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Preface 

Microbial natural products, either as pure compounds or as standardized extracts, 
provide unlimited opportunities for new drug leads because of the unmatched 
availability of chemical diversity and ease of simplicity. A variety of organisms, 
such as bacteria and fungi, produce diverse bioactive metabolites. These 
microorganism-derived compounds have been utilized in medicine, agriculture, 
food industry, cosmetics, textiles, and scientific research. Moreover, they are also 
being investigated for their role in green chemistry and various other sustainable 
development strategies. However, much research is still needed to be done in this 
field as most of the soil and marine microbes are not easily accessible due to cultural 
biases. Besides these, the available scientific information in this field needs to be 
compiled and shared effectively among the beneficiaries. From this perspective, this 
book is a perfect documentation of primary and secondary data-based information on 
the latest research findings, case studies, experiences, and innovations regarding 
microbial bioactive compounds. 

We acknowledge the suggestions and encouragement made by colleagues and 
well-wishers. Moreover, we are grateful to all the authors who have contributed to 
this book. Suggestions for the improvement of the book will be highly appreciated 
and incorporated in the subsequent editions. 

Raipur, India Ravindra Soni 
Bhopal, India Deep Chandra Suyal 
Saltillo, Mexico Lourdes Morales-Oyervides
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Chapter 1 
Microbial Production of Bioactive 
Compounds: Recent Advancements 
and Trends 

Juan Pablo Ruiz-Sanchez, Miguel Angel Villegas-Mendez, Julio Montañez, 
Juan Roberto Benavente-Valdés, and Lourdes Morales-Oyervides 

Abstract The production of bioactive compounds through microbial sources has 
gained considerable attention in recent years. The use of microorganisms for pro-
ducing a wide range of complex molecules with different biological activities for 
various applications has become increasingly popular. Researchers have recognized 
a vast number of microorganisms as producers of bioactive compounds with indus-
trial applications. In addition, the use of microorganisms to produce bioactive 
compounds is considered to be an environmentally friendly and sustainable 
approach. However, finding the optimal conditions for producing these compounds 
remains a challenge, and exploring new niches with new microorganisms expands 
the possibility of discovering novel bioactive compounds. The chapter provides an 
overview of various applications of bioactive compounds, including food, cosme-
ceutical/cosmetic products, and environmental and agricultural applications. Over-
all, this chapter provides valuable insights into the recent advancements and trends in 
the microbial production of bioactive compounds and identifies the challenges and 
opportunities for future research in this field. 

Keywords Bioactive compounds · Pigments · Polysaccharides · Cosmeceuticals 

1.1 Introduction 

Throughout centuries, humans have harnessed the potential of bioactive compounds 
(BCs) to improve their lives [1]. The scientific community has thoroughly 
researched BCs, which are characterized by their ability to interact with living tissue
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and cause various biological effects and reactions. Although the exact definition of a 
BC may be unclear, its influence on biological systems is undeniable [2]. It is widely 
agreed among authors that these compounds have distinct advantageous qualities 
that differentiate them from detrimental compounds, like toxic or carcinogenic 
substances [3, 4].
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Recently, there has been a growing interest in using bioactive compounds for 
various applications, including food, pharmaceuticals, cosmetics, as well as envi-
ronmental and agricultural applications [3–7]. 

For instance, in the food industry, BCs serve as additives or can be utilized to 
create health-promoting products such as food supplements, nutraceuticals, and 
functional foods [3]. The pharmaceutical industry is researching BCs in order to 
discover new drugs and therapies, specifically new antibiotics that can combat 
resistant pathogens [4]. Additionally, BCs are being investigated for the treatment 
of other disorders such as genetic (cancer), neurological (Alzheimer or Parkinson 
disease), and metabolic (diabetes and obesity) [8]. 

As for the cosmetic sector, BCs can be used to formulate skin antiaging, hydrat-
ing, whitening, and brightening products. Also, the cosmetic industry is increasingly 
invested in finding new BCs that provide a range of skin benefits, including 
protection against UV radiation and treatment of various skin conditions 
[5, 9]. These compounds can be used in the formulation of various cosmetic products 
such as moisturizers, antiaging creams, and sunscreens. 

When it comes to environmental and agricultural applications, microorganisms 
have the potential to produce BCs for various applications, including bioremedia-
tion, biofertilizers, and biopesticides. Mainly, BCs are being explored for their 
potential to replace the use of agrochemicals. They can improve the growth, yield, 
and quality of crops while also reducing the impact on the environment and human 
health [7]. 

Certainly, BCs can come from either natural or synthetic sources. In this regard, 
the worldwide exigencies for natural products have been boosted during the last 
decade. Furthermore, naturally occurring biological compounds created through 
microbial cell factories are gaining popularity in both industrial and academic fields 
[4, 10]. A range of microorganisms, including bacteria, yeast, fungi, and algae, 
possess the ability to produce a wide assortment of BCs that exhibit diverse 
biological properties. These BCs have found utility across various industries as 
well (Fig. 1.1). 

The utilization of microbial-produced BCs can provide numerous benefits as 
compared to other natural sources. One of the major advantages is its higher 
efficiency, which enables the production of larger amounts of the desired complex 
molecules. Moreover, the microbial-produced BCs offer greater versatility in terms 
of the range of molecules that can be produced, making them a more versatile option 
for various applications. Additionally, the production process is easier to scale, 
ensuring more efficient and cost-effective production of the desired molecules. 
Additionally, microbial cell factories can be engineered to consume renewable 
resources, making them a more sustainable approach to obtaining BCs. Indeed, 
microbial production of BCs can face many bottlenecks in reaching a commercial



stage, such as low manufacturing yields, high processing costs, and challenging 
recovery methods. 
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Fig. 1.1 Applications of microbial bioactive compounds 

This chapter explores the current trend of including bioactive compounds in 
various industries and explains how microbial production of these compounds is 
being used in different sectors. 

1.2 Recent Trends Toward Bioactive Compounds 
Incorporation into the Market 

It has been estimated that the market for bioactive ingredients on a global scale has 
reached an impressive size of USD $45.5 billion in the year 2022. The projections 
indicate that this market will continue to grow at a compound annual growth rate 
(CAGR) of 7.42% from 2022 to 2028, culminating in a forecasted value of USD 
$69.9 billion by the year 2028 [11]. The fact that there is a growing demand for 
bioactive ingredients in different industries and their potential to drive innovation 
and progress is evidenced by this growth. According to the report, the largest 
segment was food supplements, but personal care and animal nutrition were also 
included. The report also covered natural BCs extracted from plants. 

Regarding the market of microbial products, according to recent projections, the 
microbial products industry is expected to experience a notable CAGR of 7.6% 
between 2022 and 2027. This growth is predicted to increase the market’s overall 
value from its current standing of $231.5 billion to $334.2 billion [12]. These 
numbers indicate significant advancements in this industry and suggest a promising



future for microbial products. It is worth noting that consumers’ increasing aware-
ness of healthy lifestyle choices and their growing demand for products made with 
natural ingredients are the driving forces behind the growth of both markets. It is 
crucial to consider these factors when analyzing the market’s expansion. On the 
other hand, the time required to obtain regulatory approval, such as from the FDA, 
may limit the growth of the microbial BCs market due to high processing costs. 
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Fig. 1.2 Recent trends for microbial production of bioactive compounds 

In this regard, the latest trends in microbial-produced compounds aim to enhance 
process efficiency, improve product quality, reduce costs, and find new sources and 
compounds. In addition, due to the environmental crisis, both industry and academia 
have suggested bioprocesses that follow the ideals of cleaner production and a 
circular economy. 

Recent trends in microbial-produced compounds depend on the process stage, 
whether upstream or downstream, as well as the research and development stage. 
Therefore, efforts can be targeted toward identifying new molecules and sources, 
optimizing processes, scaling up production, and developing environmentally 
friendly recovery methods (Fig. 1.2). 

For example, synthetic biology, metabolic engineering, high-throughput screen-
ing, and a multi-omics approach have contributed to advancing the development of 
new microbial cell factories, improving the efficiency of existing ones, and engi-
neering microorganisms to achieve specific objectives [13]. On the other hand, 
within the processing and scale-up trends, the utilization of process analytical 
technologies has enabled the application of bioprocess control and optimization 
strategies to achieve maximum yields and consistency [14, 15]. Artificial intelli-
gence and machine learning are most certainly concepts that have emerged in 
industrial microbiology to improve the efficiency, consistency, and quality of 
bioprocesses while reducing the time and cost of developing new bioprocesses 
[16, 17]. 

Regarding developing sustainable processes, two main trends are followed, a 
biorefinery approach for the upstream and a design of a green recovery method for
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the downstream. In this sense, waste valorization allows converting waste materials 
into BCs, thus improving economic viability while reducing the amount of waste 
that ends up contaminating the environment [18, 19]. Meanwhile, green recovery 
methods enable isolating BCs while reducing the utilization of organic solvents and 
improving the energy efficiency of the recovery process [20]. 
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Further sections will describe the applications of microbial BCs within distinct 
sectors and purposes, as shown in Fig. 1.1. 

1.3 Food Applications and Health Benefits 

The extraction and use of secondary BCs in food is a practice that dates back 
centuries. In ancient Asia, mold-fermented rice was utilized as both a food and 
traditional medicine [21]. Today, microbial BCs are employed in a variety of food 
applications, including preservation, color, flavor, texture, and nutritional enhance-
ment, as outlined in Table 1.1. 

Lactic acid bacteria (LAB) are a group of bacteria that produce lactic acid as a 
metabolic product [23]. They are commonly used as starter cultures in the production 
of fermented foods such as yogurt, cheese, and sauerkraut. Additionally, LAB 
strains can produce antimicrobial compounds that can serve as natural preservatives 
in various food products. Juodeikiene et al. [28] employed the extracellular metab-
olites present in the supernatant broth fermented by LAB to wash off mycotoxins 
and spores from wheat grains before malting, preventing the undesirable growth of 
other microorganisms or off-flavors. LAB are recognized not only as an essential 
group of microorganisms for the dairy industry but also for their catabolic and 
anabolic metabolism and the benefits that they bring to other fields in the food

Table 1.1 Applications of bioactive compounds in food and health industry 

Bioactive 
compound 

Lactobacillus 
rhamnosus B103 

Lactic acid Texture and flavor modification in dairy 
products, meat products preservation. 

[22, 23] 

Pichia pastoris α-Amylases Starch liquefaction, saccharification, maltose 
syrup production. 

[24] 

Talaromyces 
leycettanus 
JCM12802 

Glucoamylases Starch saccharification, production of high 
fructose and glucose syrups. 

[25] 

Saccharomyces 
cerevisiae 

Glucans Noncaloric food thickener, fat substitute, 
emulsifier, foam stabilizer, source of dietary 
fiber. 

[26] 

Rhodobacter 
sphaeroides 
HY01 

CoQ10 Food supplement, energy boosting, 
antioxidant. 

[27]



industry [22]. Regarding this, the BCs obtained from LAB can be produced either by 
degradation or synthesis.
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LAB have the ability to degrade polysaccharides, providing unique flavors and 
odors to sourdough, as well as proteins and amino acids, effectively hydrolyzing 
proteins present in milk and other non-nutritive and harmful substances such as 
phytic acid or undesirable peptides. Conversely, LAB also produce essential sec-
ondary BCs with a significant impact on the food industry, including lactic acid and 
other organic acids, bacteriocin, vitamins, extracellular polysaccharides, gamma-
aminobutyric acid, flavor substances, and antioxidant substances [29]. 

Filamentous fungi can serve as natural producers of food colorants, with an 
incredible variety of pigments such as carotenoids, melanins, flavins, phenazines, 
quinones, monascins, atrorosins, violacein, and indigo [30]. To date, Monascus sp. is 
one of the most extensively studied filamentous fungi, with over 50 different 
pigments examined. However, Monascus-like pigments have also been reported in 
species of Talaromyces and Penicillium [31]. Similarly, microbial pigments can also 
be produced by bacteria. Unlike other microorganism-produced pigments, bacterial 
pigments have the advantages of a short life cycle and ease of genetic modification. 
Nevertheless, it is important to note that most bacterial pigments are still in the 
research and development stage, unlike those produced by fungi. 

Enzymes play a crucial role in the food industry, as they can catalyze a wide range 
of reactions and processes that are important for food production and processing. 
Raveendran et al. [32] explained the most relevant enzymes and their application, 
including α-amylase, glucoamylases, proteases, lactase, lipases, phospholipases, 
esterases, lipoxygenases, cellulases, xylanases, pectinases, glucose oxidase, laccase, 
catalase, and peroxidase. 

Some of the applications of these enzymes are as follows: α-amylase is capable of 
hydrolyzing glycosidic bonds, resulting in the production of short-chain dextrins. It 
has a wide range of uses in the baking industry for flavor enhancement, starch 
liquefaction, brewing, etc. 

The major microorganisms used for the industrial production of α-amylase are 
Bacillus amyloliquefaciens, Bacillus stearothermophilus, or  Bacillus licheniformis 
[33]. Glucoamylases hydrolyze polysaccharide starch, releasing β-glucose. They 
have major applications in the production of high glucose and fructose syrups, 
bread quality improvement, and beer production. Glucoamylases are primarily 
produced by Aspergillus niger, Aspergillus awamori, and Rhizopus oryzae. 

Proteases are hydrolytic enzymes that release peptides and amino acids from 
proteins. They are commonly used for meat tenderization, coagulation of milk, 
brewing, etc. An important producer of this enzyme due to its low pH tolerance is 
Aspergillus usamii [34]. Lactase is principally used in dairy products to reduce 
lactose intolerance but is also used as a prebiotic food ingredient. Lactase for 
industrial use is principally obtained from bacteria like Bifidobacterium infantis 
CCRC 14633, B. longum CCRC 15708, B. longum CCRC15708, and Lactobacillus 
spp. [35]. For a better understanding of enzyme usage in the food industry, please 
refer to the work of Raveendran et al. [32].
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In addition to enzymes, polysaccharides produced by microbes are also used as 
food additives to improve the texture of foods. For instance, xanthan gum produced 
by bacteria such as Xanthomonas campestris is used as a thickening agent in foods 
like salad dressings and sauces [36]. Other examples of microbial polysaccharides, 
their producers, and applications are glucans from Saccharomyces cerevisiae, which 
can be used as a noncaloric food thickener, gellan from Pseudomonas elodea, which 
is used as a gelling agent, levan from Alcaligenes viscosus, which has prebiotic and 
hypocholesterolemic effects, and emulsan from Acinetobacter caloaceticus, which is 
used as an emulsifying agent [37]. 

Likewise, microbial BCs are increasingly being recognized for their beneficial 
properties, which make them attractive for nutritional enhancement and the devel-
opment of functional foods. These compounds possess various properties such as 
antioxidants, immune system enhancers, and enzymes that aid in digestion. Carot-
enoids, for example, are microbial BCs that have been shown to scavenge free 
radicals and prevent oxidative damage to cells [38], making them potential candi-
dates for preventing chronic diseases such as cancer, diabetes, and cardiovascular 
disease. 

One microbial BC that has gained significant attention in recent years is CoQ10. 
CoQ10, also known as ubiquinone, is an essential compound that plays a crucial role 
in the production of ATP, the main energy source for cells. It also acts as an 
antioxidant, protecting cells from damage caused by free radicals [39]. Although 
CoQ10 can be found in small amounts in some foods, it can also be produced by 
microorganisms. 

Food supplement products containing CoQ10 produced by microorganisms are 
available in various forms, such as capsules, tablets, and soft gels. These supple-
ments are marketed as an aid in supporting heart health and improving energy levels. 
CoQ10 produced by microorganisms has also been added to certain foods, such as 
beverages, yogurt, and energy bars, to increase their nutritional value. Researchers 
have explored the potential of purple non-sulfur bacteria (PNSB), a photosynthetic 
bacterium, for the production of CoQ10. He et al. [40] explained the development 
and future prospects of CoQ10 production by PNSB. They discussed the possibility 
of using nontoxic wastewater effluent as a nutrient source for the production of BCs 
by PNSB, specifically CoQ10. They also explained the bioreactor configuration and 
important factors that influence the production of CoQ10, such as light, oxygen, and 
C/N source and ratio. To compensate for the cost of production in their analysis, they 
must produce 1.4 g/L of biomass and 49.65 mg/g of CoQ10 content. In addition, 
Zhang et al. [27] demonstrated that a strategy of phosphate limitation along with 
glucose-fed batch fermentation with the industrial strain Rhodobacter sphaeroides 
HY01 was a positive strategy for CoQ10 production. 

Further research is needed to explore the full potential of microbial BCs in food 
applications and their impact on human health.
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1.4 Potential Use in Cosmeceutical/Cosmetic Products 

Cosmeceutical is a term used to describe a range of products that combine cosmetic 
and pharmaceutical properties. That is, it describes products that serve cosmetic 
purposes but also contain active ingredients that may have medicinal or drug-like 
effects on skin health. These products have become increasingly popular in the 
marketplace in recent years. The cosmetic industry has shown considerable interest 
in microbial BCs because of their natural, safe, and effective properties. Addition-
ally, the use of BCs in pharmaceutical/cosmetic fields is of major interest due to their 
high demand, low required quantity, and high sale price [42]. However, the utiliza-
tion of BCs entails a rigorous purification and refinement process [43], which may 
potentially lead to higher processing costs. As previously mentioned, the cost of pure 
isolated BCs may be too high and could outweigh any benefits. The BCs and their 
different applications in the cosmeceutical and cosmetic industries are summarized 
in Table 1.2. 

BCs can be utilized as physical agents in cosmetic formulations in order to 
enhance the stability, thickness, and overall gel-like texture of a diverse array of 
cosmetic products [52]. For instance, cosmetic products can use microbially pro-
duced biosurfactants for diverse functions, including acting as detergents, creating 
foam, and emulsifying [53]. 

Moreover, BCs are versatile and can be used in various ways in the cosmetic 
industry, such as reducing skin aging, brightening the skin, protecting it from UV

Table 1.2 Applications of bioactive compounds in cosmeceutical/cosmetic industry 

Bioactive 
compound 

Amorphotheca 
resinae 

Melanin Sunscreen, UV protection, antioxidant, 
antiproliferative effect. 

