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Preface

In the quest to technological advancement in the field of microbial technology in the 
last several decades to counteract health-related issues, microbial infections, plant–
microbe interactions, and environmental sustainability, several important issues 
were explored. Microbial biotechnology is an important array that promotes 
advanced research into using microbes for value-added products, human nutrition, 
food-grade components, and the sustainable development of agriculture and envi-
ronment. The endeavor of book entitled Microbial Biotechnology: Basic Research 
and Applications is to present state-of-the-art techniques used to harness microbial 
biotechnological traits on development of new industrial microorganisms, improved 
microbial agents for biological control of plants and animals, development of new 
microbial agents for bioremediation of contaminants and wastewater treatment, and 
biosensors for monitoring and diagnosis. Gathering contributions from authoritative 
researchers in the field, it addresses recent advances in microbial biotechnological 
approaches that offer sustainable options for future generations. Exploring an exten-
sive collection of microbial products and their uses, this book specifically empha-
sizes the application of microorganisms in health care, the environment, and 
industry. It also discusses human nourishment and functional foods, plant and ani-
mal safety, and furthering fundamental research in the agricultural sciences. 
Following a general approach to recent advances in the utilization of various 
microbes as biotechnological tools, the book also covers traditional uses and 
explores emerging strategies to promise their full potential.

This volume would serves as an excellent reference book for microbial science 
scholars, especially microbiologists, biotechnologists, researchers, technocrats, and 
agriculture scientists of microbial biotechnology. We have been honored the leading 
scientists who have extensive, in-depth experience and expertise in microbial tech-
nology and took time and effort to develop outstanding chapters.

We wish to thank Dr. Naren Aggarwal, Editorial Director; Ms. Aakanksha Tyagi, 
Senior Editor, Springer; Mr. Ashok Kumar, Project Coordinator, Springer; Ms. 
Immaculate Jayanthi, Production Editor; and Ms. Metilda Nancy, SPi Global, for 
their generous assistance, constant support, and patience in initializing the volume. 
Dr. Ram Prasad is particularly very thankful to Honourable Vice Chancellor 
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Professor Dr. Sanjeev Kumar Sharma, Mahatma Gandhi Central University, Bihar 
for constant encouragement. The editors are also very grateful to our esteemed 
friends and well-wishers and all faculty colleagues of the Lovely Professional 
University, India; Sun Yat-sen University, China, and Mahatma Gandhi Central 
University, Motihari, Bihar, India.

Jalandhar, India  Joginder Singh 
Jalandhar, India   Ashish Vyas 
Guangzhou, China   Shanquan Wang 
Motihari, India   Ram Prasad 
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Chapter 1
The Contribution of Microbial 
Biotechnology for Achieving Sustainable 
Development

Juhi Sharma, Divakar Sharma, Anjana Sharma, Vaishali Vishwakarma, 
Anshul Dubey, and Himesh Namdeo

Abstract Microbes are requisite constituent of biotic diversity that maintain sus-
tainable ecosystem. They are chief customs of life which have progressed into envi-
ronmentally, metabolically and genetically diverse species. In ecosystem, microbial 
diversity strives to comprehend innumerable metabolic courses to maintain resolute 
integrity for sustainable ecology. Utility of microbial communities has better indul-
gent of the bio-network. Until now, only 0.1–10% of microbial species are recog-
nized and, the rest being uncultured, inhabit noteworthy niches in biomes and are 
accountable for several loom based on molecular genetics, systems and synthetic 
biology, genomics, proteomics and metagenomics. Exploring biotechnological 
applications and understanding their mechanism of alteration permit the progress on 
the circumstances necessary for various microbial applications with stare to sustain-
able development, community structure and environmental processes. Most appre-
ciated tools for investigating the microbial resistance to antibiotics and search for 
new antimicrobials can be done using molecular techniques. Therefore, currently, 
metagenomics and meta-proteomics studies have been utilized effectively to get 
novel microbes as well as their by-products from uncultured microorganisms. 
Microbes can be used for a variety of biotechnological appliance such as food prod-
ucts, therapeutic protein, recombinant microbes, vaccine and diagnostic tool. Even 
though microbe’s inventorying and cataloguing are discouraging tasks, requiring 
skills and creativity but imparting considerable pecuniary import.
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1.1  Introduction

The richness, variability and complexity among the living organisms are designated 
under the term biodiversity or biological diversity. It is determined by different 
plants, animals and microbes in natural ecosystems. Biodiversity is classified in 
terms of three fundamental levels, viz. genetic, species and ecosystem diversity.

Biodiversity of the microbial world has focused on the evolution of all forms of 
life on earth. Microbial diversity covers a wide range of inconsistency between 
prokaryotes, eukaryotes and viruses in each possible habitat on the planet. They are 
found in almost every nook and cranny yet in that environment where all forms of 
life cannot exists (Vitorino and Bessa 2018). They thrive in extreme conditions, viz. 
sites of hydrothermal vent, hot springs, ocean, sea ice, hypersaline environment and 
extreme pH and temperature that are unfavourable for survival. These organisms are 
called as extremophiles that flourish in environments which are lethal for survival of 
other living beings (Rampelotto 2013).

Microbes are incredibly minute and constitute maximum proportion among liv-
ing beings on the globe. However, particularly small portion of this huge variety has 
been searched for the development of microbial diversity. It has been reported that 
greater part of microbes cannot be cultured in laboratories (Sharma et al. 2018). It 
is a crucial part of microbial rallies to craft these organisms and those isolated 
microbes accessible to the research community. Microorganisms can be cultured for 
conservation and utilization after they are isolated from their native environment. 
Microbial activities make earth liveable and have limitless commercial applications 
principally in the field of life science (Arrigo 2005).

Gases such as oxygen and nitrogen which are the result of microbial activities 
make habitable climate. They occupy significant part in remediation of harmful 
chemical compounds (Kostka et al. 2011). Microorganisms also offer primary and 
secondary metabolites which have potent antimicrobials, immunosuppressants and 
anti-inflammatory and antitumour properties (Challis and Hopwood 2003). More 
than 104 metabolites produced from microbes have been explored for these com-
pounds in the last decades. Bioplastics of microbial origin are promising substitute 
to chemical-based plastics, and these possess medical importance (Verlindin et al. 
2007). Microbial diversity studies can be classified on the basis of culture- dependent 
(culturable) and culture-independent (unculturable) methods.

J. Sharma et al.
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1.2  Assortment of Nonculturable and Culturable Microbes

1.2.1  Culture-Noncontingent and Culture-Contingent Method

The word ‘unculturable microbes’ designates microbes that have hitherto been cul-
tured in vitro on non-natural media (Hugenholtz et al. 1998). This method involves 
mining of DNA from the environmental illustration and afterwards, examined 
through molecular biology-based methods, or it involved another method for uncul-
turable microbes in vitro by mimicking natural environment for the cultivation of 
unculturable microbes which show resistance to grow on cultivation media 
(Vartoukian et al. 2010).

1.2.2  Intents for ‘Unculturability’

In the history of science, the microbial life endurance was recognized from more 
than 300 years ago (Gírio et al. 2010). It was found that some microbes have yet not 
been known by cultural analysis. This might be owing to the piece of evidence that 
low occurrence and sluggish growers of microbes have been ignored. Moreover, in 
traditional biochemical identification methods, many characteristics of microbes are 
overlapped which makes their identification difficult (Schmeisser et al. 2007).

In contrast, certain microbes require particular nutrients for their fastidious 
growth. They had reported various substances and growth requirements of microbes 
of marshy sediments and found that microbes are specific to particular cultivation 
method. Therefore, only certain groups of microbes are identified on the basis of 
traditional method; however, the rest remain unidentified. In a mixed population, 
growth of a specific group of microorganisms is suppressed by the microbial prod-
uct of other organism in the medium (Tamaki et  al. 2005). Culture-independent 
approach has been extensively used to study microbes in different habitat (Yashiro 
et al. 2016).

1.2.3  Perception of Nonculturability

Metagenomics study revealed the genetics of uncultured microbes which aims to 
know microbial environment as well as enhance biotechnological aspects. It is well 
known that uncultured microbes are known for their novel compounds which are yet 
to be discovered (Schmeisser et al. 2007). Some microorganisms are described on 
the basis of special habitat in spite of the microbial ubiquity theory, due to which 
their distribution is more restricted, as they tend to be giving rarer results in intri-
cacy to culture these species in the samples.
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Alain and Querellou (2009) found 30 cultured groups among 100 phyla all the 
way through phylogenetic analysis. Till date, only a small proportion of microbes 
(0.1–10%) have been cultivated of this vast diversity (Leadbetter 2003). Molecular 
studies make uncultivated microbes—oligotrophs and fastidious organisms to grow. 
The difficulty faced in cultivation of organisms includes slow or late growth of 
microbes on nutrient-rich media, lack of knowledge about novel media formulation 
and inefficiency of individuals, trained in the field of microbiology (Leadbetter 
2003). This can be overcome by exploring microbes with well-equipped approaches 
and knowledge about microbes (Gest 2001).

The effect and response of microbial diversity to long-term environmental 
change are not properly understood, and it is also not clear that how much local 
microbial communities have impact on the environment (Tripp et  al. 2008). 
Pelagibacter ubique SAR11 is widely distributed among heterotrophs cultured 
using sea water which was ameliorated with traces of phosphorus and ammonium 
ions. Many bacterial strains have to be cultured by maintaining solidifying agents in 
natural media, for example—Acidobacteria incubates for longer duration (Kuske 
et  al. 2002). Nitrosopumilus maritimus is the first mesophile that belongs to 
Crenarchaea which is abundant in nature (Stevenson et al. 2004).

Cultivation of microbes is a very tedious task incorporated with many complexi-
ties. For the inhibition of microbial growth on Petri dish, many growth factors are 
responsible such as nutritional shock (Overmann 2006). Therefore, it is very imper-
ative to discern the difficulties faced during the cultivation of new microorganisms. 
Although there is significant progress in the development of cultivation techniques, 
meticulous strategies are required for new media formulation. It is impossible to 
culture samples of all habitats; therefore, microbiologists are encouraged to explore 
novel microbes especially in extreme conditions. Different investigation showed 
that different microbes are able to colonize in cold environment of the planet from 
north to south poles.

Microorganisms are divided into two groups—fast growers (r-strategist) and 
slow growers (k-strategist) according to the microbial growth pattern and their 
potential of survivability (Overmann 2006). Nutritional shock is one of the param-
eter responsible for the growth inhibition or lethal to microbial cell. Apart from 
nutritional shock, in short duration, excessive growth of fast growers inhibits the 
growth of slow grower’s types of microbes. Sometimes, undesired microbial growth 
also inhibits the growth of desired microbes in absence of inhibitory compounds. As 
a result of which, only few microbes are cultivated in the Petri dishes (Zengler 2009).

Even though all present acquaintance on the variety of microorganisms, it is 
believed that investigations in unexplored sites may result via additional evidence. 
Broad and unidentified speciations, mainly in the bacteria and archaea domains, are 
still unexplored. Usually, for the cultivation of bacteria and fungi, antifungal and 
antibacterial antibiotics are used, respectively. Environmental samples are serially 
diluted, and, by plating different dilutions, broad range of microbes are obtained 
(Tripp et  al. 2008). Using traditional cultivation strategies, relevant but slow- 
growing microorganisms were not yet cultured and are then known as unculturable 
microbes. Due to several complications in cultivation of microbes, many endeav-
ours have been made for new microorganism cultivation (Gest 2008).
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The biotic interactions provide nutrients to the plants, increase soil fertility and 
showed adverse effects on pathogens but essential for the sustainability of natural 
ecosystems. Till now, various types of nutrient-rich media have been used for fas-
tidious organism cultivation over slow growers (Koch 1997) and may be repressed 
by substrate-rich conventional media. For the cultivation of oligotrophs, the incuba-
tion period has increased; as a result of which, fastidious organisms progressively 
die off in mixed cultures. Davis et  al. (2005) isolated most rare species after 12 
weeks. Similarly, results have been reported for the segregation of strains from 
SAR11 clade after 24 weeks (Song et al. 2009). Many microbes require chemicals 
for their growth. For instance, Abiotrophia and Granulicatella required pyridoxal or 
l-cysteine for their augmentation; on the other hand, Tannerella is nutritionally 
dependent on N-acetyl muramic acid for their growth.

Another method is mimicking the natural environment in laboratory conditions 
for the culture of as-yet-uncultivated organisms. Kaeberlein et  al. (2002) have 
intended a diffusion chamber for the marine bacteria that were precedently unculti-
vated. These organisms are completely dependent on other bacteria for their exis-
tence in a media. Since the mid-1980s, molecular biology practices have been 
focussed on microbial diversity and their ecology in their natural habitat. Molecular 
approaches revealed the molecular sequences of many uncultivated microbes which 
have many potential applications. An additional pioneering method resembling nat-
ural environment involves microcolony development of uncultured soil bacteria on 
soil substrate membrane system (Ferrari et al. 2008). This method involved viability 
staining and micromanipulation techniques for the detection and isolation of live 
microcolonies (Ferrari and Gillings 2009). However, colony hybridization method 
involves the isolation of colony containing a plasmid from a mixed microbial popu-
lation (Salama et al. 1993). Culturing of the uncultured member of phylum utilizes 
this approach for research. Synergistetes had been isolated from dental plaque sam-
ples (Vartoukian et al. 2010). Flow cytometry and cell sorting (FACS) is a method 
that has also been used for the cultivation of cultured as-yet-uncultivated organisms 
(Zengler et al. 2002).

Genomic analysis of cultured as-yet-uncultivated organisms helps in identifying 
these organisms as well as gives some more information about the organism which 
will help in cultivation of previously uncultivated microbes in the vicinity of pros-
pect (Tripp et al. 2008). Ghosh et al. (2010) used cultivation-independent molecular 
approach to study microbial diversity in the mangrove sediment of the Sundarbans, 
India. Proteobacteria (alpha, beta, gamma and delta), Flexibacteria (CFB group), 
Actinobacteria, Acidobacteria, Chloroflexi, Firmicutes, Planctomycetes and 
Gemmatimonadetes were the major divisions of detected bacterial phyla. Several 
reports suggested that Bacillus is an efficient tissue colonizer in different plants 
including Coffea arabica L., sunflower, cotton, potato, strawberry, Panax notogin-
seng and citrus plants (Vega et  al. 2005). Microbacterium sp. was indigenous to 
plants such as maize, rice and wheat (Rijavec et al. 2007). Genus Pseudomonas is 
an extensively disseminated plant-associated bacterium reported activity of growth 
promotion in plants such as alfalfa (Gagné et al. 1987), clover (Sturz et al. 1997), 
potato (Reiter et al. 2002) and pea. Some minor groups such as Enterobacteriaceae, 
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Moraxellaceae, Xanthomonadaceae and Burkholderiaceae were also observed from 
proteobacterial phylum. Shivaji et  al. (2004) recognized bacterial community 
including culturable bacteria from soil in the vicinity of Lake Zub, Schirmacher 
Oasis, Antarctica, has its place in the genera such as Pseudomonas, Sphingobacterium, 
Arthrobacter, Micrococcus, Brevundimonas, Rhodococcus and Microbacterium. 
Jiang et al. (2006) used culture-dependent and culture-independent techniques to 
examine microbial assortment. It was reported that gram-positive bacteria were pre-
dominant among the bacterial strains isolated from Lake Chaka. Analyzed bacterial 
diversity includes Aeromonas hydrophila, Escherichia coli, Chryseomonas luteola, 
Chromobacterium violaceum, Pseudomonas aeruginosa, Serratia rubidaea, 
Klebsiella pneumoniae and Enterobacter cloacae in mangrove soil at Tanjung 
Lumpur. They have also investigated their resistance against several antibiotics.

1.3  Microbes Role in Habitat/Environment

The environment is an essential perception because microbes are greatly affected by 
the atmosphere. Microorganisms are involved in many biogeochemical processes in 
different habitat. They are richest repertoire and considered as pillars of existence in 
nature. On earth, more than four billion years ago, microbes have been evolved and 
play numerous and important roles for maintaining sustainable biosphere that 
includes nutrient (elemental) cycling and detoxification of hazardous compounds 
present in the atmosphere. The microbial world is a treasure in itself and covers 
broad range of discrepancy of microbes among all types of microorganisms (bacte-
ria, archaea, eukaryotes and viruses) in each possible habitat and is linked with 
plants and human on the planet. They are proficient in exploiting broad spectrum of 
energy sources and inhabitant of different environments like normal as well as 
extreme hot mainsprings, hydrothermal vent sites, drought, ocean and sea, polar ice, 
hypersaline and extremes pH that is lethal, or in other environments that are unfa-
vourable for survival. Microorganisms have become an important part of the natural 
elemental cycle and played significant roles in biogeochemical cycles and converted 
the oxidized forms of molecules into reduced forms. Unicellular and filamentous 
cyanobacteria are mainly accountable for the fixation of nitrogen. Microbial study 
in different surroundings has confirmed that assessment of metabolically effective 
group is the key to explain microbial activities (Baldrian et al. 2012).

1.3.1  Role in Terrestrial Ecosystem

This type of ecosystem is surrounded by forests, cropping systems and grazing 
lands. Soil acts as source of micro- as well as macronutrients. These nutrients are 
necessary for the plants, insects, protozoa, nematodes, worms and microbial growth 
(Staben et  al. 1997). This biological diversity is responsible for the formation, 
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maintenance and degradation of soil. Among this vast community, microbes consti-
tute the major proportion and are versatile in their action. Bacterial community 
counts approximately 108–109 cell g−1 dry weight of soil in surface of the soil micro-
scopically, while fungi can be contemporary up to numerous metres of hyphae in g−1 
of soil. Plant actions also augmented microbes in the soil. Microbes are associated 
with plants via roots (rhizosphere and rhizoplane) and leaves (phyllosphere and 
phylloplane). Rhizosphere acts as a reservoir for microbial diversity (Singh et al. 
2019). Some may induce resistance or suppress the development of plant pathogens 
(Lanteigne et  al. 2012) and exhibit positive as well as negative impact on plant 
growth. Microorganisms are versatile in nature and play significant role in increas-
ing soil fertility. Microbial action contributes to nutrients cycling in soil such as 
carbon, nitrogen, sulphur, iron and manganese cycles. They act as biofertilizers and 
fix atmospheric nitrogen, phosphorus, and sulphur and other elements which are 
unavailable for plants and finally contribute to plant’s nutrition (Yadav and Saxena 
2018). The degradation of hydrocarbons and dead and decayed plants and animal 
matter along with its involvement in the formation of humus is an important role 
played by bacterial community in the soil. Actinomycetes imparts soils their char-
acteristic earthy odour by producing a compound called eosin by Streptomyces 
species.

1.3.2  Role in Mangrove Ecosystems

High load of biological diversity belonging to plants, animals and microorganisms 
occurs at mangrove forests occurring at the border of terrestrial and marine environ-
ment. Mangroves cover nearly 70% of the world’s tropical and subtropical coastal 
regions, which are identified to be highly fecund ecosystems of huge ecological 
value. These ecosystems are highly productive all over the world despite they are 
fragile and sparsely distributed. In this habitat, microbes transform nutrients and 
detoxify pollution-causing agents, and as biocontrol of pests, a unique environment 
harbouring diverse groups of microbes such as bacteria, fungi, cyanobacteria, 
microalgae, macroalgae and protists is provided by them. They are abundantly 
nitrogen and phosphorus deficient (Holguin et al. 1999).

Amid the microbial distribution, bacteria and fungi represent the foremost pro-
portion after algae and protozoa. The most common bacteria are sulphate reducers 
belonging to the genera Desulfovibrio, Desulfotomaculum, Desulfosarcina and 
Desulfococcus, nitrogen fixers and methane producers (genera Azospirillum, 
Azotobacter, Rhizobium, Clostridium, Klebsiella, Methanococcoides methylutens), 
phosphate solubilizers (genera Bacillus, Paenibacillus, Xanthobacter, Vibrio pro-
teolyticus, Enterobacter, Kluyvera, Chryseomonas and Pseudomonas) and photo-
synthetic anoxygenic bacteria (genera Chloronema, Chromatium, Beggiatoa, 
Thiopedia, Leucothoe bacteria) (Das et al. 2009). Moreover, fungi, such as lignino-
lytic, cellulolytic, pectinolytic, amylolytic and proteolytic fungi, as well as actino-
mycetes are present in mangrove ecosystems. Among the algae, Chlorophyta, 
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Chrysophyta, Phaeophyta, Rhodophyta and Cyanophyta are the dominant groups of 
the mangrove ecosystem. They harbour unique microbial composition which con-
tains major source of therapeutic enzymes, antimicrobial and antitumour agents, 
insecticides, etc.

1.3.3  Role in Aquatic Environment

Aquatic habitat classified into fresh water, marine and both. Fresh water consists of 
lakes and rivers. Open ocean, coral reefs, and intertidal zones constitute the marine 
environment. Ecosystems that are considered both marine and freshwater system is 
composed of estuaries and salt marshes. Microbes are widespread, well-adapted in 
fresh water and involved in diverse biogeochemical processes, such as petrification 
of organic compounds; nutrients can be remineralized in maintenance of water eco-
system (Newton and McLellan 2015). They have its place to the group of photosyn-
thetic oxygenic and anoxygenic organisms that include bacteria, algae and 
cyanobacteria. Further 70% of the earth is roofed by ocean, and microbes are 
accounted for more than 98% of ocean biomass. Marine microbes are called as ‘the 
canary in the coal mine’. The marine microbial diversity constitutes microalgae, 
bacteria and archaea, fungi and viruses (Fuhrman and Noble 1995). The Antarctic 
bacterium Pseudoalteromonas haloplanktis TAC125 (PhTAC125) is studied for 
their enormously fast growth and its wide temperature array from −2.5 to 25 °C 
(Wilkins et al. 2013). They offer a tremendous biodiversity and potential for drug 
sighting and delivery of novel marine-derived products in therapeutic claims. They 
play diverse role in the marine environment such as in food chain, transformation of 
nutrients and sustaining marine ecosystem for the survival of marine organisms.

1.3.4  Role in Extreme Environments

On the basis of stability, environment can be classified into two types—normal and 
extreme environment. Stable condition can be considered as ‘normal’, while in 
extreme environment, organisms experience dramatic changes. The inhabitant 
organisms of extreme ecology are known as extremophiles. High and low tempera-
ture classify the nature of microbe’s adaptability for extremophiles; these factors are 
the basis of their classification (thermophiles and psychrophiles), high salt concen-
tration, high and low pH (acidophiles and alkaliphiles) and low water activity (aw). 
The microbial product produces from extremophiles are of immense importance. 
Many information on microbial diversity from thrilling environments, for instance, 
low temperature (Yadav 2015), high temperature, saline soil, drought, acidic soil 
and alkaline soil, have been reported. In an unstable environment, the costs to sur-
vive in stress condition may increase for some organisms, while most will probably 
die off. Extreme environments are well known for novel microbial diversity. 
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Microbes at high temperature make a hydrophobic environment for their survival 
(Acharya and Chaudhary 2012). Complicated zig-zag structure of proteins provides 
microbial cells to withstand denaturation and proteolysis.

1.3.5  Role in Saline Environment

Microorganisms are widely distributed in hypersaline environment from solar salt-
erns to deep salt mines (Selvarajan et al. 2017). Most of the Indian saline ecosys-
tems, such as Sambhar Lake in Rajasthan, Chilika Lake in Odisha, the Great Rann 
of Kutch in Gujarat and Lonar Lake in Maharashtra, are known for novel and poten-
tial applications. In this environment, microbes play vital character in the reminer-
alization of organic matter (Joshi et  al. 2008). The microorganisms in saline 
environments that have been isolated and identified mainly belong to the family 
Halobacteriaceae. Halophilic microbes have been described from different phylum 
including Actinobacteria, Bacteroides, Euryarchaeota, Firmicutes, Proteobacteria 
and Spirochaetes (Yadav and Saxena 2018).

1.3.6  Role in Cold Environment

Cold environments cover the largest region on the earth. The term ‘psychrophiles’ 
is used for the microbe that are living/inhabitant in cold condition. In India, microbes 
are widely distributed and explored in the Himalayan region. Psychrophiles are 
potential sources for production of extracellular proteins. Polyhydroxyalkanoates 
(PHAs) are chiefly produced by psychrophiles which increase survivability in stress 
conditions (Tribelli and López 2018). It includes diverse groups of microorganisms, 
i.e. archaea, bacteria and fungi. had reported many species from high-altitude and 
low-temperature environments of Indian Himalayan region belonging to genera 
Aurantimonas, Bacillus, Disemia and Paenibacillus.

1.3.7  Role in Drought Environment

The desert microbiota potentially is known for their efficiency in maintaining the 
harmony of recycling of different nutrients and ecological balance as well as for the 
development of soil structure. In rain-fed conditions, microorganisms that are toler-
ated in drought environment have been secluded and characterized for plant growth 
promoters (PGP) and have its place to the family Halobacteriaceae and genera such 
as Haloarcula argentinensis, Halobacterium sp., Halococcus hamelinensis, 
Haloferax alexandrinus, Haloferax larsenii, Haloferax volcanii, Halolamina 
pelagic, Halostagnicola kamekurae, Haloterrigena thermotolerans, Natrinema sp. 
and Nanoarchaeum mannanilyticum.
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1.3.8  Role of Microbes in Human Health

The human body is immensely colonized with microbes in different tissues and 
body parts. Approximately, thousands of different bacterial species exists side-by- 
side together in the intestinal tract of human. Among various organs of human, the 
digestive tract heavily occupied with enormous bacteria represents the dominant 
genera Lactobacillus sp., Escherichia coli, Klebsiella sp. and Proteus sp. that per-
form various roles in metabolic processes of substrates, build up defence mecha-
nism against various infections, synthesize vitamins and various cofactors for their 
development, support in degradation of fats and polysaccharides and also have anti-
oxidant properties of foodstuffs which in turn enhance the nutritional value (Odonkor 
and Ampofo 2013). Probiotics (live microorganisms) predominately belonging to 
the genera Lactobacillus and Bifidobacterium are dietary supplements added to the 
foodstuff impacting their nutritional and therapeutic value (Kumar et  al. 2012). 
Important roles played by microbes in the gut are energy generation, production of 
cellular constituents and processing of nutrients (metabolism). In certain circum-
stances, microbiota may result in diverse health issues such as diarrhoea, human 
gastritis, typhoid, gastroenteritis, bacterial vaginosis, chronic peptic ulcers, urinary 
tract infections and gastric adenocarcinoma (Peris-Bondia et al. 2011).

1.4  Potential Applications

Divergence among microbes is imperative for the endurance of all life forms and 
offers enormous reservoirs that exploit for human welfare. They have become res-
ervoirs of many substances. Microbes have been used in beer, wine, acetic acid, 
cheese and yoghurt production and involved in many industries, viz. baking, leather, 
paper pulp and textile industries (Acharya and Chaudhary 2012). Methanogens 
plays a significant role in the biogas production; however, psychrophiles are being 
subjugated in biodiesel production (Bernard et al. 2012). We have summarized the 
application of microbial biotechnology to maintain the sustainable development of 
the ecosystem in Fig. 1.1.

1.4.1  Environmental Applications (Bioremediation)

Grouping of diverse technologies, such as designed biosensors for assessing the 
level of contamination, mining of the large number of polluted spots and designing 
of geohydrobiological engineering models, via polishing the spots with microbe- 
assisted flora (Pilon-Smits 2005), is the most competent and cost-effective way of 
bioremediation. Bioremediation has capability to fix polluted environments. For the 
retrieval of degraded lands, the integrative attempt might provide an evidence to be 
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one of the pre-eminent ecological practices. Microbes actively participate in the 
removal of toxic compounds and oil biodegradation. Microbial-based biosensors 
provide application in monitoring of toxic compounds.

1.4.2  In Industry (Novel Biotechnological 
and Pharmaceutical Products)

Soil has proven to be the major resource of microbes from where they are extracted 
and used in industries, food processing and production, biocontrol agents, advance-
ment of biocides, drugs and other natural products. Microorganisms can occur natu-
rally or even through human ingenuity, i.e. it can be genetically engineered. 
Mangrove ecosystem has comprehended many biotechnological importances.

1.4.3  Enzymes

The enzymes have many advantages over chemical-based industries due to its high 
efficiency and negligible substrate loss (Acharya and Chaudhary 2012). Microbes 
have a varied array of enzymatic activities and are proficient in catalyzing numerous 
biochemical reactions with novel enzymes. Microbes in marine environment offer 
microbial proteins which have therapeutic importance for human welfare. Enzymes 
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contributing to sustainable development of industries such as lipases, proteases, cel-
lulases and amylases showed numerous potential in detergent industry; amylases, 
cellulases and catalases are used in textile industry, amylases and pullulanases in 
starch and proteases and lipases in leather industry (Acharya and Chaudhary 2012). 
Cellulases have gained interest worldwide because of its potential role in the pro-
duction of transportation of fuel and also are considered as third largest industrial 
enzyme globally. Mostly, fungi and bacteria have been exploited for cellulase pro-
duction (Acharya and Chaudhary 2012). Halophilic bacteria produce hydrolytic 
enzymes which have economic importance (Ventosa and Nieto 1995).

Halococcus asparaginase was reported in mangrove habitat and assessed various 
properties of oxidative stress-related enzymes such as oxidase, peroxidase and cata-
lase from gram-negative bacteria in mangrove ecosystem of Bhitarkanika. In Brazil, 
bacteria isolated from mangrove were found to generate different biocatalysts, 
starch hydrolyzing enzyme, amylases; proteolytic enzymes, proteases; and ester 
lipid hydrolytic enzyme, esterase and lipase, extracellularly (Das et  al. 2009). 
Husain et al. (2016, 2017) documented chemotherapeutic enzymes (asparaginase, 
arginase and arginine deiminase) isolated from rhizospheric soil, and endophytic 
bacteria revealed that Aspergillus niger isolated from mangrove ecosystem can gen-
erate an enzyme xylanase which can withstand high temperature and pH and carry 
out biobleaching of paper pulp. Carbonic anhydrase (CA) is a biocatalyst exploited 
for the sequestration of carbon dioxide. In fresh water, Sharma et al. (2018) opti-
mized various factors for increasing CA production from the genera Enterobacter 
sp. and Aeromonas sp. and purified and compared P. fragi CA, M. lylae CA and 
M. luteus 2 CA against commercial bovine carbonic anhydrase (BCA). In food 
industry, enzymes play a vital role to process food.

1.4.4  Biosurfactants

Biosurfactants exhibit several therapeutic significances such as antibacterial, anti-
fungal, antiviral and anticoagulation properties. High surface and emulsifying activ-
ity of microbial molecules are categorized as biosurfactants or bio-emulsifiers. Due 
to lower toxicity, mild production conditions, environmental compatibility and 
higher biodegradability, biosurfactants have gained interest to a large extent as com-
pared to chemical surfactants (Mulligan et al. 2011). All these biosurfactant proper-
ties have driven their importance in protecting the environment and have been 
utilized in many industries, viz. food, cosmetics, biopesticides and pharmaceuticals. 
On the basis of microbial origin of biosurfactants and their chemical configuration 
characteristics, biosurfactants can be classified as glycolipids, phospholipids, lipo-
peptides and polymeric surfactants. The most common biosurfactants among these 
four groups assessed are glycolipids and lipopeptides produced by P. aeruginosa and 
B. subtilis, respectively (Pornsunthorntawee et  al. 2008). Properties of biosurfac-
tants, i.e. degradation of substances, less toxic and efficient at low/high pH or tem-
perature, make them more valuable than chemical surfactants and display prominent 
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eco-friendly compatibility by enhancing bioremediation efficiency. Mulligan et al. 
(2011) reported and assessed the promising biosurfactant production from 
Leucobacter komagotae 183 strain isolated from mangrove ecosystem of Thailand.

1.5  Medical Importance (Antimicrobial Substances)

The necessity for variety and expansion of novel classes of antimicrobial agents is 
growing due to resistance shown against several antibiotics by diverse groups of 
bacteria, fungi and other microorganisms that causes severe complications in repres-
sion of contagious diseases. Many documents have reported antifungal substances 
from mangrove ecosystem. Two despidones (auranticins A and B) that exhibit anti-
microbial activity were generated from fungus Preussia aurantiaca (Poch and Gloer 
1991). In mangrove environment, isolated Aigialus parvus BCC-5311 synthesized 
aigialomycins A–E, resorcylic macrolides and hypothemycin. Few studies reported 
a novel compound—enniatin G—extracted from Fusarium sp. which showed anti-
biotic, antitumour, phytotoxic and insecticidal activity. Lin et al. (2008) described 
an actinomycete Streptomyces sp. that strongly constrains the growth of gram- 
negative as well as gram-positive bacteria.

1.5.1  Bio-mediated Compounds

Study revealed that plants, fungi, bacteria and actinomycetes were found to produce 
bioactive compounds. Actinomycetes act as promising candidate for the treatment 
of diabetes and neurodegenerative diseases and are likely to be the rich cause for the 
detection of antitumour and anti-inflammatory compounds after few genetic modi-
fications. Microorganisms living in the mangrove ecosystems are considered as a 
natural ‘hotspot’ for producing novel and superior drugs. It was reported that 2000 
microbes, viz. fungi, bacteria and actinomycetes, that have potential to synthesize 
secondary metabolites were also having anticancer, antitumour and anti- 
inflammatory properties. Streptomyces albidoflavus isolated from the Pichavaram 
mangrove that exhibited antitumour properties was reported by Marine algae are the 
key source of phycocolloids such as agar, carrageenan and alginate (Shanmugam 
and Mody 1999). They were also reported to have anticomplementary, anti- 
mutagenic, blood anticoagulant, antiviral, hypolipidemic, hypoglycaemic, immuno-
modulating, anti-inflammatory and antitumour activities.

Microorganisms are in diverse form and a vital constituent of biotic diversity that 
has played a momentous role in origin of life on the earth and in maintaining ecol-
ogy of various habitats. They are the abundant janitors across the globe occurring in 
all climatic regions, including Arctic, Antarctic, deep within rocks and oceanic hot 
vents. The extensive genetic variation encompasses the spectrum of variability 
among various species. Microbial diversity comprises broad group of microbes that 
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are useful for food production and global environmental protection as well as have 
many applications: for example, as immunosuppressants; as antimicrobial and anti- 
proliferative drugs; as immunomodulators; as anthelmintics in pharma industries; as 
a fermentation product in food industries; as food processing agents, antiparasitic 
agents and biopesticides in agricultural region; as a microbial product intended for 
manufacturing organic compounds, vitamins, amino acids, biocatalyst and biocon-
version agents; as detergents by chemical industries; as bioenergy and bioremedia-
tion agents in environmental industries using biotechnological approaches to clean 
up the contaminated sites, in recycling process of nutrients and in maintenance of 
ecosystem health in biosphere.

The traditional techniques for cultivating microbes and advanced culture- 
independent methods might be deliberated as a principal approach to understand 
how microbes live as well as their role in extreme habitats. The studies of microbial 
diversity pave a healthier thought of the role and purpose of microbial communities 
in terrestrial, aquatic and marine environments and a better understanding of the 
consequences of extinction of plant and animal species and of trepidations on eco-
system. Therefore, microbial communities are excellent models for studying and 
examining fundamental biological interactions for maintainable ecology of plants 
and animals and improved dimensions to uphold water quality and soil fertility.

1.6  Conclusion

The usage of microbial enzymes is dispersed in several fields such as in preparing 
enantiomer, pure drugs from racemic mixture; for the production of robust drugs, as 
a therapeutic agent; etc., while pathogenic microbes causing disease to humans, 
plants and animals pose a threat to health, food safety and security. Recent advances 
in molecular genetics are currently gaining attention which is being supplemented 
by culture-dependent analysis. Diversity among microbes can be used to monitor 
and predict the changes in the environment as microbes are the major sources that 
have been involved in sustainable development. The ecosystem may function as a 
key parameter that controls various global cycles (nitrogen, carbon, sulphur, phos-
phorus and heavy metal cycles) by maintaining the dynamic equilibrium and integ-
rity of our planet. The extensive industrial development has led to the exploitation 
of diverse forms of microbial communities by gradual changes in existing biotic and 
abiotic factors. Therefore, metagenomics is useful in exploiting unidentified micro-
organisms in various environments to reveal genomic content of new species and 
biomarkers for detecting several metabolic activities; it also delivers innovative 
techniques to obtain products from microorganisms without culturing them in labo-
ratories and can be helpful in understanding complexity within microbial communi-
ties. The inability of traditional culturing techniques has shown the diversity of 
microorganisms and also that the species assortment in terrestrial and aquatic habi-
tats is far superior than expected. The mainstream of microbial diversity (>90%) 
remains to be revealed. The extensive genetic variation encompasses the spectrum 
of alteration among various species. Nevertheless, the information regarding micro-
bial physiology and genetics is crucial for transcriptomic and gene-level studies.
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1.7  Future Perspectives

Most assorted group of organisms found in any form of environment are microbes. 
Till date, investigation has focused on those microbes that are culturable; however, 
an affluence of evidence is now being collected from unculturable microbes. A 
grander consideration of the microbial world can benefit ecological organization. 
These organisms are the root for revolutions that empower life to endure; thus, 
acquaintance of their interfaces, characters and tasks is vivacious to our understand-
ing. We are in the middle-of-the-road to explore, identify, conserve and use microbes 
to support mankind specifically and ecology. Marine organisms thrive not just in the 
surface of ocean but also in addition in the lower and deep profundities from coastal 
to the offshore regions of a particular habitat. This community of microbes is still 
unknown and might have evolved with many mysteries which are still to be 
answered. Plant microbiome-based solutions could achieve a change in perspective 
of their role in health and illness and have significant results for biocontrol and 
medical problem. Targeted microbiome engineering for crops is an upcoming incli-
nation. Biodiversity should be a biomarker for these microbiome cadences. Higher 
plant-associated miscellany can be achieved not only through the enactment of bio-
logical control agents which shifts the microbiome but also by the solicitation of 
microbial consortia. Half-life of gut microbes could be managed through probiotics, 
and estrogen replacement therapy can be benefited by long-term users through alter-
ing properties of estrogen without increasing the risk of reproductive cancers. 
Microbiota populations have been found in the human skin, mucosal membranes, 
and gut where they can influence several disorders, such as diabetes, obesity, cancer 
and colitis. Thus, a multiomics approach to identify and sequence different micro-
bial populations in the body can provide valuable information. Gut bacteria markers 
can be called as ‘smoking gun’ for liver disease as they can spot the early stages of 
liver disease by releasing chemical compounds produced by the bacteria in our gut. 
Microbiologists are finding new-fangled ways to sightsee the new places and new 
biotechnological intervention in the hunt of new medicine and new techniques to 
help mankind. Some longstanding mysteries about microbial diversity are their 
diversity and stability in various ecosystems which can solve many queries about 
evolution and could also help to understand the future and make it easy.
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Chapter 2
Microbe-Mediated Genetic Engineering 
for Enhancement of Nutritional Value 
in Food Crops

Bhupendra Koul and Siddharth Tiwari

Abstract Malnutrition is a severe public health challenge in several underdevel-
oped countries worldwide. Thus, sustainable plant productivity and its easy avail-
ability in the coming years shall be a major constraint for food and nutritional 
security for the teeming millions. Moreover, various abiotic and biotic stresses in 
plants contribute to yield penalty. The conventional breeding techniques for 
improvement/enhancement of growth, yield, and quality traits are tedious, time- 
consuming, and impermanent. On the contrary, microbe-assisted genetic manipula-
tion of crop plants has revolutionized the crop improvement through incorporation 
of value-added traits of agronomic and nutritional importance. It is now possible to 
transfer genes(s) of interest, irrespective of its origin to crop plants through direct or 
indirect (vector or vectorless) approaches. Indeed, Agrobacterium has become the 
most effective vector for gene transfer in the arena of transgenic technology. The 
success of a transgene of nutritional importance depends upon its high expression 
level and stability in plant system. To give effect to this hypothesis, various strate-
gies have been deployed including elimination of destabilizing elements of the 
transgene; removal of putative polyadenylation sequences, cryptic splicing sites, 
and codon biasness; and incorporation of elements for high-level expression (strong 
promoter(s), 5′ untranslated leader sequence, translation initiation context). In this 
chapter, we have discussed the importance of Agrobacterium and various genetic 
engineering approaches for enhancing the expression of foreign genes including the 
current scenario and advancements in the biofortification of crops. This chapter also 
summarizes state of the art of nutrition enhancement in crops, major challenges, and 
future prospects.
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2.1  Introduction

Scientists are of the opinion that “presence of water makes life possible on the 
planet.” In continuation to it, we must remember that “plants sustain life on the 
planet.” Almost half of the world population does not have regular access to fresh 
fruits, vegetable, meat, and fish. Therefore, the only option that remains for them is 
to rely on the food crops like rice, wheat, and maize (Christou and Twyman 2004). 
Unfortunately, these major food crops do not possess ample vitamins (vitamin A, 
folic acid), minerals (zinc, iron, and selenium), and amino acids (lysine) required 
for normal growth and metabolism. Therefore, in the near future, malnutrition and 
the related nutrition deficiency shall pose serious public health issues, worldwide 
(United Nations 2016, 2017). As a consequence of malnutrition and inadequate 
nutrition, one-third of the infant deaths occur throughout the world. Keeping in view 
of the forthcoming worldwide demand for quality foods to feed the teeming mil-
lions and to manage the nutritional-deficiency-induced diseases, the United Nations 
(UN) has proposed its Agenda 2030 for sustainable agriculture which shall strive to 
“eradicate hunger, attain food security and enhanced nutrition, and encourage sus-
tainable agriculture.”

Biofortification is a research-based procedure involving the amalgamation of 
genetic engineering, plant breeding, and agronomic practices to augment the nutri-
tional and economic worth of crops in a profitable and feasible way (Chattha et al. 
2017; Camak and Kutman 2018; Lockyer et al. 2018; Connorton and Balk 2019). 
The targeted crop improvement for abiotic and biotic stress management, increasing 
and improving the oil content, increasing the nutritional quality, and removing the 
anti-nutritive and allergenic components, is possible through the advancements in 
plant biotechnology (transgenic techniques) (Pérez-Massot et  al. 2012). Several 
strategies are being followed to raise such genetically modified (GM) crops: (1) 
enriching the functional ingredients in plants (high xanthophyll content in fruits, 
provitamin A in crops, and plant sterols in cereals), (2) synthesizing valuable ingre-
dients in plants (polyunsaturated fatty acids [PUFAs], vitamin E in oil crops, 
increasing the starch content in plants), (3) increasing the crop yield through 
enhancement of photosynthesis, (4) delaying the ripening process in fruits and veg-
etables (postharvest stability), (5) modifying the fruit color, and (6) improving the 
plant protein (amino acids) composition (Zhang et al. 2016). The examples of bio-
fortification projects include zinc (Zn) biofortification of maize, wheat, rice, sweet 
potato, and beans; iron (Fe) biofortification of rice, legumes, cassava, sweet potato, 
and beans; provitamin A carotenoid biofortification of maize, sweet potato, and cas-
sava; and amino acid and protein biofortification of cassava and sorghum. However, 
the biofortification of crop plants is dependent on certain criteria, for instance, (1) 
enhancement of crop productivity to ensure farmer acceptance (high yielding), (2) 
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significant impact of micronutrient enrichment levels on human health (effective), 
(3) stability of enriched levels (stability), (4) testing of bioavailability of nutrients 
from enriched lines in humans consuming them (efficacious), and (5) testing of 
consumer acceptance (cooking quality and taste).

Several strategies have evolved to transfer foreign DNA to a heterologous host. 
The DNA transfer does occur in nature by conjugation, bacterial transformation, 
Agrobacterium-mediated transfer, transposition, phage transduction, and retroviral 
transduction. There are two strategies for DNA transfer (Table  2.1): (1) vector-
mediated or indirect DNA transfer (Agrobacterium-mediated transformation and 
Agrobacterium- mediated virus infection) and (2) vectorless or direct DNA transfer 
(physical, chemical gene transfer method and DNA imbibition by cells, tissues, 
embryos, and seeds). The physical gene transfer methods involve (1) electropora-
tion/ultrasound/sonication, (2) particle bombardment (microprojectile/biolistics), 
(3) macroinjection, (4) microinjection, (5) lipofection, (6) silicon carbide fiber 
(SCF)-mediated transformation, and (7) DNA transfer via pollen. On the other 
hand, the chemical methods of gene transfer include (1) PEG-mediated gene trans-
fer, (2) Ca phosphate coprecipitation, (3) polycation-DMSO procedure, and (4) 
DEAE-dextran procedure. Among all these techniques, the Agrobacterium- mediated 
transformation ensures stable genetic transformation (gene remains functional and 
expresses in subsequent generations) due to less number of integrations of the trans-
gene and without any rearrangement or alteration.

2.2  Agrobacterium as a Natural Genetic Engineer

Agrobacterium tumefaciens is a ubiquitous, Gram-negative, non-sporing, motile, 
rod-shaped soil bacterium that forms nitrogen-fixing nodules like the rhizobium, on 
leguminous plants. In nature, Agrobacterium causes tumorous growths in 331 gen-
era and more than 645 plant species including several dicots and some monocot 
angiosperms and gymnosperms (De Cleene and De Ley 1976). It can also transform 
other organisms like bacterium Streptomyces lividans, fungi, algae, human cells, 
and sea urchin embryos (de Groot et al. 1998; Kunik et al. 2001; Hooykaas 2004; 
Pelczar et al. 2004; Bulgakov et al. 2006). The Bacterium tumefaciens (now A. tume-
faciens) as the cause of “crown gall disease” of plants was first reported by Smith 
and Townsend (1907), which laid the foundation of plant transgenics. Apart from 
gall formation, it has the capability to transfer a segment of its plasmid DNA into 
the host (dicots) genome (Gelvin 2003; Tzfira and Citovsky 2006). Therefore, this 
soil bacterium has become the most effective/reliable vector to transfer genes of 
diverse origin (trans-kingdom DNA) in plants.

The genes responsible for crown gall disease are present in tumor-inducing (Ti) 
plasmid (~200  kb). Only the transfer DNA (T-DNA) enters the host plant. The 
T-DNA is involved in (a) Ti plasmid conjugation, (b) production of cytokinins and 
auxins, (c) production of unique plant metabolites called opines and agrocinopines, 
and (d) initiation, transfer, and processing of the T-DNA. The cytokinins and auxins 
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initiate rapid cell growth and produce galls. Wild-type A. tumefaciens, harboring the 
Ti plasmid, parasitizes the plant for its nitrogen and carbon source in the form of 
specific opines (octopine, nopaline, and succinamopines) which are unique amino 
acid derivatives. Agrobacterium uses these compounds as the source of carbon and 
energy. The tumor-inducing (Ti) plasmid with the genes for synthesis of three main 
types of opines as well as genes for virulence (vir) governs the specificity for patho-
genicity. Wild-type Ti plasmid containing a T-DNA region limited by a 25 bp RT 
and LT border inverted repeats has genes for host-directed opine synthesis and bac-
terial-type plant hormones which ultimately direct tumorigenicity (Van Larebeke 
et al. 1974). This T-DNA when engineered with desired genes is directed by the 
bacterium to integrate illegitimately into plant genome at random sites with the help 
of a cascade of proteins of vir operons (VirA–J). Wounded plant cells secrete poly-
saccharides and various phenolic signals that induce the expression of various bac-
terial chromosomal genes like chvA, chvB, and pscA, followed by induction in turn 
of various genes of vir operons (six essential (VirA, B, C, D, E, G) and four addi-
tional operons (VirF, I, J, H)), present on Ti plasmid. T-DNA molecule associated 
with VirD2 and VirE2, the two essential products of vir operons, is responsible for 
directing the single-stranded (ss) transfer DNA into the nucleus (Tzfira et al. 2000). 
Ti plasmid is engineered so as to disarm A. tumefaciens strain by the removal of 
genes for opine synthesis and plant hormone (cytokinins and auxin) synthesis. 
These disarmed strains are supplied with extra copies of vir operons to increase its 
virulence and, hence, the extent of infection. It is only the engineered T-DNA (con-
taining the desired construct) that is ultimately exported by the bacterial cell into the 
host cell nucleus (Chilton et al. 1978; Depicker et al. 1978). Illegitimate recombina-
tion with the aid of known and unknown bacterial as well as cellular host factors is 
reported in the case of plants, but homologous recombination (HR) is reported in the 
case of unicellular yeast.

2.3  Agrobacterium as a Vehicle for Transformation

The use of A. tumefaciens strains (Table 2.2) for plant genetic modification began 
extensively in 1983 when Robert Fraley introduced a gene for kanamycin resistance 
in tobacco genome. Agrobacterium is quite unique in this aspect as it facilitates 
interkingdom transfer of genes (Stachel and Zambryski 1989) in dicots (Horsch 
et al. 1985) and monocots species as well as yeasts (Piers et al. 1996), filamentous 
fungi, and mushrooms (de Groot et al. 1998) and also in human cells (Kunik et al. 
2001). It has several advantages over direct transformation techniques because it is 
feasible and cost-effective and facilitates few and well-defined transgene integra-
tions (Shou et al. 2004; Zhang et al. 2005; Gao et al. 2008). On the contrary, the 
traditional methods of raising transgenic plants (electroporation, microinjection, or 
PEG fusion) involving protoplast transformation are not reliable because of slow 
regeneration of protoplasts and low transformation efficiency (Newell 2000; Banta 
and Montenegro 2008). Biolistics technique, although an alternative to 
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Agrobacterium-mediated plant transformation, has disadvantages of multiple-copy 
gene integration and epigenetic silencing of the transgene and has a limitation of 
size of the DNA to be transferred (Lorence and Verpoorte 2004; Altpeter et al. 2005).

The T-DNA binary vector system has made the gene transfer process feasible and 
flexible. It consists of two plasmids within A. tumefaciens, a shuttle vector that con-
tains gene of interest between the T-DNA borders and a helper Ti plasmid which 
offers vir gene products which are required for transfer of T-DNA. The presence of 
multiple cloning sites (mcs) within the transfer DNA region and a broad host range 
origin of replication functional in both E. coli and A. tumefaciens make the binary 
vector system an ideal DNA delivery system.

2.4  Factors Influencing Agrobacterium-Mediated Genetic 
Modification of Plants

The factors which greatly influence Agrobacterium-mediated genetic modification 
of plants include the (1) Agrobacterium strain, (2) type of plant material (explant 
genotype, age, size, etc.), (3) agro-inoculation conditions (bacterial density, time, 
temperature, pH, agitation, sonication, presence of acetosyringone, etc.), (4) co-
cultivation conditions (time, temperature, light, etc.), and (5) plant growth condi-
tions (preincubation, light intensity, temperature, subculturing, type of selection 
marker (Table 2.3), presence of endogenous phytohormones, exogenous addition of 
hormones, media composition, etc.) (Frary and Earle 1996; Gelvin 2003; Gao et al. 
2008). However, the following rate-limiting steps are considered as the major bot-
tlenecks controlling the overall rate of transformation during the T-DNA transfer 

Table 2.3 Commonly used selection marker genes in plants

Genes Substrate(s)

Neomycin phosphotransferase (nptII) G 418, kanamycin, neomycin, paromomycin
Hygromycin phosphotransferase (hpt) Hygromycin B
Chloramphenicol acetyltransferase (cat) Chloramphenicol
Gentamycin acetyltransferase (gat) Gentamycin
Streptomycin phosphotransferase(sph) Streptomycin
Bleomycin hydrolase (bmh) Bleomycin
Blasticidin deaminase gene (bsd) Blasticidin
Dihydrofolate reductase (dhfr) Methotrexate
Phosphinothricin acetyltransferase (pat) L-Phosphinothricin (PPT)
5-Enolpyruvylshikimate-3-phosphate 
(EPSP) synthase (aroA)

Glyphosate

Bromoxynil nitrilase (bxn) Bromoxynil
Acetolactate synthase mutant form (als) Sulphonyl urea, imidazolinones
Threonine dehydratase (tdh) L-Threonine
Phosphomannose isomerase (pmi) Mannose-6-phosphate

B. Koul and S. Tiwari
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into the host plant genome: (1) Agrobacterium plant compatibility and host cell 
competence; (2) T-strand generation; (3) T-complex transfer into the plant cell; (4) 
T-strand stability and its entry into plant nucleus; (5) T-DNA integration; (6) copies 
of T-DNA inserts into genomic DNA, position effect, and posttranscriptional trans-
gene silencing; and (7) regeneration of transformed cells.

2.5  Molecular Mechanism of T-DNA Transfer

Agrobacterium tumefaciens-mediated plant transformation has been explained 
through a number of reviews which have focused on giving the very recent and 
updated information with respect to the molecules involved in the entire process, 
factors influencing the process, and also the various possibilities in the light of pres-
ent research in this area. It is extremely exciting to see how this primitive form of 
life (bacteria) manages and also can be manipulated to infect and colonize wide 
range of higher life forms (plants, fungi, yeast, and human cells). The whole 
scenario can be hypothetically visualized in steps which is summarized in Fig. 2.1. 

Fig. 2.1 Model for Agrobacterium-mediated genetic transformation of plants (Tzfira and Citovsky 
2006; Hwang et al. 2017)

2 Microbe-Mediated Genetic Engineering for Enhancement of Nutritional Value…
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The transformation process involves ten steps. It starts with recognition and attach-
ment of the Agrobacterium to the plant cells, [1, 2] sensing of plant signals by 
Agrobacterium and activation of vir genes followed by transmission of the sensed 
signals, [3, 4] generation and transfer of T-DNA and virulence proteins from the 
bacterial cell into plant cell, [5, 6] nuclear import of T-DNA and effector proteins in 
the plant cell, and [7–10] T-DNA integration and expression in the plant genome.

2.6  Colonization and Bacterial Infection

Many capsular polysaccharides (like K-antigen) and lipopolysaccharides (LPS) 
(like O-antigen) form the outer membrane of the bacterium which is supposed to 
link the bacterium and the plant cell during infection. Agrobacterium tumefaciens 
gets attached to the plant cell surface with the help of an acidic polysaccharide 
(Bradley et al. 1997). The role of LPS was demonstrated with the help of transposon 
insertion mutants and other mutagenic studies at the chromosomal 20 kb att locus, 
which contains the gene for bacterial attachment (Whatley and Spiess 1977). The 
region 10  kb upstream and 10  kb downstream of att locus was mutated which 
resulted in the total loss of bacterial attachment, and the region is supposed to code 
for the synthesis of fundamental components. The ABC transport system (periplas-
mic binding protein-dependent transport system) appears to be involved in secretion 
of some compounds that are essential for bacterial attachment (Higgins et al. 1990).

2.7  Formation of T-Complex and Its “Interkingdom”  
Transfer

An Agrobacterium 30–40 kb vir region located on Ti plasmid outside T-DNA con-
sists of at least 10 operons, each having different number of genes (Table 2.4). VirA 
and VirG constitutively form a two-component system, which receives the “signal” 

Table 2.4 Functions of different vir genes

Vir region Function No. of genes

virA Encodes a sensor protein receptor for acetosyringone and functions as 
an autokinase; also phosphorylates virG protein; constitutive expression

1

virB Membrane proteins; has a role in conjugal tube formation 11
virC Exhibits helicase activity 2
virD VirD1 has topoisomerase activity and virD2 is an endonuclease 4
virE Single-stranded binding protein (SSBP) 2
virF Not well understood 1
virG DNA binding protein, induces the expression of all vir operons; 

constitutive expression
2

virH Not well understood 2

B. Koul and S. Tiwari
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(wounding) and transients the signals to activate the consequential expression of 
other vir operons. Plant wounding creates an environment of acidic pH, secreted 
phenolics such as acetosyringone (Winam et al. 1986), and many monosaccharides, 
which turn on the expression of Agrobacterium chromosomal genes, which in turn 
activates VirA. VirA protein is formed of three domains, which help in receiving the 
signals. A transmembrane, dimeric VirA protein senses the signals from a cascade 
of chromosomal gene products like chvA, chvB, and pscA (Ankenbauer and Nester 
1990; Cangelosi et al. 1990). TM-2 domain of VirA is a kinase domain which gets 
phosphorylated on a conserved histidine residue at position 474. Activated VirA 
transfers its phosphate group to a conserved aspartate residue on VirG, which acts 
as a transcription factor regulating the downstream regulation of vir genes.

The generation of single-stranded (ss) T-DNA from the excision of bottom 
strand of double-stranded (ds) Ti plasmid is accomplished by the help of VirD1-
VirD2 complex. VirD2 recognizes the 5′ right border (RB) repeats, where it remains 
attached after nicking the bottom strand. VirD1 helps in the endonuclease activity 
in uncoiling of ds Ti plasmid at its 5′ end (Zupan and Zambryski 1995; Christie 
1997). Ensuring active nuclear import in a polar fashion, staring with the 5′ end of 
ss T-DNA where VirD2 is attached through a bipartite but only one functional NLS, 
ss T-DNA-VirD2 complex is generated. The VirD2 molecules are the key regulators 
for directing the T-complex to the plant nucleus for its integration. With the help of 
yeast two-hybrid protein assay, some highly conserved proteins belonging to 
cyclophilin family of peptidyl-prolyl cis-trans isomerase were found. DIP1 of 
Arabidopsis (Fields and Song 1989; Hollenberg et al. 1995; Deng et al. 1998) that 
interacts with VirD2 is proposed to maintain proper confirmation of VirD2 in 
Agrobacterium as well as host cells. The VirD2 pilot protein of Agrobacterium 
T-DNA interacts with the TATA box binding protein (TBP) and a nuclear protein 
kinase (NPK). It is reported in alfalfa cells that VirD2 interacts with a conserved 
plant ortholog of plant cyclin-dependent protein kinases (Bako et  al. 2003). In 
transformed Arabidopsis cells, TBP is found to be in tight association with VirD2. 
It is phosphorylated by conserved cyclin-dependent protein kinase (CAK2Ms) 
(Bako et al. 2003). VirD2 interacts with multiple plant cyclophilins and α-importin 
nuclear receptors. It is also reported that AtKAP-α  (nuclear localization signal-
binding protein) specifically mediates the transport of ss T-DNA-VirD2 complex 
into the nucleus for integration of T-DNA in host genomic DNA  (Ballas and 
Citovsky 1997).

The ss T-DNA attached at 5′ end to VirD2 is transferred to the plant cells after 
crossing a triple barrier of membranes and cellular spaces, which contains our 
desired DNA.  This VirD2 prevents the exonucleolytic cleavage of 5′ end 
(Durrenberger et al. 1989). To accomplish this strand transfer the needed apparatus 
is constructed with the products of VirB operons (9.5 kb region), which has 11 dif-
ferent components (Christie et al. 1989), with 10 essential proteins, which are inte-
gral proteins of the inner and outer membrane. VirB4 and VirB11 span the membrane 
and have ATPase activity for active transport of T-complex. VirB constitutes the 
channel- connecting link between a bacterium and a plant and hence can be thought 
to be a reminiscent of conjugation pili of bacteria (Lal and Kado 1998). VirB7 and 
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VirB9 associated with VirD4 proteins help to give anchorage and hence maintain 
this VirB channel. Other VirB proteins are reported to play a role in peptidoglycan 
digestion of bacterial cell wall. Thus, VirB forms the “delivery system” between the 
cells of two different kingdoms.

It is not very clear that ss T-DNA enters into the plant cell coated with many 
molecules of VirE2, or both T-DNA and VirE2 enter independently and are associ-
ated afterward in the plant cell cytoplasm. But many facts favor the latter hypothe-
sis. VirE2 with the essential help of VirE1 protects  the single-stranded T-DNA 
molecule from endonucleolytic cleavage by various enzymes. VirE2 when mutated 
was still able to transfer T-DNA strand which confirms that T-DNA strand can also 
be independently transferred (Sundberg et al. 1960; Binns et al. 1995). VirE2 and ss 
T-DNA both independently travel, and when it reaches plant cell cytoplasm, VirE2 
coats the T-DNA strand.

2.8  Integration of T-DNA in Plant Genome

The T-DNA coated with VirE2 and bound to VirD2 at its 5′ end integrates illegiti-
mately at random but preferential sites in plant genome (Gheysen et al. 1991; Puchta 
1998). These are mostly transcriptionally active sites with a few base pair (bp) simi-
larity with the border regions, specially the right border, which is mostly found 
conserved due to bound VirD2 at 5′ end. The microhomologies provide minimum 
specificity between host DNA and T-DNA in which many host proteins help. These 
host, nonhomologous end joining (NHEJ) proteins Yku70, Rad52, Rad50, Mre11, 
Xrs2, and lig4 are required for integration at telemetric regions as shown in S. cere-
visiae (Van Attikum et al. 2001; Van Attikum and Hooykaas 2003). T-DNA integra-
tion is mainly governed by host factors, which can drive toward homologous 
recombination (HR) in yeast (Offringa et al. 1990) as compared to nonhomologous 
recombination (NHR) in plants (Gallego et al. 2003).

T-DNA integration creates rearrangement of the target site in plant genome in 
which its right border sequence is more conserved than its left border. This T-DNA 
is supposed to displace the strand from plant genomic DNA through the VirD2 at 5′ 
end RB. It is very frequent to have multiple copies of T-DNA integrated at the same 
position in either inverted or direct repeats (De buck et al. 1999). It is demonstrated 
that it does not involve replication, but recombination between two or more distinct 
T-DNA that forms T-DNA repeats. Arabidopsis thaliana was frequently studied to 
analyze the junctions between linked T-DNA along RB-RB-, RB-LB-, and LB-LB-
type orientations. RB-RB end-to-end ligations of ds T-DNAs occur commonly, but 
LB T-DNA junctions are formed through illegitimate recombination on the basis of 
microhomologies, deletions, repair mechanism, and insertions of filler DNA.

Inverted repeats cannot be amplified by PCR due to intrastrand annealing (De 
Buck et al. 1999). RB-RB junctions are formed with minor deletions, but RB-LB 
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and LB-LB junctions, when formed, were found to be present with a stretch of DNA 
called “filler DNA” that varied in length between 7 and 235 bp and originated 
from either the host genome or T-DNA near the break pairs (imprecise insertions). 
The precise insertions or target placements involve replacement of target deletion 
with T-DNA of same length with accuracy. Ultimately to visualize the possible 
mechanism of T-DNA integrations (single or multiple copies), the following two 
ways are possibly accepted (Gheysen et al. 1991; Mayerhofer et al. 1991): (1) Two 
distinct T-DNAs integrate via single-stranded annealing with the double-stranded 
genomic DNA followed by interaction and annealing of VirD2-coated 5′ RB end 
(Tinland 1996). However, VirD2, on the contrary, does not possess general ligase 
activity (Ziemienowie et al. 2000), and (2) right T-DNA borders recognize the simi-
lar sequence in plant genome (preinsertion target site) and are found to be partly 
truncated. Double-stranded break (DSB) repair mechanisms are involved in such 
integration events (Salomon and Puchta 1998).

When analyzed in Arabidopsis, tobacco (Gheysen et al. 1987; Mayerhofer et al. 
1991; Gheysen et  al. 1991), and in tree species—aspen (Kumar and Fladung 
2002)—the class (1) type of T-DNA integration and VirD2 was found to preserve the 
conserved right T-DNA border as compared to much variable left border repeat. 
But, in some transgenic lines in the same experimental setup, when analyzed, 
sequence analysis of preinsertion sites showed that these recombination hot spots 
were mostly AT-rich regions ranging from 54% in dicots, like tobacco (Gheysen 
et al. 1987; Salinas et al. 1988) and Arabidopsis (Mayerhofer et al. 1991), to 60–70% 
in aspen (Kumar and Fladung 2001). T-DNA integration occurs through DSB repair 
mechanism as in genomic DNA. The origin of filter DNAs can be explained by 
abortive gap repair mechanism through synthesis-dependent strand annealing 
(SDSA) pathway.

It has been shown through transient expression kinetics that T-DNA strand is 
converted to ds T-DNA (Janssen and Gardner 1989) and, then in case of T-DNA 
repeat formation, recombines before integration in genome (De Buck et al. 1999). 
Inter-chromatid and inter-homologue recombination mechanism has been explained 
in A. thaliana by Molinier et al. (2004). To summarize, the integration is phenom-
enon driven and governed by multiple sets of host factors, which are still not well 
defined.

Here we have summarized the available knowledge about the happenings till the 
transfer of T-complex from Agrobacterium cell to the plant cell, but there is still a 
scope of basic study to understand about the possible host cell factors and phenom-
enon. To understand the complex phenomenon of T-DNA integration illegitimately 
into plant genome, some preferential sites need to be analyzed with respect to its 
interaction with nuclear receptor proteins, kinases, histone, and particular DNA 
stretches of definite sequence. Complex DNA–DNA, DNA–protein, and protein–
protein interactions are needed to be studied to understand the crests and thoughts 
of T-DNA during its journey and ultimate union into the most like destination—the 
plant cell genome.

2 Microbe-Mediated Genetic Engineering for Enhancement of Nutritional Value…



32

2.9  Direct Editing of Genomic DNA by CRISPR Tool

The bacteria-derived clustered regularly interspaced short palindromic repeats 
(CRISPR)-Cas genome editing system has empowered our ability in gene manipu-
lation, detection, imaging, and annotation in living cells of diverse species. This 
revolutionary genome engineering technology is highly advanced because of its 
simplicity, stability/robustness, efficiency, and specificity of the target in both ani-
mal and plant systems (Ran et  al. 2013; Pickar-Oliver and Gersbach 2019). In 
CRISPR/Cas9, Cas9 is a bacterial DNA endonuclease which protects it from virus 
attack, etc. The “guide RNA” guides the endonuclease to the invading/targeting 
DNA, and then the Cas9 cleaves the double-stranded DNA.  The DNA double-
stranded breaks (DSBs) get repaired by two different mechanisms: (1) homologous 
recombination (HR) mechanism—it facilitates the addition of a donor DNA into the 
endogenous gene at the break site, and (2) nonhomologous end joining (NHEJ)—it 
can cause a small deletion or random DNA insertion that generates a truncated gene 
or a knockout (Fig. 2.2). CRISPR/Cas9 based genome-editing technique is being 
used by the biotechnologists to devlop useful traits in crops. Recently, Kaur 
et al. (2020) successfully deployed the same technique for metabolic engineering of 
the Cavendish banana cultivar Grand Naine to edit lycopene epsilon-cyclase (LCYε) 
gene and showed enhanced accumulation of β-carotene content up to 6-fold (∼24 
μg/g) in fruits compared to unedited plants.

Fig. 2.2 Representation of CRISPR-Cas9 gene-editing technique
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2.10  Strategies to Enhance the Expression and Stability 
of the Transgene

It is challenging to express a foreign gene from an AT-rich organism to a GC-rich 
organism. Several factors control the transgene expression at different stages includ-
ing transcription, translation, posttranslational modifications, or accumulation of 
recombinant protein, in heterologous environment of the plant cell. Several struc-
tural genomics approaches have been developed and applied to boost the expression 
of the heterologous genes in plants. These include (1) avoiding sequence motifs and 
codons that lead to mRNA degradation and low-level expression ((a) putative poly-
adenylation and mRNA instability sequences, (b) RNA polymerase II termination 
signals, (c) cryptic splicing sites, (d) secondary structures, etc.), (2) targeting pro-
tein to cellular compartments suitable for accumulation and stability (ER, vacuole, 
apoplast, etc.), and (3) incorporating elements directing high-level expression ((a) 
strong promoters, either modified natural or synthetic; (b) 5′ untranslated leader 
sequence; (c) translation initiation context; etc.).

2.11  Malnutrition and Its Impact

The global food problem is expected to simultaneously increase along with the 
increasing global population by 2030 (8.6 billion) or 2050 (9.8 billion) (United 
Nations 2016, 2017). There is a crucial requirement for sustainable food production 
strategies to eradicate the global inequalities and to feed the teaming billions 
(Lockyer 2018).

Nutrition is defined as a food intake as per body’s dietary requirements. It 
includes major nutrients (carbohydrates, proteins, fibers) and micronutrients (min-
erals and vitamins) as well. On the one hand, an adequate and balanced diet intake 
leads to good health, while an imbalanced diet or poor nutrition causes serious 
health problems, like increased susceptibility to diseases and impaired physical and 
mental development. Malnutrition is caused by a deficiency or excesses of nutrient 
intake (WHO (World Health Organization) 2017). It includes two major forms: (1) 
undernutrition and (2) micronutrient-related malnutrition. The third form of malnu-
trition is overweight, obesity, and diet-related noncommunicable diseases (cancers, 
heart diseases, and strokes). Undernutrition children are more prone to infectious 
diseases (diarrhea) and death. These children do not reach their physical and cogni-
tive potential. Inadequacy of micronutrients causes insufficient production of 
enzymes, hormones, and other constituents that are required for proper growth and 
development. Iron, vitamin A, iodine, and zinc are the important micronutrient defi-
ciencies that cause a threat to the health of children, pregnant women, and adults 
worldwide. Furthermore, micronutrient deficiencies affect society for a long dura-
tion (Anderson et  al. 2008). The world is facing a severe threat for nutrition. 
Malnutrition is responsible for the death of nearly half of children under the age of 
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5  years. Nearly 462 million people are underweight and 1.9 million are obese 
throughout the world (WHO (World Health Organization) 2017). According to 
WHO, 88% of 140 countries are suffering from one or the other forms of malnutri-
tion. This problem occurs primarily in low/middle-income countries like in South 
Asia and sub- Saharan Africa. These countries lose 11% of its gross domestic income 
every year due to malnutrition. Nearly two million people are reported to be defi-
cient for key micronutrients, i.e., iron and vitamin A, worldwide (WHO (World 
Health Organization) 2017).

2.12  Enhancement of Nutritional Value

An offshoot of the crop improvement strategies is the concept of “biofortification” 
which is an amalgam of plant breeding, agronomic practices, and genetic engineer-
ing that increases the nutritional value of crop plants in a cost-effective and sustain-
able way (Chattha et  al. 2017; Camak and Kutman 2018; Lockyer et  al. 2018; 
Connorton and Balk 2019). With the aim of crop improvement, several strategies 
are being followed (Table 2.5):

 1. Enriching the functional ingredients in food:

 (a) High xanthophyll content in fruits
 (b) Plant sterols in cereals
 (c) Provitamin A in crops

 2. Synthesizing valuable ingredients in plants:

 (a) Polyunsaturated fatty acids (PUFAs) and vitamin E in oil crops
 (b) Increasing the starch content in plants

 3. Increasing the crop yield through enhancement of photosynthesis
 4. Delaying the ripening process in fruits
 5. Modification of the fruit color
 6. Improvement in the plant protein (amino acids) composition

2.13  Vitamin A Deficiency (VAD)

Vitamin A is an indispensable micronutrient and is crucial for numerous physiologi-
cal functions in the human body. It is a lipid-soluble vitamin available in the liver or 
fatty tissues. It is needed for the synthesis of rhodopsin which is required for night 
vision. It is also crucial for immunity; aids in bodily growth and skin maintenance, 
reproduction, and genetic coding; and promotes growth and normal development of 
teeth, soft, and skeletal tissues. It acts as an antioxidant which protects against free 
radicals and decreased the risk of chronic diseases. Watson (2014) demonstrated 
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that vitamin A prevents type II diabetes and protects the heart. In the human body, 
β-carotene is transformed to retinal/retinaldehyde by β-carotene 15, 15′-monooxy-
genase (BCMO)/dioxygenase in intestinal lumen. β-Carotene dioxygenase cleaves 
double bond of β-carotene symmetrically into two molecules of all-trans-retinal. 
Retinal is further converted to retinol by retinal reductase and to retinoic acid by 
retinal oxidase in the intestine. The conversion and absorption potential of retinol 
depend on many factors including the need for vitamin A, bile production, intestinal 
health, and the amount of dietary fat in the intestines (Harrison et al. 2015). The 
β-carotene is stored within subcutaneous fat without cleavage if retinol is not needed 
by the body. Retinoic acid is essential for cell differentiation, proliferation, and 
immunity (Pino-Lagos et al. 2010). Retinol is converted by retinol acyltransferase 
to retinyl ester that is stored in the liver. Free retinol which is chemically unstable is 
available in the form of esters mainly retinyl palmitate in food (Bender 2003). 
Vitamin A forms micelles in the intestinal lumen, and the mucosal cells of duode-
num absorb it. Vitamin A precursors are present in the form of PVACs in plants and 
preformed vitamin A (retinol and retinyl ester) in animals. The sources of PVA 
include broccoli and spinach (leafy vegetables), pumpkin, carrots and sweet pota-
toes, and red- or orange-colored fruits like orange, apricot, papaya, and mango. 
Vitamin A sources from animals include beef liver, butter, cheddar cheese, egg yolk, 
full cream milk, and fish. The main plant-based source of PVA is crude red palm oil 
(Elaeis guineensis) (Rukmini 1994; Rao 2000).

VAD is a result of prolonged insufficient intake of vitamin A. It is usually associ-
ated with poor socioeconomic conditions, which affect body functions negatively 
(WHO (World Health Organization) 2017). VAD is considered if vitamin A level 
goes below 20 μg/deciliter in the liver. Serum retinol (biochemical indicator) reflects 
vitamin A status. In developing countries, people depend upon plant sources for 
vitamin A requirements (Akhtar et al. 2013). In children, insufficient breast-feed-
ing, poor diet, and poor maternal health lead to VAD (Ahmed and Darnton-Hill 
2004). VAD causes exophthalmia (blindness—earliest symptom of VAD and caused 
due to progressive degeneration of mucous membrane) and reduced immunity 
(increases the possibility of infections like diarrhea, measles, and malaria) (WHO 
(World Health Organization) 2017). Acute VAD may lead to irreversible blindness 
due to eye ulcers, inflammation, and interior infections. VAD will lead to increased 
mortality rates. In developing countries, 25,000–50,000 children get blinded every 
year. It has also been observed that half of them die within 12 months of eyesight 
loss (WHO (World Health Organization) 2018). The maternal mortality due to VAD 
in South Africa has gone up to 11% (Dorrington and Bradshaw 2011). The mortality 
rate of children having 6–59-month age group has touched 48% in the Saharan belt 
in Africa and 44% in South Asia (UNICEF (United Nations Children’s Fund) 2018). 
VAD affected 190 million children who had not started schooling yet and 19 million 
pregnant women. It is estimated that worldwide 2.8 million preschool children are 
at the risk of blindness (WHO (World Health Organization) 2017).

Vitamin A supplements are provided to infants and pregnant women to combat 
VAD (WHO (World Health Organization) 2011). Vitamin A supplements coverage 
increased rapidly from 2000 to 2015 but declined again in 2016. The mortality rate 
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of the children aged 6–59 months increased from 19 million to 62 million as the 
coverage of VAD children reduced more than half in 2015–2016. Vitamin A supple-
mentation reduced the mortality rate by 12–24%, but it has been noticed that 1/3 of 
children still are not getting the benefits of the aforementioned (UNICEF (United 
Nations Children’s Fund) 2018).

2.14  Golden Rice to Combat Vitamin A Deficiency

As it is obvious that rice grains cannot accumulate provitamin A through breeding, 
therefore, “Humanitarian Golden Rice project” was initiated. Golden rice is an 
appropriate example of biofortification crop to combat VAD.  It was obtained by 
engineering the rice plant to produce and accumulate provitamin A (β-carotene) in 
the grain. PVA biofortification in golden rice was the first reported success story of 
genetic engineering in food grains (Ye et  al. 2000; Beyer 2010). The Gates 
Foundation also financed four biofortification projects (rice: golden rice, sorghum: 
ABS, banana: Banana21, and cassava: BioCassava Plus) to compete for the global 
health issues in 2005.The first generation golden rice (GR1) expressed the carotene 
desaturase gene (crtI) from the bacterium Pantoea ananatis and phytoene synthase 
gene (psy) from daffodil. The average levels of carotenoids accumulated were 
6 μg/g. GR2 was developed by incorporating psy-maize (replacing the psy-daffodil 
gene) along with crtI gene from P. ananatis that used to generate the original GR1. 
There was a 23-fold increase (37 μg/g) in the accumulation of provitamin A in GR2 
(Paine et al. 2005). However, the time taken for regulatory clearance (GE regula-
tion) and trials was the main stumbling block in the release of golden rice (Beyer 
2010). The extreme precautionary attitude and nonscientific and unanswerable 
political delays in the regulatory clearance are like an offense against humanity as it 
affects only the poor and not the rich (Potrykus 2005).

2.15  Banana Biofortification to Combat Vitamin 
A Deficiency

Banana is cultivated across the tropical and subtropical areas. It is a monocotyle-
donous perennial herbaceous plant that grows in damp and humid places. These 
regions contained more than 75 wild species. It belongs to the Musaceae family of 
order Zingiberales. Banana is a climacteric fruit in which ethylene production con-
tinues even after harvesting. Banana is considered as a regular fruit in several devel-
oping countries which make it an appropriate target for PVA enhancement. Banana 
eaten in these regions are deficient in PVA and ultimately led to malnutrition (Fungo 
and Pillay 2011). Previously, food fortification, dietary diversification, and supple-
mentation were tried to reduce VAD (Tanumihardjo and Furr 2013). Despite these 
initiatives, the problem of VAD remains the same in South Asia and sub-Saharan 
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belt of Africa due to budget constraints and other reasons (Hamer and Keusch 2015). 
These limitations lead to the emergence of new strategy like biofortification for 
nutrient improvement of the staple crops.

Availability of banana crop throughout the year, high nutritional value, and 
reduction in gene flow due to its ploidy level make banana as an excellent target for 
biofortification. Genetic modification of banana through conventional breeding is 
not feasible as all commercial cultivars are triploid, hence sterile in nature, and 
develop parthenocarpic fruit along with long life cycle (Shivani et al. 2017). The 
cross-pollination of banana is not possible due to its sterile nature which eliminates 
the chances of transgene flow. Therefore, genetic transformation is an appropriate 
substitute for the incorporation of desirable attributes into banana genome. It also 
overcomes intergeneric or interspecific and interkingdom gene-transfer-related 
issues (Tiwari and Tuli 2012).

Three approaches, namely, particle bombardment, electroporation, and A. tume-
faciens-mediated transformation, had been used for genetic transformation (Tripathi 
et al. 2015). Agrobacterium-mediated transformation is the most preferable method 
because it leads to a limited number of transgene integrations and it can carry an 
ample segment of DNA with high efficiency (Gelvin 2003). The embryogenic cell 
suspensions have been used as explant for Agrobacterium-mediated genetic modifi-
cation in several studies (Cote et al. 1996; Khanna et al. 2004; Tripathi et al. 2015). 
Although genetic modification and regeneration are extremely genotype dependent, 
the other factors such as age and type of tissue, postinfection time effect, and addi-
tives affect the transformation efficiency (Khanna et al. 2004). Therefore, transfor-
mation protocol optimization is a prerequisite for improving or introducing any 
agronomic trait in a particular species.

