria (Ju et al. 2020). The inoculation with AMF also changes the pro-
files of rhizospheric microbial community, for instance, the rhizosphere of Prosopis 
juliflora when inoculated with Glomus intraradices and a mix of G. intraradices 
and G. deserticola also significantly affected the bacterial and fungal community 
structure (Solís-Domínguez et al. 2011). Similarly, the inoculation of the AMF in 
the rhizospheres of Salvia officinalis L., Lavandula dentata L., Thymus vulgaris L., 
and Santolina chamaecyparissus also altered the bacterial and fungal communities 
of rhizosphere. Moreover, the ability of the AM fungus to shape the rhizosphere 
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bacterial community structure was independent of the host plant species (Rodríguez- 
Caballero et  al. 2017). Similarly the inoculation of maize with the phosphate- 
solubilizing fungi, namely, Aspergillus niger P39 and Penicdlium ozalzcum P66, 
also lead to an increased bacterial diversity in the rhizospheric zone as assessed 
using DGGE fingerprinting (Guang-Hua et al. 2007). Therefore, it can be concluded 
that the members of rhizospheric microbiota which are often selected from the core 
microbiome on the basis of their several growth promotion attributes not only 
directly benefit the plant systems by their valuable possessions but also serve the 
plant systems by creating a unique environment in the plant rhizosphere. The inocu-
lated microbes assist the growth of plant systems by reshaping the microbial com-
munity of the rhizosphere where some genera face a relative increment in their 
proportion, while the others have to bear a concomitant decline. Thus, this approach 
inoculating desirable microbes proves to be an important tool for engineering the 
rhizosphere.

7.2  Rhizospheric Engineering by Genetic Manipulation 
of Microbes

The microbial strains used for inoculation in the quest to engineer the rhizosphere 
must be established in the rhizosphere and should uphold biologically active popu-
lations to outcompete the already adapted occupant microbial systems. However, 
microbial systems employ a lot of stratagems for successfully inhabiting the new 
environment, for instance, synthesis of cell surface molecules; at various times the 
colonization process is not found to be much effective (Ryan et al. 2009). Therefore, 
the genetic engineering of several microbial strains for various desired traits seems 
to be a viable option for enhancing their fitness before their inoculation (Fig. 21.3). 
The genes responsible for the growth promotion attributes of microbial systems 
have demonstrated to be effective targets for strain enhancement, either by amend-
ing the timing or degree of their expression or by transferring and expressing them 
in alternate hosts with other desirable attributes (Ryan et al. 2009). However, the 
early efforts comprise the insertion of a heterologous gene encoding a siderophore 
receptor into a Pseudomonas fluorescens strain to render it more competitive in soil 
(Dessaux et al. 2016). This methodology targets the gene insertion tactic for increas-
ing the number of outer membrane siderophore receptors in microbial strains for 
making them more efficient on iron acquisition and therefore inhabiting the rhizo-
sphere, for instance, the insertion of the siderophore receptor for ferric pseudobactin 
358 into P. fluorescens WCS374 resulted in a strain that was found to be more com-
petitive than the WCS374 parental strain for the occupation of the radish rhizo-
sphere (Geetha and Joshi 2013; Raaijmakers et al. 1995). The rhizobacteria are also 
genetically engineered for the production of several key enzymes and have demon-
strated improved plant growth promotion attributes, for instance, Pseudomonas 
fluorescens CHA0 altered with the acdS gene coding for the enzyme ACC 
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deaminase significantly improved the root length in canola seedlings and also pro-
vided enhanced defense against the phytopathogen Pythium (Wang et  al. 2000). 
Similarly, the genetically altered B. subtilis OKBHF significantly increased the 
height, fresh weight, and flower along with the fruit number in tomato plants along 
with a concomitant reduction in the disease rigorousness due to Cucumber mosaic 
virus. The Bacillus strain was genetically engineered for the gene coding for the 
HpaGXooc which is a member of the harpin group of proteins and is responsible for 
the biocontrol activity (Wang et al. 2011).

The plant systems also face several abiotic stresses, and it is an unhidden fact that 
several PGPR strains have got unique abilities to aid plant systems during their 
exposure to different stresses. The competent microbial strains which prove to be 
effective in coping with the abiotic stresses are isolated and identified, and the 
molecular cascade of events taking place during the microbial elimination of plant 
stress is unveiled in the quest to engineer microbial strains with an improved capa-
bility of assuaging the plant stress responses. A cadmium-resistant Pseudomonas 
aeruginosa transformed with metallothionein gene has been validated for its tre-
mendous capability of adsorbing cadmium ions via extracellular accrual and was 
also found to owe an improved aptitude for the immobilization of cadmium divalent 
ions from the external source. The inoculation of this genetically altered microor-
ganism in cadmium-polluted soil considerably heightened the plant biomass as well 
as the chlorophyll content in leaf (Huang et al. 2016; Jishma et al. 2019).

The colonization of plant root by the inoculated microorganism represents an 
important parameter to be considered for genetically altering the microbial systems. 
The colonization of root surfaces is driven by a molecular cascade of events and also 

Fig. 21.3 Effect of inoculating plants with GM microorganisms altered for various traits on the 
plant health
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depends on various factors like phenomenon of chemotaxis and biofilm formation 
(Yaryura et  al. 2008). The disruption of gene abrB created a genetically altered 
strain of Bacillus amyloliquefaciens SQR9 which resulted in enhanced root coloni-
zation therefore with enhanced biocontrol ability (Weng et al. 2013).

The plants facing insect attacks can also be inoculated with the genetically engi-
neered endophytic microbes transformed with the genes coding for precise insecti-
cidal proteins. Such endophytes are also designated as living vectors meant for the 
expression of anti-pest proteins in plant systems. The first attempt to insert a heter-
ologous gene into an endophytic microbe was made by Fahey (1988). The other 
endophyte Clavibacter xyli subsp. cynodontis was also genetically manipulated 
with an endotoxin gene originating from Bacillus thuringiensis. The genetically 
improved bacterium was capable of secreting toxin inside the plant that protected 
the plant systems from insect attacks with a specific reduction in the attacks of 
Ostrinia nubilalis (Tomasino et al. 1995; Lampel et al. 1994). The nitrogen-fixing 
bacterium Bradyrhizobium has also been transformed with the endotoxin gene from 
B. thuringiensis and was later inoculated into the roots of Cajanus cajan, where it 
not only upgraded the nitrogen fixation process but also provided protection to the 
plant systems against Rivelia angulata larvae (Nambiar et al. 1990). Similarly, the 
endophytic Bacillus subtilis WH2 which was genetically engineered to express anti- 
pest Pinellia ternata agglutinin by insertion of PTA gene into plasmid pP43NMK 
displayed insecticidal activity against white-backed planthopper Sogatella furcifera 
when inoculated in the rice rhizosphere (Qi et al. 2013). Thus, the genetically altered 
microbes represent an important candidature to be considered for engineering the 
plant rhizosphere owing to their enhanced performance as compared to their wild 
relatives. They can be genetically altered for improved colonization of the plant 
roots as well as for other plant-growth-aiding traits. Moreover, the employment of 
GM microorganisms could result in the enhancement of many members of the 
endogenous population by the transmission of genetic information via horizontal 
gene transfer.