[44] 

Serratia 
marcescens 

Prodiogiosin Dye, antimicrobial, antiparasitic, anti-
cancer, immunosuppressive effect, 
sunscreen. 

[45] 

Nostoc sp., 
LLC-10, Nostoc 
sp., CAQ-15 

Phycobiliproteins Dye, cosmetic colorant, antioxidant. [46] 

Chromobacterium 
violaceum 

Violacein Dye, cosmetic colorant, UV and visible 
light protection. 

[47] 

Aspergillus oryzae Kojic acid Skin lightening, UV protection, collagen 
production. 

[48] 

Desmodesmus sp. Mycosporine-
like amino acids 
(MAAs) 

UV protection, sunscreen, antioxidant, 
anti-inflammatory, antiaging, wound 
healing. 

[49] 

Aureobasidium 
pullulans 

Pullulan Drug carrier, hydrogels and films for skin 
hydration, photoprotective, skin whiten-
ing, antiaging, sunscreen. 

[50] 

Streptococcus 
zooepidemicus 

Hyaluronic acid Skin moisturizing, sunscreen, dermal 
fillers, haircare products, nails products. 

[51]



radiation, and treating different skin problems. Specifically, compounds such as 
microbial pigments have numerous applications in the cosmetic industry due to 
their ability to impart color but also their beneficial properties, including sunscreen, 
antioxidants, antiaging agents, and skin lighteners [54]. Some of these pigments 
include carotenoids, a liposoluble organic pigment that absorbs light energy, thereby 
helping to prevent sunburn and photoaging. Melanin has antimicrobial, 
photoprotection, antioxidant, and thermoregulation activities [55]. Phycobiliproteins 
are colored proteins with antioxidant activity and exhibit red, blue, and green colors 
[56]. Prodiogiosin is a red pigment with immunosuppressant and anticancer activ-
ities, as well as antimicrobial and antimalarial activities [21]. Indigoidine is a water-
soluble blue pigment that provides resistance to oxidative stress, and Violacein is a 
dark-blue pigment that possibly provides protection against UV and visible radia-
tion, as well as antimicrobial effects [57]. The potential of pigments produced by 
Talaromyces australis and Penicillium murcianum as a functional cosmetic ingre-
dient was attributed to their antioxidant properties [58]. The authors suggested using 
ionic gelation for encapsulation as a means to make handling dry powder easier. The 
method of recovery for microbial pigments holds significant importance due to their 
comparatively lower stability as compared to synthetic pigments [31]. Furthermore, 
current trends suggest sustainable and eco-friendly recovery techniques. In this 
regard, innovative technologies such as ultrasound and alternative solvents such as 
deep eutectic solvents are being studied [59].
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For skin whitening and brightening, kojic acid is a promising compound derived 
from Aspergillus oryzae fermentation [48]. It acts as a natural skin-lightening agent 
that can help lighten dark spots and brighten the skin by filtering ultraviolet rays, 
thereby preventing sunburn damage. Kojic acid also inhibits tyrosinase, an enzyme 
involved in melanin production, making it an effective approach to reducing 
hyperpigmentation. In addition to its skin-related activities, kojic acid has been 
found to have antibacterial and antimicrobial properties, making it a potential 
ingredient for use as a preservative. It also possesses antioxidant activity. Further-
more, kojic acid exhibits a slight anti-inflammatory effect, expanding its range of 
potential applications [60]. Apart from its cosmetic applications, kojic acid can be 
used for collagen production, in dental care products, and as a treatment for skin 
disorders such as melasma and other related diseases [61]. 

Marine microorganisms, particularly certain strains of cyanobacteria, are capable 
of producing mycosporine-like amino acids (MAAs), which can absorb UV radia-
tion and are suitable for use in sunscreens and other skincare products [62]. These 
naturally occurring compounds provide a safe and effective alternative to synthetic 
UV filters. Microbial carotenoids have also been beneficial for applications to 
prevent skin damage caused by excessive exposure to ultraviolet radiation 
[63]. The authors developed nanoemulsions with butiri oil and microbial carotenoids 
to provide protection against UV rays. 

Furthermore, microbial BCs show promise in treating various skin conditions. 
For instance, Aureobasidium pullulans, a fungus that produces pullulan, a natural 
polysaccharide [64], has demonstrated the ability to improve skin hydration and 
elasticity and to soothe irritated skin. Hyaluronic acid (HA) is a linear polysaccharide



that has become a trend in the cosmetic and cosmeceutical industry. It is widely used 
due to its water-retention activity, which promotes and maintains skin hydration, 
making it an excellent ingredient for skin care products [65]. Furthermore, HA has 
applications beyond esthetics, as it has been proven to be an excellent ingredient for 
the development of hydrogels to treat xerosis [66]. 
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As previously mentioned, the use of BCs in cosmeceutical products requires 
highly purified compounds, which can increase production costs. Utilizing waste 
materials to extract fermentable sugars or to create a fermentation medium is a viable 
method to reduce costs. This strategy can effectively improve the efficiency of 
production while also contributing to sustainability efforts. For example, pullulan 
can be produced by Aureobasidium pullulans using soybean meal hydrolysate [41], 
beta-carotene can be obtained by Rhodotorula glutinis using orange and grape 
wastes [67], and cashew apple juice-based media can be used to produce hyaluronic 
acid [65]. Furthermore, the incorporation of metabolic pathways into genetically 
modified strains, such as lignocellulose degradation, has been discussed as a poten-
tial opportunity to employ low-cost natural substrates for BCs biosynthesis [68]. 

The demand for natural and sustainable cosmetic products is increasing, and as a 
result, the cosmetic industry is expected to use more microbial bioactive compounds 
in the future. 

1.5 Environment and Agricultural Applications 

One of the current trends in industrial activities is to mitigate the environmental 
impact caused by the resources required, such as water, energy, and greenhouse gas 
emissions [69]. Table 1.3 displays various applications of BCs in the environment 
and agricultural industries. 

The main concerns regarding environmental damage are related to heavy metals, 
petroleum hydrocarbons, synthetic dyes, and the disposal of effluents into land, air, 
and water bodies [69, 78, 79]. The environmental application of microbial BCs is 
within the bioremediation field. Bioremediation is a well-established process that 
involves the use of natural agents to eliminate hazardous pollutants from the 
environment [70]. Among these agents, microbial bioactive compounds have gained 
significant attention due to their ability to positively impact the growth and activity 
of microorganisms involved in biodegradation processes. 

Microbial bioactive compounds exert their influence through various mecha-
nisms, including stimulating the growth and activity of indigenous microorganisms 
and inhibiting the growth of harmful microorganisms. Within the strategies 
employed to mitigate environmental pollution, microbial platforms have shown 
the potential to remove contaminants from soil and water effluents [78, 79]. 

Regarding heavy metal removal, the most commonly cited mechanisms are 
bioleaching, biosorption, biomineralization, intracellular accumulation, and redox 
reactions [80]. In line with the proposed focus of this chapter, emphasis should be



placed on the principle of the bioleaching mechanism, which involves the excretion 
of organic acids or polymeric substances that cause mineral dissolution [80, 81]. 
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Table 1.3 Applications of bioactive compounds in the environment and agricultural industry 

Microorganism Bioactive compound Activity/Application References 

Phanerochaete 
chrysosporium 
CDBB 686 

Lignin peroxidase, 
manganese peroxi-
dase, lacase 

Biodegradation of synthetic dyes [70] 

Trametes 
versicolor 

Laccase Biodegradation of bisphenol A [71] 

Aspergillus 
melleus 

Lipase Biodegradation of poly 
(ɛ-caprolactone) 

[72] 

Acinetobacter 
beijerinckii 

Phytohormones Enhance soybean plant growth and 
heavy metal resistance. 

[73] 

Fusarium 
oxysporum 

Gibberellic acid Improve tomato growth and physio-
logical parameters under salt stress 

[74] 

Paenibacillus 
polymyxa 
KM2501–1 

Volatile organic 
compounds 

Biocontrol of M. incognita showing 
nematicidal, fumigant, and chemo-
tactic activity 

[75] 

Streptomyces 
hydrogenans 
DH16 

Indole acetic acid Positive impact on the growth of pea 
seedlings 

[76] 

Penicillium 
oxalicum 

Sanxiapeptin 
(Aminoacids) 

Antimicrobial agent [77] 

Organic acids such as citric acid, lactic acid, gluconic acid, and oxalic acid are 
produced in microbial metabolism and interact with surface metal ions to form 
soluble metal complexes and chelate ions [82]. Bioleaching has been applied in 
the recovery of metal ions such as, Pb, Ni, Cu, Zn, Al, Ca, P, and Cd from mine 
tailings, electronic waste, and soil [81–85]. 

On the other hand, cell wall components of microorganisms have been exploited 
as bioactive compounds for the biosorption of synthetic dyes or chemical oxygen 
demand (COD) removal in textile and food industry effluents. Yeast cells of 
Saccharomyces cerevisiae, Pichia pastoris, and Yaworria lipolytica have shown 
the potential to remove red, green, blue, and orange colorants [69, 86]. Efficient 
COD removal of <50% has been reported in palm oil mill effluent [87], brewery 
wastewater [88], as well as tannery effluent [89]. 

Enzymes obtained from microbes or crude enzymatic extracts have been found to 
be effective for bioremediation [90]. The specific enzyme required for the process 
depends on the type of pollutant. For example, oxidoreductases can neutralize 
pollutants that contain free radicals, while hydrolases can assist in the decomposition 
of organic compounds [91]. 

Sosa-Martínez et al. [70] demonstrated the possibility of using the crude enzy-
matic extract produced by Phanerochaete chrysosporium CDBB 686 using only 
agro-industrial waste as a substrate to treat and degrade synthetic pigments in a 
simulated wastewater system. This approach effectively degraded and lowered the 
toxicity of the frequently used industrial pigment, methyl green. Even though



enzymes are effective in breaking down contaminants, their use in bioremediation 
remains challenging due to the high costs associated with producing and purifying 
these biomolecules. Yet, enzymatic processes have significant implications for the 
management of environmental pollutants, and their potential use in various indus-
tries deserves further exploration. 
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The textile industry provides another example of the potential application of 
microbial BCs as a substitute for synthetic pigments, thus reducing the industry’s 
impact on the environment. Venil et al. [92] demonstrated the feasibility of using 
fungal pigments due to their color stability, even withstanding temperature and pH 
variations when applied to textile fabric. Pigments produced by Talaromyces 
amestolkiae were also used to color latex gloves, replacing synthetic pigments that 
may cause allergies or generate wastewater effluents [93]. Microalgal by-products 
have also been studied for their potential application in various industrial fields. 
Kumar et al. [43] elaborated on the utilization of microalgae for the production of 
oils that can be efficiently converted into energy. This innovative approach offers a 
sustainable and eco-friendly alternative to conventional fossil fuel-based energy 
production methods. 

On the other hand, the utilization of microbial BCs for agricultural applications is 
an emerging field that holds great promise in addressing various agricultural chal-
lenges. As mentioned in the introduction, BCs are compounds that can have a 
positive impact on living organisms, including plants. These compounds have 
shown to be effective in increasing plant growth and improving crop quality, 
representing a promising, safer, and more sustainable alternative to agrochemicals. 

Fungi, bacteria, and yeast produce metabolites that have a synergic effect on 
plants to improve growth cycles and crop yields with the minimum environmental 
harm [94, 95]. In this respect, some mechanisms for promoting plant growth are the 
solubilization of phosphorous, the production of phytohormones, and the fixation of 
nitrogen [96]. 

One of the primary mechanisms by which BCs enhance plant growth is by 
producing phytohormones. Phytohormones are plant hormones that control specific 
cellular processes, promoting plant growth and development. While plants do not 
possess secretion glands, hormones can be located in various sections of the plant 
and transferred to another location [96, 97]. Nonetheless, fungi are capable of 
producing some phytohormones that help in the improvement of root and leaf 
growth [96, 98]. For instance, two of the main hormones produced by microorgan-
isms (Aspergillus sp., Lasiodiplodia theobromae, Gibberella fujikuroi, Bacillus sp.) 
are gibberellic acid and jasmonic acid [98, 99]. Gibberellic acid has been found to 
increase thermotolerance, growth, biochemical attributes, and yield in various crops, 
such as tomatoes, lettuce, and chickpeas [100–102]. Such studies have shown that 
the application of gibberellic acid results in higher crop yields and better crop 
quality, making it a promising alternative to conventional agrochemicals. Jasmonic 
acid, on the other hand, has been found to reduce abiotic stress in wheat, cotton, and 
chickpea plants [103–105]. 

Furthermore, the production of microbial metabolites is feasible and sustainable 
due to the utilization of inexpensive substrates [106]. For example, lactic acid



bacteria can synthesize B-group vitamins, which can be used to stimulate the growth 
of several fruits and vegetables as well as obtain a biofortified food crop for human 
consumption [95]. 
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Microbial BCs have also been proven effective as biocontrol agents. Juveniles of 
Meloidogyne incognita were effectively controlled by the nematicidal activity of 
volatile organic compounds synthesized by P. polymyxa KM2501–1 [75] To  find a 
comprehensive list of fungal biological controls for plant defense, refer to the 
detailed information review by Sikandar et al. [107]. 

As more research is conducted in this field, we can expect to see more sustainable 
and environmentally friendly agricultural practices that rely on microorganisms. 

1.6 Concluding Remarks: Challenges and Opportunities 

The microbial production of bioactive compounds has gained a lot of attention in 
recent years due to its potential to provide sustainable alternatives to traditional 
chemical synthesis methods. However, several challenges need to be addressed to 
enable the widespread adoption of microbial production technologies. 

One of the primary challenges is optimizing the production yield and scaling up 
production to meet commercial demand. Microbial processes’ yields can be affected 
by various factors, including microbial strain, cultivation conditions, and down-
stream processing. Moreover, the production of bioactive compounds on a large 
scale might require significant investment for process control, which can be a barrier 
to entry for small- and medium-sized enterprises. 

Another challenge is ensuring the purity and quality of the bioactive compounds 
produced by microorganisms. Obtaining regulatory approval, particularly from the 
FDA, can be time consuming and costly, hindering the growth of the microbial BCs 
market. 

If there are unwanted compounds or microorganisms present, it can damage the 
effectiveness and safety of the final product, which may also hinder their approval. 
Also, this makes it inappropriate for use in pharmaceuticals, nutraceuticals, food, 
and other areas. It is of utmost importance to enforce strict quality control measures 
and analytical methods in order to guarantee the safety and purity of bioactive 
compounds. 

Although there are challenges, the current trends in microbial-produced com-
pounds present numerous opportunities for creating new bioactive compounds. One 
such opportunity is using genetic engineering techniques to modify microbial 
strains, which can produce compounds that would be difficult or impossible to 
synthesize through chemical means. 

Moreover, microbial production is an environmentally friendly approach to 
synthesizing bioactive compounds. This innovative method enables the reduction 
of harmful solvent use and carbon emissions while promoting a circular bioeconomy 
through using renewable feedstocks for microbial fermentation. By using waste 
streams as feedstock, microbial production technologies can help reduce the amount



of organic waste sent to landfills and contribute to developing a more sustainable and 
efficient system. In this sense, the development and adoption of microbial produc-
tion technologies can contribute to the transition to a more sustainable and circular 
economy, which is essential to address the environmental, social, and economic 
challenges of our time. 
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In conclusion, the microbial production of bioactive compounds offers significant 
opportunities for developing sustainable and innovative solutions to address various 
challenges in food, pharmaceutical, cosmetic, agriculture, and other industries. 
However, continuing research and development will require overcoming the chal-
lenges associated with microbial production, such as optimizing yield, maintaining 
quality and purity, and scaling up production. 
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Chapter 2 
Amazing Potential and the Future of Fungi: 
Applications and Economic Importance 

Priya Arya, Sunidhi Shreya, and Amit Gupta 

Abstract In the new bioeconomy, fungi play a decisive role in addressing major 
global challenges by upgrading resource efficiency, fabricating renewable replace-
ments for products made from fossil fuels, upgrading waste materials to valuable 
food and feed ingredients, combating lifestyle diseases and antibiotic resistance by 
strengthening the gut biota, enhancing crop plants’ resilience to climate change 
conditions, and acting as hosts. Through more effective and productive use of natural 
resources, the usefulness of fungal techniques and goods can increase sustainability. 
They are employed as biofertilizers and food sources due to their high protein 
content, and they have antibacterial properties. One of nature’s most lucrative 
areas for discovering novel medication candidates and antimicrobials is fungi. 
Future resources can be found in the variety of fungi. The fungal species have an 
extensive economic value ranging from positive aspects such as weed killers, usage 
in baking, alcohol, beverages, paper and pulp, and the textile industry to negative 
aspects such as spreading diseases in both plants and animals, deteriorating the 
quality of textiles, producing hallucinogens, and secreting harmful toxins, which can 
result in agricultural losses and the loss of lives. Fungi also produce many antibiotics 
that help eradicate widespread diseases and infections. The loss of habitat, which 
also results in the extinction of animals and other forms of biodiversity, puts fungal 
diversity at risk. Therefore, we need to preserve this art and use it for the betterment 
of humankind. 
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2.1 Introduction 

Fungi (plural form of fungus) belong to eukaryotic organisms and have a heterotro-
phic mode of nutrition. Due to their unique features, fungi hold great promise and 
provide some useful applications and benefits in the pharmaceutical industry. More-
over, fungi are reported in the form of black and white dots that appear on bread and 
mustard leaves. This may happen due to the presence of yeast, which belongs to the 
ascomycetes group of fungi. In general, to date, more than two lakh species have 
been reported, and these fungi may grow under warm and moist conditions 
[1, 2]. Since ancient times, fungi have contributed to the manufacturing of bread 
and beverages (alcoholic), among other foods and drinks. In contrast, both yeasts 
and moulds play a significant role in contemporary industrial fermentation for the 
fabrication of food components. They are carried out as biological transformation 
agents for the large-scale production of substances including fatty acids, organic 
acids, enzymes, vitamins, and pigments. But as time has progressed, the usage of 
fungus and its application has become versatile. It now facilitates a number of 
products and deals with a number of areas. For example, in fermentation, fungus 
plays an important role as it breaks down important enzymes and converts solid and 
liquid into suitable form for fermentation. Similarly, antibiotic fungi naturally 
produce antibiotics to inhibit and kill microorganisms and because of which many 
commercial products can be derived from it [1–4]. The use of fungal (and bacterial) 
enzymes in lieu of chemical processes has allowed industries including textile, 
leather, paper, and pulp to transition from chemical to biological processing, greatly 
reducing their environmental impact. The production of food and feed from biolog-
ical raw materials, including animal feed, baked goods, beer, wine, and juice, has 
been greatly enhanced by the use of enzymes. Recently, researchers still collected 
some fungal species from different locations and reported some diversity having 
economic importance in living organisms and also being able to develop some novel 
products that are beneficial for humans [2–5]. In this chapter, our objective is to 
show fungal diversity and its importance in the pharmaceutical industry, and 
these are: 