There are several other reports regarding improvement of provitamin A content 
in plants. In the carrot, expression of ketolase gene with Ubi and CaMV35S promot-
ers increased β-carotene content to 39  μg/g FW, in roots (Jayaraj et  al. 2008). 
Concurrent performance of the seven genes, namely, Brevundimonas β-carotene 
ketolase (CrtW), Paracoccus isopentenyl pyrophosphate isomerase, β-carotene 
hydroxylase, crtB, crtI, lycopene ε-cyclase, and lycopene β-cyclase derived from 
Pantoea ananatis with promoters CaMV35S and napin enhanced β-carotene level to 
214 μg/g FW (30-fold) in canola (Fujisawa et al. 2009). In Korean soybean (Glycine 
max L. cv. Kwangan), bicistronic systems involving PSY from capsicum, 2A from 
foot-and-mouth disease virus, and crtl from Pantoea ananatis generate PAC 
(PSY-2A-crtl) under CaMV35S, or soybean seed-specific β-conglycinin (β) pro-
moter accumulated 112 μg/g β-carotene in seeds (Kim et  al. 2012). CrtW gene 
derived from Brevundimonas regulated by soybean seed-specific lectin promoter 
enhanced carotenoids in soybean seeds (Pierce et al. 2015). The expression of cap-
sicum LCYβ gene with the tomato-fruit-specific PDS promoter enhanced β-carotene 
content up to 57 μg/g FW and in combination with β-CHX raised β-carotene up to 
63 μg/g FW in tomato (Dharmapuri et al. 2002). Other studies reported in tomato 
where the expression of tomato LCYβ and tomato cryptochrome (CRY2) genes 
under CaMV35S promoter boosted β-carotene up to 205 μg/g FW and 101 μg/g DW, 
respectively (D’Ambrosio et  al. 2004; Giliberto et  al. 2005). Overexpression of 
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E. coli DXS under the control of CaMV35S promoter raised carotenoid content in 
tomato (Enfissi et al. 2005).

Carotenoid content was also increased in crops using gene silencing technique 
through genetic engineering. In potato tuber, the silencing of the LCYε gene with 
patatin promoter increased the β-carotene level to 43.56 ng/g DW (Diretto et al. 
2006). In another study on potato, silencing of the β-CHX gene under CaMV35S and 
granule-bound starch synthase (GBSS) promoters increased β-carotene up to 
331 μg/100 g FW (Van Eck et al. 2007). Lopez et al. (2008) reported β-carotene 
(5.01 μg/g DW) accumulation in potato tubers after expressing orange cauliflower 
(Or) gene from Brassica oleracea with GBSS promoter. In canola seeds, β-carotene 
content increased up to 91 μg/g FW (42-fold) by silencing of the LCYε gene using 
RNA interference (RNAi) construct (Yu et al. 2008). The β-carotene was upgraded 
up to 40 μg/g FW by silencing of Solanum lycopersicum NCED1 (SlNCED1) gene 
with fruit-specific ethylene inducible (E8) promoter (Sun et al. 2012). In citrus fruit, 
silencing of β-CHX placed under CaMV35S promoter also increased β-carotene 
(114 ng/g FW) (Pons et al. 2014). Targeted mutagenesis through CRISPR/Cas9 for 
LCYε gene was recently demonstrated in banana cultivars Grand Naine and Rasthali 
(Kaur et al. 2020). It showed 6-fold increased β-carotene (24μg/g) in Grand Naine 
banana fruits. 

2.16  Biofortified Wheat/Rice with Micronutrient(s)

The wheat crop and the wheat products that are routinely consumed have inherently 
less amount of zinc than required by the human body (35–45 μg/g). This has led to 
zinc deficiency especially among the low-income populations (20% of the world 
population) (Cakmak 2008; Zou et al. 2012). Zinc is an indispensable micronutrient 
that is required for the metabolic activities (normal growth) of plant and humans 
(Tisdale et al. 1984; Hafeez et al. 2013). It is also required for the development and 
function of the components of the immune system (neutrophils and natural killer 
cells) (Shankar and Prasad 1998; Prasad 2008). Its role in stress tolerance, gene 
expression, and pollen tube growth is also reported (Cakmak 2008; Pandey et al. 
2006). There are reports on increasing zinc deficiency in both food crops and 
humans (Alloway 2004; Cakmak 2008). With the commencement of “International 
HarvestPlus program” (sub-project: “HarvestZinc”), plant biotechnologists began to 
focus on the enhancement of the Zn concentrations in the economic part(s) of crop 
plants (Camak and Kutman 2018). To cope with the problem of less micronutrient 
uptake in plants and their bioavailability, biofortification can be done:

Strategy 1: It aims at planting new varieties of crops that are efficient accumula-
tors of micronutrients such as Fe and Zn, coupled with the foliar spray(s) of micro-
nutrients in the form of fertilizer(s) (Hotz and McClafferty 2007). This strategy can 
be effective, but the net efficiency of biofortification usually remains nonuniform. 
Moreover, these agronomic inputs shall add to the cost of raising a crop, which may 
not be acceptable and affordable to the world’s rural population.
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Strategy 2: Plant-produced phytic acids/phytate (inositol hexaphosphates and 
pentaphosphates) acts as anti-nutrients. These may bind to zinc forming insoluble 
complexes which culminates in reduced zinc absorption and its bioavailability in 
the humans. Phytate content varies among crop plants and is found in high levels in 
rice and beans. With the aid of RNAi technology, the level of phytates can be 
reduced in many crop species so as to augment the availability of zinc and elements 
(Lönnerdal 2003; Ali et al. 2010; Li et al. 2014; Sakai et al. 2015).

Strategy 3: Wheat seeds have high phytate content, which chelates the metal ions 
and reduces their bioavailability. Transgenic plants harboring phytase genes can 
degrade the seed-phytic acid content. Abid et al. (2017) have developed transgenic 
wheat expressing phyA gene from Aspergillus japonicus in wheat endosperm with 
12–76% reduced phytic acid content, compared to the non-transgenic control. This 
strategy can be a boon to the malnourished human population.

Strategy 4: The metal transporter proteins found in plants are able to use multiple 
metal substrates, including iron and zinc for absorption from soil to the roots. 
Masuda et al. (2013) have increased the accumulation of the iron storage protein 
(ferritin) as well as enhanced iron translocation in rice endosperm, without any 
yield penalty, by overexpressing the iron (II)-nicotianamine transporter OsYSL2. 
The transgenic lines accumulated high levels of iron (4.4-fold) and zinc (1.6-fold) 
in rice. In the same year, Aung et al. (2013) generated a transgenic line of rice over-
expressing three genes, (1) the nicotianamine synthase gene (HvNAS1), for enhanc-
ing iron transport; (2) Fe(II)-nicotianamine transporter gene (OsYSL2), for 
transporting iron to the endosperm; and (3) the Fe storage protein gene (SoyferH2), 
for enhancing iron storage in the endosperm. The transgenic rice plants accumu-
lated 1.3- and 3.4-fold higher Zn and Fe contents, respectively, than the non-trans-
formed controls. In another report, Tan et al. (2015) used the iron transporter gene 
(MxIRT1) from Malus domestica to develop transgenic rice which accumulated 
threefold higher Fe and Zn.

Strategy 5: Banakar et  al. (2017) developed transgenic rice plants expressing 
nicotianamine and 20-deoxymugenic acid (DMA) for accumulating both Zn and Fe 
in rice endosperm. Transgenic plants accumulated fourfold higher Fe and twofold 
higher Zn content, compared to the non-transformed plants. These results are in 
consonance with earlier reports (Masuda et al. 2013; Paul et al. 2014; Trijatmiko 
et  al. 2016). Trijatmiko et  al. (2016) generated transgenic rice plants expressing 
nicotianamine synthase (OsNAS2) and soybean ferritin (SferH-1) genes that accu-
mulated a higher Fe and Zn content in the endosperm. Masuda et al. (2013) reported 
the development of transgenic rice with high Fe and Zn accumulation capacity by 
expressing SoyferH2, HvNAS1, HvNAAT-A, HvNAAT-B, and IDS3 (ferric iron chela-
tor) genes. The transgenic plants accumulated 2.5-folds and fourfold iron when 
grown in iron-deficient and iron-sufficient soils, respectively. Paul et  al. (2014) 
raised transgenic indica rice that expressed 2.6-fold higher ferritin content in the T4 
generation, without affecting the yield. Even after milling, the rice seeds reflected a 
2.54 and 1.54 times increase in Fe and Zn content, respectively. Thus, molecular 
plant breeding, genetic manipulation, and agronomic practices can be used for 
enhancing Zn and Fe content in food crops.
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2.17  Conclusions

The discovery of Agrobacterium and the accumulation of tremendous knowledge in 
the field of plant-microbe interaction, cell biology, plant gene function, and biotech-
nologies have opened new vistas for generating genetically modified (GM) crops 
with desired traits. Actually, with an expanding range including many commercially 
vital flowers, crops, and tree species and due to its latest applications to the non-
plant species such as yeast, mushroom, and human cells, Agrobacterium has got 
intransience and popularity almost in every laboratory of plant molecular biology. 
However, this new use of Agrobacterium requires designing and construction of 
host-specific binary plasmids and more suitable Agrobacterium strains.

CRISPR/Cas technique came into limelight in the year 2012 as a boon to the crop 
improvement strategies because the plants engineered through it are considered as 
non-GM. It is simpler, reliable, and functional to craft plant genomes compared to 
ZFNs/TALENs. In plants, it’s observed that the editing mostly has been detected in 
the species such as rice, Arabidopsis, and tobacco (Jiang et al. 2013). Furthermore, 
this technology has been applied to more than twenty crops (Ricroch et al. 2017) 
including (1) maize, phytic acid synthesis (Liang et al. 2014); (2) tomato, fruit rip-
ening (Ito et al. 2015); (3) soybean, carotenoid biosynthesis (Du et al. 2016); (4) 
wheat, increasing Fe content (Connorton et al. 2017); (5) cassava, carotenoid bio-
synthesis (Odipio et al. 2017); and (6) banana, carotenoid biosynthesis (Kaur et al. 
2018, 2020)

In order to develop healthy crops across the globe, much efforts are required to 
ensure interaction between peoples from many disciplines including crop breeding, 
molecular biology, nutritional and social sciences. Before spending money, time, 
and labor on developing herbicide- tolerant or biofortified crops, dissemination of 
knowledge regarding their benefits to the younger populations is a prerequisite. 
Researches must be aimed at increasing the nutritional value of “orphan crops” like 
pearl millet, pigeon pea, and sorghum that are important for the world’s rural com-
munities but are underutilized by the developed countries. Thus, cooperative efforts 
between academia, industry, government, and nonprofit organizations can eradicate 
the problem of malnutrition and inadequate nutrition.
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Chapter 3
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Food Crop Production
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Abstract The  global production of food crops is on increase but the perpetual 
accrual of demographic strain has posed a challenge toward the attainment of global 
food security. In spite of covering several milestones in enhancing global food pro-
duction, in a total of 821 million people, one out of nine still sleeps with an empty 
stomach each night, and one in three has to face the evil of malnutrition. 
Comprehensively, the world hunger is appraised to have augmented since 2014, as 
assessed in terms of both percentage and the absolute number of population. 
Unambiguously, Africa had the highest prevalence of undernourishment, represent-
ing 27.4% of its entire population, whereas Asia accounts for 64% of the total mal-
nourished people across the world. Surprisingly, India also serves as a home to 
one-fourth of all malnourished people worldwide, which makes this country a key 
focus for confronting the hunger on an international scale. Therefore, in a quest to 
increase food production, microbes can play tremendous role due to their various 
incredible potentials. The microflora associated with plants have fabulous potential 
to improve plant resilience and produce in farming systems. The judicial employ-
ment of microbes or their metabolites can heighten nutrient uptake and yield, con-
trol pests, and mitigate plant stress responses. The unhidden potential of microbes 
makes them potent biocontrol agents and promotes their application as biofertilizers 
and their role as agents for improving soil health along with their plant growth pro-
motion attributes that warrant their employment in agroecosystems for enhancing 
crop production. Therefore, the present review targets different stratagems which 
advocate the role of microbes for enhancing the quality and quantity of the produce.
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3.1  Introduction

The realm of agriculture has to confront an expansive gamut of challenges of cli-
matic changes, stagnant crop yield, nutrient deficiency and deterioration of soil 
organic matter, availability of water and dwindling of cultivable land, increasing 
resistance toward GMOs, and paucity of labor. Moreover, the distress of lassitude 
instigated by the doings of green revolution is still being suffered by the agricultural 
systems. The reckless fertilizer applications in the last five decades has tremen-
dously augmented from 0.5 tons to 23 million tons in a period of time from 1960 to 
2008. Although the explicit usage of chemical fertilizers has resulted in a tremen-
dous increase of around four times in the output of food grains, the continuous 
decline in the organic content of the soil due to this unchecked fertilization has also 
resulted in a stagnant yield of certain crops (Pandey 2018). In addition to it, the 
degradation of land is also promoted by a number of natural as well as anthropo-
genic activities including the declined fertility of soil, loss of soil organic matter, 
erosion, and the harmful consequence of toxic chemicals. Thus, all these deeds are 
posing a grave threat to the global environmental status (DeFries et  al. 2012). 
Moreover, the food system of the present world is also facing severe challenges 
pertaining to environmental sustainability such as biodiversity loss, climate change, 
food insecurity, and water scarcity (Bilali and Allahyari 2018). The perpetual 
increase in the human population which further leads to a subsequent increase in the 
global consumption of food thus leads to an increase in the demand for affordable 
productive lands. The 2018 Global Hunger Index (GHI) report ranks India 103rd 
out of the 119 countries. The score of India is 31.1 which clearly denotes the serious 
hunger levels in the country. The country has the 17th highest hunger levels indicat-
ing alarming levels which has raised the food safety concerns. Therefore, there is a 
dire need to prevent any further degradation of such lands, and the restoration of the 
earlier degraded lands is also seeming to be extremely important. Moreover, it is 
quite unblemished that the development of orthodox agricultural habits in order to 
meet the future food loads is neither parsimoniously nor ecologically feasible. There 
should be involvement and implementation of the sustainable practices of land use 
along with the restoration as well as protection of the deteriorated or marginal soils 
for safeguarding the food security for this growing population demand (Ahmad 
et al. 2018). The global hunger has enlarged after nearly a decade of sustained wan-
ing. The population of malnourished people has augmented surprisingly from 777 
million to 815 million from 2015 to 2016, respectively, on a worldwide basis. The 
global prevalence of stunt growth among children below five years of age is still 
23% which accounts for 155 million children worldwide. The projection of current 
trends will lead to stunting of around 130 million children in 2025 which is 30 mil-
lion above the World Health Assembly target (FAO 2017). The exertions required to 
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combat the hunger and malnutrition in a sustainable way will be governed by 
restructuring the food systems. Thus, a number of such problems can be fixed by 
food, but such processes require the reshaping of food systems for health, inclusion, 
and nutrition along with the environmental sustainability (IFPRI 2018). In this 
regard, the development in agricultural sector is perceived as an obligation to fight 
food insecurity confronted by numerous agricultural families (Goshu et al. 2013). 
Therefore, the quest of this modern era is a sustainability transition. In agriculture, 
the perception of sustainability transition appertains to a swing from a system that 
is strictly focusing on enhancing productivity called as agri-food system to another 
system which is solely put together around the extensive ideologies of sustainable 
agriculture (Brunori et al. 2013). Thus, in order to upsurge the food security, the 
vital factor is the maintenance of soil fertility and sophisticated food productivity 
with admiration to the ecological challenges (Nkomoki et al. 2018). Thus, the pres-
ent era accentuates the dire role of adoption of eco-friendly and sustainable agricul-
tural practices in order to uphold the soil fertility as well as productivity.

An outsized fraction of various organisms in the terrestrial bionetworks reside 
underneath the ground in soils and are supposed to play an important part in the 
ecosystem services (Prashar et al. 2014). The engagement of such microorganisms 
seems to be a viable approach for uplifting the status of modern agriculture in terms 
of advocation of environmental sustainability as well as for enhancing the produc-
tion efficacy. The plant-allied microbiota have an incredible capability of improving 
the plant resilience as well as produces in agricultural systems. There is accumula-
tive indication that biological technologies employing microbes or their metabolites 
can augment the nutrient uptake and yield, check the pest dynamics, and also allevi-
ate the plant stress responses along with the promotion of resistance toward disease 
in plants (Trivedi et al. 2017). Plants have evolved into a world of microbes. The 
most primitive plants stretched their roots into primeval soil where they come across 
a territory already crowded with bacterial as well as fungal life (Heckman et  al. 
2001). From the very first day, plants probably started prompting the rhizospheric 
microbiota. In fact, plants engineer their own rhizospheric environs by discharging 
explicit exudates so as to advance nutrient accessibility and to interact with definite 
advantageous microbes (Liu et  al. 2016). Surprisingly, the furthermost primitive 
plant lines also display their sturdy ability to modify the comparative lavishness of 
diverse microbial groups in the soils neighboring the rhizospheric portion (Valverde 
et al. 2016). The microbial group supported by different plant species is found to be 
precise as well as unique (Gertsson and Alsanius 2001). These distinct microbiomes 
have been accredited as a result of variances in the chemistry of root exudates 
(Rasmann and Turlings 2016) and in plant nutrient uptake rates (Bell et al. 2015). 
There are also leading evidences that soil microbiomes have the ability of acclima-
tizing to their particular crops over time which results in improved plant–microbe 
dealings (Berendsen et  al. 2012). This approach of engineering the microbiome 
which is greatly host-facilitated picks out the microbial groups ultimately through 
the host and controls host behaviors that developed to impact microbiomes. The 
approach of increasing the plant fitness coupled with the elevated yields by artifi-
cially selecting upon microbiomes and consequently engineering advanced microbes 
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with specific effects on the plants has been anticipated (Mueller and Sachs 2015). 
Similarly, optimized microbiota that aid the plants to develop early or flower later 
may perhaps be employed as inoculants for conferring drought resistance since 
plants are acknowledged to implement transformed flowering time in reaction to 
numerous abiotic stresses (Kazan and Lyons 2015). The process of engendering the 
host-facilitated artificial selection of microbes seems to be an inexpensive method 
to curb plant ailments instead of the reckless application of different pesticides as 
well as antibiotics, or creating genetically modified organisms. Moreover, different 
discoveries on the overlying “functional core microbiome” in different plant species 
provide strong support for cross-compatibility of microbiome transfer with phylo-
genetically unrelated plant species (Trivedi et  al. 2017). Therefore, the different 
lucrative beneficial attributes of the microbes make them superior agents for improv-
ing the crop yields. They benefit the plants in numerous ways. Microbes are largely 
involved in upsurging the nutrient mobilization, thereby augmenting the nutrient 
consumption efficiency of the plants. They also have several indirect beneficial attri-
butes like they encourage the plant growth in an indirect way by averting the growth 
as well as activity of pathogens. Microbes are also directly involved in the growth 
promotion, for example, by fabrication of phytohormones. There has been a large 
body of literature describing potential uses of plant-associated bacteria as agents 
stimulating plant growth and managing soil and plant fitness (Welbaum et al. 2004). 
Such beneficial microbes can be judiciously employed for increasing the growth of 
crop plants in order to get increased yields for feeding this ever-increasing popula-
tion. Therefore, the chapter largely focuses on the different beneficial attributes of 
microorganisms which make them superior agents for attaining heightened crop 
production.

3.2  Microbes as Agents for Soil Rejuvenation

The three-dimensional natural body on the Earth’s surface is designated as soil 
which is considered to be of utmost significance to several ecosystem occupations 
comprising biomass production and net primary productivity, climate temperance, 
water purification, biodegradation of toxic pollutants, storage of water and plant 
nutrients, and recycling of elements (Lal 2009). Soil is the foundation of agricul-
tural as well as of natural plant populations; thus, it is the core of all the terrestrial 
life forms. The tinny sheet of soil casing the Earth’s surface characterizes the vari-
ance amid survival and annihilation for most land-based life. Nevertheless, records 
of productive aptitude of soil point toward human-induced deprivation on almost 
40% of the global agronomic land as an outcome of soil erosion, atmospheric pol-
lution, widespread soil cultivation, overgrazing, land clearing, salinization, and 
desertification. To be sure, the deprivation coupled with damage of fruitful farming 
land is among the demanding environmental trepidations, outdone only by the man- 
made environmental complications, for instance, global climate change, depletion 
of the protective ozone layer, and grave deteriorations in soil biodiversity (Doran 
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and Zeiss 2000). The theatrical intensification in the usage of chemical fertilizers in 
the quest of attaining optimal harvests has greatly become a fundamental constitu-
ent of the current agronomic practices. Such a recurrent and unnecessary applica-
tion not only is lavish but also deteriorates the environs at a very quick frequency 
and thereby turns the soils incongruous for agriculture. Additionally, the soil dete-
rioration, instabilities in configuration coupled with the practical possessions of soil 
microbial populations, and, subsequently, forfeiture of the soil fertility following 
different soil management performs have further added to the agronomic difficulties 
(Khan et al. 2009). The dreadful conditions of soil also have a very strong effect on 
human nutrition as well as health due to its hostile influences on the quality as well 
as quantity food production. The perpetual reduction in the harvests and agronomic 
fabrication intensify the food timidity that at present distresses around 854 million 
people internationally, and the truncated level of protein as well as of micronutrients 
exacerbates undernourishment and concealed hunger that touches 3.7 billion indi-
viduals, specifically children (Lal 2009). Therefore, in order to mitigate such detri-
mental deeds, mankind is in a dire need of a viable alternate that could have the 
potential to address the prevailing glitches in a more effective way and in a sus-
tained manner too. Thus, the microbiological approaches incorporating the employ-
ment of functionally varied microbial communities as the vivacious constituents of 
soil ecosystems offer an economically viable option (Khan et al. 2009) for improv-
ing soil health as well as soil quality.

Soil health may be defined as the capability of the soil to function as a vigorous 
living organization, within the ecosystem and land-use frontiers, to withstand plant 
as well as animal production, preserve or augment air and water quality, and encour-
age plant and animal health. Soil quality, on the other hand, denotes the aptitude of 
the soil to accomplish numerous of these ecosystem purposes. On the contrary, soil 
deterioration indicates reduction in the quality and capability of the soil as a result 
of natural or anthropogenic perturbations. It can also be stated that soil degradation 
is the reduction of soil’s current or prospective aptitude of performing several eco-
system functions, conspicuously the food, feed, and fiber production as an outcome 
of one or more deprivation progressions. The chief degradation processes comprise 
physical, chemical, and biological changes in the soil (Lal 1993, 1997).

The services that play a key role in shaping the rhizospheric microbial popula-
tions cannot be entirely understood without discussing their impacts on the soil 
surroundings. The diversity of soil ecosystems can be assumed by the fact that a 
gram of soil is a home for around 10,000–50,000 microbial species (Schloss and 
Handelsman 2006). The unique bacterial as well as fungal groups are found to be 
allied with soils of variable texture (Frey et al. 2004) and variable nutrient composi-
tion (Chaparro et al. 2012). The different physical parameters of soil, for instance, 
soil pH, are found to be largely interconnected to the presence as well as composi-
tion of microbial communities (Rousk et  al. 2010) where addition of beneficial 
microbes to those which are already inhabiting the soil can upsurge the nutrient 
uptake by plants, upturn the plant growth, deliberate resistance to several kinds of 
abiotic stresses, and subdue disease (Chaparro et al. 2012). This living portion of 
soil is highly dynamic and potentially self-sustaining, which reduces the 
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requirement for recurrent applications that thereby can circumvent the problematic 
infestation of pests as well as pathogens developing resistance to the dealings (Lucas 
2011). The advantageous microbiota flourishing in this atmosphere have the capa-
bility of taking up the space as well as nutrients made accessible for probable patho-
genic intruders on a very quick basis as compared to the pathogens (Kaymak 2011). 
This act of microbial “sealing off” of undefended ecological positions is coupled 
with the increase in the soil’s capability of resisting pathogenic conquest, amplified 
produces, nutrient procurement, stress tolerance, and disease resistance to the plant 
host (Lugtenberg and Kamilova 2009). The huge microbial diversity sheltered in 
soil ecosystems also works as strong peacekeepers for recycling, impounding, and 
supplying of different nutrients to plants. The other beneficial attributes of soil 
microbiota encompass mineral chelation, pathogen suppression, improvement of 
soil aggregation, and bioremediation of the soils (Sahu et al. 2018) which constitu-
tively improves soil health. Therefore, in order to attain strong and productive 
plants, the maintenance of soil quality is of utmost prominence. Besides, the soil 
microbiota can also be employed as the indicator of soil quality attributable to its 
compassion to slight changes in the soil environment subsequent to different eco-
logical strains or natural unrests (Sharma et al. 2010). The elevations in the levels of 
species richness as well as diversity yield extraordinary purposeful redundancy 
within the soil microbiome, which further promotes its quicker recovery throughout 
the stress. The extraordinary functional redundancy in the diversity of soil micro-
biota also deliberates shield against numerous soilborne diseases (Yin et al. 2000; 
Nannipieri et al. 2003). The richness of microbial range results in a stable microbi-
ome that does not permit the flourishment of pathogenic microbes. There are numer-
ous key factors convoluted in the soil health. Freshly, the community consistency 
has also been acknowledged as an imperative factor in community functioning, soil 
health, and plant productivity. The evenness of microbial community also warrants 
that no individual microbial taxum is able to take over and flourish, upsetting the 
ecological balance (Elliot and Lynch 1994).

3.3  Microbes for Degradation of Toxic Xenobiotic  
Compounds

The completion of the twentieth century marked a significant and perpetual hike in 
the worldwide grain production with an increase of 700 million tons to 500 million 
tons now (FAO 2018). Out of the major food crops, a greater portion equaling to 
80% of human ingestion is represented by the cereal crops. The production of food 
crops has to encounter a number of challenges, and one among them is the invasion 
of crops by several pests throughout the usual growth or storage of crops. For 
instance, China, although principally being an agriculturally dominating nation, 
loses 8.8% equivalent to 40 million tons of the total grain production as a result of 
insect pests annually (Pimentel et al. 2001). India, being a major producer of cere-
als, produces around 250 million tons of grain annually, but it also has to sacrifice 
11–15% of the total production equaling 27.5–37.5 million per year, due to different 
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pests and other reasons (Walter et al. 2016). The developments in organic chemistry 
have largely contributed to the synthesis and development of plentiful novel organic 
composites, mostly xenobiotics. A greater portion of such xenobiotic compounds is 
represented by pesticides, which largely found application in agricultural zones 
(Duong et al. 1997). Therefore, for the purpose of circumventing such damages, 
pesticides are extensively applied for checking agronomic and domestic pests. The 
explicit usage of pesticides prevented the significant loss of food, but it led to the 
widespread distribution of pesticides in the different environments along with the 
agronomic harvests. Therefore, such an application of pesticides is responsible for 
a prodigious possible threat to the environment as well as human health (Chen et al. 
2007). Although these have contributed much toward the improvement of quality of 
the human life, their widespread use which is coupled with the generation of 
unavoidable concomitant waste has largely intensified the complication of releasing 
toxic wastes in the environment. Though much xenobiotic composites can degrade 
swiftly in the soil systems, some persist in the environment for an extended period 
of time and thereby are potentially menacing (Conant 2005). The extent of pesticide 
contamination is not limited up to the soil and harvests, but they also further intrude 
the groundwater systems in addition to the marine environment, thereby unswerv-
ingly intimidating human as well as environmental health. The presence of such 
xenobiotic compounds is supposed to affect the ecosystems in a number of ways, 
such as dwindled soil fertility, soil acidification, nitrate leaching, increased resis-
tance in flora and fauna, groundwater as well as surface contamination, and adul-
teration of agrarian soils (Kumar et al. 2018). A vast array of limitations caused by 
these xenobiotic compounds as well as the increasing environmental concerns cou-
pled with the promotion of sustainability in agroecosystems have led to banning of 
several classes of pesticides in preceding years. Therefore, with the intention of 
solving the ambiguity amid elevated yields and their ill effects, the quest for alter-
nate approaches is largely under consideration. There can be several ways like pes-
ticides having lower harmfulness and extraordinary competence which also yields a 
lower residual pesticide ought to be established and industrialized (Kumar et  al. 
2018) which seems to be a hellacious job. On the flip side, the biological methods 
targeting degradation of residual pesticidal particles seem to be worthy of getting 
consideration. Studies on microbial degradation of pesticide residues originated in 
the 1940s, and as people pay more attention to the environment, the research on the 
degradation process and degradation mechanism of organic pollutants has been 
deeply studied (Rangasamy et al. 2018).

Bacteria in the natural world are capable of degrading the residual pesticidal 
particles, which seems to be an economically viable as well as ecologically respon-
sive alternate which would not cause any kind of secondary pollution. However, the 
competence of microbial systems is found to be moderately slow as the natural 
environment is found to be multifaceted and unpredictable, which largely distress 
the practicability as well as efficacy of microbial degradation of pesticidal particles. 
Subsequently, a vast array of scientific community has devoted much time on the 
studies of bacterial approach of pesticide degradation and had a clear consideration 
of the different detoxification mechanisms of various organic pesticides. A great 
figure of microbes possessing the ability of degradation as well as conversion of 
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pesticides have been isolated (Kumar et al. 2018). Therefore, the existing studies of 
biodegradable pesticides are principally focused on the role of microorganism in the 
soil, such as bacteria, fungi, and actinomycetes (Singh 2008), where the principal 
roles are played by bacteria and fungi. The bacterial ability of inducing mutant 
strains, endowed with a variety of biochemical capability to adaptive environs, and 
therefore allowing enhanced in-depth study makes them superior agents for biore-
mediation of such contaminated environments. Although a vast array of bacterial 
communities possess the ability of degrading pesticides, the research is largely 
focused on only some members of the bacterial community. A great diversity of 
Pseudomonas species encompassing Pseudomonas stutzeri, P. putida, P. nitroredu-
cens, P. aeruginosa, and P. fluorescence, retrieved from different agronomic farms 
and polluted discharges through different sections, has established to be much effec-
tive in the biodegradation of pesticides. Some strains of lactic acid bacteria, for 
instance, Leuconostoc mesenteroides, Lactobacillus brevis, L. plantarum, and 
L. sakei, are also acknowledged for their ability of utilizing pesticides as a solitary 
source of carbon and phosphorus (Cho et al. 2009).

Several fungal species such as Aspergillus niger, A. fumigatus, Cladosporium 
cladosporioides, Penicillium raistrickii, and A. sydowii have also been retrieved 
from numerous polluted situates and are also confirmed to possess the aptitude of 
degrading diverse pesticides. Likewise, different genera of algae, for instance, 
Stichococcus, Scenedesmus, and Chlorella, and some cyanobacteria like Nostoc, 
Anabaena, and Oscillatoria have been recognized to have the efficiency of trans-
forming different pesticides (Kumar et  al. 2018). Therefore, the increasing evi-
dences of the microbial capability of transforming pesticides has directed the focus 
of different researchers across the globe toward the exploration of microbial diver-
sity, predominantly at the polluted sites. However, the mere occurrence of microbes 
is not sufficient, but an appropriate environment coupled with diverse degradation 
attitudes, for instance, hydrolysis and adsorption, is also required. Besides, the 
enzymatic solicitations targeting pesticidal degradation are also attracting much 
attention, and the genetically modified microorganisms have also been deliberated 
to upsurge the potentialities of these microbes and augment the proportions of bio-
degradation (Tang et al. 2009). Several academics have emphasized the occurrence 
of oph gene in the microbial systems that vitiate organophosphorus pesticides and 
hydrolase as the principal enzyme behind the process. The approach of using 
enzymes as well as the associated genes governing the degradation processes can 
prominently augment the consideration of the biodegradation process and therefore 
can largely benefit the bioremediation efforts.

3.4  Microbes as Biofertilizers

Plants necessitate nutrients in adequate and secure quantity in order to nurture opti-
mally (Chen et al. 2006). The major constriction which limits crop productivity in 
emerging countries particularly in resource-deprived nations, that too, on a global 
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basis, is the soil infertility. The truncated fertility does not allow the agrarian com-
munities to get more benefit from the amended crop cultivars and more fruitful 
agricultural performs. The green revolution marked the unambiguous usage of fer-
tilizers of chemical origin for augmenting plant development and production effi-
ciency along with the replenishment of soil nutrient eminence (Mohammadi and 
Sohrabi 2012). Although they have contributed a lot toward the development of 
superior agronomic practices for obtaining an elevated level of production, their 
continuous usage has also awarded several, for instance, increased prices, inacces-
sibility of plants toward a major proportion of nutrients, and lethal and nonbiode-
gradable attitude, which further affects the environmental systems and turns the soil 
resources incongruous for farming practices. Thus, the employment of fertilizers of 
biological origin seems to be a competent substitute for enhancing the productivity 
as well as upgrading the nutrient status of agroecosystems. The approach of using 
biofertilizers is primarily centered upon the fertilizer’s biological origin especially 
the microbes, counting bacteria as well as fungi. Since these are resources of bio-
logical origin, therefore, they also behave as eco-friendly elements and thus main-
tain the healthy status of the environment. The principal intention of using 
biofertilizers is to upsurge the organic contents of agricultural systems which fur-
ther upgrades the structure of soil along with a reduction in the forfeiture of essen-
tial nutrients like zinc, phosphorus, iron, nitrogen, iron, and calcium (Lal and 
Greenland 1979). Biofertilizers are also known as “microbial inoculants” and can 
be usually defined as a formulation encompassing living or dormant cells of profi-
cient microbial strains endowed with the capability of nitrogen fixation, phosphate 
solubilization, or cellulolytic microbes as well and are often employed for seed 
application, soil, or composting zones with the prime aim of augmenting the popu-
lation of these microbes, along with the acceleration of definite microbial practices 
for improving the degree of accessibility of nutrients in a definite form which is 
effortlessly obtainable by the plant systems (Giri et al. 2019). Biofertilizers function 
as a basis of all the nutrients owing to their capability of solubilizing multifaceted 
form of nutrients into soluble and easily accessible form (Singh et al. 2018). There 
are numerous factors which should be strictly taken into consideration before the 
formulation of any kind of biofertilizer, such as the growth sketch of microorgan-
ism, optimal conditions required for growth, and preparation of inoculum. 
Furthermore, the survival in carrier method along with its efficacy in the field condi-
tions is inevitable for preparing any kind of biofertilizer.

The marketable biofertilizers are established by coating of numerous bacterial 
members such as Rhizobium, Azotobacter, Bacillus, Azospirillum, and Pseudomonas 
on the seeds, and this process is said to be bacterization. These microbes secrete 
several compounds which assist in making their formulations. For example, azoto-
bacterin is secreted by Azotobacter chroococcum, and phosphobacterin is secreted 
by Bacillus megaterium (Kumar and Bohra 2006). It is not a mandatory process that 
the bacteria will surely make a symbiotic relationship for benefiting the plants, but 
it also boosts the development of lateral root hairs which further aids in an enhanced 
level of mineral and water uptake, also upsurges nitrogen accessibility, and dis-
charges numerous plant growth hormones and other growth motivating factors 
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which collectively direct the plant to increase its photosynthetic capability, thereby 
eventually improving nutrient eminence of the plants.

The microbes that are mainly exploited as components of biofertilizer are nitro-
gen fixers, potassium solubilizer and phosphorus solubilizer. Most of the bacteria 
included in biofertilizer have close relationship with plant roots. Rhizobium has 
symbiotic interaction with legume roots, and rhizobacteria inhabit on root surface or 
in rhizosphere soil. Nitrogen is considered to be a very vital element for all living 
systems, and its unavailability strongly retards the plant growth. The rhizobial bio-
fertilizers have got the unique ability of fixing around 50–150  N/ha/annum. 
Therefore, the process of biological nitrogen fixation (BNF) is deliberated as an 
essential process for the maintenance of nitrogen stability in soil environments. 
Thus, BNF is considered to be a unique way of transforming the elemental and 
unavailable nitrogen into a form that is easily accessible to plant (Gothwal et al. 
2007). This approach is being utilized continuously by employing biofertilizers in 
the legumes and other crops to uplift their yield as well as quality (Kannaiyan 2002). 
The biofertilizers for nitrogen fixation are alive microbial inoculants capable of fix-
ing atmospheric nitrogen either in a symbiotic way, for instance, Rhizobia, Frankia, 
and Azolla, or in an associative or free-living forms like Azospirillum and Azotobacter 
(Gupta 2004). There is a vast array of nitrogen-fixing microbes allied with nonlegu-
minous plants which comprises species of Achromobacter, Rhodopseudomonas, 
Alcaligenes, Rhodospirillum, Methylosinus, Arthrobacter, Xanthobacter, Klebsiella, 
Mycobacterium, Acetobacter, Corynebacterium, Azomonas, Herbaspirillum, 
Beijerinckia, Bacillus, Clostridium, Desulfovibrio, Enterobacter, Lignobacter, 
Erwinia, Derxia, Campylobacter, and Mycobacterium (Wani 1990). Although a 
great number of microbes have been retrieved from the rhizospheric portion of 
cereal crops, the members of Azotobacter and Azospirillum are largely employed 
under field conditions.

The other group of microbes which are most often used are phosphate- solubilizing 
microorganisms. The application of such microbes especially bacteria and fungi 
makes available the insoluble forms of phosphorus to the plant systems (Gupta 
2004). A number of bacteria existing in soil along with the population of some fungi 
solubilize the phosphate by secretion of organic acids (Gupta 2004). The secretion 
of such acids brings down the level of soil pH and thereby leads to the solubilization 
of the complex phosphatic forms. Therefore, these phosphate-solubilizing bacteria 
(PSB) are greatly acknowledged for transforming the inorganic and unavailable 
phosphorus to the soluble forms, i.e., HPO4

2− and H2PO4
−. This solubilization pro-

cess is mediated through a myriad of mechanisms which include organic acid secre-
tion, chelation, and ion exchange reactions as well. Consequently, the employment 
of PSB in agricultural systems can be used to combat the increasing manufacturing 
costs of phosphate fertilizers and would surely contribute in mobilization of the 
insoluble fertilizers to the plant bodies (Chang and Yang 2009; Banerjee et al. 2010). 
The most promising soil bacterial groups are represented by the ecto-rhizospheric 
species of Bacillus as well as Pseudomonas along with some endosymbiotic rhizo-
bia for operative phosphate solubilization (Igual et  al. 2001). Different microbes 
which display effective solubilization of phosphate are represented by Pseudomonas, 
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Rhizobium, Bacillus, and Enterobacter accompanied by some fungal members such 
as Penicillium and Aspergillus (Whitelaw 2000). Bacillus megaterium, B. polymyxa, 
B. subtilis, B. circulans, B. sircalmous, Pseudomonas striata, and Enterobacter are 
among the most potent strains of phosphate solubilizers (Subbarao 1988). Several 
species of Bacillus, for instance, Bacillus mucilaginous, have the capability of 
potassium solubilization also. Therefore, biofertilizers play an indispensable role in 
upsurging the productivity of food crops by the possession of numerous beneficial 
attributes and thus owe the immense capability of either replacing the synthetic 
fertilizers in part or a total replacement that can be carried out by the means of sev-
eral targeted approaches.

3.5  Microbes as Biocontrol Agents

It is a tenacious matter that the global farming community has to experience a great 
economic loss due to the massive quantity of plant pathogens which varies from the 
minutest viroid comprising merely of a single-stranded RNA to further multifarious 
pathogens, for instance, viruses, bacteria, fungi, oomycetes, and nematodes, which 
are responsible for numerous significant plant diseases and thereby are also account-
able for chief harvest damages. Even though there is a greater number of other fac-
tors also which are also held responsible for reduction in crop production, the 
damage caused by pests and pathogens plays an influential role in the harms on a 
global basis (Roberts et al. 2006). The plant ailments are responsible for an appraised 
loss of 40 billion dollars globally on an annual basis, either in a direct manner or in 
an indirect way. The pathogenic infection are liable for around 20–40% of fatalities 
in the crop yields (Savary et al. 2012). The magnitudes of the plant diseases vary 
from foremost destructions to the slight pains. Several plant diseases are found to be 
exceedingly damaging and disastrous on a great scale. For instance, the potato late 
blight caused by the fungi Phytophthora infestans resulted in food scarcities which 
led to a million deaths and relocation of around 1.5 million people from Ireland in 
the year 1840 (Donnelly 2002). The yearly harms of potato, the fourth largest food 
crop, as a result of late blight are conservatively assessed to be around US$6.7 bil-
lion per year. The other major notable example is of the disease brown leaf spot of 
rice which is instigated by Helminthosporium oryzae and is found to be prevailing 
largely in Asia, Africa, South America, and the USA. It was also a major rice fungal 
disease of historic attention (Padmanabhan 1973). It was responsible for causing 
austere destruction by plummeting rice harvests which resulted in the death of 
around two million people in Bengal as an outcome of the catastrophic scarcity in 
the year 1940s (Tatum 1971; Ullstrup 1972). The thing of utmost concern for man-
kind is the unparalleled current tendency of new fungus and fungus-resembling 
pathogenic signals that have amplified by over and above seven times since 2000 
(Evers et al. 2007). The continued agricultural practices of precise monocultures 
improved global trade, and the practice of growing only some restricted culti-
vars is largely responsible for this increase in the population of pathogenic microbes. 
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These acts also endorse the development and progression of pathogenic strains with 
increased virulence, repeatedly with accumulative tolerance toward pesticides 
which not only distress the agricultural productivity but also affect several native 
wild species (Ab Rahman et al. 2018). Therefore, the mounting global population 
necessitates an effectual management as well as resistor for plant diseases in food 
crop production. Crop defense always plays an imperative part in shielding crop 
output contrary to competition from pathogens (Oerke and Dehne 2004). The mod-
ern agronomic practices now necessitate a robust impulse for mounting low-input 
and further sustainable agrarian practices that comprise substitutes to the chemicals 
employed for monitoring pests and diseases, which act as a chief and dynamic ele-
ment responsible for substantial fatalities in agricultural production. The ever- 
increasing adverse effects of chemicals used for pest control on human health, the 
ecosystem, and the living creatures have directed the researchers’ focus on potent 
biological control microorganisms as doable substitutes for managing pests and 
plant pathogens (Ab Rahman et al. 2018). There are ever-increasing confirmations 
that validate the capability of leaf as well as root-allied microbes to intensify the 
plant efficacy as well as yield in the cropping systems. It is much imperative to 
comprehend and appreciate the part of such microbes in stimulating growth and 
monitoring plant diseases as well; however, their presentation as biopesticides in the 
field conditions is still unpredictable (De Silva et al. 2019).

The employment of beneficial biocontrol microorganisms can be a viable option 
that could display potential of competing with the pathogenic microorganisms or 
can provide benefits by directly antagonizing pathogens by secreting antimicrobial 
composites (Mansfield 2000). The indigenous infection by pathogenic microbes can 
lead to the induction of systemic acquired resistance, but the capability of nonpatho-
genic rhizobacteria to prime plants for induced systemic resistance alongside differ-
ent pathogens is much crucial and therefore is of substantial interest (Choudhary 
et  al. 2007). This priming offers a better preparedness to plants that are able to 
respond faster and stronger to pathogen attack. The method of biologically control-
ling plant disease seems to be the preeminent choice for the manufacture of eco-
nomically viable, environmental-friendly, and sustainability-promoting approach 
for shielding plants and other crops. Therefore, the biocontrol microorganisms are 
now widely being acknowledged as important tools for controlling plant diseases 
for an enhanced crop production in the sustainable agriculture (Azcón-Aguilar and 
Barea 1997). There is a great diversity of microbes which can be utilized as potent 
biocontrol agents. Nevertheless, a sound exploration of the multifaceted interac-
tions amid plants, the environment, and the pathogens is quite indispensable for 
further consideration as the results may vary if the plants are already under an exten-
sive load of disease (Mirzaee et al. 2015). The principal knowledge of piloting sev-
eral research projects on the biocontrol was primarily meant for reduction in the 
dependence on the usage of agrochemicals due to several detrimental effects they 
lay on human health as well as on the environment. It was mainly accelerated around 
three decades due to increasing interest in the employment of useful microbes for 
suppressing of plant diseases, comprising the infections by plant parasitic nema-
todes as well (Cook and Baker 1983). The resultant biocontrol activity is often 
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produced as a result of compound dealings, for instance, clampdown of the pest by 
use of other organisms or the use of antagonistic microbes to combat diseases and 
the introduction of host-specific pathogens. The employment of natural yields and 
chemical extracts of ordinary or modified microbes or gene products is another 
example of biological control. There is a vast array of interactions among the micro-
bial populations such as mutualism, protocooperation, commensalism, neutralism, 
competition, amensalism, parasitism, and predation. All these biological control 
interactions amid plants and microorganisms happen unsurprisingly at a macro-
scopic as well as microscopic level (Gardener and Fravel 2002; Pal and Gardener 
2006). The microbes inhabiting the rhizospheric portion of plants are deliberated to 
be superior biocontrol agents as the rhizospheric soil is considered to be microbio-
logically oppressive to numerous pathogens, attributable to the capability of this 
portion acting as a line of frontline defense against innumerable pathogenic occur-
rences. The occupation of roots by diverse beneficial microorganisms distributes 
their pathogen-alienating metabolic products into the root atmosphere where they 
result in direct or indirect suppression of pathogens (Shoda 2000). There is also the 
involvement of the phenomenon of antibiosis that happens as an outcome of the 
emission of diffusible volatile organic compounds, antibiotics, and toxins, along 
with the formation of extracellular cell wall-humiliating enzymes, for instance, pec-
tin methylesterase, β-1,3-glucanase, chitinase, and β-xylosidase (Shoda 2000; 
Compant et al. 2005). The root systems of plants also deliberate a biological envi-
ronment for progression of soil microbes that flourish on different root exudates as 
well as lysates which are utilized by the microbes as nutrients. The diversity of 
endophytic as well as free-living rhizobacteria harbored by the plants in their rhizo-
spheric area utilize the nutrients secreted by the plant systems via their roots, and 
therefore grow and proliferate to secrete various metabolites in the soil systems 
which are found to control various plant diseases triggered by fungal or bacterial 
activities (Gray and Smith 2005; Kiely et al. 2006). In addition to it, the inhabitation 
of rhizospheric slot by different plant growth-promoting bacteria is further sup-
ported by the secretion of various kinds of allelochemicals, for instance, antibiotics, 
iron-chelating siderophores, biocidal volatiles, lytic enzymes, and detoxification 
enzymes (Glick 1995; Sturz and Christie 2003). Allelochemicals are also examples 
of secondary metabolites that are produced either in a direct way or in an indirect 
manner by plants and released into the root region as an outcome of various chemi-
cal and biochemical reactions (Tang et al. 1989; Shaw et al. 2006); however, they 
can also be released by the allied fungal and bacterial inhabitants. Several bacterial 
agents such as the nonpathogenic Pseudomonas and rhizobacteria are endowed with 
the potential of inducing systemic resistance in plants which honors the plant with 
the ability of protecting itself against a great deal of pathogenic viruses, bacteria, 
and fungi (Pieterse et al. 2014). Therefore, it seems that plants might have evolved 
their own language that makes them capable of interacting with their allied micro-
biota by secreting a greater diversity of chemical compounds via their leaves as well 
as roots. This phenomenon aids the plant systems to attract and select precise micro-
bial population in the rhizospheric as well as phyllospheric environments that can 
offer explicit assistances that are desirable for the plant systems (Vorholt 2012).
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3.6  Biofortification of Crops Using Microbes

The monster of undernourishment is deliberated among the supreme exalted univer-
sal challenges to mankind. It bothers almost a billion or more of the global people 
in both advanced and emerging nations. The disgrace of malnutrition takes account 
of food-associated prolonged diseases in addition to the explicit nutrient paucities 
which further are held responsible for morbidity as well as abridged physical and 
psychological development. The occurrence of micronutrient paucity in human 
beings is largely reported, and the members of emerging nations mainly rely on the 
food from the staple crops which are further described by abridged bio-obtainability 
of vital micronutrients. The pervasiveness of such micronutrient paucities further 
intensifies the menace of widespread encumbrance of illness in different low- as 
well as middle-income nations (Black 2014), and the members of poor families are 
not able to manage expensive foods enriched with nutrients. As per the reports of 
United Nations System Standing Committee on Nutrition, the micronutrient hunger 
is deeply allied with over and above 50% of the total child mortality, and it further 
exhibits the leading risk factors for maternal death cases. Iron (Fe), zinc (Zn), and 
selenium (Se) are deliberated to be the micronutrients of utmost importance, and 
their intake is apposite for sustaining numerous life processes (UNSSCN 2004). 
The scarcity of any of the micronutrients has various deleterious effects on human 
health which are conveyed via numerous diseases. Zinc is an indispensable micro-
nutrient for almost all the living entities comprising human beings, and its structural 
role in different proteins also makes it a significant micronutrient. Its deficiency is 
at utmost prevalence which results in abundant health-associated concerns, for 
instance, growth weakening, increased vulnerability toward different infections, 
diarrhea, retarded growth, delayed recovery of wounds, skeletal aberrations, and 
amplified danger of abortion (Salgueiro et al. 2000). On the other hand, the paucity 
of iron provokes nutritional anemia and also results in damaged working of immune 
system among the children along with the diminished neurocognitive growth 
(Murray-Kolb 2013). Selenium has numerous indispensable roles to play in a vast 
array of metabolic paths. Its deficiency is largely responsible for several heart dis-
eases, reduced male fertility, hypothyroidism, weakened immune system, and high 
risk of infections, cancer, oxidative stress-related conditions, and epilepsy (Hatfield 
et al. 2014). The deficiency of different micronutrients also results in a weakened 
DNA molecule prone to easy damage. Therefore, there are ever-increasing endeav-
ors targeting an enhanced assimilation of different micronutrients in plant systems.

Conversely, numerous approaches to augment the mineral elements uptake as 
well as food fortification haven’t been fruitful every time. The approach of bioforti-
fication is only allied with entrusting the nutrient accumulation in the plant cells 
which makes it different from the “standard fortification” which encompasses prac-
tice of additives with the foods (Khan et al. 2019). The microbes having benefit 
effects on plant growth promotion are acknowledged for fortification of micro- as 
well as macronutrient concentrations in the essential food crops. There is a large 
number of mechanisms responsible for the fortification process, for instance, 
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phosphate solubilization, zinc solubilization, siderophores production, and nitrogen 
fixation. The introduction of potent microbes in consort with the mineral fertilizers 
have the capability of enhancing the mineral uptake in turn growth as well as yield. 
Consequently, the biofortification of different food crops as an outcome of plant 
growth-promoting microbiota has been encouraged as a unique stratagem not only 
for upsurging the level of micronutrients in eatable food crops but also to elevate the 
output on soils having lesser fertility (Khan et al. 2019). Microbes are unseen soil 
engineers that are responsible for maintaining the status of a healthy soil and for the 
construction of a center for diverse biogeochemical cycles (Gadd 2010). A large 
number of microbes inhabiting soil ecosystems, for instance, bacteria, cyanobacte-
ria, actinomycetes, and mycorrhiza, provide an environmental pleasant attitude for 
upgraded nutrient uptake along with the enhancement in plant growth. Microbes, 
more precisely the plant growth-promoting rhizobacteria (PGPR), are settled in the 
portion of rhizosphere and are capable of competently colonizing the plant roots, 
and they award the plants with many unique and beneficial attributes (Prasad et al. 
2015). These microbes adopt diverse mechanisms for playing their central part in 
upsurging the nutrient consumption efficacy of the plants. These microbes are 
uniquely capable of playing an imperative role in the mineralization of organic mat-
ter coupled with the biotransformation of several inorganic nutrients which imparts 
these microbes with the innovative ability of biofortification. There are several other 
characteristics of these microbes, for instance, solubilization, chelation, and oxida-
tion/reduction which have the aptitude of directly influencing nutrient accessibility 
(Khan 2005; Bonfante and Genre 2015). Besides obtaining improved crop yields, 
the present-day agricultural systems are mainly centered for producing nutritious 
safe food crops endowed with enriched micronutrient level especially in the edible 
part of the plant. Since the human population is predominantly reliant on diets 
grounded on staple food crops, therefore, consumption of foods with deprived or 
reduced concentration of micronutrients is greatly responsible for severe health 
concerns in human beings. The paucity of these micronutrients (selenium, zinc, 
iron, manganese, copper, and vitamins) in plant systems as well as in human beings 
is described as “hidden hunger” (Sharma et al. 2016) and imparts the risk of malnu-
trition among the global mankind. Consequently, the execution of the attitude of 
biofortification seems to be an imperative as well as lucrative method for endow-
ment of distinguished and dominant solution for the production of crops having 
higher concentrations of required micronutrients. The plant growth-endorsing 
microbes are reportedly known for the biofortification of micronutrient components 
in different food harvests above and beyond the improvement in the soil productive-
ness as well as in the crop yield (Rana et al. 2012).

Iron, an important micronutrient, is present in the oxidized states owing to the 
prevalence of oxygen-rich environments. Different bacterial as well as fungal inhab-
itants of the soil ecosystems have evolved various unique mechanism for iron 
sequestration, for instance, the production of some lower-molecular-mass com-
pounds called as siderophores which are immensely compassionate concerning Fe3+ 
ions. These siderophores are eventually up taken by the plant systems via roots for 
conveyance of the sequestered iron to the plants. Hence, the siderophores of 
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microbial origin are enormously capable of augmenting plant growth as a result of 
improved uptake of iron accompanied with inhibition of the pathogenic microbes by 
dint of competitive advantages (Srivastava et al. 2013). A diverse array of bacterial 
soil inhabitants have been largely acknowledged for the siderophore fabrication, 
viz., Rhodospirillum, Bacillus, Azospirillum, Burkholderia, Pseudomonas, 
Azotobacter, Serratia, Arthrobacter, Enterobacter, and Rhizobium, along with dif-
ferent fungal partners like Syncephalastrum, Aspergillus, Rhizopus, and Penicillium 
(Khan et  al. 2019). There are numerous kinds of siderophores which are often 
secreted by the plant-allied microbiota, for instance, catecholate, carboxylate, and 
hydroxymate, and their exudation diverges across different species. Additionally, 
the siderophore production of mixed type has also been reported by many microbial 
species (Wandersman and Delepelaire 2004). Thus, the iron biofortification in dif-
ferent food crops is greatly supported by the secretion of these siderophore mole-
cules. The microbes allied with plant systems also implement a number of tools for 
zinc solubilization, for instance, chelation (Whiting et al. 2001), dropping down the 
pH of soil (Subramanian et al. 2009), and by means of enhancing the root progres-
sion as well as the effective absorption area of the root (Bürkert and Robson 1994). 
The chelation of metallic ion zinc by diverse microorganisms coupled with enhance-
ment in its availability for plant systems is a well-acknowledged occurrence. The 
microbial production of zinc-chelating compounds, metallophores, which sequester 
the zinc, is later released at the root surfaces and thus becomes available for the 
plants for its biofortification in the plant parts (Saravanan et  al. 2004). Diverse 
microbial allies of plants, such as Enterobacter, Pseudomonas, Bacillus, 
Microbacterium, and different arbuscular mycorrhizae, are unbelievably proficient 
for zinc solubilization from composite mixtures which subsequently improves qual-
ity as well as nutrient content of the plants and their produces. Therefore, it can be 
said that the microbial approach of increasing nutrient content which further 
improves the quality of food crops is an economically viable and sustainability- 
advocating practice of superior crop production.

3.7  Enhancement of Abiotic Stress Tolerance Ability 
of Plants

The most discouraging phenomenon in the production of food crops is the appear-
ance of several kinds of abiotic stresses which appear as an outcome of the intrinsic 
edaphic aspects as well as due to the anthropogenic activities. These stresses may be 
persuaded by the soil salinity, heavy metal pollution, and the prevalence of different 
organic pollutants. The developing nations has to face the problems of such abiotic 
stresses in a major proportion of their agricultural land which expressively condense 
the production of different crops (Lal 2000). The different abiotic stresses allied 
with the edaphic elements are comprised by soil-associated constrictions, such as 
reduced fertility, elevated salt content, low pH, and the occurrence of toxic heavy 
metals in the plant rhizosphere. In addition to these chemical factors, numerous 
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physical restraints of the soil like poor texture, compaction, rockiness (Lal 1987), 
and slope abruptness (Lal 1998) also strongly affect the crop production. All these 
factors are held responsible for determination of the water-holding capability of 
soil, the cation-exchange capability, and the level of root communication with the 
soil and thus strongly effect the plant nutrient acquirement and crop harvests 
(Marchner 1995). The other abiotic stresses appear as a result of increased anthro-
pogenic activities, such as superfluous irrigation patterns, and using saline water for 
irrigation purposes has backed the salt content in the agricultural soils. The employ-
ment of sewage water for irrigating fields and using sewage sludge as fertilizer have 
led to the accretion of poisonous heavy metals in various areas of the global agricul-
tural sector. Another omnipresent difficulty arises as a result of the haphazard usage 
of organic pollutants and chemicals which persist in the soil environment for a lon-
ger duration of time and potentially interrupt the symmetry of the soft soil 
(Selvakumar et al. 2012). With the continuously deteriorating qualitative as well as 
quantitative aspects of freshwater assets, and underprivileged irrigation ground-
work, the drought management especially in emerging nations seems to be imper-
fect. The insufficiency of moisture contents in agricultural soils is not just having a 
direct effect on the crop yields, but it also decreases the yields by influencing the 
obtainability as well as the nutrient conveyance. The drought stress also affects the 
crop yields by altering the hormonal balance of the plant systems as it is responsible 
for a reduction in the levels of cytokinin as well as a hike in the abscisic acid content 
in the leaves, which further leads to closing of stomatal pores (Figueiredo et  al. 
2008). Since water acts as a medium for carrying the nutrients from the plant roots, 
therefore, the low moisture level is responsible for a decreased diffusion of nutrients 
over small distances and the mass flow of water-soluble nutrients such as nitrate, 
sulfate, Ca, Mg, and Si over longer distances (Barber 1995). The drought is also 
responsible for a reduction in the obtainability of carbon dioxide for photosynthesis 
that further promotes the construction of reactive oxygen species that are highly 
potent for damaging the DNA and may also affect the functioning of the cell mem-
branes (Sgherri et al. 2000). The salinity stress also affects the productivity of agro-
ecosystems as it does not allow the plants to extract water from the soil. Additionally, 
some salts penetrate the plant systems and disturb various physiological processes 
of the plants which may lead to plant death (Tester and Davenport 2003).

Microbes that assist plants in alleviating certain kinds of abiotic stresses are 
awarded with several specified purposeful attributes. The plant systems are known 
for accretion of ethylene hormone under the conditions of stress (Jackson 1997). 
The microbial production of the enzyme 1-aminocyclopropane-1-carboxylate 
(ACC) deaminase is responsible for the cleavage of the ACC which acts as the pre-
cursor particle of ethylene, and the production of this enzyme significantly reduces 
the concentration of this gaseous hormone in the plants under stress (Abeles 1973). 
Some PGPR strains are endowed with the capability of removing stress by the pos-
session of certain attributes. One such is the induced systemic tolerance (IST) which 
is meant to house the physical as well as chemical variations induced in the plant 
systems as a result of microbial activities which further aids plant systems in tolerat-
ing various abiotic stresses (Yang et al. 2009). The inoculation of the plants with the 
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PGPR Paenibacillus polymyxa is reported to have an improved tolerance of the 
drought stress (Timmusk and Wagner 1999). Plant systems suffer a lot due to the 
oxidative damages under abiotic stress conditions. The production of various anti-
oxidant enzymes by numerous rhizobacterial species helps the plants in tolerating 
drought stress (Bowler et al. 1992; Scandalios 1994). The drought stress also leads 
to variations in the soil structures which disturbs the agronomic processes and 
affects the crop yields in a considerable way. In this case, the microbes which are 
known for the secretion of exopolysaccharide (EPS) seem to be of utmost impor-
tance. The EPS fashioned by such microbes defends these microorganisms from the 
hostile environmental conditions and thus permits their existence. The EPS also 
endows these microbes with a unique property of desiccation tolerance (Hartel and 
Alexander 1986; Konnova et al. 2001). The EPS secretion also allows the microbes 
to attach and inhabit the roots in an irreversible manner owing to engrossment of a 
system of fibrillary material which aids in the formation of a permanent connection 
amid bacteria and the root surface (Sandhya et al. 2009). The plant systems receiv-
ing treatments of EPS-constructing microbes exhibit an improved confrontation to 
the water stress (Bensalim et al. 1998). The EPS matrix is supposed to offer a micro-
environment which clutches water and retains it for a longer interval of time as 
compared to the surrounding atmosphere and thus confers the bacteria as well as the 
protection of plant roots against desiccation (Hepper 1975). The EPS fabrication is 
also known to enhance the permeability by augmenting the soil aggregation along 
with the maintenance of developed water potential nearby the roots, thus allowing 
an increased uptake of nutrients by the plant systems, which further results in 
improved plant growth apart from the defense against drought stress (Alami 
et al. 2000).

3.8  Conclusion and Future Prospects

The products of microbial origin have the capability of enhancing crop yields and 
are equally potent to bring out the replacement of agrochemicals as well as chemical 
fertilizers. They can also improve the quality of the soil polluted by the explicit 
usage of chemicals for enhancing productivity of agricultural systems. Microbes are 
auspicious tools and can also augment the qualitative aspects of food crops and thus 
can be of immense importance for upgrading global health status of human beings. 
This potential of microbes is being utilized by several industries in which products 
of microbial origin are being formulated as biocontrol agents and effective biofertil-
izer products. The lab work is often carried out to unveil unique possessions of the 
microbial world, but at various times, the deeds of microbial technologies often fail 
to prove themselves at the field conditions. The belongings of microbial merchan-
dises are often found to be unpredictable and unreliable between diverse studies and 
are found to be inconsistent under variable atmospheric conditions. Several times 
the microbial population fails to compete with the autochthonous microbiota 
which is a major logjam in the large-scale implementation of the technology. 
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Consequently, there is a burning requirement for the improvement of selection 
methods and implementation practices. Apart from this, a better understanding of 
the communications amid inoculated microbial strains and innate microbiota is 
strongly required under field conditions.
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Chapter 4
Beneficial Microbes as Alternative Food 
Flavour Ingredients for Achieving 
Sustainability

Priyanka Roy, Intelli Kaur, Simranjeet Singh, and Vijay Kumar

Abstract Microbial fermentation is an ancient concept, as old as human history, 
and flavour production by fermentation is also an old concept, as old as the practice 
of wine production. Wine production is one of the oldest arts of fermentation to be 
concerned with delicacy of food flavour and aroma compounds. Aromatic com-
pounds have multipurpose uses in the food, feeds, cosmetics, pharmaceutical, and 
toiletries industries. The liquid and solid by-products can be used as a substrate in 
fermentation industries, which in turn manages the environmental waste. Industrial 
solid waste materials such as apple pomace, coffee husks, sugarcane bagasse, and 
sugar beet pulp are used as solid substrates in solid-state fermentation. Similarly, 
industrial liquid wastes such as corn steep liquor, blackstrap molasses, and potato 
and beet molasses are used as substrates for liquid-state fermentation. In both types 
of fermentation, the waste material as the substrate is the sole source of carbohy-
drates. In addition, however, that waste also contains amino acids, minerals, and 
vitamins, leading to variation in flavour production although the microbial culture 
remains the same. This chapter focuses on the gap area of microbial flavour produc-
tion using food industry by-products as a substrate for solid-state fermentation, pro-
viding future opportunities for the food, pharmaceutical, cosmetics, and toiletry 
industries to produce high-scale industrial bioflavours that promise sustainability 
for future generations.
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4.1  Introduction

With the continuous increase in the human population, various countermeasures 
have been developed and proposed to enhance food production. To overcome this 
growing challenge we need efficient agricultural management techniques, reduction 
in food wastes, and changes in dietary patterns (Springmann et  al. 2018). Most 
industrially processed foods such as puddings, custards, fillings, and ice cream use 
chemically synthesized flavours to obtain unique blends of buttery, chocolatey, and 
fruity flavour. However, although chemical flavouring is economical, it is deficient 
in enantioselectivity. Chemical flavourings are incorporated with the metabolism of 
the human body, causing several mutagenic effects. Flavour compounds isolated 
from chemical or plant sources are well known, but flavour compound production 
by fermentation or biotechnological processes has also gained attention in recent 
decades. Studies have shown natural flavours have high specificity with the least or 
no toxic effect. Chemical flavourings nowadays are being replaced by flavours iso-
lated from microorganisms. In microbial flavour production in situ, microbes are 
inoculated into dairy-based food items such as cheese, yoghurt, and buttermilk 
originated by microbial processes. In ex situ, the production of flavours such as 
nutty, flowery, and fruity is carried out by a particular microbial strain and then 
further processed for flavour extraction. The first flavour compound was benzalde-
hyde, with characteristics such as flavours, smell, and taste that are similar to those 
of almonds (Krings and Berger 1998). Microbial bioflavours have been categorized 
into three classes based on their origin: bacterial, fungal, and algal. Therefore, the 
microbial populations synthesize bioflavours either by gene editing methods or by 
de novo pathways. It was also documented that microbial bioflavours show activity 
against various types of tumours. Alcoholic terpenes (α-terpineol) show anticancer 
and antitumour activity by minimizing the expression of transcription factor 
NF-KB3 without any damage to bodily systems (Sales et al. 2018).

Thus, the choice of natural flavours is in demand by consumers. The sensorial 
properties of natural flavours vary according to the variation of different enantio-
mers or regioisomers. The microbial bioflavour is considered as a “Natural 
Flavouring Substance” by article 3.2(c) of the regulation (EC) no. 1334/2008 (Bosse 
et  al. 2013). Moreover, microbial flavour production by solid-state fermentation 
imparts value addition and promotes sustainability: it imparts sustainability because 
the raw materials used are mainly industrial waste. Solid-state fermentation (SSF) 
is a heterogeneous process that comprises three phases: solid, liquid, and gas 
(Thomas et al. 2013). This process also offers various advantages for the bulk pro-
duction of enzymes and chemicals for flavouring purposes. SSF is one of the best 
processes for the production of secondary metabolites such as hydrolytic enzymes 
(El-Bakry et  al. 2015), biopesticides (Ballardo et  al. 2017; Monlau et  al. 2015), 
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humic acid (Motta and Santana 2014), bioplastics (Castilho et  al. 2009), bioaro-
matic compounds (Martínez et  al. 2017), biosurfactants (Jiménez-Peñalver et  al. 
2016; Vishal and Aniruddha 2012), and many others (Cerda et al. 2019). Moreover, 
the increasing food processing industries also add huge amounts of by-products as 
waste that does not have any potential uses, even though that waste contains poten-
tial carbon and nitrogen sources for microbial growth. As the demand for natural 
flavouring agents in industry is constantly increasing (Bosse et  al. 2013), biofla-
vours from microbial sources can fulfil that demand. Moreover, consumer demands 
for natural flavours in foods are the result of health consciousness.

The aim of this chapter is to discuss the scope of utilization of solid wastes for 
developing low-cost fermentation processes for producing flavour compounds using 
microbial cultures. As microbial populations have a high capability to degrade lig-
nocelluloses to simple sugars by enzymatic processes, such can be used by them for 
normal metabolism. SSF also promotes the growth of desirable microorganism, as 
well as production of secondary metabolites. Here, we consider flavour compounds 
as imparting sustainability by value addition using different approaches.

4.2  Solid-State Fermentation Is a Sustainable Approach 
for Microbial Bioflavouring Production

Various data have been published on the application of SSF for the production of 
metabolites, enzymes, flavouring agents, and spores. Agro-industry and the food 
industry provide various waste products in both solid and liquid form that further 
combine with various microorganisms for fermentation processes (Panesar et  al. 
2016). Enzyme production by the solid-state fermentation technique has greater 
benefits than commercial methods as this technique induces high productivity, gen-
erates concentrated products, and consists of simple processing system units. 
Another advantage of SSF is the use of agro- and food wastes as they are a rich 
source of nutrients and carbohydrates that act as substrate for production of bulk 
enzymes and chemicals (Saithi and Tongta 2016). Besides these fermentation pro-
cesses, SSF is also helpful in minimizing the pollution problems by avoiding waste 
disposal into landfills, causing more ecosystem pollution (Behera and Ray 2016).

Every year a large amount of waste is generated by the food industries. Most of 
this waste is used as animal feed or simply burned, being mostly fruit pulp, peel, 
pomace, and bagasse, although after juice extraction from fruit the solid waste also 
contains some nutrients that can be used as substrate for SSF for production of valu-
able flavour compounds, which is a good approach for sustainable flavour produc-
tion. Food industrial waste can be a better choice for fermentation as it provides 
carbon and nutrient sources combined with amino acids, salts, and minerals, as well 
as providing a solid support for microbial growth. The sugar industries in a region 
generated sugarcane bagasse at about a thousand tons per year that does not have 
any potential usage. Similarly, agro-industrial waste such as stems, stalks, leaves, 
straw, husks, shells, peel, seed/stones, pulp, or stubble from fruits, legumes, or 
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cereals is a solid waste that contains sugars, fibres, proteins, and minerals which can 
be used as a solid substrate for SSF. Most of the solid wastes are lignocelluloses, 
mainly composed of cellulose, hemicelluloses, and lignin, that can be broken down 
to simple sugars by the enzymatic action of certain fungi during SSF.  SSF, and 
understanding the biology for desirable products and to optimize conditions, are 
current priorities of research application (Barrios-González 2012).

Solid-state fermentation (SSF) is the utilization of carbohydrate or carbon 
content of the solid substrate by cultivating microorganisms. In most cases these 
cultivated microorganisms are fungi (Motta and Santana 2014). As fungi gener-
ally have the potential to produce enzymes that can dissolve the β-1,4-glycosidic 
linkages present in lignocelluloses, SSF is defined as the microorganism devel-
ops on the solid surface after utilizing the nutrients present in the solid matrix 
and in the absence of free water (Barrios-González 2012). SSF can be classified 
into two types: (1) SSF on natural solid substrates and SSF on impregnated inert 
supports (Barrios-González and Mejia 2007). The advantage of SSF is that the 
quantification of the biomass and the constituent can be easily determined at any 
time during the fermentation process; also, the production yield is quite higher 
than that of submerged fermentation (Diaz-Godinez et al. 2001). (2) SSF has a 
broad spectrum of application in the production of various enzymes, antibiotics, 
biocolours, and bioflavours. The added advantage is high-level production and 
product extraction that is simple as compared to submerged fermentation. It was 
reported that the yield of chymosin (heterologous protein) increases 500 fold 
when produced by SSF by Aspergillus oryzae as compared with submerged fer-
mentation (SmF) (Barrios- González 2012). It was also proved that SSF is time 
efficient and a promising technology (Robinson et al. 2001) when considering 
solid waste from food industry that focuses on bioconversion (Kosseva 2013). 
Another use of the mixture of food industrial wastes is in a biorefinery as a sus-
tainable approach for energy production (Aggelopoulos et  al. 2013). 
Environmental sustainability is attained when value addition occurs to the solid 
waste generated by the food industry that also diminishes the amount of the 
waste (Motta and Santana 2014).

4.3  Bioflavour Synthesis in Solid-State Fermentation 
Depends on Substrate Composition

Bioflavour is a type of secondary metabolite that a microorganism produces during 
idiophase. Thus, all the factors that are responsible for microbial growth and aid in 
normal microbial metabolism influence the flavour production. The use of traditional 
starter culture on fermentation of by-products does not always gives promising 
results because the formation of flavour products depends on various factors, such as 
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(1) substrate composition, (2) type of starter culture, (3) amount of inocula, (4) fer-
mentation temperature, and (5) moisture content of the substrate. This review focuses 
on solid food industrial waste; thus, production of flavours by solid-state fermenta-
tion is listed. Researchers have observed that when the substrate changes, the flavour 
compounds also change, and the concentration of the aromatic volatile compounds 
changes as well, even though the microorganism remains the same. The flavour-
producing capability of a microorganism also changes among species and strains 
even when the genus of the organism is the same. Fungi are the most investigated 
microorganisms that produce natural flavour and aroma compounds as secondary 
metabolites during their normal metabolism. The fungus most studied for the pro-
duction of fruity aroma compounds is Ceratocystis fimbriata on SSF by utilization of 
various food and agro-industrial wastes. A few yeasts, such as Kluyveromyces marx-
ianus, Saccharomyces cerevisiae, and Candida tropicalis, also are being explored for 
the production of various aroma compounds. In most of the studies the researcher 
used agro-industrial waste such as sugarcane bagasse, cassava bagasse, wheat bran, 
and coffee husks in SSF for the biosynthesis of aroma compounds. In many studies 
fruit juice industrial waste, such as orange peel and apple pomace, was also used in 
SSF for flavour compound production. In Table 4.1, a few substrates are listed with 
the name of the microorganism used for the flavour production.

Table 4.1 Substrates and microbial culture used in solid-state fermentation (SSF) for bioflavour 
production

Substrate Microorganism for fermentation References

Cassava bagasse Ceratocystis fimbriata Felip et al. (2017)
Wheat bran Ceratocystis fimbriata Felip et al. (2017)
Soybean, soybean meal Ceratocystis fimbriata Rossi et al. (2015)
Sugarcane bagasse Trichoderma viride Fadel et al. (2015)
Coffee husks Ceratocystis fimbriata Soares et al. (2000)
Brewer’s spent grains (BSG), 
Malt spent rootlets (MSR)

Saccharomyces cerevisiae, 
Kluyveromyces marxianus

Aggelopoulos et al. (2014)

Orange peel & pulp Saccharomyces cerevisiae Mantzouridou et al. (2015)
Apple pomace Saccharomyces cerevisiae, 

Hanseniaspora valbyensis, 
Hanseniaspora uvarum

Madrera et al. (2015)

Plum bran, cassava bagasse Kluyveromyces marxianus Medeiros et al. (2000)
Olive mill waste Rhizopus oryzae, Candida tropicalis Guneser et al. (2017)
Orange pulp Saccharomyces cerevisiae (Mantzouridou and 

Paraskevopoulou 2013)
Sugarcane bagasse, Sugar 
beet molasses

Kluyveromyces marxianus Martínez et al. (2017)

Sugarcane bagasse Ceratocystis fimbriata Christen et al. (1997)
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4.4  Achieving Environmental Sustainability by Utilization 
of Agro-industrial Waste

To decrease environmental pollution, alternative methods of waste management are 
presently being encouraged. Valorization of solid and liquid waste is an innovative 
approach in this regard that reduces environmental waste and can be a source of 
cheap raw material for the fermentation industries. Every year tons of solid waste 
are generated from the food processing industries, including food peels, pulp, 
aqueous residues, and bagasse, that cause a major disposal challenge because many 
of the wastes contain non-nutritional components and have a high phenolic content. 
Therefore, to overcome this challenge solid waste can be used as a solid substrate 
for SSF. Following are listed a few cheap raw materials with their potential contri-
bution in the fermented flavour industries. Liquid waste such as wastewater is also 
used for biotechnological flavour production by submerged fermentation, but such 
use is very limited.

4.4.1  Sugarcane Bagasse

Sugarcane bagasse, the main waste of the sugar industry, has application in bioen-
ergy production by fermentation. It has also been used as a substrate for biosynthe-
sis of antibiotics, enzymes, and organic acids. However, sugarcane bagasse can also 
be used in the production of a coconut-like aroma by SSF using Trichoderma viride 
(Fadel et al. 2015). Trichoderma harzianum is also known to extract a coconut-like 
flavour from the SSF of sugarcane bagasse (Ladeira et al. 2010). In a previous study, 
sugarcane bagasse was used as a substrate for the production of a fruity aroma by 
Ceratocystis fimbriata (Christen et al. 1997). The esters group of aroma compounds 
such as ethyl acetate, ethyl propionate, ethyl butyrate, ethyl hexanoate, and 
3- methylbutyl acetate give a variety of fruity aromas after fermentation. The esters 
group of aroma compounds has high demand in the confectionery, bakery, and ice 
cream industries for its sweet and pleasurable fruity aroma, such as butyl butyrate, 
which gives an aroma similar to apple, pineapple, and apricot (Barros et al. 2012). 
Some research has used amino acid supplements such as leucine with sugarcane 
bagasse for the intense production of fruity flavours (Christen et al. 1997). However, 
not only esters but also ketones, aldehyde, and alcoholic derivatives are produced 
during the microbial fermentation of these substrates. Ketones, especially methyl 
ketones, are known to enhance a cheesy flavour (Gupta et al. 2015).
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4.4.2  Orange Peel and Pulp

Orange peel and pulp are generated in huge amounts by the food processing indus-
tries, generally the fruit juice processing and packaging industry. Orange peel waste 
is a major citric waste as oranges are produced, processed, and consumed in large 
quantities. According to the juice-making industry, waste generated by the fruit 
after processing is 50% of total fruit weight. Every year millions of tons of citric 
waste are generated that cost nearly $10.00/ton for management for environmental 
concerns (Mantzouridou and Paraskevopoulou 2013). However, several alternatives 
for direct flavour extraction and isolation of phenolic compounds are also carried 
out for value addition and the utilization of solid orange peel waste. Orange peel 
contains good amounts of fermentable sugar such as glucose, fructose, cellulose, 
pectin, and minerals that can support microbial growth in SSF and thus can be used 
for the production of microbial secondary metabolites. In many studies it was used 
for ethanol production by fermentation. Moreover, orange peel can also be used for 
aroma compound production by fermentation when Saccharomyces cerevisiae is 
used as the fermentative organism. A diversity of flavour compounds is generated, 
such as isomayl acetate, which gives a strong banana-like aroma; additionally, a 
group of ethyl esters such as hexanoate, actanoate, decanoate, and dodecanoate 
gives a variety of fruity aromas similar to green apple, pineapple, peach, pear, etc. 
Both SSF and submerged fermentation of orange peel and pulp produce similar 
kinds of aroma compounds when fermented with the yeast S. cerevisiae 
(Mantzouridou et al. 2015). Researchers have also obtained a similar kind of aroma 
compound with the fruity aroma-producing microorganism Ceratocystis fimbriata 
(Rossi et al. 2015). Solid-state fermentation of the peel from a special variety of 
orange known as the ‘Valencia’ orange produces valencene, used to enhance the 
flavour of fruity drinks (Gupta et al. 2015).

4.4.3  Apple Pomace

The apple is a common source of fruit everywhere in the world. More than 68.3 
million tons of apples was produced in 2014 (Madrera et al. 2015). Apple pomace 
is the main waste after apple juice extraction for processing and cider formation. 
Apple pomace contains 20–30% of the initial apple weight and does not have any 
potential use. As it contains non-nutritional factors such as pectin and tannins, pom-
ace thus cannot be used as animal feed, although some studies conducted for the 
isolation of pectin and phenolic compounds from apple pomace also were success-
ful (Dineiro Garcia et al. 2009). Using apple pomace as a substrate for SSF using 
the three different yeast cultures Saccharomyces cerevisiae, Hanseniaspora valby-
ensis, and Hanseniaspora uvarum gives a high level of acetic acid and esters after 7 
to 14 days of incubation. A variety of esters such as isoamyl acetate (banana fla-
vour), ethyl hexanoate (apple flavour), methyl octanoate (orange flavour), decyl 
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acetate (floral), ethyl decanoate (grape), etc., along with aldehyde and ketones, are 
synthesized after fermentation (Madrera et al. 2015).