8  Engineering of Interactions

The involvement of root-associated microbiome makes the holobiont a single and 
complete unit. The association of microorganisms to the plant tissues is a complex 
process which happens in the soil by way of chemical interactions that takes place 
with the active involvement of both the partners (Farrar et al. 2014). Taking into 
account the complication of these communications, a fine understanding of these 
chemical networks amid all members is indispensable to untangle how microbial 
inhabitants harmonize their activities and intermingle with the plant roots. Therefore, 
the portrayal of these interactions is an essential step for understanding the connota-
tions as well as occupations of microbial populations (Kumar et al. 2016). However, 
many molecules along with the mechanisms involved that synchronize the founda-
tion of precise rhizospheric interactions have already been unveiled and explored in 
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literature. The understanding of such interactions is staggering as the signaling mol-
ecules owe the aptitude of upsurging plant functions of interest and provide a unique 
methodology to access control over the microbial inhabitants if properly understood 
and harnessed (Guttman et al. 2014; Quiza et al. 2015). The plant’s sole purpose of 
shaping the rhizospheric microbiome is to fascinate favored microbial associates 
and to deter the pathogens along with the undesirable contestants. These activities 
happen as a result of different signaling molecules secreted by the plant systems in 
the form of root exudates. In addition to plant systems, numerous microbes also 
discharge different signaling compounds in the rhizosphere. These signaling mole-
cules play important roles not only in the life cycles of these organisms but also in 
their evolution as well as complexity of life (Cornforth et al. 2014; Parks et al. 2014; 
West et  al. 2015). Furthermore, the successful colonization of plant roots by the 
competent rhizobacteria is possible only due to this bidirectional signaling. 
Consequently, the collective interests of both the donor and the recipient in the quest 
to disseminate the unswerving information prompt an operative signaling arrange-
ment to procure numerous health benefits (Kumar et al. 2016). Thus, this bidirec-
tional signaling which accounts for ecological interaction between plant and 
microbial systems also provides a platform for rhizospheric engineering by manipu-
lating the interaction taking place in the rhizospheric zone. The plant-allied micro-
bial partners yield and exploit diffusible quorum-sensing molecules (e.g., 
N-acyl-homoserine lactones, AHLs) for signaling each other and thus to order their 
gene expression (Berendsen et al. 2012). The AHLs of bacterial origin have also 
been reported to affect root development in the plant systems (Ortíz-Castro et al. 
2008) along with the elicitation of the phenomenon acknowledged as induced sys-
temic resistance (ISR) which permits the plant systems to withstand the pathogenic 
attacks that possibly will be disastrous without the occurrence of such factors of 
bacterial origin. The plant systems have also developed the ability to utilize the 
microbial communication systems for manipulating the gene expression in their 
accompanying microbial populations, such as various plant-allied bacterial mem-
bers, which owe some LuxR-like proteinaceous molecules which are motivated 
from different signals originating from plant systems (Ferluga and Venturi 2009). A 
small proportion of bacterial communities is diverse owing to their ability to quench 
the signaling process by deteriorating numerous compounds of plant as well as 
microbial origin in the rhizosphere, thereby leading to the disruption of quorum- 
sensing process (Tarkka et al. 2009), and other members have also been reported for 
degrading the compounds, like ethylene, that negatively affect the plant health (Bais 
et al. 2008). Such members of microbiological community provide an ostensible 
opportunity for engineering the rhizospheric interactions in the hunt to shape a per-
fect rhizosphere supporting healthy plant systems. For instance, the members of 
genus Pectobacterium are highly plant pathogenic, and their pathogenicity depends 
on the fabrication of enzymes that degrade the plant cell wall and are popularly 
known as macerating enzymes (Liu et  al. 2008). The microbe produces these 
enzymes at great cell density via quorum-sensing mechanisms. The bacterial cell 
synthesizes a signal molecule, and the concentration of that molecule upturns with 
the cell density. The quorum-sensing signal is professed after attaining a threshold 
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cell concentration which further prompts the production of the macerating enzymes 
and in turn the humiliation of the plant tissues. The biocontrol of this plant pathogen 
is usually based on the alteration of the interactions, i.e., by inhibiting the quorum- 
sensing mechanism (Faure and Dessaux 2007). Several soil microbes having the 
potential to degrade the QS signal, for instance, Bacillus cereus, Bacillus thuringi-
ensis, and Rhodococcus erythropolis, have been reported to condense the macera-
tion signs under laboratory conditions (Uroz et al. 2003). It has been found that the 
bacterium R. erythropolis does not hinder the progression of the pathogen, but pro-
ficiently averts the accretion of the QS signal and henceforth the deliquescence of 
the plant tissues (Cirou et al. 2007, 2011, 2012).

Another example of successful engineering of interactions is the successful 
transformation of soil bacterium Burkholderia cepacia with a plasmid encoding 
toluene degradation (Fig. 21.4). The reinoculation of yellow lupine plants with the 
transformed bacterial strain sustained the plant growth that too without the appear-
ance of any symptoms of phytotoxicity even at the elevated levels (1000 mg/l) of 
toluene, contrary to the control plants that displayed symptoms of phytotoxicity at 
the toluene intensities above 100 mg/l. Some PGPRs are known to aid the plant 
growth by forming a biofilm around the plant root cells. This biofilm formation hap-
pens as a result of microbial response toward the plant root exudates. The addition 
of root exudates responsible for prompting biofilm formation along with the inocu-
lation of microbial culture is known to enhance plant-microbe interactions and 
therefore also encourage the biofilm formation (Zhang et al. 2015). Furthermore, 