2.1.1 Immunosuppressant Drugs 

Inhibiting or reducing the severity of the body’s immune response is what an 
immunosuppressant does. The majority of these drugs are used to reduce the 
likelihood that the body will reject a transplanted organ. To activate early-stage 
immunosuppression, control late-stage immunosuppression, or maintain organ 
rejection, immunosuppressive drugs are required. Fungal species produce many 
kinds of these drugs, e.g. Cyclosporin A is a secondary metabolite produced by 
the fungus Trichoderma polysporum and used in organs like the kidney, liver, bone 
marrow, and pancreas. It also aids in autoimmune diseases like AIDS because of its



high specificity towards T-cells and low levels of myelotoxicity. It is made by the 
submerged fermentation of the fungus. It is one of the first metabolites derived from 
microbes to be used for clinical regulation of mammalian cells. Besides the 
T. polysporum species, it is also produced by Aspergillus terreus, Fusarium solani, 
and Fusarium oxysporum [6, 7]. 
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2.1.2 Enzymes 

Enzymes are utilized to treat and alter fibres, especially while producing textiles and 
handling them subsequently. For instance, cotton fibres are treated with enzymes 
referred to as catalases in order to get them ready for the dyeing procedures. 
Numerous enzymes, including certain cellulases and xylanases, are employed to 
degrade surface fibres in order to finish fabrics, aid in the tanning of leathers, or 
impart a stonewashed appearance to denim. For example, cellulase enzymes are 
mainly produced by the Trichoderma species of fungi, which gives the jeans their 
washed appearance and softens the fibre. Species like Aspergillus sp. and 
Trichoderma sp. are industrially used for the production of xylanase, which is 
used for the hydrolysis of xylan, the second most abundant polysaccharide in nature 
[8, 9]. In addition, fungal enzymes are also used in the food and beverage industry. 
By removing, adding, or altering ingredients like vitamins, nutritional components, 
colours, and flavours, enzymes may also render food more palatable or appetizing, 
e.g. for the production of red wine, Monoascus purpureus, which gives the wine its 
pigment. In contrast, pulp and paper industry, enzymes from species like 
Ganoderma species, Fomitopsis species, and Trametes versicolor (Turkey Tail) 
are all excellent options. These tough, woody, tree-dwelling fungi have characteris-
tics that make their fibres suitable for manufacturing paper; they are resilient and 
sturdy, and they take dyes and inks well and provide a substitute for chemical 
bleaching. By generating enzymes like peroxidase and xylanase, Bjerkandera is 
used to bleach hardwood cellulose [8–10]. 

Numerous enzymes, including cellulolytic, proteolytic, lipolytic, and pectinolytic 
enzymes, are secreted by Rhizopus species and are employed in the manufacturing of 
numerous foods, such as Indonesian Tempe. α-Amylase is a fungal enzyme that aids 
in breaking the long chains of carbohydrates, ultimately improving the quality of 
breads and baking goods and lifting the fermentation method [9–11]. Lactase is an 
enzyme produced by Aspergillus orzyae and Rhizopus oryzae that hydrolyzes 
lactose and is used by pharmaceutical companies to provide dietary supplements 
for those who are lactose intolerant. In the animal feed industry, Aspergillus niger 
and Rhizopus oligosporus produce the enzyme phosphatase that hydrolyzes phytase 
acid, an indigestible form of phosphorus, which enhances the availability of dietary 
phosphorus [10–12]. In the literature, we collect some information about fungal 
enzymes along with source and its applications as shown in Table 2.1.



Source Applications
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Table 2.1 Sources and applications of fungal enzymes [8–12] 

Fungal 
enzymes 

Xylanase Trichoderma. 
inhamatum 

Used in breaking down xylan. In the paper and pulp industry, 
which removes trapped lignin and aids in bleaching. 

Amylase Aspergillus 
niger 

In the baking industry, it is used to improve the quality of breads. 

Lipase Aspergillus 
tamarii 

Used in the manufacturing of detergents and in baking. 

Lactase Aspergillus 
orzyae 
Rhizopus oryzae 

Used by pharmaceutical companies to provide dietary supple-
ments for those who are lactose intolerant. 

Phytase Rhizopus 
oligosporus 
Aspergillus 
niger 

In the animal feed industry, it enhances the availability of dietary 
phosphorus. 

Glucose 
oxidase 

Aspergillus 
tubingensis 

In the food industry, it improves the colour and taste of food 
materials by removing glucose from dried eggs. 

Laccase Thievia sp. It is used for the treatment of effluents from pulp mills or other 
industries containing chlorolignins or phenolic compounds. 

Pectinase Aspergillus 
niger 

Used in the textile industry for a pretreatment of cotton that aids 
in increased absorbance. 

Invertase Aspergillus 
terreus 

Used in industries for the hydrolysis of sucrose. 

2.1.3 Antioxidants 

Numerous efforts were made to give more attention to antioxidant molecules from 
fungi. These antioxidant molecules are responsible for the inactivation and decline in 
the concentration of reactive nitrogen and oxygen species and have shown their 
effectiveness against neurodegenerative and cardiovascular diseases. In the litera-
ture, researchers have reported some antioxidant candidates from marine fungi 
(mycelium and culture broth). Various strategies were applied with reference to 
the extraction and purification of novel antioxidants, which are totally dependent on 
the cultivation (solid or liquid) and, most importantly, on class molecules. Small 
metabolites were extracted from fungi mainly through the liquid extraction method, 
frequently using ethyl acetate. Similarly, when fungi grow on solid media and adapt 
different strategies in order to use different solvents with a polarity gradient, 
i.e. water, methanol, and butanol. The existence of two histone deacetylase 
(HDAC) inhibitors (nicotinamide and sodium butyrate) in marine-derived culture 
fungi, i.e. Penicillium brevicompactum, may help enhance the production of pheno-
lic compounds [13, 14]. 

The most familiar example of fungal-derived antioxidant molecules is reported in 
the food industry, with their major contribution being antioxidant-active packaging. 
The requirement for active packaging of antioxidant candidates is increasing day by 
day because antioxidants with lower concentrations are directly added to food. But



this antioxidant effect may have extended from the food matrix to the film and 
accumulates in the form of synthetic plastics used in food packaging. Recently, 
plastics have been of serious concern related to the environment and have shown a 
higher demand for biodegradable films and coatings. In addition, marine fungi are 
able to synthesize and produce polysaccharides in sufficient quantities with antiox-
idant properties. In short, these marine fungi species are considered one of the most 
potential sources of antioxidant molecules because they use waste materials and may 
extract the molecule at a very low cost for the fermentation of source organisms. In 
addition, fungal biomass was also required in large quantities for the production of 
large quantities of bioactive compounds, mainly through solid-state fermentation 
[15]. This may be one of the most valuable methods for converting by-products at a 
low cost into useful products. The most familiar examples of fungal metabolites as 
antioxidants used in food, cosmetics, etc. are cordyol (presence of phenolic com-
pounds); aspergilol (anthraquinones); euroxanthone (xanthones), mycosporine-
glutaminol-glucoside (amino acid derivatives); astaxanthin (carotenoids); AS2-1 
(carbohydrates), etc. [15, 16]. 
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2.1.4 Anticancer Agents 

In the literature, several bioactive metabolites reported from marine fungi have 
shown their importance in the field of drug discovery because of their therapeutic 
properties. Numerous metabolites from marine fungi have been reported and possess 
several activities, like anticancer. In addition, fungus species are reported in the deep 
sea, a 1000 m below the surface. The conditions in the deep sea are very extreme, 
with a complete absence of light, low temperatures, etc. Several reports were 
published that clearly mentioned that there is a diversity of fungal species in this 
environment. One of the studies claimed that fungal species from deep sea fungi 
displayed anticancer activities in various cell lines. In addition, pigments from 
fungal species also possess anticancer properties [17, 18], and the most familiar 
examples are Monascus purpureus and Monascus pilosus against human colon and 
hepatocellular adenocarcinomas. Similarly, pigments of other fungi also showed 
anticancer activity, i.e. norsolorinic acid (A. nidulans), shiraiarin (Shiraia 
bambusicola), alterporriol (Alternaria sp.), and benzoquinone (Fusarium sp.). 

2.1.5 Organic Acids 

Filamentous fungi are mainly involved in the production of organic acids with low 
molecular weights. Today, researchers are paying more attention to these organic 
acids because of their industrial applications and their involvement in natural 
ecology. The production of organic acids is totally dependent on the type of fungi 
that produce them. Some organic acids are responsible for declining pH and



providing an advantage to filamentous fungi (acid tolerant). The most familiar 
example is seen in ectomycorrhizal fungi, where declining pH is mainly involved 
in solubilizing the minerals of the soil and releasing the nutrient ions for plant 
uptake, including microorganisms that enhance the weathering of minerals. One of 
the familiar examples is seen in the case of saprophytic and wood-decaying fungi 
that produce oxalic acid because of this pH acidification, i.e. acid catalyzes the 
hydrolysis of holocellulose. Similarly, these organic acids may directly interact with 
their environment and be responsible for causing metal detoxification (metal com-
plexion and oxalic acid for biomass degradation). Because of these properties, 
fungus types, especially Basidiomycota, have been extensively studied for oxalic 
acid production. In addition, some fungi are also able to produce organic acids in a 
large-scale bioprocess and have shown several industrial applications in the fields of 
cosmetics, pharmaceuticals, food additives, etc. Examples of organic acids are 
produced by species such as Aspergillus (e.g. citric, gluconic, malic, and itaconic 
acids) and Rhizopus genera (e.g. lactic and fumaric acids). In some of the studies, 
scientists worked on specific strains, and cultures were prepared according to the 
conditions with different complex types of media. Due to the origin and diversity of 
the selected strains, which may enable us to compare the potentiality of a number of 
fungal groups for the production of organic acids [19, 20]. 
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2.1.6 Biofertilizers 

Due to the population explosion, researchers may have expected to enhance world-
wide agricultural food production in 2050 so as to feed the global enhancement in 
population rate. Numerous efforts were made to reduce the burden of pesticides and 
chemical fertilizers. For the past several years, the use of excess quantities of 
chemical fertilizers had a direct effect on crop production and also shown an 
imbalance in the soil ecosystem. This may happen due to global warming and 
climate change, and soil microflora may clearly indicate a healthy generation of 
plants, animals, and humans. One of the most serious concerns in today’s world is 
soil contamination, which may be due to the use of pesticides and chemical fertilizers 
that directly affect the environment. Numerous efforts were taken by various 
researchers to control the hazard effect by using biofertilizers that are environmen-
tally friendly, and this fertilizer was adapted in almost all countries. The major 
function of biofertilizers is to enhance or improve soil quality. Some of the plants 
may have a number of interconnections with kingdoms [21, 22] like Monera, 
Protista, and Fungi; the most recurrent are Mycorrhiza, Rhizobium, and 
Cyanophyceae. These biofertilizers have promising benefits in terms of their plant 
nutrition, including disease resistance, and reducing the burden of inauspicious soil 
and climatic conditions. In the literature, biofertilizers may help solve such issues 
due to enhancements in soil salinity and chemical discharge from agricultural fields. 
In short, these biofertilizers are required and are important for future generations to 
ensure a healthy life for several generations yet to come.
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2.1.7 Biofuels 

This is a renewable source of energy that can be derived from vegetable oils, animal 
fats, and alcohol through a process known as transesterification. Transesterification 
can be described as the conversion of an ester into fatty acids, which are constituents 
of oils. The carbon number ranges from C10 to C22. A tree fungus known as 
Gliocladium rosea grows on the ulmo tree in Patagonia. It produces a long chain 
of hydrocarbons that are similar to the existing fuels. Due to its capacity to collect 
more than 60% lipid of its total dry cell weight, Rhodosporidium sp. has attracted 
substantial interest in the manufacture of advanced biofuels. While Rhodosporidium 
toruloides has a high tolerance to a number of inhibitors, including 5-hydroxymethyl 
ester, furfural, acetic acid, and vanillin, it can assimilate lipid while growing on 
cellobiose, sucrose, maltose, and glycerol. Rhodosporidium sp.’s features, including 
lipid accumulation, inhibitor tolerance, lipid conversion into advanced biofuels, and 
increased carbon consumption rate, are now being improved by the application of 
genetic and metabolic engineering technologies [23, 24]. 

Using renewable sugars produced from lignocellulosic biomass, the current study 
highlights the significance of the oleaginous yeast Rhodotorula pacifica INDKK in 
the field of integrated bio-refineries. Rhodotorula species are among the oleaginous 
yeasts that could aggregate larger lipid titers and show a high innate tolerance 
towards inhibitory chemicals produced during lignocellulosic biomass pretreatment. 
The most thoroughly investigated oleaginous yeast is Y. lipolytica. This novel model 
oleaginous yeast produces lipids in large quantities and has been modified to convert 
this flow into a variety of lipid-derived chemicals, including fatty alcohols, alkanes, 
and ketones. Y. lipolytica has the ability to generate lipids at industrially useful rates, 
sometimes surpassing 1.2 g/L/h. By heterologously expressing several enzymes that 
may take advantage of the many fatty acid (FA) species found in yeast, Y. lipolytica 
has been exploited to create a variety of distinct alkane species. In one instance, 
naturally occurring linoleic acid was broken down into pentane and 13-oxo-cis-9, 
trans-11-tridecadienoic acid via the production of a lipoxygenase from the soybean 
plant [23–25]. 

2.1.8 Anti-diabetics 

Diabetes (blood sugar) is a widely spreading disease that can infect any age group 
and may directly or indirectly affect our heart, eyes, kidneys, and nerves. Most 
prevalent diabetes, i.e. Type 2, is mainly affected in adults where the body is unable 
to produce enough insulin, or insulin-dependent diabetes, also called type 1 diabetes 
(chronic illness), where the pancreas is unable to produce little or no insulin in our 
body. Anti-hyperglycemic efficiency has been documented for medicinal mush-
rooms and their active components, such as polysaccharides and their protein 
complexes, dietary fibre, and other substances derived from cultured mycelium,



Antibiotics Mode of action

fruiting bodies, or broth. Many species of mushrooms are used for the treatment and 
maintenance of this disease [26, 27].

• Agaricus campestris, a common mushroom that is identified as a traditional 
treatment, is an insulin releaser and also helps in the transportation of 
2-deoxyglucose.

• Agaricus bisporus (button mushroom) is the most popularly grown edible fungus 
in the world. It includes bioactive substances that might benefit people with 
diabetes mellitus.

• Astraeus hygrometricus reduces blood glucose levels, triglyceride levels, and 
cholesterol levels.

• Coedyceps sinensis lowers the insulin metabolism and helps induce the secretion 
of insulin from the pancreas.

• Pleurotus citrinopileatus helps reduce fasting glucose levels. 
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2.1.9 Antibiotic Production 

Antibiotics are natural substances secreted by a microorganism, such as a fungus, to 
inhibit or kill other microorganisms. Industrially, antibiotics are used to cure a range 
of diseases and infections. In 1929, Sir Alexander Fleming made the first discovery 
of the function of fungi in the synthesis of antibiotic compounds. Microbes are 
unable to survive penicillin, an organic chemical. A deuteromycete, or green mil-
dew, belonging to the genus Penicillium, is used to make penicillin. Producing 
antibiotics involves the utilization of Penicillium notatum, Penicillium 
chrysogenum, and Cenococcum species. With improved Penicillium notatum and 
Penicillium chrysogenum strains, penicillin is now produced commercially all over 
the world, including in India (Table 2.2). From Streptomyces griseus, we can obtain 
streptomycin. In medicine, it is extremely valuable and eliminates a large number of

Table 2.2 Antibiotics and their species or sources, along with their mode of action 

Species/ 
Sources 

Penicillin Penicillium 
notatum 

Inhibiting the cell wall synthesis by blocking the 
transpeptidation. 

Viridin Trichoderma 
viride 

Disrupts mitosis, nucleic acid synthesis 

Fumagillin Aspergillus 
fumigatus 

Inhibitor of parasitic RNA synthesis and binds to methionine 
aminopeptidase to inactivate it. 

Cephalosporin Acremonium 
sp. 

Inhibition of cell wall synthesis 

Citrinin P. citrinum Rapid induction of antioxidants and drug extrusion properties 

Fusidic acid Fusidium 
coccineum 

Interfere with the protein synthesis of cell wall by blocking the 
ribosomes. 

Palutin P. palatum Alters the barrier function of intestinal epithelial



organisms, primarily gram-negative organisms, that penicillin is unable to kill. Also 
taken from Aspergillus cultures are a variety of drugs [28, 29].
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Numerous cases of dermatophytosis (ringworm) are managed with the antifungal 
drug griseofulvin, produced by the fungal species Penicillium griseofulvum, discov-
ered in 1939 in soil. This includes skin fungal infections after antifungal treatments 
have failed, as well as nail and scalp fungal infections. It is consumed orally. 

Acremonium (formerly known as Cephalosporium), a mould, is the source of a 
broad class of medicines known as cephalosporins. Cephalosporins function simi-
larly to penicillins and are bactericidal (kill bacteria). The enzymes that produce 
peptidoglycan, a crucial part of the bacterial cell wall, are bound to them, and their 
activity is inhibited. Following the discovery of the first cephalosporin in 1945, 
scientists altered the composition of cephalosporins to increase their potency against 
a wider variety of bacteria. A new “generation” of cephalosporins was produced 
every time the structure altered. Cephalosporins are divided into five generations. 
FA/PHA, everything else, ONE/TEN/IME, PI & QUI, and ROL, prefix is used to 
indicate a cephalosporin [30, 31]. A broad-spectrum cephalosporin antibiotic called 
cefixime is frequently used to treat bacterial infections of the upper respiratory tract, 
urinary tract, and ears. Various bacterial infections can be treated with ceftriaxone, a 
third-generation cephalosporin antibiotic that is marketed under the trade name 
Rocephin. Among them are infections of the middle ear, endocarditis, meningitis, 
pneumonia, and infections of the bones and joints. 