4.4.4  Coffee Husk

During coffee powder manufacturing, after dry processing of the coffee cherries 
coffee husk is generated. Coffee husk contains non-nutritional components such as 
tannin and caffeine and thus does not have any use, and its disposal also creates an 
environmental problem in many countries. Using coffee husk as a substrate for SSF 
can be a good alternative for fruity flavour production by using the fungal species 
Ceratocystis fimbriata (Soares et al. 2000). After fermentation, the volatile com-
pounds generated are ethyl isobutyrate, isobutyl acetate, and ethyl-3-hexonate, thus 
producing a strong pineapple aroma. As the coffee husk contains very little sugar, a 
glucose supplement is needed to carry out this fermentation process.

4.4.5  Cassava Bagasse

Cassava (Manihot esculenta Crantz) is a main source of starch in many countries, 
and it is the world’s sixth most consumed food crop. Cassava fibrous matter con-
tains a high amount of starch that is used in the manufacture of refined sugar. After 
making sugar, the by-product, the bagasse, also contains an ample amount of starch 
that can be utilized by microorganisms for fermentation and the production of valu-
able secondary metabolites (Pandey et  al. 2000). Felipe and coworkers in 2017 
reported the use of cassava bagasse for flavour compound production by using the 
fungal mould Ceratocystis fimbriata. After fermentation it produces fruity aroma 
compounds such as isoamyl acetate and ethyl acetate. Supplementation of cassava 
bagasse with a higher concentration of glucose and fermentation using Kluyveromyces 
marxianus produces ethyl acetate, which is widely used in the food industry to 
enhance flavour (Medeiros et al. 2000).

4.4.6  Olive Mill Waste

Olive mill wastes are the major waste from the olive oil industry. In the Andalusian 
region, a Mediterranean region of Spain, during olive season about 2.5 million tons 
of olive oil is produced (Alvarez de la Pueute et al. 2010). The olive oil industry 
generates both olive mill waste and wastewater as its by-products. The solid by- 
product olive mill waste obtained after extraction of olive oil by press centrifugation 
contains about 25–55% water, 25–50% fibre, 5–8% residual oil, 2–6% ash, and 
6–10% nitrogen in the insoluble fibre fraction (Gogus and Maskan 2006). Olive mill 
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waste has also proved to be a good substrate for microbial growth and the produc-
tion of desirable secondary metabolites. When Rhizopus oryzae and Candida tropi-
calis are allowed to ferment olive mill waste, a variety of sweet aromatic volatile 
compounds are detected after fermentation by gas chromatography in the medium 
(Guneser et  al. 2017). Many of these volatile compounds, such as diactyl and 
(E,E)-2,4-decadienal, produce a buttery aroma. Some compounds such as benzene, 
acetaldehyde, and 2-phenylethanol give a flower aroma similar to that of the rose, 
and thus are proven to produce aromatic compounds. Solid-state fermentation of 
olive mill waste at the optimal pH 5 can produce vanillin (Cabrera et  al. 2019), 
which is one of the most preferred flavouring agents used to give vanilla flavour to 
ice cream, cakes, and biscuits.

4.4.7  Green Coconut Husks

Solid-state fermentation of dried green coconut husks with the action of 
Phanerochaete chrysosporium produces vanillin (dos Santos et al. 2008). Vanillin 
can be quite an expensive flavouring agent if produced synthetically, whereas if it is 
produced with SSF of food waste, this is a cheap method of production that is also 
environmentally sustainable.

4.4.8  Maize-based Waste

Solid-state fermentation of waste from maize during the production of maize flour 
or maize products can produce strong buttery flavours, giving a taste similar to dairy 
products in the presence of microbes such as Lactobacillus. Pediococcus is also 
known to act on maize starch to produce a dairy flavour by releasing diacetyl 
(Escamilla-Hurtado et al. 2005).

4.5  Bioflavour Synthesis in Submerged Fermentation

Biosynthesis of flavour compounds can also be accomplished by submerged fer-
mentation techniques. However, having restrictions, this method is not used fre-
quently. In Brazil a group of researchers studied fruit aroma production by 
submerged fermentation by using cassava wastewater as substrate and Geotrichum 
fragrans as the microbial culture (Damasceno et al. 2003). They used cassava waste-
water, which contains cyanogenic glycoside; thus, the isolated organism Geotrichum 
fragrans shows cyanide resistance.
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4.6  Conclusion

The increasing consumer demands for natural flavours can be fulfilled by fermented 
bioflavours, which can be easily produced by microbial fermentation. When com-
paring the two fermentation processes, that is, solid-state and submerged fermenta-
tion, solid-state fermentation (SSF) seems to be the best technique for secondary 
metabolite production. This technique is economically viable and generates less 
waste material or none. Moreover, the cost of flavour production is much lower as 
the raw material is solid waste from the food industry. Thus, this method of food 
flavour production can be a revolutionary approach in the food, feeds, cosmetics, 
pharmaceutical, and toiletries industries for bioflavour and bioaromatic products 
that also promise sustainability.
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Chapter 5
Microalgae as Nutraceutical for Achieving 
Sustainable Food Solution in Future

Pardeep Kaur

Abstract Of late, a spurt in the general awareness about the biological aspects of 
nutrition has been witnessed. The changing trend demands for high nutritional value 
products that can easily and rapidly be produced at large scales in a cost-effective 
manner. Microalgae constitutes a distinct group of unicellular photosynthetic organ-
isms and a broad variety of eukaryotic algae containing a plethora of beneficial 
compounds such as carbohydrate, proteins, fatty acids, vitamins, carotenoids, phy-
cobiliproteins, astaxanthin, and lutein. These compounds find application in the 
production of high-quality nutraceuticals that provide health benefits such as con-
trolling blood pressure, boosting immune system, reducing coronary heart diseases, 
serving as anticancer agents, and acting as antioxidants. Besides, the benefits of 
using microalgae are its high productivity on arable and nonarable land, thus posing 
no threat to the agricultural crop production. Although the nutritional value and its 
commercialization is still in nascent stage, intense efforts are underway all over the 
world to explore untapped potential of microalgae that could lead to the solution of 
several problems through green technologies and open gateway to a multibillion 
dollar industry. This chapter gives an overview of microalgae and its diversity, nutri-
tional value, and current challenges on its use as nutraceutical product.

Keywords Microalgae · Nutrition · Nutraceuticals · Green technology · Toxic 
metabolites

5.1  Introduction

The holistic development of any nation depends on the good health and well-being 
of its public. The frequent consumption of packaged and junk foods, fast eating 
food habitats, long-scheduled work, sedentary lifestyle, etc. has resulted in a spurt 
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in the prevalence of various diseases like carcinomas and heart-related disorders 
(Subudhi 2017). Therefore, there is an increasing global concern on the implemen-
tation of healthy foods in diet that will help to maintain a healthy lifestyle (Ranga 
et al. 2017). However, huge investment and capacity building are required to affirm 
to the food and nutritional security that often requires huge amount of farming land, 
livestock, and high density of natural resources. However, the current health poli-
cies demand the consumers to fend for themselves and entice them to attain maxi-
mum health benefits by spending minimum money (Lenoir-Wijnkoop et al. 2010). 
Therefore, a paradigm shift from traditional agriculture toward more sustainable 
solutions is the need of hour. To reduce the possibility of health problems, consum-
ers prefer to use foods rich in adequate nutrients or nutraceuticals. Nutraceutical is 
a combination of two terms “nutrition” and “pharmaceutical,” a food stuff either in 
the form of fortified food or dietary supplement that has the capability to impart 
health benefits by strengthening the body’s response to ward off the infections and 
to get rid of diseases. Conventionally, these products are available in varied formu-
lations. Nutraceutical are way more advantageous than the medicines as they are 
devoid of side effect, natural sources, easily available, and affordable. The term 
“nutraceutical” comprises several products such as vitamins, minerals, enzymes, 
antioxidants, probiotics, prebiotics, polyunsaturated fats, polyphenols, and spices 
(Chauhan et al. 2013). Depending upon their functions, nutraceuticals are grouped 
as dietary supplements, medicinal food, functional foods, etc. (Dillard and German 
2000). On the basis of source of their origin, these are classified as products obtained 
from plants (vitamins, phytochemicals), animal (polysaccharides), or microorgan-
isms (poly amino acids) (Pattanaik et al. 2019). Among the microorganisms, micro-
algae present a sustainable powerful reserve of number of functional ingredients for 
wide food applications (Pulz and Gross 2004). In general, the term “algae” circum-
scribes photosynthetic eukaryotic organisms. On the basis of their size, they can be 
classified as micro- and macroalgae. Macroalgae or seaweeds are multicellular 
organisms that include benthic marine organisms with variable sizes extending up 
to several meters (Markou et al. 2012). In contrast, the term microalgae, or micro-
phytes, are microscopic photosynthetic algae and bacteria or cyanobacteria. 
Microalgae also have variable sizes, which can be as small as picometers (Waterbury 
2006; Barsanti and Gualtiery 2006). The ecology of microalgae is also diverse, 
which ranges from marine to freshwater forms, and their photosynthetic mechanism 
resembles that of land-based plants. The microalgae have received an appreciable 
interest as sources of natural food, polysaccharides, fatty acids, and biomass due to 
its potentially simple and cost-effective cultivation techniques (Borowitzka 2013; 
Leu and Boussiba 2014; Aziz et al. 2017). Another major thrust for commercializa-
tion of microalgae is their generally regarded as safe (GRAS) status that has impor-
tant relevance for products intended to be used for consumption purposes (Gangl 
et al. 2015). In contrast to plants, microalgae have higher growth rates (e.g., one to 
three doublings per day) and do not pose any competition for resources as they can 
be grown easily in open environment (Ng et al. 2015). In recognition of innumera-
ble advantages of microalgae, several efforts are underway to promote them at bio-
technological platforms, especially from genetic engineering point of view.
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5.2  Indian Microalgal Diversity

India owing to its rich biodiversity, diverse ecologies, agronomic practices, and 
multitude of soil types is considered to be ideal for microalgal growth. The 
biodiversity- rich parts of the country like Eastern Ghats (Jena et  al. 2005, 2008; 
Prasanna and Kaushik 2005; Rath and Adhikary 2005; Samantraray et al. 2002) and 
Chilika Lake in Odisha are also home to diverse species of microalgae (Adhikary 
2000; Ratha et al. 2003; Rath and Adhikary 2005) and have been widely investi-
gated. The investigation by Ratha et al. (2012) on qualitative distribution of micro-
algae in diverse ecological habitats from major biodiversity hotspots of India 
reported Cyanophyceae and Chlorophyceae as the abundantly found algal groups. 
Suresh et al. (2012) studied the microalgal diversity in Western and Eastern Ghats 
of Tamil Nadu and reported 97 species of microalgae. Kharkongar and Ramanujam 
(2014) reported a total of 85 taxa, including cyanobacteria and algal species belong-
ing to diverse classes of algae with highest subaerial algal biodiversity in sacred 
grove compared to those of plantation and open disturbed forest. It is well reported 
in literature that the subaerial microhabitats are predominantly habitated by mem-
bers belonging to Trentepohliales and cyanobacteria since they can easily adapt to 
adverse environmental conditions by adopting different survival mechanisms, such 
as production of carotenoids in Trentepohliales and extracellular polymeric sub-
stances (EPS) sheath by cyanobacteria as a protective sheath (Urzi and Realini 
1998; Tomaselli 2003). Singh and Sharma (2014) reported 19 microalgal taxa 
belonging to Cyanophyta (8 taxa), Chlorophyta (7 taxa), and Bacillariophyta (4 
taxa) from Sheer Khad (stream), which is a tributary of Sutlej River, Himachal 
Pradesh. Severes et al. (2018) identified microalgae from Western Ghats regions of 
India. The panorama depicted by the microalgal biodiversity suggests their potential 
application in diverse fields, nutraceutical one of them, since they are proficient in 
producing high-value compounds even in the harsh environmental conditions.

5.3  Microalgae as Nutraceutical

The consumption of microalgae as a human food source or nutritional supplements 
is not new, but their use dates back to prehistoric times. The species of Nostoc find 
use in various parts across the world, where they are consumed in traditional ways. 
In Japan, cyanobacterium Aphanothece sacrum is consumed as a popular delicacy 
known as “suizenji-nori.” The microalgal biomass has gained immense popularity 
for the production of health-based food products, where it is being used exclusively 
for this purpose for over past few decades. Depending upon the organic composi-
tion, an array of products under different names are present in the market as nutra-
ceuticals like dietary supplements, herbal preparations/products, traditional 
medicine, food supplements, or botanical supplements (Nicoletti 2012; Rajasekaran 
et al. 2008). The first-generation food supplements consist of primary metabolites, 
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whereas other substances, relevant to nutraceuticals, are secondary metabolites. The 
seaweeds contradict this simplified version of classification as they contain both the 
type of substances. Therefore, a new terminology “superfoods” was suggested 
(Bishop and Zubeck 2012). A third type of food supplement called as pharmafoods 
or functional foods is emerging because of their resemblance with ordinary foods in 
terms of physiological properties. These pharmafoods or functional foods probably 
can best harness the potential of microalgae in the future for a wide variety of dif-
ferent products after doing away with associated limitation such as poor aesthetics 
in the current utilizations (Nicoletti 2012).

5.4  Nutritional Components of Microalgae

Microalgae are repertoire of valuable compounds such as proteins, carbohydrates, 
polyunsaturated fatty acids (PUFAs), minerals, and vitamins that can not only 
heighten the nutritional content of food but also serve to provide benefits to the 
consumer (Table 5.1 and Fig. 5.1).

5.4.1  Microalgal Proteins

The essential amino acids (EAA) composition of algae is in sync with FAO require-
ments. Chlorella vulgaris, highly rich in protein content and desirable EAA compo-
sition, is popularly used as a food supplement (Becker 2007; Chronakis and Madsen 
2011). Microalgae-based proteins have several advantages over other conventional 
protein sources, and they have scant land utilization compared to animal-based pro-
teins (de Vries and de Boer 2010; Van Krimpen et al. 2013; Smetana et al. 2017), 
low water requirement, and ability to grow in saline water, among others (FAO 
2010). Many species of microalgae produce proteins on par with egg, meat and 
milk, etc. (Gouveia et al. 2008a). Notably, red species of algae contain low concen-
trations of leucine and isoleucine, while brown algae species are often limited in 
methionine, cysteine, and lysine (Dawczynski et al. 2007; Mišurcová et al. 2014).

5.4.2  Microalgal Peptides and Protease Inhibitors

The bioactive peptides produced by the microalgae are known to possess anticancer, 
antiviral, antioxidant, and immunomodulatory effects. Proteases are a group of pro-
teolytic enzymes with fine applications in food, detergents, and pharmaceutical 
industries. Their deregulation can result in serious health-related issues, and that is 
why both proteases and protease inhibitors find applications as therapeutic agents 
(Drag and Salvensen 2010).
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Table 5.1 Microalgal species and products

Products Producers References

Food Chlorella, Spirulina maxima, 
Odontella aurita, Tetraselmis 
chuii, Aphanizomenon flos-aquae, 
Nostoc, Aphanothece sacrum,
Spirogyra, Oedogonium, 
Haematococcus pluvialis, 
Isochrysis galbana, Porphyridium 
cruentum, Diacronema vlkianum, 
Scenedesmus sp.

Valenzuela-Espinoza et al. (2002), 
Gantar and Svirčev (2008), Liu and 
Chen (2016), and Bleakley and 
Hayes (2017)

Feed Chlorella, Spirulina, Tetraselmis, 
Isochrysis, Pavlova

Gouveia et al. (2008a), Yaakob et al. 
(2014), Mobin and Alam (2017)

Amino acid
Mycosporine-like 
amino acids (MAA)

Aphanizomenon sp., Chlorella 
luteoviridis, Chlorella minutissima, 
Chlorella sorokiniana, Chlorella 
sphaerica, Scenedesmus sp., 
Stichococcus sp. Chlamydomonas 
nivalis

Xiong et al. (1999), Duval et al. 
(2000), Karsten et al. (2007), Chu 
(2012)

Polyunsaturated 
fatty acids (PUFAs)
Eicosapentaenoic 
acid (EPA)
Docosahexaenoic 
acid (DHA)
α-Linolenic acid
Arachidonic acid 
(AA)
Linolenic acid

Phaeodactylum, Nannochloropsis, 
Schizochytrium
Crypthecodinium cohnii, 
Isochrysis galbana, Pavlova 
salina, Schizochytrium
Botryococcus sp., Chlamydomonas 
moewusii, Chlorella vulgaris, 
Dunaliella sp., Micromonas 
pusilla, Muriellopsis sp., 
Nannochloris atomus, 
Pseudokirchneriella subcapitata, 
Scenedesmus acutus, Scenedesmus 
obliquus, Scenedesmus 
quadricauda, Tetraselmis suecica
Nannochloris atomus, 
Porphyridium boryanum
Botryococcus sp., Chlorella sp., D. 
bardawil, Tetraselmis primolecta, 
Tetraselmis tertiolecta, N. atomus, 
Neochloris oleoabundans, P. 
subcapitata, Scenedesmus 
obliquus, T. suecica

Pereira et al. (2012), Adarme-Vega 
et al. (2014)
Fried et al. (1982), Piorreck et al. 
(1984), Reitan et al. (1994), D’Souza 
and Loneragan (1999), Arisz et al. 
(2000), Becker (2004), Chiang et al. 
(2004), Poerschmann et al. (2004), 
Martinez-Fernandez et al. (2006), 
Patil et al. (2007)
Reitan et al. (1994), Zhang et al. 
(2002)
Fried et al. (1982), Piorreck et al. 
(1984), Reitan et al. (1994), D’Souza 
and Loneragan (1999), Arisz et al. 
(2000), Zhang et al. (2002), Chiang 
et al. (2004), Day et al. (2009), 
Gouveia and Oliveira (2009), Patil 
et al. (2007)

Vitamins Chlamydomonas eugametos, 
Chlorella pyrenoidosa, C. vulgaris, 
Chlamydomonas reinhardtii, 
Scenedesmus acutus, Scenedesmus 
obliquus, Scenedesmus 
quadricauda, C. protothecoides, 
Dunaliella tertiolecta, Prototheca 
moriformis, T. suecica

Uhlik and Gowans (1974), 
Borowitzka (1988), Vilchez et al. 
(1997), Carballo-Cardenas et al. 
(2003), Matsukawa et al. (2000), 
Becker (2004)

(continued)
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Table 5.1 (continued)

Products Producers References

Toxins
Anatoxin and 
saxitoxin
Microcystins
Okadaic acid

Flos-aquae
Microcystis aeruginosa
Dinophysis sp.

Katircioglu et al. (2004), He et al. 
(2005)

Sterols Pyramimonas cf. cordata, T. 
suecica, D. salina, D. tertiolecta

Ponomarenko et al. (2004), Cardozo 
et al. (2007), Luo et al. (2015)

Carotenoids
Astaxanthin
β-carotene
Canthaxanthin
Lutein

C. nivalis, Chlamydocapsa sp., C. 
nivalis, C. vulgaris, Chromochloris 
zofingiensis, Coelastrella striolata, 
Haematococcus sp., S. obliquus, 
Chlorella sp., Dunaliella sp., 
Pyramimonas sp., Tetraselmis sp.
Chlorococcum sp., Chlamydocapsa 
sp., C. emersonii, C. fusa, C. 
vulgaris
Neospongiococcum sp., 
Chlorococcum sp., Chlamydocapsa 
sp.

Borowitzka (1988), Liu and Lee 
(2000), Lorenz and Cysewski (2000), 
Yuan et al. (2002), Kang et al. 
(2005), Remias et al. (2005), 
Zhekisheva et al. (2005), Jin et al. 
(2006), Abe et al. (2007), 
Chattopadhyay et al. (2008), Fujii 
et al. (2008), Leya et al. (2009), Chu 
(2012), Domínguez-Bocanegra et al. 
(2004)
Rabbani et al. (1998), Egeland et al. 
(1995, 1997), Matsukawa et al. 
(2000), Hejazi and Wijffels (2003), 
Barbosa et al. (2005), Abe et al. 
(2007), Coesel et al. (2008), and Chu 
(2012)
Sathasivam et al. (2012) and Wu 
et al. (2016)
Yuan et al. (2002), Mendes et al. 
(2003), Pelah et al. (2004), Bhosale 
and Bernstein (2005), Abe et al. 
(2007), Chattopadhyay et al. (2008), 
Coesel et al. (2008) and Leya et al. 
(2009)
Chen (1998), Egeland et al. (1995, 
1997), Barbosa et al. (2005), Tukaj 
et al. (2003), Bhosale and Bernstein 
(2005), Blanco et al.(2007), Ceron 
et al. (2008), Cha et al. (2008), 
Matsukawa et al. (2000), Shi et al. 
(2006), Sanchez et al. (2008)

Polysaccharides
Sulphated

Porphyridium sp. Delattre et al. (2016), Xiao and 
Zheng (2016)

Phenolic and 
volatile compounds
Β-cyclostirol, 
α- and β-ionone, 
neophytadiene, 
nopole, phytol
Pentadecane
Heptadecane

Chlorella, Nostoc, Anabaena, 
Tolypothrix, Chlamydomonas, D. 
salina, Synechocystis sp., Spirulina

Plaza et al. (2010), de Morais et al. 
(2015)

(continued)
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Protease inhibitors are small molecules, and usually, peptides mimic the struc-
ture of a substrate and bind to enzymes. Chlorella vulgaris produces pepsin- 
hydrolyzed peptide with strong antioxidant activity and is resistant against 
gastrointestinal enzymes (Sheih et  al. 2009a), besides containing a peptide with 
antiproliferative activity (Sheih et al. 2009b). Cyanobacteria also produce a set of 
potent metabolites in minute quantities (Janssen 2019). Microcystis has been known 
to produce aeruginosins, which helps to curtail the thromboembolic disorders by 
efficiently binding to serine proteases (Ersmark et al. 2008; Wang et al. 2009). The 
brackish water cyanobacterium Nodularia spumigena (Mazur-Marzec et al. 2013) 
and Anabaena compacta (Anas et al. 2012) are known to produce Spumigins, which 
inhibits trypsin-like serine proteases. The anabaenopeptins-cyclic hexapeptides act 
against exopeptidase, carboxypeptidase A (Murakami et al. 2000). The microginins 
have been shown to inhibit various exopeptidases (Welker and von Dohren 2006). 
Microginins are considered to be potential candidates for the development of new 
drugs for cardiovascular diseases as they are known to inhibit angiotensin- converting 
enzyme (ACE-I) and leucyl aminopeptidase (LAP) (Bagchi et al. 2016). The aerucy-
clamides have been reported to show activity against cancer cells and parasitic 
infections (Ishida et al. 2000; Portmann et al. 2008). The cyanopeptolins and aeru-
ginosins show inhibitory action against serine proteases (Gademann and Portmann 
2008; Hanessian et  al. 2006). Ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RuBisCO), a heterohexadecamer structured protein, possesses functionally bioac-
tive peptides known to cure cardiovascular diseases, diabetes, neurodegenerative 
disorders, and oxidative stress (Selvaraj et al. 2017).

Table 5.1 (continued)

Products Producers References

Phycobiliproteins
Phycocyanin
Phycoerythrin 
Porphyridium
Allophycocyanin
Chlorophyll A

Spirulina, A. flos-aquae Bishop and Zubeck (2012), Sonani 
et al. (2016)

Antioxidant Nostoc ellipsosporum, C. nivalis, 
Phaeodactylum tricornutum

Mendiola et al. (2005), Wang et al. 
(2007), Jaime et al. (2007), Li et al. 
(2007), Ibáñez et al. (2008), 
Rodriguez-Garcia and Guil-Guerrero 
(2008)

Antibacterial
Diterpenoid
Nostocycline A
Tenuecyclamides
Antiviral
Spirulina
Nostoflan
Antifungal
Nostodione
Nostocyclamide

Nostoc commune
Nosto sp.
Nostoc spongiaeforme
Spirulina platensis
Nostoc flagelliforme
Nostodione
Nostoc commune

Asthana et al. (2009)
Banker and Carmeli (1998), Ploutno 
and Carmeli (2000)
Hayashi et al. (1996, 2008)
Moore et al.(1988), Bhadury and 
Wright (2004)

5 Microalgae as Nutraceutical for Achieving Sustainable Food Solution in Future



98

5.4.3  Microalgal Carbohydrates

Carbohydrates constitute a wide variety of sugars or polysaccharides. Depending on 
the species, the microalgae produce discrete carbohydrates, e.g., glycogen, florid-
ean starch, and amylopectin-like polysaccharides (Nakamura et al. 2005). Because 
of the absence of hemicelluloses and lignin, the algal biomass is amenable to easy 
digestion (Mussgnug et al. 2010). The cultivation and environmental conditions as 
well as the microlagal species determine the biomass carbohydrate content. 
Microalgal polysaccharides are recognized to promote gut microflora growth and 
regulation of blood glucose as they constitute a part of prebiotic supplements 
(Ibañez and Cifuentes 2013). Many cyanobacteria and green algae are surrounded 
by a special mucilaginous covering around their cells or filaments composed of 
exopolysaccharides (EPS) and are termed as slimes, sheaths, and/or capsules 
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depending upon the species (Kumar and Adhikary 2018). EPS have received wide 
attention currently for their antimicrobial and anticarcinogenic roles (Mahendran 
et al. 2013, Bafanaa 2013). The cell wall polysaccharides from Chlorella vulgaris 
contain β-(1,3)-glucose, while the microalgal species contain heteropolysaccharides 
with different substituents (Raposo et al. 2014). The polysaccharides from P. cruen-
tum are inhibitory against viruses, as well as bacteria (Huang et al. 2005; Raposo 
et al. 2014). The extracellular polysaccharides of Rhodella reticulata exhibit free 
radical scavenging and antioxidant activity (Chen et al. 2010a). Besides, EPS from 
red microalgae and Arthrospira platensis show antimicrobial and antioxidant activi-
ties (Rafika et al. 2011).

5.4.4  Microalgal Polyunsaturated Fatty Acids

Polyunsaturated fatty acids (PUFAs) which contain three or more double bonds play 
integral role in maintaining tissue integrity and imparting beneficial health effects, 
especially n-3 PUFAs, which are found to be effective in prevention or treatment of 
several ailments (e.g., heart-related disorders, various malignancies, and many 
more). Until recently, omega-3 and omega-6 fatty acids, the integral fatty acids, were 
mainly being derived from fish oil, but due to several concerns like overexploitation 
of marine sources, detection of toxic compounds in fishes, awful smell and taste, and 
oxidative instability, the interest has been deviated toward the exploitation of micro-
algae as an alternative source of PUFAs (Garcia et al. 2017). The three chief types of 
omega-3 fatty acids implicated in human health and physiology are α-linolenic acid 
(ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA). The micro-
algal species Arthrospira produce α-linolenic acid (ALA) and Nannochloropsis, 
Phaeodactylum, and Nitzschia produce EPA, while Crypthecodinium and 
Schizochytrium are the producers of DHA. The Crypthecodinium cohnii produces all 
the enzymes necessary for de novo synthesis of 22:6ω-3 (Henderson and Mackinlay 
1999). Nannochloropsis is another promising candidate for pharmaceutical-based 
applications because it accumulates high levels of PUFA (Udayan et  al. 2017). 
Arachidonic acid (AA), derivative of omega-6 fatty acid is considered as a precursor 
of prostaglandin and leucotriene synthesis, which has major role to play in circula-
tory and CNS functions (Medina et al. 1997).

5.4.5  Microalgal Sterols

Sterols, which are required to regulate the membrane fluidity, reduce the LDL- 
cholesterol levels and promote cardiovascular health (Piironen et al. 2000; Volkman 
2003; Silvestro et  al. 2013; Alsenani et  al. 2015). Microalgae are recognized to 
produce both saturated and unsaturated sterols such as brassicasterol, sitosterol, and 
stigmasterol (Kohlhase and Pohl 1988; Volkman 2003). Glaucocystophyte has been 
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reported to produce sitosterol, campesterol, and stigmasterol (Leblond et al. 2011), 
dinoflagellates produce 4α-methyl sterols and 24-propylidenecholesterol (Thomson 
et  al. 2004; Giner et  al. 2009), and Dunaliella tertiolecta and D. salina produce 
sterols with in vivo neuromodulatory activities (Francavilla et al. 2012).

5.4.6  Microalgal Pigments

Microalgal pigments like chlorophylls (a, b, and c), phycobiliproteins, phycocya-
nin, phycoerythrin, β-carotene, lutein, and astaxanthin are important bioactive com-
pounds (Zhang et al. 2016). Chlorophyll or its derived products are widely been 
used for health benefit characteristics such as antioxidant, therapeutic properties, 
neuroprotective action, and protection against chronic diseases (Pangestuti and Kim 
2011; Galasso et al. 2019). Chlorophyll a and its mixture with chlorophyll b exhibit 
chemopreventive effects, antioxidant activity, promotion of cell arrest, and apopto-
sis (Mishra et al. 2011). Some of the most important carotenoids with health bene-
fits are ß-carotene, astaxanthin, lutein, and canthaxanthin. The antioxidant and 
therapeutic potentials of carotenoids include their role in prevention of diabetes, 
aging, cancer, obesity, and stroke, with higher provitamin A activity of ß-carotene 
and lipid peroxidation activity of astaxanthin (Chidambara-Murthy et al. 2005; Lin 
et al. 2016; Raposo et al. 2001, 2013). β-Carotene and astaxanthin strongly prevent 
oxidative stress through scavenging of free radicals and also exhibit anticancer 
effect (Cuvelier 2001; Demming-Adams and Adams 2002; Uttara et al. 2009; Lobo 
et al. 2010). β-Carotene produced by D. salina and D. bardawil lower plasma cho-
lesterol and atherogenesis (García-González et  al. 2005). The vitamins C and E, 
β-carotene, and zinc have proved to be effective against age-related macular degen-
eration, which is responsible for causing blindness (Taylor et al. 2002). Astaxanthin 
by Haematococcus pluvialis and Chlorella zofingiensis prevents obesity and fatty 
liver disease (Lorenz and Cysewski 2000; Ikeuchi et  al. 2007). Astaxanthin has 
protective effects against many diseases, like cancers, and prevents against 
Helicobacter pylori (Olaizola 2005; Ikeuchi et al. 2007; Kamath et al. 2008; Satoh 
et al. 2009; Yuan et al. 2011). Dried biomass of Haematococcus pluvialis which is a 
rich source of astaxanthin has been commercialized owing to its strong antioxidant 
activity. Astaxanthin-rich Haematococcus available as dietary supplement (Lorenz 
and Cysewski 2000) has strong antioxidant activity (Higuera-Ciapara et al. 2006). 
Zeaxanthin by Microcystis aeruginosa, Nannochloropsis, and D. salina helps in 
vision and antioxidant protection of the body (Jin et al. 2003; Chen et al. 2005). 
Lutein produced by Chlorella zofingiensis, Chlorella protothecoides, and 
Muriellopsis sp. has protective antioxidative effect (Kleinegris et al. 2010). Studies 
found that chances of cataract decreases on consumption of lutein-/zeaxanthin-rich 
foods. Fucoxanthin is another microalgal pigment with nutraceutical abilities, 
which is associated with weight loss management (Abidov et al. 2010). The antioxi-
dant and anti-inflammatory potential of phycocyanin and other pigments from red 
algae is also well documented (Kumar et al. 2014). Phycobiliproteins produced by 
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cyanobacteria and rhodophyta (Eriksen 2008; Watanabe and Ikeuchi 2013; Mulders 
et  al. 2014) reduce oxidative stress by neutralizing the reactive oxygen species 
(ROS), which is possible due to their chemical structures and chelating properties 
(Roy et al. 2007; Eriksen, 2008; Stengel et al. 2011; Rodriguez-Sanchez et al. 2012; 
de Jesus Raposo et al. 2013). Phycocyanin and phycoerythrin are two well-known 
commercially important phycobiliproteins produced by Spirulina sp. and 
Porphyridium sp., respectively (Plaza et al. 2009; Rodriguez-Sanchez et al. 2012; 
Borowitzka 2013). Microalgae produce chlorophylls a, b, c, d, and f with variable 
absorption spectra and tonality (Chen et al. 2010b; Roy et al. 2011). Studies have 
shown that the antimutagenic effect of microalgae is conferred by chlorophylls 
(Ferruzi and Blakeslee 2007; Gouveia et al. 2008a).

5.4.7  Microalgal Vitamins

Microalgae form a part of human nutrition as it is a rich source of a number of vita-
mins. It has been reported that vitamin B12 has a role to play in DNA repair and 
histone methylation, and it reduces the risk of breast cancer (Gruber 2016). 
Nannochloropsis oculata, Chaetoceros calcitrans, Porphyridium cruentum, and 
Haslea ostrearia are rich source of vitamin E (tocopherols) (Durmaz 2007; Bong 
and Loh, 2013; Santiago-Morales et al. 2018). Ascorbic acid is not only used as a 
food additive but also effective against diseases such as cancer and several infec-
tions (Boyera et al. 1998; Nunes-Alves et al. 2014). Porphyridium cruentum pro-
duces high quantities of vitamins E and C (ascorbic acid), as well as β-carotene 
(vitamin A) (Mus et al. 2013). The microalga D. salina produces vitamins A, B1, B2, 
B3, B6, B7, and E (Hosseini Tafreshi and Shariati 2009). Microalgae is also known 
to contain vitamins D2 and D3 (Takeuchi et al. 1991; Rao and Raghuramulu 1996), 
together with provitamin D3. Vitamin D and its metabolites are implicated in che-
moprevention activities (Giammanco et al. 2015).

5.4.8  Microalgal Minerals

The mineral composition of microalgae which is determined by geographical range 
and environmental conditions varies extensively among marine and freshwater 
microalgae on a strain, species, and generic basis (Fox and Zimba 2018). Minerals 
are present either in the form of compounds or elemental form such as Zn, Ca, and 
Mg and have important role to play (Nose 1972). The mineral content of microalgae 
is sufficient to fulfill the recommended daily intake for adults (Alsenani et al. 2015). 
Significant quantities of Zn, K, Na, Fe, P, Mg, and Mn is produced by Isochrysis sp., 
Sochrisis sp., Chlorella sp., and Dunaliella sp. (Fabregas and Herrero 1986; 
Tokuşoglu and Üunal 2003). The mineral content produced by the microalgae ful-
fills the Recommended Dietary Allowances (RDA), prescribed for various minerals 
(USDA 2002; Tokuşoglu and Üunal 2003).
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5.4.9  Microalgal Phenolic and Volatile Compounds

Phenolic compounds (PCs) or polyphenolics are secondary metabolites produced 
by microalgae in response to stress conditions (Cabrita et al. 2010; La Barre et al. 
2010). Phenolic compounds like caffeic acid, ferulic acid, and p-coumaric acid, 
which are used as dietary supplements as they represent important classes of natural 
antioxidants (Stengel et al. 2011). Chlorella and Spirulina are known to produce an 
array of phenolic compounds in appreciable quantities like phloroglucinol, 
p- coumaric acid, ferulic acid, and apigenin, which are produced by Chlorella at 
74,000 ng/g, 540 ng/g, 0.63 ng/g, and 9.9 ng/g and by Spirulina at 51,000 ng/g, 
920 ng/g, 0.67 ng/g, and 6.0 ng/g, respectively (Goiris et al. 2014). The other micro-
algal species known to produce phenolic compounds are Nostoc sp., Chlorella sp., 
Anabaena sp., Tolypothrix sp., and Chlamydomonas sp.(Li et al. 2007; Hajimahmoodi 
et al. 2010) with phenolic contents of par or more than fruits and vegetables (Ismail 
et al. 2004; Hassimotto et al. 2005; Lin and Tang 2007).

The volatile compounds are also the secondary metabolites that are responsible 
for imparting characteristic odors to the water (Abd El-Baky et al. 2002). They have 
diverse structures and biological activities such as antibacterial, antifungal, antivi-
ral, and anticancer. The biologically active volatile compounds are aldehydes, 
ketones, fatty acids, and isoprenylated and brominated hydroquinones (Mathew 
et al. 1995; Morinoto et al. 1995; Borowitzka 1997). The heptadecane and tetradec-
ane produced by Spirulina are known to have antibacterial capacity (Ozdemir et al. 
2004). Dunaliella salina produces antimicrobial compounds like β-cyclocitral, α- 
and β-ionone, neophytadiene, and phytol (Herrero et al. 2006).

5.4.10  Microalgal UV-Absorbing Compounds

The sizeable loss of ozone layer and consequent increment in ultraviolet (UV) radi-
ation have resulted in a host of skin problems like extrinsic skin aging and wrinkles, 
mottled hyperpigmentation, dilated blood vessels, and loss of skin tone. All these 
skin-related disorders have ameliorated the interest in quest for natural photoprotec-
tive compounds (Lee et al. 2015). In aquatic environments, where microalgae figure 
prominently, the presence and role of UV-absorbing compounds like sporopollenin, 
scytonemin, and mycosporine-like amino acids (MAAs) have been documented. 
Their presumed antioxidant and skin protective strategies raise the interest for pos-
sible medicinal and cosmetic applications (Dionisio-Sese 2010). Xiong et al. (1997) 
observed that UV-B-tolerant chlorophyte species of Characium terrestre, Enallax 
coelastroides, Scenedesmus sp., Scotiella chlorelloidea, and Spongiochloris spon-
giosa contain produce large amounts of sporopollenin. The biopolymer has been 
reported to be present also in Dunaliella salina zygotes (Komaristaya and Gorbulin 
2006). Microalgal scytonemin appears restricted to cyanobacteria, specifically in 
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the extracellular polysaccharide sheath of Chlorogloeopsis sp., Scytonema sp., and 
Rivularia sp. (Sinha et al. 1998). It is reportedly the most important UV-absorbing 
compound in Lyngbya cf. aestuarii, where its area content seems to follow the sea-
sonal fluctuation of solar intensity (Karsten et al. 1998). MAAs are UV radiation-
absorbing molecules and possess high molar extinction coefficients. Unlike 
sporopollenin and scytonemin, which are found in the cell wall or extracellular 
sheath of the microalgae, MAAs in microalgae are mostly intracellular. The pres-
ence of several MAAs in a species was observed in different chlorophytes, hapto-
phytes, diatoms, and dinoflagellates grown in cultures or collected in a broad variety 
of aquatic habitats (Llewellyn and Airs 2010). MAAs also have been reported in 
several microalgae-invertebrate (sea anemone, coral, ascidian) symbiotic associa-
tions. Among the Chlorophytes, asterina and shinorine are produced by 
Ankistrodesmus spiralis and Chlorella minutissima; palythine, porphyra, and shino-
rine are produced by Chlorella sorokiniana and Enallax coelastroides (Xiong et al. 
1999); and mycosporine-glycine is produced by Pyramimonas parkeae (Hannach 
and Sigleo 1998). Among the halophytes, mycosporine-glycine is produced by 
Isochrysis sp. and Pavlova gyrans (Hannach and Sigleo 1998); among the Diatoms, 
porphyra and shinorine are produced by Chaetoceros sp., Corethron criophilumpor-
phyra, Cosinodiscus centralisporphyra, Thalassiosira tumidaporphyra, and 
Porosira glacialis (Helbling et al. 1996; Riegger and Robinson 1997). Among the 
Dinoflagellates, mycosporine-glycine, palythene, palythine, porphyra, and shino-
rine are produced by Scrippsiella sweeneyae (Taira et  al. 2004); asterina, 
mycosporine- glycine, palythene, palythenic acid, palythine, palythinol, porphyra, 
shinorine, and usujirene are produced by Alexandrium catenella, A. excavatum, 
A. minutum, and A. tamarense (Carreto et al. 1990).

5.4.11  Microalgal Toxic Metabolites

Microalgal species are known to produce toxins called as microcystins; homo- and 
anatoxin-a, also known as Very Fast Death Factor (VFDF); and saxitoxins. The 
most prevalent are the microcystins, produced by the blooming Microcystis aerugi-
nosa. The most toxic amino acid known is microcystin LR produced by M. aerugi-
nosa, which is lethal for both animals and human (Khan et al. 2018); its degree of 
toxicity is determined by the length of amino acid chain (Jungblut and Neilan 2006). 
Cytotoxins are pharmacologically active compounds with various biological activi-
ties such as anticancer, antimicrobial, antiplasmodial, and immunosuppressive 
(Abdo et al. 2012; Rath and Priyadarshani 2013; Malathi et al. 2014; Mukund and 
Sivasubramanian 2014; Semary and Fouda 2015; Shaieb et al. 2014). Amphidinium 
sp. produce an active antimycotic and antiprotozoal agent called as karatungiols 
(Washida et  al. 2006). Dinophysis sp. is known to produce a potent neurotoxin 
called as okadaic acid for the treatment of cognitive disorders (He et al. 2005).
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5.4.12  Microalgae as Food/Single Cell Protein

Microalgae has been consumed for its high protein content since thousands of the 
year. For example, Nostoc and Arthrospira or Spirulina have been used in Asia and 
Africa, respectively (Chacòn -Lee and Gonźalez-Maríno 2010). The most com-
monly consumed microalgae and with GRAS status are Spirulina, Chlorella, 
Dunaliella, Haematococcus, and Schizochytrium (Hayes et  al. 2017). The 
microalgae- based foods are available as different formulations (Pulz and Gross 
2004) or as fortified foods in the forms of confectionaries, refreshments, cereals, 
and beverages (Liang et  al. 2004). Microalgae also serve as feed for animals 
(Gouveia et  al. 2008a). Due to growing popularity of health foods, various food 
products are supplemented with microalgae. Chlorella and Spirulina are the popu-
larly used microalgal species for the supplementation of pasta. Supplementation of 
pasta with C. vulgaris results in better nutritional value, enhanced sensorial proper-
ties, increased firmness, and improved swelling and water absorption (Fradique 
et al. 2010, Gouveia et al. 2007). Isochrysis galbana is another widely used species 
used for the supplementation of the food products. Supplementation of cookies with 
I. galbana is carried out to provide ω-3 PUFAs, besides exhibiting thermal resis-
tance (Gouveia et al. 2008b). Phycocyanin extracts and whole A. platensis incorpo-
ration into cookies enhance the protein as well as fiber content (Singh et al. 2015). 
Supplementation of cookies with Haematococcus pluvialis provides antioxidant 
potential to the food product and also lowers the glycemic response (Hossain et al. 
2017). Spirulina platensis is widely used in the supplementation of bread due to its 
antimicrobial activity, besides improving the protein content and mineral profile of 
the food product (Ak et al. 2016). Arthrospira is another popular supplement of the 
bread that helps to increase its protein content (Dinu et al. 2012; Achour et al. 2014; 
Ak et  al. 2016). The techno-functional properties of microalgae are exploited as 
additives in food products (Caporgno and Mathys 2018). The property of microal-
gae to mimic fat molecules is utilized for its incorporation into emulsion resulting 
in reduction of percentage of oil as well as enhanced resistance to oxidation 
(Gouveia et al. 2006) and incorporation of microalgae into vegetarian desserts as 
coloring agents (Batista et al. 2008).

5.4.13  Microalgal Biological Activities

The microalgal metabolites have the following interesting biological activities:

5.4.13.1  Antioxidant Activity

Antioxidants are compounds that defend the body from the damage caused by 
potentially harmful molecules called as free radicals. The free radicals such as reac-
tive oxygen and nitrogen species attack biomolecules like DNA and proteins, 
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causing several lethal diseases like carcinoma, cardiovascular, and brain-related dis-
orders (Ngo et al. 2006). Microalgae produce several metabolites that have strong 
radical scavenging action, e.g., chlorophyll a (Cho et al. 2011); phycoerythrobilin 
(Yabuta et al. 2010); pigment fucoxanthin and its derivatives, auroxanthin, produced 
by Undaria pinnatifida (Sachindra et  al. 2007); and carotenoids produced by 
Dunaliella salina (El-Baz et al. 2017).

5.4.13.2  Anticancer Activity

Cancer, also called as malignancy, is caused by uncontrolled growth and division of 
cells. There are more than 100 different cancer types, a few of them lethal in nature 
due to their metastatic activity (Kevin et al. 2018). Microalgae produce different 
types of carotenoids with significant anticancer activities, β-carotene, lutein, astax-
anthin, violaxanthin, and fucoxanthin. Significant inhibition of the growth of human 
colon cancer cell lines and LoVo colon carcinoma cells by β-carotene has been 
reported by Palozza et al. (2005) and Pham et al. (2013). The inhibitory effect of 
astaxanthin on the growth of cancer cell lines and colorectal cancer (CRC) cell lines 
has been studied by Palozza et al. (2009). The antiproliferative effects of lutein and 
violaxanthin on human colon cell line HCT-116 was studied by Shi and Chen 
(2002), Cha et al. (2008), Pasquet et al. (2011), Fu et al. (2013), and Talero et al. 
(2015). Kumar et al. (2013a, b) have reported the antiproliferative effects of fuco-
xanthin against different cells lines such as SK-Hep-1 and BNL CL.2. Depending 
on the culturing conditions, e.g., nutrients, temperature (Ingebrigtsen et al. 2016; 
Lauritano et al. 2016), and growth phase (Ribalet et al. 2007), the bioactivity of 
microalgae may vary. Lauritano et al. (2016) demonstrated that diatom Skeletonema 
marinoi shows anticancer activity under nitrogen starvation conditions only. 
Microalgae produce a repertoire of polysaccharides with anticancer activities 
(Raposo et al. 2015). Many microalgae present a high content of therapeutic pro-
teins and peptides (Talero et al. 2015).

5.4.13.3  Anti-Angiogenic Activity

Angiogenesis is completely a normal process, but under certain conditions, it may 
become pathological and cause malignancies, cardiovascular diseases, and many 
other lethal diseases (Cherrington et al. 2000; Armstrong et al. 2011). Fucoxanthin 
and fucoxanthinol suppress the angiogenesis process in rats (Sugawara et al. 2006) 
and significantly inhibit blood cell multiplication. Fucoxanthin also acts as thera-
peutic agent as it is effective against diabetes, impedes melanin formation (Shimoda 
et al. 2010), prevents photooxidation of DNA (Heo and Jeon 2009), and has also 
been reported to promote the synthesis of arachidonic acid and DHA content in 
mouse livers (Tsukui et al. 2009). Siphonaxanthin, an antiangiogenic agent, is also 
produced by some species of algae (Ganesan et al. 2010). Aerucyclamide, an anti-
plasmodial agent isolated from M. aeruginosa, is also a potential candidate to be 
used in pharmaceutical products (Pen et al. 2012).
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5.4.13.4  Anti-obesity Activity

Obesity, an abnormal or excessive fat accumulation, is a major epidemic. It is associ-
ated with a number of metabolic syndromes, type 2 diabetes, cardiovascular disease, 
cancer, and aging (Kopelman 2000). The underlying mechanism that causes obesity is 
overgrowth of adipose tissue (Wang et al. 2008). Microalgae are known to produce 
anti-hyperlidimic and fat-lowering agents. The fucoxanthin and fucoxanthinol pre-
dominantly produced by Cylindrotheca closterium and Phaeodactylum tricornutum 
not only inhibit differentiation of 3T3- L1 cells to adipocytes but also adipocyte dif-
ferentiation (Hayato et al. 2006). The other biological activities fucoxanthin shows are 
anticancer, anti-oxidant, etc. (Maeda et al. 2007a; Kim et al. 2012). The fat in mouse 
feeds has been reported to be lowered by the activity of neoxanthin and fucoxanthin 
(Okada et al. 2008; Maeda et al. 2007b). The long- chain omega-3 fatty acid-rich oil 
obtained from Aurantiochytrium sp. KRS101 has been reported to decrease weight of 
obese animals treated with microalgal oil (Yook et al. 2015). Koo et al. (2019) docu-
mented that Phaeodactylum extract containing fucoxanthin exerts anti-obesity effects 
by promoting lipolysis and inhibiting lipogenesis.

5.4.13.5  Antimicrobial Activity

The antimicrobial activity of Chlorella was first demonstrated by Pratt in 1944 
(Pratt et al. 1944). Microalgae owes its antimicrobial activity to several compounds 
like indoles, phenols, and fatty acids (Mayer and Hamann 2005; Mendiola et al. 
2007). Microalgae also produce antifungal compounds like okadaic acid, cigua-
toxin, and karatungiols produced by Prorocentrum lima, Gambierdiscus toxicus, 
and dinoflagellate Amphidinium, respectively (Washida et  al. 2006). Microcystis 
aeruginosa possess both antifungal and antibacterial activity (Khalid et al. 2010). 
Dunaliella salina and Dunaliella primolecta show inhibition to a large number of 
microorganisms like Staphylococcus aureus, Escherichia coli, Candida albicans, 
Pseudomonas aeruginosa, and Klebsiella pneumonia (Mendiola et al. 2008; Pane 
et al. 2015). Mudimu et al. (2014) observed an in vitro antifungal activity against 
C. albicans by Heterochlorella luteoviridis and Porphyridium purpureum. Ginsberg 
et al. (1947) first demonstrated the antiviral activity of algal polysaccharides against 
influenza B and mumps viruses. The cell wall sulfated polysaccharide of 
Porphyridium sp. is reported to act against Herpes simplex viruses types 1 and 2 
(HSV 1, HSV 2) and Varicella zoster virus (VZV). Scenedesmus obliquus cells and 
protein extracts which were rich in Arg, Lys, Asp, Ala, and His have been found to 
be effective against Coxsackie B3 virus (Afify et al. 2018).

5.4.13.6  Antiapoptotic Activity

Apoptosis is programmed cell death that helps the body to get rid of damaged or 
infected cells. It is mediated by intracellular proteolytic cascade, besides the activa-
tion and downregulation of proapoptotic and antiapoptotic genes, respectively 
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(Nappo et  al. 2012), and stated that diethyl ether extract from marine diatoms 
Cocconeis scutellum resulted in 89.2% apoptosis. Suh et al. (2017) reported signifi-
cant inhibition of carcinogenesis and induction of cellular apoptosis through upreg-
ulation of apoptotic genes by the ethanol extract of Botryidiopsidaceae sp.

5.4.13.7  Cytotoxic Activity

Microalgae produce several groups of compounds that act as cytotoxic agents. 
Cyanophora paradoxa (Cp) produce pigments that can efficiently inhibit various 
carcinomas. The Cp water and ethanol microalgal extracts significantly inhibited 
the growth of cancer cell lines in vitro at 100 μg mL−1 (Baudelet et al. 2013). Ávila- 
Román (2019) reported the cytotoxic activity of oxylipins (OXLs) isolated from 
Chlamydomonas debaryana (13-HOTE) and Nannochloropsis gaditana (15-HEPE) 
against UACC-62 (melanoma).

5.5  Safety, Market Potential, and Current Challenges

Notwithstanding the nutritional and health aspects of microalgae, high content of 
nucleic acids associated with them is a major concern. The metabolic conversion of 
nucleic acid to uric acid may lead to the development of gout or renal calculus 
(Gantar and Svirčev 2008). The other important issue is that genetic characteristics 
and technological approaches adopted for biomass productions determine the 
digestibility and overall nutritional value of microalgae. For instance, toxin produc-
tion, i.e., hepatotoxins and neurotoxins, by some cyanobacteria when grown in open 
conditions, poses a threat of microalgal biomass getting contaminated with toxins 
and other contaminants (Grobbelaar 2003).

Notwithstanding the acceptance of the use of microalgal biomass or myriad 
metabolites obtained from it, a small number of products can be seen in market. 
There are still a large number of avenue lying unexplored in this area and numer-
ous challenges to be addressed to come up with innovative solutions. The most 
important challenge is to achieve high rate of microalgae production at economical 
scale. The commercial production of microalgae is being carried out in unsophisti-
cated, low-productive man-made structures like artificial open ponds (Chisti 2007). 
Only a few species of microalgae such as Spirulina, Chlorella, and Dunaliella can 
be cultured in sustained open ponds. Despite the success of open systems, further 
advancements are required for closed system cultivation of microalgae. Closed 
photobioreactors such as tubular, flat panel, air lift, and bubble column which have 
been around for a long time are difficult to scale up and require high auxiliary 
energy, investment, and operation costs. The recovery and preservation of microal-
gae also require considerations. Microalgae cultures are usually very dilute sus-
pensions with concentrations between less than 1 g/L (ponds) and 3–15 g/L (tubular 
or flat panel reactors) (Wijffels 2019). Thus, the recovery is a challenging task and 
is achieved by combining various operations such as sedimentation, flotation, 
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filtration, and centrifugation followed by preservation of microalgal cells in order 
to maintain the protein quality of the biomass and the activity of other compounds 
of interest (Table 5.2).

Table 5.2 Major microalgal products and producers

Product Microalgal source Producer Reference

Astaxanthin 
(dietary 
supplement)

Haematococcus 
pluvialis

Cyanotech (Hawaii, USA), 
EID Parry (India), Mera 
Pharma (USA), US Nutra 
(USA), Bioreal (Sweden), 
Parry Nutraceuticals (India)

Cyanotech (2019), EID 
Parry (2019), Mera 
Pharma (2019), Bioreal 
(2019), and US Nutra 
(2019)

Astaxanthin 
(food 
ingredient/
additive)

Haematococcus 
pluvialis

Algatech (Israel), Blue Biotech 
(Germany), Fuji Chemicals 
(Japan), Mera Pharma (USA), 
Bioreal (Sweden)

Algatech (2019), Bioreal 
(2019), Blue Biotech 
(2019), Fuji Chemical 
(2019), and Mera Pharma 
(2019)

Spirulina 
(dietary 
supplement)

Spirulina sp. Cyanotech (Hawaii, USA), 
Earthrise (California, USA), 
Dainippon (Japan), EID Parry 
(India), Blue Biotech 
(Germany), Inner Mongolia 
Biomedical Eng (Mongolia), 
Panmol (Australia), Spirulina 
Mexicana (Mexico), Siam Alga 
Co (Thailand), Nippon 
Spirulina (Japan), Koor Foods 
Co (Israel), CBN Spirulina 
group Co., Ltd. (China), Beihai 
SBD Bio-Science Technology 
Co., Ltd. (China), Myanmar 
Spirulina (Myanmar), Blue 
Continent (NA)

Chacon-Lee and 
Gonzalez-Marino (2010), 
Tramroy (2011), Chen 
et al. (2015), Cyanotech 
(2019), Earthrise (2019), 
EID Parry (2019), US 
Nutra (2019), and Blue 
Biotech (2019)

Chlorella 
(dietary 
supplement)

Chlorella sp. Blue Biotech (Germany), 
Earthrise (USA), Dainippon 
(Japan), Roquette Klotze 
(Germany), Chlorella Co. 
(Taiwan)

Chacon-Lee and 
Gonzalez-Marino (2010) 
and Blue Biotech (2019)

Chlorella 
(food 
supplement)

Chlorella sp. Phycom (Netherlands), 
Dongying Diazen, Biological 
Engineering Co., Ltd. (China)

Chen et al. (2015)

EPA/DHA 
(omega-3) as 
dietary 
supplement

Schizochytrium Flora Health (USA) Flora Health (2019)

EPA/DHA 
(omega-3) (as 
food 
ingredient)

Crypthecodinium, 
Nannochloropsis, 
Schizochytrium

Cellena (USA), Martek/DSM 
(USA/NL)
Blue Biotech (Germany), 
Xiamen Huison Biotech Co. 
(China)

Tramroy (2011) and Blue 
Biotech (2019)

(continued)
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5.6  Future Direction of Research

Although many compounds of high biological value and health benefits have already 
been discovered, microalgae still remain one of the most unexplored groups of 
organisms in the world, as around 97% of marine microalgal compounds are yet to 
be isolated and characterized (Guedes et al. 2011). This lack of information demands 
for intensive research in the area of bioprospecting that involves isolation, identifi-
cation, and growth optimization of new and locally available microalgal strains. The 
discovery of hyper-producing strains and novel metabolites with various health ben-
efits helps to improve the economics of nutraceutical production. Among the around 
10,000 algae species that are believed to exist, only a few thousand strains are kept 
in collections, a few hundred are investigated for chemical content, and just handful 
microalgae, e.g., Chlorella, Dunaliella salina, and Haematococcus pluvialis, are 
cultivated in industrial quantities (Spolaore et al. 2006). The development of a num-
ber of transgenic algal strains boasting recombinant protein expression, engineered 
photosynthesis, and enhanced metabolism encourages the prospects of engineered 
microalgae (Rosenberg et al. 2008). The other key area of further research is the 
complete genome sequencing of high nutraceutical-producing microalgae. Although 
C. reinhardtii and 30 other organellar and whole algal genomes have reportedly 
been sequenced (Guarnieri and Pienkos 2015), but in order to understand and char-
acterize the genes and enzymes involved in the production of nutraceuticals and the 
mechanisms that trigger the production of these metabolites, such as nutrient depri-
vation and biotic and abiotic stress, information on whole genome sequences is 
integral. Major advancements are also required to construct bioreactors or open 
pond systems, which are made of inexpensive and environmentally friendly materi-
als, and development of less energy-demanding and inexpensive harvesting and 
extraction techniques as extraction and purification of microalgal biomass and 
nutraceutical compound add up to the major costs of microalgae production plants 
(Garcia et al. 2017). Intensive research is also required for the identification of phe-
nolic and volatile compounds from microalgae, and furthermore, advanced tech-
niques are required for the isolation of such compounds, since this information is 
missing till now due to the complexity of their isolation. Despite being rich in 

Table 5.2 (continued)

Product Microalgal source Producer Reference

β-Carotene 
(as additive/
vitamin)

Dunaliella salina EID Parry (India), Cognis 
Australia (Australia), Natural 
Beta Technologies (Australia), 
Tianjin Lantai Laboratory 
(China), Nature Beta 
Technologies (Israel), Nikken 
Sohonsha (Japan), Aqua 
Carotene Ltd (Australia), 
Proalgen Biotech (India)

Carlsson et al. (2007), 
Chacon-Lee and 
Gonzalez-Marino et al. 
(2010), Tramroy (2011), 
Parry Nutraceuticals 
(2019), and Proalgen 
Biotech (2019)
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proteins, the dried form of microalgae as food or food substitute has failed to attract 
the consumers due to the fishy smell and dark green color associated with these food 
products. To harness the benefits of nutritious proteins from microalgae, essential 
strategies are needed, which would be helpful to cover its smell or taste, for instance, 
microencapsulation techniques (Chacón-Lee and González-Mariño 2010).

5.7  Conclusion

Microalgae are known for their potential to produce food ingredients and bioactive 
compounds since ancient times. The microalgal biomasses are being widely culti-
vated to make the commercial formulation of functional foods and nutraceutical 
application. Microalgae contain many valuable compounds, which includes 
omega-3 fatty acids, vitamins, and pigment-protein complexes besides anticancer, 
antioxidative, cytotoxic, and anti-obesity activities. As research interests and invest-
ment in microalgae continue to grow in various parts of the world, their role in 
providing health benefits and nutrition will keep expanding, and these minuscule 
biofactories may bring about revolutionary changes in nutraceuticals in the future.
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Chapter 6
Sustainable Approaches to Remove Heavy 
Metals from Water
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Abstract Water contamination by heavy metals is a worldwide issue undermining 
the whole biosphere and influencing the life of a huge number of individuals around 
the globe. Not exclusively is water contamination by metals one of the chief world-
wide hazard factors for sickness, ailments and death, yet it likewise adds to the 
nonstop reduction of the accessible drinkable water around the world. These metals 
are discharged from an assortment of sources such as mining, urban sewage, smelt-
ers, tanneries, textile industry and chemical industry. Technologies utilized for their 
expulsion from aquatic bodies incorporate reverse-osmosis, ion-exchange, electro-
dialysis, adsorption, etc. Most of these technologies are quite costly, energy inten-
sive and metal specific. These conventional technologies for the expulsion of the 
dangerous heavy metals are most certainly not practical and further create colossal 
amount of harmful chemical sludge. Delivering valuable solutions, which are easy 
to implement and affordable, often remains a challenge. Bioremediation is consid-
ered as one of the safer, cleaner, cost effective and promising sustainable approach 
for heavy metal removal from waste water. The objective of this chapter is to con-
duct a comprehensive review on different sustainable tools for treating heavy metals 
present in the water.
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6.1  Introduction

According to recent estimates, more than 1.2 billion people worldwide do not have 
access to the most fundamental component of life i.e. clean drinking water (GWI 
2018). There has been an extensive increment in the release of waste into the envi-
ronment, particularly in water bodies, with the development of industries, and this 
has prompted the gathering of heavy metals, particularly in urban regions (Dixit 
et  al. 2015, Musilova et  al. 2016, Masindi and Muedi 2018). The discharge of 
untreated industrial waste into the water has turned into a preeminent interest in the 
developing nations and is seen as one of the most significant ecological issues (Burri 
et al. 2019). The unpredictable discharge of heavy metals into the water is a note-
worthy wellbeing concern around the world, as they cannot be degraded into harm-
less forms and accordingly have enduring consequences for the biological systems 
(Mishra et al. 2018). Plants and animals require metals for their biological systems, 
but at raised levels, they meddle with metabolic responses of living beings. The 
decline in the plant development is attributed to the presence of various lethal heavy 
metals as it brings down the photosynthetic rate by reducing the enzymatic activity 
and also causes deprivation of essential mineral nutrients (Nematian and Kazemeini 
2013). Heavy metals are potential carcinogenic agents since they have the ability to 
cause cancer in humans even at low concentrations (Dixit et al. 2015). Consumption 
of contaminated food causes collection of heavy metals through food chains and 
becomes a well-being danger to living organisms (Tak et al. 2013). Heavy metals 
cause free radical production by the process of oxidative stress (Chandra et  al. 
2015a, b; Mani 2015). Oxidative stress aids in the production of reactive oxygen 
species (ROS) (Chibuike and Obiora 2014) and hydrogen peroxide (H2O2), which 
causes breakage of cellular DNA and eventually results in cell damage (Chandra 
et al. 2015a, b; Mani 2015; Kapoor et al. 2019). Antioxidant system which protects 
the cells from reactive oxygen species (ROS) is suppressed by heavy metal toxicity 
which causes overproduction of ROS. In the event that this condition proceeds, the 
normal functioning of the living being is influenced, and this may constantly prompt 
cell death (Ojuederie and Babalola 2017). Thus, it is very important to remove or 
reduce the heavy metal contamination in water so as to prevent or reduce the con-
tamination of environment and the possibility of uptake in the food web.

Bioremediation is a process being acknowledged as the standard practice for the 
reclamation of heavy metal-polluted sites since it is a more eco-accommodating, 
advantageous, and sustainable technique than the traditional chemical and physical 
strategies, which are frequently extravagant and inadequate (Igiri et  al. 2018). 
Optimum temperature, pH, and moisture are important environmental factors which 
govern the ability of microbes to degrade the pollutants (Massoud et  al. 2019). 
Bioremediation can possibly reestablish heavy metal-contaminated sites (Dowarah 
et al. 2009). However, an absence of data related to the elements controlling the 
microbial development and metabolism (Li et al. 2013) in contaminated conditions 
frequently confines its execution. Bioinformatics, in light of proteomics and 
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genomics (Chauhan and Jain 2010; Poirier et al. 2013), offers momentous guarantee 
as tools for addressing long-standing inquiries with respect to the molecular compo-
nents engaged in controlling mineralization pathways (Kim and Park 2013; 
Govarthanan et al. 2013; Achal et al. 2012). This chapter examines the sources of 
heavy metals in the aquatic environment and how they can be successfully remedi-
ated with the help of sustainable approaches, viz., bioremediation and phytoreme-
diation as well as their mechanisms. The potential prospects and impediment of 
genetic engineering for bioremediation are also discussed.

6.2  Sources of Heavy Metals in the Aquatic Environment

Combustion of fossil fuels, forest fires, mining and smelting, weathering, municipal 
wastes, fertilizers, pesticides, and sewage are the basic sources of heavy metals in 
the environment (Rai 2009; Kabata-Pendias and Pendias 1989; Pillai 2010; Fig. 6.1). 
In developing countries like India, coal mining industries are also the major contrib-
uting source of heavy metal pollution (Sharma 2003; Rai 2012). Discharge of wastes 
containing heavy metals from different industries presents genuine dangers to water 
quality of rivers, lakes, and reservoirs and their biodiversity (Concas et al. 2006).
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6.3  Prospects of Sustainable Approaches in Heavy 
Metal Management

This chapter reviews the prospect of sustainable approaches in heavy metal eradica-
tion in comparison to traditional chemical technologies. Different traditional tech-
nologies such as chemical precipitation method, ion exchange, sedimentation, 
microfiltration method, and reverse osmosis are not only cost-effective but also 
eco- friendly, as they represent a genuine danger to life in aquatic system because 
of different side effects and associatively pollute the aquatic environment (Igiri 
et al. 2018).

Bioremediation is an eco-accommodating, sustainable, and effective strategy for 
recovering sites polluted with different pollutants by utilizing the intrinsic biologi-
cal systems of microbes and plants to degrade toxic contaminants (Kannabiran 
2017; Prasad and Aranda 2018). Bioremediation is very cost-effective as compared 
to chemical technologies because the biosystems utilized in this process are pre-
pared from the naturally available or waste biomass of bacteria, fungi, or algae 
which are clearly extremely modest (Kratochvil and Volesky 1998; Ayangbenro and 
Babalola 2017). Different plant wastes such as rice husks, spent grain, sawdust, 
sugarcane bagasse, fruit wastes, and weeds were used as adsorbents for different 
heavy metals, viz., Cd, Cu, Pb, Zn, and Ni (Ngah and Hanafiah 2008; Acharya et al. 
2018). Bioremediation should be possible on location, in this way diminishing pre-
sentation dangers for cleanup faculty, or conceivably more extensive exposure 
because of transportation mishaps. Other than the above focal points, bioremedia-
tion is more affordable, disposes of waste enduringly, takes out long-term liability, 
and can be combined with physical or chemical treatment technologies.

Moreover, it is a non-obtrusive method that can make the environment flawless 
(Vidali 2001). Nonetheless, it is difficult to anticipate the pace of cleanup for a bio-
remediation practice as a few ecological variables are engaged with choosing the 
destiny of bioremediation, and till date, researchers are looking for standards for 
foreseeing the pace of removal of contaminants from various parts of the environ-
ment (Machackova et al. 2012).

6.4  Bioremediation

Bioremediation is a remedial process that mainly involves application of microbes 
and/or their enzymes to detoxify environmental contaminants for restoring its origi-
nal form (Ayangbenro and Babalola 2017). This is a naturally occurring process 
where microorganisms act as major players that clean up pollutants of soil, water, 
and other environmental sources. In this process, the growth of certain microorgan-
isms can be stimulated as they utilize these pollutants as a source of nutrition and 
energy (Ostrem Loss and Yu 2018). Through the metabolic activities of microbes, a 
variety of contaminants, especially heavy metals, can be degraded. Therefore, 

A. Zehra et al.



131

bioremediation can be very well used as a sustainable solution for heavy metal pol-
lution which is constantly increasing due to industrialization and human activities 
(US EPA 2011; Masindi and Muedi 2018). Bioremediation process involves degra-
dation, removal, alteration, immobilization, or detoxification of several heavy met-
als from the environment through the cellular processes of plants and microorganisms 
like bacteria and fungi (Artin 2010).

6.4.1  Mechanism of Bioremediation

Bioremediation is the most economical way of heavy metal management. With the 
advent of technologies, it becomes possible to restore the heavy metal-polluted site 
by using different methodologies. These different techniques are employed based 
on various aspects such as aeration of area, characteristics of site, type of pollutant 
and its concentration, biosorption and bioavailability of pollutant, etc. (Smith et al. 
2015; Azubuike et  al. 2016; Ojuederie and Babalola 2017). However, no single 
technique can be helpful to achieve the complete restoration of heavy metal- 
contaminated environment. Therefore, different strategies are employed to clean up 
the environment (Verma and Jaiswal 2016). Broadly, bioremediation process can be 
carried out by two approaches as in situ and ex situ (Sharma 2012; Yuniati 2018). 
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Bioremediation can be achieved through three different technological processes 
(Adams et al. 2015; Fig. 6.2) as follows:

6.4.1.1  Bioattenuation

Bioattenuation process is also known as natural attenuation as it relies on the natural 
way of heavy metal degradation which does not involve any intervention from 
humans (Mulligana and Yong 2004; Ying 2018). This process takes the advantage of 
metabolic diversity of intrinsic microorganisms present at the polluted site. Based 
on metabolic activities, these indigenous microbes can degrade, detoxify, neutral-
ize, or transform the heavy metal (Abatenh et al. 2017). Bioattenuation comprises 
of various chemical, physical and biological processes in order to diminish the con-
centration and toxicity of recalcitrant. These processes encompass biodegradation 
by aerobic or anaerobic means, sorption, volatilization, stabilization, or transforma-
tion of pollutants (Mulligana and Yong 2004). The time required for natural attenu-
ation of pollutants may vary from site to site depending upon the site conditions, 
type of contaminants, and degrading microbial flora of the site (Azubuike et  al. 
2016). This process is applied to the site where concentration of pollutants is mini-
mal and no other bioremedial technique can work. Bioattenuation process is appli-
cable to control soil as well as water heavy metal pollution that mainly relies upon 
the appropriate degrading microorganisms (Yu et al. 2005).

6.4.1.2  Biostimulation

Biostimulation is the process that involves deliberate interventions of nutrients at a 
contaminated site to stimulate degradation of heavy metal contaminants by micro-
organisms. In other words, biodegradation process can be promoted by creating 
luxurious environment for degrading microorganisms present at the site (Kumar 
et al. 2011). Various physical and chemical properties of site affect the outcome of 
bioremediation process (Azubuike et al. 2016; Abatenh et al. 2017). Generally, for 
biostimulation process, addition of macronutrients such as carbon, nitrogen, and 
phosphorus or micronutrients in proper ratio is needed to improve the degradation 
ability of indigenous or exogenous microorganisms (Wolicka et  al. 2009; Ying 
2018). These nutrients are otherwise available in low concentrations at the site, but 
nutrient addition can accelerate the process of bioremediation by increasing the 
population or activity of microorganisms naturally present at coordinated site 
(Perfumo et al. 2007). Biostimulation is a very promising technology of bioreme-
diation as it uses the stable organic supplements which have high proportion of 
nutritious elements needed for growth promotion of varied microorganisms, thereby 
enhancing the biodegradation of pollutants in site (Tyagi et al. 2011).
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6.4.1.3  Bioaugmentation

Bioaugmentation is one of the approaches of bioremediation that encompasses the 
induction of specific microbes with proficiency in degradation of heavy metal pollut-
ants from contaminated site in order to improve the removal of contaminants through 
biodegradation (Goswami et al. 2018). Recently, bioaugmentation methods are gain-
ing significant attention as a strategy of bioremediation. Basically, bioaugmentation 
is a one of the efficient ways of bioremediation where exogenous microorganisms 
with potential degradation ability are added to the site of contamination to speed up 
detoxification and decomposition of heavy metal pollutants. These altered microor-
ganisms are either single strain of bacteria or consortia of microorganisms (Niu et al. 
2009). These microorganisms can be isolated from natural environmental sources or 
genetically modified in the laboratory (Kulshreshtha 2013). The competency of bio-
augmentation process relies upon many biotic and abiotic factors (Simon et al. 2004). 
The abiotic factors that affect bioaugmentation process include physiological and 
chemical properties of contaminated site, chemical structure, bioavailability of con-
taminants, and their concentration (Goswami et al. 2018). Biotic factors involve the 
selection of appropriate microorganisms that will have the ability to degrade heavy 
metal pollutants as well as to compete effectively with intrinsic microorganisms of 
the site (Abatenh et al. 2017).

Various approaches have been employed to make bioaugmentation as an effica-
cious remedial technique to recover contaminated site without destroying intrinsic 
microorganisms. Bioaugmentation process uses exogenous microorganisms which 
can be genetically modified in order to inherit desired catalytic capabilities among 
them. Therefore, genetically modified microorganisms exhibit enhanced decompo-
sition ability covering numerous aromatic components (Abatenh et  al. 2017). 
Moreover, bioaugmentation process can also be improvised by inoculating appro-
priate microorganism which is encapsulated using a variety of carriers like alginate 
(Mrozik and Piotrowska-Seget 2010). Certain newer approaches of bioaugmenta-
tion include gene augmentation technique where remediation gene is transferred to 
indigenous microorganisms. Rhizosphere bioaugmentation is another approach 
which includes introduction of microorganisms to the site along with plant to 
encourage microbial growth and degradation of pollutant (Kumar and Fulekar 
2018). Phytoaugmentation approach does not involve the introduction of microbial 
inoculant; instead, it uses plants that are genetically engineered by transferring 
remediation genes (Gentry et al. 2004). It is believed that when bioattenuation and 
biostimulation process fail to work out, bioaugmentation technique should be 
employed (Mrozik and Piotrowska-Seget 2010).

Bioaugmentation approaches had been practiced to clean up undesirable com-
pounds from a site that mainly include heavy metals. The selection of proper micro-
organism is very important for efficient bioaugmentation of the defected site. 
Several types of microbial species are used for bioaugmentation process. Many 
experiments exploit the efficiency of bacteria belonging to the genera Pseudomonas, 
Bacillus, Sphingobium, etc. The fungi belonging to the genera Verticillium, 
Penicillium, and Aspergillus had been experimented to remove undesirable heavy 
metals from polluted sites, especially to treat wastewater (Bahobil et  al. 2017). 
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Bioremediation process is used to eliminate various contaminants like pesticides, 
heavy metals, hydrocarbons and chlorinated compounds, dyes, plastic waste, green-
house gases, sewage, oil spills, and nuclear waste (Azubuike et  al. 2016). 
Implementation of in situ or ex situ bioremediation strategy is decided according to 
the site of application (Igiri et al. 2018). Several in situ (on site) and ex situ (off site) 
approaches (Tomei and Daugulis 2013; Fig. 6.3) are useful in controlling environ-
mental pollution.

Bioremediation techniques have been demonstrated as proficient and sustainable 
approaches in restoring polluted site containing a wide variety of pollutants 
(Gao et al. 2018). Microorganisms are the key players in bioremediation process; 
hence, it is important to consider variety in microbial species, microbial population, 
and their complexity present at contaminated environments for their appropriate 
exploitation and to decide the outcome of any bioremediation strategy. Additionally, 
environmental aspects that can affect microbial activities have to be maintained at 
the optimal level. Advanced microbial molecular detection methods such as genom-
ics, proteomics (Singh 2006), metabolomics and transcriptomics (Chauhan and Jain 
2010) have revolutionized the understanding of identification of microorganisms, 
their functions and metabolic pathways (Azubuike et al. 2016), which is required 
for developing microbial culture and its application. Less population of desired 
microorganisms, limitation of nutrients, low degradation capabilities, and bioavail-
ability of pollutants are major governing factors that may affect the process of bio-
remediation. Therefore, optimization of such important parameters may determine 
the success of any bioremediation technique.

In a nutshell, bioremediation technology has been proven as an efficient, eco-
nomical, and eco-friendly or sustainable approach for the restoration of contami-
nated site including soil and groundwater. Moreover, much attention should be paid 
to research specifically focusing toward development of more effective treatment 
design and performance. In addition to it, research should be also directed to develop 
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newer strategies and approach for enhancement of bioavailability and mass trans-
formation of contaminants, bioprocess optimization, and multidisciplinary integra-
tive approach to reduce environmental pollution.

6.5  Phytoremediation

In the twenty-first century, the major challenge all over the world is rapid increase 
of industrialization and urbanization that has led to environmental pollution with 
several toxic and hazardous materials. Heavy metal contamination is the most 
distinguished concern since it directly affects the efficiency, growth rate, develop-
mental stages, and productivity of plants (White et al. 2006). Several approaches 
(physiochemical and biological) have been used or established to restore heavy 
metal-polluted waters/soils including the landfill/damping locations (Das 2016; 
Ayangbenro and Babalola 2017). Thus, remediation approach is very critical to 
eliminate heavy metals from the water. These remediation techniques comprise sev-
eral treatment methods for pollutant degradation, removal/separation (through 
accumulation or dissipation), or immobilization (Malik et al. 2017; Padmavathiamma 
and Li 2007). Phytoremediation approach takes account of soil microorganisms 
symbiotically associated with green plants to eliminate harmful contaminants from 
polluted soil and waters/wastewaters through degradation and detoxification mech-
anisms (Ali et al. 2013; Bharagava et al. 2017; Saxena et al. 2019). It can be efficient 
for the eco-restoration of locations mostly polluted with heavy metals, radioactive 
compounds, and several organic contaminants (Ali et al. 2013; Mahar et al. 2016). 
It is an environmentally friendly, non-invasive, and aesthetically attractive remedia-
tion technology that eliminates heavy metal contaminants from the polluted loca-
tions (Saxena et al. 2019). It consists of diverse phytoremediation techniques for the 
deterioration of numerous contaminants using altered mechanisms contingent on 
their applications. Based on the toxic contaminant source, field environments, 
required level of environmental clean-up, and plant nature, there are different phy-
toremediation techniques that can be used. These techniques include phytoextrac-
tion/phytovolatilization, phytodegradation, phytostabilization/phytoimmobilization, 
rhizodegradation, and rhizofiltration (Thangavel and Subbhuraam 2004; Saxena 
et al. 2019). Phytoremediation techniques consist of diverse plant-based technolo-
gies. The definition, mechanism, application, benefits, and restricted access of com-
mon and long-established phytoremediation practices are shown in Table 6.1.

Selected commonly recycled phytoremediation methodologies are as follows 
(Parmar and Singh 2015):

(1) Phytostabilization relies on either precipitation or immobilization of pollut-
ants from groundwater and soil using plants, therefore reducing accessibility.

(2) Phytofiltration process uses roots and parts of plants to absorb pollutants 
from the water bodies.

6 Sustainable Approaches to Remove Heavy Metals from Water
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(3) Phytovolatilization can clean up groundwater and soil by means of plants that 
can evapotranspirate pollutants like mercury (Hg), selenium (Se), and volatile 
hydrocarbons.

(4) Phytoextraction process involves uptake and absorption of metal pollutants 
from water and soil via plant tissues and consequent elimination of metal.

(5) Phytodegradation process utilizes plants or microbes for degradation of met-
als (or other contaminants) in groundwater as well as rhizospheric soil through 
metabolic activities.

(6) Phytotransformation implicates the uptake of organic pollutants from a pol-
luted site and their transformation by plants into nontoxic or lesser toxic components.

(7) Evapotranspiration uses vegetative plants to prevent the leaching of pollutants.
Figure 6.4 shows the schematic presentation of the different phytoremediation 

approaches.
Uptake of metals is influenced by chemical speciation of metal and habitat char-

acteristics of plants (aquatic, terrestrial, etc.). Thus, selection of plant is crucial for 
remediation of polluted sites. There are many plants exhibiting remediation charac-
teristics that belong to diverse families, for example, Brassicaceae, Cyperaceae, 
Fabaceae, Poaceae, Lamiaceae, Caryophyllaceae, Euphorbiaceae, etc. (Sarma 
2011). There are several plant species which are described as hyperaccumulators on 
the basis of their capability to sustain concentrations of toxic metal pollutants, as 
outlined in Table 6.2.