Fig. 21.4 Inoculation of a stressed plant with the genetically engineered microbial partners of 
holobiont for improved plant-microbe interactions
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the combinatorial addition of several microbial strains has also been reported for 
their improved efficacy as well as improved plant growth assessment parameters. In 
addition to it, the combinatorial addition has also been proven for supporting greater 
microbial diversity in plant rhizosphere (Gupta et al. 2019) which probably has hap-
pened due to reshaping of the biotic interactions happening in the rhizospheric 
hotspot. The plant-microbe interactions especially the symbiotic association 
between plant systems and the rhizospheric microbiota are also engineered for in 
situ bioremediation of an extensive array of organic pollutants like parathion, tri-
chloroethylene, toluene, and PCBs using genetically altered rhizobacteria or endo-
phytic bacteria (Wu et al. 2006). In a study, the Arabidopsis thaliana phytochelatin 
synthase gene (PCSAT) was expressed in a micro-symbiont, Mesorhizobium huakuii 
subsp. rengei, which lives in the nodules of Astragalus sinicus. The symbiont 
expressing the PC synthase possessed the ability to upsurge the cadmium accretion 
by 1.5-fold in the nodules (Sriprang et al. 2003). Similarly, an antifungal bacterium 
Pseudomonas putida 06909 engineered for plant-microbe symbiotic relationship 
also exhibited enhanced cadmium-binding properties. The genetic engineering- 
mediated expression of a metal-binding peptide (EC20) not only upgraded cad-
mium binding but also alleviated the cellular toxicity of cadmium (Wu et al. 2006). 
Thus it can be concluded that the interval of interactions between plants and 
microbes happens to be very critical as it is the process of interaction only which 
kicks the plant systems as well as microbial systems toward a state of interdepen-
dence where both the members can harness the beneficial attributes of each other. 
Therefore, the engineering of interactions can reshape the plant-microbe interac-
tions for enhanced plant productivity as well as superior plant health.

9  Conclusion and Future Prospects

The rhizosphere is one among the most complex microbial habitats. Plants have 
evolved into a microbial world where they extended their fine network of roots into 
the soil already inhabited by a diverse community of microbes. The rapid coloniza-
tion of the plant roots by the microbes followed by the plant-mediated release of 
photosynthates via its roots has put both the life forms in a state of interdependence 
where both these survive as a single unit called as holobiont. Plants are largely 
known for engineering their rhizospheric microbiomes which differ by the cultivar, 
age, and variety of plants. However, a large proportion of the rhizospheric microbi-
ome is still represented by the Proteobacteria and Actinobacteria, and the microbial 
population varies at the genus and species levels. Plants secrete root exudates to 
harbor a great diversity of microorganisms. The rhizospheric microbiota responds 
to these exudates by the phenomenon of chemotaxis and actively colonizes the plant 
roots. But the prevalence of bad and ugly microbiome proves to be problematic at 
different times and puts the plant systems in a state of stress. However, the valuable 
possessions of the beneficial rhizospheric microbiota, for instance, their ability to 
own plant growth promotion traits and xenobiotic degradation, improve soil 
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structure, and sustain the plant health and productivity, have attracted the attention 
of researchers to create a “rhizosphere bias”. Where only the microbiota beneficial 
to the plant systems can thrive and aid the plant growth. The rhizosphere can be 
engineered for the beneficial microbiota by several soil amendments and by direct 
inoculation of the selected PGPR isolates. However, only a little proportion of rhi-
zospheric microbiome is culturable; therefore, the development of novel processes 
which can study the valuable microbial possessions in its natural habitat should be 
a point of major concern. The amendments should be decided after unveiling the 
requirements of unculturable microbiota. The artificial addition of root exudates is 
also known to be the important soil amendment, but on the flip side, all the root 
exudates secreted by the plants at different times haven’t been unveiled yet. The 
interactive effect of all the root exudates should be worked out along with their 
precise effect on both culturable and non-culturable rhizospheric microbiota. The 
plant systems are genetically engineered for the production of the desired root exu-
dates, ion efflux, and other metabolites. The advancement in techniques for cheaper 
production of such metabolites is the need of the hour. Moreover, the artificial pro-
duction of root exudates at an industrial scale could save a lot of money in the agri-
cultural sector by boosting the overall production. The identification of different 
biotic and abiotic parts of rhizosphere can also unveil some hidden rhizospheric 
interactions which can further prove to be an important asset for the agricultural 
sector. The genetic engineering experiments in the plants have proven to be of only 
a little success; therefore, the development of robust methodologies which can 
reveal some novel pathways for metabolic engineering of the plant systems should 
be addressed. Ultimately, the rhizosphere is a highly dynamic habitat where predic-
tions work the least; thus, this dynamic microbial habitat is a subject to dynamic 
research.
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1  Introduction

Due to the dramatic increase in toxic products from various human activities, it has 
become an important challenge to control environmental pollution. Among them, 
the major increase in recent years has been soil pollution which might harm human 
health, crop quality, agriculture, and the climate (Conesa et al. 2012). One of the 
prominent reasons for soil pollution is due to human activities. The common strate-
gies to remove toxic pollutants from contaminated soils and groundwater are often 
expensive, labor exhaustive, and not cost-efficient. There are several strategies to 
remove toxic substances from soil and groundwater. Phytoremediation can be one 
of these strategies to remove toxic substances from our environment. The plant 
organism and related microbial networks can be viewed as a daylight-driven hotspot 
for the turnover of natural, synthetic substances. In such conditions, the destiny of a 
compound won’t just rely upon its inborn auxiliary soundness toward biochemical 
responses and its bioavailability yet additionally on the practical viability and solid-
ness of common microbial networks as fundamental drivers of characteristic weak-
ening of synthetic concoctions. Late research exhibits that collaborations among 
plants and microorganisms are significant for the biotransformation of natural, syn-
thetic concoctions, for different procedures influencing the bioavailability of such 
mixes, and for the dependability of the affected biological system. Persistent natural 
poisons (POPs) and overwhelming metals, are considered as the most significant 
compound families that result in soil contamination (Belden et al. 2004; Xia et al. 
2009). Due to the usage of insecticides against pests and mosquitoes, DDT has been 
collected in soil and river sediments (Lunney et al. 2004). The most common heavy 
metal pollution in soils is cadmium which is toxic to organisms. Low amount of Cd 
and DDT may influence the thickness of bone and increase the danger of vertebral 
breakage (Rignell-Hydbom et al. 2009). Bioremediation can convert pollutants to 
nonhazardous components enzymatically. However, the contaminant detoxification 
cycle can only continue if the conditions are suitable for the microorganism’s 
growth and movement. Several bacteria complicate the process of eliminating 
organic contaminants, which rely mainly on the intracellular and extracellular 
enzymes (Madadi and Abbas 2017). Agricultural drainage and industrial release can 
be managed by rhizofiltration (Yadav et al. 2011; Yan-de et al. 2007). There can be 
approximately 275 hazardous substances that cause a threat to human health 
(Bernard 2010). The top 10 most “priority substances” are presented in Table 22.1. 
To circumvent the harmful effect of these hazardous compounds, several method-
ologies have been proposed to lower them from the soil. These techniques mainly 
incorporate the expulsion of soil to landfill locales or mainly physical methods. 
Such methods are quick but not cost-effective and may pose a danger to physical, 
chemical, and biological properties of soil. Moreover, the elimination of toxic sub-
stances from the atmosphere may be classified by the various groups and forms of 
these chemicals. The soil can, for example, be polluted with metals, toxic inorganic 
compounds, or various organic compounds. Metals include cadmium, cobalt, cop-
per, chromium, lead, zinc, selenium, nickel, or mercury, among others. Other 
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inorganic mixtures could include nitrate, arsenic, sodium, alkali, or phosphate. 
Uranium, cesium, or strontium can be radioactive compounds. Chlorinated solvents 
such as trichloroethylene may form organic compounds: explosives like trinitrotolu-
ene (TNT) and 1,3,5-trinitro-1,3,5-hexahydrotriazine (RDX). Certain constituents 
include numerous petroleum hydrocarbons such as benzene, toluene, and xylene 
(BTX), polycyclic aromatic hydrocarbons (PAHs), and pesticides such as atrazine 
and bentazone.