2.2 Biocontrol of Insects Using Fungi 

Utilizing natural enemies to reduce or mitigate insect pests and their effects is known 
as myco-biocontrol. This method is both efficient and environmentally friendly. One 
of the earliest species to be utilized for the biological management of pests was an 
entomopathogenic fungus. A number of entomopathogens can offer efficient long-
and short-term management when introduced inundatively into a range of environ-
ments [27–33].

• Verticillium lecanii: In monocultures of vulnerable crops, the main parasite 
Verticillium lecanii was thought to be responsible for a drastic reduction in 
cereal-cyst nematode populations. For usage on greenhouse chrysanthemums, 
many decades’ prior, Verticillium lecanii was created to suppress whiteflies and 
various aphid species, notably the green peach aphid (Myzus persicae).

• Nomuraea species: There are many species of Nomuraea, such as a dimorphic 
hyphomycete called Nomuraea rileyi, that has been linked to epizootic fatalities 
in a variety of insects. Numerous insect species, including Spodoptera litura and 
some Coleoptera, have been demonstrated to be vulnerable to N. rileyi.

• Beauveria species: These are filamentous fungi that belong to the group 
Deuteromycetes. The fungus Beauveria bassiana naturally develops in soils all



over the world and causes white muscardine sickness in a number of insect 
species. It is highly host specific and causes pest suppression.

• Paecilomyces species: Nematophagous fungi of the genus Paecilomyces destroy 
dangerous nematodes through pathogenesis, which results in illness in the worms. 
So, by applying the fungus to the soil, it can be utilized as a biocontrol agent for 
managing nematodes. Specifically, Paecilomyces lilacinus infects and ingests the 
eggs of root knot and cyst nematodes. 
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2.2.1 Biofilm Inhibitors 

A surface-associated microbial colony is known as a biofilm. Biofilms may develop 
on a variety of fungi. This growth type is important for understanding infection 
biology because biofilm development on devices that are implanted is a key con-
tributor to recurring infections. Device-associated infections are very challenging to 
treat since biofilms are also poorly responsive to drugs [27–30]. 

2.3 Economical Importance of Fungi 

Fungi has a vast range of activities which can be both useful and disastrous. 

2.3.1 Fungi as a Harmful [1–5] 

2.3.1.1 Production of Harmful Toxins 

Mycotoxins are harmful secondary metabolites produced by some fungi and play a 
part in the spread of some illnesses in both humans and other animals. Mycotoxins, 
such as patulin, aflatoxin, ergot alkaloids, and ochratoxin, can have detrimental 
health effects ranging from immediate poisoning to long-term consequences includ-
ing immunological deficiencies, liver and kidney fibrosis, and cancer. 

2.3.1.2 Fungi Causing Animal and Plant Diseases 

Several minor and serious plant diseases are brought on by fungi. Some of them also 
contribute to famine in various regions of the world. Such as downy mildew caused 
by white rust caused by the families Albuginaceae and Peronosporaceae, late blight 
of potato diseases caused by Phytophthora infestans, and damping of seedling 
diseases caused by Pythium debaryanum. Some fungi are parasitic on both humans 
and animals, causing infections of the skin, hair, and nails. Malassezia species and



dermatophytes that can use keratin as a food source have a special enzymatic 
capacity called keratinase. 
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2.3.1.3 Production of Hallucinogenic Substances 

The ergot disease of rye’s causative agent, Claviceps purpurea, produces LSD 
(d-lysergic acid diethylamide), a well-known hallucinogenic substance, from its 
sclerotia. Psilocin and psilocybin, which have psychedelic characteristics, are pro-
duced by other fungi like Psilocybe mexicana. The hallucinogenic drugs may harm 
brain cells and alter a person’s ability to perceive reality. 

2.3.1.4 Bio-deterioration of Textiles 

Any unwanted modification to a substance caused by an organism’s essential 
functions is referred to as “bio-deterioration.” It can be achieved by many methods, 
such as the penetration of microorganisms into the cavity of fibres, the occurrence of 
spots, bubbles on the surface of textiles, and the deterioration of mechanical prop-
erties by Aspergillus species. 

2.3.2 Benefits of Fungi [1–5, 8–12] 

2.3.2.1 Alcohol Production 

The brewing business is built on the fungi that produce alcohol. The unicellular 
fungus Saccharomyces cerevisiae is often known as yeast. Fermentation is the 
process through which food, such as starch and sugar, is turned into carbon dioxide 
and alcohol. It is employed in the creation of alcoholic drinks as well as bakery 
products, including cake, bread, and other baked goods. Saccharomyces ellipsoideus 
produces wines with an alcohol content of around 14% from grapes or other fruits. 
Saccharomyces cerevisiae uses barley malt to produce beer that has 3–8% alcohol. 

2.3.2.2 Bread Making 

In the baking industry, some strains of fungi, such as Saccharomyces cerevisiae, are 
used to make bakery goods such as bread. These strains are grown on molasses and 
are known as “baker’s yeast. Yeast is added to the flour, kneaded, and kept at a warm 
temperature until it rises. This process is called leavening. Enzymes like amylase, 
maltase, and zymase are used in this process.
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2.3.2.3 Food 

Soy sauce is a thick, salty liquid with a meat-like taste that is abundant in amino 
acids. The unpleasant soybeans were fermented using microbial cultures in Japan, 
where they were initially manufactured. There are two phases to fermentation. 
Soybeans are first soaked, then boiled to eliminate impurities, and then combined 
with toasted wheat. Aspergillus oryzae is added to the mixture, which is then 
maintained aerobically at 25 °C for 20–40 h. The soy paste is broken down by the 
fungus’ invertases, amylases, and cellulases. After mixing, the mixture is introduced 
to the second fermentation stage. 

2.3.2.4 Weed Killer 

Bioherbicides, or “microbial weed killers,” In contrast to synthetic pesticides, fungi 
are recognized for their extremely precise and effective activity and minimal residual 
effects. Fungi are used as bioherbicides, and a few examples with their intended 
targets, which are Wallrothiella arecuthobii, Septagloeum gillis, and Colletotrichum 
gloeosporiordes, are all mistletoe species. Phyllosticta (Glycosmis), 
Leptosphaerulina trifolia (Passiflora’s), Puccinia chondrillina (Rush weed), and 
the pamakani weed, Cercospora ageratinae are used as bioherbicides and show 
higher benefits as compared with synthetic pesticides. 

2.4 Future Prospects of Fungi 

Fungal species had made their mark in the past and continued to do so in the present 
via their endless properties, advantages, and applications. And its future remains 
bright and prosperous. Due to coronaviruses, many species of fungi have emerged as 
agents of infection. These can be identified and thoroughly studied, understanding 
fungal illnesses like mucormycosis that are linked to COVID-19 might benefit from 
more investigation. A Global Virome Project has also been started in order to 
identify zoonotic viral dangers and prevent future pandemics. This project will 
sample bats and other animals in order to find viruses. In addition to screening for 
viruses and fungi in animals, this project poses a concern since human mobility 
while sampling might transfer illness between wildlife groups. Metagenomics, a new 
application of next-generation sequencing (NGS), involves the direct sequencing of 
whole communities from clinical samples using a whole-genome shotgun technique 
in conjunction with computer-based reconstruction of the entire or part genome 
sequences of the species present in the sample. Many antifungal medications have 
developed resistance over time and because there are only a few systemic antifungal 
medications still in use to treat IFIs, the prevalence of resistance to drugs in Candida 
and Aspergillus presents a grave risk to human health. The rising incidence of



resistance to azole among invasive NAC species, particularly C. parapsilosis and 
C. tropicalis, emphasizes the urgent need for a deeper understanding of the under-
lying resistance mechanisms. This needs the isolation of more novel species that can 
tackle the new and existing strains. 
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2.5 Conclusion 

While the fungal kingdom offers tremendous potential for applications in biotech-
nology, medicine, and environmental sustainability, it also poses grave risks to the 
health of people, plants, and animals. In order to prevent them from posing an even 
greater threat to humanity, we need to give them special attention. But many of its 
benefits can still be investigated and used in different contexts. Such development is 
necessary to fully utilize fungi in the bioeconomy. More ideas can be drawn from the 
kingdom of fungi. To prevent microbiological contamination of products and equip-
ment, the appropriate antimicrobial compounds are widely utilized in a variety of 
sectors. Building support for mycology worldwide may be accomplished through 
raising understanding of and appreciation for the function of fungi. 
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Chapter 3 
Commercial Compounds from Algae 

J. R. Benavente-Valdés, D. Rodríguez-Zúñiga, V. Cepeda-Tovar, 
and O. Solís-Quiroz 

Abstract Microalgae are microscopic unicellular organisms, with the ability to 
convert solar energy into chemical energy and fix inorganic molecules such as 
CO2 to obtain organic molecules through a set of chemical reactions known as 
photosynthesis. Because microalgae are more efficient in the photosynthetic process 
than higher plants, there has been great interest in microalgae as organisms with 
great potential to produce valuable compounds of industrial value. Currently, 
microalgae have a wide range of commercial applications, ranging from the animal 
feed industry, cosmetics, water bioremediation, agriculture, nutraceutical food, and 
drug applications. Metabolites obtained from microalgae can improve the nutritional 
value of food and feed due to their chemical composition. These microorganisms can 
be used to produce a variety of metabolites such as proteins, polyunsaturated fatty 
acids, carbohydrates, carotenoids, vitamins, minerals, and phytohormones for appli-
cation in medicine, food, and feed additives, cosmetics, and energy production. The 
current consumer preference for organic and naturally sourced products is driving 
the expansion of the market for bioactive compounds from microalgae. Industry 
growth with microalgae products is focused on dietary supplements and the devel-
oping nutraceutical industry. The main microalgae strains used with the highest 
current and future projected use are Spirulina, Chlorella, Dunaliella salina, 
Haematococcus pluvialis, and Nannochloropsis. Due to the great importance of 
biomolecules obtained from natural sources such as microalgae, this chapter will 
analyze the main bioactive compounds derived from microalgae, the main generat-
ing strains, and the commercial value of each of the metabolites of interest. 
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3.1 Introduction 

Microalgae are photosynthetic organisms with the capacity to accumulate a diversity 
of biocompounds of industrial interest, for example, the natural pigments present in 
microalgae such as chlorophyll or carotenoids, responsible for capturing solar 
energy for photosynthesis and act as photoprotectors in the cell; they are used at 
the industrial level for their antioxidant, anticarcinogenic, anti-inflammatory, and 
neuroprotective activity; with applications for the food, cosmetic, and pharmaceuti-
cal industries. Microalgae have the capacity to accumulate 60–80% of proteins, 
which can be incorporated into the industry as functional ingredients [1]. 

The production of polysaccharides in microalgal cells occurs during the process 
of photosynthesis and accumulates in the cytosol and chloroplasts, and these organ-
isms are considered a sustainable source of these compounds; the carbohydrate 
content of microalgae can reach up to 50% of their dry weight; they are used in 
the pharmaceutical, cosmetic, and food industries [2] and can accumulate between 
20% and 50% of their dry weight in lipids, this content can reach 80% depending on 
nutritional and environmental conditions [3]. Lipids are used for biodiesel produc-
tion, as food supplements or in the pharmaceutical industry. The lipids of most 
interest are eicosapentaenoic acid (EPA), saturated and polyunsaturated fatty acids 
(PUFA), and docosahexaenoic acid (DHA) [3]. 

The growth of the market for bioactive compounds from microalgae is driven by 
the current consumer inclination toward organic and naturally sourced products, 
industry growth with products from microalgae is inclined toward dietary supple-
ments, and growing nutraceuticals industry. The global microalgae market by 2027 
is expected to reach $4.6 billion, with a compound annual growth rate (CAGR) of 
4.3% [4]. By the year 2023, the microalgae species most commonly used at the 
industrial level are Spirulina, Chlorella, Dunaliella salina, Haematococcus pluvialis 
y Nannochloropsis [5]. Spirulina microalgae species will account for the largest 
growth in the global microalgae market by 2023 [4]. 

Microalgae can be grown in a variety of environments, require less soil, water, 
and have a shorter growth cycle than traditional crops, allowing for faster and 
simpler cultivation. Microalgae are a sustainable source of bioactive compounds; 
however, the amount and type of metabolites obtained varies depending on cultiva-
tion conditions. When these processes are better understood and allow obtaining 
biomolecules at lower costs, The metabolites produced by microalgae give these 
organisms the potential to become sustainable and economical sources of new 
chemical compounds with applications in different industries. 

In this chapter, we will discuss the main bioactive compounds obtained from 
microalgae, the main producing strains, and the commercial value of each of the 
metabolites of interest.
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3.2 Microalgae as a Source of High-Value Compounds 

Microalgae are unicellular photosynthetic microorganisms ranging in size from 2 to 
200 μm, commonly found in freshwater, saline, and hypersaline environments, they 
are photosynthetic organisms with the ability to tolerate different temperatures, pH 
values, and light intensities [6]. Due to their high metabolic flexibility, they are 
adaptable to various growing conditions, as well as the possibility of rapid 
growth [7]. 

Microalgae are classified into five phylum, which are Chlorophyta, known as 
green algae, Chlorophylls a and b are found in a single chloroplast surrounded by 
two enveloping membranes. Haematococcus pluvialis, Botryococcus brauniis, 
Chlorella vulgaris, Dunaliella salina, and Parietochloris incisa are the main strains 
of the phylum Chlorophyta and are widely used in commercial production 
[8, 9]. Rhodophyta, known as red algae, include mainly multicellular marine species. 
They are spherical cells and contain a single chloroplast that is surrounded by two 
enveloping membranes Rhodella reticulata and Porphyridium cruentum are cur-
rently under investigation with promising characteristics for phycobilin 
production [6]. 

The species belonging to the phylum Haptophyta are characterized by being 
mainly marine, unicellular colonial species, although several freshwater species 
have been reported. Isochrysis aff. galbana (T-ISO) and Pavlova salina are the 
most commonly used in aquaculture and are recognized for their high carbohydrate 
content [8, 9]. Stramenopiles are characterized by containing only chlorophyll a, and 
Nannochloropsis oculata is frequently used as live food in aquaculture. The class 
Bacillariophyceae is characterized as unicellular organisms, although some are 
colonial. They are used as feed in aquaculture. The diatoms Skeletonema costatum, 
Chaetoceros muelleri, and Thalassiosira pseudonana are cultivated on a commercial 
scale. Finally, the microalgae of the class Labyrinthulomycetes are identified as 
heterotrophic, filamentous protists. Most are saprotrophic decomposers and some act 
as parasites. Species such as Ulkenia, Schizotrichium, Auranthiochytrium, and 
Thraustochytrium are of great commercial interest due to the amount of fatty acids 
and pigments they accumulate [6, 9]. 

Dinophyta are unicellular microalgae with some species from marine and fresh-
water areas. It is known that 50% of this species are photosynthetic and the other half 
lacks chloroplasts and their nutrition is by heterotrophy. The species 
Crypthecodinium cohnii is of great commercial interest for its heterotrophic produc-
tion of DHA [9]. 

Microalgae capture sunlight through photosystems I and II present in the thyla-
koid membrane of chloroplasts, to obtain chemical energy in the form of ATP and 
NADPH, then these molecules enter the Calvin cycle so that through redox reactions 
in which CO2 is converted into carbohydrates, as a by-product of the photosynthesis 
process O2 is obtained [10]. The microalgae possess many molecules of special 
interest, such as carbohydrates, proteins, ω-3 and ω-6 fatty acids, pigments, and 
various types of vitamins, for which they have been widely used as food



supplements due to their diverse bioactive health benefits, also have wide application 
in the agricultural, energy, food and pharmaceutical industries. The diversity of these 
molecules will depend mainly on the species of microalgae and the environmental 
and nutritional conditions to which the strain is subjected [11]. 
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The rate of microalgal biomass production and the accumulation of the metabo-
lites of interest in a culture system depend on the process conditions, such as 
agitation, salinity, temperature, light intensity, photoperiod, carbon nitrogen (C/N) 
ratio, gas exchange, and the design and operation of an algae culture system plays a 
decisive role in both photosynthetic productivity and economic efficiency. The 
design of the cultivation system must allow the entry of light, the optimum volume 
of liquid for adequate agitation, and light dispersion [12]. 

Several large-scale cultivation systems have been developed to produce 
microalgae, the cultivation systems are as follows open raceway ponds and closed 
photobioreactors (PBR). However, closed systems allow continuous operation and 
are equipped with agitation, aeration, pH control, heat exchange, addition of medium 
and CO2, which effectively control cultivation conditions and reduce contamination, 
allowing high purity biomass to be obtained. The use of hybrid systems, which are 
designed in two stages, is also reported, the first stage of algae growth occurs in a 
closed system (photobioreactor), and the second stage takes place in an open system, 
exposing the cells to nutritional stress, which stimulates the synthesis of desired 
metabolites [7, 13]. 

When microalgae culture is limited with nutrients such as phosphorus and 
nitrogen, an increase in the accumulation of lipids, especially triacylglycerides, has 
been evidenced. Glycolipids and phospholipids in conditions of low light intensity 
are associated with cell membranes [13], also when there is a decrease of nutrients, 
there is a stress on the cells causing the formation of free radicals and a change in the 
content of antioxidants such as primary carotenoids (violaxanthin, β-carotenoids 
chlorophylls, and voheriaxanthin) [14]. 

The most widely used microalgae at the industrial level are Spirulina, it is used in 
the production of food supplements, due to its high protein and nutrient content. 
Haematococcus pluvialis, used in the production of anthoxanthin, a natural antiox-
idant used in food supplements, skin care products, and the aquaculture industry, and 
Dunaliella salina, used in the production of beta-carotene in the food industry. 