Of all the phytoremediation mechanisms, phytoextraction is the prominent tech-
nique to eliminate heavy metals from polluted locations. In phytoextraction 

Phytoextraction

Phytotransformation

Phytovolatilization

Phytodegradation

Phytostabilization

Fig. 6.4 Schematic representation of phytoremediation techniques
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technique, green plants are used to eliminate contaminants from polluted locations 
through root absorption and their sequestration (Saxena et al. 2019). This technique 
can have commercial applications since it is economically feasible to remove metals 
from polluted locations using plant biomass extracted and employed as “bio-metal” 
to get valuable, useful, and efficient metals; the procedure can be referred to as 
phytomining (Ali and Singh 2018). Therefore, it can create income and offer further 
employment opportunity for the people. Phytoextraction proficiency of green plants 
mainly depends on two factors, viz., bioconcentration factor (BCF) and transloca-
tion factor (TF). BCF characterizes concentration of metals in root/soil, represent-
ing metal accumulation, while TF describes concentration of metals in shoot/root 
that signifies metal translocation (Ali et al. 2013; Antoniadis et al. 2017).

Currently, there is an increasing curiosity for the exploitation of metal- 
accumulating roots and rhizomes of aquatic and semi-aquatic vascular plants for the 
elimination of heavy metals from polluted water bodies (Mémon et al. 2001). For 
instance, Hydrocotyle umbellata, Eichhornia crassipes, Tagetes minuta, Lemna 
minor, Pteris vittata, Lonicera japonica, Eleocharis acicularis, Noccaea caerules-
cens, and Azolla pinnata absorbed Cu, Cr, Hg, Pb, As, Cd, Fe, and Zn from polluted 
water bodies (Gallardo et  al. 1999; Gustin et  al. 2009; Oliveira et  al. 2014). 
Furthermore, elimination of a widespread series of metal ions present in contami-
nated solutions using cell suspension cultures of Datura innoxia has been demon-
strated (Waoo et al. 2017). Maximum eliminated metals were strongly chelated by 
unrevealed constituents of cell walls in a manner which did not involve metabolic 
activity. The hyperaccumulation of metals in several plant species has been broadly 
studied, and till date, extensive improvement has been accomplished. It has been 
clearly investigated that diverse mechanisms of metal accumulation, elimination, 
and compartmentation occur in many plant varieties. Now, the ever-increasing 
knowledge of biochemical pathways and metabolic processes of plants in relation to 
uptake/absorption of heavy metal, its accumulation, transport, and resistance will 
persuade enhancements of phytoremediation via recent genetic techniques. 
Therefore, phytoremediation proficiency of plants can be significantly enhanced by 
using these genetic engineering techniques.

6.6  Role of Advanced Biotechnological Techniques 
and Genetic Engineering in Bioremediation Process

Microbes are used in bioremediation in light of their capacity to deteriorate ecologi-
cal pollutants because of their metabolism by means of biochemical pathways iden-
tified with the life form movement and development. Microbes have the capacity to 
degrade the harmful substances of polluted environment into harmless end products 
by the process of co-metabolism (Ojuederie and Babalola 2017). Degradation of 
hazardous products into harmless products utilizing inbred microbes did not yield 

6 Sustainable Approaches to Remove Heavy Metals from Water
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much positive outcomes. Bioremediation of Hg from the polluted environment by 
indigenous bacteria has not been reported.

Nonetheless, recombinant DNA technology (RDT) has a noteworthy task to 
carry out bioremediation of heavy metals since it upgrades the remedial procedure 
(Kang et al. 2016). Introduction of genetic engineering techniques in bioremedia-
tion is intended to alter genotype of plants and microorganisms, thereby changing 
their functional proteins like enzymes, in order to use them as potential agents for 
deterioration of hazardous compounds (Wolejko et al. 2016). Azad et al. (2014) 
reported the use of genetically engineered bacteria for degradation of different 
heavy metals. Genetically engineered microorganisms (GEM) have been utilized 
to acquire skillful strains for bioremediation of polluted environment by having 
improved capacity to degrade an assortment of pollutants. Several studies have 
demonstrated the removal of Hg from polluted environments by using genetically 
modified Escherichia coli strain M109 and Pseudomonas putida with merA gene 
(Ojuederie and Babalola 2017). Different genes such as merA gene, pheA, pheB, 
pheC, pheD, and pheR genes (phenol catabolic genes), and ArsM gene have been 
extensively used for the removal of Hg, phenol, and As, respectively, with the help 
of genetic engineering (Liu et al. 2011a, b). Addition of mer genes into Deinococcus 
geothermalis bacterium from Escherichia coli, which are responsible for the deg-
radation of Hg, enabled the bacterium for removal of Hg from polluted environ-
ments (Dixit et al. 2015). Sone et al. (2013) reported the addition of novel genes 
utilizing pMR68 plasmid for the synthesis of Hg-resistant strains of Pseudomonas. 
Thus, GEM can be used to assist remediation process to defeat the pollutants from 
the environment. It is also important to maintain the stability of these genetically 
modified microorganisms before applying them to the field, since the catabolic 
action of GEM is mainly related to the presence of stable recombinant plasmid in 
them (Ghosal et al. 2016).

Some modern techniques such as site-directed mutagenesis and rational design-
ing have been used to engineer the microbes for the degradation of heavy metal 
contaminants (Kumar et al. 2013). Microbial biosensors are presently being utilized 
to set up the measure of heavy metal contaminants rapidly and accurately and are 
created utilizing genetic engineering. Dixit et al. (2015) detailed the utilization of 
biosensors to assess the degrees of different heavy metals in polluted environments. 
Usage of genetic engineering guarantees more prominent open doors for acquiring 
powerful pollutant-degrading microbes as they could have higher capability of eco-
logical cleanup than the inbred microorganisms.

Transgenic plants can be obtained with insertion of specific genes in the genome 
of plants with enhanced phytoremediation capability using genetic engineering. 
Genetically engineered endophytes and plant growth-promoting microbes (PGPM) 
can adequately degrade the heavy metals in contaminated environment (Dixit et al. 
2015; Ojuederie and Babalola 2017). Mani and Kumar (2014) reported that the 
expression of merA genes in transgenic rice and tobacco makes them ten times more 
resistant to Hg than those that do not express merA genes. Chen and Wilson (1997) 
observed that the different transgenic plants, such as Arabidopsis thaliana, Nicotiana 
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tabacum, Brassica juncea, Brassica oleracea var. botrytis, and Lycopersicon escul-
entum, have been used for the degradation of heavy metals. Innovative research on 
the rapidly developing plants having capabilities of metal aggregation should be 
advanced. Additionally, microorganisms from different genera have to be explored 
for improving plants and rhizospheric microorganisms at genetic level, which can 
be eventually used for phytoremediation. Besides the merA genes, various genes 
ought to be investigated for their conceivable use in defeating a wide variety of 
heavy metals. Recombinant DNA technology is fundamental for the bioremediation 
procedure as it empowers analysts to examine, screen, and evaluate the execution of 
the procedure (Ojuederie and Babalola 2017). It ought to be utilized with alert and 
as per biosafety guidelines.

6.7  Conclusions

This chapter featured the heavy metal contamination sources and different mecha-
nisms utilized by plants and microorganisms including their enzymes for the effec-
tive remediation of polluted environment, especially aquatic system. It uncovered 
the advantages of bioremediation as a superior alternate as well as sustainable 
approach in the expulsion of pollutants like heavy metals from the environment as 
compared to other existing physical and chemical strategies that are less effective 
and costly because of the measure of energy consumed. Microbes and plants have 
natural biological systems that empower them to make do under heavy metal pres-
sure and expel the metals from the environment. Different processes such as pre-
cipitation, biosorption, enzymatic transformation of metals, and complexation are 
used during the bioremediation of heavy metals by the microbes for the removal of 
heavy metals from the polluted environments. Plants use phytoremediation tech-
niques of which phytoextraction and phytostabilization have been very efficient. 
Environmental variables assume a noteworthy job in the achievement of bioreme-
diation as the microorganisms utilized will be hampered if suitable ecological con-
ditions are not accessible. Transgenic microorganisms and plants could successfully 
remediate polluted destinations of heavy metal and organic contaminations; how-
ever, its utilization ought to be liable to stringent biosafety techniques to guarantee 
that there is no well-being or ecological dangers.

Application of metagenomic approaches must be taken into consideration to 
understand the community structure of microorganisms present at the treatment site 
to explore metal-resistant genes for cleaning up various heavy metals by improving 
the degrading microbial strains.

Public impression of the utilization of different modern sustainable technologies 
for bioremediation will likewise have to change for its compelling usage; this deter-
mines necessity of collaboration among scientists and environmentalists.
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6.8  Future Prospects

Rapid industrial development and innovation advancement pose negative effects on 
environment like water pollution where quality of water gets deteriorated. Because 
of the multifaceted nature engaged with the traditional approaches for biological 
treatment of water especially contaminated with heavy metals as a pollutant, the 
utilization of microorganisms has emerged as a help for bioremediation. Be that as 
it may, bioremediation innovation has impediments; few microorganisms cannot 
break down lethal metals into innocuous metabolites, and these affect microbial 
movement. Changes in the external layer proteins of microorganisms with potential 
bioremediation properties for improving metal restricting capacities are the possible 
method to upgrade their biotransformation ability of dangerous metals. Further 
investigations should concentrate on the variables engaged with improving in situ 
bioremediation methodologies utilizing GEMs and furthermore the applicability 
and flexibility of these GEMs in all the conceivable unfavorable/stressed conditions 
and environments polluted with different heavy metals. The hesitance among peo-
ple in general to acknowledge GEM for bioremediation likewise needs to be taken 
into consideration as future investigations, and their non-harmfulness to the envi-
ronment should be demonstrated.
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Chapter 7
Microbial Synthesis of Nanoparticles 
and Their Applications for Wastewater 
Treatment

Virendra Kumar Yadav, Samreen Heena Khan, Parth Malik, Anju Thappa, 
R. Suriyaprabha, Raman Kumar Ravi, Nisha Choudhary, Haresh Kalasariya, 
and G. Gnanamoorthy

Abstract For the last few decades, with the emergence of nanoscience and nano-
technology, nanoparticles gained enormous attention due to their high surface/
volume ratio and other novel, unique, and remarkable properties. Traditionally, 
nanoparticles are fabricated by either chemical or physical approaches which not 
only utilize toxic chemicals but also are energy-intensive and consequently costly. 
The microbe-based synthesis of nanoparticles is biocompatible, economical, eco- 
friendly, and energy-intensive. Metallic and nonmetallic, metal oxide, and sulfide 
nanoparticles are synthesized by bacteria, virus, fungi, and algae. These nanopar-
ticles act as an adsorbent for the remediation of water and wastewater pollutants 
clearly due to their physicochemical properties, nano size, controlled growth, and 
surface modification. The carbohydrates, proteins, and enzymes present in such 
microbes act as surfactant and capping agents which reduce the use of harmful 
chemical surfactants. Nanoparticles find application in the remediation of dyes, 
heavy metals, microbial contaminants, and pesticides, in the area of wastewater 
treatment. The widely used adsorbents are iron oxide nanoparticle, zinc oxide, 
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alumina, and titanium dioxide. The present chapter highlights the synthesis of 
nanoparticles from bacteria, algae, fungi, and viruses and their application for 
wastewater treatment.

Keywords Nanoparticles, bacteria · Metal oxide · Surface modification · Wastewater 
treatment

7.1  Introduction

Increasing population and advanced lifestyle have resulted in mounting pressure on 
environmental resources, deteriorating the process feasibilities of multiple natural 
environmental conservation pathways. The effects seem to be convincingly regu-
lated, after the reports of environmental pollution assessment agencies, reflecting 
inescapable approaching threats. Though several efforts and resolving inroads are 
rapidly emerging to tackle this issue, nothing serious seems to shake the generating 
source, owing to which there is an urgent need to counteract the probable risk fac-
tors with powerful and stronger prediction technologies. For example, on a daily 
basis, more than half of the natural processes require conversion of harmful and 
complex materials into simpler and self-decomposable entities, through interven-
tions that are increasingly energy sensitive, whereby stress levels and contaminants 
are bound to affect the environmental quality. So better and more powerful solu-
tions, consuming little and effecting much higher problem domain, are urgently 
needed. In this context, the unique physical and chemical properties of nanoscale 
materials have been the focus of sheer interest ever since their inception. 
Nanotechnology and nanoparticles have drawn the attention of the scientific com-
munity towards them (Seqqat et al. 2019). Mostly nanoparticles due to their size 
tunable and fascinating properties find applications in the field of electronics, medi-
cine, research, catalysis, and environmental cleanup (Khan et  al. 2019), due to 
which their demand has increased drastically, and the load on the industries for their 
synthesis has increased manyfold. The commercial synthesis of nanoparticles is 
generally carried out by various chemical and physical routes. Among the chemical 
approaches, the most common methods are sol-gel, coprecipitation, hydrothermal, 
solvothermal (Ganachari et al. 2017), etc. On the other hand, the physical synthesis 
method includes laser sputtering, chemical vapor deposition (CVD), and ball mill-
ing. In addition to their advantages, these chemical and physical methods have sev-
eral disadvantages as well. Chemical methods utilize numerous hazardous chemicals 
as surfactant reducing agents, or reactants, which are toxic to the environment. 
While the physical methods require sophisticated machinery for their synthesis, 
they are highly energy-intensive, which makes them expensive. So there is a need 
for another alternative source which should overcome the drawbacks of the above-
mentioned methods. A generalized method of nanoparticle synthesis is depicted in 
Fig. 7.1.
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The biological synthesis of nanoparticles is the best alternative method which 
will overcome the drawback of the abovementioned problems. Among the biologi-
cal methods, microbial-based synthesis of nanoparticles is of utmost importance 
due to its cost-effectiveness, ease of synthesis, and eco-friendly nature (Singh et al. 
2016a; Prasad et al. 2016). Since the source of preparation is economically viable 
and renewable, interest in their scientific evaluation has attracted unconditional sup-
port from different parts of the globe. Besides this, the biosynthesized nanoparticles 
are also biocompatible which can be used directly in the field of medicine and drug 
delivery. Microorganisms are the organisms whose sizes fall in the range of microns. 
Generally, they can be classified into two classes: prokaryotic and eukaryotic. 
Prokaryotic involves bacteria and Actinomycetes, whereas eukaryotes involve algae, 
fungi, and yeast. There were several reports of using viruses as the templates for the 
synthesis of several nanoparticles. Microorganisms have numerous biomolecules 
such as enzymes, organic acids, polysaccharides, etc. known to play a key role in the 
synthesis process. Moreover, such biomolecules encapsulate the nanoparticle which 
further prevents the aggregation by acting as a capping agent. Microorganisms can 
synthesize all types of nanoparticles by reduction, for instance, single metallic 
nanoparticles (like gold, silver, copper, Se, Fe, or NZVI) (Das et al. 2017) or metal 
oxides (titanium oxide, zinc oxide, iron oxide, silica, and aluminum oxide) or metal 
sulfides (like PbS, CdS, PbSe, CdSe, ZnS). Metallic nanoparticles have almost 
replaced conventional catalysts in different biochemical and even industrial activi-
ties. The generalized flowchart for extracellular and intracellular biosynthesis is 
shown in Fig. 7.2.

Fig. 7.1 Generalized synthesis of nanoparticles
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The biologically synthesized biocompatible and eco-friendly nanoparticles have 
potential for wastewater treatment like remediation of water pollutants such as dyes, 
heavy metals, pesticides, and other organic/inorganic pollutants (Das et al. 2017). 
The nanoparticles being small in size have a high surface/volume ratio (SVR) and 
comparatively high surface energies have a special role in wastewater treatment 
(Shah et al. 2015a). Moreover, their microbial origin provides them special advan-
tage like capping by biomolecules, which not only prevents their aggregation but 
also provides different functional active sites. These active sites help in the adsorp-
tion of pollutants from the wastewater.

The contamination of wastewater streams and its associated risks of environmen-
tal degradation is the source of polluting water bodies owing to which aquatic 
organisms are at risk (Bhateria and Jain 2016). The risk factors are enhanced signifi-
cantly due to the heterogeneous nature of contaminants, requiring differential treat-
ment measure for each specific kind of pollutant. The NPs with their high surface 
areas (SA) are able to initiate multiple interactions with chemically distinct pollut-
ants at the same instant of time, owing to which in the same time interval, pollutant 
load is reduced to a greater extent as compared to conventional technologies (Lin 
et al. 2014). Keeping such characteristics of metal/metal oxide NPs in observance, 
the present chapter focuses on the advances in the field of microbial synthesis of 
single metals and metal oxide nanoparticles and their potential applications in the 
field of remediation of various organic and inorganic pollutants from the water and 
wastewater.

Fig. 7.2 Schematic flowchart of extracellular and intracellular biosynthesis
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7.2  Advantages of Bacteria-Mediated Synthesis 
of Nanoparticles

Biological systems especially bacteria, due to their high growth rate, act as a unique 
candidate to achieve nonhazardous nanoparticle synthesis. In chemical methods, the 
growth of NPs is usually expensive and ends with toxic end products released into 
the environment. In biological systems, an individual bacterium can be a center and 
a matrix for the controlled growth on NPs.

Studies on bacterially synthesized NPs reveal interesting variations, with extra-
cellular as well as intracellular formation sites, variability in the shapes and sizes, 
and numerous others. A key concern in all the cutting-edge applications of NPs 
(ranging from industrial, chemical, biological, and many others) is the extent for 
which these entities retain their low sizes (Nath and Banerjee 2013). The diverse 
chemical environments of application sites often lead to the aggregation of these 
moieties, so it is very important that these nanomaterials retain their native sizes for 
sufficiently longer durations. That is why physically prepared NPs are often ineffec-
tive in most applications and the problem of aggregation is frequently encountered. 
With biological sources, there is an advantage that an aggregation preventing agent 
does not need to be added separately, and the polysaccharides, protein fractions, and 
fatty acid conjugates of microbes serve as aggregation stabilizing agents (Siddiqi 
et al. 2018). Apart from this, culturing bacteria is relatively easy (since it is the larg-
est active microbe among all varieties) and relatively less costly as compared to 
reducing agents of the chemical method. Furthermore, an incentive with the bacte-
rial synthesis is that even if we have one bacterial strain, culturing it in different 
chemical environments (characterized by pH and temperature variation) could form 
different NPs at the same instant of time. For example, if the salt precursor for Fe is 
added in the culture medium of magnetotactic bacterium, we will get Fe-O NPs, 
while if a cobalt salt is added, the likely product would be Co (as such) or in some 
combined form as NPs. The reason is that both Co and Fe are magnetically sensitive 
and have unpaired electrons in their molecular orbitals. Similarly, the NPs of two 
metals belonging to the same group of the periodic table could be formed in a sim-
plistic manner as they would have similar chemical characteristics. The only dis-
tinction is the presence of salt (for each metal type) in the culture medium of the 
chosen bacterial strain. So, low cost  lesser synthesis time, variability, and better 
stability of the product (here NPs) are some of the reasons to choose a bacterial 
route for NP synthesis (Shah et al. 2015a).

The exact mechanism of microbial-based nanoparticle formation is not known 
and most of the studies project consensus for the metabolism of toxic compounds 
by bacteria after which a whole range of defensive genes is activated to combat the 
resultant toxicities. The activation of these genes is accompanied by the sequential 
modulations in oxidation and reduction chemical balances which ultimately result 
in the prevalence of a peculiar form that neutralizes the toxicity to a maximum 
extent. In this reference, some authentic claims are put forward by Ghashghaei et al. 
in their 2015 compilation, describing distinctive three-step nanoparticle formation 
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by bacteria (Gahlawat and Choudhury 2019). The first discusses the bacterial self- 
assembled nanostructures such as pilus, flagellum, S-layer bipolyester, cyanophycin 
inclusions, phage, rhodopsin, and alginates. The second possibility projects the 
metal and metal oxide nanoparticle formation as bacterial metabolism by-products. 
In this mechanism, there seems to be an implicit role of bacterial enzymes. The third 
step of nanoparticle formation by bacteria relies on bacterial polymers (using poly-
saccharides and polysaccharide derivatives) which can be thereafter processed to 
NPs. Derivatives of plant products are highly reliable sources of preventing aggre-
gation owing to their natural mode of existence, least energy requirements for oper-
ation, and much lower toxicity than chemical agents accomplishing the same. 
Discussing the diversity of mechanisms explaining nanoparticle formation, they 
concluded one common aspect in all approaches, involving the trapping of metal 
ions either on the surface of or inside microbial cells. Subsequently, these are 
reduced to NPs through enzymatic or nonenzymatic methods. Holding detoxifica-
tion pathways as prime sources responsible for bacterial (and even other) nanopar-
ticle formation, they illustrate a nonspecific uptake of toxic metal ions via the 
cationic membrane transport systems, which regulate the transport of metabolically 
important cations. Now since these uptaken metal ions are toxic, they are not toler-
ated by bacteria beyond a threshold concentration which is accomplished either via 
mutagenesis of metal-resistant bacterial strains or by complementation to identify 
the resistance restoring genes. The identification of genes responsible for causing 
toxic responses paves the way for their enzymatic inactivation of toxic ionic forms 
of the metal into nontoxic metal salts, modulation in metal ion efflux system activi-
ties, and diminishing membrane permeability. Figure 7.3 discusses the concentration- 
dependent enzymatic induction controls in a bacterium to counter the toxicity 
threats to the bacterium itself.

The higher the toxicity (caused by an increasing population of metal ions), the 
more pronounced is the activation of enzymes restoring the normal pH and chemi-
cal balance. Diversity of the product manifested by changes in the process parame-
ters, such as pH, temperature, duration of culture, type of strain, culture conditions, 
and their mutual optimization, is a key factor affecting the nature of NPs formed. 
Interesting aspects within these predictors are the differences in the product’s nature 
attained through differential regulation of comprising factors. For example, main-
taining the temperature at 45 °C for half an hour is likely to confer different features 
compared to assuring the same for an hour or more. Similarly, the concentration of 
a characteristic protein source in the culture medium could be responsible for a 
peculiar nature of the product which may vary with the change in the protein source. 
The obvious reason is that proteins are composed of amino acids that play decisive 
roles in regulating 1:1 dispersion. Constituent amino acids may exhibit an alto-
gether distinct response if they are dextro-rotatory instead if leave or vice versa. 
Likewise, composition of dispersion medium in the culture plays a critical role 
where if the water is the major source, polar activities are likely to be aggressive 
contrary to aqueous ethanol or some other additive (organic) source. On a similar 
note, if we change the pH, the dispersion trend is likely to be varied that is reflected 
in the ζ-potential trend. It may be possible that the shape and size of NPs being 
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prepared are more regulatory and optimized at acidic pH which the alkaline pH is 
unlikely to support. The discussed factors present preliminary aspects, which, if 
replicated on a molecular scale, can have quite significant consequences. For 
instance, acidic pH may be supportive inactivating a particular bacterial gene/
enzyme in a specific manner that the basic pH is unable to do. At the same point, it 
is imperious to elucidate the consequence of a peculiar pH on the expression of 
neighborhood genes and enzyme secretion, so that growth remains unaffected. An 
accurate generalization of the bacterial activities in different growth phases is the 
key to the choice of a bacterial species for a certain kind of nanoparticle synthesis. 
Generally, in the log phase, the most active nutrients are synthesized and the station-
ary phase is the domain where the functional activities could be stimulated.

Thus, exploiting the bacterial genetic makeup is the groundwork required for 
thoughtful and optimized regulation of nanoparticle formation. The mechanistic 
insights probably offer incentives that, with the variations in culture ingredients, 
even hybrid or core-shell NPs could also be prepared. Similar robustness is not 
attainable with fungal cultures since fungi require adequate growth of mycelia to 
exhibit the desired metabolic performance. Apart from this, the protein content of 
fungi is very much different from that of a bacterium, owing to which growth condi-
tions remain less controlled with the former. Nevertheless, the logical estimation of 
obtaining still better results with consortium cultures suits well for the kind of NPs 
being formed.

Fig. 7.3 Correlative regulation of toxic metal accumulation and the intracellular enzyme activa-
tion in microbial cells
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7.3  Bacteria-Mediated Synthesis of Metallic Nanoparticles

Microbes used for preparing metal and metal oxide NPs comprise bacteria, fungi, 
virus, and algae, thanks to the robust chemical actions of microbial enzymes which 
remain operational even at extreme temperature and pH conditions. An interesting 
aspect of microbial biochemical activities is that the expression of enzymes could 
be modulated by changing the chemical compositions of their culture media. 
Optimization of culture parameters such as pH, light exposure, temperature, medium 
salt content, and mixing speed is a pivotal factor which can significantly modulate 
the enzyme activity (Sarker et al. 2013; Kirthi et al. 2011a).

Bacteria can significantly reduce heavy metal ions to produce nanoparticles; 
many researchers proved that bacteria facilitated interactive pathways accountable 
for the reduction of metal ions and their ability to precipitate metals to the nanome-
ter scale (Kirthi et  al. 2011a). One of the major benefits of bacteria-mediated 
nanoparticle synthesis is their large-scale production with negligible use of hazard-
ous chemicals; however, there are firm boundaries like laborious bacterial culturing 
procedures and less control over their shape, size, and distribution.

So keeping track of media composition-dependent enzyme expressions easily 
serves as the lead for facilitating the requisite extent of chemical reduction. For 
example, the most common bacteria, E. coli, acts as a probiotic within the physio-
logical environment, hinting that changing the pH and the chemical composition of 
the surrounding environment could activate another set of E. coli enzymes whereby 
functions other than the probiotic activities could be exercised (Fijan 2014). Another 
important feature responsible for regulating nanoparticle formation by bacteria is 
their ability to interact with their nearby environment arising due to the polarity of 
their lipidic membranes that catalyzes diverse oxidation-reduction processes (most 
of the nanoparticle preparation is enacted through a chemical reduction of metallic 
salts) (Singh et  al. 2018). The distinction in cell wall polarities of gram-positive 
(GP) and gram-negative (GN) stains (dissimilar peptidoglycan extents) is, in itself, 
quite a significant prospect of bacterial structural diversity, which is missing in all 
other microbes. Another critical factor affecting NP formation by bacteria is the 
choice of a particular species (Singh et al. 2018; Wang et al. 2017). This is because 
all bacteria do not have a similar genetic makeup and that is why culturing two dif-
ferent species in the same media is likely to result in differential functional expres-
sions of similar redox enzymes. To meet such challenges, a consortium of the 
bacterial population, comprising two or more species, generally performs better 
than a single bacterium. Furthermore, studies on the microbial synthesis of NPs 
have notified that only those biological moieties that have potential to accumulate 
the metallic precursors in the form of oxides, hydroxides, sulphates, etc. have the 
best chance of forming metal NPs (Zargar et al. 2011).

Synthesis of NPs using biological moieties (enzymes, sugar, and proteins 
secreted by a bacterial strain) is a bottom-up approach, producing less waste mate-
rial and enabling the formation process to be stopped as per the requirement. This is 
particularly exciting, as applications of NPs are substantially expressed through 
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their shape and size variations, which acutely affect their interaction abilities. 
Another advantage with bacterially synthesized NPs is that the enzymes responsible 
for initiating biochemical reduction of corresponding metallic precursors could be 
amplified in their expression through knowledge of their regulatory genes and path-
ways. Similarly, the introduction of these enzymes from the outside could facilitate 
an extracellular synthesis of both, i.e., pure metallic and their oxides NPs, the 
absence of which drives the synthesis at intracellular locations (Patra and Baek 
2014; Malik et al. 2014).

7.4  Inception and Progression of Bacterially Formed NPs

7.4.1  Bacterial Synthesis of Metallic Nanoparticles

Bacteria bear exceptional abilities for reducing metallic ions into their zerovalent forms 
(the nanoparticle state) and are perhaps the most befitting candidates for nanoparticle 
synthesis attributed to their ease of handling and robust culture medium requirement 
(Ruttkay-Nedecky et al. 2017a). In comparison to other microbes, it is very easy to 
mold and manipulate genes in bacteria for retrieval of metal ions. Generally, bacteria 
are exposed to harsh and increased heavy metal ion concentration in their surround-
ings. To combat these stressful conditions, bacteria have developed numerous defense 
processes, for instance, intracellular sequestration, efflux pumps, fluctuation in concen-
tration ions of metals, and extracellular precipitation. These defense mechanisms form 
the basis of shape- and size-specific nanoparticle synthesis by bacteria. Table 7.1 com-
prises the various bacterial strains used for the synthesis of NPs along with their spe-
cific applications. The first incidence of bacterial synthesis of Au NPs was reported by 
Beveridge and Murray, who noted the extracellular deposition of Au NPs on Bacillus 
subtilis cell wall when AuCl4 solution was exposed to its colonies (Beveridge and 
Murray 1980). Almost at the same time, Klaus-Joerger intracellularly synthesized 
AgNPs < 200 nm using an NADH- dependent reductase as an electron source and, in 
course, itself getting oxidized to NAD+. It was noted that e− transfer from NADH 
results in a biological reduction of Ag + ions to their zerovalent form (the nanoparticle 
form) (You et al. 2013). The emergence of bacteria-mediated nanoparticle synthesis 
acquired attention in 2012 when Srivastava et al. intracellularly synthesized Pd, Ag, 
Rh, Ni, Fe, Co, Pt, and Li NPs (Srivastava and Constanti 2012). Interestingly, these 
synthesis procedures do not require an external stabilizing agent and electron donors 
and also did not need any pH modification in the course of biomineralization of differ-
ent metal ions. Various metallic nanoparticles synthesized using various microbes are 
summarized in Table 7.1.

Some of the bacteria have shown exceptional phenomenon of nanoparticle syn-
thesis, like synthesis at extremely high concentration of metal ions, acidic pH, and 
higher temperature. Ps. stutzeri and Ps. aeruginosa are bacteria that can grow at 
higher metallic concentration (Lu et al. 2016).
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Besides this, there are a few iron-reducing bacteria that can reduce ferric to fer-
rous form when grown on elemental sulfur, i.e., Thiobacillus ferrooxidans, T. thio-
oxidans, and Sulfolobus acidocaldarius. This was reported by Brock and Gustafson, 
and the detailed process is given in IONP synthesis by non-magnetiotactic bacteria 
(Brock and Gustafson 1976). Other biomineralization phenomena, such as the for-
mation of tellurium (Te) in Escherichia coli K12 (Iravani 2014), the direct enzy-
matic reduction of Tc (VII) by resting cells of Shewanella putrefaciens and 
Geobacter metallireducens, and the reduction of selenite to selenium by Enterobacter 
cloacae, Desulfovibrio desulfuricans, and Rhodospirillum rubrum (Kessi et  al. 
1999), have been reported as well.

Mullen et al. reported the leaching capability of Ag+, Cd2+, and Cu2+ from solu-
tion by Bacillus cereus, P. aeruginosa, B. subtilis, and E. coli. Some of them can 
bind to large metallic ions, while some can form magnetic nanoparticles (Kessi 
et al. 1999) which are shown below in Table 7.1.

Multiple studies of the past 5 years have reported the quick and fast synthesis of 
NPs possessing varying size and shape from several bacterial strains, such as E. coli, 
B. subtilis, B. cereus, B. megaterium, Ps. aeruginosa, Klebsiella pneumoniae, 
Alteromonas, and Ochrobactrum. The idea of bacterial enzymatic functions can be 
well judged from the simplistic procedures, involving minimum time periods with-
out any sophisticated pH and temperature optimization. For example, Das et  al. 
reported that B. cereus could synthesize AgNPs extracellularly at ambient tempera-
ture within 24  h (Lakshmi Das et  al. 2014). Kumari et  al. reported enhanced 

Table 7.1 Various metallic nanoparticles synthesized using bacteria

Sr. 
no. Name of bacteria

Specific 
nanoparticle formed

Size, shape, and 
location Reference

1. Pseudomonas aeruginosa Au 15–30 nm, 
spherical

Sarker et al. (2013)

2. Pseudomonas stutzeri, 
Bacillus cereus

Ag Up to 200 nm, 
various shapes

Kirthi et al. (2011a)

3. Alcaligenes faecalis Ag 30–50 nm, 
spherical

Fijan (2014)

4. Bacillus sp. CS11 Ag 42–92 nm, 
spherical

Singh et al. (2018)

5. Kocuria flava Cu 5–30 nm, 
spherical

Wang et al. (2017)

6. Ochrobactrum 
rhizosphaerae

Ag 10 nm, spherical Zargar et al. (2011)

7. Alteromonas macleodii Ag 70 nm, spherical Patra and Baek 
(2014)

8. Deinococcus radiodurans Ag 4–50 nm, 
spherical

Malik et al. (2014)

9. Bacillus subtilis Au 20–25 nm, 
spherical

Ruttkay-Nedecky 
et al. (2017a)

10. Bacillus brevis (NCIM 
2533)

Ag 41–68 nm, 
spherical

Beveridge and 
Murray (1980)
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antifungal activity of AgNPs prepared using biological route (fungus, Trichoderma 
viride) contrary to that of chemical method, although, in both modes, the sizes and 
shapes of produced NPs were similar. It was observed that biologically prepared 
particles effected (20 and 48.8)% higher decrements (compared to those prepared 
chemically) in the dry weight of fungal pathogens, namely, Fusarium oxysporum 
and Alternaria brassicicola. Staining assays using nitro blue tetrazolium and prop-
idium iodide dyes revealed an enhanced generation of superoxide radicals, as the 
probable cause of death for the biologically prepared NPs. Scanning electron 
microscopy (SEM) analysis revealed altered osmotic balance and membrane disin-
tegrity as the primary source of cell death (Kumari et al. 2019). This study, there-
fore, concluded that compared to the chemically produced NPs, the bacteria 
synthesized NPs effected comparatively higher ROS generation, antioxidant path-
way downregulation, and disruption of osmotic balance and cellular integrity. From 
this research, the observations infer a higher toxic expression of biologically pre-
pared NPs, which confers them a preference compared to the chemically prepared 
NPs in the treatment of wastewater streams. The hidden prospect of this study is the 
size of the synthesized NPs, which have an intricate effect on their functional prop-
erties. It is well known that smaller size at the nanoscale argues for stronger quan-
tum confinement which has a direct correlation with the particle energies. Since this 
study observed higher toxicity for biologically synthesized NPs, it seems certain 
that biological sources could have produced a lower size as lower size could have 
increased the kinetic stability owing to which interactive potential of the formed 
NPs increases. Such size controls are attainable with chemical methods where the 
stabilizing or aggregation preventing agent needs to be added separately to prevent 
the size growth beyond a stage.

Further, AgNPs was also synthesized extracellularly by Kulkarni et  al. using 
Deinococcus radiodurans. D. radiodurans are an extremely robust bacterium spe-
cies which can survive cold, dehydration, vacuum, radiation, and acid exposures 
(Kulkarni et al. 2015). The NPs were synthesized by the reduction of AgCl solution, 
following which these were screened for their antibacterial and antibiotic responses 
towards GN and GP bacteria. The radiation resistance properties of Deinococcus 
radiodurans enabled its activity even in extreme environments, owing to which 
good results were obtained with regard to anticancer studies. Results of this study 
have encouraged the scientific community to optimize Deinococcus radiodurans 
growth kinetics (via changes in the culture medium composition) so that palladium, 
platinum, and several other NPs could also be produced with similar control and 
ease. An incentive with such microbial species is that they can be as such added to 
wastewater streams where they can feed and regulate their metabolism through pro-
cessed consumption of organic contents, such as discarded proteins, carbohydrates, 
fats, nitrogen sources, and several others. The temperature-resistant functioning of 
Deinococcus radiodurans offers special benefits as it is likely to cause minimal 
structural changes of synthesized NPs owing to which the NPs retain an unaltered 
application potential to a longer extent. Digging for the mechanism of bacterial NP 
formation, Sneha et  al. replicated the attempt of Liu et  al. (synthesis of AuNP 
Bacillus megaterium dried cells) using Corynebacterium species to obtain NPs and 
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proposed a nonenzymatic reduction mechanism to be the source of nanoparticle 
formation (Liu et  al. 2000). They noted that the formation of NPs by bacteria 
depended on two major requirements, where the first was the presence of organic 
functional groups in the bacterial cell wall, while the second factor was the mainte-
nance of optimum temperature and pH in the surrounding environment. Studies by 
He et al. provide the most significant justification of this fact where working on 
Rhodopseudomonas capsulata bacterium growth optimization, they noted that the 
peculiar morphology of the formed particle can be governed by concentration of 
metallic salts and pH of the medium. There was formation of spherical AuNPs 
within 10–20 nm at pH 6 using diluted AuCl4 solutions. However, when the salt 
concentration was increased, the reaction formed Au nanowires (He et al. 2008). 
Interestingly, reduction of pH to 4 (enhancing the acidity), diluting salt concentra-
tions, formed both spheres and triangular nanometer-scale plates. This study clearly 
established the role of pH and precursor concentration in the formation efficacy, 
size, and shape regime of NPs. So the same bacterium being fed on a similar metal-
lic precursor could produce differently shaped NPs with the variation in medium 
pH. Similar attempts with Lactobacillus sp. A09 and B. megaterium D01 produced 
AgNPs through distinct reduction of silver ions (Gowramma et al. 2015). For details 
on the bacterial potential to synthesize NPs that are not discussed above (palladium, 
platinum, and some other metals), readers can refer to more specific literature 
sources (Shah et al. 2015b).

7.5  Bacterial Synthesis of Gold (Au) and Silver 
(Ag) Nanoparticles

Both Ag and AuNPs have drawn huge attention towards them due to their applica-
tions in medicine, electronics, cosmetics, coatings, packaging, and biotechnology. 
The production of nanoparticles emerges as an environment-friendly and exciting 
approach due to the use of microorganisms. Kushwaha et  al. (2015) synthesized 
silver nanoparticles using E. coli and assessed their antibacterial potential against 
bacteria Bacillus subtilis and Klebsiella pneumoniae after confirming by UV-Vis 
and TEM (Sabri et al. 2016).

7.5.1  Gold (Au) Nanoparticles

In the biotechnology and biomedical field, the gold and silver NPs are considered 
very essential and interesting for several applications. Gold and silver NPs mainly 
find applications in the biomedical field such as diagnosis and therapy. Gold 
nanoparticle synthesis gained a lot of interest from many researchers. 
Rhodopseudomonas capsulate, Shewanella oneidensis, Escherichia coli, Yarrowia 
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lipolytica, and Plectonema boryanum have been applied for the formation of gold 
nanoparticles (Sehgal et al. 2018). Gold nanoparticles (AuNPs) are mainly applied 
in the field of drug delivery for cancer, diabetes mellitus, and heart-related diseases. 
It also finds application in medicine, mainly diagnosis and therapy of cancer and as 
anti-arthritic and malarial agents (Prasad et al. 2018). AuNPs are synthesized by 
Klebsiella pneumoniae, which is pathogenic bacteria, and their antimicrobial activ-
ity is assessed against pathogenic bacteria, i.e., E. coli, Staphylococcus epidermidis, 
S. aureus, Pseudomonas aeruginosa, and Bacillus subtilis (Prema et  al. 2016). 
AuNPs of various shapes i.e. rectangular, square, cubic, and triangular shape with 
an average diameter of 60  nm were synthesized using Rhodomonas capsulata, 
which was later on applied for the treatment of human colon, lung, prostate, heart, 
and breast cancer (Menon et  al. 2017). Pourrali et  al. (2017) synthesized gold 
nanoparticles (AuNPs) using bacteria Bacillus cereus and fungus Fusarium oxyspo-
rum in vitro and their confirmation was done by UV-Vis, TEM, and XRD. Further, 
AuNPs were also used for the treatment of human fibroblast cell line CIRC-HLF 
(Pourali et al. 2017). Srinath et al. (2017) reported the synthesis of biocompatible 
gold nanoparticles using Brevibacillus formosus and assesed their antibacterial 
activity against Staphylococcus aureus and Escherichia coli (Srinath et al. 2017).

AuNPs were synthesized by using bacterium Ps. fluorescens 417, and properties 
confirmed by UV-Vis, FTIR, and TEM and finally showed their antimicrobial 
potential against Ps. aeroginosa, Bacillus subtilis, E. coli, S. aureus, and Klebsiella 
pneumoniae (Syed et al. 2016). Nangia et al. (2009) synthesized AuNPs using bac-
terium Stenotrophomonas maltophilia (AuRed02) and characterized them by elec-
trophoresis, zeta potential, and FTIR (Nangia et  al. 2009). Sharma et  al. (2012) 
biosynthesized AuNPs using bacterium Marinobacter pelagius and analyzed them 
with TEM, UV-Vis, and dynamic light scattering (Sharma et al. 2012).

Besides bacteria, there are few reports in literature for the biosynthesis of AuNPs 
and AgNPs using microalgae (Agarwal et al. 2019). These microalgae are rich in 
proteins, flavonoids, and several other enzymes which are absent or present in very 
less content than the bacteria. Moreover, microalgae being a eukaryotic, have differ-
ent modes of synthesis of both metallic and metal oxide nanoparticles. Sintubin 
et  al. synthesized both Au and AgNPs using dried powders of Spirogyra spp. 
(Sintubin et al. 2011).

7.5.2  Silver (Ag) Nanoparticles

As we have already discussed above, AgNPs have various applications, especially 
in the field of medicine and drug delivery. They exhibit almost all applications 
shown by AuNPs. AgNPs are applied in food pacakaging in order to prevent their 
spoilage by foodborne pathogens. They are also used as antimicrobial agents for 
plant crop protection. All these applications of AgNPs are possible due to their eco-
nomical and biocompatible nature (Hoseinnejad et al. 2017) (Siddiqi et al. 2018). In 
pharmaceutical products, AgNPs could be used as antimicrobials, agents for 
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targeted drug delivery, and anti-biofilm agents. While in agriculture, it could be used 
for plant disease management. Further, it could also be used for environmental 
cleanup like water electrolysis, treatment of wastewater, degradation of dyes and 
pesticides, detection of pathogens and contaminants as a biosensor, etc. Silver 
nanoparticles showed antimicrobial potential against B. cereus, B. subtilis, S. aureus, 
Corynebacterium rubrum, E. coli, Vibrio parahemolyticus, K. pneumoniae, 
Salmonella typhi, Ps. aeruginosa, Citobacter koseri, and Salmonella typhimurium 
(Thomas et al. 2015). Gahlawat and Choudhury (2019) have already reported earlier 
the biosynthesis of AgNPs from various pathogenic and nonpathogenic bacteria 
(Gahlawat and Choudhury 2019).

In the field of research, Kumar and Ghosh (2016) studied that, in history, silver 
has been used as an antibiotic in human health care (Kumar and Ghosh 2016). For 
many centuries, the antimicrobial property of silver has been well known to cultures 
around the world. Nalenthiran et al. (2009) reported the synthesis of AgNPs from 
Bacillus sp. (Brevibacillus borstelensis_MTCC10642) by exposing them with 
AgNO3 solution and further characterizing them with advanced instruments. The 
size of AgNPs was 5–15 nm, formed intracellularly in the periplasmic space of the 
bacteria (Nalenthiran et  al. 2009). Suman et  al. (2014) reported the synthesis of 
AgNPs from Agrococcus sp. and characterized them with TEM, UV-Vis, and 
FTIR. Silver nanoparticles were prepared using the bacterium Escherichia coli in 
liquid broth medium (Suman et al. 2014). Silver nanoparticles showed antimicro-
bial potential against Lactobacillus fermentum, Streptomyces sp., Bacillus cereus, 
Brevibacterium casei, Staphylococcus aureus, Bacillus licheniromis, Enterobacteria, 
and Ureibacillus thermosphaerius (Chintamani et al. 2018). Fang et al. (2019) syn-
thesized AgNPs using bacteria Bacillus amyloliquefaciens, Bacillus subtillis, and 
Stenotrophomonas sp. BHU-S7, whereas gold nanoparticles were prepared using 
bacterium Deinococcus radiodurans (Fang et al. 2019).

Karthika et al. (2015) synthesized AgNPs from bacterium Serratia marcescens, 
whose characterization was done by sophisticated instruments. Here, the AgNPs 
exhibited antibacterial capability against E. coli, Staphylococcus sp., and 
Pseudomonas sp. (Karthika et  al. 2015). El-Saadony et  al. (2019) synthesized 
AgNPs from Bacillus pseudomycoides MT32 and showed antifungal properties 
against a group of Aspergillus spp. (Asp. flavus, Asp niger, and Asp. tereus), 
Penicillum notatum, Rhizoctonias olina, Fusarium solani, Fusarium oxysporum, 
Trichoderma viride, Verticillium dahlia, and Pythium spinosum. Characterization 
and analysis of silver nanoparticles were done using TEM, XRD, EDS, DLS, zeta 
potential, and UV-Vis (El-Saadony et al. 2019). Further, AgNPs synthesized from 
bacterium Haemophilus influenzae showed antimicrobial potential against various 
pathogenic bacteria like Ps. aeruginosa, Klebsiella spp., Streptococcus spp., 
Serratia spp., S. aureus, E. coli, and yeast (Candida albicans) using the agar well 
diffusion method. Characterization of AgNPs was confirmed using atomic force 
microscopy (Gahlawat and Choudhury 2019). Yadav and Fulekar (2018) reported 
the synthesis of AgNPs from bacterium Pseudomonas sp. ARS-22 and character-
ized them using various microscopic and spectroscopic instruments (Archana 
et al. 2015).
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Further, Kumar and Ghosh (2016) reported the synthesis of AgNPs from bacte-
rium Brevibacillus centrosporus DSM8445T, B. levickii LKG22481, B. invocatus 
NCIMB13772T, B. panacihumi DCY35, and B. choshinensis DSM8552T, and the 
confirmation of AgNPs was done by sophisticated instruments (Kumar and Ghosh 
2016). The schematic representation of the biosynthesis of AgNPs and AuNPs is 
shown in Fig. 7.4.

7.6  Algal-Mediated Synthesis of Metallic Nanoparticles

Algae like fungi are eukaryotic organisms, which are widely utilized for the forma-
tion of both metal and metal oxide NPs, though their mode of synthesis of nanopar-
ticles is more or less similar to prokaryotes. Several approaches have been made 
which are available in literature for the microalga-mediated formation of metal and 
metal oxide nanoparticles from their respective aqueous salt solutions (Kuppusamy 
et al. 2016). But the synthesis of nanoparticles by algae has numerous drawbacks as 
it is highly time taking, require more space for harvesting and tedious task (Agarwal 
et al. 2019). Simultaneously, there are several advantages also like photosynthetic 
property, ability to convert solar energy and CO2 into biomass, and accumulation of 
nutrients in the form of C, N, and P. All these properties have direct impact on the 

Fig. 7.4 Flowchart for the biosynthesis of AuNPs and AgNPs from microorganisms
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morphological properties of nanocrystals. Microalgae could synthesize NPs in four 
different ways:

 1. Direct utilization of biomolecules extracted after the breakage of the algae
 2. Using supernatant obtained from microalgae culture media
 3. Directly exposing the salts with the microalgae cells
 4. Using living cells of microalgae

Merin et al. and several others have synthesized AgNPs from microalgae from 
the family of Haptophyta, Chlorophyta, and Ochrophyta (Mohseniazar et al. 2011). 
Mahdieha et al. reported synthesis of AgNPs by using living biomass of Spirulina 
platensis (Mahdieh et  al. 2012), while Luangpipat et  al. incubated gold chloride 
with Chlorella vulgaris under optimal conditions and reported the synthesis AuNPs, 
which was confirmed by TEM (Luangpipat et al. 2011). Microalgae due to their 
richness in various biomolecules like sulfated polysaccharides and proteins and pig-
ments were used for the synthesis of Ag, Pd, Cd, and NPs, by either whole cells, 
supernatant, or dried biomass. Microalgae, mainly exploited so far for the above 
NPs, are cyanobacteria, Chlorella spp., Lyngbya majuscula, Spirulina platensis, and 
other Chlorophyta spp. (Patel et al. 2014).

7.7  Microbial-Mediated Synthesis of Metal Oxide 
Nanoparticles (MONPs)

7.7.1  Bacteria-Mediated Synthesis of Metal 
Oxide Nanoparticle

Metal oxide NPs have changed the face of industries due to its application in 
research, medicine, ceramics, space, defense, wastewater treatment, and composite 
preparation (Patel et  al. 2014). Some of the most commonly used metal oxide 
nanoparticles are iron oxide nanoparticles, silica nanoparticles, and alumina 
nanoparticles. These nanoparticles are mostly synthesized from a commercial pre-
cursor using chemical and physical approaches. The most common chemical 
approaches employ sol-gel, coprecipitation, hydrothermal and solvothermal 
decomposition (Bilton et  al. 2012), while chemical vapor deposition and laser 
ablation are common examples of the physical method. Because it is highly energy-
intensive, both of these approaches are not only expensive, but also hazardous due 
to applications of various chemicals in the synthesis. So the biosynthesis of metal 
oxide NPs is an economical, biocompatible, and green method (Jiang et al. 2018). 
Among the biological approaches, various photoproducts and microbes have also 
been used. Plant products like leaf, flower, fruit, bark, and stem have various pro-
teins, phytochemicals, flavonoids, terpenoids, and enzymes that act as a reducing 
agent, while microbes like bacteria, fungi, yeast, and algae have numerous biomol-
ecules (proteins and enzymes and organic acids) that act as both reducing and 
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capping agent in addition to transforming the precursor into a biocompatible prod-
uct (Shah et al. 2015a).

The mechanism of synthesis of metal oxides from the precursor material by 
microorganisms is similar to single metals. Generally, microorganisms can synthe-
size metal oxide NPs either intra- or extracellularly. In the previous process, metal 
precursors are taken up from the medium by the microbes and transform them into 
respective metal oxides using their machinery, whereas in the extracellular process, 
the metal precursors are present in the medium, where the microbes secrete their 
microbial products. The secreted microbial products interact with the metal precur-
sors and get transformed into metal oxide nanoparticles (Mohd Yusof et al. 2019). 
Out of these two processes, extracellular mechanisms are considered advantageous, 
as the metal oxide nanoparticles form outside, so the recovery or downstream pro-
cessing will be easier and economical in comparison to the intracellular process. 
Moreover, in the extracellular process, there are fewer chances of contamination.

Metal oxide nanoparticles are very effective in inhibiting the growth of various 
GP and GN bacteria and they have emerged as the most promising candidate as 
antimicrobial agents. The most common metal oxides include ZnO, TiO2, CuO, 
Fe2O3, and MgO. The biological material used for the synthesis of NPs like bacteria, 
fungi, yeast, and plant extract lies on the principles of green chemistry and is com-
patible with the use of microorganisms (Mohd Yusof et al. 2019). The biologically 
synthesized NPs have various applications such as drug delivery, biolabeling, coat-
ing of medical products, and treatment of cancer (Yadav and Fulekar 2018). 
Opposite to physicochemical methods, biosynthesized NPs are nontoxic, making 
them suitable for biomedical applications. Moreover, the oxidized form of synthe-
sized NPs is even more useful due to their physicochemical properties. Like metal 
NPs, bacteria could also synthesize metal oxide NPs by means of intracellular or 
extracellular process. Based on several works, it was found that among bacteria, 
NADH-dependent nitrate reductase (NDNR) enzyme activity plays a key role in the 
conversion of metallic ions to nanoparticles. The general synthesis methodology for 
the biosynthesis of nanoparticles using bacteria is shown in Fig. 7.5.

7.7.2  Iron Oxide Nanoparticles (IONPs): A Special Class

The unique physicochemical properties of FeO nanoparticles have fueled their 
demand not only from research and industrial viewpoints, but perhaps these are one 
of the most preferred nanomaterials in biotechnology and microbiological domains 
(Gu et al. 2006; Tamer et al. 2009; Chang et al. 2008; Dong et al. 2011; Meng et al. 
2011). The common link with hemoglobin present in the blood has recently fasci-
nated research towards them in modified forms, whereby these entities could be 
prepared using facile approaches. On the basis of microbial stain and respective 
nanoparticle concentration, NPs of FeO could either stimulate or suppress microbial 
growth. The superparamagnetic attributes of these particles make them befitting 
heat coupling sources, forming the basis of their suitability in targeted drug delivery 
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to injurious or damaged cell or organ systems and improving the efficacy of modi-
fied drug delivery through hypothermic coupling (Khanna et al. 2018; Xue et al. 
2018). The heat coupling efficacy of FeO NPs is already in robust consideration 
towards improving the antimicrobial efficacy of AgNPs (Senthil and Ramesh 2012). 
Similarly, the magnetically responsive ability of FeO NPs has rapidly increased 
their implication in biosensing (separation of pathogenic and nonpathogenic micro-
bial strains), immobilization of select microbial population(s), and process intensi-
fication of biotechnological processes. Till date, FeO NPs are produced by several 
Fe-reducing bacterial species such as Thiobacillus thiooxidans, T. ferrooxidans, 
Gallionella, Shewanella, and magnetotactic bacterium, with existence in several 
phases, such as magnetite (γ-Fe3O4), hematite (β-Fe2O3), and maghemite (α-Fe2O3) 
(Ali et al. 2016). Two broad mechanisms for synthesizing FeO NPs include either 
intervention of magnetotactic bacteria or through exposure of Fe precursors to non- 
magnetotactic bacteria. The two approaches are discussed ahead with their working 
distinctions.

7.7.2.1  Magnetotactic Bacteria: Magnetite Nanoparticles

Magnetotactic bacteria comprise a peculiar category of bacteria, owing to their 
capability of intracellular generation of magnetite NPs in specialized organelles, 
called magnetosomes. These structures encode specialized globular protein, ferrin, 
which, in turn, comprises 24 distinctive subunits (Sakaguchi et al. 1993; Philipse 

Fig. 7.5 Generalized nanoparticle synthesis methodology using bacteria
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and Maas 2002). This encapsulation aids in the storage of Fe in a nontoxic and 
soluble form, inside the magnetosomes, which could be extracted from bacteria 
through mechanical or chemical means (extracted magnetosomes could be ruptured 
to harvest magnetite NPs). The magnetite NPs are arranged in a crystalline manner 
within the magnetotactic bacteria with the entire population having equal size and 
shape. A characteristic/unique aspect of these magnetite NPs inside the magnetotac-
tic bacteria is their ability to align them along the earth’s magnetic field (Blakemore 
1975). As harvested magnetic NPs are being used in diverse fields of cutting-edge, 
substantiating drug delivery, life sciences, MRI, CT scan, electronically equipped 
memory storage devices, ink printing, and several others. The most common bacte-
rial species studied for the generation of magnetite are Magnetospirillum magneto-
tacticum, generating two distinct kinds of NPs, the first being magnetic (Fe3O4) NPs 
(having chain like structure), while the second being greigite (Fe3S4) NPs (Xie et al. 
2009). Rarely, synthesis of both nanostructures is also reported from the same 
microbial species (but definitely under different culturing conditions). Popular spe-
cies, among other bacteria well known for intracellular formation of magnetite 
(Fe3O4) NPs, include Aquaspirillum magnetotacticum, Magnetospirillum candida-
tus, Magnetoglobus multicellularis, and magnetotactic bacterium MV-1.

Magnetosomes are capable of forming robust crystalline as well as noncrystal-
line nanocrystal morphologies, having diverse shapes ranging from hexagonal to 
octahedral and faceted cuboctahedral shape and octahedral symmetry with either 
tied down or collected morphology within the phospholipid bilayers. It is pertinent 
to discuss some of the cahracteristic formations of magnetic NPs by bacterial stains, 
with the first being Desulfovibrio magneticus (RS-1), an anaerobic bacteria capable 
of reducing sulfur and intracellular accumulation of magnetite NPs, with sizes of 
most accumulated magnetite crystals remaining in the order of 30 nm (all particles 
being superparamagnetic in nature). In an interesting study, Klaus-Joerger demon-
strated the possible replacement of Fe in biosynthesized magnetite NPs by Co, Cr, 
and Ni (all having an unpaired electron that contributes to spin-based characteristic 
magnetic sensitivity) in Thermoanaerobacter ethanolicus, a heat-enduring 
Fe-reducing bacterium. These substitutions produced octahedral magnetite NPs of 
<12-nm sizes in significant quantities, coexisting with poorly crystalline magnetite 
phase near the cell surface. Elblbesy and coworkers documented the formation of 
magnetic NPs from the Magnetospirillum strain AMB-1 to produce 47-nm-sized 
magnetite NPs, further working on the investigation of magnetic behavior as a func-
tion of varying incubation temperatures. Almost working on the same principle, 
Philipse and Maas reported the synthesis of magnetite crystals in single-domain, 
folded-chain, and flux-closure ring morphologies in Magnetospirillum magneto-
tacticum through regulation of bacterium locomotion via varying the externally 
applied magnetic field (Philipse and Maas 2002). Organisms living in Fe-rich sur-
roundings harness their energy through a reduction of mFe+3, with the partial reduc-
tion resulting in magnetosome having a peculiar protein-constituted phospholipid 
bilayer as its membrane. Several studies have screened the ability of diverse bacte-
rial species isolated from Fe ore mining sites for their magnetic property conferring 
ability at laboratory conditions. In one such attempt, the Thiobacillus thioparus 
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strain was identified through rybotyping, with microbial growth and magnetite pro-
duction being optimized at varying pH, temperature, and substrate concentrations 
(Katayama and Kuraishi 1978). Moreover, magnetic NPs were purified via growth 
and lysis of bacteria and the magnetic properties were screened using empirical 
observations under the influence of magnetic field. With an interest to pursue their 
specific biological impact, the harvested NPs were monitored for their suitability in 
SDS-polyacrylamide gel electrophoresis (PAGE) in conjunction to those of copre-
cipitated magnetic NPs as well as particles coated with bacterial protein. The obser-
vations revealed that purified particles were synthesized using isolated bacterial 
strains having a protein coating, visualized on the stained polyacrylamide gel. The 
fluorescence property of the solution under magnetic field and aggregation of the 
particle along the edge of the wells in the absence of protein coating displayed the 
presence of monodispersive magnetic NPs in the preparation. Another attempt 
focused on the utilization of magnetically insensitive anaerobic bacterium GS-15, to 
reduce nonmagnetic brown disordered ferric oxide into a magnetic black solid par-
ticle, with the synthesized crystals residing outside the cell in a nonaligned hierar-
chy (Elcey et al. 2014).

7.7.2.2  IONP Synthesis by Non-Magnetotactic Bacteria

Several studies have reported the synthesis of FeO NPs using non-magnetotactic 
bacteria, through culturing in peculiar environments at specific pH and temperature. 
One such attempt reports the biological synthesis of 73.30-nm-sized FeO NPs 
through Lactobacillus rhamnosus strain, followed by characterization using atomic 
force microscopy (AFM) and FTIR spectroscopy (Mohammed et al. 2016). Another 
attempt reports the utility of P. islandicum strain in getting rid of heavy metal mani-
fested as pollution through a transformation of Fe, Cu, Cr, and U to their oxides at 
high temperatures (Tchounwou et al. 2012). Study results like these provide highly 
crucial information about the optimization of microbial species to attain optimum 
biological degradation as the genes coding for concerned biochemical conversions 
could be selected and engineered for a higher expression to maximize the detoxifi-
cation efficacy. Many investigations report better efficiency of biodegradation using 
symbiotic cultures compared to single microbes, inferring a probable synergistic 
mode of functioning by microorganisms. These possibilities could be further opti-
mized for enhancing the performance as requirement of distinctive nutrients from 
culture media would allow better growth of a bacterial and fungal consortium com-
pared to bacteria or fungi alone.

Maghemite Nanoparticles (γ-Fe2O3)

Microbial species like Actinobacter (an aerobic bacterium) have been optimized to 
produce superparamagnetic Fe2O3 NPs at extracellular locations, using FeCl3 and 
FeSO4 under ambient culture conditions. Exploring the untapped potential of 
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biologically abundant and environmentally safer technologies to utilize inorganic 
metals and their varying stoichiometry compounds has been on the rise over the past 
few years. The justified reason for this is the renewable nature of energy input 
needed to catalyze the bioconversions and catalysis processes. It seems quite over-
whelming when the microbes residing in marine and terrestrial habitats are cultured 
for development into biologically altered forms that could selectively act on harm-
ful synthetic dyes and poisonous heavy metals and their compounds, recalcitrants. 
These technologies reflect the untapped potential of natural biomaterials or biore-
sources to clean the environment and regulate the net balance of several useful met-
als and nonmetals, via precipitation, decomposition, and degradation. For instance, 
Bacillus species encode a significant population of enzymes and proteins aiding in 
the synthesis of metal oxide NPs, such as that of hexagonal and protein-capped 
crystalline Fe2O3 NPs by Bacillus cereus using FeCl2 as a precursor. Capping with 
microbial proteins during synthesis ensures a thorough stability of as synthesized 
NPs using the same material as reducing and capping agents (Fang et al. 2019). So 
no separate capping agent needs to be added and NPs or nanomaterials made in this 
manner find astounding significance in drug delivery applications (where cytotoxic-
ity has to be controlled).

The use of a thermophilic bacterium, P. islandicum, is immensely significant in 
this regard, through which amorphous Fe (III) oxyhydroxide is reduced to magneti-
cally receptive iron oxides at 65 °C. Similarly, the enzyme extract of Lactobacillus 
casei, upon incubation with FeSO4 solution (1 mM) at 5.6 pH, 37 °C, and in 5% 
CO2-containing environment for 3 weeks, provided spherical NPs of 15 nm (evalu-
ated using transmission electron microscopy) size. Preliminary formation of NPs 
was noted by the transparent to black color changes of the culture medium, after 
which confirmatory screening was made using electron microscopy and X-ray dif-
fraction. Approaches like these offer benign methodology for FeO NP synthesis, 
with simple, efficient, and economic methodology, owing to which the as-harvested 
product could be readily utilized for drug delivery and pharmaceutical applications 
(Torabian et al. 2018). Similarly, Bacillus subtilis strains (isolated from rhizosphere- 
rich soil) are reported for the extracellular synthesis of Fe3O4 NPs, using a superna-
tant fraction of their culture medium (to write details). It would be interesting to 
note here that same yield of NPs is not possible with supernatant and pellet as the 
population of biological catalysts differs, thereby affecting the NP formation activ-
ity (Sundaram et al. 2012).

A peculiar aspect in FeO NP formation by magnetotactic bacteria involves the 
movement of Fe particles, leading to the formation of siderophores, which are the 
magnetosome vesicles facilitating Fe reduction from the +3 (ferric) to +2 (ferrous) 
state. After this biological reduction, controlled biomineralization of magnetite (in 
the last stage) happens. An important consideration here is the formation of sidero-
phores, characteristic magnetic vesicles formed in magnetotactic bacteria, typically 
low-molecular-weight (0.5–1.5-kDa) Fe+3-chelating molecules synthesized by most 
bacteria under Fe limiting conditions (Arakaki et al. 2008). In general, these sidero-
phores are natively synthesized by magnetotactic bacteria.
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Table 7.2 presents an account of different metal oxide NPs synthesized using 
bacterial species, with the characteristic shape, size, and species. Yet again, it is 
interesting to note the NPs of similar size, shape, and extent, which consequently 
form the basis of their distinct applications (owing to size- and shape-dependent NP 
functional responses).

7.7.2.3  Fungus-Mediated Synthesis of FeO NPs

Recognized as eukaryotic organisms for their decomposition activities, fungi are 
ubiquitous in several ordinary lodgings and are one of the most well-known decom-
poser organisms. Biological diversity and robustness of living requirements for the 
fungi could be well judged from the supposedly 1.5 million species (reported on 
earth), even though only 70,000 of these are distinctly known. Digestion of extracel-
lular food sources through secretion of specified enzymes to hydrolyze complex 
chemical compounds into simpler fractions that are finally absorbed and utilized as 
energy resources is a characteristic feature of these microorganisms. Latest data 
enabled through high-throughput screening methods estimate a prevalence of nearly 
5.1 million fungal species (Wu et al. 2019). Higher tolerance of culture environment 
adversities (such as temperature and pH diversity) along with greater metal bioac-
cumulation abilities by the fungi renders them highly suitable compared to bacterial 
species (Archana et al. 2015). Apart from the higher culture fluctuation tolerance of 
fungi, the fascinating features for intense interest in fungal preparation of metal and 
metal oxide NPs are due to the simplicity of their scale-up process alongside an 

Table 7.2 Various metal oxide nanoparticles synthesized using bacteria

Bacteria Size Shape

ZnO Rhodococcus pyridinivorans NT2 100–120 Hexagonal
ZnO Bacillus licheniformis MTCC 9555 100 Hexagonal wurtzite
ZnO Staphylococcus aureus and Escherichia coli 3.9 ± 0.5 Sphere
ZnO Klebsiella pneumoniae 20–25 Hexagonal pyramids
FeO Actinobacteria sp. 10–50 Spherical
Fe2O3 Shewanella oneidensis MR-1 30–40 Irregular or 

rhombohedral
Fe3O4 QH-2 80–90 Rectangular
Fe3O4 Aeromonas hydrophila 50–60 Spherical
TiO2 Bacillus subtilis 66–77 Spherical
TiO2 Bacillus amyloliquefaciens 22.11–

97.28
Spherical

TiO2 Lactobacillus sp. 8–35 Spherical
TiO2 Micrococcus lylae, Micrococcus aloeverae, 

Cellulosimicrobium sp.
14–17 Spherical

TiO2 Bacillus mycoides 40–60 Spherical
BaTiO3 Lactobacillus sp. 20–80 Tetragonal
NiO Microbacterium sp. MRS-1 100–500 Spherical flower

V. K. Yadav et al.



169

efficient extracellular secretion of enzymes (Boroumand Moghaddam et al. 2015; 
Prasad 2016, 2017; Prasad et al. 2018; Aziz et al. 2016). Utilization of fungi for 
making NPs is substantially preceded through thin solid substrate fermentation 
technique, manifesting the optimization of high wall-binding and intracellular metal 
uptake attributes, owing to their fast growth (Salvadori et al. 2015). Till date, several 
fungal species, including Verticillium luteoalbum, Fusarium oxysporum, Asperigillus 
oryzae, Alternataalternata, Trichoderma viride, etc., have been cultured and opti-
mized to yield NPs of different shapes and sizes. An effort worth in this direction by 
Gawande et al., in 2016, reports the biomimetic mineralization of fungi to synthe-
size nano- or meso-sized NPs through activity of intra- and extracellularly secreted 
enzymes (responsible for a range of geometry and sizes of synthesized NPs). Fast 
growth and easier handling of fungal populations within the laboratory are the key 
advantages for their preferential usage in such applications (Gawande et al. 2016). 
The sole constraint behind the use of fungi in nanoparticle preparation is their dif-
ficulty in scaling up, hindering the commercial development and application of syn-
thesized nanomaterials. This constraint arises due to higher biomass fraction of 
fungi (compared to bacteria), and for needful enzymatic activity, the biological 
activity of cultured microbe has to be adequately expressed in the absence of which 
the product synthesis becomes impaired or affected (with respect to product qual-
ity). Among all the fungal species, Verticillium and Fusarium are most utilized for 
metal oxide NP synthesis, owing to their possession of versatile enzymes, proteins, 
and other metabolites (Ovais et al. 2018). One study reports the synthesis of FeO 
NPs at room temperature using ferrous and ferric salt mixtures as precursors 
(Mazrouaa et al. 2019). Success has also been obtained regarding the formation of 
crystalline magnetite NPs through cationic protein enabled hydrolysis of anionic Fe 
complexes at the extracellular sites. The obtained NPs exhibited a characteristic fer-
romagnetic transition with an almost insignificant magnetization extent at low tem-
perature. In processes like this, it is very pertinent to take note of the electrostatic 
proximity of cationic proteins with anionic Fe precursors, and it becomes impera-
tive to have an aggregation preventing capping activities of cationic proteins, which 
in turn promotes interaction with negatively charged species/molecules (Fig. 7.6).

A rigorous investigation by Latiffah and coworkers reports the formation of 
spherical FeO NPs using three distinct manglicolous fungal species, namely, 
Trichoderma asperellum, Phialemoniopsis ocularis, and Fusarium incarnatum, iso-
lated from mangroves. The NPs were, respectively, 25 ± 3.94, 13.13 ± 4.32, and 
30.56 ± 8.68 nm in sizes, inferring highest monodispersion with Phialemoniopsis 
ocularis, a consideration which could be further screened with respect to the bio-
logical catalytic action of Phialemoniopsis ocularis (Latiffah et al. 2010).

Many research efforts have explored the bioreducing ability of the fungus 
Aspergillus niger for making magnetite (Fe3O4) NPs, in view of this fungi’s ability 
to catalyze the FeSO4 and FeCl3 decomposition to FeS and Fe2O3, respectively. 
Upon exposure to ethanol-assisted supercritical conditions, the as-formed particles 
were stored at 300  °C and 850 PSI units of pressure. Subsequent analysis using 
phase structure and morphology aspects yielded spherical and pure Fe and Fe3O4 
NPs having average sizes of 18 and 50 nanometers, respectively. Screening for 
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magnetic properties revealed ferromagnetic behavior with saturation magnetization 
extent of 68 emu per gram for Fe3O4. The analytical profile provided a novel para-
digm shift to optimize biophysical methods for the large-scale synthesis of mag-
netic NPs optimized for biomedical applications (Abdeen et al. 2016).

Biosynthesis of Fe NPs is also reported using Pleurotus sp. in optimum culture 
media, where the fungus was allowed to grow in 2x10−4 M FeSO4 solutions up to 
72 h. UV-Vis absorbance peaks at 226 and 276 nanometers predicted the formation 
of NPs, while involvement of proteins in the NP formation (as component of culture 
medium) was ascertained through spectral analysis of broth containing culture 
medium at varying time intervals corresponding to 265 nm. Interactions of proteins 
with NPs were inferred through FTIR spectroscopy through a concomitant involve-
ment of functional groups indicated by shift of functionalities of the treated cells. 
Morphology inspection through TEM revealed particle deposition at the inner as 
well as outer surface for completion of the synthesis process. The peculiar role of 
fungal proteins was confirmed by the absence of these depositions in control sam-
ples, where no Pleurotus sp. was furnished. This was also confirmed through X-ray 
fluorescence, which showed no Fe in control samples but prevailed in mycelium. 
The presence of few other elements was also noted, which could be due to 
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Fig. 7.6 Advantages of fungus-based synthesis of nanoparticles
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randomized compositional fluctuations of culture medium. A characteristic aspect 
of FeO NP synthesis by fungi is the formation of Fe transport molecules like 
hydroxamates that bind the complex molecules and transport them inside the cells 
(Mazumdar and Haloi 2011). Similarly, the potential of Aspergillus japonicus iso-
late AJP01 is also reported for extracellular synthesis of 60–70-nm FeO NPs through 
hydrolysis of a mixture of Fe cyanide complexes (acting as precursor), under ambi-
ent growth conditions. Screening the mechanism, it was noted that hydrolysis of 
these complexes released Fe+2 and Fe+3, through involvement of protein facilitating 
coprecipitation and controlled nucleation, ultimately forming FeO NPs. Analysis 
using FTIR spectroscopy revealed the presence of proteins that confer stability to 
as-formed NPs, in agreement with the observations of an earlier preliminary inves-
tigation (Bhargava et al. 2011).

7.7.3  Microbially Mediated Synthesis of TiO2, ZnO, CuO, 
SiO2, and Al2O3 NPs

7.7.3.1  Titanium Dioxide (TiO2) NPs

The significance of TiO2 in multidimensional domains of electronics, optics, and 
environmental remediation is well known. In general, the nontoxic and biocompat-
ible properties of TiO2 impart its suitability for biomedical requirements such as 
bone or tissue engineering as well as in pharmaceutical industries. Majorly, TiO2 is 
synthesized using chemical and biological reduction approaches such as sol-gel, 
hydrothermal, solvothermal, combustion, plant (extract), and microbially assisted 
biosynthesis. Microbes such as Lactobacillus (bacteria) and Saccharomyces cerevi-
siae (yeast) are used for TiO2 NP synthesis. Few specific examples of TiO2 NP 
synthesis using bacterial cultures are notified here. Firstly, Jayaseelan et  al. and 
Kirthi et  al. reported synthesis of TiO2 NPs using TiO(OH)2 as a precursor and 
Bacillus subtilis as a reducing agent. The morphology of the synthesized TiO2 was 
found to be spherical/oval while the size was in the 66–77-nm range (Kirthi et al. 
2011b; Jayaseelan et al. 2012). Secondly, Malarkodi et al. (2013) reported the syn-
thesis of TiO2 NPs of size 100–500 nm, irregularly shaped, using the biomass of 
Planomicrobium spp. obtained from melted ice. The synthesized NPs exhibited 
antimicrobial properties against B. subtilis MTCC 3053 and K. planticola MTCC 
2727 in agar disk diffusion method (Malarkodi et al. 2013).

Thirdly, a report by Khan and Fulekar focuses on the biological synthesis of 
TiO2 using Bacillus amyloliquefaciens as a capping agent. The synthesized TiO2 
exhibited a spherical morphology in the 22–97-nm size range. The synthesized 
TiO2 were used further in the photocatalytic degradation of Reactive Red 31 (RR31, 
a poisonous dye) using platinum-doped TiO2, developing the highest potential 
(90.98%) for RR31 degradation as compared to native TiO2 (75.83%) (Khan and 
Fulekar 2016).
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7.7.3.2  Zinc Oxide (ZnO) NPs

Owing to its simplified synthesis approach as well as its increasing suitability in the 
fields of pharmaceuticals, cosmetics rubber industry, biosensor development, optics, 
solar cells, and environmental remediation, ZnO NPs have emerged as one of the 
most sought-after metal oxide NPs (Khan et al. 2016, 2018). The specific interest has 
been to explore the antimicrobial, antibacterial, and antioxidant activities through the 
inherent nontoxicity of nanoscale forms (Bhuyan et al. 2015). Zinc (Zn) is evidently 
the second most abundant metal in the earth’s crust (after Fe) and it is the only metal 
present in all six enzyme classes (lyases, transferases, oxidoreductases, hydrolases, 
isomerases, and ligases). Similar to Zn, ZnO is the most researched and studied 
metal oxide after TiO2. Compared to other synthesis methods, the microbial approach 
offers much advantages emerging helpful for NP synthesis at low pH, temperature, 
and pressure. In an interesting attempt, Kalpana et  al. examined the antibacterial 
activity of ZnO NPs on Escherichia coli, Salmonella typhi, Bacillus subtilis, 
Staphylococcus aureus, and Pseudomonas aeruginosa (Kalpana et al. 2018). Further, 
Kundu et al. synthesized extracellular ZnO NPs of average diameter (100–120 nm) 
using Rhodococcus pyridinivorans NT2 and applied it for textile finishing and drug 
delivery in colon carcinoma (Kundu, Hazra) (Kundu et al. 2014). Jayseenlean et al. 
suggested a novel biological route for the synthesis of spherical, oval-shaped ZnO 
NPs of size 57.7 nm using bacterium Aeromonas hydrophila. The synthesized ZnO 
NPs were characterized by all the major sophisticated instruments and its potential 
was assessed against pathogenic bacteria and fungi (Jayaseelan et al. 2012). Taran 
et al. (2018) reported a simple, eco-friendly method for the synthesis of ZnO and 
TiO2 NPs using bacterium Halomonas elongata IBRC-M 10214. The morphological 
confirmation of NPs by microscopy revealed that the particles were spherical shaped 
whose average diameter was 104.63 ± 27.75 for TiO2 NPs and 18.11 ± 8.93 nm for 
ZnO NPs. Both of the NPs were assessed for their antibacterial activity against mul-
tidrug-resistant bacteria (MDRB), i.e., E. coli ATCC 25922 and Staphylococcus 
aureus ATCC 43300 (Taran et al. 2018).

7.7.3.3  Copper Oxide (CuO) NPs

One of the most important transition metal oxides, CuO promises interesting appli-
cations in terms of its size-tunable and captivating properties, forming the basis of 
its inclusion in highly critical temperature gas sensors, superconductors, and cata-
lytic, optical, photoconductive and photoelectronic, electrical, and energy storage 
purposes. It has been used as an antimicrobial agent recently against various bacte-
rial species (Yadav et al. 2017).

7.7.3.4  Silica (SiO2) NPs

A green technique of SiO2 NP formation, using a thermophilic bacterium (BKH1) 
as a biological template, is reported using an inorganic precursor (magnesium tri-
silicate) in an organic (tetraethyl orthosilicate) reducing agent (Show et al. 2015). 
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This novel method of bacterially synthesized SiO2 NPs is eco-friendly and is work-
able at ambient temperature, thereby not requiring drastic energy inputs. This 
method avoids the complex protocol of multistep synthesis and is therefore much 
cost-effective. A notable aspect is the functional activity of thermophilic bacterium 
(BKH1) at high temperatures, pertaining to which identification of genes conferring 
survival and needed bioactivities at high temperatures could be an interesting frame-
work for strengthening the impact of similar studies on other microbes. Such activi-
ties also create an interest in enzyme/protein stability against denaturation at high 
temperatures.

The synthesis of silicon/silica nanoparticle composites by the bacterium 
Actinobacteria sp. is reported by Marikani et  al., by exposing the bacterium to 
K2SiF6 precursor under ambient conditions. The formation of silica NPs is due to 
the secretion of several reductases and oxidizing enzymes. Further, few scientists 
have also reported on the synthesis of silica NPs from F. oxysporum isolated from 
tomato wilt (Marikani et al. 2016). Silica NPs were synthesized from rice husk ash 
(RSA) by F. oxysporum in malt-glucose (MG) and malt-glucose-yeast-peptone 
(MGYP) media. The confirmation of size, shape, and purity was analyzed by 
sophisticated instruments. It was concluded from the results that solubilization of 
silica was not directly associated with their production of organic acids. The results 
showed that the production of organic acids was not directly related to the solubili-
zation of silica. It was found that solubility and stability of silica are due to the 
extracellular proteins released into the medium during the exponential growth 
phase. Out of both the media, MG media were found more suitable for growth as 
well as for the formation of semicrystalline, quasi-spherical SiO2 NPs of size 
2–8 nm (Pineda-Vásquez et al. 2014).

7.7.4  Virus-Based Synthesis of Metal Oxide Nanoparticles

Plant viruses have been used widely as templates for organic–inorganic hybrid syn-
thesis. However, by simply adjusting the pH, fine-tuning of hybrid nanoparticle 
structures, especially the control of inorganic particle size and the location where 
silication occurs (i.e., outside and/or inside of the capsid), remains a challenge. By 
using the templating effect of the cowpea chlorotic mottle virus (CCMV) protein 
cage, it was shown that the silication at the outer or inner surface of the protein 
capsid, and the resulting structures of silica/virus hybrid nanoparticles, can be finely 
tuned by adjusting the pH (Liu et al. 2017). At pH 4.0, only small silica particles 
(2.5  nm in diameter) were formed inside the protein cages, whereas at pH  6.0, 
mainly silication occurred in the protein cages, resulting in monodisperse silica 
nanoparticles with 14-nm diameter. At pH 7.5, silica deposition was found on both 
the surfaces, i.e., inner and outer surfaces of the protein cage under aqueous condi-
tions. In these reaction circumstances, multicomponent hybrid virus/nanoparticu-
late systems, such as CCMVAu/silica and Au/silica nanoparticles, were prepared 
stepwise. After removal of the CCMV template in thermal degradation, a single 
gold nanoparticle can be encapsulated within a hollow silica shell to simulate the 
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structure of a baby rattle in which unattached solid particles are in the hollow par-
ticles. The Au/silica core-hollow shell nanoparticles can further be used as a stable 
catalyst. These synthetic methods are expected to provide a versatile method for 
preparing core-shell nanomaterials with well-designed structures and functions (Liu 
et al. 2017).