2  Importance of Phytoremediation

Phytoremediation, a system that utilizes plants to corrupt, balance out, and addition-
ally expel soil pollutants, has been broadly explored. Rhizoremediation, a specific 
kind of phytoremediation which includes the plants and their related rhizosphere 
microorganisms, can happen normally/generally or can be impelled through inten-
tionally presenting explicit organisms. In stress condition, such microbes can act as 
degraders and encourage plant growth (Gerhardt et al. 2009; Ahamd et al. 2019). 
Whereas certain natural compounds may be metabolized (i.e., remediated) by bacte-
ria that can be contained in or adjacent to the soil, without plants, this technique is 
usually moderate and incompetent due to the relatively limited number of decaying 
microorganisms throughout the soil (Brookes and McGrath 1984). In another way, 
the use of plants for the remediation of polluted soils, i.e., phytoremediation, is a 
technically safe, effective, and moderately modest technology that is likely to be 
readily adopted by the applicable accessible. Soil microorganisms which are in close 
contact with plant roots may often promote metal phytoextraction (Shilev et al. 2001).

Phytoremediation has improved plant biotechnological approaches. The trans-
genic plants have more potential for productivity and are perfect and modest with 
economic bioremediation innovations which are highly encouraging; with few dif-
ficulties remain. Phytoremediation is a promising innovation that utilizes plants to 
debase, absorb, use, or detoxify metals, hydrocarbons, pesticides, and chlorinated 
solvents.

Table 22.1 The top 10 most 
toxic metal components are 
mentioned below

Rank Substance

1. Arsenic
2. Lead
3. Mercury
4. Vinyl chloride
5. Polychlorinated biphenyls
6. Benzene
7. Cadmium
8. Polycyclic aromatic hydrocarbons
9. Benzo[a]pyrene
10. Benzo[b]fluoranthene
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3  Merits and Demerits

The various merits of bioremediation are enlisted below:

 1. It is conceivable as well as freely acknowledged (Marmiroli and McCutcheon 
2004; Watt 2007).

 2. Can be moderated by solar energy (Ali et al. 2013).
 3. It can work together with organic compounds (Cofield et al. 2007).
 4. Not expensive (Cornish et al. 1995).
 5. On the plantation side, it reduces soil erosion by wind and water (Cunningham 

et al. 1995).
 6. The metal-rich plant residue is reusable.
 7. Water and airborne secondary diseases can be eliminated (Lili and Hui 2007).

Although some demerits are listed here below:

 1. Due to the short root system of plants, only sub-surface contaminants can be 
cleaned up (Padmavathiamma and Li 2007).

 2. Trees with longer root system can tidy up somewhat more profound pollution 
than plants, regularly 10–15 ft., yet fail to clean up intense springs moving for-
ward without any more structure work.

 3. These plants which have absorbed toxic pollutants can be a threat to the food 
chain (Arthur et al. 2000).

 4. It requires large space and intense care.
 5. Some volatile compound from groundwater can be a problem for air pollution 

too (Sakakibara et al. 2010).
 6. Plants used in the remedy become inedible (Mejáre and Bülow 2001).
 7. It takes a lot of time to clean up a small space (Stomp et al. 1994).

4  Mechanism of Phytoremediation

Rhizoremediation is a kind of phytoremediation which helps clean up pollutants 
from the low to moderate pollution level suitable mainly for both small and large 
sites (Zhuang et al. 2007) (Fig. 22.1).

The rhizosphere is identified with the root system and encompassing the surface 
and sub-surface soil. The three zones of rhizosphere are as follows:

 1. Endorhizosphere: Some root tissue part (endodermis and cortical layers).
 2. Rhizoplane: The root surface area where microorganisms associate with soil. It 

consists of three layers (epidermis, cortex core, and layer of polysaccharides).
 3. Ectorhizosphere: Zone in which the roots adjoin the soil surface.
 4. For expulsion of corruption forms, plants are engaged with several instruments 

to evacuate both natural and chemical toxic materials from contaminated situa-
tions (Rao et al. 2010).
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Heavy metals pose a grave danger to human and animal health. Heavy metal 
accumulation in bodies of plants and animals happens after it enters the food chain 
(Haris et al. 2021; Dhankar et al. 2020; Hussain et al. 2021). They pose a threat 
because of the mutagenic ability of some heavy metals as it damages the DNA 
(Mohamed 2011; Mohamed et al. 2016; Akladious and Mohamed 2017). That is 
why the removal of these heavy metals for soil and several in situ and ex situ tech-
nologies that are used for this purpose is required. Phytoremediation is an environ-
mentally sustainable technique, cost-effective for cleaning metal-polluted soils. In 
their growth, plants embrace various processes to lower the metal in soils without 
any antagonistic impacts (Table 22.2).

Phytostabilization, phytoextraction, and phytovolatilization are the main mecha-
nisms, but here we are giving a brief explanation of phytovolatilization.

4.1  Phytovolatilization

Changing of toxic heavy metals such as Hg, Se, and As into less dangerous, unfore-
seeable structures released into the atmosphere by plants is called phytovolatiliza-
tion (Malik and Biswas 2012). The reasonable utilization of phytovolatilization is 

Fig. 22.1 A simple diagrammatic presentation of phytoremediation
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addressed because of the arrival of harmful unstable mixes to the environment with 
a hazard evaluation ought to be finished (Marques et  al. 2009). Although some 
reported that these volatile compounds pose no threat to the environment, they 
mostly become diluted and dispersed (Meagher et  al. 2000). Arsenic effectively 
volatilized into a mixture of arsenic mixes, arsenite, and arsenate (Sakakibara 
et al. 2010).

4.2  Phytoextraction

This is the mechanism in which foliage plants remove heavy metals from soil. The 
heavy metals in the soils are absorbed, transported, and accumulated in the plant’s 
parts above the ground. These plant parts are then collected and safely handled to 
either dispose of the heavy metals or recycle them. These plants must have the capa-
bility of both metal tolerance and fast-growing to produce high biomass (Fig. 22.2).