3.3 Pigments 

In algae as photosynthetic organism has three main types of photosynthetic pig-
ments: chlorophylls, carotenoids (carotenes and xanthophylls), and phycobilins 
(Table 3.1). Chlorophylls and carotenoids typically fat soluble, whereas phycobilins 
water soluble [22]. They also possess advantageous biological properties as 
neuroprotective, anti-angiogenic, anti-inflammatory, anticancer, and antioxidant 
[23, 24]. This section will describe the importance of these pigments in the market, 
their benefits, and their commercial value.



Pigment Principal commercial strain Color References
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Table 3.1 Main commercially important microalgae pigments, source strain and market price 

Yield 
(% w/w) 

Price range 
(USD per kg) 

Astaxanthin Haematococcus pluvialis 
and Chlorella zofingiensis 

Red 0.15–4.0 2500–10,000 [15, 16] 

β-carotene Dunaliella salina Red 
orange 

12 300–3000 [15, 16] 

Lutein Dunaliella salina Yellow 
orange 

0.5 1866–2800 [17] 

Phycocyanin Spirulina Platensis Blue 25 50–900 [18] 

[19] Chlorella vulgaris Green 4.5 12–30 [20] 

Phycoerythrin Porphyridium sp. Red 8.5 230–5600 [21] 

3.3.1 Carotenoids 

Carotenoids are fat-soluble pigments derived from tetraterpenes with a 40-carbon 
polyene structure, and they have the capacity to absorb light with a wavelength of 
400–550 nm, which is advantageous for photosynthesis [25, 26]. These carotenoids 
are divided into xanthophylls that include oxygen, such astaxanthin and zeaxanthin, 
and those that do not, such as carotene and lycopene. However, the actions of the two 
groups of carotenoids in photosynthesis are what separates them. β-carotene and 
lutein, the two main carotenoids, are essential for the energy transfer to chlorophyll, 
which supports photosynthesis and maintains cellular viability [27]. On the other 
hand, two secondary carotenoids, astaxanthin and canthaxanthin, function as pro-
tective elements under stressful conditions by constructing protective layers and 
insulating cells from oxidative damage [15, 16]. 

As for the main commercial uses of carotenoids, there is the food industry, animal 
feed, cosmetics, and supplements for therapeutic purposes. Of these, the use of 
β-carotene stands out for coloring food and beverages, providing color and preser-
vation properties, as well as in the formulation of vitamin compounds 
[28]. Astaxanthin is used as an additive in animal feed with the purpose of improving 
the color of salmon meat or egg yolk, as well as being an important source of 
antioxidant with neuroprotective and anticancer properties, and its use has recently 
been demonstrated in the treatment of gastrointestinal diseases against the bacterium 
Helicobacter [29]. Lutein, in addition to being a widely used pigment in food, stands 
out for its application in the treatment of macular degeneration and cataract forma-
tion in people over 40 years of age [29].
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3.3.2 Chlorophylls 

Chlorophylls are green pigments found in algae, bacteria, and higher plants. Chlo-
rophylls are tetrapyrroles with centrally bound magnesium that are gaining economic 
attention due to their color and biological features. Chlorophyll a (blue-green color), 
b (bright-green), c (yellow-green), d (brilliant-forest green), and f (emerald-green) 
are examples of chlorophyll structures. Photosynthetic organisms primarily include 
chlorophyll a and b, but chlorophyll c, d, and f are found only in a few microalgae 
species, algae, and photosynthetic bacteria [30, 31]. This pigment is a fat-soluble 
molecule having bioactive capabilities like antioxidant and antimutagenicity. Fur-
thermore, this pigment can be isolated in varying amounts from microalgae biomass 
0.5% to 1.5% (on a dry weight basis). This natural green pigment is used in the 
cosmetic, pharmaceutical, and food industries. Although chlorophylls are acknowl-
edged as natural pigments, however, is chemically unstable in pH settings, and is 
heat and light sensitive. Chlorella is the main commercial source of chlorophyll and 
has two forms of this pigment chlorophyll a and chlorophyll b, which can collect in 
significant levels (4.5% of dry weight) and are the most abundant pigments. Chlo-
rella is regarded as the “emerald food” because of its chlorophyll content. It does, 
however, contain additional pigments, such as astaxanthin, c-astaxanthin, beta-
carotene, and lutein, even in little concentrations [32]. 

Chlorophyll is a pigment of great abundance in plant sources. The main com-
mercial uses of this pigment are the coloring of food, beverages, and other products 
such as chewing gum, candies, and pills [33]. It is widely used in oral hygiene 
products to combat halitosis, as well as therapeutic uses in gut microbiota rebalance 
and anemia treatment [34, 35]. 

3.3.3 Phycobiliproteins 

Phycobiliproteins are light-harvesting protein pigments. The two most well-known 
cyanobacteria species for commercial production of phycobiliproteins are 
Arthrospira sp. (phycocyanin), Spirulina, and Porphyridium sp. (phycoerythrin) 
[36]. The pigments are found in supramolecular phycobilisomes on the thylakoid 
membrane’s external surface and account for 40–50% of total soluble proteins 
[37]. They are water-soluble molecules divided into three groups: phycoerythrin 
(red pigment), allophycocyanin (light-blue pigment) and phycocyanin (blue pig-
ment). The chemical structure, color, and absorption spectra differ [38]. 

Due to their fluorescent properties, phycobiliproteins are also used as molecular 
markers and immunoassays, being phycocyanin and phycoerythrin extracted from 
cyanobacteria tested as protein markers in electrophoresis [39, 40]. In addition, the 
phycocyanin extracted from Spirulina, as well as chlorophylls, has been used as a 
colorant in foods, beverages, cakes, and candies, as well as an additive in dairy 
products such as yogurt, demonstrating that its use is safe in the food industry [41].
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3.3.4 Polyunsaturated Fatty Acids 

Fatty acids (FA) are the most important components of active compounds obtained 
from microalgae, as they have structural diversity and great importance at an 
industrial level. These organisms have an average FA content that varies between 
1 and 70% of dry weight; under certain conditions, some species can reach up to 
90% of dry weight [42, 43] and are classified according to the number of double 
bonds present in the carbon chain: saturated (SFA, no double bonds), monounsatu-
rated (MUFA, single double bonds), and polyunsaturated (PUFA, more than 2 dou-
ble bonds). PUFAs are represented by two families: n- 3 u  ω- 3, eicosapentaenoic 
acid EPA (C20:5, n - 3), (α-linolenic acid (α-ALA, C18:2, n - 3), and 
docosahexaenoic acid (DHA) (C22:6, n - 3) and n - 6 u  ω - 6 (n - 6 PUFAs 
include γ-linoleic acid (LA, C18:3, n - 6) and arachidonic acid ARA (C20:4, n - 6)). 
n - 3 and  n - 6 represent the first double bond at the third or sixth carbon of the 
carbon chain end and are synthesized from linoleic acid (LA) and α-linolenic acid 
(ALA), as shown in Fig. 3.1 [44]. 

In microalgal cells, FA have three basic functions: to be structural components of 
cell membranes, to store energy, and to act as signaling molecules. Polar lipids such 
as PUFAs are important structural components of cell membranes, provide a selec-
tive, permeable barrier that protects the cell from the outside, and aid in the 
separation of different intracellular organelles. These lipids have specific functions 
in membranes and have the ability to mediate cell signaling pathways and play a role 
in response to environmental changes, as well as being directly involved in mem-
brane fusion [45]. Fatty acid synthesis in algae takes place in chloroplasts and 
generally produces 16C and 18C fatty acid chains, which are used by the cell for

α-Linoleic Acid (LA) 

Linolenic acid (ALA) 

Docosahexaenoic acid (DHA) 

C22:6, ω-3 
Arachidonic Acid (ARA) 

C20:4, ω-6 

n-3 pathway 

n-6 pathway 

Fatty acid 

Fig. 3.1 Biosynthesis of PUFAs in microalgae, n - 3 and n - 6 pathway involved with different 
types of desaturases and elongases genes. The n - 3 pathway has α-linolenic acid as synthesis 
precursor, which through four desaturation processes and three elongation processes allows 
obtaining DHA, and the n - 6 pathway has linoleic acid as precursor, which also undergoes two 
elongation processes and three desaturations through the desaturase enzyme to obtain ARA



membrane synthesis and neutral lipid storage and desaturase enzymes are responsi-
ble for the sequential addition of double bonds to saturated fatty acids for the de novo 
synthesis of n - 3 PUFA [44, 46].
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The most commercially important PUFAs are eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA). These PUFAs are omega-3 fatty acids and are mainly 
obtained from fish oil, in recent years, the use of microalgae as a source of EPA and 
DHA has gained popularity as it offers a more sustainable and environmentally 
friendly alternative to obtain these compounds of interest compared to animal 
sources such as fish and krill, which are often overexploited and can contain high 
levels of contaminants and heavy metals. Microalgae can be grown in controlled 
environments, which allows for consistent and high-quality production of PUFAs. In 
addition, microalgae can be grown using wastewater or other waste streams, which 
further reduces their environmental impact. Overall, the production of PUFAs with 
microalgae offers a promising solution to meet the growing demand for these 
essential nutrients [44]. 

3.4 Species of Microalgae Commonly Used for Production 
of PUFAs 

There are several species of microalgae that are used worldwide by companies to 
obtain PUFAs. Some of the commonly used species include: 

Schizochytrium sp. This species is widely used to produce DHA and EPA 
PUFAs, is a marine oleaginous microalga, which has become the major commercial 
source of DHA. With a high concentration of lipids representing between 36% and 
84% of the biomass, in which the concentration of DHA exceeds 62% of the total 
lipids [47, 48]. 

Nannochloropsis sp. This species is used to produce EPA and ARA (arachidonic 
acid) PUFAs. EPA content in Nanochloropsis can vary from 20% to 30% of total 
lipids. 

Crypthecodinium sp. This species is used to produce DHA PUFAs. The DHA 
content in Crypthecodinium can vary from 20% to 50% of the total lipids [49]. 

Phaeodactylum sp. This species is used to produce EPA PUFAs. The EPA 
content in Phaeodactylum can vary from 20% of the total lipids, C20:5 (n - 3) [50]. 

Porphyridium purpureum, it is characterized for being one of the microalgae that 
accumulates ARA, which can exceed 30% of its total fatty acids [51], also the 
freshwater green microalgae. 

These microalgae are cultivated in large-scale production systems, such as 
photobioreactors and open ponds, to produce PUFAs that are used in various 
applications, including dietary supplements, functional foods, and animal feed [52]. 

According to recent market research reports, the microalgae species expected to 
account for the largest share of the global market for polyunsaturated fatty acid 
production by 2023 is Nannochloropsis sp. This is due to its ability to grow rapidly



and produce high amounts of EPA and DHA, which are popular omega-3 fatty acids 
commonly used in dietary supplements and functional foods [53]. 
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3.5 Fatty Acids Market 

Grand View Research, in its report evidenced that the global fatty acids market size 
was valued at USD 37.1 billion in 2019 and is expected to grow at a compound 
annual growth rate (CAGR) of 5.2% from 2020 to 2027. Increasing demand for fatty 
acids in various applications such as food and beverages, personal care, pharmaceu-
ticals, and animal feed is driving the market growth, the fatty acids industry is 
projected to grow from USD 24.5 million in 2023 to USD 34.2 million by 2030 [54]. 

Some of the leading companies in the market of acid grades using microalgae 
worldwide are DSM Nutritional Products, BASF SE, Royal Dutch Shell, Dow 
Chemical Company, Corbion NV, Archer Daniels Midland Company, Cargill, 
Inc., Roquette Freres, Novozymes A/S, and Evonik Industries. These companies 
oversee generating microalgae-based products, such as PUFA-rich oils, biofuels, and 
other value-added products. 

DSM Nutritional Products, the holland multinational company uses the 
microalgae of the genus Schizochytrium sp. to obtain oil rich in EPA and DHA, 
with an initial cell culture of microalgae in fermenters of between 80,000 and 
260,000 l. The products are available in spray dried powder, free-flowing powder 
with 10% al 1% of DHA [55]. 

Corbion NV, a company located in Amsterdam the Netherlands, offers the 
product AlgaPrime™ DHA an efficient, clean, and sustainable source of long-
chain omega-3. Develop flexible solutions in liquid and powder form to meet the 
needs of different food manufacturing systems. AlgaPrime™ DHA is produced 
sustainably using renewable energy and cane sugar as raw material. This results in 
a low carbon, water, and land use impact [56]. 

Evonik Industries AG, located in Germany,. Evonik and DSM’s highly con-
centrated algae oil meets the growing demand for essential omega-3s without 
endangering fish species, thus contributing to ecological balance and the mainte-
nance of ocean biodiversity. Researchers have developed a process to obtain omega-
3 fatty acids from natural seaweeds [57]. The companies have state-of-the-art 
technologies and patented methodologies that allow them to obtain PUFAs from 
microalgae at competitive prices in the world market. 

The market for acidic grades derived from microalgae is expected to increase 
significantly in demand over the next 5 years, driven by the growing demand for 
sustainable and environmentally friendly products in the beverage, pharmaceutical, 
personal care, and food industries. The use of microalgae as a source of PUFAs 
offers several advantages over traditional sources, such as higher yields, lower 
environmental impact, and greater versatility in terms of product customization. 

Key players in the market include DSM Nutritional Products, BASF SE, Royal 
Dutch Shell, and Corbion NV. The Asia-Pacific region is expected to be the fastest



growing market for microalgae-derived PUFAs, owing to the increasing demand for 
natural and organic products in countries such as China and India. However, high 
production cost and limited scalability of microalgae cultivation remain major 
challenges to market growth. To support the industrial production of polyunsaturated 
fatty acids from algae, studies in recent years have devoted numerous efforts to 
screening algal strains, exploring biosynthetic mechanisms, optimizing induction 
conditions, and improving the mode of algal cultivation. Although microalgae-based 
products/coproducts are recognized as nutritional supplements, only a limited num-
ber of species have been successful in the market. 
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3.6 Polysaccharides 

Microalgae contain large amounts of carbohydrates, between 15 and 75% of the dry 
biomass, and are mainly found as structural polymers forming part of the cell wall or 
storage polymers for energy in various metabolic processes. Microalgae polysac-
charides have advantages over other polysaccharide sources (land plants, crusta-
ceans, squids, or fungal cell walls), such as safety, stability, biocompatibility, and 
biodegradability. These characteristics contribute to its application for different 
industries such as pharmaceutical, nutraceutical, and biomedical due to its promising 
bioactive properties. In addition, it has become a potential source for energy 
applications, such as biofuels [58]. 

Carbohydrates are macromolecules structured by chains of carbon, hydrogen, and 
oxygen atoms (C, H, and O), covalently bonded. By glycosidic bonds of up to 
40 monosaccharides to form the different types of carbohydrates, according to 
IUPAC-IUB carbohydrates are classified into oligosaccharides and polysaccharides 
taking into account their degree of polymerization (see Fig. 3.2) [59]. Polysaccha-
rides consist of long chains of monosaccharide units and in some cases glucuronic 
acid and sulfate groups. Microalgal polysaccharides can be distinguished into three 
main groups: intracellular, structural, and extracellular carbohydrates (EPS) 
[60]. Extracellular polysaccharides (EPSs) are the molecules with the greatest 
industrial interest, since they have different chemical properties that confer biolog-
ical activity, these macromolecules could find application in the industrial, pharma-
ceutical, and medical fields. 

Carbohydrate synthesis occurs in the chloroplast during the CO2 fixation allows 
the production of carbohydrates in microalgae, and this occurs through the Calvin 
cycle in the dark phase of photosynthesis, the Calvin cycle consists of three phases: 
fixation, reduction, and regeneration. 

In fixation, CO2 taken up by the stomata is added to ribulose-1,5-bisphosphate, a 
five-carbon sugar by the enzyme ribulose-1,5-bisphosphate carboxylase oxygenase 
(RuBisCo), forming two three-carbon molecules or phosphoglycerate. In the reduc-
tion phase, the two phosphoglycerate molecules are converted into two glyceralde-
hyde-3-phosphate molecules. At the end of the cycle, the regeneration phase takes



place, where one of the glyceraldehyde-3-phosphate molecules continues in the 
Calvin cycle, while the other is used as a substrate to form carbohydrates [61]. 
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Fig. 3.2 Chemical structure of the main polysaccharides extracted from algae: (a) D-glucose; (b) 
starch; (c) cellulose (Own Authorship) 

Glyceraldehyde-3-phosphate that is not immediately utilized as an energy source 
is transformed into starch in the chloroplast. The Golgi complex is responsible for 
sulfation and biosynthesis of polysaccharides, especially exopolysaccharides (EPS). 

Currently, polysaccharides are used as dietary prebiotics (dietary fibers) and 
applications in the food industry as thickeners and food additives due to the high 
viscosity of polysaccharides over a wide range of pH, temperature, and salinity 
[62]. In animal feed, the use of β-glucans as antibiotic substitutes in chicken feed has 
been studied due to the antibacterial properties of this type of polysaccharides. In the 
research carried out by Koçer et al. [63], broiler chickens fed dry biomass of the 
Euglena gracilis with 55% β-glucan content showed better protection against coc-
cidiosis. In addition, biostimulant activity has been demonstrated for the protection 
against biotic and abiotic stress of plants [64]. The cultivation of microalgae for the 
production of exopolysaccharides is receiving more attention as a result of their high 
hydrocarbon biosynthesis capacity [58, 63]. 

The main microalgae strains used for the production and extraction of poly-
saccharides are known to be Chlorella sp., Spirulina sp., Porphyridium sp., and 
Nostoc sp. [62]. Spirulina platensis produces various polysaccharides with antican-
cer, antioxidant, immunomodulatory, hypolipidemic and hypoglycemic, 
antithrombotic, antiviral, and intestinal microbiota-regulating properties [65]. 