A sol-gel procedure has been developed to integrate bionanoparticles, such as 
cowpea mosaic virus, turnip yellow mosaic virus, tobacco mosaic virus, and ferritin 
into silica while maintaining the particle integrity and morphology. The structures 
of the resulting materials were characterized by TEM, small-angle X-ray scattering 
(SAXS), and N adsorption-desorption analysis. The results obtained show that the 
shape and surface morphology of the nanoparticles are largely retained after the 
incorporation of silica. After removal of the bionanoparticles by calcination, a mes-
oporous silica having monodisperse pores with well-defined shape and surface mor-
phology of the bionanoparticles was replicated inside the silica (Niu et al. 2010).

7.7.5  Alga-Mediated Synthesis of Metal Oxide Nanoparticles

7.7.5.1  Alumina Nanoparticles (Al2O3) by Algae

Algae are a good source of biomolecules among all other aquatic organisms; this is 
so because algae contain proteins, carbohydrates, fats, nucleic acids, pigments, and 
secondary metabolites such as alkaloids, some aromatic compounds, peptides, mac-
rolides, and terpenes (Siddiqi and Husen 2016a). They can act as reducing agents 
that help in the preparation of nanoparticles from metal salts without producing any 
toxic by-product. Once the algal biomolecules are identified, the nanoparticles of 
the desired shape or size may be fabricated. The antimicrobial activity of the thus 
synthesized metal and metal oxide nanoparticles against several gram-positive and 
Gram-negative bacterial strains and fungi has been investigated (Shannon and Abu- 
Ghannam 2016).

The dimensions of synthesized alumina NPs depend on the pH, temperature, 
incubation time, and concentration of the solution. A new biological methodology 
is proposed for the production of ceramic α-aluminum oxide nanoparticles using an 
extract of the algae Sargassum ilicifolium. The algal extract works as a stabilizer as 
well as a bioreducing agent. The UV-Vis analysis shows the presence of an absorp-
tion peak at 227 nm, which confirmed the formation of the aluminum oxide nanopar-
ticles. FTIR analysis has indicated that bioreduction of aluminum ions and 
stabilization of nanoparticles may be caused by interactions between aluminum and 
the biofunctional groups of the algal extract. The XRD pattern has confirmed that 
after calcination at ~1200 °C, the Al2O3 nanoparticles with 35-nm diameter were 
alpha crystalline in nature and have rhombohedral structure. TEM analysis showed 
that the alumina nanoparticles were well dispersed and spherical in shape with an 
average size of 20 ± 2.1 nm, while EDX spectroscopy has confirmed high purity of 
the alumina nanopowder, as sample contained only aluminum (46.31%) and oxygen 
(53.69%) (Koopi and Buazar 2018; Siddiqi and Husen 2016b).
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7.8  Various Conventional Approaches 
for Wastewater Treatment

With the continuous advancement of technology, several methods have made huge 
impact on wastewater treatment. Although there are several conventional wastewa-
ter treatment methods, like coagulation, precipitation, electrolysis, filtration, absorp-
tion, adsorption (Azimi et al. 2017), etc., most of them are less efficient, expensive, 
and energy-intensive. Out of these, the most efficient and economical method is 
adsorption and the process can become cheaper by using waste materials derived 
from agriculture, industry, domestic, and poultry. The adsorbents developed from 
such materials have different groups on their surface that act as adsorption sites. 
These active sites have a role in the removal of multivariate pollutants from the 
wastewater.

Out of these adsorption is the most reliable technique by nanoparticles due to 
their economical nature and surface modification by microorganisms (Khan et al. 
2019). Generally, nanoparticles adsorb inorganic pollutants on their surface. One 
more advantage with adsorption method is that the nanoparticles can be treated with 
0.1 M NaOH for removal of all the surface-attached pollutants, mainly heavy met-
als. This helps in the reuse of nanoparticles, whereas if nanoparticles are IONPs, 
then it can be easily recovered after the reaction is complete, making the whole 
process economical.

7.9  Applications of Nanoparticles for Wastewater Treatment

7.9.1  Typical Composition of Wastewaters

Before moving on to the mechanisms and efficacies of nanoparticle-enabled waste-
water treatment technology, it is quite logical to know about the chemical diversity 
of wastewater streams in terms of its composition. Multiple research attempts on 
wastewater streams from different regions of the globe list six major deleterious 
components, namely, suspended solids, biodegradable organics, pathogens, nutri-
ents, heavy metals, and soluble inorganic salts (Abdel-Raouf et al. 2012). All these 
constituents pose a significant risk to the pollution level of wastewaters and could 
be present either in native form or added at various stages of domestic water dis-
charge. For example, the nutrients carbohydrates, fats, and proteins could be present 
from the source itself (may be due to excretion products of humans and animals), 
whereas heavy metals could be added to the wastewater stream if it has access to 
industries. Similarly, the organic constituents act as existence support towards the 
environmental microbial species, which continuously grow, propagate, and increase 
their metabolic activities while residing on it (Lareen et al. 2016). Consequently, the 
microbial load increases, and with waste material as dietary input, these organisms 
exhibit toxic responses and are easily the opportunistic carriers of communicable 
infections (Figs. 7.7 and 7.8).
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The nitrogen in the discharged fats, proteins, and carbohydrates in the wastewa-
ter streams catalyzes the microbial activities through the eutrophication phenome-
non, as a consequence of which the toxicity is enhanced (Puyol et al. 2017). The 
oxidative proximities of proteins, carbohydrates, and fats (summed as biological 
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oxygen demand, BOD) deplete the environmental oxygen whereby serious loss to 
biodiversity could be driven. Like various other pollutants, inorganically dissolved 
impurities (such as calcium, sodium, and sulphate) could be added to wastewaters 
from household activities. These materials make the wastewater unfit for use owing 
to which its chemical load moderation is mandatory before final discharge as waste 
streams. Among the major organic materials (OM), fibers were found to prevail in 
the majority, followed by proteins and sugars, respectively accounting for 20.64, 
12.38, and 10.65% of the total organic content (TOC). A certain percentage of 
endocrine- disrupting chemicals (mostly polyaromatic hydrocarbons [PAHs] and 
phthalates) were also found to contribute towards the pollutant load of wastewaters 
(Puyol et al. 2017). Together, volatile fatty acids, soluble proteins, and sugars con-
tribute to nearly 30% of the total chemical oxygen demand (COD) of wastewaters, 
with the majority of proteins and sugars being >0.001 μm.

Several stages of treatment are employed to reduce the chemical load of waste-
water streams, such as removal of impurities and solid materials through sedimenta-
tion, froth floatation, or salt-driven precipitation. Each successive stage is intended 
to reduce the toxic content through treatment procedures implicit towards the chem-
ical diversity of impurities. The microbial decontamination of wastewaters has 
gained immense popularity in the past few years attributed to powerful chemical 
breakdown actions of microbial enzymes (Singh et al. 2016b). The advantage with 
this technology is that microbes can feed on the wastewater as their nutrient base 
and there is no requirement of maintaining their survival through external controls. 
The stage is now right to know about the specific bacterial species and strains for 
specific kinds of wastewater impurities.

Hyperthermophilic microorganisms can help in the migration of metal contami-
nants by reducing them to less mobile forms. Thermal radioactive or metal- 
containing industrial wastes may be treated potentially in bioreactors using 
microorganisms similar to the metabolism of P. islandicum or their enzymes 
(Kashefi and Lovley 2000). Many mesophilic microorganisms having the ability to 
use Fe (III) as a terminal electron acceptor can also reduce various metals and met-
alloids other than Fe (III) (Lovley 2013). Fe (III)-reducing bacteria and archaea 
were found capable to precipitate gold by reducing Au (III) to Au (0) (Kashefi et al. 
2001). The reaction appeared to be enzymatically catalyzed, which was dependent 
on temperature and the presence of hydrogen (as a specific electron donor). Many 
Fe (III)-reducing microorganisms were able to reduce the forms of oxidized metals, 
including radionuclides such as uranium (VI) (Wu et al. 2006) and technetium (VII) 
and trace metals including arsenic (V), chromium (VI), cobalt (III), manganese 
(IV), and selenium (VI). Many of these metals and metalloids act as environmental 
pollutants. Thus, Fe (III)-reducing microorganisms can be used to remove metals 
from water and waste streams and to immobilize metals in the subsurface 
environments.

Microbial reduction of metals may play a major role in the formation of metal 
deposits, which may be especially important in hot environments containing metal- 
rich waters (Drewniak and Sklodowska 2013). Common products of bacterial iron- 
reduced nanosized magnetic particles enable early disease detection and accurate 
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prognosis and personalized treatment, monitoring efficacy of prescribed therapy, 
or study of cellular interaction in a certain biological environment (Chircov et al. 
2019). These particles might be used in different radionuclide therapies, drug deliv-
ery, magnetic resonance imaging (MRI) (Yadav and Fulekar 2018), diagnostics, 
immunoassays, molecular biology, DNA and RNA purification, cell separation and 
purification, cell adhesion studies, hyperthermia, and magnetic ferrofluids for mag-
netocaloric pumps.

7.10  Specific Metal and Metal Oxide NPs Appropriate 
for Wastewater Treatment

The suitability of metal or metal oxide NPs for wastewater treatment is manifested 
in their antimicrobial and antioxidant characteristics since the wastewater streams 
are rich in oxygen-consuming pathogenic microbes. The NPs are ideal candidates 
for reducing the chemical complexity of oxygenated aggregations of wastes, facili-
tating their smoother discharge and disposal (Chen et  al. 2015). Among metals, 
mostly used NPs are Au, Ag, Cu, and Fe, while in oxides, TiO2, ZnO, silica, and 
nano zerovalent iron (NZVI) NPs are preferred (Ruttkay-Nedecky et al. 2017b). To 
a smaller extent, MgO, CuO, and Al2O3 conjugates are also employed. The sole 
mandate of utilizing bacteria-driven NPs for wastewater treatment relies on the 
interaction enhancing the ability of NPs. In this reference, it is quite interesting to 
note that not only NPs can reduce the toxicity of wastewater streams but, some-
times, even the bacterial strains as such or in genetically altered forms are added to 
wastewater streams. Bacteria possess a number of enzymes which work as catalysts 
to break down the toxic wastes comprising the wastewater stream. With such abili-
ties, sometimes the supplemented bacterial populations themselves become the 
sources to break down the toxic metal complexes into their salts which are further 
reduced to their zerovalent states. In the recent past, several interesting studies have 
reported the addition of genetically modified organisms (GMOs) into toxic waste 
streams to reduce their recalcitrant and heavy metal loads. This section selectively 
discusses bacterially synthesized metal and metal oxide NPs and their potential 
application in wastewater treatment.

In a very interesting 2013 contribution, Yang et al. have compared the wastewater 
treatment efficacies of nanoscale ZnO, TiO2, zerovalent iron, and AgNPs. They dis-
cussed that even though a common toxicity reduction mechanism of all these nano-
materials relies on the generation of reactive oxygen species (ROS), the extent and 
manner of such activities differ on an individual basis. The important factors affect-
ing the antimicrobial activities of these functionally distinct nanomaterials in waste-
waters are their chemical properties and stability (Das et al. 2018). Interestingly, the 
researchers have confirmed that oxygen is essential for ROS generation by nanoscale 
Ag and iron particles, whereas for ZnO and TiO2, illumination is needed to elicit the 
ROS expression. Interestingly, though having similar sizes, ZnO and TiO2 exhibited 
greater toxicity than nanoscale Ag and Fe, owing to their oxidizing vulnerability 
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and water solubility which result in the generation of toxicity-inducing metal ions. 
Regarding the toxicity of AgNPs, it is well reported that the toxic response is due to 
Ag+ formation, which is very sensitively affected by the oxygen concentration of the 
surroundings.

Under aerobic conditions, the antimicrobial response of AgNPs is due to oxida-
tive dissolution of AgNPs, concomitantly leading to gradual release of Ag ions and 
the production of ROS (Skandalis et al. 2017). The requirement of oxygen for the 
toxicity induction of AgNPs is further assured by no Ag+ formation in the anaerobic 
environment, predicting a necessity of dissolved oxygen to facilitate oxidative dis-
solution of nanoscale Ag (Abdal Dayem et al. 2017).

Similarly, Fe has comparatively higher reactivity than Cu and Ag, owing to 
which nano zerovalent Fe (nZVI) can reduce several chemicals in wastewater 
streams, such as aromatic nitro compounds, chlorinated solvents, and oxidized 
heavy metals (Yang et al. 2019). In the absence of oxygen (solution phase), water 
could oxidize nano zerovalent Fe, forming Fe+2 and H2 gas. However, water causes 
rapid surface oxidation of nano zerovalent Fe under aerobic conditions, after which 
dissolved oxygen oxidize ferrous state (Fe+2) to ferric (Fe+3) (Yang et al. 2019). So, 
in totality, the pH and DO concentration regulated the reduction efficacy of nano 
zerovalent Fe (Park and Dempsey 2005).

Opposed to Fe and Ag, the nanoscale ZnO and TiO2 generate ROS after photon 
absorption (Park and Dempsey 2005). Under illumination, electrons excited by pho-
ton absorption diffuse towards the surface and react with O to form superoxide 
anions (O2--) and consequentially generated holes diffuse to the surface and react 
with water to form hydroxyl radicals (OH−) (Liao and Reitberger 2013). A notable 
aspect is that nanoscale TiO2 is nearly water-insoluble, whereas ZnO can dissolve in 
water to a higher extent. So unlike TiO2, ZnO on being dissolved in water releases 
free Zn (as Zn+2) and Zn(OH)2 which are dominant zinc species at neutral pH condi-
tions and exert a toxic response towards aquatic organisms (Reed et al. 2012). Thus, 
ZnO and TiO2 mediate their toxicity-reducing responses in wastewater treatment 
through the additive association of sunlight, whereas nanoscale Ag and Fe express 
their toxicities through mutual oxidation and reduction. It seems reasonable here 
that a particular wastewater composition might be more specifically suited for treat-
ment by ZnO and TiO2 than Ag and Fe since ionic associations and redox existences 
are also affected by process temperature and pH. It is of further interest to note here 
that heterogeneous composition of wastewater streams complicates their detoxifica-
tion, where one particular material may not be effective to a significant extent. In 
such situations, combinative approaches like adding microorganisms (preferably in 
consortium modes) to the wastewater reservoirs or adding two or more antimicro-
bial agents in simultaneous mode seem to be more effective than conventional tech-
nologies. Readers are suggested to refer to the 2016 contribution of Lu et al., where 
the various problems of nanoscale Ag, Fe, and Zn usage are discussed at length 
along with their probable resolutions. For example, nanoscale Ag alone often leads 
to fouling and clogging issues in the aqueous environment, while when AgNPs are 
attached to filter materials, not only the overall cost of the remediation process mod-
erates but the disinfection efficacy also improves by significant extents (Mourdikoudis 
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et  al. 2018). Likewise, NZVI has been found effective in large-scale removal of 
contaminants (comprising nitroaromatic compounds, halogenated organic com-
pounds, phenols, organic dyes, heavy metals, inorganic anions, nitrates, metalloids, 
and radio elements) through simultaneous attributes of reduction, oxidation, adsorp-
tion, and precipitation, but the complications of aggregation, oxidation, and separa-
tion difficulty restrict the long-range disinfection efficacy of nZVI. As a consequence, 
several modifications are implemented for better nZVI treatment efficacy that 
includes surface coating, doping with other metals, conjugation with supports, 
emulsification, and encapsulation in the matrix (Liang et al. 2014). Studies on these 
modifications suggest enhanced nZVI reactivity via doping with other metals. 
Similarly, surface coating and conjugation strategies forbid the aggregation and 
enhance the nZVI dispersion. The modifications of conjugations and matrix encap-
sulation ensure an optimum nZVI separation from degraded wastewaters, paving 
the way for their efficient removal from the treated wastewater streams (Ledakowicz 
et al. 2001). Similarly, the photocatalytic attributes of TiO2 are the reasons for its 
extraordinary suitability in UV-radiation-driven particle separation. With its reason-
able price and long-lasting photo-, chemical, and biological stability alongside a 
large energy band gap (3.2 eV), TiO2 remains the most sustainable photocatalyst till 
date (Fujishima et  al. 2000). Remarkable photocatalytic efficacy of this material 
facilitates ROS generation in reasonable time durations, facilitating an efficient 
removal of contaminants.

The prospect of nanomaterial recovery from the waste stream is definitely a 
concerning factor for their scale-up suitability in detoxification application (Shan 
et  al. 2009). This challenge can be addressed by careful consideration of the 
source of these nanomaterials, which critically affects their shape, size, and aggre-
gation stability. For instance, bottom-up approaches offers significantly higher 
control on their size and shape, owing to which the application stability and suit-
ability would be higher. On the other hand, top-down approaches (mostly used in 
physical methods of nanomaterial synthesis) are elaborate, utilizing higher energy 
due to which the end products are less stable and, consequently, more vulnerable 
towards aggregation.

7.11  Conclusion

Microbial synthesis of nanoparticles has gained tremendous applications in waste-
water treatment due to their high surface area to volume ratio, functionalization by 
biomolecules, etc. Microorganisms have various organic compounds like enzymes, 
acids, polysaccharides, etc. that act as a reducing agent for metallic nanoparticles, 
whereas some of biomolecules are also involved in the metal oxide synthesis of 
nanoparticles. These metallic and metal oxide nanoparticles have adsorption sites 
on their surface that help in the removal of pollutants from the wastewater. Nano 
adsorption has several advantages over other pollutant removal process. IONPs not 
only have diversity in the phases but also are economical, recyclable, and easily 
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available. Microbially synthesized nanoparticles have huge potential for the green, 
economical, and biocompatible source of nanoparticles that find applications in the 
field of environmental cleanup.
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Chapter 8
Microbial Strategies for Controlling 
Harmful Cyanobacterial Blooms

Digvijay Singh, Gurleen Kaur, Joginder Singh, and Saurabh Satija

Abstract Cyanobacteria are earth’s oldest heterogeneous group of prokaryotes that 
are predominantly photosynthetic. The anthropogenic nutrient enrichment in aquatic 
system fuels the exponential cyanobacterial growth along with optimum environ-
mental conditions leading to the propagation of harmful scums known as “cyanob-
looms”. The catastrophic effects of these cyanoblooms include prevalence of anoxic 
conditions, alteration of food webs, accumulation of organic materials, and adverse 
effects on animals, birds, and humans due to release of toxic secondary metabolites 
(cyanotoxins). The CyanoHABs (cyanobacterial harmful algal blooms) pose a seri-
ous threat to the usability and substantiality of freshwater resources. The applicabil-
ity and feasibility of different control strategies depend upon the intensity, frequency, 
and magnitude of invasion of the cyanobacterial population along with other envi-
ronmental limitations. Moreover, the insights about the type of ecostrategist, the 
area/zone inhabited, the type of aquatic system escalated, and the mechanism of 
formation of CyanoHABs are yet other critical factors. The physical (sonication, 
aeration) and chemical (algicide, oxidants) agents used for the modulation of 
CyanoHABs have proved to be transitory and spatially constricted to smaller eutro-
phying systems. Additionally, chemical agents have potential to exterminate aquatic 
biota and also require intermittent dosage for its utility. The effectiveness of future 
cyanobloom management approaches thus could be magnified by employing bio-
control strategies which include use of virus, bacteria, fungi, and protozoans and 
biomanipulation for impeding cyanobacterial growth.
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8.1  Introduction

Cyanobacteria are a diverse group of photosynthetically active (Hamilton et  al. 
2016) unicellular and multicellular prokaryotes which are also referred to as “pond 
scum” (Bhatnagar et al. 2014). This potent oxygen-producing machinery exhibits a 
variety of photosynthetic pigments like phycocyanin, chlorophyll, carotenoids, and 
phycobiliproteins which provide contrasting colours to the cyanobacterium giving 
it the popular name “blue-green algae” (Saini et al. 2018). Unlike photosynthetic 
eukaryotes which have thylakoids arranged in stacked grana, the cyanobacterial thy-
lakoids have more uniformly arranged sheet-like pattern (Fig. 8.1) (Liberton et al. 
2013). The plastids located in phototrophic eukaryotes are thought to have their 
ancestry in cyanobacteria via endosymbiosis. A cyanobacterium contributes glob-
ally to water and soil fertility through nitrogen fixation (Rai 1990). They are primar-
ily found in limnic and marine environments (including salty, brackish, or 
freshwater). For energy metabolism, they require only water, carbon dioxide, inor-
ganic substances, and light. Some species are reported to sustain long dark periods. 
Furthermore, some species are discovered to be surprisingly heterotrophs (Fay 
1965). They have specialised cells called heterocysts which provide anaerobic envi-
ronment for nitrogen fixation. Majority of them reproduce (asexually) to form dense 
colonies making buoyant algal mats on the surface of water bodies which can be of 
various colours including green, blue, brown, or red. These cyanobacterial blooms 
lead to depletion of oxygen in water bodies and affect aquatic flora and fauna with 
release of toxins (Paerl et al. 2011).

Cell wall

Cell membrane

Cyanosomes

Phosphate granules

Ribosomes 

Protein granules

Lipid droplets

Photosynthe�c lamellae

Fig. 8.1 Structure of a Cyanobacterial Cell
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8.2  Diseases Caused by Cyanobacteria

The diseases caused by cyanobacterial toxins or cyanotoxins respond in accordance 
with the type of toxin and the mode of water or water-related exposure (drinking, 
skin contact, etc.). When the cyanotoxins accumulate and reach a threshold point in 
an algal bloom, it causes harmful effects to not only the aquatic organisms but also 
to any other animal or bird which gets in contact with the infected water directly or 
indirectly. The three basic targets of cyanotoxins are the nervous system (neurotox-
ins), the liver (hepatotoxins), or the skin (dermatoxins). Some toxins are also 
reported to cause gastrointestinal symptoms and kidney-related ailments in humans 
(Christoffersen and Kaas 2000). People are generally exposed to these toxins by 
drinking contaminated water or bathing in it. Other reasons could be ingestion of 
algal tablets. Skin irritation, stomach cramps, vomiting, nausea, diarrhoea, fever, 
sore throat, headache, muscle and joint pain, blisters of the mouth, and liver damage 
are the major symptoms of cyanotoxins in humans. People involved in recreational 
activities in water containing cyanobacterial toxins may suffer allergic reactions, 
such as asthma, eye irritation, rashes, and blisters around the mouth and nose. 
Animals, birds, and fish can also be poisoned by high levels of toxin-producing 
cyanobacteria (Table 8.1).

Table 8.1 General features of cyanotoxins, their targets, and sources

Chemical 
structure Toxin group

Target organ in 
mammals Cyanobacterial member

Cyclic 
peptides

Microcystins Liver Microcystis, Anabaena, Planktothrix 
(Oscillatoria) Nostoc, Hapalosiphon, 
Anabaenopsis

Nodularin Liver Nodularia

Alkaloids Anatoxin-a Nerve synapse Anabaena, Planktothrix (Oscillatoria), 
Aphanizomenon

Anatoxin-a(S) Nerve synapse Anabaena

Aplysiatoxins Skin Lyngbya, Schizothrix, Planktothrix 
(Oscillatoria)

Cylindrospermopsins Liver Cylindrospermopsis, Aphanizomenon, 
Umezakia

Lyngbyatoxin-a Skin, 
gastrointestinal 
tract

Lyngbya

Saxitoxins Nerve axons Anabaena, Aphanizomenon, Lyngbya, 
Cylindrospermopsis

Lipopolysaccharides Skin irritant; 
affects

All

(LPS) (endotoxins) Any exposed 
tissue
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8.3  Blooms and Its Types

In an aquatic ecosystem, an alga acts as a crucial organic source for supporting the 
food chains but relies upon optimum demand of nutrient supply for its growth. With 
increase in anthropogenic sources of nutrients, the accumulation of phytoplanktons 
in water bodies have increased at an alarming rate leading to discolouration of water 
bodies, which is termed as “algal bloom”. Cyanobacteria being the most notorious 
agent for harmful algal blooms (HABs) formation is responsible not only for fluc-
tuations of oxygen levels (hypoxia and anoxia), shellfish poisoning, and food web 
alterations but also for the release of toxins which cause hazardous health issues in 
animals as well as in humans. As depicted in Table 8.2, the diverse range of species 
from this phylum contributes to bloom formation but varies with parts of water bod-
ies they inhabit or the type of nutrients they metabolise. These comprise of surface 
dwellers which form a scum layer over the water surface (e.g. Anabaena, 
Aphanizomenon, Nodularia, Microcystis), subsurface bloom formers 
(Cylindrospermopsis, Oscillatoria), N2-fixing species (Anabaena, Aphanizomenon, 
Cylindrospermopsis, Nodularia), etc. Apart from these, some cyanobacterial spe-
cies have potential to sustain in extreme environmental conditions which include 
varied light intensities, fluctuating temperatures, exposure to desiccation condi-
tions, and low nutrient levels (Paerl et al. 2001). Cyanobacteria can be characterised 
into different “ecostrategists” on the basis of types of water bodies they inhabit (as 
described in Table 8.2). This classification is being done in accordance with eco-
physiological laboratory work integrated with field observation (mostly in north- 
western Europe). This approach could help predict the presence of cyanobacteria 
under certain growth conditions (Mur et al. 1999).

8.3.1  Mechanism of Pathogenesis for Cyanobacteria 
to Cause Bloom

The mechanism by which cyanobacteria form blooms is still debatable. Several 
inorganic/organic sources when present in excessive amount are thought to be 
responsible for fuelling the bloom formation in fresh- and marine water environ-
ments. Knowledge about the causative agents for the appearance of cyanobacterial 
blooms is still incomplete. The conventional approaches and investigations provide 
wisdom about the following facts:

• In early research experiments, the ratio of nitrogen to phosphorous (N/P) had 
been associated with the appearance of cyanoblooms (Glibert et  al. 2004). 
Whereas other research models linked phosphorous concentration as a primary 
regulatory factor for growth of cyanobacteria and change in genotype, both these 
aspects were related to the temperature conditions of water (Joung et al. 2011).
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Table 8.2 Different types of cyanobacteria and their habitats

Type
Water type or 
zone inhabited

Morphological 
features

Cyanobacterial 
genera Description

Scum-forming 
ecostrategists

Euphotic zone Coccoid/
filamentous, 
colonial, 
contain gas 
vesicles

Microcystis, 
Anabaena, 
Aphanizomenon

On the surface of 
water (euphotic 
zone), they undergo 
high photosynthesis. 
The carbohydrate 
thus concentrated 
makes them heavy 
and they migrate 
vertically and move 
to deep dark layers of 
water where they use 
their carbs to 
synthesise new gas 
vesicles which in turn 
provide them buoyant 
force to rise back to 
the euphotic zone

Homogenously 
dispersed 
ecostrategists

Eutrophic and 
hypertrophic 
water types; 
epilimnion 
layer

Filamentous; 
solitary

Planktothrix 
(Oscillatoria) 
agardhii; Limnothrix 
(Oscillatoria) redekei

Sensitive to high light 
intensities; no 
buoyancy regulation 
but entrained by 
passive water 
currents. Causes high 
turbidity and 
suppresses the 
proliferation of other 
phytoplanktons

Stratifying 
ecostrategists

Metalimnion 
layer of 
thermally 
stratified lakes

Single 
filamentous

Planktothrix 
(Oscillatoria) 
rubescens

These types of 
species have a 
phycoerythrin 
pigment which 
absorbs green light; 
hardly show any 
vertical migration but 
in late autumn season 
become buoyant and 
form red scums

Nitrogen-fixing 
ecostrategists

Deep as well 
as shallow 
systems

Can be 
colonial, 
possess gas 
vesicles

Anabaena, 
Aphanizomenon, 
Cylindrospermopsis, 
Nodularia, and 
Nostoc

Primarily present in 
the systems with low 
level of inorganic 
nitrogen; can regulate 
buoyancy because of 
the presence of gas 
vesicles and form 
scum along 
downwind shore

(continued)
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• The emergence of cyanobacteria through akinete (dormant cell) germination 
under oxygenic condition is light and temperature dependent (Cubillos-Ruiz 
et al. 2017).

• It is known that the N-fixing bacteria monopolise the phytoplankton community 
in nitrogen-limiting environment (Takamura et al. 2003). But the occurrence of 
non-N-fixing cyanobacteria (viz., microcystis) in ample N2 environment is still 
unknown.

• The population of cyanobacteria in oligotrophic environment (nutrient-poor) is 
less but dominates eukaryotic algae in mesotrophic and eutrophic conditions 
(nutrient-rich). This anomaly is explained with a hypothesis that in oligotrophic 
(low P) conditions, there is lower affinity for P transport by cyanobacteria than 
the eukaryotic algae thereby dominating them.

• On the other side, P sequestering ability of cyanobacteria is higher than eukary-
otic algae in nutrient-rich (ample P) environment making them dominate in 
mesotrophic habitats.

Table 8.2 (continued)

Type
Water type or 
zone inhabited

Morphological 
features

Cyanobacterial 
genera Description

Small, 
colony-forming 
taxa

Small and 
intermittently 
flushed lakes

Small and 
colonial

Aphanothece Not much information 
available about 
buoyant regulation 
and scum formation 
of these species. They 
are reported to have 
dominated after the 
decline of the 
Planktothrix 
rubescens population. 
But no evidential 
relationship supports 
this dominance

Benthic 
cyanobacteria

Benthic zone Form coherent 
mats

Oscillatoria limosa Grow on bottom 
sediments receiving 
ample amount of 
sunlight for 
photosynthesis. 
Sometimes, O2 
bubbles (by-product) 
may get entrapped 
within the mats 
making them buoyant 
and they cut loose 
and rise to the surface
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• The most recent novel conceptual model (Molot et al. 2014) was proposed by 
Molot and co-workers in 2014, which investigated the reason or factor behind the 
dominance of cyanobacteria in mesotrophic environment and its absence in oli-
gotrophic conditions. Clearly, it was something other than phosphorous which 
regulated this mechanism because the early field studies have stated that cyano-
bacteria have more affinity towards P than the eukaryotic algae; therefore, they 
must dominate in oligotrophic conditions also. In addition to the fact that P and 
N regulate the productivity of cyanobacteria with phosphorous concentration 
being very high, this model proposes the presence of Fe2+ (ferrous ion) in enhanc-
ing the ability of cyanobacteria to compete and outnumber eukaryotic species. 
The evidence was also generated for the same by addition of oxine in field stud-
ies (P-enriched mesocosms in eutrophic Lake 227). Oxine oxidises Fe2+ to Fe3+ 
and chelates the latter; as a result, cyanobacterial growth was found to be inhib-
ited. The cyanobacteria uptakes Fe2+ but not Fe3+ though Fe3+ is more commonly 
found in aquatic environment. Fe2+ is very soluble in anoxic environment but is 
present in very minimal concentration. The demand of Fe2+ is higher for cyano-
bacteria than the eukaryotic algae. This model hypothesises that cyanobacteria 
combat the problem of low Fe2+ concentration by internally loading ferrous ions. 
The anoxic sediments (low oxygen concentration) are rich in nutrients preferably 
Fe2+ but the ions get rapidly re-oxidised to Fe3+ when it comes in contact with 
upper oxygenated layers. The cyanobacteria tend to migrate with enough veloc-
ity to lower sediments for acquisition of these ferrous ions but the supporting 
data are limited. Fe3+ and not Fe2+ is required by eukaryotic systems. Some bac-
teria and fungi produce low-molecular-weight Fe3+ chelators known as “sidero-
phores”. The presence of these factors positively supports the dominance of 
cyanobacteria in mesotrophic waters as siderophores scavenge Fe3+ required for 
eukaryotic algae productivity. Siderophores are not necessarily responsible for 
initiating the bloom but maintaining its growth by cutting the supply of Fe3+ for 
eukaryotic algae (Fig. 8.2).

• The primary factor for the bloom formation is thus the availability of Fe2+ and 
factors which control the loading of these ions into the internal membranes of 
cyanobacteria. Sulphates when present in the system react with Fe2+ to form 
ferrous sulphate which is further reduced to ferrous sulphide which is insolu-
ble in nature. Therefore, the water bodies in which sulphide formation rate is 
higher tend to experience no cyanoblooms. This model states that once the 
light and temperature conditions are physiologically optimum, the cyanob-
loom formation is regulated by the availability of Fe2+, with its internal load-
ing rate which further depends on the anoxia conditions in sediments and 
sulphate reduction rate.

• This conceptual approach thus links anoxia, phosphorous (P), nitrogen (N), iron 
(Fe), and sulphate to the formation of cyanobacterial blooms.
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8.4  Control Strategies for Cyanobloom Management

The cyanobacterial blooms are associated with many different factors for its forma-
tion and escalation. These factors include N, P, Fe2+, anoxic sediments, sulphates, 
light intensity, temperature conditions, gas vesicles, etc. Different strategies are 
designed in accordance with the type and magnitude of a particular factor affecting 
specific species. These strategies are basically characterised into three groups—
mechanical treatment, chemical treatment, and biological treatment. The mechani-
cal treatment is employed to the blooms which are spatially constricted to a small 
area which includes pumping of surface scums, use of barriers, filters, etc., but this 
treatment method is transitory. The most commonly used chemical is algicide, 
whereas others include like copper compounds, barley straws, and certain oxidants 
such as chlorine, ozone, and peroxides. Though very robust controlling agents, 
these chemicals have the potential to kill other algal strains and aquatic biota. 
Therefore, an alternative approach of biological treatment has proved to be promis-
ing in mitigation of cyanoblooms.

Fig. 8.2 Simplified flow diagram of cyanobacterial bloom formation
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8.4.1  Different Types of Biocontrol Agents

8.4.1.1  Viral Agents

The viruses which infect cyanobacteria are referred to as cyanogens and are consid-
ered as potential agents for mitigating cyanoblooms (Yau et al. 2011). Cyanophages 
were first isolated and partially purified by Safferman and Morris and it was named 
LPP-1 because it specifically lysed cyanobacterial species of Lyngbya, Plectonema, 
and Phormidium. Cyanogens are reported to be commonly present in aquatic as 
well as marine environment. The sudden downturns in cyanobacterium have been 
accompanied by the appearance of cyanophages as per the available data (Gons 
et al. 2002). The most attractive property of cyanogens is their rapid rate of propaga-
tion. For example, each contaminated cell of Plectonema boryanum filament by 
LPP-DUN1 has a generation time of 1 h and bursts out 100 phage particles (Barnet 
et al. 1984). The drawback of these agents is that they are specific to certain species 
and sometimes work differently for same species from two different water bodies 
and also this mechanism is temporary as the cyanobacteria becomes resistant to 
them. The host mutation results in alteration on the cell envelope leading to non- 
adsorption of phage particles on its surface. However, an alternative approach used 
mutant cyanophages (Rajasekhar et  al. 2012) and it was found that the resistant 
cyanobacteria are susceptible to them. The use of mutant strains of cyanophages 
may be used as a better source for lysing a wide range of cyanobacteria (Table 8.3).

8.4.1.2  Bacterial Agents

Sudden drop in cyanobacterial population has been associated with the appearance 
of certain bacterial species. However, there is no such culmination about whether 
the bacteria act as a pathogen or are saprophytic in nature, i.e. it results in decay of 
dead cyanobacterial matter. There are three considerable ways by which these cya-
nobacteria mechanise—production of extracellular products, contact lysis, and 
entrapment lysis. Scientists had isolated filtrate of Bacillus sp. and it was reported 
to lyse seven different genera of cyanobacteria including Anabaena and Microcystis 
(Paerl et al. 2011). These bacillus species were found to release some volatile mol-
ecules which were low molecular weight and heat resistant and diffusible antibiotic 
molecules and were shown to be inhibitory towards filamentous cyanobacteria in 
particular. As per research, two species of Flexibacter were found to lyse Oscillatoria 
williamsii by disrupting electron transport, inhibiting glycolate dehydrogenase and 
nitrogenase activity. An extracellular metabolite which was later identified as lyso-
zyme (by slab gel electrophoresis) caused growth inhibition (Table 8.3). Also, four 
different strains of Myxobacteria were found to lyse 40 different strains of cyano-
bacteria (from all orders) within a time frame of just 20 min (Gumbo et al. 2008). 
Myxococci was considered to be the best bacterial agent for cyanobacterial lyses on 
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Table 8.3 Summary of different control methods for the mitigation of cyanoblooms

Method Advantages Disadvantages

Algicide or other 
chemicals

• Effective
• Quick results

• Harmful to other aquatic organisms
• Short-term effect; frequent dosage 
required for long-term sustenance

Aeration • Environment-friendly
• Controls the BOD of the 
system and maintains the 
optimum O2 level in aquatic 
ecosystem

• Not cost-effective
• No direct effect on cyanobacteria

Mechanical 
mixing

• Eco-friendly
• Prevents stratification

• Maintenance cost is high
• Reduced efficiency in accordance with the 
water quality

Sonication 
(ultrasound)

• Application on large water 
surfaces possible
• Environment-friendly as 
well as cost-effective
• Cyanoblooms controlling 
efficiency up to 90%

• Results are vivid after a few weeks of 
experiment

Viral agents • Present in both freshwater 
and marine environments
• Rapid growth rate

• Cultivation of cyanobacteria problematic
• Cyanobacteria becomes resistant to 
cyanophages after some encounters

Bacterial agents • Effective through 
production of extracellular 
products; contact lysis and 
entrapment lysis
• Cause inhibition of 
cyanobacterial growth, 
photosynthesis, and 
metabolism

• Certain factors which effect bacterial 
invasion include its flexibility to changing 
physical conditional, wide host range, high 
growth rate, and adaptability to changes in 
host

Fungal agents • Non-chytridiaceous fungus 
found effective against 
cyanoblooms
• Certain extracellular, 
heat-stable factors 
responsible for lyses of 
cyanobacteria

• Extracellular factors present in lower 
quantities and effective only when fungus is 
present in close proximity to cyanobacteria

Protozoan 
predators

• Acts as a natural predator of 
cyanobacteria by grazing and 
phagocytosing them

• Many factors influence the frequency of 
predation including grazing rates, predation 
specificity, growth rate of cyanobacteria and 
its predation by other higher organisms

Biomanipulation • Acts as a sink for excess 
nutrients like P and N
• Natural method for limiting 
cyanobacterial population by 
addition of predators

• Applicable to small-sized water bodies
• Deliberate changes in the biodiversity of 
the system under consideration
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the basis of different peculiarities including flexibility towards changing physical 
conditions, ability to multiply, search for prey, broad-spectrum host range, adapt-
ability towards the metabolic changes in the host, etc.

8.4.1.3  Fungal Agents

Parasitic relationship was found between cyanobacteria and chytridiaceous fungus 
Rhizophydium planktonicum (Canter et al. 1990); however, later it was found to be 
of limited use as a biocontrol agent to control cyanoblooms because of its obligate 
nature and hardships in its large-scale production (Daft et al. 1985). Therefore, the 
interest of researchers shifted towards non-chytrid fungi. Out of 142 tested cultures 
of non-chytrid fungi, only 4.2% of the formed products have cyanobacterial inhibit-
ing capacity. This antagonism research of fungi further led to isolation of isolate 62 
out of 70 pure cultures of non-chytrid fungi of the genera Acremonium, 
Emericellopsis, and Verticillium, which were able to lyse cyanobacterial cells 
(Redhead and Wright 1978). These culture isolates showed antagonistic effect 
against Anabaena and other filamentous as well as unicellular cyanobacteria. 
Acremonium and Emericellopsis spp. of fungi lysed cyanobacteria through the for-
mation of extracellular factors which were heat resistant and diffusible. Liquid cul-
tures of the fungi Emericellopsis salmosynnemata and Acremonium kiliense partially 
purified the beta-lactam antibiotic cephalosporin C, and it was suggested that these 
organisms produced small amounts of these factors and were only antagonistic 
when present in close proximity of cyanobacteria. Also, these antibiotics were 
found to load inside the mucous sheath surrounding the cyanobacteria to reach a 
threshold level to cause an inhibitory effect.

8.4.1.4  Protozoan Predators

Protozoans play a crucial role in regulating the cyanobacterial population in aquatic 
system by grazing them through phagocytosis (Sigee et al. 1999). Various cyano-
bacterial species act as a food source among ciliates like Furgasonia, Nassula, and 
Pseudomicrothorax Stos, Amoeba, and flagellate like Monas guttula. The rapacity 
of protozoans towards cyanobacterial species was reported in subjects directly 
obtained from natural in  vitro experiments and in biocontrol field experiments 
which enlightened about the cyanobacterial-protozoa interactions and insights 
about the range and population being predated by them (Table 8.3). Many factors 
are reported to contribute to this interaction which includes growth and predation 
rate of protozoa, its specificity towards cyanobacterial species, growth rate of cya-
nobacteria, and its predation by other higher organisms.
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8.4.1.5  Biomanipulation

Biomanipulation involves construction of artificial wetlands comprising of floating 
mats which are further placed on water bodies. As the flora grows on these mats, 
they act as a sink for phosphorous, nitrogen, and other essential nutrients which are 
otherwise required by the cyanobacteria for its growth (Studer et al. 2017). However, 
nutrients being stored in these plants are systematically harvested to prevent its 
seepage in aquatic biota (Table 8.3), thus regulating the nutrient level in the water 
body and inhibiting the growth of cyanoblooms. The other approach could be used 
to increase the predation of cyanobacteria by promoting the growth of zooplank-
tons, benthic fauna, and other aquatic organisms which graze over cyanobacteria, 
thereby limiting its population. Though advantageous over chemical and physical 
methods, this method may cause modification of the conventional biodiversity of 
the aquatic ecosystem (Newcombe 2012).

8.5  Mechanism of Actions of Certain Biocontrol Agents

8.5.1  Cyanophages

The mechanism begins when the LPP-1 cyanophage gets adsorbed on the cyanobac-
terial cell wall via the distal end of its tail (Padan and Shilo 1973). The tail pene-
trates into the host cell (depth of penetration not known) and the viral DNA is 
injected into the cell as suggested in bacteriophages. The mutant Plectonema does 
not adsorb cyanophage on its surface which suggests that there are specific recep-
tors present on the susceptible cells. The first sign of infection is invasion of photo-
synthetic lamella and cessation of CO2 as suggested by Smith and co-workers who 
studied the effect of LPP-1 on Plectonema boryanum. Later, the viral particles start 
developing in the space between the folded lamella and the plasma membrane 
which is termed as virogenic stroma (Suttle 2006). LPP-1 shows similar symptoms 
in other host species it infects. Before the lysis of cyanophage particles, no cytoplas-
mic changes are seen in the cell except for the host DNA. To complete its lytic cycle, 
the viral particles assemble together in the virogenic stroma which is separated from 
the nucleoplasm by the photosynthetic lamellae. After the cell lysis, the mature 
LPP-1G particles are released leaving behind vesicles of different sizes which 
include ruptured lamella, cell membrane, and wall material. It was precisely found 
that the proteins required for the invagination of the lamellae are synthesised in the 
first 3  h of infection and further the invagination occurs between 3 and 8  h. 
Furthermore, research showed that after the infection, the DNA of Plectonema is 
degraded into acid-soluble material after 3–7 h of infection. This acid-soluble prod-
uct is incorporated into the viral DNA. Lastly, the protein synthesis machinery of 
the host cells is depressed soon after the infection (commonly at the fifth hour).
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8.5.2  Cyanobacteriolytic Bacteria

The mechanism by which the bacterium mitigates the cyanobacterial population is 
broadly divided into three categories, viz., production of extracellular products, 
contact lysis, and entrapment lysis. In case of extracellular product formation, 
Bacillus sp. is reported to produce small molecular size, heat-stable, and diffusible 
factors which cause inhibition in seven different genera of cyanobacteria including 
Anabaena and Microcystis. Later, these volatile factors were found to inhibit fila-
mentous cyanobacteria specifically (Nakamura et al. 2003a). Also, one of the vola-
tile products was demonstrated as isoamyl alcohol (3-methyl-1-butanol). In other 
studies, lysozymes released by the bacteria were identified as another extracellular 
product which inhibited photosynthetic ETC reactions, glycolate dehydrogenase, 
and nitrogenase activity. The efficiency of these naturally released products was not 
considered significant due to their dilution and loss of activity with time. Therefore, 
two other mechanisms of contact lysis by bacteria and the entrapment lysis are stud-
ied in depth. Four different strains of Myxobacteria were reported to cause lysis of 
a wide range of cyanobacteria (40 genera) by contact lysis (Fraleigh and Burnham 
1988). No formation of extracellular factors was found but presence of particular 
enzymes on the surface of the bacteria played an important role in the lysis of cya-
nobacteria causing disruption in just 20 min after the contact is maintained. The 
population levels of bacteria and cyanobacteria and nutrient status of the water body 
play an important role in this mechanism, whereas other factors like host density 
and inorganic nutrient concentration are secondary. Further in other studies, entrap-
ment lysis was demonstrated in the Myxococcus group in which the cyanobacterium 
Phormidium luridum var. Olivacea was entrapped and lysed by the colonies of bac-
teria. These spherules acting as a predator entrap the cyanobacteria and lyse them 
by releasing lysozyme-like enzyme. It is also suggested that when the predator den-
sity is lower than the threshold required for its lysing property, the Myxococci tend 
to withdraw nutrition from the secretions produced by cyanobacteria or by preying 
on them without hampering host population (Nakamura et al. 2003b).

8.5.3  Fungal Pathogens

In fungal infection of cyanobacteria, the zoospore tends to attach itself on the part 
of the trichome which is wounded and on the apex. Simultaneously, many other 
zoospores encyst on the surface of the trichome and start developing into zoospo-
rangia (Gerphagnon et al. 2013). The rhizoid, which is a tube-like structure emerg-
ing from the zoospore (may be branched), penetrates the trichome and kills the 
cells. The mature zoosporangium releases out the zoospores through one or more 
papillae. The infection cycle consists of different stages. In the first stage, germ 
tubes are produced soon after the zoospores penetrate mucilage sheath of the cyano-
bacteria which further penetrate the cell wall of the host. The second stage is marked 
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by the release of the contents of the germ tube into the host cell and a globular 
structure known as prosporangium is formed. The third stage is the expansion stage 
in which the rhizoids protrude out of the prosporangium and start infecting the 
neighbouring cells. The next stage is marked by the formation of an epiphytic bud 
on the surface of the trichome which differentiates into flask shaped zoosporangium 
in which the development of zoospores occurs (Holfeld 1998). Lastly, the zoospores 
mature and are released through the papillae. Lysis of cyanobacteria by certain fun-
gal species was reported to be linked with certain heat resistant extracellular factors. 
These were further purified from liquid cultures of the fungi Emericellopsis salmo-
synnemata and Acremoniumkiliense and identified to be β-lactam antibiotic cepha-
losporin C (Agha et al. 2016). It was suggested that the host cells must be present at 
close proximity to the fungus for the lysis because of the small levels of antibiotics 
being produced by the fungal cells. Antibiotics are found to load inside the muci-
laginous sheath of the cyanobacteria and lyse it once they reach the threshold value.

8.6  Conclusion

Cyanobacteria are the only oxygenic photoautotrophs among the prokaryotes and 
have crucial properties through which they help in the regulation of the biosphere. 
They are responsible for fixation of nitrogen through specialised cells called hetero-
cysts and also have an inherent property of surviving under harsh environmental 
conditions. Due to these properties, they get easily spread in any water system caus-
ing cyanobloom formation which scavenges nutrients from the aquatic ecosystem, 
causing anoxia, warming of system, and harming aquatic biodiversity. In addition, 
they form mutualistic and symbiotic relationships with the flora and fauna of the 
system which positively modulates their survival making them dominate the sys-
tem. Also, a cyanobacterium produces certain toxins known as cyanotoxins which 
not only show lethal effect to aquatic life but also hamper the food web. In humans, 
the nervous system, liver, and skin are the three major targets of these cyanotoxins. 
The mechanism by which the cyanobacteria proliferate in a particular system is 
associated with anoxia, phosphorous (P), nitrogen (N), iron (Fe), and sulphate. 
Cyanoblooms can be controlled by the alteration in P, N, Fe, and sulphate levels, 
light, temperature, and other biotic interactions. Certain strategy-orientated 
approaches are being used for the mitigation of the cyanobacterial population which 
includes chemical, physical, and biological agents. Use of chemical agents (algi-
cides, copper sulphate, oxidants) and physical agents (mechanical mixing, sonica-
tion) not only causes harmful side effects to the aquatic ecosystem but also is 
short-termed. A range of microbial approaches have proved to be efficient in miti-
gating the cyanoblooms which include viral agents (cyanophages), cyanobacteri-
cidal bacteria, fungal parasites, protozoans, etc. Field experiments are being done 
using microbial agents and have proved to be an asset in removing cyanoblooms. 
Cyanobloom formation is posing threats globally; therefore, its proper management 
is very important to circumvent its toxic threats.

D. Singh et al.



203

References

Agha R, Saebelfeld M, Manthey C, Rohrlack T, Wolinska J (2016) Chytrid parasitism facilitates 
trophic transfer between bloom-forming cyanobacteria and zooplankton. Sci Rep. https://doi.
org/10.1038/srep35039

Barnet YM, Daft MJ, Stewart WDP (1984) The effect of suspended particulate material on 
cyanobacteria—cyanophage interactions in liquid culture. J Appl Bacteriol. https://doi.
org/10.1111/j.1365-2672.1984.tb04701.x

Bhatnagar A, Kaczala F, Hogland W, Marques M, Paraskeva CA, Papadakis VG, Sillanpää M 
(2014) Valorization of solid waste products from olive oil industry as potential adsorbents 
for water pollution control--a review. Environ Sci Pollut Res Int. https://doi.org/10.1007/
s11356-013-2135-6

Canter HM, Heaney SI, Lund JWG (1990) The ecological significance of grazing on plank-
tonic populations of cyanobacteria by the ciliate Nassula. New Phytol. https://doi.
org/10.1111/j.1469-8137.1990.tb00397.x

Christoffersen K, Kaas H (2000) Toxic cyanobacteria in water. A guide to their public health 
consequences, monitoring, and management. Limnol Oceanogr. https://doi.org/10.4319/
lo.2000.45.5.1212

Cubillos-Ruiz A, Berta-Thompson JW, Becker JW, Van Der Donk WA, Chisholm SW (2017) 
Evolutionary radiation of lanthipeptides in marine cyanobacteria. Proc Natl Acad Sci U S 
A. https://doi.org/10.1073/pnas.1700990114

Daft MJ, Burnham JC, Yamamoto Y (1985) Algal blooms: consequences, and potential cures. J 
Appl Bacteriol. https://doi.org/10.1111/j.1365-2672.1985.tb04899.x

Fay P (1965) Heterotrophy and nitrogen fixation in Chlorogloea fritschii. J Gen Microbiol 
39, 11–20

Fraleigh PC, Burnham JC (1988) Myxococcal predation on cyanobacterial populations: nutrient 
effects. Limnol Oceanogr. https://doi.org/10.4319/lo.1988.33.3.0476

Gerphagnon M, Latour D, Colombet J, Sime-Ngando T (2013) Fungal parasitism: life cycle, 
dynamics and impact on cyanobacterial blooms. PLoS One. https://doi.org/10.1371/journal.
pone.0060894

Glibert PM, Heil CA, Hollander D, Revilla M, Hoare A, Alexander J, Murasko S (2004) Evidence 
for dissolved organic nitrogen and phosphorus uptake during a cyanobacterial bloom in Florida 
Bay. Mar Ecol Prog Ser. https://doi.org/10.3354/meps280073

Gons HJ, Ebert J, Hoogveld HL, Van Den Hove L, Pel R, Takkenberg W, Woldringh CJ (2002) 
Observations on cyanobacterial population collapse in eutrophic lake water. Antonie van 
Leeuwenhoek. https://doi.org/10.1023/A:1020595408169

Gumbo RJ, Ross G, Cloete ET (2008) Biological control of microcystis dominated harmful algal 
blooms. African J Biotechnol

Hamilton TL, Bryant DA, Macalady JL (2016) The role of biology in planetary evolution: cyano-
bacterial primary production in low-oxygen Proterozoic oceans. Environ Microbiol. https://doi.
org/10.1111/1462-2920.13118

Holfeld H (1998) Fungal infections of the phytoplankton: seasonality, mini-
mal host density, and specificity in a mesotrophic lake. New Phytol. https://doi.
org/10.1046/j.1469-8137.1998.00126.x

Joung SH, Oh HM, Ko SR, Ahn CY (2011) Correlations between environmental factors and toxic 
and non-toxic microcystis dynamics during bloom in Daechung Reservoir, Korea. Harmful 
Algae. https://doi.org/10.1016/j.hal.2010.09.005

Liberton M, Page LE, O’Dell WB, O’Neill H, Mamontov E, Urban VS, Pakrasi HB (2013) 
Organization and flexibility of cyanobacterial thylakoid membranes examined by neutron scat-
tering. J Biol Chem. https://doi.org/10.1074/jbc.M112.416933

Molot LA, Watson SB, Creed IF, Trick CG, Mccabe SK, Verschoor MJ, Sorichetti RJ, Powe C, 
Venkiteswaran JJ, Schiff SL (2014) A novel model for cyanobacteria bloom formation: the 
critical role of anoxia and ferrous iron. Freshw Biol. https://doi.org/10.1111/fwb.12334

8 Microbial Strategies for Controlling Harmful Cyanobacterial Blooms

https://doi.org/10.1038/srep35039
https://doi.org/10.1038/srep35039
https://doi.org/10.1111/j.1365-2672.1984.tb04701.x
https://doi.org/10.1111/j.1365-2672.1984.tb04701.x
https://doi.org/10.1007/s11356-013-2135-6
https://doi.org/10.1007/s11356-013-2135-6
https://doi.org/10.1111/j.1469-8137.1990.tb00397.x
https://doi.org/10.1111/j.1469-8137.1990.tb00397.x
https://doi.org/10.4319/lo.2000.45.5.1212
https://doi.org/10.4319/lo.2000.45.5.1212
https://doi.org/10.1073/pnas.1700990114
https://doi.org/10.1111/j.1365-2672.1985.tb04899.x
https://doi.org/10.4319/lo.1988.33.3.0476
https://doi.org/10.1371/journal.pone.0060894
https://doi.org/10.1371/journal.pone.0060894
https://doi.org/10.3354/meps280073
https://doi.org/10.1023/A:1020595408169
https://doi.org/10.1111/1462-2920.13118
https://doi.org/10.1111/1462-2920.13118
https://doi.org/10.1046/j.1469-8137.1998.00126.x
https://doi.org/10.1046/j.1469-8137.1998.00126.x
https://doi.org/10.1016/j.hal.2010.09.005
https://doi.org/10.1074/jbc.M112.416933
https://doi.org/10.1111/fwb.12334


204

Mur LR, Skulberg OM, Utkilen H (1999) Chapter 2. Cyanobacteria in the environment. Toxic 
cyanobacteria water: a guide to their public heal consequences. Monit Manag. doi: https://doi.
org/10.1016/j.ecoleng.2012.12.089

Nakamura N, Nakano K, Sugiura N, Matsumura M (2003a) A novel cyanobacteriolytic bacte-
rium, Bacillus cereus, isolated from a eutrophic lake. J Biosci Bioeng. https://doi.org/10.1263/
jbb.95.179

Nakamura N, Nakano K, Matsumura M, Sugiura N (2003b) A novel control process of cyanobac-
terial bloom using cyanobacteriolytic bacteria immobilized in floating biodegradable plastic 
carriers. Environ Technol. https://doi.org/10.1080/09593330309385703

Newcombe G (2012) International Guidance Manual for the management of toxic cyanobacteria. 
Water Intell Online. doi: https://doi.org/10.2166/9781780401355

Padan E, Shilo M (1973) Cyanophages – viruses attacking blue green algae. Bacteriol Rev
Paerl HW, Fulton RS, Moisander PH, Dyble J (2001) Harmful freshwater algal blooms, with an 

emphasis on cyanobacteria. ScientificWorldJournal. https://doi.org/10.1100/tsw.2001.16
Paerl HW, Hall NS, Calandrino ES (2011) Controlling harmful cyanobacterial blooms in a world 

experiencing anthropogenic and climatic-induced change. Sci Total Environ. https://doi.
org/10.1016/j.scitotenv.2011.02.001

Rajasekhar P, Fan L, Nguyen T, Roddick FA (2012) A review of the use of sonication to control 
cyanobacterial blooms. Water Res. https://doi.org/10.1016/j.watres.2012.05.054

Rai AN (1990). Handbook of symbiotic cyanobacteria, Boca Raton, CRC Press, London, United 
Kingdom pp 1–259. https://doi.org/10.1201/9781351071185

Redhead K, Wright SJL (1978) Isolation and properties of fungi that lyse blue green algae. Appl 
Environ Microbiol

Saini DK, Pabbi S, Shukla P (2018) Cyanobacterial pigments: perspectives and biotechnological 
approaches. Food Chem Toxicol. https://doi.org/10.1016/j.fct.2018.08.002

Sigee DC, Glenn R, Andrews MJ, Bellinger EG, Butler RD, Epton HAS, Hendry RD (1999) 
Biological control of cyanobacteria: principles and possibilities. Hydrobiologia

Studer I, Boeker C, Geist J (2017) Physicochemical and microbiological indicators of surface 
water body contamination with different sources of digestate from biogas plants. Ecol Indic. 
https://doi.org/10.1016/j.ecolind.2017.02.025

Suttle CA (2006) Cyanophages and their role in the ecology of cyanobacteria. Ecol Cyanobacteria. 
https://doi.org/10.1007/0-306-46855-7_20

Takamura N, Kadono Y, Fukushima M, Nakagawa M, Kim BHO (2003) Effects of aquatic macro-
phytes on water quality and phytoplankton communities in shallow lakes. Ecol Res. https://doi.
org/10.1046/j.1440-1703.2003.00563.x

Yau S, Lauro FM, DeMaere MZ et  al (2011) Virophage control of Antarctic algal host-virus 
dynamics. Proc Natl Acad Sci U S A. https://doi.org/10.1073/pnas.1018221108

D. Singh et al.

https://doi.org/10.1016/j.ecoleng.2012.12.089
https://doi.org/10.1016/j.ecoleng.2012.12.089
https://doi.org/10.1263/jbb.95.179
https://doi.org/10.1263/jbb.95.179
https://doi.org/10.1080/09593330309385703
https://doi.org/10.2166/9781780401355
https://doi.org/10.1100/tsw.2001.16
https://doi.org/10.1016/j.scitotenv.2011.02.001
https://doi.org/10.1016/j.scitotenv.2011.02.001
https://doi.org/10.1016/j.watres.2012.05.054
https://doi.org/10.1201/9781351071185
https://doi.org/10.1016/j.fct.2018.08.002
https://doi.org/10.1016/j.ecolind.2017.02.025
https://doi.org/10.1007/0-306-46855-7_20
https://doi.org/10.1046/j.1440-1703.2003.00563.x
https://doi.org/10.1046/j.1440-1703.2003.00563.x
https://doi.org/10.1073/pnas.1018221108


205© Springer Nature Singapore Pte Ltd. 2020
J. Singh et al. (eds.), Microbial Biotechnology: Basic Research and 
Applications, Environmental and Microbial Biotechnology, 
https://doi.org/10.1007/978-981-15-2817-0_9

Chapter 9
Biological Strategies Against Biofilms

Ganga Sharma and Arun Karnwal

Abstract Biofilms are microbial aggregates which consist of extracellular poly-
meric substances (EPSs) produced by the microorganism itself that adhere to bio-
logical environments such as in rivers, streams, and alimentary canal or living 
tissues of mammals or nonbiological surfaces like in wastewater treatment plant, 
tickling beds, indwelling medical devices (IMDs), and industrial or potable water 
system piping. Constituents of EPS are microorganism originated components of 
homologous proteins, polysaccharides, lipids, and DNA. The formation of biofilm 
involves the migration of microbial cells, the interaction between them through cell- 
to- cell signaling, synthesis of EPS, and in later stages, interaction between cell 
and EPS.

Biofilms have a unique biochemical profile rendering structural integrity to the 
microorganisms which the planktonic counterparts lack. This structural stability 
protects them from various troubles present in their environment such as antibiotics, 
the host’s defense mechanism, harsh nutritive conditions, predators, etc. The sur-
vival of microorganisms in biofilms although beneficial to them gives rise to a sig-
nificant amount of problems in humans in various essential fields including that of 
medicine and industries like pharmaceutical, food, and marine industries causing 
adverse health effects as well as economic loses. This resistance of microorganisms, 
therefore, is a major concern to handle in controlling biofilms. Various traditional 
strategies to control biofilms of pathogenic/spoilage bacterial species, which are 
either physical/mechanical removal of biofilms by cleaning, selection of appropri-
ate bactericidal material, preconditioning of surfaces by methods like ultrasonica-
tion and plasma treatment, or chemical removal using antimicrobial agents such as 
disinfectants/sanitizers, are not always successful. In light of the above problems of 
biofilm control by conventional methods, in recent times, progress has been taking 
place in the field of fundamental biofilm research discovering novel methods of 
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controlling biofilms. In the current chapter, we tend to discuss these recent and 
cutting-edge methods which are much more effective as an antibiofilm strategy 
focusing mainly on the use of biological components such as enzymes, phages, and 
antimicrobial molecules (AMPs, QS inhibitors) for the improvisation of areas of 
healthcare and food safety and in industrial processes.

Keywords Biofilm · Antimicrobial molecules · Quorum sensing inhibitors · Exo-poly 
Saccharides · Bacteriophage

9.1  Introduction

Biofilms are universal and found in a wide variety of environments, both natural, 
such as in rivers, streams, and alimentary canal or living tissues of mammals, and 
man-made like in wastewater treatment plant, tickling beds, indwelling medical 
devices (IMDs), and industrial or potable water system piping (Donlan 2002). 
Biofilms can evade host defense mechanisms that include both innate and adaptive 
immunity (Dunne Jr. 2002). It is the reason why biofilm formation is an increasing 
cause of concern throughout the world.

Bacterial biofilms not only contribute to hospital-acquired infections, but also 
are a leading cause of corrosion, fouling of water pipes, and food and pharmaceuti-
cal spoilage (Henderson 2010; Kumar and Anand 1998). Some of the health issues 
associated with biofilms are indirect such as in drinking water distribution system 
where biofilms corrode water pipes and weaken them and this loss of integrity 
weakens pipes aside from causing esthetic problems which may lead to a health 
concern. Microorganisms forming biofilms can cause infection in humans and ani-
mals and may be transmitted to each through cross-contamination. Biofilm- 
associated infection in animals can cause massive economic loss such as in livestock/
poultry industry and others in terms of production (Chakraborty et al. 2018). Also, 
biofilms producing microorganisms contaminate foods and generate damage to the 
product, equipment, and consumers leading to economic loses.

In the food product manufacturing facilities, biofilm formation leads to deleteri-
ous hygiene issues due to adherence of a variety of microbes on food and degrada-
tion of equipment (Kabwanga et  al. 2018). In the pharmaceutical industry, the 
development of biofilms and adherence of it into the production equipment and 
facilities are critical issues that need to be addressed (Kabwanga et al. 2018; Stewart 
2015). Although most of the biofilm-forming microbes are harmful in many ways, 
some of them exhibit beneficial properties which have been put to use in several 
industrial processes (Morikawa 2006). The infections caused by biofilm-forming 
microbes are chronic, and for the treatment, antimicrobial agents need to be admin-
istered, but biofilms make the microbe resistant to antimicrobial agents compared to 
their planktonic counterparts (Costerton et al. 1999; Mah and Toole 2001; Stewart 
and Costerton 2001; Donlan and Costerton 2002).
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Therefore, treatment of infections caused by biofilm-forming microbes is not 
resolved with the sole administration of antibiotics due to the problem of the devel-
opment of resistance against them. Although highly sterile conditions and practices 
are fundamental to maintain a strategic distance from biofilm development, for 
proper resolution, some of the novel antibiofilm compounds should be explored as 
a potential antibiofilm agent in the near future. Some of them, which are already 
discovered or tested till date, are active herbal compounds such as essential oils, 
quorum-sensing inhibitors, antimicrobial peptide alone or in combination with anti-
biotics, and synthetic or genetically engineered compounds.

Out of these new control strategies which are continually emerging, most of the 
focus is on antibiofilm agents of biological origin such as enzymes, phages, AMPs, 
and QSIs. The present review will focus on describing in detail the various biocon-
trol agents explored till date for the eradication of biofilms from the site of its 
formation.

9.1.1  Biofilms

Biofilms are defined as the structural community of bacterial cells which are formed 
by a self-produced polymeric matrix known as exopolysaccharide (EPS), which 
takes around 85% of the volume of a biofilm. This community of cells adheres 
either to living or nonliving surfaces (Costerton et al. 1999) (Fig. 9.1).

Fig. 9.1 Scanning electron microscopy photomicrograph of a 6 days old B. cereus biofilm formed 
on a stainless steel surface. 6330 magnification; bar ¼ 5 mm (Simões et al. 2010)
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The distinct levels in the process of biofilm formation can be divided into various 
steps (Crouzet et al. 2014). The following are the general stages for biofilm forma-
tion, though the precise details of the regulation of biofilm formation vary signifi-
cantly from species to species.

 1. Macromolecules in the liquid where biofilms are forming precondition the sur-
face (living or nonliving) for adhesion.

 2. Transportation of bacterial cells to the surface also occurs.
 3. The cells transported are adsorbed to the surface.
 4. Desorption of reversibly adsorbed cells and retention of irreversibly adsorbed 

cells occur.
 5. Metabolism of the substrate by the biofilm-bound cells and then transportation 

of the by-products out of the biofilm.
 6. The adsorbed cells produce cell-to-cell signaling molecules for monolayer/

microcolony formation.
 7. Maturation of biofilms occurs through the formation of extracellular matrix 

(EPS) and other cell materials. It forms a three-dimensional structure of cells 
known as a microcolony (O’ Toole et al. 2000).

 8. Detachment or dispersal of bacteria to migrate and then colonize in new areas 
(Landini et al. 2010).

The main composition of biofilms is the EPS matrix which is formed by retain-
ing water and other bacterially originated substances released by bacterial cells 
which get embedded in this EPS matrix, and it provides the following advantages to 
the cells (Crouzet et al. 2014; Donlan and Costerton 2002; Jamal et al. 2018):

 (a) Structural stability to the microbe due to aggregation and adhesion of cells to 
one another.

 (b) Transportation of the necessary nutrients becomes easy in closely associ-
ated cells.

 (c) Acts as an electron donor or receptor.
 (d) Storage of most of the energy.
 (e) Provides the binding or receptor site to enzymes.
 (f) Protects from external factors such as antimicrobials and other environmental 

changes.
 (g) Provides adaptation.

During biofilm formation, several species of bacteria communicate with one 
another through quorum sensing (Davies et al. 1998; Shirtliff et al. 2002). During 
biofilm formation, genetic information can be modified by horizontal gene transfer 
(HGT) within and between bacterial species and increase the adaptation in bacteria 
for changing environments. Moreover, this kind of higher gene transfer rates was 
observed more in biofilms than their counterparts. It confers protection and survival 
in adverse environmental conditions such as antibiotics (Costerton et al. 1999; Mah 
and Toole 2001), predators (Kadouri et  al. 2007), and human immune system 
(Anderson and O’Toole 2008). This way biofilms enhance the virulence of microbes 
(Brooks et al. 2005).
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HGT in biofilms is beneficial to microbes but are harmful to us because antimi-
crobial resistance and virulence genes get disseminated or new ones get emargin-
ated, making multiple drug-resistant (MDR) strains which are known as 
multiresistant “superbugs.” Moreover, biofilms’ architecture is tuned under a spe-
cific environment with the help of different enzymes secreted by bacteria that mod-
ify its EPS composition when a change in nutrient availability occurs (Sauer et al. 
2004; Ma et al. 2009).

In the natural environment, 99% of bacteria exist in biofilms. As per reports from 
the National Institutes of Health (NIH), up to 65% and 80% of all microbial and 
chronic infections, respectively, are related to biofilms which feature their immense 
clinical impact (Jamal et al. 2018). Biofilms are responsible for more than 65% of 
nosocomial infections (Böhme et al. 2009) and approximately 61% zoonotic human 
infections (García and Percival 2011). Not only human infections but most of the 
infections caused in animals like pneumonia, liver abscesses, enteritis, wound infec-
tions, and mastitis are caused by biofilm-forming microbes (Olson et  al. 2002; 
Clutterbuck et al. 2007).

9.2  Biocontrol Agents Against Biofilms

9.2.1  Plant-Derived Essential Oils (EOs)

Essential oils (EOs) are derivatives of the various parts of the plants such as flowers, 
roots, leaves, seeds, fruits, bark, herbs, twigs, and seeds. They are hydrophobic and 
aromatic liquids. From ancient times, herbs and spices are commonly used in our 
homes, as flavoring agents of food, as a food preservative for its long-time storage, 
or as a medicinal plant product. EOs perform a significant function in the defense of 
crops from various microorganisms, insects, and animals (Kerekes et  al. 2015). 
They are obtained either traditionally by methods like extraction, steam distillation, 
cold press/expressing, and enfleurage or by modern techniques employing micro-
wave or ultrasound waves for extraction or pressurized extractions. Among the 3000 
EOs known, 300 EOs are commercially explored which comprise more than 60 
individual compounds (Van de Braak and Leijten 1999; De Martino et  al. 2009; 
Cowan 1999). The amount of extracted EOs from plants depends upon factors like 
the part of the plant used for the purpose, its age, and the extraction method used 
(Lemberkovics et al. 2004; Reyes-Jurado et al. 2015). Essential oils are classified as 
depicted below (Kerekes et al. 2015).

Their mechanism of action involves the following: they are lipophilic in nature 
and therefore are permeable in the cell membrane, and they may inhibit ATP produc-
tion and ATPase activity and bring about the outward flow of ions or other cellular 
content (Bakkali et al. 2008), disrupting the genetic (de Oliveira et al. 2010, 2012) as 
well as cellular material of the microorganisms (Perricone et al. 2015). It was found 
that aldehyde and phenolic EOs are the most effective in fighting against microbes 
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such as cinnamaldehyde, carvacrol, eugenol, or thymol (Bakkali et al. 2008; Perricone 
et al. 2015). Gram-positive microorganisms showed more sensitivity to EOs when 
compared to their Gram-negative counterparts (Burt 2004; Lambert et al. 2001).

Essential oils 

1. Terpenes composed of hydrocarbons 

containing many isoprene units

i.e. p-cymene, terpinene, limonene, sabinene 

2. Terpenoids are terpenes containing 

oxygen

Alcohols   Esters   Aldehydes   ketones   

Ethers   Phenols 

i.e. Geraniol, eugenyl acetate, geranial, neral 

and 1,8-cineole

Aromatic compounds 

(phenylpropanoids)

i.e. Cinnamaldehyde, methyl 

eugenols , methyl cinnamate 

 

Some EOs can also act as quorum-sensing inhibitors (interfering with the com-
munication and regulation of quorum-sensing genes) which leads to the reduced 
activity of biofilm formation and other virulence-related factors (Nazzaro et  al. 
2013). Some of the features which make EOs as future therapeutic agents are: they 
are easily extracted, are nontoxic to the tissue culture cell lines, are rapidly degraded 
when mixed in water, and have no side effects to health (Fabian et al. 2006; Warnke 
et al. 2006; Isman 2000). It has been observed that the presence of EOs modifies the 
antibiotic tolerance ability of the bacterial cell (Yap et al. 2014), and when the two 
antimicrobials, which target two different components of the bacterial cell, are com-
bined, it changes the tolerance of the microorganism (Rosato et al. 2007; Cox et al. 
1998; Langeveld et al. 2014; Longbottom et al. 2004; Cirino et al. 2014) (Table 9.1).

9.2.2  Quorum-Sensing Inhibitors (QSIs)

Quorum sensing (QS) is an interaction strategy in the microbial community that is 
chemical in nature and is used to regulate various behaviors such as virulence and 
biofilm formation (Uroz et al. 2009). As soon as the population of bacteria becomes 
dense, QS compounds start accumulating for the recognition of the population 
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density to activate a corresponding response. Quorum-sensing inhibitors target the 
QS molecules to reduce the formation of biofilms, and this disruption reduces the 
growth, virulence, and dispersion of microorganisms (Papenfort and Bassler 2016).

It was proposed that quorum-sensing inhibitors mainly target the following:

 1. The signal generator
 2. The quorum-sensing molecule
 3. The signal receptor

The QS signal receptor mediates the pharmacological action. One of the modes 
of action that often facilitates the transformation of biofilm pathogenicity is reduc-
ing the biofilm’s resistance to conventional antimicrobial treatment. Rasamiravaka 
et al. (2015) reported several QS-inhibiting compounds, including penicillic acid, 
solenopsin A, catechin, ellagic acid derivatives, and curcumin. QSIs can be 
obtained from various sources, but their antibiofilm activity should be explored in 
future studies.

Most of the plant-derived QSIs have shown to exhibit remarkable antibiofilm 
activity. Several studies were performed related to QC-mediated inhibition of bio-
film formation as shown in Table 9.2. These studies showed that the QSI when used 
alone or in synergism with various other antimicrobial agents can be used to control 
biofilms. Christensen et al. (2012) showed that antibiotic tobramycin, when com-
bined with QS compounds including furanone and horseradish juice extract, dis-
rupted the biofilms of Pseudomonas aeruginosa in mouse as experimental organism. 
The synergic effect of QS molecules and availability of QS inhibitors increased the 

Table 9.1 Essential oil (EO) associated studies effective against biofilms

Essential oils
Target biofilm organism in the 
study Reference

Oregano essential oils, carvacrol, and thymol S. aureus Nostro et al. 
(2007)

Cassia, Peru balsam, and red thyme Pseudomonas spp. and S. 
aureus

Kavanaugh and 
Ribbeck (2012)

5% tea tree oil (TTO) Coagulase-negative 
Staphylococci (CoNS)
1. Five out of nine of their 
biofilms are completely 
eradicated
2. 100% eradication after 1-h 
treatment to methicillin- 
susceptible S. aureus (MSSA)

Brady et al. 
(2006)

Pelargonium graveolens essential oil in 
combination with norfloxacin

Biofilms of two strains of S. 
aureus

Rosato et al. 
(2007)

Eugenol, cinnamaldehyde, citral, and 
geraniol

Clinical strains of 
Staphylococcus aureus

Jafri et al. 
(2014)

Cinnamon (Cinnamomum zeylanicum), TTO 
(Melaleuca alternifolia), and palmarosa 
(Cymbopogon martini), combined with 
ciprofloxacin

P. aeruginosa biofilm Coelho and 
Pereira (2013)
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susceptibility of the P. aeruginosa biofilm to tobramycin. Such methods create a 
less favorable surface for biofilms to reside on, and they reduce biofilm pathogenic-
ity using QS inhibitors, demonstrating a promising and exciting potential avenue for 
further exploration. However, more work needs to be done to incorporate these 
ideas into an in vivo environment, particularly in the case of biofilm formation, as 
in vitro biofilm models may not mimic complex in vivo conditions.

9.2.3  Antimicrobial Peptide (AMP)

Antimicrobial peptides (AMPs) are also known as “host defense peptides.” In higher 
eukaryotic organisms, AMPs are “L”-shaped cationic molecules containing 15–50 
amino acids having molecular weights between 1 and 5 KDa and are produced as 
part of an innate immune defense mechanism by eukaryotes and prokaryotes. They 
usually contain arginine and lysine residues in excess (Izadpanah and Gallo 2005; 

Table 9.2 QSI associated with biofilm control

QS inhibitor/QSI and antimicrobial 
agent combination

Synergized 
antibiotic if any Target organism Reference

RNAIII-inhibiting peptide (RIP) Nil Staphylococcus Balaban et al. 
(2007)

Usnic acid (obtained from lichens) Nil S. aureus and P. 
aeruginosa

Francolini 
et al. (2004)

Pungent oil of fresh ginger 
(6-gingerol)

Nil P. aeruginosa Kim et al. 
(2015)

Lactonase from Bacillus spp. 
synergize

Ciprofloxacin 
gentamicin

P. aeruginosa Kiran et al. 
(2011)

Patulin and penicillic acid obtained 
from Penicillium species

Nil P. aeruginosa Rasmussen 
et al. (2005)

Phenyl-DPD 
(phenyl-4,5-dihydroxy-2,3- 
pentanedione)

Gentamicin P. aeruginosa Roy et al. 
(2013)

Baicalin hydrate, cinnamaldehyde, 
hamamelitannin

Tobramycin, 
clindamycin, and 
vancomycin

P. aeruginosa and 
S. aureus

Brackman 
et al. (2011)

Chinese medicine baicalein Nil P. aeruginosa Zeng et al. 
(2008)

14-Alpha-lipoyl andrographolide 
(AL-1) obtained from green chiretta 
(Andrographis paniculata)

Nil P. aeruginosa Zeng et al. 
(2011)

LSFE Tobramycin P. aeruginosa Jakobsen et al. 
(2012)

Ajoene synergized Tobramycin P. aeruginosa Yang et al. 
(2006)
Christensen 
et al. (2012)
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Rossi et al. 2008; de la Fuente-Núñz et al. 2012). They act on a wide variety of 
organisms like bacteria, yeasts, fungi, viruses, and even cancer cells to directly kill 
them. They show specific and diverse activities related to normal immune homeo-
stasis, which includes a variety of cytokine and growth factor-like effects. They 
mainly target cell membranes because the peptides with a positive charge and cell 
membranes/biofilm surfaces of microbes with a negative charge attract each other, 
killing the active and slow-growing bacteria in biofilms (Melo et al. 2009; Jorge 
et al. 2012). However, AMPs at deficient concentrations change their activity from 
bactericidal to bacteriostatic (Beloin et  al. 2014). Cationic peptides induce gene 
expression in microorganisms by binding to their DNA because they can pass 
through the cell membrane.

As per the literature review done by Yasir et al. (2018), the following mode of 
actions of antimicrobial peptides worked for biofilm removal (Table 9.3):

Various studies (Table 9.4) reported that AMPs are more effective when com-
bined with various conventionally used antibiotics. Also, it was found that by chang-
ing the amino acid composition of AMPs, antimicrobial activity can be increased 
(Ma et al. 2012; Xu et al. 2014; Tiwari et al. 2015). One such example of genetic 
manipulation is the replacement of functional “defective” sequence RR7 in one of 
the AMP R-FV-I16 by inserting the antibiofilm sequence FV7 (Xu et  al. 2014). 
Another way in which the manipulation of AMPs can be done is by designing 
STAMPs (specifically targeted AMPs). The benefit of these STAMPs is that they 
harm pathogenic bacteria but not nonpathogenic ones (Li et  al. 2010; He et  al. 
2009). These AMPs rupture the cell membrane or act as membrane perturbers 
(Wimley and Hristova 2011). Genetically engineered peptide such as peptide RN3 
(5-17P22-36) of eosinophil granules can also be explored as a potential antibiofilm 
agent (Venge 1999; Acharya and Ackerman 2014).