5  Role of Microbial Enzyme in Phytoremediation

Table 22.3 shows the role of the plant and microbial enzymes in the biodegradation 
of organic compounds. Microbial sources are identified as (B) the bacterium or (F) 
the fungus.

Microbial enzymes play an essential role in the removal of environmentally toxic 
substances that are dispersed in the environment due to human activities. Various 
catalysts, e.g., oxygenases, are significant chemicals as they are fundamentally 
associated with the underlying procedure of corruption and reduce and debase the 

Table 22.2 Various plants used as phytoremediation

Plant Metal Reference(s)

Sedum alfredii H. Pb, Cd Anjum et al. (2012)
Pteris vittata As Datta et al. (2017)
Thlaspi goesingense Ni Puschenreiter et al. 

(2003)
Sedum alfredii Zn Yang et al. (2006)
Arabidopsis thaliana Cd Kiyono et al. (2012)
Pistia stratiotes Cd, Pb, Zn Vesely et al. (2012)
Eichhornia crassipes As Theeta et al. (2018)
Pistia stratiotes L. Cd, Zn Vidal et al. (2019)
Alyssum species,
Brassica juncea

Ni Kerkeb and Krämer 
(2003)

Oryza longistaminata, Sorghum arundinaceum, 
Tithonia diversifolia, and Hyparrhenia rufa

Hydrocarbon- 
contaminated soils

Ruley et al. (2020)

Athyrium wardii Cd, Pb Zhang et al. (2012); 
Zou et al. (2011)

Brassica juncea Cd Seth et al. (2008)
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PHYTOVOLATILIZATION

PHYTOEXTRACTION

PHYTOSTABILIZATION

PHYTOREMEDIATION
and MECHANISMS

Fig. 22.2 Phytoremediation and its mechanisms

Table 22.3 List of different plant and microbial enzymes which function in organic compound 
biodegradation

Enzyme family Examples of known source(s) References

Various plant enzymes for 
uptake,
transport, sequestration, 
and degradation

All plants Pilon-Smits (2005)

Dehalogenase Xanthobacter autotrophicus (B) Hybrid 
poplar (Populus spp.) Sphingobium
chlorophenolicum (B)

Mena-Benitez et al. 
(2008)
Susarla et al. (2002)
Cai and Xun (2002)

Laccase Alfalfa (Medicago sativa) Trametes 
versicolor (F)

Gramss et al. (2013)
Novotny et al. (1997)

Dioxygenase Pseudomonas sp. (B) Mycobacterium sp. 
(B)

Pieper et al. (2004)
Pieper et al. (2004)

Peroxidase Horseradish (Armoracia rusticana) Susarla et al. (2002)
Nitrilase Willow (Salix spp.)

Aspergillus niger (F)
Susarla et al. (2002)
Kaplan et al. (2006)

Nitroreductase Comamonas ssp. (B)
Pseudomonas putida (B)
Hybrid poplar (Populus spp.)

Liu et al. (2007)
Caballero et al. 
(2005)
Susarla et al. (2002)

Phosphatase Giant duckweed (Spirodela polyrhiza) Susarla et al. (2002)
Cytochrome P450 
monooxygenase

Most aerobic bacteria, all fungi, and all 
plants

McLean et al. (2005)

Oxidoreductases Flavobacterium sp., Phanerochaete 
chrysosporium

Fierer (2017)

Oxygenases Bacillus subtilis (B) Muthukamalam et al. 
(2017)

Esterase Bacillus subtilis (B) Gangola et al. (2018)
Oxidoreductase Fungi Barber et al. (2020)
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fragrant mixes. They reduce the toxic substances into the substrates. Two major 
oxygenases are monooxygenases (add one molecule of oxygen) and dioxygenases 
(add two molecules of oxygen) (Arora et al. 2010; Karigar and Rao 2011).

5.1  Microbial Oxidoreductases

Oxidoreductases used to remove the harmful effect of organic compounds by vari-
ous bacteria, fungi, and plants (Husain 2006; Karigar and Rao 2011) by oxidative 
association. Microbes derive energy using biochemical reactions mediated by these 
enzymes in order to cleave chemical bonds and assist in electron transfer from a 
reduced organic (donor) substrate to another chemical (acceptor) compound. The 
pollutants are gradually oxidized to harmless compounds during these oxidation- 
reduction reactions (Karigar and Rao 2011). Oxidoreductases are involved in 
humidifying various phenolic substances which are formed in a soil environment 
from the decomposition of lignin. In the same way, oxidoreductases can also detox-
ify toxic xenobiotics by polymerization, such as phenolic or anilinic compounds, 
copolymerization, or binding of humic substances with certain substrates (Park 
et  al. 2006). Microbial enzymes were used to decolorate and degrade azo dyes 
(Husain 2006). In the energy production process, bacteria consume electrons from 
organic compounds and use radioactive metal as the final electron acceptor. 
Eventually, the precipitant can be the product of bacterial redox reactions that 
reduce metals (Leung 2004).

The most common recalcitrant waste are chlorinated phenolic compounds that 
are present in the paper and pulp-processed effluents. Such compounds are formed 
during the process of pulp bleaching upon partial degradation of lignin. Most fungal 
organisms are considered appropriate for the removal from polluted habitats of 
chlorinated phenolic compounds. The filamentous fungal mycelia produce extracel-
lular oxidoreductase enzymes which are released into the natural environment and 
are more effective in penetration of soil pollution than bacteria (Rubilar et al. 2008). 
Plants can decontaminate water polluted with phenolic compounds using enzymes 
which are produced and released from their roots. Phytoremediation of chemical 
contaminants has generally concentrated on three groups of compounds: chlori-
nated solvents, explosives, and hydrocarbons for petroleum (Duran and 
Esposito 2000).

5.1.1  Microbial Oxygenases

Oxygenases are a member of the enzyme class called oxidoreductase, FAD/NADH/
NADPH used as cosubstrate to transfer oxygen from O2. Oxygenases are classified 
into two classes, depending on the number of oxygen atoms used for oxygenation: 
monooxygenases and dioxygenases. They play a vital position in the chemical pro-
cess of an organic compound by increasing their reactivity or water solubility or by 
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causing cleavage of the aromatic ring. O2 atoms are normally incorporated by oxy-
genase into the organic molecule, leading to cleavage of the aromatic ring (Arora 
et al. 2009).