Environmental conditions have been shown to affect the production of poly-
saccharides from microalgae, to obtain polysaccharides, cultivation is usually opti-
mized by adjusting growth conditions such as light intensity, temperature, nutrient 
availability, and culture density. In addition, to obtain high-purity polysaccharides 
with the desired properties, various downstream processing techniques such as



Pigment Strain References

harvesting, extraction, and purification can be applied [66]; therefore, conventional 
techniques for the extraction of polysaccharides are described below. 
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Table 3.2 Main commercially important microalgae pigments, source strain and market price 

Yield (% 
w/w) 

Price (USD 
per Kg) 

Astaxanthin Haematococcus pluvialis and Chlo-
rella zofingiensis 

0.15–4.0 2500–10,000 [15] 

β-carotene Dunaliella salina 12 300–3000 [15] 

Lutein Dunaliella salina 0.5 1866–2800 [20] 

Phycocyanin Spirulina Platensis 25 50–900 [18] 

Chrophylls Chlorella vulgaris 4.5 12–30 [19] 

Phycoerythrin Porphyridium sp. 8.5 230–5600 [21] 

Table 3.3 Main costs of polysaccharides extracted from microalgae (Own Authorship) 

General application of polysaccharide of microalgae Precio (€) 

Biostimulants from plants 10,000 

Immunostimulants 200,000 

Biofuels: Bioethanol, Biohydrogen 2500 

Moisturizing Agents 400 

Table 3.2 summarizes the main selling prices (for wholesalers of polysaccharides 
derived from microalgae biomass). 

3.7 Conventional Techniques for the Extraction 
of Polysaccharides from Algal Biomass 

In conventional experimental techniques to extract polysaccharides from microalgal 
cell rupture, the extraction process is considered the first step to isolate polysaccha-
rides from algal sources. To extract these biocomposites from algal biomass species, 
efforts have been focused on the management of explicit techniques to achieve the 
best extraction and recovery conditions. The traditional or conventional method of 
extraction of polysaccharides from algae mainly uses solvents that allow the rupture 
of the cell wall of the microalgae, listing hot water, strong acids, bases, or alkalis or a 
combination of the above. The process is simple as it involves subjecting pretreated 
algae biomass to different solvents at different temperatures for defined periods of 
time to obtain polysaccharides with minimal impurities [67]. For example, Abraham 
et al. [68] extracted 43.57% (by weight/weight ratio) of the total polysaccharide, 
composed of fucoidan, alginate and laminarin, from the algae Durvillaea potatorum, 
using 0.05 mol/L of acid medium (HCl) at a temperature of 60 °C for a period of 3 h. 
The yield of carrageenan polysaccharide reported in the literature was 
32.95 ± 1.43% from Kappaphycus alvarezii, and the results were provided by 
Meinita et al. [69] use 60% KOH alkaline medium at 80 °C for 3 h. Table 3.3 lists



Strain Biomolecules Extraction method References

the main extraction techniques for hydrocarbons (polysaccharides), different work-
ing strains, and characterization methods from macroalgae or microalgae. 
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Table 3.4 Microalgae and main bioproducts considering culture medium and system, extraction 
procedure, detection, and content of bioproducts (Own Authorship) 

Characterization 
method 

Chlorella 
fusca 

Fatty acids, car-
bohydrates, pig-
ments and 
proteins. 

Bradford, Dubois, 
Bligh y Dyer y 
Jeffrey–Humphrey, 
respectively 

Spectrophotometric [70] 

Dunaliella 
salina 

Fatty acids, car-
bohydrates, pig-
ments and 
proteins. 

Bradford, Dubois, 
Bligh y Dyer y 
Jeffrey–Humphrey, 
respectively 

Spectrophotometric [70] 

Kirchneriella 
sp. 

Fatty acids, car-
bohydrates, pig-
ments and 
proteins. 

Solvent extraction for 
all by-products 

GC–MS, HPLC–UV 
Spectrophotometric, 
respectively 

[71] 

Spirulina sp. Fatty acids, car-
bohydrates, pig-
ments and 
proteins. 

Bradford, Dubois, 
Bligh y Dyer y 
Jeffrey–Humphrey, 
respectively 

Spectrophotometric [70] 

Chlorella 
pyrenoidosa 

Polysaccharides: 
Arabinogalactan 

Aqueous extraction at 
80°C, 1 h, precipita-
tion with ethanol. 

GLC–MS; SEC; 
NMR spectroscopy 

[72] 

Although polysaccharides have a variety of applications and health benefits, 
production at the industrial level faces obstacles such as achieving high microalgae 
growth rate and high polysaccharide production simultaneously during cultivation 
(Table 3.4). Some problems related to polysaccharide production could be solved by 
optimizing cultivation variables such as temperature, photoperiod time, light inten-
sity, aeration, and nutrients. 

3.8 Vitamins and Antioxidants 

Microalgae are recognized as natural sources of vitamins and pigments with antiox-
idant activity and have become the most promising and innovative source of 
functional foods (Table 3.5). Among the various natural sources of antioxidants, 
microalgae have become of great interest due to their ease of cultivation, they are 
easily adapted to environmental conditions and do not compete with food produc-
tion, adding to this the demand for antioxidants of natural origin, in fact it has been 
reported that many synthetic antioxidants (butylated hydroxyanisole (BHA), butyl-
ated hydroxytoluene (BHT)) have a carcinogenic and/or toxic effect in animal 
models, although most natural antioxidants available on the market globally are 
from plants, microalgae are considered as organisms with great potential for the



Strains Field/application References

extraction of natural antioxidants for the cosmetic, food, and nutraceutical industries 
[26, 75]. 
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Table 3.5 Main antioxidant compounds and vitamins obtained from microalgae 

Antioxidant/ 
Vitamins 

Commercial 
value 

Astaxanthin Haematococcus 
pluvialis 

Food, nutraceuticals, and cos-
metics industries 

555.4 million 
US$ 

[73] 

Beta-
Carotene 

Dunaliella 
Salina 

Nutraceutical, pharmaceutical, 
cosmetical additive 

224 million 
US$ 

[73] 

Amino acid 
surfactant 

Various 
microalgae 

Cosmetics industry 30 billion US 
$ to 2026 

[73] 

Phytosterols 
variety 

Various 
microalgae 

Cosmetics industry 935 million 
US$ 

[74] 

A/provitamin 
A 

Spirulina 
platensis 

Nutraceuticals 520 million 
US$ 

[74] 

B1 Spirulina 
platensis 

Nutraceuticals 170 million 
US$ 

[74] 

B2 Spirulina 
platensis 

Nutraceuticals 1.3 billion US 
$ 

[74] 

B3 Spirulina 
platensis 

Nutraceuticals 370 million 
US$ 

[74] 

B5 Spirulina 
platensis 

Nutraceuticals 460 million 
US$ 

[74] 

B7 Spirulina 
platensis 

Nutraceuticals 1.9 billion US 
$ 

[74] 

C Spirulina 
platensis 

Nutraceuticals 1.3 billion US 
$ 

[74] 

D Spirulina 
platensis 

Nutraceuticals 1.3 billion US 
$ 

[74] 

E Spirulina 
platensis 

Nutraceuticals 0.67 million 
US$ 

[74] 

K Spirulina 
platensis 

Nutraceuticals 0.79 million 
US$ 

[74] 

Microalgae are integrated into the concept of biofactories for obtaining bioactive 
compounds such as vitamins, and vitamins are considered one of the cutting-edge 
compounds obtained from microalgae, these organisms have the ability to synthesize 
a variety of vitamins necessary for humans, even synthesize vitamins such as D and 
K that are not present in many plants or fruits [76].
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3.8.1 Antioxidants 

Antioxidants are the compounds of greatest interest around human health and the 
pharmaceutical industry. This wide range of molecules has the ability to protect the 
human body against the adverse effects caused by free radicals [77]. 

As microalgae are photoautotrophic organisms, they produce free radicals and 
other potentially oxidizing reagents when exposed to high concentrations of light or 
high oxygen saturation; however, it has been proven that these microorganisms lack 
structural damage, so it is logical to think that they can synthesize compounds that 
protect them against oxidation [78]. 

The antioxidant molecules present in microalgae are ascorbic acid or vitamin C, 
glutathione, tocopherols, phenolic compounds, and carotenoids. Some microalgae 
have also been reported to produce antioxidant molecules such as mycosporin 
(porphyra-334, mycosporin-glycine, shinorin, and asterin-330 are molecules that 
allow UV protection and have been shown to have antioxidant properties) [75]. 

The carotenoids are among the most abundant pigments in nature. Most of these 
compounds are hydrophobic tetraterpenoids, these pigments serve to absorb pig-
ments in visible light, as well as to protect photosynthetic microorganisms from 
photooxidation. There are two main types of carotenoids, carotenes and xantho-
phylls. The use of pigments such as carotenoids has been reported to decrease the 
risk of cardiovascular disease, the prevalence of metabolic syndrome, adiposity, and 
serum triglyceride concentrations in middle-aged and elderly men, and to prevent 
atherosclerosis and age-related muscle degeneration and to enhance immune resis-
tance to viral, bacterial, fungal, and parasitic infections [16]. 

The main carotenoids of microalgal origin are β-carotene from Dunaliella salina 
and astaxanthin from Haematococcus pluviallis. The β-carotene is a natural colorant 
with wide application in the food industry adding nutraceutical value as an antiox-
idant and is also widely used as an additive for cosmetics. Astaxanthin has numerous 
health benefits, it helps protect the eyes, improves muscle strength, and endurance 
also protects the skin against premature aging and UV radiation, it has been 
suggested in several studies that astaxanthin has an antioxidant power against free 
radical’s equivalent to 500 times vitamin E [79]. 

Phenolic compounds and polyphenols are produced thanks to secondary metab-
olites and are recognized as antioxidants due to their chelating power toward metal 
ions, preventing the formation of radicals and improving the endogenous system, in 
this classification are grouped hundreds of molecules with the characteristic of 
having a benzene with a hydroxyl as a substituent, within these molecules we can 
find flavonoids, specifically for algae florotaninos a potent free radical 
scavenger [43].
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3.8.2 Vitamins 

Vitamins have received special attention in recent decades due to their great antiox-
idant power, and interest has also grown in obtaining them from natural sources, 
since these vitamins have proven to be more effective than synthetic vitamins 
[80]. Microalgae represent a valuable source of all vitamins, fat-soluble 
vitamins A, D, E, and K and water-soluble vitamins C and the complete B complex, 
on the other hand, they also have a good proportion of the minerals that humans 
require as nutrients, among them we can mention sodium, potassium, calcium, 
magnesium, iron, zinc, and some other traces. Some species such as spirulina have 
high levels of vitamin B12 and iron, making it ideal for use as a food supplement in 
vegan and vegetarian diets. The content of these materials in a microalgae depends 
on the genotype among other things such as the growth stage and nutritional status of 
the algae and light intensity, so the manipulation of culture conditions for the 
accumulation of these biocompounds is an efficient strategy, which can be accom-
panied by the choice of strain and genetic engineering modification [76]. The value 
of antioxidants from microalgae will depend on different variables such as compo-
sition, purity level, the application for which it will be required and, finally, whether 
it is integrated in the formulation of a product or whether it receives some refinement 
treatment or processing to improve its virtues or organoleptic properties. 

Table 3.5 shows the main antioxidants and vitamins obtained from different 
strains of microalgae, as well as the commercial value of the biocompounds. 

3.9 Other Compounds 

Because microalgae produce large quantities of biomolecules, they are of interest as 
excellent sources of macro and micro minerals such as K, Na, Ca, Fe, Zn, Cu, and 
Mn [2]. It has been reported that microalgae have the ability to produce phenolic 
compounds, which are recognized for their biological properties to fight aging, 
allergies, diabetes and different types of cancer [81]. In addition, many studies 
have reported the presence of enzymes such as lipases, laccases, proteases, cellu-
lases, phytases, galactosidases, and amylases, which have a high interest in various 
industries. Microalgae are also characterized by the production of phytohormones 
such as ethylene, auxin, gibberellins, and abscisic acid, and these phytohormones 
regulate the main phytohormone processes. These phytohormones regulate the main 
physiological processes of plants [2].
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3.10 Conclusions 

As presented in this chapter, microalgae have a diversity of bioactive compounds 
with applications in different industries, it is highlighted that many of these com-
pounds have a passive role at the industrial level due to the high costs of production, 
extraction, and purification; therefore, the search for new and novel methodologies 
adapted for the efficient extraction and purification of compounds from microalgal 
biomass could change the perspective toward a wider industrial use. The develop-
ment of cultivation systems that allow the optimization of cultivation processes and 
the obtaining of greater quantities of biomass could, probably in the future, signif-
icantly increase the yields of microalgal biomass. The development of bioprocesses 
that take full advantage of the potential of microalgae and give a bio-fabrication 
approach for application in large-scale production is needed. The greatest challenges 
in large-scale cultivation of microalgae are focused on finding strains that allow 
obtaining large quantities of the metabolite of interest in less time and with lower 
process costs, as well as limitations in the extraction and purification methodologies 
of biomolecules. Microalgae are a source of active ingredients with anti-
inflammatory, antioxidant, antitumor and antimicrobial action, among others, with 
potential applications in nutraceutical, cosmetic, pharmaceutical, and agricultural 
foods. Thus, the production of different bioactive compounds from microalgae 
promotes prospects with potential for sustainable development. 
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Chapter 4 
Metabolic Engineering for the Biosynthesis 
of Terpenoids from Microbial Cell Factories 

Vibha Shukla, Parul Gupta, and Suresh Chandra Phulara 

Abstract Terpenes, terpenoids, or isoprenoids are the largest class of secondary 
metabolites produced by the natural system. Since ages the plants are being utilized 
as a source of flavor, fragrance, and therapeutics. Due to their higher energy density 
and other superior fuel properties, terpenoids are also foreseen as potential alterna-
tive to petroleum-derived fuels. The current market demand of terpenoids is fulfilled 
either by their plant-based extraction or by chemical synthesis. However, both the 
mythologies have their own set of limitations. Therefore, from the past two decades, 
the global research interest on terpenoid production has been shifted toward their 
biosynthesis from microbial routes. Microbes have provided an excellent platform 
for the biosynthesis of commodity chemicals due to their several advantages over 
plants, such as fastidious growth, low space and seasonal requirements, and simple 
growth medium. Moreover, the genetic modification in microbes can be done with a 
high success rate as compared to plants. However, microbes are not the natural 
producers of the majority of industrially important terpenoids. Therefore, they need 
to be engineered for the non-natural production of terpenoids. Advancement of 
synthetic and metabolic engineering approaches has enabled researchers to incorpo-
rate entire novel pathways and silence native pathways of the host microbes at the 
same time. Thus, provided an excellent platform not only for the non-native pro-
duction of terpenoids but also improving the titers of the desired metabolites from 
engineered microbes. In this present chapter, we have summarized the metabolic
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engineering approaches for the sustainable production of terpenoid-based metabo-
lites for microbial sources, with an emphasis on prokaryotic host organisms.
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4.1 Introduction 

The molecular and functional diversity of terpenoids has always marveled 
researchers. The wide range of branched-chain and cyclic metabolites of terpenoid 
filmily are engaged in several biological activities in living system, for example, as 
pigments, hormones, sterols, and pheromones and several other characteristic plant 
compounds like limonene, menthol, and artemisisnin [1, 2]. The highly diverse 
nature of terpenoids provides a wealth of opportunities to encounter many social 
concerns such as identification of alternative nutraceutical, pharmaceutical, and 
biofuel resources to compete the worldwide increasing demand. There are numerous 
reports on the wide range of biological responses of terpenes that can be applied to 
the human health care sector [1, 3]. These applications are based on the antimicro-
bial, antiparasitic, anti-inflammatory, antiallergenic, anticancer, antihyperglycemic, 
immune-enhancer, neuro-therapeutic, and chemotherapeutic properties of the terpe-
noids [1, 3–6]. Over the past decade, terpenes are prophesied as a sustainable source 
of energy and an alternative to petroleum-derived fuels, due to their lower 
hygroscopy, higher energy density, and good fluidity at low temperatures [7]. Fig-
ure 4.1 depicts the structural and functional diversity of terpenoids. 

Until date, plants are utilized as a natural source for terpenoid production; 
however, several environmental concerns are associated with the extraction of 
terpenoids from these natural sources. For example, to extract 1 kg of peclitexal, 
which is a highly potent chemotherapeutic agent, it requires the sacrifice of nearly 
300 Yew (Taxus spp.) trees [9]. Due to the high demands of this drug, the Yew 
species are now endangered [10]. On the other hand, the extraction of resins from 
Pinus roxburghii or chir pine often causes forest fire due to the highly inflammable 
nature of the resin. Besides these concerns, the low-level and tissue-specific pro-
duction, seasonal variations in yield, agricultural land requirement, and costly and 
time-consuming extraction process are other limiting factors, which limits the use of 
plant resources for terpenoid production [11]. To overcome these limitations, novel 
routes are required for the biosynthesis of terpenoid to meet the increasing demand 
as a raw material for the natural product-based flavors, fragrances, beauty products, 
and therapeutics and to maintain the ecological balance at the same time. Plant cell 
culture approaches have contributed to an extent in this regard; however, the lengthy 
culture durations, difficulties in genetic modification, and high production and 
extraction cost restrict its application [12]. Therefore, the global interest is now 
shifting to explore more sustainable approaches for the production of terpenoids. 

Microbes, both the prokaryotes and eukaryotes, have shown a great potential for 
the biosynthesis of terpenoids [13–16]. Although majority of the terpenoids are



non-native to microbes; however, the advancement of synthetic biology and meta-
bolic engineering techniques and their high success rates in microbes have enabled 
researcher to achieve high-yield production of terpenoids from microbial hosts 
[15, 17, 18]. In addition, the ease in culturing and handling, superior growth rates, 
and lesser nutrients and culture space requirements make microbial sources a 
suitable chassis for terpenoid production. Moreover, the capabilities of microbes to 
produce heterologous metabolites in large quantities from economical feedstock and 
the easy downstream processing make them ideal chassis for industrial application. 
Together these advantages have urged researchers to seek the production of value-
added novel terpenoids from microbial sources after its discovery from animal or 
plant origin. 
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Fig. 4.1 Structural and functional diversity of terpenoids. Structural diversity of terpenoid ranges 
from simple five carbon atom carrying compounds (isoprenol and isoprene) to 30 and 40 carbon 
atom carrying compounds (ginsenoside, astaxanthin, etc.). Functionally they are rich in application 
that ranges from flavor, pharmaceutical to biofuel [8] 

In the present chapter, we have summarized the up-to-date information on the 
metabolic engineering of microbial sources for the production of terpenoids with a 
major emphasis on prokaryotic hosts.
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4.2 Biosynthesis of Terpenoid 

Two major pathways for the natural production of terpenoid have been identified. 
The first recognized pathway for the terpenoid production was the mevalonate 
(MVA) pathway, which is present in eukaryotes, archaea and some eubacteria and 
utilizes acetyl-CoA to initiate terpenoid synthesis [19, 20]. For many years, the 
MVA pathway was considered as the sole source for the terpenoid production in the 
living systems. Later, a MVA independent route, which utilizes glyceraldehyde-3-
phosphate (G3P) and pyruvate for the biosynthesis of terpenoid, was discovered in 
the chloroplasts of higher plants, most of the eubacteria and cyanobacteria. This 
pathway was recognized as 1-deoxy-d-xylulose-5-phosphate (DXP) pathway [2, 21, 
22]. Glycolysis is the prime source for the precursor supply for both the pathways; 
however, the other cellular pathways, such as, Entner-Doudoroff pathway (EDP), 
pentose pyrophosphate (PPP) and fatty acid and amino acid metabolism also con-
tribute to the precursor supply [23, 24]. 

The isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate 
(DMAPP) are the five carbon (C5) compounds and universal precursors for the 
terpenoid biosynthesis in the living system. The MVA pathway biosynthesized IPP 
in six enzymatic steps, which was then converted to DMAPP by an enzyme known 
as IPP isomerase (IDI). On the other hand, the DXP pathway utilizes seven enzy-
matic steps to biosynthesize both the IPP and DMAPP in a ratio 5:1 [7] and 
endogenous IDI enzyme maintain the balance between IPP and DMAPP. Several 
downstream terpenoid-precursor-specific and terpenoid-specific enzymes catalyze 
the conversion of IPP and DMAPP into a wide variety of terpenoids ranging from 
five carbon hemiterpenoids to forty or fifty carbon atoms carrying carotenoids. Thus, 
the terpenoid biosynthesis pathway can be divided into two modules. The upper 
module consists of either MVA or DXP pathway or both for the supply of IPP and 
DMAPP (Fig. 4.2), and the lower module carries terpenoid-precursor-specific and 
terpenoid-specific enzymes (Fig. 4.3). 

Majority of the terpenoid-precursor-specific enzymes are heterologous to micro-
bial hosts and need to be incorporated from plant or fungal sources. For example, 
plants possess geranyl pyrophosphate synthase (GPPS) enzyme convert IPP and 
DMAPP into GPP, which is a universal precursor for monoterpenoids (ten carbon 
molecules carrying terpenoids). The GPP is utilized by farnesyl pyrophosphate 
synthase (FPPS) to biosynthesize FPP, a common precursor to sesquiterpenoids 
(ten carbon molecules carrying terpenoids). Microbes on the other hand do not 
contain GPPS, instead they possess IspA that is responsible for direct conversion 
of IPP and DMAPP into FPP. FPP serves as a precursor to various vital microbial 
metabolites, such as ubiqinone and other membrane components. Similarly, to 
biosynthesize precursors for diterpenoids, triterpenoids, and carotenoids, the 
enzymes related to each category need to be expressed heterologously in prokaryotic 
hosts [11]. Like terpenoid-precursor-specific enzyme, most of the terpenoid-specific 
enzymes, which catalyzes the conversion of prenyl precursors into different terpe-
noids of a category, are also heterologous to microbial hosts [17]. However, there are
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Fig. 4.2 The upper module of the terpenoid pathway for the supply of IPP and DMAPP. MVA 
pathway utilizes acetyl-CoA, whereas DXP pathway uses G3P and pyruvate to biosynthesize IPP 
and DMAPP. OP represents phosphate group, and OPP represents pyrophosphate group. HMG-
CoA 3-hydroxy-3-methylglutaryl-CoA, HMGS HMG-CoA synthase, HMGR HMG-CoA reductase, 
MK Mevalonate kinase, PMK phosphomevalonate kinase, PMD mevalonate diphosphate decar-
boxylase, G3P glyceraldehyde-3-phosphate, DXP deoxyxylulose-5-phosphate, DXS DXP synthase, 
DXR/IspC DXP reductase, MEP 2-C-methylerythritol-4-phosphate, MEPC MEP 
cytidylyltransferase, CDP-ME 4-(cytidine-5′-diphospho)-2-C-methylerythritol, CDP-MEK 
CDP-ME kinase, CDP-MEP 2-phospho-4-(cytidine-5′-diphospho)-2-C-methylerythritol, MEcP 
2-C-methylerythritol-2,4-cyclodiphosphate, MEcPS MEcP synthase, HMBPP (E)-4-hydroxy-3-
methyl-but-2-enyl pyrophosphate, HMBPPS HMBPP synthase, HMBPPR HMBPP reductase, 
IPP isopentenyl pyrophosphate, DMAPP dimethylallyl pyrophosphate [8]



few enzymes, such as Nudix hydrolases and other phosphatases, which can convert 
prenyl precursors into their respective alcohols [25].
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Fig. 4.3 The lower module of terpenoid biosynthetic pathway. The lower module consists of 
several terpenoid-precursor-specific and terpenoid-specific enzymes, which catalyze the conversion 
of IPP and DMAPP into a wide variety of terpenoids ranging from 5 carbon hemiterpenoids to 40 or 
50 carbon atom carrying carotenoids. IPP isopentenyl pyrophosphate, DMAPP dimethylallyl 
pyrophosphate, IDI isopentenylpyrophosphate isomerase, IspS isoprene synthase, GPP geranyl 
pyrophosphate, GPP GPP synthase, FPP farnesyl pyrophosphate, FPPS FPP synthase, PiS pinene 
synthase, LiS limonene synthase, BiS bisabolene synthase, AdS amorphadiene synthase, TxS 
taxadiene synthase, SqS squalene synthase, GGPP geranyl pyrophosphate, GGPPS GGPP 
synthase, PhS phytoene synthase [8] 

There is another group of enzymes that provides structural and function diversity 
of the terpenoids. This is cytochrome P450 monooxygenases or hydroxylases 
(CYP450s, CYPs). Together with the terpenoid synthases, the CYP450s govern 
the regio- and stereochemistry of the terpenoid molecules [26]. This category of 
enzymes is also heterologous to most of the microbial hosts, such as E. coli, and need 
to be expressed heterologously. Thus, the metabolic engineering of prokaryotic hosts 
plays an important role for the non-natural production of terpenoid-based metabo-
lites from them.
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4.3 Metabolic Engineering for Microbial Terpenoid 
Production 

It is well understood that the production of recombinant enzymes has revolutionized 
modern biotechnology, which has almost ended the unethical era of sacrificing tons 
of animal and plant resources for the extraction of commercially important metab-
olites. Engineering a terpenoid biosynthesis pathway in microbial hosts can be 
subdivided into two modules. The first or upper module consists of either MVA 
pathway or DXP pathway or both and are responsible for the enhanced accumulation 
of IPP and DMAPP. The second or lower module comprises enzymes for the 
biosynthesis of the terpenoid-specific precursors and the desired terpenoid mole-
cules. Thus, the optimization of both the modules is necessary for the non-natural 
production of terpenoids from engineered microbes. 

As discussed earlier, only the DXP pathway enzymes are endogenous to micro-
bial hosts and rest other enzymes are required to incorporate from foreign sources. 
Therefore, both the homologous and heterologous gene expression strategies are 
required simultaneously for the high-yield production of terpenoids from microbial 
sources. In the later sections, we have summarized the recent advances in both the 
homologous and heterologous expression strategies to achieve high-yield production 
of terpenoids from microbial cell factories. 

4.3.1 Metabolic Engineering Strategies for Optimization 
of Upper Terpenoid Module 

Enhancing the accumulation of IPP and DMAPP is the prime step for high-yield 
production of terpenoids from microbial sources, which depends upon improving the 
flux toward the upper module. It is well known that the endogenous DXP pathway in 
microbes is tightly regulated by several known and unknown regulations. The 
known limitations include insoluble nature of majority of the DXP pathway enzymes 
[27], feedback regulation of DXP synthase (DXS) by IPP and DMAPP [28], 
cytotoxicity to host cell by accumulation of IPP and DMAPP [29], and efflux of 
pathway intermediates, such as 2-C-methyl-D-erythritol-2,4-cyclodiphosphate 
MEcPP [30]. There might be several other regulations, which are yet to be unveiled. 

Engineering E. coli, which is the most widely utilized microbial chassis for the 
production of terpenoid, has shown that the introduction of heterologous MVA 
pathway can improve terpenoid titers several fold in comparison to overexpression 
of DXP pathway [11]. The enhanced yield in MVA expressing E. coli might be due 
to the lesser or no regulatory checks, which might allow its efficient expression. 
Recently, expression of MVA pathway has also been utilized in other prokaryotic 
hosts also for the production of terpenoids. It has been observed that like E. coli, 
expression of MVA pathway in alternate hosts, such as Corynebacterium



glutamicum and cyanobacteria, can also improve terpenoid production in respective 
hosts over the DXP pathway overexpression-based approaches [31, 32]. 
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4.3.1.1 Expressing Heterologous MVA Pathway 

Expression of heterologous MVA pathway in prokaryotes was imitated by Martin 
et al. [33] with a belief that “The DXP pathway might have unknown endogenous 
regulations,” which were discovered later as discussed above. They utilized E. coli 
as microbial chassis for the production of a heterologous metabolite, amorphadiene 
(precursor to antimalarial drug, Artemisinin) [33]. The heterologous MVA pathway 
was further subdivided into two modules to investigate the impact of the genes 
present in each module on the amorphadiene yield. The upper module (MevT) was 
responsible for supplying mevalonate, consisted of three enzymes namely 
acetoacetyl-CoA synthase (AtoB) from E. coli, hydroxymethylglutaryl-CoA 
synthase (HMGS) and HMG-CoA reductase (HMGR) from S. cerevisiae 
(Fig. 4.4). The MevT module was reposible for mevalonate supply to the lower 
module, which they named as MevB. The MevB was constructed by mevalonate 
kinase (MK), phosphomevalonate kinase (PMK), and mevalonate diphosphate 
decarboxylase (PMD) enzymes to convert mevalonate into IPP [33] (Fig. 4.4). 
Further, the IDI and IspA were also added to MevB and named as MBIS. The 
MBIS was capable of converting mevalonate into FPP. To make the both the 
modules/operons functioning, the consensus Shine-Dalgarno (SD) sequences 
(or ribosomal binding site, RBS) of E. coli was added to each gene, and a spacer 
sequence was also added between the 5′ end of the preceding gene and SD sequence 
of the successor gene. Further, to regulate the expression of the modules, the operons 
were kept under lac promoters on compatible plasmids. For the selection of positive 
clones for each plasmid, the different origins of replication and antibiotic resistance 
genes were used [34]. 

Encouraged from the above study, several terpenoid-based biomolecules have 
been produced from microbial hosts by utilizing heterologous MVA pathway, to 
date. However, majority of these studies are focused on the most genetically

Fig. 4.4 Mevalonate pathway modules. The upper module MevT converts acetyl-CoA in 
mevalonate. The lower module MevB and MBIS consumes mevalonate and convert it into IPP 
(isopentenyl pyrophosphate) and FPP (Farnesyl pyrophosphate), respectively. AtoB acetoacetyl-
CoA thiolase, HMGS 3-hydroxy-3-methylglutaryl-CoA synthase, HMGR 3-hydroxy-3-
methylglutaryl-CoA reductase, MK mevalonate kinase, PMK phosphomevalonate kinase, PMD 
mevalonate diphosphate decarboxylase, IDI isopentenylpyrophosphate isomerase [8]



tractable and traceable host E. coli [16, 35, 36]. With the progression of the terpenoid 
research field, several modifications have also been made to improve the efficiency 
of each MVA pathway modules, which we have discussed in later sections.
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Enzyme Modification 

Since the MVA pathway was discovered first in the eukaryotic system, therefore the 
majority of the studies on terpenoid production via MVA pathway utilization used 
MVA enzymes from the yeast, S. cerevisiae. Initially, native enzymes from 
S. cerevisiae were used, which showed lower activity in prokaryotic hosts. To 
improve the expression of certain MVA pathway enzymes, truncated versions of 
respective enzymes were also used. For example, amino-terminal truncated version 
of HMGR was used to increase its ability for converting HMG-CoA into mevalonate 
[37]. It is well known that organisms have different codon usage, which is a limiting 
factor for the high-yield expression of heterologous proteins. Therefore, to match 
E. coli codon usage, the codons optimized variants of S. cerevisiae MVA pathway 
genes were also utilized [37]. Utilization of truncated and codon-optimized forms of 
the gene improved terpenoid yield in recombinant microbes over the native enzyme. 
However, the improved variants of S. cerevisiae HMGR were unable to balance the 
mevalonate flux inside the host. Therefore, additional copies of improved HMGR 
variants were expressed with heterologous MVA pathway for the efficient conver-
sion of HMG-CoA into mevalonate [34]. 

Utilization of MVA Pathway Enzymes from Other Sources 

Among the enzymes of the MevT module, the AtoB and HMGR have been 
suggested as rate-limiting steps. This is because AtoB condenses two molecules of 
acetyl-CoA to generate acetoacetyl-CoA and thus directs carbon flux toward the 
MVA pathway. The HMGR on the other hand converts HMG-CoA, whose accu-
mulation affects fatty acid synthesis inside the host, into mevalonate [34]. On 
exploring enzymes from prokaryotic and eukaryotic sources, a group of enzymes 
have been identified that possesses AcAc–CoA synthase/acetoacetate-CoA ligase 
activity instead of acetoacetyl–CoA thiolase activity [38, 39]. Expression of 
enzymes from this subgroup, such as Acal in E. coli, increases the substrate range 
for the production of terpenoids because such enzyme can produce acetoacetyl-CoA 
by utilizing alternate substrates, such as lithium acetoacetate [38]. Further, 
expressing such enzymes together with native AtoB of the host might be beneficial 
to improve the mevalonate pool inside the hosts by simultaneously metabolizing 
wide substrate ranges. 

The HMGR enzyme, for which the majority of the bottlenecks were overcome by 
expressing its truncated and codon-optimized version in E. coli. However, it was 
found that the improved version of HMGR was also not effective to maintain the 
mevalonate flux and an additional copy of it was expressed for the efficient



utilization of accumulated HMG-CoA as discussed above. In an alternative way, 
more balance HMGR enzymes from microbial sources, especially prokaryotic 
origin, were also explored to improve mavolante flux inside the remobinant hosts 
[40–42]. The HMGR enzymes from prokaryotic origin have certain advantages over 
eukaryotic counterparts. For example, expression of a prokaryotic HMGR or HMGS 
does not require its truncated version. In some cases, codon optimization is also not 
required. The HMGS and HMGR enzymes from several prokaryotic hosts have been 
explored till now, such as from Enterococcus faecalis and Staphylococcus aureus 
[16, 35] and have shown better efficiency than S. cerevisiae HMGR [42]. This might 
be due to their reductase activity in addition to the acetyl-CoA transferase activity 
[42]. Further, exploration of such bifunctional enzymes from other microbial sources 
might be helpful to improve terpenoid yield beyond the currently achieved titers. 
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Utilization of Synthetic Scaffold 

For the high-level production of terpenoids from recombinant microbes, not only the 
optimal expression of recombinant enzymes is required but also the stoichiometry of 
the participating enzymes should be balanced. Dueber et al. [43] demonstrated a 
promising approach, in which they tethered the MevT enzymes in synthetic scaffold 
to balance the metabolic flux. To prepare the scaffold, GTPase-binding domain 
(GBD), Src homology-3 domain (SH3), and PSD95/DlgA/Zo-1 (PDZ) binding 
domain from metazoans were joined together by nonstructure forming amino acids 
as shown in Fig. 4.5 [43]. Tethering of MevT enzymes to the scaffold was facilitated 
by incorporating cognate ligands of GBD, SH3, and PZD on the C-terminus of

Fig. 4.5 Synthetic scaffolds to control the flux in upper MVA module flux. GBD GTPase-binding 
domain, SH3 Src homology-3 domain, and PDZ PSD95/DlgA/Zo-1-binding domain [8]



AtoB, HMGS, and HMGR enzymes of MevT, respectively. The novel scaffold 
pathway thus formed showed better efficiency than the conventional pathway. 
This might be due to the co-localization of the MevT enzymes in a superlative 
combination, which might result in optimized stoichiometry of the enzymes at the 
scaffold [43]. Thus, the synthetic scaffolds might be helpful to optimize the number 
of the interacting domains, which would be sufficient to improve the accumulation 
of pathway intermediates beyond their toxic levels.

4 Metabolic Engineering for the Biosynthesis of Terpenoids from. . . 69

Optimization of MevT is important for the high-level accumulation of 
mevalonate, which is further utilized by the MBIS module to biosynthesize desired 
terpenoids. The first enzyme of the lower module (MBIS) of the MVA pathway is a 
kinase (MK), which phosphorylates mevalonate into phosphomevalonate or 
mevalonate-5-phosphate (MP). Like the upper module of the MVA pathway, initial 
studies on terpenoid production utilized MK from S. cerevisiae. Later it was found 
that the MKs are regulated by feedback inhibition from downstream prenyl pre-
cursors, such as MVPP, IPP, DMAPP, FPP, and GPP [44]. George and coworkers 
[44] demonstrated that the feedback regulation of MK can be overcome by 
expressing the feedback-resistant variants of MKs from archaeal sources. They 
have successfully shown the high-yield expression of isopentenol, a hemiterpene 
alcohol, by utilizing MK from Methanosarcina mazei [44]. Later, Kazieva et al. [45] 
discovered few more variants of feedback-resistant MKs from archaeal sources [45], 
which might be used in place yeast MK to improve downstream prenyl precursor 
flux for enhancing terpenoid production in recombinant microbial strains. 

The PMK and PMD are the other two enzymes of the MBIS module, which 
convert MK into IPP in two successive steps. Like other MVA pathway enzymes, 
initially the PMK and PMD of S. cerevisiae were used. Later, the PMK and PMD 
from other microbial sources, such as Streptococcus pneumonia, have also been 
utilized [46, 47]. PMK has also been considered as a rate-limiting step in the MBIS 
module, as its optimal expression is challenging [48]. To improve the expression of 
PMK in engineered hosts, Redding-Johanson et al. [48] applied a strong promoter, 
which resulted in the increase in the accumulation of downstream terpenoid-based 
metabolites [48]. Optimization of the MBIS module has not been studied in detail as 
MevT, which might be the thrust area toward heterologous terpenoid production 
from microbial sources. Recently, the PMD enzyme, which catalyzes the biosynthe-
sis of IPP from mevalonate pyrophosphate, has been used to construct an 
MVA-dependent IPP-bypass route for isopentenol production (see the later section). 