Table 9.3 Mode of action of AMP (Yasir et al. 2018)

S. 
no. Mode of action Examples

1. The membrane potential of cells in biofilms is 
either disrupted or degraded

Nisin A, lacticin Q, and nukacin ISK-1, 
an engineered peptide RN3 (5-17P22-36), 
esculentin (CSA)-13 c

2. Quorum sensing is interrupted Human cathelicidin LL-37 and indolicidin
3. Biofilm EPS matrix is degraded Peptide PI, AMP derived from Calliphora 

vicina, hepcidin 20, peptide S4(1–16) 
M4Ka, piscidin-3

4. Alarmone system is inhibited in both 
gram-positive and gram-negative bacteria to 
avoid the bacterial stringent response

Guanosine 50-diphosphate 30diphosphate 
(ppGpp) (p)ppGpp, 1018, DJK-5, and 
DJK-6, 1018

5. Genes which are responsible for biofilm 
formation are downregulated and 
transportation of binding proteins is 
interrupted

Human β-defensin 3 (hBD-3), peptide 
Nal-P-113
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Table 9.4 Antimicrobial peptides associated with biofilm control

Antimicrobial 
peptides

Synergized 
antibiotic if any Targeted organism biofilm Reference

A 9-amino acid 
peptide AMP 1037

Nil P. aeruginosa
B. Cenocepacia
Listeria monocytogenes

de la 
Fuente-Núñz 
et al. (2012)

LL-37 Nil P. aeruginosa Overhage et al. 
(2008)

Group A Streptococcus (GAS) Johansson 
et al. (2008)

S. epidermidis Vuong et al. 
(2004)

S. epidermidis ATCC35984 Hell et al. 
(2010)

Tachyplesin III Piperacillin- 
tazobactam 
(TZP)

P. aeruginosa Hirakura et al. 
(2002)

Colistin Ciprofloxacin P. aeruginosa Herrmann 
et al. (2010)

Nisin Daptomycin/
ciprofloxacin

Methicillin-resistant S. aureus 
(MRSA)

Mataraci and 
Dosler (2012)
Dosler and 
Mataraci 
(2013)

Indolicidin Teicoplanin
Cecropin(1–7)-
melittin A(2–9) amide 
(CAMA)

Ciprofloxacin

Cathelicidin peptide 
BMAP-28

Quinupristin/
dalfopristin 
(Q/D)
Linezolid 
(LZD)
Vancomycin

S. aureus Cirioni et al. 
(2006)

Peptide IB-367
LZD

NIL S. aureus Ghiselli et al. 
(2007)

Pal-Lys-LysNH2
Pal-Lys-Lys

Vancomycin S. aureus on vascular grafts Cirioni et al. 
(2007)

Peptide 1018 Nil It blocks or degrades guanosine 
pentaphosphate [(p)ppGpp], which is 
essential for biofilm formation. At 
low concentration, inhibition of 
biofilm and higher concentration 
eradication occurred

de la 
Fuente-Núñez 
et al. (2014)

D-Enantiomeric Nil Study on in vivo and in vitro 
antibiofilm activity of this newly 
synthesized broad-spectrum AMP

Low and 
White (1989)

Nisin A
Lacticin Q
Nukacin ISK-1

Nil S. aureus (an MRSA strain) Okuda et al. 
(2013)

(continued)
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9.2.4  Biofilm-Degrading Enzymes

Primarily, enzymes whose composition are proteins or RNAs are natural catalysts 
that either accelerate chemical reactions without being consumed or altered or 
increase reaction rates without changing the chemical equilibrium between the reac-
tants and products. Based on their functional characteristics on the ENZYME data-
base (https://www.expasy.org/enzyme/), there are mainly six classes of enzymes 
(Shen and Chou 2007) (Table 9.5):

Table 9.4 (continued)

Antimicrobial 
peptides

Synergized 
antibiotic if any Targeted organism biofilm Reference

Esculentin Nil P. aeruginosa PAO1 Luca et al. 
(2013)

(CSA)-13 c Nil P. aeruginosa Nagant et al. 
(2013)

LL-37 and indolicidin Nil P. aeruginosa Overhage et al. 
(2008)

Peptide PI Nil Streptococcus mutans Ansari et al. 
(2017)

AMP derived from 
maggots of the 
blowfly Calliphora 
vicina

Nil Escherichia coli
Staphylococcus aureus
Acinetobacter baumannii

Gordya et al. 
(2017)

Hepcidin 20 (human 
liver derived)

Nil S. epidermidis Brancatisano 
et al. (2014)

S4(1–16) M4Ka, a 
derivative of S4

Nil P. aeruginosa Quilès et al. 
(2016)

Piscidin-3 (fish 
derived)

Nil P. aeruginosa Libardo et al. 
(2017)

Signaling nucleotides 
guanosine 
50-diphosphate 
30-diphosphate 
(ppGpp)
(p)ppGpp

Nil They can regulate the expression of a 
plethora of genes

Libardo et al. 
(2017)
Potrykus and 
Cashel (2008)

1018
DJK-5
DJK-6

Nil They can block the synthesis and 
trigger degradation of (p)ppGpp in 
both Gram-positive and gram- 
negative bacteria

De la 
Fuente-Núñez 
et al. (2014)

P. aeruginosa Pletzer et al. 
(2017)

Human β-defensin 3 
(hBD-3)

Nil Staphylococcus epidermidis ATCC 
35984

Zhu et al. 
(2013)

Nal-P-113 Nil It can inhibit genes controlling the 
mobility of extrachromosomal 
elements and transport and binding 
proteins such as Porphyromon

Wang et al. 
(2017)
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The biofilms produce an extracellular polysaccharide substance (EPS). The main 
composition of EPS are proteins, polysaccharides, and nucleic acids (Low and 
White 1989, Bayles 2007). EPS adheres to surfaces and protects the associated 
microorganisms from various antimicrobials and other shearing stress due to its 
structural stability factors (Cooksey and Wigglesworth-Cooksey 1995; Ramasamy 
and Zhang 2005). Therefore, disorganization of EPS with certain classes of enzymes 
will lead to detachment of biofilm (Stewart 2015) and would expose the bacteria to 
these agents.

Various actions of enzymes involve biochemical breakdown of EPS, inhibition 
of QS signaling, degradation of the adhesive bonds between cells, and the toxic 
substance accumulation, the cumulative effect of which leads to lysis of affected 
cell and deactivation of necessary enzymes needed for cell development (Thallinger 
et al. 2013). Enzymes such as DNase I-amylase and dispersin B (DspB) minimize 
the exopolysaccharide layer of the microbe; thus, the number of biofilm cells is 
reduced (Eckhart et al. 2007; Whitchurch et al. 2002; Kalpana et al. 2012). Moreover, 
the specificity of enzymes and their activities are interfered or influenced by many 
environmental factors like availability or nonavailability of activators, cofactors, or 
inhibitors, temperature, substrate, and pH (Baidamshina et  al. 2017). One of the 
critical characteristics of enzymes is that they are substrate-specific, i.e., they cleave 
the EPS at a specific site (Bridier et al. 2015).

EPS composition governs a significant role in deciding whether enzymes alone 
or a blend of enzymes in synergy with other treatment methods, physical (ultra-
sound, stress) or chemical (chelating agents, buffers, surfactants, and detergents), is 
required to remove the EPS altogether (Thallinger et  al. 2013; Darouiche et  al. 
2009; Izano et  al. 2007). Additionally, significant reduction of biofilm mass is 
obtained, when the active enzyme is immobilized by entrapping in substances like 
poly(ethylene-alt-maleic anhydride), ceramics, polycaprolactam, etc. (Regina et al. 
2012). The resistance of biofilm-forming pathogens to enzymes is quite uncommon; 
however, there are few exceptions, like L. monocytogenes resistant to lysozyme 

Table 9.5 Different classes of enzymes with their mode of action (Shen and Chou 2007)

S. 
no Name of class Mode of action

1. Oxidoreductases Targets the quorum-sensing molecules by acting on peptide bonds, in 
linkages of acid anhydride

2. Transferases Catalyzes reactions of oxidation and reduction by electron transfer 
producing H2O2. This affects the bacterial growth

3. Hydrolases Targets the EPS matrix and transfers atoms between compounds
4. Lyases Cleavage of C-C, C-O, and C-N bonds in EPS occurs leading to 

elimination of atoms
5. Isomerases Catalyze the formation of a substrate’s isomer by transferring the 

specific functional groups within the molecule
6. Ligases or 

synthetases
Catalyzes the joining together of two molecules using energy derived 
from ATP

G. Sharma and A. Karnwal
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(Nguyen and Burrows 2014), S. aureus mutant to lysostaphin (Gründling et  al. 
2006), and P. aeruginosa to peroxidase (Lewis 2001).

Though enzymatic therapies also have some limitations, the first one is that they 
are costly compared to several other antimicrobials. In the natural environment, 
biofilms are a composition of variably diversified microbial species; therefore, the 
EPS is also diverse (Jahid and Ha 2014). This diverse biofilm matrix is difficult to 
treat with substrate-specific enzymes. It is known that wrong selection of enzymes 
and their combinations sometimes leads to attenuation instead of killing 
(Baidamshina et al. 2017), or sometimes it does the reverse of increasing virulence 
factors and biofilm formation, i.e., induction of biofilm formation occurred in 
Pseudomonas aeruginosa and Enterococcus faecalis that is generated by a protease 
enzyme (Ołdak and Trafny 2005; Xu et al. 2014) (Table 9.6).

9.2.5  Bacteriophage

Bacteriophages were discovered by Frederick Twort in 1915 and Félix Bd’Hérelle 
in 1917 independently. These are viruses, shorter in size, and survive on host pro-
karyotes (d’Herelle 1917, 1918). Taxonomically, they are divided into Myoviridae, 
Siphoviridae, and Podoviridae (Ackermann 2009). Bacteriophages are bacterial 
viruses that exhibit two kinds of life cycles: the first one is lytic and the other is 
lysogenic. They have the ability to lyse the host bacterial cell or grow generation by 
generation with bacterial cell (Twort 1936). Bacteriophages have been applied med-
ically to take care of human microbial diseases from the last 80 years in former 
Soviet Union and European countries (Clark and March 2006).

Bacteriophages penetrate biofilms (Pires et  al. 2011; Vilas Boas et  al. 2016); 
therefore, phages are active against both planktonic and biofilm form of bacteria 
(Kim et al. 2011; Gutiérrez et al. 2016). Antiphage refuges are formed in bacteria in 
biofilms, which establishes bacteria phage coexistence (Heilmann et al. 2012). The 
phage takes advantage of high cell density in biofilm and spreads rapidly; this weak-
ens the biofilm structural integrity of bacterial cells and causes its lysis. Phages and 
antibiofilm substances can be applied together to target host bacteria for complete 
removal of biofilms (Uppuluri and Lopez-Ribot 2016). Alternatively, another 
method to enhance the broad host range of bacteriophages is that they can be geneti-
cally engineered. Dispersin B from Aggregatibacter actinomycetemcomitans is a 
biofilm-degrading enzyme expressed from engineered phages (Lu and Collins 2007).

The phage therapy has many advantages over conventional antibiotic therapy 
(Matsuzaki et  al. 2005): it attacks the targeted microbe and does not affect the 
healthy microbial flora, is effective against MDR and phage-resistant bacterial 
mutants, is cheaper compared to antibiotics, and has minimum/rare side effects 
(Matsuzaki et al. 2003). One of the critical factors determining the efficacy of phage 
therapy is attaining high phage “killing titers” (Abedon and Thomas-Abedon 2010). 
However, Defence mechanisms and other host-mediated responses should be 
considered before adapting any conventional therapeutics methods in mammals. 

9 Biological Strategies Against Biofilms
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The phage therapeutics should be developed to have active, harmless, safe, and 
long- term treatment options (Szczaurska-Nowak et al. 2009). Phages also modulate 
the immune system. One of the primary example is respiratory burst induced by 
bacterial cell wall that is inhibited by phagocytes in human blood (Levin and Bull 
2004). Another essential feature observed about phages is the normalization of cyto-
kine production by blood cells isolated from patients (Weber-Dabrowska et  al. 
2000). All these studies showed that mammal–phage interactions should be explored 
in detail for their further use as a treatment option either alone or in synergism with 
antibiotics.

Many phage combinations can be applied to obtain broader activity, i.e., cock-
tails of phages (Chan et al. 2013). Alternatively, an excellent strategy to fight against 
older biofilms is the use of combinations of both bacteriophages and antibiotics. 
The combination of a bacteriophage with amoxicillin was much more effective in 
reducing a mature biofilm of Klebsiella pneumoniae B5055 than each of the agents 
alone. The advantage of using phage–antibiotic combinations are decreased with 
the emergence of resistant cells that would appear upon using phages or antibiotica 
lone (Chhibber et al. 2009a, b). The recent multidrug-resistant (MDR) strains found 
in clinical isolates of bacteria are emerging day by day, and it has become difficult 
to treat these infections causing endemics (Alisky et al. 1998; Carlton 1999).

The principal downside of the use of therapeutic phages in medical treatment is 
the introduction of resistance against phages by pathogenic bacteria. The resistance 
of bacteria to phage may be developed due to inactivation of phage by the immune 
system of the host, and it may occur when virulence genes get incorporated into the 
host bacterial genome (Dolan 2009). The bacteriophage therapy has limitations of 
specificity towards the host which limits the phage to have a narrow range of host 
bacteria except for some exceptions, e.g., Staphylococcal phage K, Sb-1, and Stau2 
(Curtin and Donlan 2006; Sharma et al. 2005). Cross-infections in closely related 
species, for example, of Staphylococcus by polyvalent phage K, SK311, U16, ɸ131, 
and ɸ812 are also one of the problems while using phage therapy (Pantůček et al. 
1998). However, if a phage uses a bacterial virulence factor as a receptor, it should 
target the “virulent” subpopulation only (Bedi et al. 2009). Some of the obstacles 
which come across in the commercial production of phage as therapeutic agents are 
their complex manufacturing and testing methodology, current regulations, patent-
ing and efficacy problems, and costly clinical trials (Debarbieux et  al. 2016; 
Vandenheuvel et  al. 2015). Despite these limitations, it can be summarized that 
phages are quite safe and effective as a future antibiofilm agent. Table 9.7 summa-
rizes some of the phage-associated biofilm control studies done in the past years.

9.3  Conclusion

The infections caused by biofilms are chronic, recurrent, and resistant to antibiotics. 
Also, the contamination caused by them in industrial systems is challenging to erad-
icate. As a result of strengthening antimicrobial drug resistance, conventionally 
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used antibiotic therapy alone is not sufficient to control biofilm-related infections. 
Hence, another category of molecules/remedies to treat biofilm-associated threats is 
an appealing area and still has to be explored by researchers. Each new novel mol-
ecule has some advantages and limitations. Although in AMPs, enzymes, and bac-
teriophages, QSIs have broad-spectrum antibacterial function and tend to be 
protected from the occurrence of microbial resistance and could work synergisti-
cally with antibiotics, extensive research is needed such as chemical studies of the 
EPS matrix of various microbes and complex immunomodulatory activities inside 
the host cells which can reduce/enhance their efficacy. However, the effectiveness 
of biological control strategies might be affected through a range of physical and 
chemical factors. These factors include temperature or time applied in the biocon-
trol method, treatment of single species or multiple species biofilm, development 
strategy used by an organism to develop a biofilm, and composition of the surface 
matrix. Therefore, strategically defined control methods or validation studies of new 

Table 9.7 Bacteriophage associated with biofilm control

Phages Target organism biofilm Reference

T4 E. coli Corbin et al. (2001)
2307-B1 L. monocytogenes Hibma et al. (1997)
53b SF153b E. agglomerans Hughes et al. (1998)
F116 P. aeruginosa Hanlon et al. (2001)
11229, φEnt, φ1.15 E. cloacae Tait et al. (2002)
φS1 P. fluorescens Sillankorva et al. (2004)
KH1 E. coli O157 Sharma et al. (2005)
456 S. epidermidis Curtin and Donlan (2006)
φ11, φ12 S. aureus Sass and Bierbaum (2006)
K S. epidermidis Cerca et al. (2007)
TG1 T7 E. coli Lu and Collins (2007)
C2 S. maltophilia Briandet et al. (2008)
φS1 P. fluorescens Sillankorva et al. (2008)
B5055 phage synergizes with 
antibiotic

K. pneumoniae Bedi et al. (2009)

SAP-2 S. aureus Son et al. (2010)
P100 L. monocytogenes Soni and Nannapaneni 

(2010)
IBB-PF7A, IBB-SL58B P. fluorescens, S. lentus Sillankorva et al. (2010)
M4 P. aeruginosa Fu et al. (2010)
Bacteriophage, from the Myoviridae 
family T4-like phage

NA Yoon et al. (2010)

phiIBB-PAP21, phiIBB-PAA P. aeruginosa Pires et al. (2011)
Aab01, Aab01-1 Aggregatibacter 

actinomycetemcomitans
Castillo-Ruiz et al. (2011)

BVPaP-3 P. aeruginosa Ahiwale et al. (2011)
λW60, PB-1 E. coli, P. aeruginosa Kay et al. (2011)
CP8, CP30 C. jejuni Siringan et al. (2011)
phi 15 P. putida Cornelissen et al. (2011)
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emerging biocontrol assays against microbial biofilms need to be done before the 
commercialization of these products.
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Chapter 10
Microbial Options Against Antibiotic- 
Resistant Bacteria

Mahantesh M. Kurjogi, Ram S. Kaulgud, and Poondla Naresh

Abstract Antibiotics are routinely used to treat human and animal infectious dis-
eases since the time of invention. However, due to continuous and long-term usage 
of antibiotics, infectious organisms naturally developed resistance over time through 
genetic changes. Further indiscriminate use of antibiotics in public health care is 
accelerating the emergence of drug-resistant bacteria. The spread of antimicrobial 
resistant bacteria among people, animals, food, and environment is of growing con-
cern that requires urgent attention to control the widespread occurrence of antibiotic- 
resistant bacteria. Transition from antibiotics to nontraditional treatments is one 
option to overcome this global challenge. Small peptides like bacteriocin, synthe-
sized by certain bacteria, showed good antimicrobial activity against pathogenic 
bacteria. Use of microbial cell-free probiotic along with regular antibiotics has sig-
nificantly increased the antibacterial activity against multidrug-resistant bacteria. 
The application of phage therapy and quorum sensing inhibitors are also well- 
known options against antibiotic-resistant bacteria. Recent developments in genome 
editing showed successful cleavage of specific target gene, coding for pathogenesis 
or re-sensitizing pathogenic organisms for antibiotics, this strategy proves their 
ability to kill specific pathogenic bacteria based on their sequence rather than target-
ing group of bacteria. Similarly, nanotechnology has attracted worldwide interest 
due to its promising results in drug delivery system, and the versatile characteristics 
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like potent antimicrobial activity of nanoparticles make it extremely outstanding 
candidate for the management of infectious diseases.

Keywords Antibiotics · Antimicrobial resistance · Penicillin · Bacteriocins · 
Phage therapy · Quorum sensing

10.1  Introduction

Antibiotics are a class of compounds naturally produced by certain types of micro-
organisms for inhibition of other competitive microorganisms in their habitat. These 
compounds can be isolated or synthesized by various mechanisms which can be 
used as medications for the treatment of infectious disease caused by pathogenic 
bacteria/etiology. The invention of antibiotics has made a tremendous contribution 
in medical field; many diseases that once known to cause huge damage on human 
health have been successfully treated after the invention of antibiotics (CDC report 
2013). However, over a period of time, some bacteria naturally developed resistance 
against antibiotics due to prolonged usage of these antibiotics (Kaliwal et al. 2011). 
Antibiotic resistance is the ability of bacteria to develop some mechanism to neu-
tralize the action of antimicrobials against them. As a result, use of such antimicro-
bials against these bacteria becomes ineffective. Recently, the World Health 
Organization has announced the alarming level of resistance among various species 
of bacteria (Tacconelli et al. 2018). The development of resistance among bacteria 
goes beyond the available antibiotics and also exceeds the rate of antibiotic discov-
ery at present situation. Studies suggest that around 444 million people could suffer 
infectious disease by 2050 (Gould and Bal 2013). High prevalence of antibiotic 
resistant bacteria has become one of the major public health problems and espe-
cially control of mortality due to nosocomial infections poses a biggest challenge to 
the health care professionals.

The evolution of multidrug-resistant bacteria in hospital environment is the result 
of prolonged exposure of bacteria to various antibiotics and also transfer of resistant 
bacteria between individuals; another important factor for evolution of resistant 
bacteria is transmission of resistance genes from resistant bacteria to susceptible 
bacteria (Guillemot et al. 2001). In the pre-antibiotic era, S. aureus infection resulted 
in 80% mortality (Smith and Vickers 1960). With the inventions of antibiotics, the 
organism was reported to be successfully controlled by the earliest antibiotics like 
penicillin. However, during the 1950s, the extensive applications of these antibiotics 
against infectious disease resulted in the emergence of beta-lactamase-producing 
bacterial strains (Fisher and Knowles 1978). Further beta-lactamase-resistant peni-
cillins were developed to overcome the emergence of beta-lactamase-producing 
strains, but resistant bacteria developed against this new antibiotic were first reported 
in the 1960s from Europe and in the 1970s from the USA (Peacock et al. 1980). 
Furthermore, in the 1980s, S. aureus strains were also frequently reported to have 
developed resistance against potent antibiotics like methicillin in hospital 
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environment (Hughes 1987). By the 1990s, studies reported the emergence of bac-
teria resistance to semi-synthetic penicillins like nafcillin and oxacillin. Moreover, 
several bacteria also developed resistance against antibiotics like macrolides, tetra-
cyclines, and aminoglycosides, compromising the use of these drugs for empiric 
therapy for infectious diseases in a number of regions. This has led to the introduc-
tion of glycopeptide antibiotic known as vancomycin for the management of 
methicillin- resistant S. aureus (MRSA) infections (Hiramatsu et al. 2001). However, 
Hiramatsu and his coworker (1997) reported the first vancomycin-resistant 
Staphylococcus aureus from Japan. Similarly, other countries like the USA (Smith 
et al. 1999), Belgium (Denis et al. 2002), and India (Assadullah et al. 2003) also 
reported reduced susceptibility of S. aureus to vancomycin. Hence, it is necessary 
to understand the genetics and defense pathway mechanism of the resistant bacteria 
at individual level in order to develop effective therapy against infectious disease. 
Therefore, comprehensive efforts are required to discover novel molecules or new 
technologies for the control of multidrug-resistant bacteria. In recent times, several 
progressive approaches have been made with unique properties, which include use 
of probiotic, phage therapy, quorum sensing inhibition, genome editing technology, 
and nanoparticle therapeutics, and they prove their potential ability to control resis-
tant bacteria. Though the alternative strategy for combating bacterial infection is in 
its infancy, its potential to re-sensitize or eliminate resistant bacteria cannot be 
underestimated. Therefore, in this chapter, we summarized novel strategies for han-
dling the crisis of bacterial infections, and overview of new strategies for the man-
agement of multidrug-resistant bacteria is represented in Fig. 10.1.

10.2  Small Peptide as a Novel Antimicrobial Agent

As the prevalence of resistant bacteria increases, it is necessary to search for a new 
molecule that plays an important role in controlling the widespread occurrence of 
resistant bacteria. Bacteriocins are ribosomally produced small peptide molecules 
known for their potential antimicrobial agent. Bacteriocins are broadly classified 
into two classes based on the mode of their production. Class I bacteriocins are 
produced after modification during post-translation process. This class of bacterio-
cins is also identified by the presence of unusual amino acids where threonine and 
serine residues are dehydrated to dehydrobutyrine and dehydroalanine, respectively, 
during post-translation modification (Cotter et al. 2013). Class II bacteriocins are 
unmodified with cyclic structure and further divided into class IIa to class IIe (Cotter 
et al. 2013). Several class I bacteriocins are isolated, among which the most com-
monly studied bacteriocins include nisin, lacticin, staphylococcin, mersacidin, etc. 
(Brotz et al. 1995; McAuliffe et al. 1998; Navaratna et al. 1998; Xie et al. 2004; 
Field et al. 2008). Similarly, class II bacteriocins are also extensively studied which 
revealed their strong affinity with mannose phosphotransferase receptor suggesting 
their specificity in antimicrobial activity against pathogens (Oppegard et al. 2007). 
Bacteriocin usually recognizes either a general or specific receptor molecule on a 
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target cell to which it binds and disrupts membrane structure by pore formation 
(Brogden 2005). Bacteriocins produced by different types of bacteria vary in their 
structural and functional characteristics. Extensive studies on the mode of action of 
bacteriocins showed that bacteriocins produced by Gram-positive bacteria have 
broad-spectrum antimicrobial activity (Sang and Blecha 2008). Nisin is a common 
bacteriocin produced by Lactobacillus and Lactococcus species which is well 
known for its antimicrobial activity against foodborne pathogens (Dimitrieva-Moats 
and Unlu 2012). Staphylococcus species also produce different types of bacteriocins 
such as lysostaphin, aureocin, and nukacin. Lysostaphin is produced by coagulase- 
negative staphylococci and is proven to be an outstanding candidate for the control 
of human and animal infection caused by multidrug-resistant S. aureus (Bastos 
et al. 2010). Aureocin is produced by S. aureus; successful isolation and application 
of aureocin were demonstrated to control the udder infection in domestic cattle 
(2007). Similarly, nukacin is another bacteriocin produced by S. simulans also used 
in the therapeutic applications of animal disease (Ceotto et al. 2010). Carnobacterium 
spp. also produce bacteriocins such as carnobacteriocin X and carnocyclin A which 
have potential to kill Listeria spp. (Martin-Visscher et al. 2008; Tulini et al. 2014). 
Likewise, Enterococcus spp. produce different types of bacteriocin such as entero-
cin, enterocin X, and enterocin A.  All these bacteriocins showed their efficacy 

Fig. 10.1 Overview of new strategies for the management of antibiotic-resistant bacteria
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against foodborne and also clinical pathogens (Gálvez et al. 2007; Hu et al. 2010; 
De la Fuente-Salcido et al. 2015).

Different types of bacteriocins are also produced by Gram-negative bacteria. It is 
important to note that the first reported bacteriocin in 1952 was isolated from Gram- 
negative bacteria. Among Gram-negative bacteria, Escherichia coli is the predomi-
nant producer of bacteriocins known as colicins, which are reported to have the 
ability to kill the target organism by the action of pore formation or nuclease activity 
(Bakkal et al. 2010). Similarly, Klebcins are proteinase bacteriocins produced by 
Klebsiella pneumoniae (Gillor et al. 2004). Pyocin is another small antimicrobial 
peptide produced by Pseudomonas aeruginosa (Gulluce et al. 2013). Further, bac-
teriocins with their potential antimicrobial ability are shown to inhibit the growth of 
multidrug-resistant bacteria such as vancomycin- and methicillin-resistant bacteria. 
This suggests that cell wall peptidoglycan acts as a receptor for bacteriocins.

10.3  Phage Therapy as a Complimentary Strategy 
for the Control of Antibiotic-Resistant Bacteria

In recent years, increased prevalence of antibiotic-resistant bacteria has emerged as 
a major threat to the global population. Presently available antibiotics fail to control 
the spread of infectious diseases caused by resistant bacteria. Therefore, rather than 
the old antibiotic therapy, a new strategy such as phage therapy is required to control 
the adverse effect of resistant bacteria on human health. Phages are considered as 
natural predators of bacteria; bacteria feeding viruses are generally known as bacte-
riophages. Bacteriophages are very specific in their host. Hence, they are effectively 
used for the biotyping of bacterial strains, since they are specific to their target 
bacteriophages. They have been considered as a promising strategy against bacterial 
infections. Several studies have shown the use of phage therapy in treating bacterial 
infections, but still, it has not gained much interest all around the world. Phage 
therapy has several advantages such as target specificity and does not harm the other 
normal microflora and replication takes place inside the infected cell. The mode of 
action of phage therapy involves adsorption of phages to their target bacteria and 
killing the host bacteria after making several copies of itself with the host DNA 
replication process. The newly formed phages, lysis the host bacterial cell and 
released into surrounding environment, further infect the nearby target bacteria. 
This process continues until the target bacteria get eliminated from the surrounding 
environment. Once all the bacteria are killed from the surrounding, bacteriophages 
are eliminated through natural cleansing process without affecting the human tissue. 
To date, clinical applications of phages in treating infectious disease have been 
extensively studied (Morello et  al. 2011; Vieira et  al. 2012; Waters et  al. 2017). 
Around 137 different phages have been characterized for targeting Pseudomonas 
genus (Pires et  al. 2015). Several institutes in Europe have carried out extensive 
research on application of phages on human trials to treat common bacterial 
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infections caused by E. coli, S. aureus, Streptococcus spp., Proteus spp., P. aerugi-
nosa, S. dysenteriae, Salmonella spp., and Enterococcus spp. (Kutateladze and 
Adamia 2008). Similarly, specific phages were successfully used to treat diabetic 
foot ulcers caused by multidrug-resistant S. aureus (Fish et al. 2016). In another 
study, patients administered with phage cocktail consisting of various phages target-
ing different types of bacteria responsible for dysentery such as Salmonella typhi, 
Shigella, E. coli, Salmonella paratyphi, Proteus spp., P. aeruginosa, Shigella flex-
neri, and Staphylococcus spp., Streptococcus spp., and Enterococcus spp. were 
found to recover from the symptoms within 24  h of phage cocktail treatment 
(Chanishvili and Sharp 2008). Recently, Forti et al. (2018) demonstrated the suc-
cessful use of six different phages in treating P. aeruginosa infection in mice and 
Galleria mellonella models. It is observed that some phages also disrupt the P. aeru-
ginosa biofilms. This ability of phages is one of the important contributions over 
traditional antibiotic treatment (Waters et al. 2017; Fong et al. 2017). Recent studies 
showed promising results in controlling E. coli infection in mice (Vahedi et  al. 
2018). Kumari and coworkers confirm that topical application of phage on burn 
wounds of mouse showed significant reduction in mortality of mice (Kumari et al. 
2011). Apart from clinical application, phages have potential to control the growth 
of food pathogen and are considered to be safe; several commercial phages were 
used for biocontrol of bacterial pathogens, viz., Pseudomonas syringae, Listeria 
monocytogenes, Salmonella spp., E. coli, and Campylobacter spp. (El-Shibiny and 
El-Sahhar 2017). Another progress in phage therapy research is that phages and 
purified phage lytic proteins can be genetically engineered, thereby increasing the 
efficacy of treatment. A variety of phages are also used as a vehicle in drug delivery 
process. M13 phages were successful in delivering the coding sequence to the target 
cell resulting in the death of the target cell (Westwater et al. 2003). Correspondingly, 
a variety of bioengineered phages were constructed to control E. coli infection by 
destroying biofilms and interrupting DNA replication and delivery of RNA-guided 
virulence nucleases. Further, some phages also function as an effective adjuvant that 
increases the efficacy of antibiotics against bacterial infections (Citorik et al. 2014; 
Lu and Collins 2007, 2009).

10.4  Quorum Sensing Inhibition as a Novel Approach 
to Diminish Bacterial Resistance

For many years, the search for an effective treatment to fight against infectious dis-
eases has been one of the biggest challenges to the scientific community. Use of 
plant-based bioactive molecules to control infectious agent was one of the well- 
known methods practiced before the invention of antibiotic. However, the use of 
such molecules to treat infectious disease was substituted by chemotherapy due to 
its broad spectrum activity and low toxicity. Prolonged usage of antibiotics has led 
to the development of resistant strains, and in recent years, emerging antibiotic- 
resistant strains have become a serious threat worldwide. Currently, revival of bio-
active molecules that block quorum sensing in bacteria is necessary to mitigate 
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infectious diseases. Quorum sensing is a unique mechanism of bacteria that regu-
lates the expression of genes; most pathogenic bacteria acclimatize to their habitat 
by expressing virulence genes via quorum sensing system (Heilmann et al. 2015). 
For instance, in Pseudomonas aeruginosa, Las and Rhl are two different quorum 
sensing transcription factors responsible for production of biofilm and expression of 
multiple virulence genes (Rutherford and Bassler 2012). Similarly, in Staphylococcus 
aureus, quorum sensing system controls the expression of accessory gene regulator 
(AGR) genes that are responsible for the production of several toxins and exoen-
zymes (Martin et al. 2013). The survival of S. aureus in the host environment against 
the immunity of the host is attributed to the self-defense mechanism expressed by 
S. aureus (Kurjogi et al. 2010). Hence, quorum sensing system plays an important 
role in regulation of various virulence genes and biofilm formation leading the resis-
tant bacteria. Therefore, quorum sensing inhibition approach is considered to be a 
promising strategy for the management of antimicrobial resistant bacteria. Available 
reports show that use of anti-quorum sensing agents can obstruct the quorum sens-
ing signals among the bacteria; several bacterial enzymes like lactonase, acylase, 
oxidoreductases, and 3-hydroxy-2-methyl-4(1H)-quinolone 2, 4-dioxygenase have 
been reported to be potential quorum sensing inhibitors (Jiang et al. 2019). Similarly, 
bioengineered E. coli was successful to disrupt the proteolytic activity and pyocya-
nin production of Pseudomonas aeruginosa (Dong et al. 2018). Liu et al. reported 
that fishes supplemented with lactonase were found to be resistant to Aeromonas 
hydrophila infection (Liu et al. 2016). In addition, studies suggest that lactonase can 
also disrupt the biofilm formation by Vibrio parahaemolyticus in shrimps (Torres 
et al. 2018). Acylase is another bacterial enzyme known as quorum sensing inhibitor 
found to be successfully used for the control of Pseudomonas aeruginosa in health- 
care sectors (Grover et al. 2016). Further it is also noted that oxidoreductases by 
bacteria can abolish the biofilm formation and inhibit the growth of Klebsiella oxy-
toca and K. pneumoniae (Wildschut et al. 2006; Zhang et al. 2018). Overall, the 
quorum sensing inhibitors are the promising alternative strategy to tradition antibi-
otic therapy. Use of anti-quorum sensing agent in health sectors not only kills the 
pathogenic bacteria but also controls the spread of antibiotic-resistant bacteria. 
However, further studies are needed to ensure the stability of quorum sensing inhib-
itors to convey the potential ability of quorum sensing therapy for management of 
infectious diseases.

10.5  Gene Editing Technique for Management 
of Infectious Diseases

Invention of antibiotics is one of the greatest discoveries that revolutionized the 
medical field. Antibiotics have saved millions of lives since their discovery. 
However, increased use of antibiotics to treat common infectious disease has 
led to the development of resistant strains. Therefore, in recent years, most pharma-
ceutical companies have stopped the production of several antibiotics due to 
declined use of such antibiotics. On the other hand, use of genetic engineering to 
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edit the bacterial gene to re-sensitize the bacteria to antibiotic is providing a novel 
approach for management of infectious diseases.

CRISPR-Cas system not only protects bacteria against invaders but also controls 
endogenous transcription and the pathogenicity of bacteria. For example, Francisella 
novicida, which is known as intracellular parasite, can successfully replicate by 
surpassing the host immune system. This bacterium has several mechanisms to mit-
igate the defense mechanisms of the host. On macrophage engulfment, F. novicida 
enters the phagosome, where numerous antimicrobials and immune recognition 
receptors are present (Jones et al. 2012). Toll-like receptor 2 (TLR2) is one of those 
receptors that can detect bacterial lipoproteins (BLPs). TLR2 activation initiates a 
pro-inflammatory response and triggers immune cells, thereby eliminating patho-
gen. However, F. novicida uses cas9, sacRNA, and tracrRNA to inhibit BLP expres-
sion (Sampson and Weiss 2014). Therefore, by preventing TLR2 activation, this 
pathogen can survive within the host. F. novicida induces inflammatory response in 
the absence of these regulators, as it was stated that cas9, sacRNA, and tracrRNA 
deletion mutants induce stronger inflammatory immune response compared to wild 
type. In contrast, deletion mutants of sacRNA, cas9, and tracrRNA are not capable 
of causing lethal infection in mice, further emphasizing the importance of CRISPR- 
cas system as an F. novicida virulence regulator. In addition, cas9 is required for 
invasion and attachment of Campylobacter jejuni (Louwen et al. 2013). Nevertheless, 
C. jejuni attachment to host cells protects this bacterium from the inherent comple-
mentary mechanism of the host. A study recently confirmed that C. jejuni has a role 
to play in controlling CRISPR-cas9 associated virulence genes (Shabbir et al. 2018).

Resistance may evolve by inactivating CRISPR-Cas loci through mutations or 
deletions in target cleavage cas genes or by deleting targeting spacers (Bikard et al. 
2012; Jiang et al. 2013). At present, more than 20 distinct acr gene families have been 
identified, both type I and II CRISPR-Cas systems (Pawluk et al. 2018; Borges et al. 
2017). Many of the Acr protein families targeting type I CRISPR-Cas systems have 
been associated with Pseudomonas aeruginosa as well as other Proteobacteria spe-
cies. While most of these Acr proteins tend to target only one CRISPR-Cas subtype, 
one Acr targeting both the type I-E and I-F CRISPR-Cas subtypes has been published. 
More recently, Acr proteins have been established as target type II systems—includ-
ing the CRISPR-Cas9 systems used for gene editing—one of which is particularly 
wide in its target range (Pawluk et al. 2016). The massive sequence diversity and high 
specificity of Acrs indicate that they are likely ubiquitous and possibly carried by 
MGEs such as phages and plasmids to circumvent targeting by CRISPR-Cas 
(Harrington et al. 2017). The implications of CRISPR-Cas targeting resistant genes 
and their effect on other population need to be studied in detail, especially using clini-
cal pathogens to understand the ecological and evolutionary risks.

Until CRISPR-Cas can be used to target antibacterial resistance, several hur-
dles remain to be overcome. Future research is needed to identify the effective 
method to explore CRISPR-Cas technology. However, the social and legislative 
challenges are to draft guidelines for regulation of CRISPR technology and to 
encourage the proper use of this technology to ensure its responsible and safe use 
(Makarova et al. 2015).
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10.5.1  Green Nanotechnology to Combat Against 
Antibiotic-Resistant Bacteria

For many years, the search for an effective treatment to fight against infectious dis-
eases has been one of the biggest challenges to the scientific community. The con-
cern of drug-resistant clinical pathogens is not only limited to humans but also 
reported in domestic animals. Several studies show that bacteria have developed 
resistance to many commonly used veterinary antibiotics (Kaliwal et  al. 2011; 
Kurjogi and Kaliwal 2011). It is essential to explore novel antimicrobial agents with 
potent antimicrobial activity as an alternative to traditional antibiotics. In this con-
text, nanotechnology has attracted worldwide interest due to its promising results in 
drug delivery system, and it is not surprising to see the antimicrobial activity of 
nanoparticles against clinical pathogens. The versatile characteristics of nanoparti-
cles make them extremely outstanding candidate in several research fields like clini-
cal, agricultural, and physical sciences (Chaudhuri and Paria 2012; Tran et al. 2013; 
Rauwel et al. 2015). Nanoparticles can be synthesized in different ways. Till date, 
several chemical and physical approaches have been made for the synthesis of 
nanoparticles. However, nanoparticles synthesized by chemical and physical pro-
cesses are not suitable for clinical application since the reducing or stabilizing agent 
used in chemical or physical process is not biocompatible and hazardous to environ-
ment. Therefore, recently environmentally benign biological methods like green 
synthesis of nanoparticles have gathered global scientific attention (Lee et al. 2016; 
Cerda et al. 2017; Prasad 2014, 2016, 2019). Nanoparticles synthesized by biologi-
cal approach are more advantageous in terms of safety, efficiency, and biocompati-
bility (Kumar et al. 2015; Quester et al. 2016; Prasad et al. 2017). Several microbes 
are considered as a novel source for green synthesis of nanoparticles since microbes 
are rich source of enzymes and other metabolites that act as a reducing or stabilizing 
agent in the process of nanoparticle synthesis (Prasad et al. 2016, 2018). Another 
advantage of using microbes is they can be easily cultured in a controlled condition. 
Several studies have proved the antimicrobial efficacy of microbe-based nanoparti-
cles in different way. Nanoparticles can be used as adjuvant with available antibiot-
ics that increases the efficiency of antibiotics against the target pathogen (Hassan 
and Hemeg 2017). On the other hand, several metal nanoparticles like silver, cop-
per, gold, zinc, etc. are known to be used directly as an antimicrobial agent against 
pathogenic bacteria (Aziz et al. 2014, 2015, 2016). Recently, studies reported that 
silver nanoparticles synthesized by Ganoderma applanatum demonstrated in vitro 
antibacterial activity against clinical pathogens (Jogaiah et al. 2017). Similarly, sil-
ver nanoparticles were synthesized by edible mushrooms such as Pleurotus pulmo-
narius and Pleurotus djamor which showed high bactericidal activity against 
clinically important Staphylococcus aureus and Pseudomonas aeruginosa 
(Shivashankar et al. 2013). In the same way, silver nanoparticles synthesized using 
Trichoderma viride also showed good bactericidal activity against Gram-positive 
and Gram-negative bacteria (Chitra and Annadurai 2013). Pandey and colleagues 
prepared nano-capsulation for oral dosage of streptomycin and other antibiotics that 
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are non-injectable (Pandey et al. 2003). Elechiguerra et al. (2005) demonstrated the 
inhibition of HIV from binding to host cells when treated with silver nanoparticles. 
Nanoparticles produced by R. stolonifer successfully inhibited the growth of 
antibiotic- resistant P. aeruginosa isolated from burn patients (Afreen and Ranganath 
2011). Studies also revealed that P. glomerata-based nanoparticles performed syn-
ergistic antibacterial activity against E. coli, P. aeruginosa, and S. aureus when 
combined with standard antibiotics (Birla et al. 2009). The authors also used sapro-
phytic fungi like Nigrospora oryzae for nanoparticle production and successfully 
demonstrated their efficacy against several clinical pathogens like E. coli, B. cereus, 
Proteus vulgaris, P. aeruginosa, and Micrococcus luteus (Saha et  al. 2011). The 
mechanism involved in antimicrobial activity of nanoparticles is attributed to their 
size and shape. Further, surface charge of the nanoparticles is also an important fac-
tor of antibacterial activity where bacterial cell wall electrostatically attracts the 
oppositely charged nanoparticles, causing damage to the cell membrane leading to 
the death of the bacterial cell (Aziz et al. 2014, 2015, 2016, 2019).

10.6  Conclusions

Current studies on alternative strategies specifically against multidrug-resistant bac-
terial infections suggest that these novel therapies have all the potential ability to 
control antibiotic-resistant bacteria. Further research has to be carried out to show 
the application of these therapies in large population through clinical trials. However, 
ever remaining challenges in these therapies are purification of bacteriocins, devel-
opment of phage bank that includes collection of various identified phages against 
the resistant bacteria, identification of quorum sensing inhibitors, implementation 
of CRISPR technology, and controlled synthesis of microbe-based nanoparticles.
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Chapter 11
New and Advanced Technologies 
in Aquaculture to Support 
Environmentally Sustainable Development

Mahipal Singh Sankhla, Rajeev Kumar, and Shefali

Abstract Marine and freshwater organisms have a great purpose in agricultural 
life: providing nutritional resources and nutritional status within many developing 
and developed countries. Despite the unquestionable benefits of fish farming, such 
as providing good-quality food to the population over generations, it is condemned 
worldwide because of its negative environmental impacts. Aquaculture must push 
toward expanding to meet the increasing requirements of the present generation 
without compromising the ability of future generations to meet their own needs and 
to participate more effectively in the reduction of poverty and malnutrition. The 
main challenge to aquaculture planners is to attain ecologically safe development, 
which requires an authority agenda that can easily account for the environmental 
effects in social and economic terms.

Keywords Aquaculture · Fishery · Environmental · Algaculture · Fish farming · 
Food web · Aquaponics

11.1  Introduction

In both the established and the emerging countries of the world, interest in and 
requests for fish as food are continually increasing. Current advances in develop-
ment, our increasing population, and rising profits in the emerging world are prob-
ably responsible for continuing this scenario. Aquaculture production has 
significantly increased during the past 20 years, with additional cultivated fish per 
unit of water and land, and decreasing proportions of fishmeal and fish oil in numer-
ous aquaculture feedstuffs (Jena et  al. 2017). Within the food subdivision, 
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aquaculture firms are not unaware of these matters. Aquaculture is among the great-
est significant food regions, and its influence on the entire world and all fish manu-
facturing has scaled up progressively from 20.9% in 1995 to 32.4% in 2005 and 
40.3% in 2010; in accumulation, its influence on all world food fish production at 
that time was 47% in 2010 (FAO 2012). Fresh fish as a food is also a consumable 
item for which ecological limitations, such as differences in temperature and mois-
ture, must be measured and precisely preserved within recognized parameters 
(Jedermann et al. 2009; Abad et al. 2009; Tingman et al. 2010). Aquaculture can be 
created on conservative, low-invention, undeveloped organizations or on extremely 
developed methods. Within these lies a variety of aquaculture frameworks with 
numerous components that can be attuned to local monetary circumstances. Fish 
farming experiences many encounters, in particular, fighting epigastric diseases, 
brood stock development and taming, and growth of suitable feedstuffs, plus nutri-
tional equipment, grow-out techniques, and hatcheries, as well as water quality 
organizations. These matters are all currently important opportunities for interven-
tions by biotechnology and other methods. Aquacultural biotechnology is defined as 
the technical use of organic ideas that improve the efficiency and monetary feasibil-
ity of its numerous manufacturing subdivisions (Liao and Chao 1997). Moreover, 
new aquaculture equipment can increase production, source superior quality fish 
foods, and provide for the defense of vulnerable aquatic surroundings (Burnell and 
Allan 2009). In adding to aquaculture technologies and fishing, new knowledge of 
manufactured fish goods contributes to monetary expansion, for example, through 
price- counting dispensations such as surimi technology (Martín-Sánchez et  al. 
2009). Consequently, fishery technology expansion is significant in attaining sus-
tainable fishery reserve administration (Suuronen et  al. 2012). Improvements in 
aquaculture are also challenged with high quality by means of recognized herbivo-
rous/omnivorous principles within widespread or semi-intensive schemes and 
emerging organizations to meet cumulative manufacturing difficulties. In the same 
way, such matters as the request for food versus obtainability of marine organisms, 
efficiency versus ecological concerns, and excellence versus biodiversity, mandate 
serious attention (Hasan 2001).

11.2  Scale and Distribution of Aquaculture

Asian countries have continued to ignore, for an extended period and typically in 
rural zones, the millions of individuals who are affected by fish farming or 
aquaculture- related activities: they derive abundant food and revenue from their 
marine territories. In India, about 2 million persons are directly involved in events 
connected to fish farming. Typically, hatchery-manufactured seeds are provided by 
agriculturalists in water-based organizations that assist them in aquatic crop produc-
tion, whereas prawns and mollusks are gathered from existing territories that 
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eventually come to be a portion of the aquatic manufacturing. Fisheries contribute 
about 5.15% of the Farming GDP (Handbook of Fisheries Statistics 2015). Fish 
farming has provided an increasing influence in the matter of food safety (Table 11.1). 
Through a median yearly development ratio of 6.2%, aquaculture is the world’s 
major emerging animal food sector (FAO 2012, 2014). There is an important 
upsurge in aquaculture manufacturing as much of it is provided for human con-
sumption, that is, from 7% in 1974 it has enlarged to 39% in 2004. In 2012, culti-
vated fish feed contributed 66.6 million tons, which was the highest amount, almost 
corresponding to 42.2% of the total 158 million tons of fish from both fisheries and 
aquaculture (FAO 2014). Algae and seaweed are gathered for use as nourishment 
and in cosmetics; manure determinations are treated to extract the agents that are 
advanced animal feeds. Last, 22,400 tons of nonfood goods are also cultivated (with 
a value of 222.4 million dollars), such as gems and seashells for ornamental uses 
(FAO 2014).

11.3  Types of Aquaculture

11.3.1  Mariculture

Mariculture is aquaculture that includes the use of seawater. It can also be bounded 
next to an oceanic body of water, with portions divided off as ponds or in the ocean 
distinct from the oceanic water but consisting of marine water. The creatures raised 
now vary from mollusks to seafood choices such as prawns and other shellfish, and 
even seaweed. Increasingly, such plants as seaweed are also a portion of maricul-
ture. These animals and sea organisms find usage in manufacturing industries such 
as in cosmetics and jewelry, wherein collagen from seaweed is used to create facial 
ointments, and pearls are selected from mollusks and processed into ornamental 
items (conserve-energy-future 2019).

Table 11.1 World fisheries and aquaculture production and utilization (in million tonnes) 
(UN 2015)

Category 2011 2012 2013 2014 2015 2016

Production

Inland 10.7 11.2 11.2 11.3 11.4 11.6
Marine 81.5 78.4 79.4 79.9 81.2 79.3
Total capture 92.2 89.5 90.6 91.2 92.7 90.9
Aquaculture

Inland 38.6 42.0 44.8 46.9 48.6 51.4
Marine 23.2 24.4 25.4 26.8 27.5 28.7
Total aquaculture 61.8 66.4 70.2 73.7 76.1 80.0
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11.3.2  Fish Farming

Fish agriculture is the best mutual variety of aquaculture. It includes the discerning 
upbringing of fish, in either clean freshwater or seawater, with the objective of man-
ufacturing food. Fish agriculture is extremely controlled as it permits the manufac-
ture of a low-priced source protein. Moreover, fish agriculture is easier than other 
undeveloped programs because fish care is not rigorous, only requiring food and 
appropriate water conditions and temperatures. The method also has less land 
impact as the extent of pools essential to raise some fish varieties, such as tilapia, is 
abundant, and essential requirements are fewer than those for increasing a similar 
quantity of protein from beef cattle (conserve-energy-future 2019).

11.3.3  Algaculture

Algaculture is a type of aquaculture that includes algae cultivation. Algae are micro-
organisms that incorporate plant and animal aspects, as they are sometimes stimu-
lated to resemble other microorganisms but also contain chloroplasts, which enable 
photosynthesis, so that they qualify as green plants. However, for commercial util-
ity, algae have to be developed and reaped in great amounts. Algae are the result of 
numerous requests by today’s shoppers. ExxonMobil has been creating opportuni-
ties for algae to emerge as a new basis of energy (conserve-energy-future 2019).

11.3.4  Integrated Multitrophic Aquaculture (IMTA)

Integrated multitrophic aquaculture (IMTA) is a progressive organization of aqua-
culture wherein different trophic levels are varied to meet different nutritional 
requirements for others in the organization. Particularly, it is a well-organized 
scheme because it tries to emulate the biological organization that occurs in the 
normal environment. The IMTA uses these intertrophic allocations of properties to 
ensure superior supply consumption by using larger underused species as food 
sources for the smaller ones. The repetition certifies the nutrients are reprocessed: 
the importance of this method is that it is less extravagant and foodstuffs are extra 
goods (conserve-energy-future 2019). It includes humanizing of aquatic entities in 
such a method that their uneaten food, waste material, and nutrients are recalled so 
they can be better transformed into nourishment and energy for the development of 
other species. The agriculturalists working in the IMTA system select species that 
need supplementary feedstuffs, such as mussels, sea urchins, and kelp, using sieves 
to put nourishing organisms in principal usage as particulate resources, that is, 
uneaten food and feces, for satisfying the nutrition supplies. The capabilities of 
these species to certainly reprocess the wastes can assist cultivators in refining the 
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presentation of their aquaculture operations. The species are essentially those 
which have worth as indicators and eventually benefit the farmers with further 
financial profits.

11.4  Sustainable Aquaculture

Concerning maintainable aquaculture, the obtainable proof as already shown states 
that throughout the world aquaculture presently enhances the remaining worldwide 
fish materials, although many kinds of aquaculture cause damage to the remaining 
fish. The possible influence of aquaculture on fish materials is sharply reduced by 
the quick growth of species nourished by flesh-eating regimes and by aquaculture 
that is responsible for coastal environment obliteration, organic contamination, and 
release of unprocessed sewages. Sustained growth of aquaculture requires well- 
planned coastline and lake ecological care. Deprived of appreciation by its produc-
tion impact on normal environments, it is improbable that aquaculture will reach its 
complete potential or persist in addition to marine fisheries. We consequently pro-
pose that aquaculture emphasizes these four main areas: (1) growth of undeveloped 
low trophic level fish; (2) decrease of fish meal and fish oil contributions in feed-
stuff; (3) growth of combined farming organizations; and (4) increase of ecologi-
cally rigorous aquaculture applications and supply organizations (Naylor et al. 2000).

11.4.1  Farming Down the Food Web

Carp and sea mollusks account for more than three-fourths of the present worldwide 
aquaculture yield, and catfish, tilapia, and milkfish contribute an additional 5% of 
the total production. Nourished mostly on herbivorous diets, these varieties offer 
most of the 19 Mt increase in fish materials from aquaculture. However, market-
place structures and administration strategies in numerous republics favor the quick 
growth of carnivorous varieties of maximum worth, such as shrimp and salmon. 
Furthermore, fish food and fish oil are being added to carp and tilapia feedstuffs for 
weight gain, particularly in Asia where aquatic farming organizations are increasing 
as a consequence of the increased shortage and costs of land and freshwater sup-
plies. Assuming the enormous capacity of cultivated carp and tilapia in Asia, impor-
tant upsurges in the fish meal and fish oil additions to feed might place even more 
burden on pelagic fisheries, with subsequent advanced feed costs and damage to 
marine environments. New solutions by administrations and worldwide donor orga-
nizations are desirable to inspire greater use of undeveloped low trophic level fish 
with herbivorous foods (Tacon 1997; Baily 1997; El-Sayed 1999; Tacon and De 
Silva 1997). At the same time, additional systematic study on the feed necessities of 
herbivores and omnivores is vital to diminish the impetus to enhance feeds by fish 
food and fish oil. Replacing vegetable oils for fish oils in stream fish diets is 
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theoretically likely: the n-3 fatty acids in fish oil are not vital in such diets (Bell 
1998), but the fatty acid scenario and thus taste and marketability may be preten-
tious (Morris et  al. 1995; Steffens 1997). Furthermore, mostly herbivorous fish 
seem to have extra healthy immune structures when fish oil is included in their diet 
(Pilarczyk 1995).

11.5  Innovations in Aquaculture

The period in which aquaculture has been required to face numerous trials including 
managing diseases, developing brood stock, water quality, and suitable feed expan-
sion is coming to an end. Aquaculture biotechnology now offers the possibility to 
increase these experiments to aid in augmenting financial feasibility and efficiency 
in some production subdivisions.

11.5.1  Reproduction

The hereditary source technologies are still far behindhand in assessing the contri-
bution from aquatic animals compared to the plant and cattle subdivisions. Genetic 
and biotechnology claims show great promise in improving the potential production 
to reach environmental sustainability, but only a minor percentage of the marine 
animals consumed have been improved through the genomic programs (Gjedrem 
1997). Biotechnological techniques are practical to improve the degree of imitation 
and initial growth achievement of cultivated aquatic organisms, and in addition, aid 
in increasing gamete production and obtainability of fry. In Asia the principles of 
carp and tilapia are being aided by inheritance examination in some zones that com-
prise gene sequencing and expansion of precise genetic markers (Cheng et al. 2001).

11.5.1.1  Monosex Culture or Neo-female Technology

This farming exercise is created in fish culture by creating all the male and female 
populations on the foundation of sex for their effective development and food altera-
tion ratio. Monosex culture is carried out by classifying the sexual dimorphism of 
the species, and the cultures are fulfilled only when the looked-for market is avail-
able. In most areas monosex culture of the carp and salmon female populace and 
prawn freshwater male inhabitants is accepted as exploiting the production level. In 
India, freshwater fishes have gained importance, and it is noticed that males reach 
market size in greater abundance in comparison to females. With progression in 
these methods, recently a standardized technology known as “neo-female technol-
ogy” has been established in which sex reversal of males is completed to attain 
females that consequently will yield all male progeny. The sex of the adolescent 
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males is altered in this technology by micro-surgically eliminating the androgenic 
gland or by reducing androgen, which results in female expansion, and when mating 
with a common male gives rise to all male offspring (Amir 2013). There are some 
rewards of this method, such as a healthier food change ratio and growth level.

11.5.1.2  GIFT (Genetic Improvement of Farmed Tilapia)

In India, this program has the purpose of the genetic enhancement of cultivated fish 
species. This scheme was created on hybrids of Nile tilapia, and its strains, targeted 
for the enlargement of pure-bred lines and enhanced cleansing, are disseminated to 
the farmers around the area. The better tilapia from this project are still under assess-
ment by fisheries scientists; thus, this project has not reached a completely profit-
able stage (Fig. 11.1).

11.5.2  Disease Management

In recent times, infectious diseases are the most overwhelming difficulty in fish farm-
ing and are mainly responsible for threats to aquaculture sectors. Several new diseases 
are emerging in aquaculture, which is also a major concern. Further, most of the con-
ventional procedures of controlling diseases in aquaculture are ineffectual, such as the 
use of chemotherapeutants for new pathogens, mainly viruses; thus, molecular tech-
nologies are being developed to be more effective for pathogen identification, infor-
mation that is anxiously awaited. These molecular biology methods are important for 
showing the expansion of diseases and then providing procedures for disease control. 
These methods are also known to offer some treatments for disease, such as DNA 
vaccines (Bedier et al. 1998). In adding to broadcasting for pathogens, biotechnologi-
cal techniques are used for determining other fitness limits in aquaculture, such as 
leukocrits, blood infection, hematocrits, and phagocytic purposes; some methods 

GIFT tilapia with 90% faster 

growth 
Higher survival rates 

Three fish crops per year

Leads to high productivity, 
more profit and yield potential 

Had large impact on overall 
fish production in Asia

Fig. 11.1 Programmed purpose of genetic improvement of farmed tilapia (GIFT)
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have been established for these determinations that are useful for the examination of 
immunoglobulin, lysozymes, cortisol, and plasma (Bachere et al. 1995; Munoz et al. 
2000; Nadala and Loh 2000; Shelby et al. 2001). The aquatic organisms are used for 
some other purposes as well as food production; as they are frequently altered to sur-
vive dangerous surroundings, they have a significant part in these investigations as 
distinctive representations for learning biological and physiological processes to 
improve our knowledge of disease management and pathogenesis (Wright et  al. 
2000). At the present time, communicable disease is the main problem in shrimp cul-
ture, which is representative of the continuing threats to aquaculture organisms. 
Further, most of the predictable techniques of regulatory control of these diseases, 
such as the usage of chemotherapeutants, are known to be ineffective for most patho-
gens, notably viruses; thus, for these determinations biotechnological and molecular 
methods provide important means for controlling the diseases. In shrimp brood stock 
organizations, the programmed production of precise pathogen-free and detailed 
pathogen-resistant stocks is the chief purpose (OIE 2000, 2001). For the provision of 
shrimps that are precise pathogen free, those animals are designated which are free of 
pathogens, and their descendants are raised in controlled hygienic circumstances. The 
shrimps that are specific pathogen free (SPF) are of great worth for replenishing 
stocks in the countries or areas wherever disease eruptions have occurred. Detailed 
pathogen-resistant (SPR) shrimps are formed by breeding from those who have lived 
through contagions in response to detailed pathogens. These SPR shrimps have great 
possibilities to be recycled in water bodies in which the precise disease is widespread, 
but they are unsuitable for usage in nonendemic water bodies because they might 
transmit subclinical contamination (Bedier et  al. 1998). In vitro culture is another 
method for the discovery and separation of pathogenic viruses, and intracellular bac-
teria likewise have remained established for numerous crustacean and molluscan 
organisms (OIE 2000; Groff and La Patra 2000; FAO and NACA 2001). Numerous 
investigators have established main cell cultures, but maintenance of most of these is 
unsuccessful, as is also true for mollusks (Cheng et al. 2001).

11.5.3  Feed Technologies

11.5.3.1  Biofloc Technology

Biofloc technology is based on the technique that emphasizes cumulative water 
quality by balancing nitrogen and carbon in the aquaculture system (Crab et  al. 
2012). This technique includes the holding of waste, which is changed into biofloc, 
which are collections of bacteria, algae, protozoans, and particulate matter such as 
uneaten food, as a usual food within the aquaculture organization. In this system 
extra carbon is added, providing an exterior source for carbon in the feed. The bio-
floc technology delivers a new farming approach as it encourages nitrogen uptake 
and is also liable for immobilization of ammonium by the bacteria that reduce 
ammonium concentration more quickly than the nitrification; thus, it is widely used 
and more maintainable in numerous methods (Avnimelech 2009).
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11.5.4  Integrated Fish Farming

Integrated fish farming methods involve two or more rural cultivation-related events 
in which farming is the chief constituent in at least one. Thus, when fish farming is 
the most important portion of the method, it is called mixed fish agriculture 
(Ayyappan 2011). Involving fish agriculture with rural features or with animal hus-
bandry is known to be a sustainable farming approach, which is answerable for 
posing superior productivity in the consumption of possessions and as well shows a 
significant part in decreasing the hazards of expanding crops. In this classification 
the excess goods found from the modest structure develop input to the fish culture 
systems, such as the detritus from agricultural harvests, that is, rice bran, rice polish, 
and flour, that can be used in diverse administrations as fish feed in aquaculture 
operations. Thus, combined fish farming aids cumulative food production by 
enhancing the usage of obtainable natural resources (Jena et al. 2017).

11.5.5  Aquaponics Systems

Aquaponics is a current classification that is obligatory for food production by sym-
biotically merging aquaculture and hydroponics composed in stable recirculatory 
surroundings. In this system, nutrient-rich water is used as a liquid fertilizer from 
fish tanks for hydroponic production beds. The nutrients then increase to poisonous 
levels in the tanks that would harmfully affect the growing of fishes. Aquaponics 
permits important reduction in the use of water and also delivers an artificial perco-
lation system to fish culture surroundings; in addition, there is a constant flow of 
nutrients and water to the plants (Azad and Salam 2016).

11.5.6  Recirculation Aquaculture System (RAS) Technology

In this technology, aquatic organisms are cultivated with the least water usage, 
which is renewed successively. This organization is terrestrially based, assists in 
improving food security, and has a significant effect in reducing ecological effects. 
In this system sequences of care procedures are completed that are answerable for 
eliminating organic and other substantial oxygen challenges, for example, sus-
pended solid resources, nutrients, fats, and oils, so that the water can be recycled 
safely. The larger suspended materials, such as debris and floating matter, for exam-
ple, wood, paper, and rags, are mostly detached by transition as the wastewater 
passes through mechanical sieves such as settlement tanks and sand filters; through 
this course most of the solid materials are removed. After this, the water is purged 
with biofilters where the liquid is passed over a bacteriological development film 
comprising bacteria, fungi, protozoa, and algae; the current sifting average is 
approximately 0.2–2.0  mm thick. These microbes help in conservation of the 
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organic resources and in cleansing the liquid material; for example, ammonia is 
changed into nitrate, which is excreted by the fish. Oxygen is vital to the fish for 
food breakdown and growth. The dissolved oxygen levels can be augmented by 
such approaches as ventilation and oxygenation. In a recirculation aquaculture sys-
tem, the pH requirements must be prudently monitored, which are measured by 
adding sodium acetate or sodium hydroxide, etc. This system has some advantages 
as it needs only a small quantity of water and is ecologically sound (Jena et al. 2017).

11.6  Global Aquaculture

Fish remain one of the highly negotiated food products globally, with extra fish 
being distributed by worth in emerging countries. Current information by high-level 
specialists, global establishments, production, and public organizations and legisla-
tures all highlight the marvelous possibilities of the oceans and internal waters now-
adays, and consequently even more in upcoming times, to contribute meaningfully 
to food safety and satisfactory nutrition for worldwide inhabitants, predicted to 
increase to 9.7 billion by 2050. In 2014, fish collected from aquaculture around the 
world amounted to 73.8 million tonnes, with an projected primary sale value of US 
$160.2 billion, containing 49.8 million tonnes of finfish (US $99.2 billion), 16.1 
million tonnes of shellfish (US $19 billion), 6.9 million tonnes of shellfish (US 
$36.2 billion), and 7.3 million tonnes of other marine creatures including frogs (US 
$3.7 billion). Nearly all fish produced from aquaculture are intended for human 
consumption, although by-manufactured goods might be utilized for nonfood pur-
poses. Measured at the nationwide level, 35 countries produced more cultivated 
than wild-caught fish in 2014. This grouping of nations has a joint populace of 3.3 
billion, or 45% of the world’s population. Nations in this collection include five 
major producers: India, China, Bangladesh, Viet Nam, and Egypt. Worldwide aqua-
culture production is led by Asia (89%); China by its own financial records is 62%. 
According to the most current fisheries data of the United States, the U.S. ranks 16th 
in aquaculture production, not including seaweed. The list of cultivated species 
introduced to the United States is headed by Atlantic salmon, shrimp, tilapia, and 
shellfish (mussels, clams, scallops, and oysters). Asian nations and Ecuador supply 
most of the shrimp to the U.S. market, and Canada, Norway, and Chile provide most 
of the trade in Atlantic salmon (Fisheries.noaa.gov, 2019).

11.7  Ecological Aquaculture

Ecological aquaculture, the farming of vital aquatic proteins essential to human 
strength, permanency, and public sustainability, is an essential portion of our mutual 
environmental knowledge and social legacy, a vital part of our past, and a vigorous 
aspect of our upcoming development as a urban species living in concord with the 
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Earth’s precious, multifaceted aquatic environments. Environmental aquaculture is 
another aspect of aquaculture expansion that not only brings the methodological 
aspects of ecosystems design and ecological values to aquaculture but also inte-
grates—at the outset—social environmentalism, preparation for community prog-
ress, and concerns for the broader economic, social, and environmental conditions 
of aquaculture. Ecological aquaculture proposes and calculates both the financial 
and the societal profit of aquaculture. It uses the various methods of science and 
practices of environmental and societal ecology to better prepare aquaculture as a 
way for sustainable society growth and functional shorelines (Costa-Pierce 2002, 
2003, 2008). Ecological aquaculture proposes, designs, advances, demonstrates, 
and evaluates aquatic agriculture ecosystems that protect and improve the form and 
roles of the environmental and societal environments in which they are situated. 
Ecological aquaculture fish farms are “aquaculture ecosystems.”

Aquaculture hinges on efforts related to numerous food, handling, shipping, and 
other functions of the world (Table 11.2). In good turn, aquaculture ecosystems can 
harvest valued product, unpolluted by rubbish waters and fish litter, which can be 
significant contributions to biologically designed marine and continental ecological 
agricultural methods. These combined food manufacture methods can be planned at 
all levels of civilization as communally answerable industries, institutes, private 
farms, or society-based operations. Biological aquaculture also uses the “aquacul-
ture toolbox” to show vigorous functions in nonfoods, ecological rehabilitation, 
renovation, and enrichment (Costa-Pierce 2002). Ecological aquaculture takes a 
worldwide opinion, adding ecological discipline and distribution of technical 
evidence in an urbane, expertise-based way, endorsing novelty and efficacy in the 
worldwide market by containing communal and ecological costs, not expressing 
them (Culver and Castle 2008). Thus, ecological aquaculture tactics are intended 

Table 11.2 Total and per capita apparent fish consumption by region and economic grouping, 
2015 (FAO 2018)

Region/economic grouping
Total food fish consumption (million 
tonnes live weight equivalent)

Per capita food fish 
consumption (kg/year)

World 148.8 20.2
World (excluding China) 92.9 15.5
Africa 11.7 9.9
North America 7.7 21.6
Latin America and the 
Caribbean

6.2 9.8

Asia 105.6 24.0
Europe 16.6 22.5
Oceania 1.0 25.0
Developed countries 31.4 24.9
Least developed countries 12.0 12.6
Other developing countries 105.4 20.5
Low-income food- deficit 
countries

20.8 7.7
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not only for seafood production and financial revenue but also for communal income 
by emerging societal capital and societal systems that endorse commercial, learn-
ing, and communal stewardship performances (Costa-Pierce 2010).

11.8  Integrating Aquaculture, Providing Sustainable 
Seafood, and Restoration

The essential mixing of aquaculture and fisheries development for aquaculture 
growth is not well integrated into the inclusive planning for maintainable seafood 
provision, the fisheries, and seaside region management. There are, however, vigor-
ous influences among imprisonment aquaculture and fisheries not only in the bio-
logical kingdom but also with fisheries administration and finances, in seafood 
marketplaces, and in numerous communal events. Although detention fisheries and 
aquaculture processes are investigated, planned, and achieved as if they were self- 
governing objects, together they share several fears about water class, genetic varia-
tion in hatchery-raised creatures, provender, and the sustainability of the fish meal/
oil fisheries. Aquaculture and capture fisheries are indissolubly tangled, a fact 
supremely perceptible in the seafood market, where, for instance, “white fish” such 
as tilapia, cod, and haddock are similarly handled. There are also considerable con-
nections among seizure and refined marketplaces, and charge and capacity rivalry 
among fisheries and aquaculture goods happens regularly in the modern market. 
Rivalry from imports and from reestablished or seasonally plentiful capture fisher-
ies desirable as a random controlling arrangement are significant reasons why 
marine fish aquaculture has not been accorded any important courtesy by aquacul-
ture promoters in the United States. Preparation for sustainable seafood supplies for 
the world needs to include the close connections of aquaculture and fisheries plan-
ners together. Some interfacing occurs currently, but conjoined these disciplines can 
alter strategy choices that could provide more sustainable native food production 
and creation of jobs. Ensuring viable seafood goods includes development for more 
than aquaculture because aquaculture is one of the least of five other ways of distrib-
uting seafood goods to society: (1) by post-capture fisheries, (2) by cumulative 
ingestion of underutilized fish, (3) by using bycatch, (4) by increasing administra-
tion efficiencies, or (5) by increasing imports. Increasing consequences are a feasi-
ble choice for the republics such as the United States and also the European Union, 
but it is problematic if this level of globalization is maintainable and can endure, 
particularly as the period of “peak oil” arrives and fuel values continue to increase 
(UK Energy Research Centre 2009). The UK Energy Investigation Centre (2009) 
information states that peak oil availability might be reached by 2030 and that peo-
ple might take up 1228 of the valued 2000 billion containers previously used of the 
“ultimate recoverable reserve.” Worldwide capture fisheries have been decreasing 
meanwhile since the mid-1980s, and numerous significant food fisheries are over-
fished (Pauly et al. 2003). However, despite all the undesirable media and buildup 
that the “collapse” of worldwide capture fisheries has been established, the truths 
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are that capture fisheries are not “dead” ubiquitously, either worldwide or locally, 
and that the Earth’s fisheries administrators are occupied with commerce and 
administration everywhere, in numerous circumstances, healthier than previously, 
to reestablish seizure fisheries. Capture fisheries make available the main source of 
aquatic protein food for life and will do so in the upcoming years. As a conse-
quence, they will endure to afford considerable worth and capacity to the struggle 
for aquaculture for generations, particularly in the “white fish” seafood market-
places. Worldwide, the FAO (2009) stated that overall capture fisheries have 
remained steady during the previous period at about 82 million tons, with 92 million 
tons from seawater and 10 million tons from internal waters. The entire quantity of 
abused supplies checked by the FAO has continued stable at about 50% from the 
mid-1970s to 2007. The proportion of damaged and exhausted stocks has become 
stable at 25–30% from the mid-1990s to 2007. Of the stocks examined by FAO, 2% 
were underexploited, 18% were temperately manipulated, 52% were completely 
manipulated, and 28% were harmed. Capture fisheries are also not “deceased” in 
the United States. The Countrywide Marine Fisheries Assistance (2009) reported 
that of the 251 fish reserves or stock improvements it measures, 210 (84%) are not 
as overfished. Every main fishery in the United States that is overfished is a focus of 
a severe and frequently contested stock retrieval strategy. Although capture fisheries 
construction is unlikely to increase but can be continued into the upcoming years at 
present levels, there are three other choices for organizers for sustainable seafood 
supplies: (1) increasing the consumption of underused fish, (2) using bycatch as 
food, and (3) cumulative administration of productivities (Costa-Pierce 2010).

11.9  Conclusion

Several biotechnological inventions in aquaculture, along with developments in 
technology, indicate an optimistic attitude toward aquacultural assets, global exper-
tise, and diversity achievement. Also involved is new and unconventional expertise 
in aquaculture, providing for fast-growing animals of good physical size that can be 
used for nutritional resolution, with complete processes that contribute to ecological 
well-being. Thus, increase will mainly be influenced by the exchange of informa-
tion among the experts, investigators, and developers from various areas of the state 
concerning potential harm and advantages, which assists in refining the sector and 
allowing further emergence of the sustainable use of aquatic animals.
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Chapter 12
Current Trends and Aspects 
of Microbiological Biogas Production

Chayanika Putatunda, Abhishek Walia, Rashmi Sharma, and Preeti Solanki

Abstract The whole world today is practically on the verge of severe energy crisis. 
The industrialization and modernization have improved the overall living condi-
tions of a segment of human population on one hand and also resulted in greater 
energy requirements as well as a huge burden on the already dwindling land 
resources. Again, sustaining the ever-increasing human population with the ever- 
decreasing arable land is becoming a mammoth task. So, there is an urgent need to 
try to look for possible solutions. Biogas production or biomethanation can be an 
answer to the twin problem of food and energy since the process leads to generation 
of biofuel (biogas) as well as effluent slurry, which can act as a very good manure. 
Another, very significant advantage of the process is that it is very helpful in solid 
waste management. A wide variety of waste materials like animal excrements, sew-
age sludge, agricultural residues, industrial wastes, etc. can be used as substrate for 
biogas production. Moreover, the solid-state biomethanation is also gaining popu-
larity due to negligible water requirements. This chapter presents some of the major 
developments in the field of biogas production.
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12.1  Introduction

Energy and population explosion are two of the major issues being faced by the 
whole world today. The energy needs are increasing day by day due to the ever- 
increasing population as well as greater industrialization and modernization 
(Amigun et al. 2008; Li et al. 2009; Sárvári Horváth et al. 2016). However, we are 
still heavily dependent on fossil fuels for the energy requirements, which in turn are 
depleting on an alarming rate (Shafiee and Topal 2009; Nel and Cooper 2009; Abas 
et al. 2015). Also, these fossil fuels like coal, petroleum products, etc. apart from 
being nonrenewable are also major source of environmental pollution and are not 
only impacting the environment but also gravely affecting the human health (Smith 
et al. 1999; Höök and Tang 2013; Watts et al. 2015; Lelieveld et al. 2015; Perera 
2017). Apart from that, the agriculture sector is also under extreme pressure due to 
the food requirements of the growing human population (FAO 2017). On the other 
hand, the developmental measures and urbanization are also taking a great toll on 
the available land resources, thus diminishing the already dwindling arable land 
(Agus and Irawan 2006; Beesley and Ramsey 2009; Azizan and Hussin 2015). 
Thus, the farmers are relying on more energy-intensive agricultural practices as well 
as huge amounts of chemical fertilizers and pesticides which in turn is having a 
grave impact on the environment (Tilman et al. 2002; Cold and Forbes 2004; Moss 
2008; Alamdarlo 2018; Budzinski and Couderchet 2018). Not only this, the greater 
human activities are also leading to a very large quantity of waste materials which 
are again posing a serious threat to the environment (Dyson and Chang 2005; Giusti 
2009; Fu et al. 2015). So, these problems are very intricately related with each other. 
Hence, there is an urgent need to address these issues.

A potential solution to these problems is the process of biomethanation. The 
process involves anaerobic digestion of organic materials, carried out by several 
groups of microorganisms, leading to production of methane and some other 
gases in the form of biogas (Dieter and Angelika, 2008). As per Martins das Neves 
(2009), “The energy content of 1.0 m3 of purified biogas is equal to 1.1 L of gaso-
line, 1.7 L of bioethanol, or 0.97 m3 of natural gas.” Biogas can be used as a fuel 
for cooking and heating purposes as well as for electricity generation (Xiaohua 
and Jingfei 2005; Riva et al. 2014; Chang et al. 2015). There is also the possibility 
of using it as a transportation fuel (Börjesson and Mattiasson 2008; Holm-Nielsen 
et al. 2009). Moreover, biogas production also yields an effluent slurry which is 
known to be rich in several plant nutrients (Leela Wati et al. 2008). The effluent 
can be applied as an organic manure which improves the soil quality as well as 
plant growth. Sogn et  al. (2018) have reported that the biogas plant digestate 
proved to be a good source of the major plant nutrients like nitrogen, phosphorus, 
and potassium, and at least for the wheat crop, the digestate alone was sufficient 
to overcome the requirement of any chemical fertilizer. Diatta et  al. (2019) 
reported that 1:1 mixture of phyto-ash and biogas slurry was found to be effective 
in improving the quality of soil contaminated with heavy metals. Similarly, Nafees 
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et al. (2018) reported improvement in growth as well as antioxidant properties of 
Brassica napus, grown in chromium- contaminated soil by addition of biogas 
slurry and Burkholderia phytofirmans PsJN. The anaerobic conditions occurring 
during biomethanation also tend to decrease the load of pathogenic microbes, so 
the safety concerns associated with the direct soil application of waste materials 
are also mitigated (Weiland 2010).

Conventionally, cattle dung has been used as the most common substrate for 
biogas production (Işık and Polat 2018). However, a variety of waste products 
(either alone or mixed with other wastes) have been reported to be effective for 
biogas production. Some of the substrates used for biogas production are the excre-
tory materials of various animals like sheep (Sarabia Méndez et  al. 2017), goat 
(Zhang et al. 2013), pigs (Wu et al. 2010), camel (Kheira et al. 2017), and poultry 
birds (Malik et al. 2008); human excreta (Singh et al. 1993); kitchen wastes (Iqbal 
et al. 2014; Srinvasa Reddy et al. 2017); agricultural wastes like bagasse (Eshore 
et  al. 2017), wheat straw (Mancini et  al. 2018) etc.; industrial wastes like whey 
(Antonelli et al. 2016); paper industry wastes (Priadi et al. 2014); palm oil industry 
wastes (Ohimain and Izah 2017); food processing industry wastes (Fang 2010), etc. 
So, biomethanation can be a boon for both industrial and agricultural sectors, since 
the industries can use biogas as a possible source of energy and at the same time, the 
process is helpful in dealing with their waste products. Thus, apart from solving the 
energy as well as food problem, biogas production is very useful in addressing the 
environmental issues also. García-González et al. (2019) have concluded that by 
harvesting the methane in the form of biogas, one can expect mitigation of the 
greenhouse gas emission. Thus, this can be helpful in reducing the phenomenon of 
global warming.