5.1.2  Microbial Monooxygenases

The addition of a singlet oxygen molecule is achieved in the substrate by using 
monooxygenase enzyme. The cofactors used can be divided into two subgroups: (1) 
monooxygenases based on flavin and (2) monooxygenases P450 (Bacillus megate-
rium). The first subgroup prothetic group is flavin that is activated by using the 
coenzymes (NADP or NADPH), and the second subgroup includes heme. 
Monooxygenases are initiated and increase the rate of a chemical reaction activity 
in the phytoremediation. The other enzymes are cofactor-autonomous that play out 
their action with the subatomic oxygen as it were. Numerous procedures including 
desulfurization, denitrification, nitrification, ammonization, dehalogenation, shift, 
hydroxylation, and fragrant and aliphatic biodegradation are regulated by catalyst 
monooxygenases (Lock et  al. 2017; Sirajuddin and Rosenzweig 2017; Syed 
et al. 2013).

5.1.3  Microbial Dioxygenases

Those are farraginous systems of enzymes which add molecular oxygen into the 
substrate. They degenerate the aromatic complex which raises a serious damage to 
the environment. This can be divided into two subclasses, depending on the 
enzyme’s mode of activity: hydroxylation and cleavage dioxygenases. The hydrox-
ylation enzyme catalyzes the expansion into the substrate of two oxygen atoms, 
while the cleavage enzyme catalyzes an aromatic ring usually carrying at least two 
or more groups of hydroxyls. The dioxygenase cleavage is further divided into two 
groups: intradiol and an extradiol. Such enzymes are concerned with environmental 
degradation of aromatic molecules. They are soil bacteria that are involved in the 
transformation process by converting aromatic precursors into aliphatic products 
(Al-Hawash et  al. 2018; Fulekar 2017; Muthukamalam et  al. 2017; Xenia and 
Refugio 2016).

5.2  Microbial Peroxidases

Peroxidases (EC 1.11.1.7) are disseminated widely in the environment. Plants and 
microorganisms are different sources that produce peroxidase enzymes. These 
microbial enzymes include degradation of pollution, raw materials, food and paper 
industries, degradation of textile dyes, lignin degradation paper/pulp industry, 
decoloration of the dye, sewage treatment, and animal feedstock and as biosensors. 
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For plants, they help in the production of lignin, the formation of cell walls, auxin 
metabolism, cell elongation, and channel protection. Also, they are subdivided into 
both heme and nonheme proteins. Furthermore, heme peroxidases in the prokary-
otes and the eukaryotes are classified into three groups based on contrast (Bansal 
and Kanwar 2013; Falade et al. 2016).

5.2.1  Microbial Lignin Peroxidases (Lip)

During secondary metabolism, the white-rot fungus produces lignin peroxidases. 
Having the existence of H2O2 and mediator like veratryl alcohol LiP, lignin and 
other phenolic compounds are depleted. During the reaction, H2O2 is reduced to 
H2O by obtaining electron from LiP (which is oxidized by itself) (Ten Have and 
Teunissen 2001). Lignin peroxidase (LiP) plays an essential function in the biodeg-
radation of plant cell walls’ lignin constituents (Piontek et al. 2011).

5.2.2  Microbial Manganese Peroxidases (MnP)

MnP is produced from basidiomycete fungus that caused lignin-degrading and oxi-
dation of different phenolic compounds (Ten Have and Teunissen 2001), in which a 
multistep reaction oxidizes Mn2+ to the oxidant Mn3+. Mn2+ stirs up the output of 
MnP and plays an important role as a substrate for MnP.

5.2.3  Microbial Versatile Peroxidases (VP)

VP enzymes are capable of oxidizing Mn2+ and phenolic aromatic substrates (Ruiz- 
Duenas et al. 2007). In the absence of manganese, VP has an unusually high speci-
ficity of substrates and a tendency to oxidize substrates compared to other 
peroxidases and plays important role in the bioremediation (Tsukihara et al. 2006).

5.3  Microbial Laccases

Laccases belong to multicopper oxidase family that are produced by certain plants 
and microorganisms which cause oxidation of phenolic and aromatic compounds 
while at the same time convert the molecular oxygen to water (Nigam 2013). Most 
microorganisms contain intracellular and extracellular laccases capable of catalyz-
ing the oxidation of polyphenols, polyamines, and lignins (Rodrıguez Couto and 
Toca Herrera 2006) and repolymerization to humic materials (Viswanath et  al. 
2014). The production of laccase is depending on the concentrations of nitrogen in 
the fungi. Typically, the high concentrations of nitrogen are required to obtain large 
quantities of laccase (Viswanath et al. 2014).
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5.4  Microbial Lipases

Lipase breaks down lipids which are produced by a wide array of microorganisms, 
bacteria, actinomycetes, and plants. Recent research has found that lipase is strongly 
related to the soil’s organic pollutants. These microbial lipases are more flexible due 
to their active industrial use. Lipase enzymes can catalyze different reactions, 
including hydrolysis, interesterification, esterification, alcoholysis, and aminolysis 
(Prasad and Manjunath 2011). The lipase activity controlled the dramatic reduction 
of the total hydrocarbons of polluted soils and plays an important role as bioreme-
diation of oil spills (Riffaldi et al. 2006; Sharma et al. 2011; Okino-Delgado et al., 
2017). Lipases cause hydrolysis of triacylglycerol into glycerol and free fatty acids. 
Lipases were categorized into two groups based on criteria such as (a) enhanced 
enzyme activity once the triglycerides form an emulsion and (b) protein (lid)-looped 
lipases that cover the active site (Sharma et al. 2011).

5.5  Microbial Cellulases

Cellulases now provide the ability to turn cellulose waste materials into foods to 
overcome the increase in the population (Bennet et  al. 2002). Some organisms 
formed a bound cell, associated cell envelope, and some extracellular cellulases. 
Some bacteria and fungi have shown that extracellular cellulases, hemicellulases, 
and pectinases are expressed constitutively at very low levels (Adriano-Anaya et al. 
2005). Cellulose is broken down by cellulases during enzymatic hydrolysis to 
reduce the amount of sugar that can be fermented to ethanol by yeasts or bacteria 
(Sun and Cheng 2002). Cellulases extract microfibrils of cellulose that form during 
washing and the use of cotton-based clothes. This is often known in the textile 
industry as the brightening of colors and softening of fabrics. Bacillus strains pro-
duced alkaline cellulases, and Trichoderma and Humicola fungi produced neutral 
and acidic cellulases (Leisola et al. 2006).