Biogas conventionally comprises approximately 60–75% methane, 25–40% car-
bon dioxide, and traces of other gases like water vapor, hydrogen sulfide, ammonia, 
etc. (McKendry 2002; Zinoviev et al. 2010). Out of these, methane is the ingredient 
which acts as the fuel. It is a clean burning fuel and has a high calorific value 
(Kaltschmitt et  al. 2001). Reports have already indicated improvement in health 
conditions of people working in kitchens supplied with biogas as compared to kitch-
ens where cattle dung cakes, coal, or wood is used as fuel (Dohoo et  al. 2012). 
However, in spite of all these benefits, the process of biomethanation has not gained 
the desired level of popularity. Lack of awareness among the general public as well 
as limitation of funds may be the reason for this, but there are some areas of concern 
with respect to biogas production technology (Surendra et al. 2014). For example, 
the relatively low efficiency of biogas production especially in areas with too high 
or too low temperatures is an important drawback of this process. Again, another 
issue is related to the storage and purification of methane from the rest of the con-
stituents of biogas. Even the availability of substrate and labor requirements has 
also been thought to impact the popularity of biogas production adversely (Tucho 
et al. 2016). Apart from these, the conventional biogas production technologies also 
need input of lots of water (Tucho et al. 2016). This especially becomes challenging 
in arid and semi-arid regions of the globe.
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In order to address these types of concerns, research efforts are being undertaken. 
Scientists are working on improving the overall process efficiency by modifying the 
digester designs as well as the process parameters. Similarly, efforts are going on 
for developing microbial consortia which can not only improve the yield (Zhong 
et  al. 2016; Krzysztof et  al. 2016) but also can work efficiently under relatively 
harsh temperature ranges (Hniman et al. 2011; Kinet et al. 2015). Apart from that, 
several researchers have shown that by combining different wastes as substrates for 
biogas production, the process efficiency can be improved (Li et al. 2011a; Munda 
et al. 2012; Tasnim et al. 2017). Again, several workers have also developed vari-
ous techniques for improved purification of biogas. Another major step in popular-
izing the biogas production technology is by the application of solid-state biogas 
production which minimizes the amount of water requirement for biomethanation 
(Brown et al. 2012; Brown and Li 2013). These steps are discussed in detail in the 
following sections.

12.2  Conventional Biogas Production

Recent studies have suggested that biogas production using anaerobic digestion 
(AD) processes delivers compelling edge over the rest of the sources of bioenergy 
as AD is not only an energy-efficient but also an environmental-friendly technique 
(Nishio and Nakashimada 2007; van Foreest 2012). Many countries like the USA, 
China, and India have recently been investing in alternative processes for the pro-
duction of biogas from cellulosic resources, and they are going to be the future 
producers of biogas (Lin and Tanaka 2006; Soetaert and Vandamme 2009). The AD 
technology has been enhanced from the knowledge of the production of compost 
which is a high-value fertilizer and has today given a boon to biogas economy 
(European Biogas Association 2011).

12.2.1  Principle of Anaerobic Digestion

AD is based on microbial decomposition of organic matter in the absence of air/
oxygen, utilized for metabolism in microbes, leading to their growth and resulting 
in production of methane. The process can be divided into four characteristic phases 
depending upon the group of microorganisms involved (Fig. 12.1).

Effective regulation of the AD process is necessary for stable digestion and is 
maintained by coupling the various biological conversions, i.e., hydrolysis, acido-
genesis, acetogenesis, and methanogenesis, that prevents the accumulation of any 
intermediary compounds. This also helps in the maintenance of physical conditions 
of digestion like pH which may be affected by the concentration of intermediary 
VFAs, leading to decrease in pH, which inhibits methanogenic bacteria, and further 
decreases the pH.
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12.2.2  Types of Biogas Systems

AD technology is applicable to both wastewater and solid waste treatments with the 
final product being methane and carbon dioxide. The installation required for AD is 
both simple and economical in terms of technology, energy, and space and can be 
divided into two types based on biomass retention (de Mes et al. 2003):

 (a) High-rate biogas systems: These systems are characterized by biomass reten-
tion and short hydraulic (HRT) but long sludge retention times (SRT) and 
maybe utilized for many types of wastewater treatments. Examples are anaero-
bic filter, contact process, upflow anaerobic sludge blanket (UASB) or expanded 
granular sludge bed (EGSB), and fluidized bed systems. The biomass retention 
may be possible in two ways:

 (i) Bacterial films are fixed on solid surfaces.
 (ii) Bacterial mass is suspended and biomass is retained by settling process 

internally or externally.

 (b) Low-rate biogas systems: These systems do not retain biomass and are used for 
solid waste treatment and digestion of slurries. They have long enough HRT to 
be equal to SRT. Examples are continuously stirred tank reactor (CSTR) sys-
tem, plug flow system, and batch accumulation system.

Fig. 12.1 Principle of 
anaerobic digestion 
process: (a) hydrolysis: 
nonsoluble biomolecules 
(protein, lipids, 
carbohydrates) present in 
the colloidal organic matter 
of the waste are converted 
to simpler and soluble 
organic compounds. (b) 
Acidogenesis: soluble 
organic 
compounds → volatile 
fatty acids (VFA) + CO2. 
(c) Acetogenesis: 
VFA → CH3COO− + H2. 
(d) Methanogenesis: 
conversion of acetate and 
CO2 plus H2 to 
methane gas
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12.2.3  Substrates for Biogas Production

Various types of wastes can be used for the production of biogas, like the ligno-
cellulose waste from agricultural and municipal sources, sewage sludge, solid 
municipal waste, animal manure and slurry, food wastes, etc. These wastes have 
been evaluated for their biogas yield (m3) as well as electricity produced (kW-h) 
per ton of fresh biomass (Stucki et al. 2011). The molecular constituents, i.e., 
carbohydrates, fats, proteins, cellulose, lignin, and hemicellulose, are the factors 
contributing to the quantity and quality of biogas yield. It is also known that fats 
provide a better biogas yield in comparison to carbohydrates and proteins, but 
the latter are however converted faster by the microbes (Zubr 1986; Braun 
1982, 2007).

Lignocellulosic wastes, i.e., agricultural wastes, sewage, and wastes from energy 
crops, are potent sources of biofuels (Philbrook et al. 2013) and are made of primar-
ily three components—cellulose, hemicellulose, and lignin (Kumar et  al. 2009; 
Iqbal et al. 2011). Lignin makes up 30–60% of wood and 5–30% of agricultural 
wastes and grasses (Ratnaweeraa et al. 2015), whereas wastes from energy crops 
primarily contain hemicellulose (Demirbaş 2005). It has been shown that higher 
lignin content in the feedstock biomass decreased the degradation efficiency 
(Grabber 2005) and the structure and composition of lignin positively influence the 
process of hydrolysis, i.e., the first step in biogas production, hence increasing the 
biogas production efficiency (Ladisch et al. 2010).

12.2.3.1  Treatment of Slurries and Solid Wastes

The content of total solids (TS) present in the solid wastes and slurries determines 
the systems to be used for their digestion. Broadly, either wet fermentation systems 
or dry fermentation systems are employed (de Mes et al. 2003) (Table 12.1).

12.2.3.2  Wastewater Treatments

High-rate AD treatment systems like UASB, contact process, and anaerobic filter 
are better suited for dilute feedstock like wastewater. In these systems, SRT > HRT 
and the sludge is either recycled or fixed on support material. Different types of 
wastewater treatment systems used worldwide are contact process, upflow anaer-
obic sludge blanket (UASB), Biobulk system by Biothane (Biothane, 2001), 
fixed film fluidized bed system, hybrid systems, anaerobic filter (AF), anaerobic 
fixed film reactor (AFFR), and expanded granular sludge bed (EGSB) 
(Frankin 2001).
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Table 12.1 Fermentation treatment of slurries and solid wastes

TS 15–25%
Low solids AD

TS > 30%
High solids AD

Wet fermentation Dry fermentation
CSTR
   -  Feed introduced in the reactor is 

continuously stirred for proper mixing of 
contents, and an equal volume of effluent 
exits the reactor

   -  RT can be varied
   -  Low operating cost
   -  TS 2–10%
   -  For treatment of agricultural wastes, 

animal manure, household waste, sewage 
sludge, feces, kitchen waste, urine, and/or 
mixtures of these substrates

   -  SRT = HRT
   -  Digestor volume: 6–400 m3/day

Valogra system
   -  Waste is screened and crushed to particle 

size <80 mm
   -  Crushed waste is mixed with some excess 

process water and heated via steam
   -  Four high-solids mesophilic reactors are 

combined with incineration of non-digested 
matter and residues

   -  Mixing in reactor occurs under pressure by 
reverse circulation with a small volume of 
the biogas

   -  Methane content in biogas produced after 
18–25 days is 55–60% which may be 
purified to 97% for commercial use

DRANCO (Dry Anaerobic Composting) system
   -  Operates with high solid fraction and high 

temperatures (50–58 °C)
   -  Feed is daily added from top and digested 

material removed from base after 15–30 days
   -  Part of digested biomass is recycled to be 

used as inoculum, and the rest is dried to 
form organic compost

   -  No mixing within the reactor except the plug 
flow movement of the digested waste

Plug flow digesters
   -  Basic design made of an underground 

trough with expandable gas-tight cover, 
vertical mixing in pipe

   -  Hydrolysis and methanogenesis occur 
separately through the pipe length

   -  TS 10–12%
   -  SRT = HRT
   -  For treatment of slurries with high TS 

fractions
   -  Low loading rates

Kompogas system
   -  Reactor is a horizontal cylinder; hence, 

movement of material in reactor is in a 
horizontal type plug-flow process; an 
intermittent agitator is also present inside the 
reactor

   -  Feed is introduced daily from one end and 
digested biomass removed from the other 
end after 20 days

   -  Part of digested biomass is recycled to be 
used as inoculum, and the rest is sent to AD 
wastewater treatment to produce more biogas

BIOCEL process
   -  Batch process with high solids and 

mesophilic temperatures
   -  Waste is mixed with the inoculum, sealed 

into the bioreactor without any stirring, and 
kept till 21 days for biogas production, i.e., 
till there is no more methane produced

   -  Leachate formed due to AD is heated for 
recirculation through waste biomass
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12.2.4  Types of Biogas Plants

The construction of a biogas plant depends upon its structural strength and fluid 
dynamics. The best possible solution may be an egg-shaped vessel which is gener-
ally used for treatment of sewage on large scale as it is expensive. Digesters in the 
shape of a cylinder having conical bottoms and covers are much simplified design 
to build and maybe available as prefabricated units in the market. They are however 
unfavorable due to surface volume ratio and must have equal height and diameter. 
Comparison of different types of small-scale biogas plants and their advantages and 
disadvantages are summarized in Tables 12.2 and 12.3. The basic designs of fixed 
dome and floating drum biogas plants are given in Figs. 12.2 and 12.3, respectively.

12.2.5  Physical Factors Affecting AD

 (a) Temperature: AD starts with 0 °C and increases with increasing temperatures 
reaching a maximum at 35–37 °C, i.e., ideal conditions for mesospheric micro-
organisms. Maximum methanogenesis occurs at 55 °C or higher, and the choice 
of temperature will depend upon the biogas yield and the energy demands 
(Lettinga and Haandel 1993). Some of the important characteristics of different 
types of anaerobic digestion processes (based on temperature) are presented in 
Table 12.4.

Table 12.2 Comparison of different types of small-scale biogas plants (Biogas Digest Volume II: 
Biogas—Application and Product Development, 2010)

Factors Fixed dome Floating drum Tubular design
Plastic 
containers

Gas storage Gas storage 
internal; large drum 
sizes up to 20 m3

Gas storage 
internal; small 
drum sizes

Internal and 
eventually external 
plastic bags

Gas storage 
internal; small 
drum sizes

Gas pressure 60–120 mbar ~20 mbar Low, ~ 2 mbar Low, ~ 2 mbar
Skills of 
contractor

High; masonry, 
plumbing

High; masonry, 
plumbing, 
welding

Medium; plumbing Low; plumbing

Availability of 
material

Yes Yes Yes Yes

Durability Very high >20 
years

High; weak 
drum

Medium; depends 
on chosen liner

Medium

Agitation Self-agitated by the 
biogas pressure

Manual steering Not possible; plug 
flow type

Manual steering

Sizing 6–124 m3 digester 
volume

~20 m3 Combination 
possible

~6 m3 digester 
volume

Methane 
emission

High Medium Low Medium
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Table 12.3 Advantages and disadvantages of different types of small-scale biogas plants (Biogas 
Digest Volume II: Biogas—Application and Product Development, 2010)

Biogas reactor type Advantages Disadvantages

(a) Fixed dome biogas plants •  Initial costs are low
•  Life span is long and 

useful
•  Parts involved are neither 

rusting nor moving
•  Compact well-insulated 

underground basic design 
which saves space

•  Opportunity for skilled 
local employment

•  Gas-holder masonry requires 
special sealants

•  High technical skills required for 
gas-tight construction

•  Gas leaks are frequent
•  Gas utilization is complicated 

due to fluctuation in gas 
pressures

•  Amount of biogas produced may 
not be immediately visible

•  Plant operation is not easily 
understandable

•  Exact planning of levels is 
required, and in bedrock areas, 
the excavation will be difficult

•  Environmental disadvantage—
methane emission from 
expansion chamber

(b)  Floating drum biogas 
plants or gobar gas plant 
(by Jashu Bhai J Patel, 
1956)

•  Mode of operation is 
continuous feed

•  Can be used for both 
animal and human feces

•  Water-jacket floating-drum 
plants:

  – Easy to maintain
  – Universally applicable
  –  Do not stuck in scum 

layer even with high 
solid content

  – Long life
  –  Esthetic and more 

hygienic
  –  Used in fermentation of 

night soil

•  Steel drum is maintenance 
intensive and expensive

•  Life span of drum is short, i.e., 
5–15 years only

•  Gas holder has a tendency to be 
stuck if fibrous substrates are 
used

•  A guide is always required for 
the drum to be removed for 
repair

(c)  Low-cost polyethylene 
tube/balloon biogas 
digester

•  Easy design and low cost
•  Easy installation of 

digester bag, replaceable
•  Can be installed in areas 

with high water table
•  Easy monitoring of gas
•  Ideal for warmer climates

•  Shorter life span than traditional 
biogas plants

•  Gas pressure is lower than fixed 
dome and floating drum biogas 
plants

•  Production time is highly 
dependent on the ambient 
temperature, less insulated

(d) Earth pit plants •  Easy design and low cost
•  Easy installation
•  Potential for 

improvements based on 
self-help approaches

•  Short life span
•  Can be made only in certain 

impermeable soils
•  Can be constructed only above 

groundwater table

(continued)
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Table 12.3 (continued)

Biogas reactor type Advantages Disadvantages

(e) Ferro-cement plants •  Smaller volumes (<6 m3)
•  Can be prefabricated
•   Can be applied as an earth 

pit lining or as self- 
supporting shell

•  Reliability is proven if 
made with cemented-on 
aluminum foil

•  Requires substantial amount of 
cement

•  Skillful workmanship is required
•  Uses expensive wire mesh
•  Adequately not yet time tested
•  Requires special sealing 

measures for gas holder

Fig. 12.2 Basic components of a fixed dome plant (Nicarao design)

Outlet for biogas

Floating gas holder
Biogas Collects here

Mixing Tank

Slurry of Cattle
Dung and Water

Ground Level

Inlet Pipe
Under-
ground 
Digester 

Tank

Outlet Pipe

Partition 
Wall

Spent Slurry

Overflow Tank

Fig. 12.3 Floating drum biogas plants or gobar gas plant
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 (b) pH: AD start-up processes may occur at a variable pH, but methanogenesis 
requires neutral pH and is the rate limiting step (Lettinga and Haandel 1993). 
Hydrogen carbonate ions are required in sufficient amount to maintain the opti-
mal pH for methanogenesis to occur.

 (c) Alkalinity and toxicity: Accumulation of intermediaries like VFA and ammo-
nia, or cations like those of sodium, potassium, and calcium, heavy metals, 
sulfides, and other xenobiotics also adversely affect methanogenesis.

12.3  Microbiology of Biogas Production

The process of biogas production from organic matter is a complex and dynamic 
process and involves intricate interactions between the members of microbial com-
munity. The microbial communities of seven different anaerobic sewage sludge 
digesters were analyzed by using 16S rDNA sequencing (Riviere et al. 2009). They 
classified the microflora into three categories, viz., the phylotypes common in most 
of the digesters, the phylotypes found in few digesters, and the phylotypes observed 
only under certain specific conditions.

The overall anaerobic digestion process has been divided into four major steps, 
viz., hydrolysis, acidogenesis, acetogenesis, and methanogenesis. During the first 
step of hydrolysis, the macromolecules like cellulose, starch, hemicellulose, pro-
teins, lipids, etc. present in the organic materials are converted to simple, soluble 
monomeric compounds like formate, acetate, propionate, butyrate, ethanol, carbon 
dioxide, and hydrogen (Kelleher et  al. 2000). Depending on the type of starting 
materials, different microbes may become dominant during this phase. According to 
Rao (1993), cattle dung-fed digesters show higher amylolytic population while the 
digesters containing poultry waste possess higher proteolytic population. Some of 
the commonly reported hydrolytic microbes include Bacteroides succinogenes, 
Butyrivibrio fibrisolvens, Clostridium cellobioparum, Ruminococcus albus, 
Clostridium sp., etc. (Khan 1980; Godbole et al. 1981). The small molecules pro-
duced by the fermentative and hydrolytic microbes are acted upon by acidogenic 
microbes which result in the production of volatile fatty acids (VFAs), alcohols, 
hydrogen, and carbon dioxide along with by-products like ammonia (NH3), 

Table 12.4 Classification of digestion process based on temperature

Psychrophilic 10–20 °C Bacterial growth and degradation of the 
substrate are slower

Requires long retention 
times and large reactor 
volumes

Mesophilic 20–40 °C Moderate bacterial growth and substrate 
degradation

Lesser retention times 
and reactor volumes

Thermophilic 50–60 °C Applicable when wastewater is 
discharged at high temperature or when 
pathogen removal is essential

Can be used with high 
loading rates
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hydrogen sulfide (H2S), etc. (Li et  al. 2011a, b; De la Torre and Goma 1981; 
Dinopoulou et al. 1988). Acidogenesis is followed by acetogenesis where organic 
acids and alcohols are converted into acetate, carbon dioxide, and hydrogen. The 
obligate hydrogen-producing acetogenic bacteria are one of the most important 
groups in the biogas digesters. The classical examples of this group of microbes are 
Syntrophobacter wolinii (Boone and Bryant 1980) and Syntrophomonas wolfei 
(McInerney et  al. 1981). The most common homoacetogenic bacteria are 
Acetobacterium woodii and Clostridium aceticum. These consume hydrogen and 
carbon dioxide and produce acetate (Balch et al. 1977; Ohwaki and Hungate 1977; 
Bharathiraja et  al. 2018). The last step of anaerobic digestion is carried out by 
methanogens. There are two broad groups of methanogenic bacteria: aceticlastic 
bacteria (which convert acetate into methane and carbon dioxide) and hydrogeno-
trophic methanogens (which convert hydrogen and carbon dioxide into methane). 
Most of the methanogens belong to the latter group, while the former group is 
represented by a few like Methanosarcina barkeri, Methanococcus mazei, and 
Methanothrix soehngenii (Schink 1997). The syntrophic interaction between ace-
togens and hydrogenotrophic methanogens is very crucial for the performance of 
an anaerobic digester.

12.4  Current Trends in Biogas Production

With the advent of modernization and improvement in the living standards, the 
energy requirements are skyrocketing. On the other hand, the conventional energy 
sources are plummeting. So, the world is now trying to look for alternative and 
renewable energy sources (Nasir et al. 2012). Biomethanation is not a new phenom-
enon, but nowadays, several improvements or modifications are being done in order 
to enhance its applicability as a reliable energy source. Some of the approaches are 
being discussed here.

12.4.1  Utilization of Wider Substrate Range

The substrate feedstocks serve as the nutritional base for the microflora involved in 
biogas production. The types of nutrients within substrate feedstock determine 
microbial growth and hence affect degradation process and biogas yield (Cheng 
2009; Cooke 2014; De Clercq et al. 2016). Nutrients should be in abundance for an 
efficient digestion process. Therefore, the substrate should be chosen in a way that 
meets the nutritional demands of microflora in the digester, produce high biogas and 
methane yield, and produce a high-quality digestate. Different categories of sub-
strates used for biogas production are depicted in Fig.  12.4, and these categories 
include various feedstocks such as animal manure, slurries, organic wastes generated 
from agriculture, dairies, food industries and wastewater sludge, organic inputs from 
municipal solid wastes, households, as well as energy crops (Cheng 2009).
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Cattle dung or cattle manure is the chief organic waste generated within agricul-
ture sector. It has been commonly used as the substrate for biogas production. It is 
nutrient rich and used by farmers as soil conditioner for increased crop productivity 
(Cooperband 2002; Yorgey et al. 2014). Cattle manure can also be used as ideal 
substrate for biogas production, and later the digestate may be used as a soil condi-
tioner. It has been reported that manure digestion increases the availability of nutri-
ents for plants, particularly nitrogen (LeaMaster et  al. 1998). Besides beneficial 
effects, animal manure can pose harm to the environment if not handled properly 
(Phetyim et al. 2015). High concentration of nitrogen and phosphorus may cause 
nutrient imbalance; it also contains some fractions of toxic substances such as heavy 
metals, antibiotics, and some growth regulators. Moreover, the presence of many 
pathogenic microorganisms in the manure can lead to the outbreak of serious plant 
and human diseases (LeaMaster et al. 1998). Thus, dumping of the animal manure 
in an environment-safe way is a matter of prime concern. So, biomethanation offers 
an attractive avenue of dealing with cattle dung.

12.4.1.1  Agricultural Waste as Substrate Feedstock

Manure could be used as solid phase or slurry; however, more biogas yield has been 
reported with slurry phase (Sebola 2015). Manure has its own properties and can be 
mixed with other agricultural substrates during anaerobic digestion for optimum 

Substrate 
categories for 

biogas 
production

Agricultur
al Waste 

and 
Energy 
Crops

Fruits and

Vegetables

 Waste  

Municipal 
solid 

waste and 
sewage 
sludge

Industrial 
waste

Fig. 12.4 Substrate categories utilized during anaerobic digestion for biogas production
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biogas yield. In fact, several studies indicate that combining different wastes with 
cattle dung can be effective in enhancing the biomethanation process. A 16–65% 
increase in methane yield was observed when cattle dung was mixed with grass 
silage and sugar beet litter at the organic loading rate of 2 kg VS/m3 d at 35 °C 
(Lehtomäki et al. 2007). Anaerobic digestion of a mixture of water hyacinth, cattle 
manure, algae, and rice husk gave more methane yield and a more nutrient-rich 
digestate as compared to cattle manure alone (Ghosh and Das 1982). A higher meth-
ane yield was reported from anaerobic digestion of cattle dung mixed with lantana 
slurry, apple-peach leaf litter, and wheat straw (Dar and Tandon 1987). Different 
studies have reported a high biogas yield with amendments of various organic agri-
cultural wastes with cow dung; a mixture of water hyacinth, cattle dung, and poultry 
waste increased biogas yield by 100% (Madamwar et al. 1990). Similarly, a high 
biogas yield has been reported from anaerobic digestion of sugarcane bagasse, cat-
tle dung, and poultry waste (Mallik et al. 1990).

12.4.1.2  Energy Crops

Crop residues and various energy crops are used as feedstocks for digestion during 
biogas production. Grass is the most preferred energy crop due to easy digestibil-
ity, and also its availability is not hindered by seasonal change. A high methane 
yield (70–80%) has been reported from grass silage digestion, and moreover, 
methane produced from grass has been found to be suitable for automobile fuel 
(Gerin et al. 2008; Abu-Dahrich et al. 2011). A significant biogas yield has also 
been reported from anaerobic digestion of various plant materials such as Ageratum, 
Calotropis procera, Beta vulgaris, water hyacinth, and even marine macroalgae 
(Kalia and Kanwar 1990; Traore 1992; Hassan 2003; Singhal and Rain 2003; 
Hughes et al. 2012).

12.4.1.3  Fruit and Vegetable Waste

Markets and food industries generate tons of fruit and vegetable waste every year. 
Fruits and vegetables are high moisture-rich (70–90%) substrates, and anaerobic 
digestion is an ideal way of recycling waste containing 50% or more moisture con-
tent. But, the use of fruit and vegetable waste as a sole substrate for biomethanation 
is an exigent process due to poor substrate composition (Asquer et  al. 2013; 
Bouallagui et al. 2003; Sanjaya et al. 2016). Therefore, different pretreatments are 
given to increase biogas yield from fruit-vegetable waste (Asquer et al. 2013). The 
major setback of using fruits during digestion is that they rapidly acidify digestion 
mixture due to the low pH of waste and accretion of volatile fatty acids, which 
reduce the activity of methanogens in the digester. Therefore, preliminary treatment 
is required for efficient digestion of fruit and vegetable wastes (Hall 1995; Appels 
et al. 2008; Arthur et al. 2011).
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12.4.1.4  Municipal Solid Waste and Sewage Waste

Waste generated and collected from residential areas, institutions, and mercantile 
activities is called municipal solid waste (MSW). MSW is usually collected as 
mixed stream and then dumped through landfilling sites. Landfilling is not consid-
ered an ideal way to get rid of MSW as it is a waste of energy and nutrients. MSW 
contains a significant biodegradable fraction (65–70%); therefore, it can be sub-
jected to anaerobic digestion for biomethane production. Literature has well docu-
mented the production of methane from anaerobic digestion of MSW (Davidson 
et al. 2008; De Clercq et al. 2016).

Sewage sludge is generated from municipal and industrial wastewater treatment 
plants, and its production is increasing swiftly with increase in industrialization 
(Appels et al. 2008). The sludge is a storehouse of nutrients like nitrogen and phos-
phorus and organic matter; therefore, it is used as manure in crop fields. However, 
sewage sludge also contains some toxic substances like heavy metals and patho-
genic microorganisms; thus, its direct use as manure is environmental sensitive and 
should be reconsidered (Appels et al. 2008). Sludge treatment through anaerobic 
digestion is the method of choice for biomethane production, and the digestate pro-
duced is nutrient rich and safe and can be used as manure.

Sludge contains significant moisture and other micro- and macronutrients but 
low in C:N ratio. Therefore, biomethane production is optimized by supplementing 
with organic fraction of MSW; the process is called co-digestion (Pastor et al. 2013). 
Organic fractions of MSW are high in C:N ratio, and a significant increase in meth-
ane yield is reported with co-digestion of MSW and sewage sludge (Tchobanoglous 
et al. 1993; Raposo et al. 2012).

12.4.1.5  Industrial Waste

Industrial waste is the waste generated from various manufacturing industrial units 
such as paper and pulp industries, dairy industries, food industries, and agro- 
product- based industries. Anaerobic digestion is the method of choice for treatment 
of industrial waste in an environmental safe way. It has been reported that waste 
from paper-pulp industries and butcher houses can be utilized for biomethane pro-
duction (Jia et al. 2013). Waste from paper-pulp industries is rich in organic carbon 
and can be easily biodegraded during anaerobic digestion; therefore, it is ideally 
suited as a substrate in biogas plants (Hagelqvist 2013). Anaerobic digestion of 
waste from paper and pulp industries is also economically beneficial to industries as 
it includes low transportation cost and operation and maintenance can be easily 
coordinated with existing organizations (Hagelqvist 2013).

Besides pulp-paper industries, wastes from textile industry, biscuit and chocolate 
industry, cheese industry, and distilleries have been successfully employed in biogas 
production (Balasubramanya et al. 1986; Mehla 1986; Ranade et al. 1989; Lebrato 
et al. 1990). A biogas yield of 2.2 liter per day has been observed when whey, cow 
dung, and poultry waste (3:1:2) were supplemented at a rate of 6 grams of total 
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solids/day at 40 °C (Desai and Madamwar 1994a). Later, an increase in fuel yield 
was obtained after adding silica gel (Desai and Madamwar 1994b) and Tween 80 
(Desai and Madamwar 1994c). Table 12.5 shows production of biogas from various 
industrial wastes.

12.4.2  Alterations of Microflora

Biogas production involves many different groups of microorganisms working 
together to anaerobically degrade the organic matter and to produce methane and 
other gaseous components of biogas (Amani et al. 2010). Due to the inherent prob-
lems associated with dealing with the anaerobic microorganisms as well as involve-
ment of a variety of microbes growing in close unison in syntrophic manner, it has 
been somewhat difficult to isolate and identify individual microorganism involved 
in biomethanation process by the conventional techniques. Still, a lot of work has 
been done in this direction, and the major groups of microbes involved in anaerobic 
digestion of organic matter are known.

The molecular biology techniques have been very useful in analyzing the micro-
flora involved in biogas production. Some of the commonly used methods involved 
16S rRNA analysis using 454 next-generation sequencing (NGS) technique 
(Zakrzewski et al. 2012), terminal restriction fragment length polymorphism (Wang 
et  al. 2010), and quantitative real-time polymerase chain reaction (qPCR) 
(VanGuilder et al. 2008). While the conventional methods target primarily the domi-
nant microflora, the metagenomic and metatranscriptomic approaches allow analy-
sis of even lesser abundant microflora and go a long way in comprehending the 
microbial community dynamics of biogas production as well as provide insights 
into the genetic and metabolic capabilities of the microflora (Sárvári Horváth et al. 
2016; Bremges et al. 2015). Greater understanding about the microbial community 
involved in biogas production and their dynamics will help in potentially enhancing 
the production of biogas.

Some workers have tried using addition of microbial inoculants for enhancing 
the biogas production. Bagi et al. (2007) reported that the addition of a pure culture 

Table 12.5 Production of biogas from various industrial wastes

Industrial wastes used for biogas Reference

Dairy effluents Rani (2001)
Spent tea leaves Goel et al. (2001)
Wastewater from food processing unit Wei et al. (2011)
Glycerol as by-product of biodiesel production Viana et al. (2012)
Brewery waste Tewelde et al. (2012)
Palm mill effluent Thong et al. (2012)
Paper mill wastes, brown grease, and corn ethanol Zhang (2017)
Cassava industrial waste Budiyono et al. (2018)
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of Caldicellulosiruptor saccharolyticus (a cellulolytic, H2-producing bacterium) to 
various substrates like sewage sludge, plant wastes, and animal wastes leads to sig-
nificant increase in biogas production. Similar results were also obtained when a 
mixture of these substrates were inoculated with C. saccharolyticus culture. 
However, the use of pure cultures is relatively less common, and most of the work-
ers have focused on utilizing microbial consortia. A thermophilic consortium, 
obtained from various composting materials like sugarcane dregs, dried straw, and 
fecal material of chicken, pigs, and cattle, was efficiently degrading ligno-cellulosic 
substrates like rice straw, corn stalk, cassava residues, etc. (Haruta et al. 2002; Guo 
et al. 2011). Wei et al. (2010) reported enhanced level of biogas production by utili-
zation of a hemicellulose-degrading microbial consortium comprising Bacteroides 
sp., Dechlorosoma sp., and a diverse range of Clostridiales immobilized on zeolite. 
Dhadse et  al. (2012) obtained maximum biogas production (with 76% methane) 
from a consortium containing four different methanogenic bacteria, while the other 
two bacterial consortia containing facultative anaerobes result in lower yields of 
biogas. Gopinath et al. (2014) analyzed the effect of four different microbial consor-
tia obtained from cow dung on biogas production with poultry droppings as a sub-
strate and reported that the consortium number four resulted in maximum methane 
yield of 79.4%. They reported this consortium to have high concentration of metha-
nogenic archaea. Poszytek et al. (2016) developed a microbial consortium with high 
cellulolytic activity, comprising 16 strains belonging to the genera Bacillus, 
Providencia, and Ochrobactrum, which lead to higher efficiency of maize silage 
degradation as well as higher biogas production under two-phase sequencing reac-
tor. Suksong et al. (2019) compared two thermotolerant microbial consortia, one of 
which was rich in Lachnospiraceae and the other was rich in Clostridiaceae mem-
bers for biogas production from palm oil empty fruit bunches. While the former was 
observed to be more suitable for pre-hydrolysis, the latter was found to be more 
suitable for direct bioaugmentation during solid-state anaerobic digestion. 
Tantayotai et al. (2019) have reported 6.5 times enhancement in biogas production 
from activated wastewater sludge and rice straw residues with the help of an ionic- 
liquid- tolerant and salt-tolerant consortium primarily comprising Bacteroidetes, 
Actinobacteria, and Methanosarcinales.

12.4.3  Modifications of Biogas Production Process

The main constituents of the feedstock are lignocellulosic wastes composed of cellu-
lose, hemicellulose, and lignin as discussed before. Kumar and Sharma (2017) have 
summarized the percentage of these three constituents in various plant sources like 
sugarcane, wood, newspaper, etc. The yield from a biogas plant is dependent upon:

 (a) The type of the biogas plant
 (b) The concentration of the biomass fed into the biogas plant
 (c) The conditions of the AD process

12 Current Trends and Aspects of Microbiological Biogas Production



282

12.4.3.1  Pretreatment Technology for AD

The present knowledge on pretreatment technology has only recently been investi-
gated and needs to be optimized before use in terms of not only application and 
efficiency but also in regard to the economic burden. It must be more integrated into 
the biogas production process rather than being considered as an enhancement or a 
separate process.

 i. The primary aims of pretreatment of biogas feedstock are the following:

 a. Avoid the failure of the production process.
 b. Enhance the production efficiency of biogas production—AD is faster.
 c. Lower the methane emission into the surroundings, making the process more 

environmental friendly.
 d. Increase the yield of biogas from the given feedstock.
 e. Make the feedstock substrates more accessible to the microorganisms for 

degradation by converting the substrates partially or completely into fer-
mentable sugars.

 f. Overcome the recalcitrance of cellulose-lignocellulosic substrate that is a 
complex structure to break down by the microorganisms, making its degra-
dation difficult and expensive to the biogas refineries. Recent trends are 
exploring the potential of genetic engineering approaches to solve recalci-
trance problems (Abramson et al. 2013).

 ii. The selection criteria for the pretreatment process are based upon the following 
factors (Wyman 1999):

 a. Avoid a method that leads to the reduction in particle size of biomass.
 b. The chosen method must aim to preserve the hemicellulose fraction.
 c. There should be minimal formation of the degradation products.
 d. The energy demands of the chosen method must be minimal.
 e. The method must select a cost-effective catalyst for pretreatment and should 

involve a low-cost pretreatment catalyst and/or inexpensive catalyst recycle 
and regeneration of high-value lignin co-product.

 iii. Types of pretreatment methods for overcoming recalcitrance in biomass can be 
broadly divided into biochemical and thermochemical methods and more pre-
cisely into physical, mechanical, physico-mechanical, and biological methods 
as summarized in Table 12.6 (ATV-DVWK 2003; Mshandete et al. 2006; Laser 
et al. 2009; Kumar and Sharma 2017).

12.4.3.2  Multiple Stage AD

Modern-day technology for improving the stability of the biogas production and 
efficiency of the bioreactor systems has been explored to segregate the processes of 
AD into hydrolysis–acidogenesis in one chamber and acetogenesis–methanation in 
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another chamber of a bioreactor. Such a multiple stage bioreactor system offers the 
advantage to micro-manipulate the environments and feedstock loading rate for the 
two chambers of the bioreactor but has the drawback of being more complex and 
costlier, making it less feasible for commercial use (Vandevivere et al. 2002; US 
EPA 2006; California EPA 2008; Yu et al. 2013). Recent investigations have reported 
that multiple stage AD bioreactor shows higher efficiency of COD removal and 
production of biogas (Colussi et al. 2013), accelerated hydrolysis and faster degra-
dation of biomass (Marín Pérez and Weber 2013), ammonia inhibition (Yabu et al. 
2011), higher methane yield (Park et  al. 2008), etc. A four-stage AD bioreactor 
coupled with activated sludge has also been used (Kim et al. 2011) that demon-
strated higher AD efficiency than a one-step system. Similarly, higher growth rates 
of methanogenic bacteria lead to increased biogas production (Blonskaja et  al. 
2003) and bio-hydrogen production (Nasr et al. 2012).

12.4.3.3  High-Pressure AD

This technique works on the principle of increasing the working pressure within the 
bioreactor up to 100  bar (1  bar  =  100  kPa) resulting in higher methane content 
(>95%) and less than 5% CO2 in the biogas produced. Hence, the biogas production 
is integrated with the in situ high-pressure purification as a sole process that pro-
duces clean biogas with 99% methane which may be utilized for domestic and com-
mercial applications (Bartlett 2002; Lindeboom et  al. 2011; Merkle et  al. 2014, 

Table 12.6 Broad classification of types of biomass pretreatment methods

Biochemical methods Thermochemical methods

Advantage:
  a. High specificity in deconstruction of biomass
  b. Desired product formation
Disadvantage:
  a. Should be coupled with thermochemical 

pretreatment of low severity

Advantage:
  c. Fast process
  d. Low residence time
  e. Uses a wide variety of feedstocks in a 

continuous manner
Disadvantage:
  b. Nonspecific deconstruction of biomass

Types of pretreatment methods based on the catalyst used:
Physical/
mechanical 
methods Chemical methods

Physicochemical and 
thermal methods

Biological and enzymatic 
methods

a. Mechanical 
extrusion
b. Milling
c. Microwave
d. Ultrasound
e. Pyrolysis
f. Pulsed 
electric field

a. Dilute acid
b. Mild alkali
c. Ozonolysis
d. Organosolv
e. Ionic liquids
f. Deep eutectic 
solvents
g. Natural deep 
eutectic solvents

a. Steam explosion
b. Liquid hot water
c. Ammonia based
d. CO2 explosion
e. Oxidative 
pretreatment
f. Wet oxidation
g. SPORL

a. Fungi (brown, white, soft rot)
b. Bacterial
c. Archaeal
d. Enzymes—cellulase, 
hemicellulase, cellobiase, 
pectinase, proteases, etc. 
(Hosseini Koupaie et al. 2019)
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2017). This technology has shown promising results in quality biogas production 
but requires further research to understand the pressure effects on the growth of the 
microbiome.

12.4.3.4  Modulating Methanogenesis

Among the four steps of AD, methanogenesis is the most critical and rate-limiting 
step due to slowest growth rate of the methanogens and their sensitivity to environ-
mental factors like pH, temperature, ionic strength, and various inhibitors (Chen 
et al. 2008). NGS in combination with genetic engineering approaches to modify 
the efficiency of the metabolic pathways in the microbes may be considered to 
decrease the economic burden of the biogas reactors, making their use more com-
mercially applicable. These approaches may also bear potential to improve the qual-
ity and energy output of the biofuels (Xu and Koffas 2010). Metabolic redirection 
has been applied in production of bioethanol in which the production of undesirable 
metabolic products is limited and the metabolism of the bacterial cell is directed 
toward the formation of targeted products (Weng et al. 2008).

12.4.3.5  Start-Up Period for the AD

It is critical for every biogas reactor to have a start-up time period in order to pro-
duce an efficient, continuous, and stable supply of biogas (Escudié et al. 2011; Kim 
et al. 2013; Goberna et al. 2015). It is the time required by the microbes to grow and 
multiply while feeding upon a specific waste, till their population becomes redun-
dant and stable. The time period hence depends upon the microbial population and 
the type of biomass it feeds on. If the start-up period is neglected, the biomass deg-
radation may be incomplete, leading to accumulated intermediaries like VFA, inhi-
bition of methanogenesis and thus inefficient productivity of biogas, and finally 
operation failures of the biogas reactor systems (Griffin et al. 1998; Liu et al. 2002; 
Escudié et al. 2011). Hence, one must keep in mind the calculation of the start-up 
time period considering the type of organic waste, rate of loading the feedstock, the 
ratio of inoculum to substrate, temperature conditions of the bioreactor, type of the 
reactor, etc. Next-generation sequencing (NGS) may be used as an efficient tool to 
screen the dynamics of complicated microbial community. NGS also aids in moni-
toring the successful establishment of AD start-up in terms of microbial communi-
ties inside the bioreactors, besides elucidating the degradation pathways in the 
process of biogas production constituted in the microbiome (Appels et al. 2011). 
Therefore, such tools must be utilized besides the physicochemical monitoring AD 
start-up.
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12.4.4  Solid-State Anaerobic Digestion

Anaerobic digestion in a biogas digester is operated in two modes: digestion in 
slurry phase and solid-state anaerobic digestion. The classification is based upon the 
available solid content in substrate feedstock (Li et al. 2011b). Slurry phase operates 
at a total solid content of less than 15%, and solid-state digestion is carried at a total 
solid content of more than 15% (Brown et al. 2012). The advantages of solid-state 
anaerobic digestion include requirement of small reactor volume, less moving 
assembly, low cost-energy requirement, less water wastage, and easy handling 
(Brown et al. 2012; Guendouz et al. 2008; Cheng et al. 2010). Solid-state fermenta-
tion is required with substrates feedstocks rich in lignocellulosic content those con-
tain less moisture (Brown et al. 2012; Singhania et al. 2009). However, due to low 
moisture availability and complex structure, these substrates are hard to hydrolyze 
and require pretreatment for easy digestion (Taherzadeh and Karimi 2008; 
Teghammar et al. 2012).

The crystalline structure of cellulose and the presence of resistant fraction lignin 
are the important factors determining degradation of lignocellulosic waste (Puri 
1984; Chang and Holtzapple 2000; Laureano-Perez et al. 2005). The lignin forms a 
cross-linked structure in between the carbohydrates, and the presence of this matrix 
restricts the lignocellulosic substrate digestion. This meshwork is resistant to degra-
dation by enzymes and microbes (Poornejad et al. 2014; Kumar 2014). Therefore, 
lignin degradation is required for biomethane production from lignocellulosic 
waste. Ethanol is employed for lignin removal as a pretreatment during biodegrada-
tion of lignocellulosic waste (Zhao et al. 2009; Binod et al. 2010). Lignin is itself a 
valuable by-product; therefore, the use of organic solvent as a pretreatment method 
helps to separate lignin in unaltered form, increase the biogas yield, and ultimately 
improve economy of the process (Zhao et al. 2009; Obama et al. 2012).

Biogas production was examined over a range of total solid concentration, and 
most efficient digestion was reported at a total solid content of 13.5% (Singh et al. 
1984). Similarly, Pathak et al. (1985) observed biogas yield per gram of solid con-
sumed with solid content of manure slurry at 7.7, 10.2, and 14.8% respectively. 
Various studies have also highlighted a high biogas yield at total solid contents 
ranging between 5 and 20% (Itodo and Awulu 1999; Itodo et al. 2001; Malik et al. 
2008; Leela Wati et al. 2008).

12.4.5  Improvement in Biogas Purification

The anaerobic digestion of organic materials leads to production of biogas which is 
basically a mixture of gases, methane being the most dominant as well as the desired 
component. Apart from methane, other gases include carbon dioxide (CO2), hydrogen 
sulfide (H2S), ammonia (NH3), and water vapors. In order to enhance the efficiency 
of energy yield from biogas, it is imperative that the unwanted components of 
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biogas be removed and methane be enriched because, ultimately, it is methane 
which is going to act as the energy source (Lohani et al. 2010). Moreover, the cor-
rosiveness of hydrogen sulfide will interfere with the storage and transfer of biogas 
through metallic components. Similarly, water may also interfere with the efficient 
utilization of biogas and additionally can cause rusting of metallic components. The 
presence of CO2 lowers the energy content of the biogas, and its compression leads 
to higher energy inputs (Bari 1996; Appels et al. 2008). Biogas upgrading is espe-
cially needed for utilization in vehicles and fuel cells (Kapadi et al. 2005).

Some of the methods which have been reported to be used for CO2 removal 
include water scrubbing, pressure swing adsorption (PSA) with activated carbon or 
molecular sieves, physical absorption, chemical absorption, adsorption on a solid 
surface, membrane separation, cryogenic separation, etc. (Ryckebosch et al. 2011; 
Morero et al. 2017).

Water scrubbing is regarded as one of the relatively simple, economic, and prac-
tical methods for CO2 removal from biogas especially in the rural areas. This method 
has the capability of removing CO2 and H2S as well (Wellinger and Lindeberg 
1999). Organic solvents like methanol and dimethyl ethers of polyethylene glycol 
(DMPEG) have also been be employed. These also have the capacity of removing 
CO2, H2S, and H2O (Tock et al. 2010). Methane concentrations as high as 96–98.5% 
have been reported in these techniques (Bauer et al. 2013a; Sun et al. 2015).

Chemical absorption generally uses either aqueous solution of amines or aque-
ous solution of alkaline salts (Al-Baghli et al. 2001; Razi et al. 2013). Some of the 
amines which have been used include monoethanolamine, diglycolamine, dietha-
nolamine, triethanolamine, methyldiethanolamine, and piperazine. Another cate-
gory of chemicals includes caustic solvents (sodium hydroxide, potassium 
hydroxide, and calcium hydroxide). In this process, CO2 content of biogas is reduced 
from about 40% to 0.5–1.0%. However, the processes are still to be standardized for 
large-scale operation in biogas purification, and there are many technical problems 
like high energy requirements as well as solvent recovery issues (Abdeen et  al. 
2016). The PSA process makes use of vertical columns packed with absorbents 
under adsorption, depressurization, desorption, and pressurization sequences (Yeh 
et  al. 2001). The most commonly used adsorbents are zeolite, activated carbon, 
activated charcoal, silica gel, and synthetic resins. This can be used to separate CO2, 
N2, O2, and H2S (Ryckebosch et  al. 2011). Linking of several columns has been 
reported to reduce energy need for operation (Bauer et al. 2013b). Membrane sepa-
ration process makes use of a thin membrane, which is more permeable to some 
biogas components than the others. These may be operated at higher pressure ranges 
of greater than 20–40 bar or at lower pressure range of 8–10 bar and are capable of 
removing CO2, H2S, H2O, and O2 (Bauer et al. 2013a). Some workers have reported 
that efforts to obtain higher purity lead to methane losses (Persson et al. 2007; Sun 
et al. 2015); that is why multi-phase membrane separation systems have been sug-
gested by Scholz et al. (2013). The cryogenic separation is a relatively newer tech-
nology and relies on the difference in the boiling points of various gaseous 
components of biogas. In this process, biogas is cooled with chillers nearly to 
−45 °C at elevated pressure. The process is especially useful for obtaining liquid 
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biomethane with high purity and relatively with less than 1% losses (Hosseini and 
Wahid 2014). The product may be directly used for vehicles or injected to grid as 
gas. However, the energy consumption of the process is relatively high (Johnston 
2014; Sun et al. 2015).

For removal of H2S, some of the suggested methods include iron oxide adsorp-
tion, liquid phase oxidation process, lime scrubbing, air injection, iron chloride 
addition, dry oxidation process, and liquid phase oxidation (Shah et al. 2016). A 
variety of chemicals like NaOH, FeCl2, Fe3+/MgO, Fe(OH)3, Fe3+/CuSO4 and Fe3+/
EDTA (ethylenediaminetetraacetate), activated carbon, and zeolite have been used 
in different techniques (Cosoli et al. 2008; Ryckebosch et al. 2011; Sun et al. 2015). 
However, a major obstacle in case of H2S is its toxic and corrosive nature. So, more 
research efforts are needed to tackle this problem. One possible approach is to 
develop a system that can combine multiple technologies for removal of H2S, CO2, 
and other contaminants. Another important development in the direction of making 
the overall process more efficient is the employment of lithotrophic sulfur oxidizing 
microbial agents for desulfurization and biofiltration of H2S. Some of the possible 
microbial candidates include Thiobacillus, Paracoccus, Acidithiobacillus, and 
Halothiobacillus (Montebello 2013; Mora et al. 2014).

For removal of water vapors, both physical drying and chemical drying have 
been used. The physical drying methods by condensation are demisters, cyclone 
separators, moisture traps, and water traps (Persson et al. 2007; Bauer et al. 2013b). 
The chemical drying can be carried out with the help of glycol, silica gel, magne-
sium oxide, activated carbon, and alumina (Bailón Allegue and Hinge 2012; Awe 
et al. 2017).

12.5  Conclusions and Future Perspectives

The anaerobic digestion processes for the production of biogas are poorly under-
stood due to their complexity and are often linked to the risk of failure in terms of 
large-scale investments. But the growing need for the development of biofuels has 
shifted the R&D toward the exploration of transportation fossil fuels’ replacements 
like biomethane. The present-day research on biofuel technology faces the chal-
lenges in terms of technical understanding, economical burden, and ecological 
impacts. The microbial strains and their inoculum/substrate ratio, the types of cata-
lyst chosen, the kind of AD bioreactor, the substrate composition, the start-up 
period, and the pretreatment process all have to be optimized in terms of efficiency, 
process stability, and cost-effectiveness. So, it can be concluded that although bio-
methanation offers a wide range of advantages, a lot of research efforts are required 
in this direction to enhance the applicability and appeal of this process. It is high 
time that we put in maximum efforts in developing and modernizing the biogas 
production for the benefit of not only the mankind but the entire globe.
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Chapter 13
Utilization of Biosensors  
for Environment Monitoring

Shalini Singh and Robinka Khajuria

Abstract Rampant release of substances like heavy metals, polychlorinated biphe-
nyls (PCBs), and phenolic and nitrogen compounds in the environment that pollute 
the ecosystem has made environment security a major global concern. Though vari-
ous initiatives and legislative actions have been formulated and accepted to over-
come the threats of environmental pollution, due to release of such substances in the 
environment, the control and regulation are still limited and remain a challenge for 
regulatory bodies, policy makers, and researchers. Therefore, there is a need for 
developing sensitive and rapid techniques that can detect and screen the pollutants 
for effective remediation processes. Moreover, the application requirements of most 
of the traditional methods of detection of contaminants are limited by the obstacles 
faced in their regular applications. The need for disposable systems for environmen-
tal monitoring has thus encouraged the development of new technologies. In this 
context, biosensors, a category of chemical sensors that utilize biological methods 
and interventions for detecting the analytes, appear as a suitable alternative tool. 
They are cost-effective, portable, rapid, and in situ and provide real-time results. 
The availability of commercial biosensors and technologies to detect pollutants on- 
site, in place, has greatly enhanced the applicability of biosensors in environment 
monitoring. This chapter discusses different biosensors used for detection of vari-
ous pollutants in the environment.
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sensor · Tyrosinase
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13.1  Introduction

Environmental security is the most important requirement of human health that has 
greatly enhanced the value of revealing environmental pollutants through suitable 
techniques and integral component of environmental monitoring. Stricter regula-
tions by regulatory agencies and a greater consciousness among the general public 
for environmental issues and environmental safety have further created much inter-
est in both regulated community and the general public in maintaining environmen-
tal quality (Rogers 1995). This is particularly true for harmful pollutants including 
chemicals, toxic substances, and even microbial pathogens, which can cause health 
hazards for humans as well as decrease the quality of the environment they exist in 
(Silva et al. 2011). The frequent and accurate monitoring of a broader variety of 
analytes in the ecosystem (D’Souza 2005) has thus become one of the prime areas 
of concern for environmentalists all across the globe for overall safety and security 
of all life forms.

A number of methods, including a range of portable analytical techniques, are 
available with analysis for monitoring environmental quality (D’Souza 2005), but 
the search for improved analytical methods still continues. Traditional approaches 
for environmental monitoring include various chromatographic methods, coupled 
with electrophoretic and spectrometric methods (Lang et al. 2016; Hassani et al. 
2016) (Table 13.1). Still, regular application of most of these traditional analytical 
methods in environmental monitoring faces multiple obstacles. Such conventional 
methods usually require expensive reagents and equipment and are time-consuming 
(Lang et al. 2016; Hassani et al. 2016). The presence of different concentrations of 
pollutants in case of co-reactive contaminants also poses limitations to the use of 
conventional methods. In situ measurements, especially in accidental releases of 
pollutants into the environment, require fast, miniaturized, and portable equipment 
(Arduini et al. 2013; Guo et al. 2017; Zhang et al. 2015) for analysis, which the 
traditional methods unfortunately fail to offer.

These analyses thus call for fast, substantial, operational, and economical detec-
tion methods in environment applications. So, the requirement for more rapid, effi-
cient one-use systems or techniques for environment monitoring, especially in 
reference to monitor the environment continuously, has encouraged the develop-
ment of newer effective techniques and better suited methods. Biosensors, a sub-
group of chemical sensors that uses a biological system for analyte detection, thus, 
are found to be a promising substitute or a supplement to the conventional analytical 
techniques used for the same purpose (Rodriguez-Mozaz et al. 2004a, b; Rogers 
2006; Rogers and Gerlach 1996) for the analyst’s armory, especially for continuous 
monitoring of the environmental pollutants.

In simple terms, a biosensor is a device that incorporates biological features/com-
ponents as the sensing element, connected to a transducer (D’Souza 2005). Biosensors 
are considered better than the conventional methods of similar/related analysis owing 
to their ease in transport, being much smaller and compact than many conventional 
equipment, use of a small amount of samples for the analysis, etc.
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13.2  Biosensor: Structure and Working

A biosensor is an analytical device that contains a biological or biologically derived 
sensor that in turn is connected to a transducer system. Analyte to be detected spe-
cifically binds to the biological element creating a biochemical signal that is trans-
lated into an electronic signal by the transducer (Karim and Fakhruddin 2011; 
D’Souza 2001). The concept of the biosensor was first explained by M. Cremer in 
1906. He demonstrated the concentration of an acid in a liquid is directly propor-
tional to the electric potential arising between two parts of the fluid that are sepa-
rated by a glass membrane. However, it was in 1956 that Leland C.  Clark, Jr., 
designed the first biosensor for the detection of oxygen which was eventually named 
Clark electrode. And it is because of this invention that he is known as the “father of 
biosensors” (Cremer 1906). In 1962, Clark developed an amperometric enzyme 
electrode for detecting glucose which was followed by development of the first 
potentiometric biosensor for urea detection in 1969 by Guilbault and Montalvo. 
Eventually in 1975, Yellow Springs Instrument designed the first commercial bio-
sensor (Bhalla et al. 2016). Since then, remarkable work has been done in the field 
of biosensors.

Table 13.1 Examples of biosensors commercially available for use in environmental monitoring 
(Adapted from Bahadir and Sezgintürk 2015)

Instrument
Transducing and recognition 
element Company

Biacore Optical BI Biacore AB, Uppsala, Sweden.
SPR-CELLIA Optical whole cells or 

macromolecules
Nippon Laser and Electronics Lab, Japan

Ibis Optical BI Windsor Scientific Limited, Berkshire, 
UK

Spreeta Optical BI Texas Instruments, Dallas, TX, USA
BIOS-I Optical BI Artificial Sensing Instruments, Zurich, 

Switzerland
Kinomics 
Plasmoon

Optical BI BioTul AG (Munich, Germany)

IASys Plus Optical antibody Affinity Sensors (UK)
Remedios Optical whole cell Remedios (Aberdeen, Scotland)
Cellsense Electrochemical E. coli Euroclon Ltd. (Yorkshire, UK)
ToxSen Electrochemical BI Abtech Scientific, Inc. (Richmond, VA 

USA)
NEC nitrate 
biosensor

Amperometric enzyme Nitrate Elimination Co. Inc. (Lake 
Linden, MI, USA)

eTag assay system Optical eTag reporters Aclara Bioscience (Mountain View, CA, 
USA)

AgriPo II Electrochemical ApexBio (Taiwan)
Micredox Amperometric, whole cell based Lincoln Ventures Ltd., New Zealand
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Typically, a biosensor is comprised of the following components (Fig. 13.1):
Analyte: It is the molecule of interest that is to be detected. For example, for a 

glucose biosensor, glucose is an “analyte.”
Bioreceptor: It is a biological or biologically derived molecule that specifically 

detects the analyte. It can be a cell, enzyme, antibody, or DNA molecule. The inter-
action of a bioreceptor with an analyte known as bio-recognition generates a signal. 
This signal can be in the form of a change in the mass, charge, pH, light, or heat.

Transducer: A transducer is responsible for converting the biochemical signals 
into either an optical or electrical signal. It converts the bio-recognition event into a 
measurable element that is usually proportionate to the amount of analyte–biorecep-
tor interactions.

Electronics: Process the signal produced by the transducer and convert into a 
form that can be displayed. It comprises complex electronic circuitry that conditions 
the signal and converts it from analogue to digital form. The processed signals are 
then quantified by the display unit of the biosensor.

Display: It generally consists of a computer screen or a printer that displays sig-
nal in the form of numbers, graphs, tables, or images, depending on the require-
ments of the end user (Kumar and D’Souza 2012; Bhalla et al. 2016).

13.3  Biosensors: Classification

There are two ways of classifying biosensors: either on the basis of the transducer 
type or on the basis of the bioreceptor type .The following section discusses both 
classifications briefly.

Fig. 13.1 Conceptual diagram of a typical biosensor (Adapted from Bhalla et al. 2016)
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 1. On the basis of transducer, biosensors are classified into four general categories:

 a. Electrochemical transducers: They are portable, highly sensitive, economical, 
and compatible with micro-fabrication technologies. Up to 80% of the bio-
sensors use electrochemical transducers. There are further various types:

• Potentiometric transducers: In these biosensors, the analytical signal com-
prises the fall in potential between reference and working electrodes or 
between two reference electrodes separated from each other by a selec-
tively permeable membrane. The most commonly used transducer is an 
ion-selective electrode.

• Voltammetric transducers: They measure the oxidation or reduction poten-
tial in reference to electroactive species. This current is induced by the 
production of a preset potential drop between the electrodes. The current 
generated is found to be proportional to the concentration of electroactive 
species. The current generated can be proportional to the rate of forma-
tion/disappearance of electroactive species in the biocatalytic layer.

• Impedimetric transducers: They calculate the effective resistance of an 
electrochemical cell and the differences of the effective resistance.

• Conductometric transducers: They measure the ability of the current to 
flow through the specific material and hence are used to determine electri-
cal conductivity of the solution during a reaction. Such sensors are not in 
common use for developing biosensors, especially in case of an enzyme- 
based biosensor.

 b. Transducers based on field-effect transistors: They employ the use of ion- 
sensitive silicon field-effect transistors. The bio-sensitive layer is placed 
above the surface of an ion-sensitive membrane surface that forms a part of 
the gate of the field-effect transistor. These transducers have enhanced resolv-
ing power, thereby imparting higher sensitivity to the biosensor.

 c. Optical transducers: They can use phenomena like fluorescence, absorption, 
luminescence, reflection, surface plasmon resonance, and light scattering 
spectroscopy. For example, an immune sensor for detection of casein in milk 
is based on localized surface plasmon resonance on gold nanoparticles.

 d. Piezoelectric devices: Piezoelectric transducer consists of crystals that 
undergo elastic deformation when an electric potential is applied. An alternat-
ing potential at a specific frequency generates a standing wave in the crystal. 
The analyte is adsorbed on the surface of the crystal, covered with a biorecep-
tor, and alters the resonance frequency, indicating binding. Piezoelectric 
immunosensors are among the most sensitive sensors as they are can detect 
antigens in the picogram range.

 e. Thermometric transducers: They determine the quantity of heat with the help 
of a thermistor and use it to determine the analyte concentration. They are not 
used commonly (Kumar and D’Souza 2012; Korotkaya 2014; Hassani et al. 
2016; Malhotra et al. 2017; Alhadrami 2017) for application under discussion 
(as biosensors).
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 2. On the basis of bioreceptor, biosensors are categorized as:

 a. Microbial/whole cell biosensors: They comprise the application of immobi-
lized cells as the bioreceptor. The whole cell detects the analyte, and the bio-
chemical signal produced is converted by the transducer into a readable form 
(Fig. 13.2). As compared to a conventional biosensor, whole cell-based bio-
sensors can detect a wider range of analytes and are more sensitive to change 
in the electrochemical state of a sample or in the environment. Another advan-
tage of microbial biosensors is that they can be genetically modified and thus 
can be used over a wider range of conditions such as different temperature 
and pH. Due to their high sensitivity, selectivity, and their capability for in 
situ detection, they have been used extensively for environmental monitoring, 
food analysis, pharmacology, and drug screening (Gui et al. 2017). One of the 
examples of microbial sensors is toxin determination systems based on the 
inhibition of luciferase, a microbial enzyme that generates luminescence dur-
ing the oxidation of some substrates. These biosensors are also employed in 
toxicological studies to determine the lethal concentration of toxicants and in 
the optimization of doses of antibiotics and the amounts of antimicrobial and 
antifungal additives for paints and finishing materials. Microbial biosensors 
are also used to estimate the condition of natural microorganism to monitor 
the performance of biological wastewater treatment systems.

 b. Enzymatic sensors: In these sensors, the bioreceptor can be an enzyme that 
has been purified. It can also be homogenized tissues or microbial cultures. 
The simplest enzymatic biosensors are those where the product/substrate of 
the enzymatic reaction is electrochemically active. The analyte reversibly 
undergoes oxidation or reduction on the electrode in the presence of a suitable 
potential. Based on the roles of this category of sensors, enzyme-based 
sensors are further divided into two categories:

• Substrate-based biosensors: These are designed to determine specific sub-
strates involved in enzymatic reactions. For example, enzyme-based sen-
sor using glucose oxidase activity for glucose determination or urea 
determination by urease sensor.

Fig. 13.2 Schematic representation of a whole cell-based biosensor (Gui et al. 2017)
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• Inhibitor sensors: These are designed to determine the presence of sub-
stances that reduce the enzymatic activity and organophosphorus pesti-
cides that inhibit breakdown of acetylcholine by the enzyme; acetylcholine 
esterase is an example of inhibitor biosensor (Kitova et al. 2004; Zaitsev 
2013; Korotkaya 2014). Due to high surface area, biocompatibility, and 
reduced in vivo toxicity, gold nanostructures provide an efficient platform 
for immobilization of enzymes (Lang et al. 2016; Zhao et al. 2013).

 – Immunosensors: Immunosensors, also called affinity ligand-based sen-
sors, determine the communications between immobilized antibodies 
or immobilized antigens that are present on the surface of transducing 
element. The exclusive specificity of the immobilized antibodies against 
the specific immobilized antigen actually dictates the working of these 
biosensors. The antibodies offer high specificity and ability to regener-
ate and are found to be highly sensitive in detection. This enhances the 
degree of reliability and efficacy of such sensors. The binding of the 
specific antibody onto the solid matrix eases repeated application of the 
antibody-based sensors (Kandimalla et al. 2004). The detection of spe-
cific antibodies in blood samples indicates some microbial infection or 
presence of certain toxic substances. The antigens can be measured 
both in biological samples and other types of samples like environment- 
related ones. Based on detection of a unique antibody, this particular 
class of sensors can be used for measuring a wide variety of compounds 
with great selectivity as well as specificity (Korotkaya 2014; Mauriz 
et al. 2007; OWLS 2006; Soh et al. 2003).

 – DNA sensors: They consist of DNA-based probes using single-stranded 
DNA molecules. The DNA strand is directly bound to transducer’s sur-
face and determines the particular binding with DNA. They generally 
employ electricity, heat, and light as signals as a part of transducing 
element. However, electrochemical transducer is used most commonly. 
Electrochemical DNA biosensors, which undergo formation of the 
interface for recognizing the DNA molecule, followed by occurrence of 
DNA hybridization and translation or transformation of hybridized sys-
tem into a readable electric signal (Teles and Fonseca 2008; Vercoutere 
and Akeson 2002), are the most commonly used ones in this category 
of biosensors.

13.4  Application of Biosensors in Environment Monitoring

13.4.1  Heavy Metals

Heavy metal-induced environment pollution is a serious threat, where anthropo-
genic activities leading to release of metals like copper, mercury, cadmium, zinc, 
chromium, lead, zinc, arsenic, etc., into the environment disrupt the metal balance 
in the ecosystem. Human activities like combustion greatly add these heavy metals 
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into the environment, far more in concentration than naturally present in the ecosys-
tem. The uptake of these metals by life forms thus exceeds the limits of required 
intake for organisms. Due to the recalcitrant nature of these metals, they tend to 
accrue in the environment through food chain and become one of the causes of tox-
icity in living organisms. Early detection of metal contaminants guided by strict 
regulations on heavy metal pollution in the environment is thus required, and bio-
sensors can significantly contribute toward this direction. The enzyme-based bio-
sensors, especially those utilizing oxidative enzymes as recognition elements, have 
been prominently applied for detection of heavy metals (Amine et  al. 2006). 
Inhibition-based enzyme sensors involving enzymes like alkaline phosphatase, ure-
ase, horseradish peroxidase, etc., with immobilized enzyme systems are commonly 
applied for detection of cadmium, copper, chromium, lead, etc. (Rodriguez-Mozaz 
et al. 2006; Rodriguez-Mozaz et al. 2004a, b; Amine et al. 2006). Nomngongo et al. 
(2011) and Silwana et al. (2014) reported the use of amperometric sensors using 
horseradish peroxidase for detecting cadmium, lead, mercury, and copper. The 
detection was based on measuring cathodic currents from water samples containing 
trace metals and hydrogen peroxide. Inhibition of enzyme activity in the presence 
of metal, subsequently leading to decrease in cathodic current, helped to determine 
the metal concentration in the water sample. It was also confirmed that the enzyme 
inhibition process was both reversible and noncompetitive. These sensors were 
important as they could screen even very low concentration of heavy metals in 
water. The use of carbon nanotubes and horseradish peroxidase has also been suc-
cessfully used for detecting copper, lead, and cadmium in aqueous solutions, where 
the decrease in release of signal was found to be directly proportional to the concen-
tration of the inhibitor in the tested solutions (Moyo and Okonkwo 2014; Moyo 
et al. 2014). Tyrosinase, immobilized over a glass-carbon electrode, detected Cr(III) 
in aqueous solutions as well (Domı́nguez Renedo et al. 2004), where enzyme inhi-
bition was again found to decrease electrical signals in inverse ratio of contaminant 
present in the water sample. These biosensors were successfully applied for chro-
mium recognition in a variety of samples.

13.4.2  Pesticides

Chemical pesticides are one of the most dreadful environmental pollutants, as they 
show acute toxicity and are recalcitrant to degradation, persisting in the environ-
ment for long durations. Strict regulations by regulatory bodies for the release of 
pesticides are in place and are to comply with, and hence, fast and competent recog-
nition of such environmental pollutants is very important (Rebollar-Perez et  al. 
2015) for further application of faster and improved control of their release into the 
environment. The enzymatic sensors are the most used for finding out the presence 
of pesticides in soil and water. Enzyme inhibition-based methods involving 
acetylcholinesterase and cholin oxidase and enzyme-based sensors using laccases, 
horseradish peroxidase, and peroxidases as recognition elements have all been 
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reported to be used for detection of different types of pesticides (Van Dyk and 
Pletschke 2011; Mercurio et al. 2014; Hsu and Whang 2009; Oliveira et al. 2012; 
Songa et al. 2009; Qian et al. 2009; Hanke et al. 2008; Pundir and Chauhan 2012; 
Miao et al. 2010). Glyphosate has been detected using immobilized peroxidase and 
horseradish peroxidase (Oliveira et al. 2012; Songa et al. 2009), while carbamates 
like formetanate hydrochloride, commonly used as an insecticide for fruit crops and 
reported to have serious health and environment hazards, have been detected using 
laccase- based biosensors (Ribeiro et al. 2014). Chlorophenols have been found to 
be associated with high toxicity and biorefractive ability and tend to accumulate in 
the ecosystem. Immobilized horseradish peroxidase in an amperometric biosensors 
was successfully used for detection of 4-chlorophenol. The decrease in 4-chloro-
phenol mediator on the surface of the electrode was used to indicate concentration 
of the given chlorophenol. The electrode response was proportional to the concen-
tration of 4-chlorophenol (Qiu et al. 2013).

13.4.3  Biological Oxygen Demand (BOD)

Biochemical oxygen demand (BOD) is a commonly used parameter for determina-
tion of environmental pollution. The conventional 5-day BOD analysis, where the 
BOD of effluent waters is measured over a period of 5 days at specific temperature 
(20 °C), is commonly used in analysis of water samples. Still, because of the time- 
consuming, complex, variable nature of this monitoring system, conventional BOD 
analysis is now quickly being replaced by BOD sensors using biological elements, 
called biosensors, and they have now become an integral part of wastewater analysis 
(Bahadır and Sezginturk 2015; Chee 2013). Since the time the first microbial BOD 
sensor was introduced in 1983 by Nisshin Denki (Electric) Co. Ltd., different types 
of BOD biosensors (like Ra-BOD, AppliTek, Belgium; Biox-1010, Endress+Hauser, 
Switzerland, etc.) have been commercialized, including both biofilm and bioreactor 
types. Some of the pollutants successfully detected by such biosensors include 
nitrate, dioxins and dioxin-like compounds, etc. Even microbial pollutant indicators 
(E. coli) have been successfully detected by BOD biosensors (Liu and Mattiasson 
2002; Jouanneau et al. 2014; Rodriguez-Mozaz et al. 2005a, b).

13.4.4  Nitrogen Compounds

Nitrogen compounds are used extensively as fertilizers in agricultural fields. Their 
excessive use had led to increased levels of nitrates in groundwater and surface 
water that can have a negative impact on aquatic and human life. Keeping this in 
mind, the regulations for controlling the nitrate levels in domestic and industrial 
sewage treatment plants have been implemented (Silva et al. 2011). Amperometric 
biosensors containing immobilized cytochrome c nitrite reductase (ccNiR) from 
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Desulfovibrio desulfuricans were developed to determine the nitrate concentrations 
between the concentrations of nitrite 0.015 and 2.35 μM and a detection limit of 
4 nM (Chen et  al. 2007) was achieved. Conductometric electrodes with nitrate 
reductase from Aspergillus niger could detect nitrates in the range of 0.02 and 
0.25 mM with detection limits of 0.005 mM nitrate (Khadro et al. 2008). Albanesea 
et  al. (2010) developed an amperometric screen printed biosensor containing 
nitrate reductase by Escherichia coli to detect nitrate ions in water. Gokhale et al. 
(2015) reported a disposable nitrate biosensor consisting of a bioreceptor made up 
of nitrate reductase that has been immobilized on a conductive polymer matrix to 
generate a quantifiable amperometric response. A variety of biosensors for nitrite 
detection using viologen-modified sulfonated polyaminopropylsiloxane (PAPS-
SO3H-V), myoglobin (Mb), copper-containing nitrite reductase (Cu-NiR, from 
Rhodopseudomonas sphaeroides sp. denitrificans), cytochrome c (Cyt c), and 
viologen- modified chitosan (CHIT-V) have been designed (Yilong et al. 2015).

13.4.5  Phenolic Compounds

They comprise of a large group of pollutants present in the effluents of a variety of 
industries associated with the manufacturing of paper, plastics, pesticides, herbi-
cides, dyes, and drugs (Kumar and D’Souza 2012). Chloro- and nitrophenols are 
also produced during the degradation of organophosphorus pesticides and chlori-
nated phenoxyacids. These compounds have been reported to exhibit severe toxicity 
including genotoxicity and mutagenicity in animals and decreased rates of life 
processes like photosynthesis, respiration, and enzyme-catalyzed reactions. Hence, 
phenols are listed as hazardous materials by the European Commission and the US 
Environmental Protection Agency (Nigam and Shukla 2015). A number of phenol- 
detecting biosensors have been developed for monitoring the presence of phenols in 
the environment. The biosensors either use microorganisms or enzymes in free or 
immobilized forms.

13.4.6  Microbial Biosensors

The use of live microorganisms in biosensors for determining the amount of ana-
lytes is established upon the detection of specific type of enzyme systems in micro-
bial cells. Whole cell biosensors have the benefit of low cost and improved stability 
compared to enzyme-based sensors. In addition, Microbes can be easily manipu-
lated and have better stability under harsh conditions. Enzyme-based sensors require 
difficult enzyme purification methods, while cells can be produced in large amounts 
through a simple cell culturing. Under aerobic conditions, the first step of phenol 
consumption involves the phenol being oxygenated by hydroxylases to yield 
catechol which is succeeded by breakdown of the ring found near –OH groups of 
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the catechol or breakdown of the ring existing between the two –OH groups of cat-
echol. The enzyme catechol 1,2-dioxygenase is considered to be an important 
enzyme in the degradation of aromatic pollutants such as phenols (Park et al. 2013).

Majority of the microorganism-based sensors are based on the amperometric 
detection. A number of bacteria such as Rhodococcus, Trichosporon, Moraxella, 
and Pseudomonas have been reported to detect phenol and chlorophenol 
(Mulchandani et al. 2005). Riedel et al. (1995) developed a sensor based on ampero-
metric detection for finding out the presence of phenols and chlorinated phenols 
using the fungus Trichosporon beigelii. Pseudomonas putida DSM 50026 has been 
used in an amperometric detection of phenol too (Timur et al. 2003). Other ampero-
metric biosensors using Rhodococcus sp., Pseudomonas putida GFS-8, and 
Pseudomonas sp. 83-IV with a detection limit of 4 μM, 1 μM, and 10 μM, respec-
tively, have also been developed for monitoring phenol concentrations in the envi-
ronment (Skladal et  al. 2002). Another amperometric biosensor comprising 
Arthrobacter sp., bound to a Nafion polymer deposited on a carbon electrode as 
transducing element, has also been reported. This sensor measured the oxidation 
current of 4-nitrocatechol and 1,2,4-benzenetriol, which are the intermediates 
formed, produced by the oxidation of p-nitrophenol by bacterial species under study 
(Lei et  al. 2004). Lyophilized Lactobacillus immobilized on a Teflon-membrane 
oxygen electrode have been developed for determining the presence of catechols in 
dairy products and wastewater (Sagiroglu et al. 2011). The sensing element deter-
mines the concentration of catechol, which in turn indicates dissolved oxygen value 
changes. Shin (2010) developed a sensor based on bioluminescent detection of 
salicylate using genetically modified E. coli sp. transformed using a pNRSAL plas-
mid that contained nahR and reporter (luciferase) genes. The modifications lead to 
significant changes in the microbial activity in response to salicylic acid, with highly 
enhanced sensitivity. Sakti et  al. (2016) explained the use of the bacterium 
Pseudomonas putida in a potentiometric phenol biosensor with a glass electrode 
transducer. Kolahchi et  al. (2018) developed a conductometric bacterial sensor 
using Pseudomonas sp. that was obtained from contaminated soil of a local oil 
refinery. The detection limit for phenol in the given study was 2 μM.

Enzymatic biosensors: Enzymes are frequently used biological systems in bio-
logical sensors (Rodriguez-Mozaz et  al. 2006). The pure enzymes are generally 
used in the assembly of these sensors owing to high specificity related with such 
biological molecules. Enzyme biosensors offer various advantages such as ability to 
genetically change the catalytic properties and amplification of the biosensor 
response by modulating the enzyme activity (Rogers and Mascini 2009). A number 
of enzymes such as tyrosinase, laccase, and horseradish peroxidase (HRP) are 
reported for the development of phenol detecting biosensors. These enzymes have 
been choice of research as they have good ability to oxidize a variety of phenolic as 
well as non-phenolic aromatic hydrocarbons. These enzymes are produced extracel-
lularly by many bacteria, fungi, plants, and even insects. Each of these enzymes has 
their own specific reaction mechanisms for detecting different phenolics. In case of 
laccase and tyrosinase, the enzymes are first oxidized followed by reduction of 
phenolic compounds. Biosensors using tyrosinase can be used for phenol containing 
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compounds with phenol ring free of substituent group at ortho position, while the 
laccase-based biosensors are usually used for phenolic compounds with para 
position free of substituent group or the meta-position free of substituent group. On 
the other hand, HRP gets reduced by phenolics followed by oxidation using hydro-
gen peroxide (Karim and Fakhruddin 2011).

Various types of enzyme sensors have been described by various workers for 
finding the presence of phenols in the environment. An electrochemical biosensor 
containing tyrosinase entrapped in a matrix of agarose and guar gum has also been 
reported. It was developed for the detection of catechol. In another study, tyrosinase 
was entrapped on oxidized porous silicon, and a conductometric biosensor was 
developed for quantitative estimation of catechol (Kumar and D’Souza 2012). 
A bienzymatic biosensor consisting of tyrosinase and laccase was developed using 
titania sol–gel matrix by Kochana et al. (2008). The biosensor has a significantly 
high sensitivity for various phenol containing compounds like chlorophenol and 
methylcatechols. Similarly, an amperometric biosensor containing horseradish 
peroxidase- modified electrodes was designed for the detection of phenolic com-
pounds (Korkut et al. 2008). An amperometric biosensor using HRP bound to Au 
film modified electrode has been reported for the detection of 4-chlorophenol. The 
determination is based on the reduction of a specific mediator on the electrode, and 
the amperometric response is found to be proportional to the concentration (Qiu 
et al. 2013) of the analyte.

13.5  Current Status and Future of Biosensors

Biosensors are attracting a lot of attention as agents to monitor environment quality, 
but a significant number of limitations associated with biosensors still limit their 
applications. A large number of biosensors have been evaluated in closely con-
trolled conditions where distilled water or buffered solutions have been used. Such 
testing fails to give real estimates of the working efficiency of biosensors, real time. 
The huge variety of compounds to be tested and complexity of samples also bring 
about limitations to the efficiency of biosensors. Cost is another factor that has been 
affecting biosensor technology. Some of the major cost-intensive areas include the 
development cost for single analyte systems, developing sufficient marker to 
decrease cost of bringing a laboratory scale prototype to real-time market scale-up, 
cost involving conducting field trials, and expenses incurred due to evaluation and 
validation by regulatory bodies for approval of application-oriented applications. A 
lot of time is spent in bringing a laboratory prototype to the market, through trials 
and approvals from regulatory agencies, which needs to be reduced for large-scale 
applicability of the technology for environment monitoring. There is a need to 
increase the range of detectable analytes with potable device structure, as the con-
cerned area still needs to expand. Limited shelf and operational life times for pre- 
manufactured bio-recognition components and complexity in devising potentially 
portable biosensor systems are other areas of concern in the use of biosensors. 
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Improved and enhanced integration of biosensor technology with other allied ones 
including biochemistry, polymer chemistry, electronics, micro-fluidics, and separa-
tion technology will further be needed for more comprehensive and robust systems 
to develop, as this fusion of biological sciences with other disciplines will help to 
realize the full potential of biosensors in the coming times (Arduini et al. 2013; Guo 
et al. 2017; Zhang et al. 2015).

At the same time, changing times have brought newer hopes and promises with 
appearance of more biosensors that can be applied to real samples in the past few 
years. With availability of newer and improved genetic modification of enzymes 
and microorganisms, improvement in recognition element immobilization, and sen-
sor interfaces, the applicability of biosensors has increased manifold. Developments 
in multi-pollutant screening have enhanced the significance of biosensors in envi-
ronmental monitoring. Micro-Electro-Mechanical Systems that integrate mechani-
cal elements, sensors, actuators, and electronics on a common silicon substrate 
through micro-fabrication technology, yielding improved biochip and sensor array 
system, are one of the emerging and promising areas in biosensor technology.

The development of aptasensors in recent times further adds to the efficacy of 
biosensors. These aptamers are easy to modify, are stable to heat, and exhibit stabil-
ity during in vitro synthesis, apart from many other desirable characteristics (Justino 
et al. 2015).

As highlighted above, nanotechnology, as with other fields, can play a crucial 
role in biosensor technology as well (Maduraiveeran and Jin 2017). Thus, develop-
ment of fast and smart bio-sensing devices, for improved availability of commercial 
biosensors, is very much required for adding to the success of biosensor-based tech-
nology for environment monitoring. The commercially available biosensors have 
been successfully used for carrying out toxicity assay, evaluating quality of liquids, 
and determining concentration of specific analytes, including those in waste streams, 
detecting volatile hydrocarbons, non-volatile hydrocarbons, heavy metals, and 
whole cells, detecting microbial pathogens, etc.

These new age biosensors shall be good enough for in situ measurements and for 
overcoming current technical and future challenges in the given field. Also, binding 
and stabilization of biomolecules on such nano-devices also needs extensive 
exploration and applications, as these areas are still in their nascent stages (Gau Jr 
et al. 2001; Mello and Kubota 2002) of development and usage.

13.6  Conclusion

It is clearly evident that biosensors offer the following advantages: they perform 
evaluations faster than the conventional methods, are simple in operation, are 
cheaper as compared to conventional techniques, which tend to be costlier, and even 
offer high level of sensitivity to the detection. The past few decades have seen a 
tremendous rise in development and applications of biosensors owing to increased 
interests among the stakeholders. Further improvements in biosensor technology 
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have been attributed to the innovative efforts by researchers to integrate inputs from 
nanotechnology, bioinformatics, and bioelectronics into biosensors in a compatible 
system, which has further brought down the overall cost of usage of biosensors in 
detection of environmental pollutants. In spite of the huge development of biosensor 
instrumentation, the applicability of biosensors in monitoring and detection of 
environment- related pollutants, the real-time applications are still higher in medical 
and food-based applications field is still restricted, as compared to medical and 
food-related applications. Limitations with detection and specificity in reference to 
different analytes will hold the key to further applications of biosensing in environ-
ment monitoring. The interference caused by complex nature of environmental 
matrix in analyte detection further needs to be improvised upon. Additional research 
is needed to manufacture reliable devices that are not only good at detecting pollut-
ants but are also a commercial success. Thus, the looming gaps in screening and 
monitoring technology matrix need to be bridged up for overcoming environmental 
problems through well-defined and highly competitive monitoring systems.
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Chapter 14
Biological Biosensors for Monitoring 
and Diagnosis

Simranjeet Singh, Vijay Kumar, Daljeet Singh Dhanjal, Shivika Datta, 
Ram Prasad, and Joginder Singh

Abstract Quantification and detection of various contaminants in the ecosystem 
have become critically important in the past few decades due to their exhaustive use 
in soil and aquatic ecosystems. The contamination by both organic and inorganic 
contaminants in the ecosystem has drawn attention due to their persistence, biologi-
cal accumulation, and toxicity. Organic contaminants reach the air, water, food, soil, 
and other systems through drift mechanism and have detrimental effect on various 
life systems after entering the food chain, thus interfering the normal biological 
process of the ecosystem. Inorganic contaminants have less solubility, primarily get 
adsorbed, and accumulate on lower sediments. The sources of both organic and 
inorganic contaminants include anthropogenic activities which dispose industrial 
and sewage effluent directly into water bodies. Most of the contaminants are very 
much toxic and have tumorigenic, carcinogenic, and mutagenic effect on various 
life-forms. Biosensors have various prospective and existing applications in the 
detection of these compounds in the environment by transducing a signal. It also has 
immense applications in the detection of different contaminants in the food indus-
try, environmental monitoring, disease diagnosis, etc. where reliable and precise 
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analyses are required.  This chapter points out a comprehensive glimpse on different 
biosensors and their characteristics, operating principles, and their designs, based 
on transduction types and biological components. Efforts have been made to 
 summarize various applications of biosensors in food industry, environmental mon-
itoring, drug delivery systems, and clinical diagnostics etc.

Keywords Biosensors, environment monitoring · Disease diagnosis · Drug 
delivery

14.1  Introduction

Biosensors are devices comprising of a biological and physicochemical component 
to detect an analyte by producing a signal which can be measured (Mishra et al. 
2019; Rovira and Domingo 2019; Mehrotra 2016). The first biosensor was invented 
by American biochemist “L.L Clark” in the year 1950 and the term “biosensor” was 
first introduced by “Cammann” in 1977 (Bhalla et al. 2016; Krishnaperumal and 
Lakshmanan 2013; Tchounwou et al. 2012). According to IUPAC nomenclature, 
biosensors are integrated receptor–transducer devices, which are able to provide 
selective quantitative or semiquantitative analytical information using a biological 
recognition element (Tangahu et al. 2011; Thévenot et al. 2001). A typical biosensor 
usually comprises of a biosensing element and a transducer. It has various biologi-
cal applications and is used for the detection of several components such as pollut-
ants, microbial load, metabolites, control parameters, and various other substances 
(Neethirajan et al. 2018). It also has immense applications in food industry, clinical 
diagnostics, and various other areas where reliable and precise analyses are required 
(Rasheed et al. 2019; Mishra et al. 2018). During the last few decades, numerous 
biosensing elements and devices have been developed (Grieshaber et  al. 2008). 
Biosensors have numerous applications in various fields such as bio-monitoring of 
pollutants, disease diagnostics etc. The most common used biosensor is blood glu-
cose biosensor which is used to check blood glucose levels (Nilsen et al. 2019; Yoo 
and Lee 2010).

Detection of various contaminants such as chemical and hazardous pollutants, 
drug detection, and detection of toxins in food, water, and soil ecosystems are some 
applications where biosensors are regularly used (Kimmel et  al. 2007). Recent 
advancement in recombinant DNA technology led to the development of DNA- 
based or aptamer-based biosensors which act as a diagnostic tool in clinical assess-
ment (Zhu et  al. 2015). Incorporation of nanoparticles in biosensors helps in 
improving its parameters such as reliability, validity, lower detection limit, resi-
dence time, stability, sensitivity, etc. (Malekzad et al. 2017) (Fig. 14.1).
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14.2  Types of Biosensors

The biological sensing material can be DNA probes, antibodies and enzymes, and 
cell receptors which interact with the analyte. The transducer may be optical, physi-
cochemical, or piezoelectric material that translates the biological signals to optical 
and electrical signals (Nguyen et al. 2019). Biosensors are divided into different 
groups depending on signal transductions (Rocchitta et al. 2016). The electrochemi-
cal sensors were first introduced in 1962 by Leland C. Clark during the NASS sym-
posium (Bhalla et al. 2016). In this sensor, molecules interact with the reactants and 
transduce an electrical signal which is directly proportional to the concentration of 
the analyte (Grieshaber et al. 2008). Based on this principle, it employs impedimet-
ric, amperometric, and potentiometric sensors converting sensing information into 
a measurable signal (Malhotra et al. 2017).

14.2.1  Voltammetric Biosensors

Voltammetric biosensors measure the current produced during reduction or oxida-
tion of electro-active reactant or product (Hung Tzang et al. 2001). In voltammetric 
biosensors, the electroactive species reduction or oxidation current is measured by 
producing the potential drop (Goyal et al. 2010). Here, the reference electrode and 
constant potential is applied to the working electrode which measures the current 
which is either directly proportional to the formation of a biocatalytic layer or to the 
volume concentration of electroactive species (Sangamithirai et al. 2018).

14.2.2  Potentiometric Biosensors

They usually measure the potential of the biosensor electrode with respect to a ref-
erence electrode (Bundschuh et al. 2018; Pisoschi 2016). The potential drop carries 
the analytical signal between the two reference electrodes or between the reference 

Fig. 14.1 General components of a biosensor
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electrode and the analytical electrode separated by the membrane. The transducer 
used in potentiometric transducers is the ion-selective electrode (ISE) (Cuartero 
et al. 2019).

14.2.3  Conductometric Biosensors

These biosensors involve the change in conductance arising due to the biochemical 
reaction (Jaffrezic-Renault and Dzyadevych 2008). These biosensors measure the 
electrical conductivity of the solution during a biochemical reaction. The sensing 
element is an enzyme and less discounted for the detection of affine interactions 
(Velychko et al. 2016).

14.2.4  Optical Biosensors

It measures light absorbed or emitted during a biochemical reaction (Damborský 
et al. 2016). In these biosensors, the optical fibers detect the analytes on the basis of 
light scattering fluorescence or absorption (Long et  al. 2013). These biosensors 
measure both the affinity and catalytic reactions. The sensing element causes a 
change in absorbance or fluorescence which changes the refractive index between 
two media having different densities (Pospíšilová et al. 2015). They are superior to 
nonelectrical biosensors as they allow multiple analyte detection using various 
monitoring wavelengths (Dey and Goswami 2011). The adaptability of using optic 
probes is because of their ability to transmit signals that account on changes in 
polarity, time, wavelength, wave propagation, distribution of the spectrum, or inten-
sity of the light (Peltomaa et al. 2018). They are solely based on the principle of 
light scattering absorption, internal reflection, fluorescence, surface plasmon reso-
nance, or luminescence spectroscopy (Fan et al. 2008).

14.2.5  Calorimetric Biosensors

Also known as thermal biosensors, they work on the change in enthalpy during a 
reaction (Y. Zhang and Tadigadapa 2004). These are developed by integrating bio-
sensor components into a physical transducer. It is used for the detection of a patho-
gen in water and food by measuring the change in optical density or color of the test 
sample upon a chemical reaction (Park et al. 2007).
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14.2.6  Enzymatic Sensors

These sensors include biological material having certain antibiological activities 
(Hwang et  al. 2018). The simplest form of enzymatic biosensors is capable of 
reversible reduction or oxidation on the electrode upon application of electrochemi-
cally active potential (Bernards et al. 2008). Enzymatic sensors were further catego-
rized into inhibitor and substrate sensors. Inhibitor sensors often tend to determine 
the reducing activity of the enzyme or substances, while substrate biosensors tend 
to determine selected substrates and its enzymatic reactions (Campanella et al. 2000).

14.2.7  Impedimetric Biosensors

It measures the variation impedance of an electrochemical cell with AC frequency 
(Guan et al. 2004). These involve ion-sensitive silicon field-based sensors which 
enhance the resolving power of the transducer by raising its sensitivity. Mostly, 
biologically modified impedimetric biosensors are used to determine small proteins 
and peptides on the basis of a net charge on it (Kim et al. 2019).

14.2.8  Piezoelectric Biosensors

It involves measurement of mass change during biomolecular interaction. They are 
also considered as mass-based biosensors and are based on the principle of sound 
vibrations and also called as acoustic biosensors (Tombelli 2012). They produce an 
electrical signal when mechanical force is applied (Pohanka 2017). Sensing mole-
cules are directly attached to a piezoelectric surface which is piezoelectric in nature. 
Hence, mechanical vibrations arise from the interaction between the sensing mole-
cules and analyte and translate them to electrical signals (Pohanka 2018).

14.2.9  Immunosensors

They are widely used to detect the immunochemical reaction which occurs between 
antigens and antibodies (Piro and Reisberg 2017). Hence, they are employed to 
detect the presence of antibodies and used as a diagnostic indication for toxic sub-
stances. They determine the antigens in both media (biological liquids and natural 
environment) (Balahura et al. 2019). They detect any compound having high selec-
tivity and specificity against specific antibodies (Wen et al. 2017).
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14.2.10  DNA Sensors

The major component of DNA sensors is nucleic acids, mostly DNA. These sensing 
materials are the fragments commonly called DNA primers or DNA probes which 
reflect specificity of the whole DNA structure. These probes or primers are synthe-
sized by amplification of DNA by PCR (polymerase chain reaction) (Campàs i 
Homs 2002). They are modified to increase the stability or to facilitate introduction 
of probes into biosensors. This type of biosensors helps in revealing non- 
macromolecular and protein compounds which interact with specific DNA frag-
ments (Diculescu et al. 2005). On the basis of the type of biorecognition unit used, 
they are classified as nucleic acid-based, enzymatic, whole cell-based, antibody- 
based, or aptamer-based biosensors (Rasheed and Sandhyarani 2017) (Table 14.1).

14.2.11  Biosensors Based on Supramolecular Structures 
of a Cell

These biosensors inhabit intermediate between DNA enzyme and sensors, since 
they have a hierarchical structure. Sometimes these entities are composed of lipid 
membranes, poly-enzyme complexes, and cell organelles (chloroplasts and mito-
chondria) (Duan et al. 2013). These biosensors are less stable as they are derived 
from their natural component and cannot maintain operating parameters during pro-
cedures that are time consuming (Wajs et al. 2016).

14.3  Biosensor Design and Operation

It is an analytical device that employs certain biological compounds to recognize 
some molecules by providing their presence and concentration as a signal for pro-
cessing and recording (Vigneshvar et al. 2016). Usually, biosensors contain three 
components: the first one is the recognition element which is a membrane having 
various biological structures. The second one is the transducer and the last one is the 
electronic system which amplifies the signal and records the signal for data presen-
tation (Kozitsina et al. 2018).

The basic part of any sensor is the recognition element which responds to one or 
many analytes among various substances (Luka et al. 2015). The commonly used 
recognition elements include biological structures such as living cells, nucleic acids, 
receptors, antibodies, and enzymes (Rahaie and Kazemi 2010). Transducers convert 
the variations into optical or electric signal when a reaction occurs between the 
analytes and the selective biological layer. This signal is further measured using an 
electronic or light-sensitive device (Rahaie and Kazemi 2010). The biological com-
ponent is immobilized by membrane or physical entrapment, covalent binding, or 
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Table 14.1 Different types of biosensors, their transducers, specifications, and applications

Biosensor Transducer type Specifications Applications References

Amperometric Electrochemical Usually redox 
reaction which 
brings change in 
current between 
reference and 
working 
electrode

Quantification and 
detection of 
alcohols, 
cholesterol, urea, 
amino acids, and 
glucose

Goriushkina et al. 
(2009)

Baroxymeter Others Measures 
respiration of 
bacterial cells 
by pressure 
measurements

Detection of toxic 
components in 
wastewater

Tzoris et al. (2002)

Bioluminescent Optical Light emission 
principle in 
which viable 
bacteria 
responds to any 
physical 
chemical or 
biological 
change

Quantification and 
detection of heavy 
metal, food 
toxicants, and 
environmental 
monitoring

Alloush et al. 
(2006)

Colorimetric Optical Monitors the 
change in 
optical density 
of a sample 
during a 
reaction

Water- and 
foodborne 
pathogens

Radhakrishnan 
et al. (2014)

Conductometric Electrochemical Measures 
change in the 
electrical 
conductivity of 
the medium 
upon entry of 
any analyte that 
changes the 
concentration of 
ionic species by 
measuring 
electrical 
conductivity 
when analyte 
reacts with 
medium

Detection of 
protein markers, 
chemicals, heavy 
metals

Jaffrezic-Renault 
and Dzyadevych 
(2008)

DNA sensors DNA primers or 
DNA probes

Synthesized by 
amplification of 
DNA by PCR 
(polymerase 
chain reaction)

Measures 
non- 
macromolecular 
and protein 
compounds

Rasheed and 
Sandhyarani (2017)

(continued)
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Table 14.1 (continued)

Biosensor Transducer type Specifications Applications References

Fluorescence Optical Emit 
fluorescence 
during 
immobilization 
of fluorescent-
tagged 
biomolecules 
during reaction 
with analyte

Water or iron 
availability in 
plants or cell 
populations, BOD 
measurement, 
water in microbial 
habitat

Lei et al. (2006)

FET-based 
biosensor

Others Measures 
change in 
conductance of 
field effect 
biosensor

IV blood pH 
recording, clinical 
investigation

Xu et al. (2005)

Impedance Electrochemical Measures the 
changes in 
conductivity or 
resistivity due to 
biorecognition 
event in medium

Polychlorinated 
biphenyls, milk 
toxins, PCBs, 
endocrine- 
disrupting 
hormones

Jaffrezic-Renault 
and Dzyadevych 
(2008)

Immunosensors Based on ELISA 
technique

Amplifies and 
detect an 
antigen–
antibody 
reaction

Clinical 
chemistry, 
antigen–antibody 
reaction

Balahura et al. 
(2019)

Piezoelectric Others Monitors 
changes in 
resonating 
frequency due 
to absorption or 
desorption of 
analyte results 
in current 
generation in 
piezoelectric 
material

Cellular studies, 
nucleic acid 
sensing

Skládal (2016)

Potentiometric Electrochemical Measures 
charge or 
potential 
accumulation 
between a 
reference and an 
ion-selective 
electrode

Determination of 
carbon dioxide, 
urea, pesticides, 
neurotransmitters, 
sugars, etc.

Pisoschi (2016)

(continued)
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noncovalent interactions. Analytes bind with biological material resulting in the 
generation of an electronic response. Sometimes these reactions may be exogenous 
or release oxygen, hydrogen, or electrons ions (Nguyen et al. 2019). The transducer 
amplifies the changes in the product linked into the signal. Signal processing 
involves minimizing the reference signal arising from a similar transducer without 
any biological component and also smoothens the unwanted signal noise (Semenova 
et al. 2019).

14.4  Biosensors for Monitoring and Diagnostic Purposes

Biosensors exhibit numerous promising applications in various fields such as environ-
mental monitoring, molecular diagnostics, pathogen detection, food industries, etc. 
(Mehrotra 2016). Biosensors monitor the presence of various contaminants in order to 
ensure the quality of drinking water, food, and soil. Biosensors detect contaminants at 
a low concentration which is a matter of priority for environmental protection and 
disease prevention as well (Rodriguez-Mozaz et al. 2006) (Fig. 14.2).

14.4.1  Biosensors for Monitoring Water Quality

Presently, water quality monitoring has become a primary environmental concern 
due to anthropogenic activities that are deteriorating the quality of water (Bi et al. 
2018). To improve it, different preventive measures need to be taken like enhancing 

Table 14.1 (continued)

Biosensor Transducer type Specifications Applications References

Pyroelectric Measurement of 
change in 
current induced 
by an analyte 
upon a 
temperature 
difference

Diagnostics Spain and 
Venkatanarayanan 
(2014)

Supramolecular Entities 
composed of 
lipid 
membranes, 
poly-enzyme 
complexes, cell 
organelles, 
immobilization 
of organic thin 
film

Inhabit 
intermediate 
between DNA 
enzyme and 
sensor

Wajs et al. (2016)
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the methods for sustaining natural resources, controlling the release of toxic com-
pounds into the environment, and treating the localized sources of contamination 
(Ezeonu et  al. 2012), as different contaminants like insecticides, pesticides, and 
surface-active molecules (SAM) enter the water sources and affect the life of marine 
organisms. These interventions disturb the water equilibrium and reduce the natural 
ability of self-purification. As a result, it induces harmful effects on humans upon 
consuming the contaminated water (Agrawal et al. 2010). Hence, there is need for 
the monitoring of toxic compounds in water. Regrettably, conventional methods like 
chromatography, spectrometry, etc. have their limitations as they work on chemical 
and physical principles. Moreover, these approaches are high-priced and labor- 
intensive, have narrow range of sensitivity, and do not robustly provide an effective 
result of the ecological situation (Starodub et al. 2005). Therefore, sensors involving 
a biological component/organism have gained attention and can serve as reliable 
and effective analytical techniques for assessing environmental contamination 
(Kovalchuk and Kovalchuk 2008).

Animals, culture of different tissues, microbes, protozoa, and water plants can 
function as biological indicators for checking toxicity (Parmar et al. 2016). At the 
same instance, it may also aid in determining group-specific substances that are 

Fig. 14.2 Different applications of biosensors
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highly sensitive to specific groups present on the contaminant (Parmar et al. 2016). 
From different living organisms, Daphnia magna St. is an effective candidate for 
determining the total toxicity level of ecological contaminants as it has chemilumi-
nescence (ChL) property. In an experiment, 5 organisms of Daphnia in 10 mL were 
found to be optimum for producing ChL response in the presence of H2O2. Using 
this idea, a Daphnia-based ChL biosensor has been created, which is aided with a 
computer controlling device for automatic detection of ChL signal. This biosensor 
especially detects the presence of SAM and is able to give measurement in the range 
of 20 mgL−1 or less (Starodub 2009). Another biosensor has been developed using 
bioluminescent bacteria. For this, bacteria were isolated from the Azov Sea and 
Black Sea according to their tolerance to SAM and other toxic entities to assess the 
toxicity of water samples. To develop this computer-controlled biosensor, biolumi-
nescent bacteria like Photobacterium phosphoreum K3 and Vibrio fischeri F1/Sh1 
are used. This biosensor works on bioluminescence inhibition as majority of SAM 
and toxic compounds inhibit bioluminescence activity. This inhibition response 
determines the presence of toxic compounds (Kuznetsov et al. 2002). Various other 
biosensors that possess the ability to determine specific toxic substances like 
chlororganics, cyanides, and phosphororganics have also been developed working 
on the principle of the electrolyte–insulator–semiconductor (EIS) system (Starodub 
et al. 2012). One such system is surface plasmon resonance (SPR)-based biosensor, 
which involves ethoxylated nonylphenol (NphEO) and immunoglobulin gamma 
(IgG) antibodies for detection. This approach measures the response of an SPR sen-
sor against the NphEO concentration in the test sample (Bakhmachuk et al. 2017). 
Another powerful system using same component is ISFET biosensor, which has five 
times higher sensitivity than SPR-based biosensor and is the preferred biosensor for 
water assessment (Grieshaber et al. 2008).

14.4.2  Biosensor for Infectious Disease Detection

The spread of various infectious diseases like avian influenza, Hendra, Nipah, and 
SARS has become a global threat, which demands considerable effort to regulate 
their proliferation (Karesh et al. 2012). As there are various challenges associated 
with these infectious diseases, there is need for the development of diagnostic tools 
for eradicating/minimizing the chances of virus outbreak beforehand (Reyes et al. 
2013). Biosensors have emerged as an attractive tool for providing robust informa-
tion on these diseases. Usually, biosensors are characterized on the basis of their 
biological component and nature of the process like biocatalytic agent (such as 
enzyme), immunological agent (such as antibody), and nucleic acid material (such 
as DNA) (Mehrotra 2016). Majority of the biosensors developed for detecting 
pathogens involved in causing infectious disease are based on the principle of elec-
trochemical reaction. This type of biosensor holds the majority as they are cost 
effective, independent of solution turbidity, low power requirement, high sensitivity, 
and simple instrumentation (Srinivasan and Tung 2015).
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Different electrochemical methods like amperometric, impedance, and potentio-
metric are used to examine the changes which take place during disease detection 
(Hammond et al. 2016). The amperometric biosensor generally involves biosensor 
marker, antibody–antigen, and DNA hybridization reactions with an electrochemi-
cal transducer which amplifies the signal to a significant level for detection (Belluzo 
et al. 2008). One of the most common amperometric sensors is a glucometer (Yoo 
and Lee 2010). Previously, Gong and his colleagues have developed an amperometric- 
based immunosensor for detecting Newcastle disease (Gong et al. 2003). Another 
amperometric-based immunosensor has also been developed to diagnose forest-
spring encephalitis with great precision (Brainina et al. 2003). Biosensors based on 
label-free amperometric immunosensor have been developed for Japanese B 
encephalitis vaccine (Yuan et al. 2005). Another group of researchers developed an 
optical biosensor to check the presence of Newcastle disease virus with sensitivity 
to 10 ng/ml (Lee and Thompson 1996). SPR-associated immunosensors have also 
been developed to detect the coronavirus responsible for severe acute respiratory 
syndrome (SARS) (Huang et al. 2009). Another type of biosensor, i.e., piezoelectric 
biosensors, has also been developed by the research group to assess the food and 
mouth disease virus (Gajendragad et al. 2001). Moreover, piezoelectric- associated 
DNA biosensor has also been developed by a group of researchers to detect hepatitis 
B virus infection with limited concentration range of about 0.02–0.14 μg/ml (Yao 
and Fu 2014).

14.4.3  Biosensor for Pathogen Detection

Foodborne illnesses have become a major health issue worldwide and raised the 
health safety concern in both food industries and regulatory bodies (Fung et  al. 
2018). Microbes have also been found to perform a function that is beneficial to 
food and its production, whereas some of them have been found to be associated 
with food spoilage (Rawat 2015). Few of food pathogen microbes are Aeromonas 
spp., Bacillus anthracis, Bacillus subtilis, Brucella spp., Campylobacter spp., 
Clostridium spp., Escherichia coli, Listeria monocytogenes, Salmonella spp., 
Shigella spp., Staphylococcus aureus, and Yersinia enterocolitica (Mody and Griffin 
2015). These microbes have been found to produce cell metabolites and toxins 
which can cause severe diseases. These issues have prompted the researchers to 
develop a cheap, portable, and robust detector for pathogens (Abbasian et al. 2018). 
They developed different biosensors to detect these pathogenic microbes in food 
sources. Therefore, robust detection approaches for assessing foodborne pathogens 
are classified into antigen–antibody-based, bacteriophage-based, and nucleic acid- 
based biosensors (Mehrotra 2016). The rapid detection of foodborne pathogens has 
increased the popularity of these biosensors in the food sector, as these biosensors 
are effective in examining the food quality and microbial contamination in food 
products (Law et al. 2014).
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The different types of immunosensors have been developed which measure the 
signal induced on the interaction of specific antibodies with a targeted antigen. An 
immunosensor has been found effective in detecting two species of Salmonella (i.e., 
S. gallinarum and S. pullorum) in chicken meat and eggs (Cinti et al. 2017). Another 
immunosensor based on a screen-printed interdigitated microelectrode has been 
developed to detect E. coli O157:H7 as well as S. typhimurium in chicken and milk 
sample within the range of 103–106 CFU/mL (Xu et al. 2016). An enzyme-based 
biosensor is another category, in which an enzyme works as a bioreceptor for detec-
tion. One of the most common enzyme-based biosensors is a glucometer which 
measures the level of glucose with the help of the immobilized glucose oxidase 
enzyme (Yoo and Lee 2010). Hesari and his colleagues developed an enzyme-based 
biosensor to robustly detect the E. coli contamination in drinking water (Hesari 
et al. 2016). Another category of biosensor, i.e., optical biosensor, has also been 
developed in which the toxins or pathogens are labeled with fluorescent compound, 
which on interaction with surface biosensor gets triggered by laser wave and induces 
a signal for detection (Bosch et al. 2007). Based on this principle, Adak and his 
group have developed an optical biosensor for S. aureus detection with detection 
limit in the range of 102–103 CFU/mL (Adak et al. 2013). Fluorescence resonance 
energy transfer (FRET)-based biosensors are also a type of optical biosensor. This 
type of biosensor has been found to be effective in detecting S. aureus in spilled 
milk and buffer (He et al. 2014). Moreover, Zhang with his colleagues developed a 
surface plasmon resonance (SPR) biosensor for the rapid detection of E. coli 
O157:H7, L. monocytogenes, and S. enteritidis in food products (Zhang et al. 2014). 
A colorimetric biosensor, another type of optical biosensor method, has allowed us 
to robustly detect pathogens like Listeria spp. and S. aureus in food products as well 
as the environment (Oluwaseun et al. 2018).

On the other hand, different electrochemical biosensors have also been devel-
oped to detect the microbes in contaminated food. Recently, amperometric biosen-
sors with high sensitivity have been developed for identifying different foodborne 
pathogens like C. jejuni, E. coli O157:H7, L. monocytogenes, and Salmonella spe-
cies (Arora et al. 2018), although a field effect transistor-based potentiometric bio-
sensor has been developed to detect the presence of E. coli with detection limit as 
low as 10 cells/mL (Moran et al. 2016). Another electrochemical impedimetric bio-
sensor based on aptasensors has been developed by Sheikhzadeh and his colleagues 
to detect the presence of Salmonella typhi in apple juice having a detectable range 
of 102–108 CFU/mL (Sheikhzadeh et al. 2016), whereas Zhang and his team devel-
oped aptasensors based on surface-enhanced Raman spectroscopy to detect 
Staphylococcus aureus and Salmonella typhimurium in pork with a working range 
of 102–107 CFU/mL (Zhang et al. 2015). Moreover, magnetoelastic sensors have 
also been developed to detect the foodborne pathogens like Staphylococcus aureus 
and Salmonella typhimurium in food items like spinach and tomato (Byeon et al. 
2015; Li et al. 2010).
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14.5  Conclusion

Biosensors have various applications in different fields such as disease diagnosis, 
environment monitoring, food control, drug discovery, biomedical research, foren-
sics, etc. These devices need the interaction of various disciplines and are dependent 
on very special features like interaction of biomolecular analytes with recognition 
elements, device fabrication and design, on-chip electronics, sampling techniques, 
microfluidics, etc. Incorporation of nanoparticles in biosensors provides an oppor-
tunity to build a new generation of sensing technologies. Nanoparticles improve the 
magnetic, optical, electrochemical, and mechanical properties of the biosensors. No 
studies have been reported on understanding the mechanism of interaction between 
biomolecules and nanomaterials on nanofilms or surface of electrodes for fabrica-
tion of new-generation biosensors. However, nanoparticle-based biosensors show 
attractive prospects which will be applied in process control, food analysis, 
environmental monitoring, and clinical diagnosis in the near future.
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Chapter 15
Aflatoxin: Occurrence, Regulation, 
and Detection in Food and Feed

Abdulhadi Yakubu and Ashish Vyas

Abstract The carcinogenic nature of aflatoxins produced mainly by Aspergillus 
flavus and Aspergillus parasiticus is of great threat to humans and animals as well 
as an economic concern especially in tropical and subtropical countries where envi-
ronmental conditions favor fungal growth. These conditions raises the possibility of 
contamination of aflatoxin in many agricultural foodstuffs like peanut, cereals, 
maize grains, and animal feed. Due to their low concentration in food and feeds, 
detection of aflatoxins in food and animal feeds must require highly sensitive, rapid, 
specific, portable, and inexpensive technique or device to meet the international 
maximum residue level (MRL). Several analytical techniques such as chromatogra-
phy, mass spectrometry, infrared spectroscopy, capillary electrophoresis, immuno-
assays, and biosensors were used for the detection of aflatoxins. In this chapter, 
some aspects of aflatoxin occurrence in food and feeds, its current regulations by 
national and international regulatory bodies, and trends of some rapid and highly 
sensitive devices for easy detection of aflatoxins in food and feeds were discussed.
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15.1  Introduction

Mycotoxins are fungal secondary metabolites which may exhibit their effect as 
teratogens, carcinogens, mutagens, and estrogens. The presence of these toxins in 
foods may pose a serious health hazard to consumers and may lead to economic loss 
in food and feed industries. These include aflatoxins, patulin, ochratoxins, fumoni-
sin, citrinin, trichothecenes, and zearalenone. In all these mycotoxins, aflatoxins are 
the most toxic and highly carcinogenic and therefore have a serious impact on 
human health (Nfossi et al. 2008; Paniel et al. 2010). Aflatoxins are produced by 
fungal species of Aspergilli, especially Aspergillus flavus and Aspergillus parasiti-
cus (Nfossi et al. 2008; Paniel et al. 2010; Leong et al. 2010). Their contamination 
in food and feed has received public attention since few decades ago. Their presence 
in agricultural produce has great consequences on the economy of many affected 
areas mainly in the developing countries where there are poor pre- and post-harvest 
techniques (van Egmond 1983; Applebaum et al. 1982; Kumar et al. 2017). Up to 
now, 18 aflatoxins (AFs) have been identified, but only AFB1, AFB2, AFG1, and 
AFG2 are the most common of which among them, AFB1 is the most toxic 
(Hansmann et al. 2009). When a cow ingested aflatoxin B1 (AB1) from contami-
nated feed, enzymatic hydroxylation will transform it to aflatoxin M1 (AFM1), now 
classified as group 1 carcinogenic agent by the International Agency for Research 
on Cancer (IARC 2002; Krishnamachari et al. 1975).

Aflatoxins were first discovered in the 1960s in England when an outbreak of 
Turkey “X” disease killed around 100,000 turkeys and other farm animals. Heavy 
ingested peanut containing Aspergillus flavus was found to be the feed component 
that caused the disease (van Egmond 1983; Hansmann et  al. 2009). In India, 
Rajasthan and Gujarat states also recorded a case of hepatitis that resulted in the 
death of about 106 people due to the intake of food containing aflatoxin (Bhat and 
Vasanthi 2003). Preliminary analysis confirmed the presence of Aspergillus flavus 
in maize which is the major food staple of these states (Kumar et  al. 2017; 
Krishnamachari et al. 1975). Fungal growth and production of aflatoxins are gener-
ally found in tropical regions where there are high environmental conditions tem-
perature, moisture, relative humidity, unseasonal rain during harvest as well as 
flood. Fungal proliferation in food is mainly due to bad harvesting practices, lack of 
good storage facilities, and poor conditions in transportation and marketing 
(Mohamadi and Alizadeh 2010; Matabaro et al. 2017).

15.2  Global Aflatoxin Occurrence in Food and Feed

As defined by CODEX Alimentarius (2011), any substances that are accidentally 
found in human food or feed of food-producing animals due to production, manu-
facturing, processing, preparation, treatment, packaging, packing, transport, or 
holding of such food or feed or as a result of environmental conditions are called 

A. Yakubu and A. Vyas



339

contaminants. Contaminations in food and feeds with aflatoxins have a great nega-
tive impact economically and have received a lot of attentions since the previous 
decades. Global detection of these toxins in food commodities mainly in developing 
countries where pre- and post-harvest equipment are not enough to curtail the 
growth of these fungi is of great economic concern. Aflatoxins B1, B2, G1, and G2 
occur naturally in foods and contaminate a large number of foods such as rice, 
wheat, corn, and peanuts (Schatzmayr and Streit 2013; Han et al. 2013) (Fig. 15.1). 
Table 15.1 shows recent investigations with different types of method performed 
globally for the detection of aflatoxins in food and feeds. The most toxic among 
them is AFB1 which is classified as group 1 liver carcinogen by the International 
Agency for Research on Cancer (IARC). Direct contact and indirect contact of 
human to AFs occur by consuming AF-contaminated foods and products from ani-
mals initially exposed to AF-contaminated feeds, respectively. Most developed 
countries set up a permissible level of AFs as low as possible because of their carci-
nogenic nature. A maximum permissible level of 2 μg/kg for AFB1 as well as 4 μg/
kg for total AFB1, AFB2, AFG1, and AFG2 was approved by the European Union 
in a variety of products.

The urgent need for control measures against toxicogenic fungi especially afla-
toxins was suggested in a research conducted in Eastern Ethiopia when a high con-
centration of total aflatoxin level was detected in 93 out of 120 samples of groundnut 
analyzed using ELISA test. As per variation of total aflatoxin level, between 15 mg/
kg and 11,900 mg/kg is an indication of its high occurrence in Ethiopian groundnuts 
which is by far beyond the limits set by the European Union (EU) (4–15 mg/kg), 
Food and Agriculture Organization of the United Nations (FAO) (15 μg/kg), and 
World Health Organization (FAO/WHO) standard (15 μg/kg) (Chala et al. 2013). 
From a survey of 200 feeds and 200 milk samples in China, 40% of the feed samples 
have AFB1 in the range of 0.05–3.53 mg/kg, while 36% were positive for AFB2 in 
the range of 0.03–0.84 mg/kg. Although the amount of aflatoxin B1 was slightly 

Fig. 15.1 Different types of aflatoxins (source: Zhang et al. 2014)
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higher than aflatoxin B2 in the feeds, it was still below the acceptable limits of set 
aside by European Union 5 μg/kg as well as 10 μg/kg for China, respectively. The 
total amount of aflatoxins was also below the US acceptable limit of 20 μg/kg (Han 
et al. 2013). In Malawi, Matumba et al. (2014) collected samples of locally processed 
and imported maize as well as groundnut-based food products. The extent of 
aflatoxin contamination was analyzed with the help of immunoaffinity-reversed-
phase liquid chromatography. All imported baby cereal foods and locally processed 
de-hulled maize have low contents of AFs below acceptable limit, while that of 
locally processed maize-based foods was above the EU maximum acceptable limit 
of 0.1 mg/kg; monitoring of AFs in locally processed foods will likely reduce AF 
amount and also reduce the risk of eating AF-contaminated food and feeds.

In Zimbabwe, fungal contaminations and aflatoxin were detected using high- 
performance liquid chromatography-fluorescence and standard mycology culture 
methods, respectively. Four out of six peanuts examined for fungal contamination 
were infected with Aspergillus flavus or Aspergillus parasiticus ranging from 3 to 
20% of the seeds studied, while 27% of the peanut butter samples were also infected 
with either Aspergillus flavus or Aspergillus parasiticus. The result also indicated 
that, 91% of peanut butter and 17% of peanut samples are contaminated with 
aflatoxins with mean values of 75.66 ng/kg, respectively. It was found to exceed the 
EU acceptable level and hence advice sensitization for manufacturers so as to reduce 
contamination level (Mupunga et  al. 2014). A study of 45 samples of ultra-high 
treatment (UHT) milk from the Indian states of Karnataka and Tamil Nadu were 
analyzed for the detection of aflatoxin M1 by reversed-phase HPLC using fluores-
cent detector. All the UHT milk samples tested were positive for AFM1, and 38% of 
these contained AF levels higher than the acceptable limit of 0.5 μg/kg prescribed 
by the Codex and Indian regulatory commission (FSSAI 2011; Siddappa et al. 2016).

In Lebanon, Elkak et  al. (2012) conducted a research to detect AFM1  in 111 
randomly selected cheese samples from local small dairy farms and dairy industries 
as well as imported cheese. From the cheese samples analyzed, AFM1 was detected 
in 67.56% of which AFM1 levels in 17.33% of the samples exceeded the European 
Commission (EC) acceptable limit of 250 ng/kg. Frequent supervision of locally 
processed cheese in Lebanon may drastically reduce the health risk associated with 
AFM1. Vagef and Mahmoudi (2013) provide an update on the level of AFM1 in 144 
fresh and pasteurized milk samples from western region of Iran using ELISA tech-
nique. They concluded that the amount of AFM1 in both fresh and pasteurized milk 
was higher than the tolerable level of 0.5 ppb where the contamination level was 
significantly higher in winter than in summer. In a similar research, cow milk sam-
ples were found to contain AFM1 in an amount ranging from 0.01 to 1.2 mg/kg, out 
of which, 86.0% of the milk samples contained high quantity of AFM1 higher than 
the tolerable limit of 0.05 mg/kg set by European Union (EU) regulations. Other 
types of milk samples indicated a percentage of AFM1 as 80.0%, 60.0%, and 60.0% 
in goat, donkey, and breast milk, respectively (Kos et al. 2014).

In Brazil, a research was conducted to check the incidence and occurrence of 
aflatoxin M1 in cheese, yoghurt, and dairy drinks. A total of 123 samples were col-
lected and analyzed using different methods in which all the samples tested have 
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AFM1 higher than the acceptable level. Although there is lack of regulatory limit of 
aflatoxins in Brazil, this survey offered some useful information on the occurrence 
of AFM1 in Brazilian dairy products with potential risk to consumers as well as an 
insight into the need for establishment of Brazilian Maximum Residue Level (MRL) 
of AFs in food and feeds (Iha et al. 2011). Also in Croatia, Bilandzir et al. (2014) 
found a high concentration of AFM1 above tolerable limit when different animals 
were studied for the presence of AFM1 in their milk from July to September 2013. 
The result indicated that high level of this toxin in cow milk shows the use of 
contaminated feedstuff in some farms within the studied period.

15.3  Regulations

International and national regulatory bodies set maximum tolerable limits of afla-
toxins as their carcinogenic and hazardous nature was detected in food and feed of 
humans and other animals, respectively. The joint FAO/WHO expert committee 
stated that the presence of aflatoxins in food should be limited to tolerable limit 
defined as the amount of a substance that cannot be removed from food or feed 
without discarding that particular food or compromising the exact availability of 
main food supplies. The first legal act on aflatoxin was established by United States 
Food and Drug Administration (USFDA) in 1965 when a maximum residual level 
(MRL) of 30 pg/kg for total aflatoxin (B1 + B2 + G1 + G2) was proposed. Since 
then, the maximum residual level has been regularly revised. The current regulations 
for aflatoxin approved by the Joint FAO/WHO Committee (CODEX), FDA, and 
some other countries are given in Table 15.2.

Many countries have set their maximum acceptable limit of aflatoxins in food 
and feeds. Industrialized nations set lower limit and regularly monitor and update 
their acceptable limit for import and export of food commodities likely to contain 

Table 15.2 Standard ranges of aflatoxins set by international organizations

Regulatory 
body Type of AF Food/feed items

Standard 
range (ppb) Year Source

CODEX 
(WHO/FAO)

Aflatoxin total 
and AFM1

Milk, almonds, Brazil 
nuts, hazelnuts, peanuts, 
etc.

0.5–15 2015 Stan 
(2015)

EU B1 (sum of B1, 
B2, G1, and G2) 
and M1

Peanuts and other 
oilseeds, almonds, dried 
fruits, corn, infant formula 
milk, etc.

0.5–15 2006 European 
(2006)

FDA B1, total, and 
M1

Milk, peanut, peanut 
products, foods, Brazil 
and pistachio nuts

0.5–300 2011 USFDA 
(2011)

FSSAI Total and M1 Milk, cereals and cereal 
products, pulses, nuts, etc.

From 0.5 in 
milk to 30 in 
spices

2011 FSSAI 
(2011)
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aflatoxin than developing and underdeveloped countries. In Table 15.3, for example, 
countries like China and the Philippines as reported by Anukul et al. (2013) set a 
tolerance level of 20 ppb for total aflatoxins in all human foods, while 30 and 35 ppb 
are the tolerance levels of aflatoxin B for all human foods in India and Malaysia, 
respectively. However, this difference of acceptable limit among countries brings 
about difficulties in the trades of commodities from one country to another. Even 
though in 2011, the Serbian Government has changed and harmonized their tolera-
ble limit for AFM1  in milk with the European Union (EU) regulation, the 2013 
occurrence of AFM1 in Serbian milk led to change in regulation where MRL was 
changed from 0.05 to 0.5 mg/kg. Kos et al. (2014) suggest permanent and harmoni-
ous regulations of AFM1 in milk and that of other aflatoxins in animal feeds with 
that of the EU taking into account that milk is one of the major food staples for 
Serbians.

15.4  Aflatoxin Detection in Food and Feed

15.4.1  Sampling and Sample Preparation

The main problem with aflatoxin analysis is obtaining a representative sample from 
the said commodity. A large amount of commodity may be required to increase the 
chances of toxin detection since a very small quantity may differ widely within any 
batch of food and feed. Detailed procedures for sampling and preparation of 
aflatoxin analysis can be found in FAO/WHO standard regulation 20/2015. Based 

Table 15.3 Maximum regulation limits for aflatoxins in food and feed in some countries

Country Aflatoxin MRL (ppb) Types of food Reference

India B1 30 All Anukul et al. (2013)
Switzerland B1

B1
n/a All

Maize and cereals
Creppy (2002)

Malaysia Total 35 All Anukul et al. (2013)
Taiwan Total 15 Peanut, corn Anukul et al. (2013)
South Korea B1 0.1 Baby food Anukul et al. (2013)
Sweden M1 n/a Liquid milk products Creppy (2002)
Czech Republic M1

M1
n/a Children milk

Adult milk
Creppy (2002)

China B1
M1

20
0.5

Maize, peanuts
Infant food

Anukul et al. (2013)

Philippines Total 20 Human foods Anukul et al. (2013)
Austria B1 n/a All

Cereals and nuts
Creppy (2002)

Japan Total
B1
B1

10
10
5

All
Rice
Other grains

Anukul et al. (2013)
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on USFDA (2011) criterion, three steps which include sample size reduction, 
sample particle reduction, and sample homogenization for uniformity are vital in 
preparing any sample for aflatoxin detection.

15.4.2  Extraction of Aflatoxin from Food and Feed

An efficient extraction step is required in order to detect and quantify aflatoxins in 
any food samples. In polar protic solvents like methanol, acetone, chloroform, and 
acetonitrile, aflatoxins are normally and easily soluble. Aflatoxin extraction involves 
the use of organic solvents like methanol, acetonitrile, or acetone mixed in different 
proportion with a small quantity of water (Bertuzzi et al. 2011).

Determination of aflatoxins based on immunoassay technique requires extrac-
tion using mixture of ethanol and water. This is due to the fact that methanol has 
lesser negative effect on antibodies compared to acetone (Stroka et al. 1999; Lee 
et  al. 2004). The clean-up technique which uses immune-affinity column (IAC) 
chromatography is usually followed after extraction (Ma et al. 2013). This immune- 
affinity column chromatography can bind with antigen and antibody with high 
reversibility and specificity which can separate as well as purify target analytes 
from matrices (Shelver et al. 1998). The crude sample is mainly applied to the col-
umn having a specific antibody to aflatoxins immobilized on a solid support like 
silica during clean-up. Aflatoxin binds onto the column and is retained with the 
sample moving beneath the column. The other washing step is usually required to 
remove impurities and unbound proteins when conducted with appropriate buffers 
and ionic strengths.

15.4.3  Trends in the Methods Used for Aflatoxin Detection

Over some decades, a lot of analytical methods and devices have been developed for 
the detection and separation of aflatoxins in food and feeds. Monitoring its presence 
in various commodities is important for the protection of consumer as well as pro-
ducing raw materials prior to cost intensive processing or transport. Most of the 
devices or methods described below have advantages and disadvantages over one 
another in terms of their mode of operation, utilization, purchase, reliability, dura-
tion, and acceptability explained in many literatures.

15.4.3.1  Chromatographic Methods

A separation technique that involves the physical interaction between a mobile 
phase and a stationary phase is known as chromatographic technique. The separated 
components are to be distributed between mobile phase which is usually fluid 
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passing along stationary phase (Braithwaite and Smith 2000). In practical point of 
view, the analyzed sample usually dissolved in mobile phase and applied as a spot 
on the stationary phase. Sorbents are the partitions between solid and liquid 
stationary phase when samples are analyzed in mobile phase. The most common 
chromatographic methods for evaluations of aflatoxins are described below.

Thin-Layer Chromatography (TLC)

De Iongh first used thin-layer chromatography (TLC) in 1964, and TLC was 
regarded as the best method for aflatoxin detection in 1990 by the Association of 
Official Analytical Chemists (AOAC). This separation technique usually depends 
on silica, aluminum, or cellulose as stationary matrix, while the mobile phase 
consists of a mixture of methanol, acetonitrile, and water immobilized on plastic or 
glass. Aflatoxin movement within these phases is based mainly on changes of afla-
toxin solubility in the two phases. This technique has an application for the mea-
surement of aflatoxins in agricultural produce and can also detect as small as 
1–20 ppb of aflatoxin. It can however need a well-trained personnel and tedious 
sample pretreatment, and sometimes, it is not accurate since there is probability that 
errors may occur at multiple points along the process. This technique has applica-
tion in measurement of already known aflatoxins at high concentrations, especially 
if new equipment is not readily available (Wacoo et al. 2014).

High-Performance Thin-Layer Chromatography (HPTLC)

This technique is like thin-layer chromatography, but unlike TLC, all the separation 
processes such as plate development, application of sample, as well as interpretation 
of data were carried out automatically in a precise and efficient way. This method is 
time-consuming and laborious and requires well-trained personnel and expensive 
instrumentations (Badea et al. 2004). Other limitations of this method are require-
ment of complex gradient mobile phase, large amount of organic solvent, and regu-
lar maintenance of equipment (Wacoo et  al. 2014). However, some of these 
limitations were overcome by the use of gas chromatography.

Gas Chromatography (GC)

Gas chromatography mainly separates aflatoxins by the movement of carrier gas 
acting as mobile phase through the column acting as stationary phase that has a 
liquid coated onto inert solid particles (Cunha and Fernandes 2010). Electron cap-
ture detector (ECD) or flame ionization detectors (FID) are usually used to detect 
aflatoxins while gases are separated from other samples as they move along the 
column. Separation of aflatoxins in gas chromatography requires molecule 
derivatization to a detectable volatile form since most of the toxins are not volatile.
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High-Performance Liquid Chromatography (HPLC)

Just like similar chromatographic methods, this method also separates aflatoxins as 
mobile phase moves along stationary one. This movement mainly consists of 
adsorbents depending on the chemical and physical structure of aflatoxins (Gamliel 
et al. 2017). The sample normally in liquid form moves along the column by carrier 
solvents where the aflatoxins separate from the main components during extraction. 
The procedure applied in this separation technique is usually differentiated from 
other techniques based on their column types and carrier liquid since only few 
detectors like ultraviolet and fluorescent light are coupled to HPLC.

15.4.3.2  Spectroscopic Methods

Fluorescence Spectrophotometry

This method can quantitatively measure from 5 to 5000 ppb of aflatoxin in 5 min-
utes and remains to be the most pivotal technique in the analysis and characteriza-
tion of molecules that emit energy at a certain wavelength in peanuts and grains for 
aflatoxin analysis. As per Gamliel et al. (2017), derivatization may be required for 
best analysis of aflatoxin using fluorometry for improved aflatoxin fluorescence. As 
per approval by European High commission, aflatoxin detection limit using this 
method is moderately high than the limit of 4 μg/kg.

Frontier Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is the preferred method of infrared 
spectroscopy. In infrared spectroscopy, IR radiation is passed through a sample. 
Some of the infrared radiation is absorbed by the sample, and some of it is passed 
through (transmitted). The resulting spectrum represents the molecular absorption 
and transmission, creating a molecular fingerprint of the sample. Like a fingerprint, 
no two unique molecular structures produce the same infrared spectrum. This makes 
infrared spectroscopy useful for several types of analysis (Mirghani et  al. 2001) 
reported the use of frontier infrared spectroscopy for the analysis of aflatoxins in 
peanuts and peanut cake which use total internal reflectance. Detection of aflatoxins 
was also reported by Pearson et al. (2001) using transmittance and reflectance in 
single corn kernels.

Infrared Spectroscopy

Infrared (IR)-based methods require little sample preparation with extensive cali-
bration. Near-infrared (NIR) and mid-infrared (MIR) are rapid and nondestructive 
analytical techniques and, hence, usually used for food quality (McMullin et  al. 

A. Yakubu and A. Vyas



347

2015). Due to their limited sensitivity, commonly used IR-based method cannot 
detect mycotoxin directly in a food and plant tissues. However, it can be used as a 
detection tool following appropriate separation procedures like HPLC. The major 
limitation of this method is the limited sensitivity of detection.

15.4.3.3  Immunochemical Methods

According to Wacoo et al. (2014), this method of detection depends mainly on spe-
cific binding between antigens and antibodies. Various immunochemical methods 
have been developed because of the high affinity and specificity of antibodies on 
antigens. However, this binding specificity is not limited to antibodies and antigens 
but also on ligands and receptors which also have such affinity and high specificity 
(Sargent and Sadik 1999).

Radioimmunoassay (RIA)

Rauch et al. (1987) invented RIA with its application in the qualitative determination 
of insulin in human blood with further extension for of aflatoxin in contaminated 
food items. Langone and Vunakis (1976) confirmed through their studies the use of 
solid phase radioimmunoassay technique in determining aflatoxin B1 in peanut, and 
a limit of detection of 1 μg/kg was achieved. In addition, Rauch et al. (1987) reported 
the use of radioimmunoassays for the qualitative and quantitative determination of 
aflatoxin B1 and aflatoxin M1 levels. This immunochemical method depends on 
competitive binding among radioactive-labelled and nonradioactive antigens. Berson 
and Yalow (1968) reported that for a set number of antibody or antigen binding sites 
on the same antibody, radioactive-labelled antigen takes part with unlabelled nonra-
dioactive antigen. A measured amount of labelled antigen and an unknown quantity 
of unlabelled antigen with that of standards react competitively with a known and 
small amount of the antibody. These labelled amounts of antigen are in inverse pro-
portion to the amount of unlabelled antigen in the test. The advantage of this method 
is its capacity to run many examinations simultaneously with high reactivity and 
precision. One negative aspect of RIA is it requires antigen in pure form and used 
label isotopes associated with possible endangerment as well as problem associated 
with storage and disposing radioactive waste (Wacoo et al. 2014).

Enzyme-Linked Immunosorbent Assay (ELISA)

Avrameas (1969) invented the ELISA using enzyme-antigen conjugates and enzyme-
antibody conjugates. ELISA method relies on the preciseness of antibodies for anti-
gens, and the reactiveness of the assay is enhanced by tagging either the antibodies or 
the antigens with an enzyme that can be simply evaluated by use of specific substrates. 
Hence, an antibody which is immobilized onto a stable support may take an unlabelled 
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antigen in the analyte, which is subsequently distinguished by a labelled antibody. As 
per Devi et al. (1999), mean immobilized antibody onto a solid support may capture 
an unlabelled antigen in the analyte, which later identified by a labelled antibody. 
ELISA method is presently used in the identification of aflatoxin in agricultural 
products (Anjaiah et  al. 1989; Thirumala-Devi et  al. 2002; Ondieki et  al. 2014). 
Some commercially available ELISA kits that use enzymes alkaline phosphatase and 
horseradish peroxidase as labels in analysis of aflatoxins based on a competitive 
immunoassay format are extensively used (Ostadrahimi et al. 2014) and (Huybrechts 
2011). The ELISA technique has advantages; that is, it is feasible to achieve the test 
on a 96-well assay platform resulting in the analysis of a large number of concurrent 
samples; the ELISA kits are cheap and easy to use, and most importantly, there is no 
possibility of health hazards associated with enzyme label.

15.4.3.4  Immunosensors

An international scientific endeavor, i.e., International Union of Pure and Applied 
Chemistry (IUPAC), defined a biosensor as any device that can provide précised 
quantitative and semi-quantitative interpretive data using biological understanding 
element in explicit connection with transducers (Shruthi et al. 2014). This device is 
based on interaction between biological components and transducers. Biological 
components such as enzymes, antibodies, and tissue slices are used to recognize and 
interact with a specific analyte, while transducers convert this interaction into a 
signal that can be amplified with respect to the concentration of the analyte (Shruthi 
et  al. 2014). Amperometric, optical, potentiometric, magnetic, and colorimetric 
devices are normally used as transducers. Magliulo et al. (2005) reported a rapid 
and highly sensitive chemiluminescent enzyme immunoassay for the determination 
of AFM1 in a milk sample. Similar work using these transducers was described by 
Parker et al. (2009), Zangheri et al. (2014), Vdovenko et al. (2014), Mavrikou et al. 
(2017), and Stepurska et al. (2015). It is found to be highly sensitive, accurate, cost- 
effective, sensitive, and throughput in the screening of AFM1 as compared with 
other immunoassay. Cuccioloni et al. (2008) designed an assay for analytical test of 
aflatoxins B1 and G1 which is an alternate screening technique for mycotoxins. 
This determination approach to monitor toxins was based on surface plasmon reso-
nance using neutrophil porcine elastase as bait. Its applications include moderate 
speed, recycling of the capturing surface and cost effective. Stepurska et al. (2015) 
has designed a potentiometric biosensor based on a pH-sensitive field-effect transis-
tor and an enzyme acetylcholinesterase for the detection of aflatoxin B1  in real 
samples. It was proved to be very stable and highly sensitive when tested in the 
determination of AFB1 in walnut, sesame, and peanut. The application of protein 
for creating a highly sensitive site against AFB1 produced through bioimprinting as 
a means of detecting AFB1 by capacitive biosensors was reported by Gutierrez et al. 
(2016). This biosensor has the ability to generate specific interactions with aflatoxin 
B1 demonstrated in a linear relation between log concentration and signal registered 
of the target aflatoxin in a concentration ranges between 3.2 × 106 to 3.2 × 109 M 
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when using ovalbumin as framework for bioimprinting. Other biosensors developed 
for aflatoxin detections include an aptamer for detection of AFB1 (Castillo et al. 
2015) and an electrical immunosensor for detection of ultra-trace quantity of 
AFM1 in food products (Paniel et al. 2010). This immunosensor has a low detection 
limit of 0.01 ppb which is under the recommended level of 0.05 ppb and has good 
reproducibility.

15.5  Conclusion and Future Challenges

The occurrence of aflatoxins in food and feeds is of global concern both in terms of 
health implication and economic consequences especially in developing countries 
where pre- and post-harvesting practices are poor. These lead to the establishment 
of various regulatory bodies in different countries for the sole purpose of regulating 
and controlling risk associated with consumption of aflatoxins in food or feeds. 
Different analytical methods that are usually applied for identification of toxins in 
food and feeds include thin-layer chromatography (TLC), high-performance liquid 
chromatography (HPLC), and gas chromatography (GC), which are largely time- 
consuming and expensive and require trained personnel and also a series of sample 
preparation. Based on these mentioned problems, it is important to develop better 
methods based on sensitivity and cost. This leads to the development of more 
improved analytical techniques that are rapid, more sensitive, specific, and on-site 
immunoassay. RIA and ELISA suffer a setback as they require pure state of antigen, 
used label isotopes associated with possible health hazard, and multiple washing 
steps, which sometimes prove laborious and time-consuming. The development of 
immunosensors like biosensors has brought about an opportunity for more rapid, 
highly sensitive, inexpensive and rapid on-site technique for easy detection of afla-
toxins in food and animal feeds. This technique is based on interaction between 
biological components such as enzymes, antibodies, microorganisms, and tissue 
slices which recognize and react with a transducer like amperometric, optical, 
potentiometric, and magnetic devices. The biological component reacts and recog-
nizes a specific analyte, while transducers convert this interaction into signal. 
However, these biosensors have some setbacks as some transducers are expensive 
and lose activity after some time except when stored under a better condition, 
require purification and isolation cost, and have slow response to time and longer 
recovery time.

Future research on recent recognition elements such as bacteriophages and 
aptamers should be focused where more robust, rapid, highly sensitive, cost- 
effective, and miniaturized biosensors for on-site detection of aflatoxins can be 
develop. The development of biosensors based on interactions between nanomateri-
als and biomolecules on the surface of nanofilms may also attract attention in future 
researches for aflatoxin detection in food and animal feeds.
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Chapter 16
Recent Approaches Used  
in Environmental Monitoring Methods

Anjuvan Singh and Joginder Singh

Abstract Environmental pollution poses a great threat to society. Sometimes, it 
becomes difficult to determine the level of pollutants present in the atmosphere in 
spite of numerous methods available for determining pollutants in the atmosphere. 
Environmental monitoring helps to determine the presence of pollutants and moni-
tor the quality of the environment. The information collected can help implement 
control measures for reducing the level of pollutant concentration to an accessible 
permissible limit. Sometimes, environmental changes are so slow that their determi-
nation requires careful monitoring over long periods. However, different analytical 
and chemical methods available to determine a pollutant do not determine the real 
effect of the pollutants on the organism that makes up the environment. Bioindicator 
and biomarker have the advantage, as they measure the changes in the biological 
systems that respond to exposure of pollutants that lead to biological effects. This 
chapter describes the use of plants, organisms, and microorganisms as indicator 
organisms which can reveal the presence of pollutants in the atmosphere by acquir-
ing certain changes in itself, which may be ecological, behavioral, and physiologi-
cal, along with the effect of pollutants on the organisms in the environment that can 
be determined using a wide range of biomarkers.

Keywords Bioindicator · Biomarker · Indicator organisms · Pollutants

16.1  Introduction

Environment means the surroundings or the conditions in which people or animals 
live and interact with each other. The changes in the environment are a result of 
interaction between the living and nonliving components present on the earth’s 
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surface that generates a different kind of contaminants over natural levels into the 
environment called pollutants. However, anthropogenic activities such as deforesta-
tion, agriculture, and industrialization cause imbalance in the environment and are 
the root causes of various environmental problems (Fig. 16.1). Pollution is a severe 
problem in the environment. Any substance (contamination) that causes an adverse 
or undesirable change in an environment is termed as a pollutant, and the presence 
of this substance and its effects causes pollution.

There are two types of pollution on the basis of origin:

 1. Point source pollution—The pollution released from a stationary source. For 
example, oil spillage from refinery and ships, industrial unit, and chemical 
leakage.

 2. Non-point source pollution—Here, the origin of pollution cannot be traced back 
to its source. For example, heaps of trash, pesticides, and fertilizers.

Pollution can be categorized into three major categories as:

 1. Air pollution—It is caused by particulates and chemical in the atmosphere, and 
its concentrations are higher than the acceptable quantity. These concentrations 
are harmful to living beings. Examples are ground-level ozone, nitrogen dioxide, 
and carbon monoxide.

 2. Water pollution—It is caused when ions and other chemicals are present in 
higher concentrations than normal, and this affects living beings in the water 
ecosystem.

Fig. 16.1 Different types of anthropogenically generated waste causing environmental pollution

A. Singh and J. Singh



357

 3. Soil pollution—It is caused by the undesirable substance that is added to the soil 
such as pesticides, herbicides, fertilizers, etc. These substances adversely affect 
soil and decrease its quality.

Environmental pollution refers to the injection of harmful substances in the 
atmosphere, and it takes place only when the environment cannot neutralize the 
toxic by-products generated as an outcome of human activities (anthropogenic pol-
lutants). However, such pollutants will last over many years during which nature 
will attempt to decompose the pollutants. Environmental pollution poses a great 
threat to society. Sometimes, it becomes difficult to determine the level of pollutants 
present in the atmosphere in spite of numerous methods available for determining 
pollutants in the atmosphere. Environmental monitoring can be used to determine 
the presence of pollutants as a measurement and then by comparing the obtained 
data with the regulated standards. The information obtained can be helpful for 
implementing control measures for reducing the level of pollutant concentration to 
an accessible permissible limit. The rise of pollutants in the atmosphere ranges from 
a slow increase in global temperature over the year to rapid accumulation of heavy 
metals and xenobiotics (Kumar and Saini 2017). In certain cases, environmental 
changes are too slow, and their investigations require careful monitoring over long 
periods. However, different analytical and chemical methods available to determine 
a pollutant do not determine the real effect of the pollutants on the organism that 
makes up the environment. In this specific situation, a huge consideration is given 
to the improvement of biosensor techniques for control that empower a basic gauge 
of co ntamination thickness, impressively increase operational effectiveness of the 
examination, and decrease its expense. Biochemical oxygen demand (BOD) and 
chemical oxygen demand (COD) are certain parameters in order to determine the 
quality of the water, which gives a measure of how much water is polluted. BOD 
(biochemical oxygen demand) is the amount of oxygen required by the aerobic 
microorganisms to digest or degrade the organic material at certain temperatures in 
a specific period of time, whereas COD (chemical oxygen demand) is the amount of 
oxygen consumed by the microorganism in order to digest the organic matter. The 
level of contamination in water can be determined by their BOD and COD measure-
ments. An elevated level of BOD breaks downstream water quality by fast disinte-
gration of a biodegradable natural issue and the exhaustion of oxygen, while COD 
generally speaks to the all-out natural issue.

Bioindicator and biomarker have the advantage as they measure the changes in 
the biological systems that respond to the exposure of metals that lead to biological 
effects. A bioindicator can be any organism which can state about qualitative status 
of the environment, whereas biomarker explains the importance of understanding 
relationships between exposure to environmental chemicals and subsequent devel-
opment of chronic human diseases that lead to the route of establishment of human 
disease (Chammem et al. 2015). This chapter describes the use of different organisms 
as indicator organisms which can reveal the presence of pollutants in the atmosphere 
by acquiring certain changes in itself, which may be ecological, behavioral, and 
physiological, along with the effect of pollutants on the organisms in the environment 
that can be determined using a wide range of biomarkers.
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16.2  Different Measurement Techniques by 
Broad Categories

Environmental monitoring involves the collection of one or more measured values 
of pollutants that are employed to evaluate the status of an environment (Artiola and 
Brusseau 2019). In other words, it is the collection of data from which information 
is gathered. Environmental monitoring requires the integrated use of different disci-
plines of subjects like physics, chemistry, mathematics, biology, statistics, and com-
puter science (Artiola et  al. 2004). Therefore, all science-based disciplines are 
involved in generating information with much accuracy. The conclusion regarding 
the presence of a pollutant in the environment cannot be made just by observation. 
Figure 16.2 presents flow chart for the interpretation of the data in a sequential man-
ner from incident occurring at a site, sample collection and its analysis, to final 
interpretation of the data and the conclusion derived from it.

16.3  Different Methods of Environmental Monitoring

Environmental monitoring is the collection of one or more quantities that are used 
to measure the quality of an environment.

Areas of monitoring include:

• Water quality monitoring
• Soil monitoring
• Air quality monitoring

These monitoring techniques involve processes, including contamination, ero-
sion, salinity, chemical, biological, radiological, and microbiological monitoring. 

Fig. 16.2 Interpretation of data for environmental monitoring
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Table 16.1 shows different types of indicators that can be used for measuring water 
and soil quality.

16.4  Drones or Unmanned Aerial Vehicles as Environmental  
Monitors

Drones can reach places that are sometimes inaccessible by other means. They can 
take photos and videos from the air and provide us with information about the places 
without us visiting them manually. Drones can also be equipped with various sen-
sors like thermometers, wind gauges, and pressure and humidity sensors. These 
sensors will allow us to gather climate data of the place.

16.4.1  Gravity Sedimentation Methods

16.4.1.1  Sedimentation from Still Air

In this method, a box is used to study polluted, heavy air particles. It has two 
hinged slides and a coated receptacle at rock bottom for inserting a microscopic 
slide or petri dish throughout air sampling the hinged slides square measure raised 
horizontally, and the wind is allowed to blow through the box. The hinged slides 
when closed, still air, present inside sink with characteristic and constant ‘terminal 
velocity’. Here, sampling is discontinuous and a little volume of air being sampled 
at a time.

Table 16.1 The indicators used for soil and water quality measurement

Indicators used for soil quality measurement

Physical Chemical Biological
Electrical conductivity Aggregate stability Earthworm
Soil nitrate Available water capacity Particulate organic matter
Soil electrical conductivity Bulk density Respiration
Reactive carbon Infiltration Soil enzyme
Phosphorus Soil crusts Total organic carbon
Indicators used for water quality measurement

Temperature
Dissolved oxygen
Nutrient
Metals
Hydrocarbon
Industrial chemicals
Fecal coliform
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16.4.1.2  Sedimentation from Wind

The method of examining suspended materials present in air released by industrial 
operations falling freely on the surface due to gravity is measured. Similar aspects 
of studies on microscopic slides were carried by earlier scientists like Pasteur, 
Pouchet and even are derived back to van Leeuwenhoek however it fails to assess air 
quantitatively.

16.4.2  Filtration

In this technique, the polluted dust, smoke, volatile toxins present in the air are 
removed by suction pressure. The air is allowed to pass through a fibrous or porous 
medium that sieves the toxic particles. For this purpose, a suitable filter with a sleek 
surface like molecular membranes having unit area appropriate for the microscopic 
examination of the entrapped particles is generally used.

16.4.3  Precipitation

16.4.3.1  Electrostatic Precipitation

It is helpful for little particles. Air is drawn in the filters and soot & ash from the 
polluted air get charged. These charged particles are attracted to the opposite charge 
and separated on the charged plates.

16.4.3.2  Thermal Precipitation

The polluted aerosols having the size below 10μ in the air can be analysed in preci-
sion by this method. It works on the thermal repulsion phenomenon.

16.5  Biological Oxygen Demand (BOD) and Chemical 
Oxygen Demand (COD)

The Royal Commission on Sewage Disposal established BOD in 1912 as an impor-
tant parameter in water quality. Biological oxygen demand (BOD) is a measure of 
the amount of consumption of oxygen in a sample as a result of its metabolizable 
organic content by the microorganisms, whereas COD measures all the oxidizable 
material in the waste (Sawyer et al. 2003). The values obtained from BOD and COD 
will enable us to know about the presence of organic matter in solid and liquid 
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samples, also total hydrocarbon (TH) in air samples. BOD biosensors have some 
limitations that impede their use. BOD sensors are simple and cheap devices that 
can be used for controlling aqueous ecosystems along with the old BOD determina-
tion methods. The COD is more efficient than BOD as it takes less time to interpret 
the results. COD test only takes 2–3 h, while BOD test takes 5 days. COD levels 
also can be used for estimation of BOD levels. Therefore, COD tests are used if the 
strength of wastes is too strong or toxic for BOD test. The estimated water can be 
used for various utilization purposes, if the BOD levels are safe, i.e., they are in 
limits of standard or permissible levels and can be utilized safely for irrigation, 
drinking, or for other domestic uses.

Total hydrocarbon (TH) is used to describe the quantity of the measured hydro-
carbon impurities present in the sample. It was very important in determining total 
organic carbon content (TOC) which was recognized in 1931. There are several 
ways by which organic compounds are converted to carbon dioxide that may include 
(Mopper and Qian 2006):

 (i) High-temperature combustion
 (ii) High-temperature catalytic oxidation (HTCO method)
 (iii) Chemical oxidizing agent
 (iv) Wet chemical oxidation (WCO method)
 (v) Ultraviolet irradiation (UV)

The ratio of BOD and COD value provides useful information about the types of 
organic material present in wastewater, but because of the rapidity of obtaining the 
results, TOC is often used to define highly contaminated wastes. Figure 16.3 shows 
the analysis of BOD from the given sample. Sample water is taken in a sealed bottle 
and is incubated in the dark at 20 °C, so that algae or bacteria present in wastewater 
may not acquire photosynthetic activity.

Fig. 16.3 Biological oxygen demand (BOD) analysis
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Further, the amount of oxygen consumed by the aerobic bacteria as a result of its 
metabolizable organic content present in water is the measurement of its BOD value 
(APHA 1992). However, a conventional BOD test requires 5 days of the incubation 
period, and the result still depends on the skill of the operator. There are certain 
disadvantages of monitoring environmental pollution using BOD and COD as in the 
case of wastewater containing a high amount of nitrogenous material, in which 
more than 5 days is required for complete oxidation. It is time-consuming and 
expensive for a large number of samples. Apart from it, there are certain compounds 
which require the presence of certain microorganisms for the oxidation and are 
toxic to many microorganisms. Due to these concerns, BOD estimation by using 
BOD sensor offers much advantage than the existing method.

16.5.1  Biochemical Oxygen Demand (BOD) Sensor

A rapid test with biosensor uses yeast Trichosporon cutaneum organism which is 
sandwiched between an oxygen-permeable Teflon membrane and a porous mem-
brane. The membrane is then directly fixed on the surface of the platinum cathode 
of an oxygen probe which measures the value of oxygen being consumed. A con-
tinuous flow system using the new microbial sensor exists for automatic estimation 
of 5 days BOD. To evaluate the amount of oxygen being consumed, sample solution 
containing glutamic acid was placed into the system; organic compounds that pass 
through the porous membrane were consumed by the immobilized microorganisms. 
After some time due to consumption of dissolved oxygen present in the sample 
solution by immobilized microorganisms, there is a decrease in the amount of dis-
solved oxygen around the membranes, as a result of which current of electrode 
decreased with time. The steady-state current depends on the BOD of the sample 
solution. BOD of various other effluents can be estimated with this sensor. 
Nowadays, BOD sensors are available in the market, but they have several draw-
backs such as limited run lengths due to the need for reactivation and their high 
maintenance costs (Praet et al. 1995). Owing to these limitations nowadays, biosen-
sor and biomarker offer much advantage than using BOD sensor.

16.5.2  Oxygen Electrode-Based Sensor

Oxygen electrode-based biosensor consists of a layer of microbial film that struc-
tures the organic recognition component sandwiched between a component of per-
meable (regularly, cellulose) layer and the gas porous layer of the oxygen terminal. 
Some portion of oxygen present in the layer of immobilized microorganisms is 
expended in the oxidation of natural mixes contained in the example. Remaining 
oxygen enters through the gas porous Teflon layer and is diminished at the cathode 
of the oxygen terminal. The quality of current in the framework is straightforwardly 
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relative to the size of oxygen decreased at the anode. After a harmony is set up 
between the dispersion of oxygen to the layer of immobilized microorganisms and 
the metabolic respiration process of immobilized microorganisms, the balance cur-
rent is recorded. When a sample wastewater is taken in the measuring cuvette, the 
organic components of the analyzed sample are consumed by immobilized microor-
ganisms, which lead to increase in the rate of respiration and eventually consump-
tion rate of oxygen. In this situation, a little measure of oxygen infiltrates through 
the Teflon layer to be diminished. This situation will remain until another harmony 
is set up. For washing the biosensor the buffer solution is fed in the cuvette, it 
restores the endogenous respiratory rate of the microbes and the initial equilibrium 
of the oxygen flows in the system is re-established.

An alternative method to measure BOD is the development of biosensors. These 
devices are used for the detection of a substance and include the combination of a 
biological component and a physicochemical detector component. Enzymes are 
used in most of the cases. The biological sensing elements are majorly used in the 
construction of biosensors. On account of time-consuming and costly enzyme puri-
fication methods, their application in biosensor construction is limited. 
Microorganisms provide an ideal alternative in this case. Many microorganisms 
useful for BOD detection are easy to maintain in pure cultures, grow, and harvest at 
low cost. A number of pure cultures such as Bacillus cereus, Trichosporon cuta-
neum, and Klebsiella oxytoca species have been used by many workers for the con-
struction of BOD biosensor. Many workers have immobilized activated sludge or a 
mixture of two or three bacterial species and on the membranes for the construction 
of BOD biosensor. One of the most widely used membranes was polyvinyl alcohol 
and porous hydrophilic membranes. Biosensors can be used to indirectly to measure 
BOD quickly, i.e., usually less than 30 min.

16.6  Environmental Monitoring Through Bioindicator 
and Biomarker

The use of living organisms called biomonitors is preferable for pollutant quantifi-
cation. These organisms tend to accumulate pollutants usually from water and food; 
an increase level of such pollutants in such living organisms like insects or microor-
ganisms will reflect the presence of pollutants in the environment (Fig. 16.4). The 
use of biomonitors to evaluate the pollution impact is called biomonitoring.

16.6.1  Bioindicator

Bioindicator organisms are those that can be used to identify and quantify the effects 
of pollutants on the environment. An “ideal” bioindicator is expected to have several 
characteristics.
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364

The most important of them are as follows:

 (i) They are distributed widely.
 (ii) Easy to collect.
 (iii) Sensitive to pollutant and have a high concentration factor for the specific 

pollutant.

They are useful in three situations:

 (i) Where environmental pollutants cannot be measured
 (ii) Where the pollutant factor is difficult to measure, e.g., pesticides and their resi-

dues or complex toxic effluent
 (iii) Where the environmental pollutant can be measured but difficult in the inter-

pretation of data.

There are three types of changes observed:

• Ecological (including population density, key species, and species diversity)
• Behavioral (feeding activities, bacterial mobility)
• Physiological (accumulation of heavy metals, carbon dioxide production, BOD)

Some examples of bioindicators are explained below:

• Lichens can be sensitive to air pollutants (Fig. 16.5) and have been used widely 
as a bioindicator of air quality by the change of their color (Conti 2008).

• Honeybees have been used as a bioindicator for the contamination of the atmo-
sphere by heavy metals (Cd, Pb).

Fig. 16.4 Monitoring water quality by looking at the species of insect in water

A. Singh and J. Singh



365

• Honey was assayed for measuring pollutants, and the differences were found 
between the reference cities and cities (Conti and Botre 2001).

• The Mediterranean mussel Mytilus galloprovincialis was used to monitor heavy 
metal contamination (Stellio and Cédric 2006).

• Marine pollution has been monitored by an increase in malformations in embryos 
of dab (Limanda limanda) which has been linked with high input of DDT 
and PCBs.

• The behavioral and lethal test has been applied to the concentration of 
2,4,6- trinitrotoluene (TNT) in contaminated soils using earthworm and crabs are 
indicators of lead pollution in the aquatic environment.

16.6.2  Biomarkers

Molecular biomarkers provide early warning signals for the presence of pollutants 
before effects at higher levels of the organization took place. Nowadays, new tech-
nologies to enhance environmental monitoring are continually improving, often 
becoming cheaper to use. Adoption of new technologies or novel monitoring 
approaches and indicators have included the use of dispersal and fish body condi-
tion, genetic measures of fish population viability, use of underwater video to sam-
ple fish composition in places with crocodile safety risks, and analyses of a time 

Fig. 16.5 Lichens can be used as an air pollution indicator
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series of satellite images to detect ecological changes over time. Biomarkers were 
primarily had applications in the medical and animal sciences, and nowadays, it has 
been used in invertebrate and particularly as bivalve biomarkers to assess marine 
pollution (Nicholson 2003). The response made by the living forms against such 
pollutants would be noticed at the molecular or cellular (biochemical), tissue/organ 
and whole-body levels. However, a successful biomarker should be sensitive enough 
to detect the pollutants at an early stage of the process of toxicity, should be specific 
to a particular contaminant, and also should respond in a concentration-dependent 
manner to change in ambient levels of the contaminant.

The advantages of using biomarker for environmental monitoring include:

• Determination can be made over a period of time and not the single sample often 
used in chemical analysis.

• It indicates the risk of exposure to particular chemicals.
• It determines the effect in various habitats; the routes of exposure can be 

established.
• It can provide information about the toxicity of a single compound or mixture.

16.6.2.1  Classification of Biomarkers

Biomarkers can be classified into three groups depending on their analysis method:

• Biochemical indicators: They are based on the ability of the pollutants to gener-
ate a response at the gene level.

• Immunochemistry: Antibodies against PCBs have been developed and used in 
enzyme-linked immunosorbent assay (ELISA).

• Genetic indicators: These include the introduction of genetically engineered 
indicator organisms.

Biochemical Indicators

They are one of the advanced techniques used for monitoring pollutants as per the 
response generated at the gene level. The difficulty of performing analysis to survey 
general populations is that there is a change in enzyme activity in unexposed indi-
viduals, and even in the same individual, the enzyme activity will change with time.

The most common example, reflecting the use of biochemical indicator was 
observed for the exposure to organophosphorus and carbamate pesticides in humans, 
which leads to increase in the level of cholinesterase enzyme activity in human 
blood plasma and erythrocytes (Ladhar-Chaabouni et al. 2009). Another example is 
an exposure of lead, resulting in the decrease in the enzyme δ-aminolevulinic acid 
dehydratase in human blood (La-Llave-León et al. 2017).

A. Singh and J. Singh



367

Immunochemistry

Environmental monitoring can also be done by using the interaction between anti-
gen and antibody in the presence of specific pollutants like xenobiotic compounds 
in environmental samples, but there are some disadvantages as well. One of the 
major drawbacks is the nature of selectivity. Besides, there are certain enzymes that 
are extremely unstable molecules and can be inhibited by a large number of com-
pounds such as sodium chloride. Antibodies against polychlorinated biphenyls 
(PCBs) and polychlorinated dibenzofurans (PCDFs) have been developed and used 
in enzyme-linked immunosorbent assay (ELISA) system to determine the presence 
of toxicity in the environmental sample.

Genetic Indicator

With the advancement in the field of technology, recombinant DNA technology is 
playing a major role with an advanced molecular technique that can be used to 
monitor or diagnose pollutants present in the atmosphere. Figure 16.6 shows one of 
the most suitable methods of screening for gene expression by fusing the promoter 
sequence to those for a product that can be easily detected. The detection for the 
presence of pollutant would be in terms of production of light.

• One example involves using Pseudomonas fluorescens (genetically engineered 
for bioluminescence) to monitor pollutants (Edward and Selvam 2011).

• Whenever any pollutant is present in the environment, the promoter region will 
sense and would be switched on, which would turn on the reporter gene respon-
sible for giving the signal in the form of green fluorescent protein (GFP).

• If the signal in the form of pollutants is present, GFP will be produced.

Fig. 16.6 Genetically engineered bacteria to monitor environmental pollutants
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