5.6  Microbial Proteases

Proteases cause protein material degradation entering the atmosphere like animal 
mortality and a by-product in other industries such as livestock, fishing, and cloth-
ing, as a result of shedding and molting appendages (Beena and Geevarghese 2010). 
A varied and unique protease is used in the pharmaceutical industry to grow effec-
tive medicinal agents. Clostridial collagenase or subtilisin is used for the treatment 
of burns and wounds in conjunction with wide-spectrum antibiotics (Beena and 
Geevarghese 2010; Bhunia and Basak 2014).
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5.7  Microbial Pullulanase

Several microorganisms such as Klebsiella spp., Bacillus spp., and Geobacillus 
stearothermophilus are used to produce pullulanases. It is very common in indus-
trial uses due to its specific enzymatic action on pullulan, particularly in the specific 
connections (α-1,6 linkages), and starch is very essential as bioprocessor for its 
action (Karigar and Rao 2011; Lee et al. 2017).

5.8  Microbial Amylases

Alpha-amylases are extracellular enzyme that breaks in starch molecules, the α-1,4- 
glycosidic bond, and produce oligosaccharides, β-amylase, which also breaks the 
second maltose α-1,4-glycosidic bond and is synthesized in plants and bacteria. 
Amylases are important enzymes for their specific application in the process of 
conversion of industrial starch. Such enzymes are especially active on disaccharides 
(sucrose) and polysaccharides (starch) and are grouped into the glycoside hydrolase 
community (Singh et al. 2016; Gopinath et al. 2017).

6  Role of Plant Growth-Promoting Rhizobacteria (PGPR) 
Under Stress

PGPR is used to improve the execution of plants through different components, 
such as the production of precious hormones, the upgrading of plant nutrition status, 
and the decrease of the harm associated with the environment. The association 
among plants and PGPR happens to specific enthusiasm for situations that are 
described by imperfect developing conditions like high or low temperatures, dry 
spell, soil saltiness, and supplement shortage (plant development under stress) 
(Hussain et al. 2020a–c; Mandal et al. 2021). Primary expects to discuss the funda-
mental mechanisms of interaction between PGPR and plants and will focus on how 
PGPR can reduce abiotic stress damage in plants, which are essential crops for 
human diet (Hussain et al. 2020).

Abiotic stress thusly influences numerous plants like vegetables. In any case, 
vegetables, which are plants developed for their vegetative parts, are gradually 
affected by abiotic stress when compared with the family of grasses. The abiotic 
stress reduces the climate for the vegetable ranch and thus results in reduced crop 
yields. PGPR are beneficial to soil microscopic organisms suitable for stimulating 
plant physical substance and natural changes (Mohamed and Gomaa 2012).

Wholesome status, physical and biological properties of the soil, continuously 
changing environment, and other abiotic stresses are important drivers for reduced 
output in agriculture (Gopalakrishnan et  al. 2015). Abiotic stresses are the 
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fundamental reason for losses in crop yields and hiking food prices in the world 
with an increasing population. Attempts are being made to create stress-tolerant 
vegetables through traditional breeding or transgenic approaches, as multiple genes 
and metabolic procedures are stress-resilient (Ashraf and Akram 2009). The use of 
useful has recently become a possible new approach for protecting crops from dam-
age caused by abiotic stress (Palaniyandi et al. 2014; Fatnassi et al. 2015; Wang 
et al. 2016; Hussain et al. 2020a–c).

6.1  Plant Growth-Promoting Bacteria (Subheading)

Natural exudates discharged through the roots are correlated with PGPR into plants 
and colonize the root surface and soil in direct contact with the root. The rhizo-
sphere is the region of soil in the vicinity of plant roots in which chemistry and 
microbiology are influenced by their growth, respiration, and nutrient exchange 
which is illustrated in Fig. 22.3 (Smalla et al. 2006; Martino 2019), whereas the 
extracellular root surface has called been the rhizoplane (Foster 1986). Exudates 
discharged from plant roots pull microorganisms in the soil that can colonize rhizo-
sphere or potentially plant tissue. Here, they offer the plant various helpful mixes in 
the supplement trade, primarily photosynthesis (Kawasaki et al. 2016).

Remarkably, through alternating environmental factors, plants may indirectly 
influence rhizosphere colonization. For example, increases in pH levels are through 
the absorption of ions and reduction of O2 and H2O levels caused by root respiration 
and water supply (Philippot et al. 2013). Two different studies (Bouffaud et al. 2012; 
Peiffer et al. 2013) showed how various genotypes of related plant species can be 
linked with different bacterial communities of the rhizosphere. Exudates differ in 
the different parts of the roots, the formative phases of the plant, and the conditions 
for growth (Zahar Haichar et al. 2008). This implies that after some time and space, 
a similar plant will link with a large number of different soil bacterial strains 
(Compant et al. 2010). Several bacterial species can spread from the endodermis of 
roots, enter, and colonize other stem organs (Compant et  al. 2005; Dimkpa 
et al. 2009).

6.2  Plant Growth Promotion is driven by 
Rhizobacteria (Subheading)

Interactions with PGPR can lead to increased plant productivity, mineral contents, 
and plant growth. A portion of the primary benefits obtained by plants due to treat-
ment with PGPB are increased root development, offering better protection against 
temperature and osmotic pressure, soil poisons, vermin, and pathogens (Lugtenberg 
and Kamilova 2009).
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6.3  Hormone-Related Mechanisms (Subheading)

PGPB produced indole-3-acetic acid (IAA) which caused enhancement of plant 
growth, cell elongation and differentiation, and stimulating lateral root growth 
(Dimkpa et al. 2009). IAA will roundly boost the plant’s dietary status by extending 
root progression (explicitly sidelong roots), allowing the plant to reach a higher soil 
substratum, a main feature of nutrients with low mobility such as phosphorus 
(Wittenmayer and Merbach 2005). Gibberellins (GAs) are considered to play an 
important role in the promotion of plant development and produced by PGPR 
(Bastian et al. 1998). These diterpene hormones are present in plants, directing key 
procedures, for example, germination of the seed, elongation of the stem, expansion 
of the leaves, root growth, and fullness of root hair (Bottini et al. 2004; Yamaguchi 
2008). The function of gibberellins in the reaction of grains to stresses fluctuates 
relying upon the stress type (Iqbal et al. 2011). The ethylene biosynthetic precursor 
is ACC, a hormone that is usually found in plants and increased under environmen-
tal stress. Ethylene is required for critical procedures such as tissue differentiation, 
root growth, flowering, grain production, senescence, and abscission; but it may 
suppress plant performance in case of overproduction (Saleem et al. 2007; Hays 
et al. 2007). Abscisic acid (ABA) is a plant hormone and increased under abiotic 
stress (Fahad et al. 2015). ABA is naturally engaged with seeds and bud’s torpidity, 
and ABA imparts the primary biosynthetic strides to cytokinins, a phytohormone 

Fig. 22.3 A diagrammatic representation of plants and PGPR
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class that regularly assumes an adversarial role to ABA. Under salt stress condition, 
the plant biosynthesis of ABA which moved to leaves and caused stomatal closure, 
reduced transpiration and water loss (Xing et al. 2004), and reduced photosynthesis 
due to the CO2 emission into the leaves (Yang et al. 2009; Barnawal et al. 2017; 
Shahzad et al. 2017).

6.4  Role of PGPB in Nutrient Stress (Subheading)

Comparatively, the use of PGPB as a biofertilizer has been found to improve plant 
nutrient usage and promote plant production (Calvo et al. 2015; Çakmakçi 2016). 
Once added, these inoculants improve plant growth and development or protect 
plants against pests and diseases (Ramjegathesh et  al. 2013). Several microbial 
inoculants have been used as biofertilizers in this consideration which supply plants 
with nutrients such as N, P, K, S, and Fe. The more widely used genera as biocontrol 
agents are Pseudomonas (Tewari and Arora 2015), Bacillus (Alavo et  al. 2015; 
Hussain and Khan 2020a, b), Burkholderia (Pinedo et  al. 2015), Agrobacterium 
(Bazzi et al. 2015), and Streptomyces (Viaene et al. 2016). By production of antibi-
otics (Prasannakumar et al. 2015) and siderophores (Patel et al. 2016), by induction 
of systemic resistance (Zebelo et al. 2016), or any other mechanism, these organ-
isms reduced plant disease.

7  Role of Biotechnology in Phytoremediation

Heavy metal pollution poses a global threat. Pollution from heavy metals remains a 
global threat. Contamination of heavy metals is an effect on the quality of soil and 
water as well as to human and animal health since they will pile up in the food chain 
(El-Beltagi et  al. 2020; Moustafa-Farag et  al. 2020; Sofy et  al. 2020). 
Phytoremediation is a particular method of bioremediation. It is a characteristic 
natural procedure of corruption of xenobiotic and stubborn mixes liable for ecologi-
cal contamination. In this, genetically engineered plants are used which directly 
uptake the pollutants from the soil (Macek et  al. 2000). The word phyto means 
“plant”; that’s why the remediation is mediated by the plant system (Sonali 2011). 
Phytoremediation includes numerous procedures which are done by the plant dur-
ing their development on the sullied site. Thus, the pollutants are treated by plants 
utilizing of these responses like phytoextraction, phytostabilization, phytotransfor-
mation, phytostimulation, and phytovolatilization (Sonali 2011). Various contami-
nations have various destinies in plant-substrate frameworks, so they have diverse 
rate-restricting variables for phytoremediation that may focus on utilizing heredi-
tary designing. Biotechnology shows us the chance to move hyper-aggregator phe-
notypes into quickly developing large biomass plants that can be exceptionally 
successful in phytoremediation (Rupali and Dibyengi 2004; Maurya et al. 2020).
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A perfect phytoremediator characterizes more resistance for contamination, the 
capacity to either debase or assemble the impurities at an elevated amount in the 
biomass, broad root frameworks, the ability to assimilate a lot of water from the 
soil, and also quick development rates and significant levels of biomass (Cherian 
and Oliveira 2005). Albeit a few species can endure and develop in some defiled 
destinations, these species regularly become gradual, produce extremely low 
degrees of biomass, and are adjusted to quite certain natural conditions. What’s 
more, trees which have broad root frameworks, high biomass, and low horticultural 
sources of info necessities endure poisons ineffectively and don’t gather them. 
Traditional plants neglect the requirements for fortunate phytoremediators (Gratão 
and Braz 2005). The healing limit of plants can be essentially improved by heredi-
tary manipulation and plant transformation technologies (Kraomer 2005). 
Presentation of novel qualities for the take-up and aggregation of contaminations 
into high biomass plants is demonstrating a fruitful procedure for the advancement 
of improved phytoremediators (Martanez et al. 2006). This reviews a portion of the 
exploration endeavors in this field and highlights future difficulties.

8  Phytoremediation Mechanism of Cd Adopted  
by Soil Plants

Remediation of Cd-sullied soil is a considerable issue far and wide, and it turned out 
to be progressively huge because of the exchange of Cd in higher trophic degrees in 
a natural way of life. Cd hyperaccumulators are exceptionally compelling a direct 
result of their capacity to endure and take up noteworthy measures of overwhelming 
metal from soils. Plants of various species have various capacities to hyperaccumu-
late Cd. Cd has low affinities with soil ligands due to its versatile nature and hence-
forth is effortlessly extricated by attaches and further shipped to other flying bits of 
the plant. The factors responsible for plant-based remediation of Cd are pH, tem-
perature, media concentration, and concentration of other than Cd components 
(Mahajan and Kausha 2018; Dhankar et al. 2020). The phytoremediation process 
for extracting Cd in soil plants is shown in Fig. 22.4.

9  Conclusion and Future Prospectus

Metal pollution of soils is a common issue in various regions across the globe with 
varying intensities and magnitudes. Several remediation techniques for each bear-
ing a broad variety of benefits and demerits have already been explored in depth 
elsewhere. Phytoremediation across all types of remediation is considered environ-
mentally friendly and low cost. Around the same time, the introduction of commer-
cial-scale phytoremediation technology requires careful consideration of the costly 
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Fig. 22.4 A mechanism for phytoremediation of Cd accepted by soil plants

and time-consuming problems and the fate of the plants being used. It has been 
recognized that a variety of plants are prepared to accumulate high metal centraliza-
tions in their ethereal parts, keep the metals in roots or balance the metals in soils, 
eventually restrict their translocation to the shoots, and remove the metals from the 
dirt by amalgamating volatile mixtures. Growing of the above technologies includes 
different mechanisms that are already discussed in depth. The decision to use inno-
vation in phytoremediation to remediate metal-defiled premises is based on soil 
type, metal content, degree of tainting, and natural upsetting effect. An understand-
ing of the different processes involved will enhance decision-making when imple-
menting a specific technology. Phytoextraction is commonly used by various 
advancements in phytoremediation, and a wide variety of hyperaccumulator plants 
fit for gathering high metal centralizations have been described. Distinguishing evi-
dence and accepting qualities responsible for hyperaccumulation in 
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hyperaccumulator plants into those plants fit for metal accumulation, and high bio-
mass production may disturb the progress in phytoremediation. It requires a deeper 
understanding of the molecular basis of the pathways involved in pollutant degrada-
tion. Further analysis and disclosure of qualities appropriate for phytoremediation 
are important. Innovation in phytoremediation is still at an early stage of develop-
ment, and field trials of transgenic plants for phytoremediation are unusually lim-
ited. Biosafety concerns should be properly answered, and protocols should be 
developed to avoid quality streams becoming wild species. Innovations in phytore-
mediation are currently accessible for only a limited subset of pollutants, and sev-
eral destinations are being debased with a few synthetic substances. In this way, 
phytoremediators with various stacked qualities should be designed to satisfy the 
prerequisites of specific destinations. 
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