Though the majority of the bottlenecks regarding the high-level expression of 
MVA pathway modules have been resolved; however, its expression in microbial 
hosts other than E. coli is still a challenge. Recently, expression of heterologous 
MVA pathway has been demonstrated in a GRAS (generally regarded as safe by 
FDA) status bacterium, C. glutamicum, for the production of isopentenol [32]. It 
indicates that the alternate microbes might also have potential for the expression of 
heterologous pathways, and they can be utilized for the production of terpenoid-
based flavor and pharmaceuticals.
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4.3.1.2 Tuning Endogenous DXP Pathway 

Optimization of a host’s endogenous pathway is always adventitious because the 
host’s transcription and translation machinery already have tools for their expres-
sion. However, sometimes these machineries also have a tight regulation on the 
endogenous pathways and hinder its overexpression. The endogenous DXP pathway 
of the microbes is also regulated by several known and unknown factors, which 
restrict its optimal overexpression in prokaryotic hosts. This pathway carries seven 
enzymatic steps for the conversion of G3P and pyruvate into prenyl precursors. 
Apart from the precursors and the enzymes, the simultaneous biosynthesis of IPP 
and DMAPP in a ratio 5:1 [49] also makes it different from the MVA pathway of the 
eukaryotes. There are many endogenous regulations associated with almost each 
step of the DXP pathway, some of them have been identified and others are still 
unknown. In this section, we have summarized the metabolic engineering strategies 
that have been utilized for the optimal expression of DXP pathway genes. We have 
also discussed some of the bottlenecks in the DXP pathway and strategies to 
overcome those challenges for the improved production of terpenoids from prokary-
otic hosts. 

Until date, several bacterial chassis have been explored for production of terpe-
noids by engineering endogenous DXP pathway. Unlike MVA pathway-based 
studies, which are focused on E. coli, the terpenoid production via DXP pathway 
modulation is concentrated on alternate microbial hosts, such as B. subtilis [13], 
C. glutamicum [50], and cyanobacteria [14]. The other microbial communities such 
as Pseudomonas putida [51, 52] and Streptomyces venezuelae [53] have also been 
explored. Though these microbial hosts have their own set of advantages; however, 
the studies on these microbes are very few. This might be due to the lack of genetic 
tools for the multiple gene expression in P. putida and Streptomyces sp. 

As discussed, the primary aim of pathway optimization is to improve the meta-
bolic flux through the desired pathway. In the case of DXP pathway, its first enzyme, 
the DXP synthase (DXS), plays an important role in converging metabolic flux by 
condensing G3P and pyruvate to form DXP. Overexpression of DXS is the universal 
approach to direct metabolic flux toward the DXP pathway in engineered organisms 
[27, 54, 55]. Unexpectedly, its overexpression did not improve pathway flux beyond 
a certain extent [27, 56, 57]. It was found that the DXS enzyme has some bottle-
necks, which include its low turnover number [58], feedback inhibition by IPP and 
DMAPP [28, 59], and insoluble nature [27, 59, 60]. Together these limitations make 
DXS a rate-limiting step of the DXP pathway. Kudoh et al. (2017) screened DXS 
enzymes from different microbial sources in order to develop a robust isoprenoid 
biosynthesis system. The basis of screening was resistance to feedback inhibition, 
solubility, and enzymatic activity. They observed that none of the DXS enzymes was 
fit into all the search categories. Interestingly, each parameter was satisfied by a 
different DXS separately. The DXS from B. subtilis was identified with highest 
resistance to feedback regulation, whereas DXS from Paracoccus aminophilus and 
Rhodobacter capsulatus showed highest solubility and enzymatic activity,



respectively [59]. It indicates that DXS enzyme that exhibits all above-mentioned 
promising properties might not exist naturally. Therefore, high-throughput synthetic 
biology tools and techniques can be utilized to improve its functionality. A compar-
ative scrutiny of the functionally closest set of natural variants of DXSs from each 
category/parameter might be helpful to decipher the evolutionary conserved loci and 
to select the potential motif sequences. Further, the outcomes of the scrutiny can be 
utilized to redesign a functionally improved variant of DXS, which may possess all 
the desired quality, by applying advanced synthetic biology and metabolic engineer-
ing approaches. 
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It has also been established that soluble variants of DXS are more catalytically 
active than the insoluble or less soluble enzymes [60], which might be due to their 
superior folding capabilities. To improve the DXS solubility, both the synthetic 
biology [61] and media optimization [27, 60] approaches have been utilized. Addi-
tion of the small polyionic tags, which are less likely to interfere with the core 
structure of a target protein, has been shown to improve protein solubility [62]. In a 
recent study, Han et al. [61] have demonstrated that the insertion of short peptide 
tags can also improve the solubility of DXS protein. For this they utilized machine 
learning tools, which were based on the protein sequence information, to optimize 
protein properties [61]. The solubility of the tagged protein was evaluated first by a 
support vector regression model [63] and then validated experimentally. It was 
found that small polypeptide tags improved the solubility of the tagged-DXS over 
the untagged-DXS. Although this study by Han et al. [61] was not a dedicated study 
on terpenoid pathway and DXS enzymes, it suggested an alternative methodology 
for optimizing the soluble expression of overexpressed DXP pathway proteins. 

The DXP reductase (DXR or IspC) enzyme acts just downstream to DXS and 
catalyzes the transformation of DXP into 2C-methyl-D-erythritol-4-phosphate 
(MEP). The role of DXR in the overexpressed DXP pathway is controversial 
because majority of the incidences its overexpression did not enhance the down-
stream terpenoid titers [57, 64] and considered as a nonessential enzyme for 
overexpression studies. Opposed to the above-mentioned observations, there are 
certain studies that showed the overexpression of DXR/IspC either singly [65, 66] or  
as a coexpression partner with DXS [67, 68] enhanced terpenoid titers in recombi-
nant strain. 

The MEP-cytidylyltransferase (MEPC or IspD) and 4-diphosphocytidyl-2C-
methyl-D-erythritol kinase (CDP-MEK or IspE) are the next two enzymes, which 
require CTP and ATP as a cofactor respectively, to catalyze the conversion of MEP 
into CDP-MEP and overexpression of either enzyme has not shown enhanced 
terpenoid titers in recombinant hosts [58, 69, 70]. The inadequate supply of the 
cofactors for each enzyme might be a limiting factor for the little or no improvement 
in terpenoid yield after their overexpression. It has been shown that optimization of 
culture medium by supplying high concentration of phosphate salts improved the 
cofactor supply and thus enhanced the accumulation of DXP pathway intermediates 
and final terpenoid-based metabolites in recombinant hosts [71]. Recently, 
coexpression of CTP synthase endogenous pyrophosphatases have been shown to 
restore the production of isoprene, a terpenoid-based volatile compound, in DXS and



IspD overexpression strain [69]. This suggested that balanced precursor supply with 
the overexpressed IspD and IspE enzyme might increase terpenoid yields in recom-
binant microbes. 
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Conversion of CDP-MEP into 2-C-methyl-D-erythritol-2,4-cyclopyrophosphate 
(MEcP) is catalyzed by MEcP synthase (MEcPS or IspF). In a few microbes, the 
IspF has been identified to be linked with IspD either in a single operon or as a fusion 
product (IspDF) [72]. Overexpression of the both the form of IspF has been explored 
in recombinant microbes to improve terpenoid yields [70, 73]. Like DXR, the 
overexpression of IspF did not increase terpenoid production in recombinant strains. 
Hence, it is also considered as a nonessential enzyme for overexpression studies. 
Identification of bottlenecks in the overexpression of IspF might be helpful to utilize 
this enzyme fullest for enhancing terpenoid yields in microbial hosts. 

It has been found that after overexpression of certain DXP pathway enzyme 
microbial cells efflux MEcP [30], which might also be a limiting factor for the lesser 
or no improvement of terpenoid production in recombinant hosts after IspF 
overexpression. The efflux to MEcP might result in the reduction of precursor supply 
for the downstream enzyme, 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate 
synthase (HMBPPS or IspG). It was observed that overexpression of IspG can 
reduce the MEcP efflux in recombinant strains [30]. This indicated that the reaction 
catalyzed by IspG is also a rate-limiting step in the DXP pathway. Thus, its optimal 
and functional expression is crucial for the enhanced production of terpenoid-based 
metabolites in recombinant strains. Protein fusion products of two consecutive 
enzymes of a pathway have shown improved availability of the intermediates 
produced by the former enzymes to the later enzymes of the fusion product 
[44, 74]. Expression of IspF with the IspG could be an attractive alternative for the 
reduction of MEcP efflux and thus improving accumulation of downstream inter-
mediates for terpenoid production. 

The HMBPP reductase (HMBPPR or IspH) is the last enzyme of the DXP 
pathway that converts HMPP into IPP and DMAPP in a ratio 5:1. Like DXR, 
overexpression of IspH has also shown contradictory results in recombinant strains. 
In B. subtilis, overexpression of IspH improved carotenoid titer [66], whereas in 
E. coli, its overexpression resulted in reduction of squalene production 
[70]. Overexpression of IspH in microbial hosts has been least studied, and its 
endogenous regulations are still unknown. Therefore, more dedicated studies are 
required to understand in detail about the contribution of ispH in modulated DXP 
pathway in engineered microbes. 

4.3.1.3 MVA-Dependent Novel IPP-Bypass Route 

It has been established that in the absence of efficient downstream enzymes, accu-
mulation of IPP and DMAPP (after the expression of MVA pathway components) 
induces toxicity in microbial hosts [29]. This prenyl precursor-induced toxicity can 
be removed either by the expression of more active variants of downstream enzymes 
or by expressing multiple copies of the same. For the production of terpenoids



having carbon atoms equal to ten or more, IPP and DMAPP are the essential 
precursors. However, for the hemiterpenoids, which possess five-carbon atoms, 
this requirement can be overcome by the expression of an MVA-dependent 
IPP-bypass route [75, 76]. 
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Fig. 4.6 MVA-mediated IPP bypass pathway for hemiterpene production [8] 

Kang et al. [75] demonstrated that in the absence of PMK enzyme, PMD enzyme 
of the MVA pathway could catalyze the direct conversion of mevalonate and MP 
into isoprenol and isopentenyl monophosphate (IP), respectively. The IP can be 
further converted to isoprenol by endogenous phosphatases, such as AphA [75]. In 
the same year, Yang and coworkers [76] showed that the IPP-bypass route can also 
be constructed without using the MBIS module of MVA pathway. For this, they 
incorporated a fatty acid decarboxylase (OleTJE) from Jeotgalicoccus spp. into an 
E. coli strain, which was already containing the MevT module of MVA pathway 
[76]. The OleTJE enzyme was able to catalyze the direct conversion of mevalonate 
into isoprenol. Further, they also demonstrated that the oleate hydratase (OhyAEM) 
from Elizabethkingia meningoseptica could convert isoprenol into isoprene 
[76]. Thus, the IPP-bypass pathways overcome the requirement of truncated and 
codon-optimized versions of eukaryotic genes for the production of hemiterpenes 
and thus reduce the cost and efforts involved in train development for the same. The 
other advantage of the MVA-dependent routes is that they reduce cellular energetic 
for the production of hemiterpenoids, such as isoprenol and isoprene [75, 76] 
(Fig. 4.6). This is due to the reduction in the number of steps required for the 
hemiterpenoid production via IPP-bypass routes as compared to conventional 
MVA route. The reduction in enzymatic steps not only reduces the cellular energetic 
but also minimizes the metabolic burden on the host cell for the production of 
hemiterpenoids. 

4.3.2 Metabolic Engineering of Downstream Terpenoid 
Pathway in Microbes 

As discussed, the upper modules (MVA and DXP pathways) of the terpenoid 
biosynthesis produce the universal precursors, IPP and DMAPP, for the downstream 
terpenoid production. Terpenoid-based metabolites generally follow “isoprene rule,” 
which implies that they are formed by joining multiple isoprene units and contain



carbon atoms in multiple of five [5]. Based on number of carbon atoms, terpenoids 
are classified as hemiterpenes (five carbon atom carrying terpenoids), 
monoterpenoids (ten carbon atom carrying terpenoids), sesquiterpenoids (fifteen 
carbon atom carrying terpenoids), diterpenoids (twenty carbon atom carrying terpe-
noids), triterpenoids (thirty carbon atom carrying terpenoids), and carotenoids (forty 
or more carbon atom carrying terpenoids). 
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Hemiterpene-based metabolites are directly synthesized either from IPP or 
DMAPP. For example, isoprenol is biosynthesized from IPP, whereas, prenol and 
isoprene are formed from DMAPP. For the biosynthesis of the precursors for higher 
terpenoids, such as monoterpenoids, sesquiterpenoids and diterpenoids, the down-
stream enzyme utilized IPP and DMAPP. For example, precursor to all 
monoterpenoids, geranyl pyrophosphate (GPP), is biosynthesized via condensation 
of IPP and DMAPP by GPP synthase (GPPS). Similarly, farnesyl pyrophosphate 
(FPP), a precursor to sesquiterpenoids, is formed from the condensation of GPP and 
IPP by FPP synthase (FPPS). The geranylgeranyl pyrophosphate (GGPP), which is a 
precursor to all diterpenoids, is biosynthesized by GGPP synthase (GGPPS) via 
condensing FPP and IPP. Further the enzymes squalene synthase and phytoene 
synthase utilize FPP and GGPP to produce precursors for triterpenes and caroten-
oids, respectively. 

Majority of the commercially important terpenoids are heterologous to microbial 
hosts; therefore, their biosynthesis enzymes need to be incorporated along with their 
precursor-specific enzymes in microbial hosts. In the later sections, we have sum-
marized the heterologous and homologous/endogenous engineering approaches for 
the expression of terpenoid-specific enzymes in microbial hosts to convert accumu-
lated IPP and DMAPP into respective terpenoids. 

4.3.2.1 Pathway Engineering for Hemiterpenoid Production 

Hemiterpenes are the five carbon atoms carrying simplest form of terpenoids and 
industrially utilized as a precursor for the synthesis of plenteous terpenoid-based 
flavor, pharmaceuticals, synthetic rubber, and other commodity chemicals. The IPP 
and its isomer DMAPP are the direct precursors for the biosynthesis of 
hemtiterpenoids. Among the plenteous compounds of this category, microbial pro-
duction of isoprene and isopentenol (isoprenol and prenol) has been most widely 
studied due to the industrial importance of both the compounds. Isoprene is a volatile 
gas that is biosynthesized from DMAPP by isoprene synthase (IspS) enzyme. 
However, the IspS gene has not been identified in microbial hosts and needs to be 
expressed into them heterologously. The IspSs from several plant species, such as 
Populus spp., Pueraria montana, Eucalyptus spp., Mangifera indica, Elaeocarpus 
photiniifolius, and Ipomoea batatas, have been explored in microbial hosts for the 
production of isoprene [77, 78]. Majority of the studies have utilized IspS from 
Populus spp. and P. Montana [14, 78]; however, a more active variant of IspS was 
identified from I. batatas, which outperformed the IspSs of Populus alba and 
P. Montana in terms of isoprene production [77]. Further, directed evolution studies



on already discovered IspS might be helpful for the development of more active 
variants of IspS, else, extensive studies on the discovery of microbial IspSs could 
provide a breakthrough in this field. 

4 Metabolic Engineering for the Biosynthesis of Terpenoids from. . . 75

The hemiterpene alcohols, isopentenols, are synthesized from the hydrolysis of 
IPP and DMAPP by endogenous phosphatases and pyrophosphatases. Isoprenol is 
synthesized from IPP, and prenol is synthesized from DMAPP. Withers et al. [29] 
demonstrated that the B. subtilis enzymes, NudF and YhfR, could rescue the 
engineered host from IPP-induced toxicity by converting it into isopentenol due to 
their multicalatytic activity [29]. Encouraged from their findings, several phospha-
tases and pyrophosphates have been investigated until date for their isopentenol 
producing capabilities [42, 79]. The extensive studies on isopentenol producing 
enzymes led to the identification of Nudix hydrolases, such as B. subtilis NudF 
(NudFBs) and E.coli NudB (NudBEc) as the most efficient pyrophosphatases for the 
conversion of IPP and DMAPP in to their respective isopentenols. Further, it was 
identified that basal level expression of Nudix hydrolases was not enough to convert 
all the accumulated IPP and DMAPP into isopentenol efficiently. Therefore, for the 
optimal expression of Nudix hydrolases, the ribosomal-binding site (Shine-Dalgarno 
sequence or RBS) of NuBEc was optimized by using well-developed computational 
tools [44]. Optimization of RBS sequence improves the utilization of accumulated 
IPP and DMAPP and led to highest isoprenol titer ever achieved form a microbial 
host [44]. 

Initially, it was believed that the NudFBs or NudBEc directly transforms IPP and 
DMAPP into isoprenol and prenol, respectively, by removing pyrophosphate 
groups. Recently, it was found that pyrophosphatases remove only one phosphate 
group from prenyl pyrophosphates and convert them into prenyl monophosphates 
[75]. Conversion of prenyl monophosphates into their respective alcohol is catalyzed 
by endogenous phosphatases. Until now, the E. coli AphA enzyme has been 
recognized as the most effective phosphatase for the production of terpenoid alco-
hols from prenyl monophosphates [25, 75]. Therefore, identification of more effi-
cient phosphatases from other microbial sources might be beneficial for improving 
isopentenol titers from engineered microbes. Alternatively, expression of AphA with 
either NudFBs or NudBEc might also be explored for improving the availability of 
prenyl monophosphates to AphA and thus increasing the yield of isopentenols. 

As we have discussed, isoprene and prenol are synthesized from DMAPP. 
Therefore, its adequate supply is necessary for their high-yield production. We 
have also seen that the MVA pathway synthesizes IPP as the first prenyl precursor, 
and DXP pathway produces IPP and DMAPP in a ratio 5:1. In both the cases, the 
enzyme, IDI, maintains the balance between IPP and DMAPP inside microbial 
hosts. Overexpression of IDI from both the eukaryotic [54] and prokaryotic [80] 
sources has shown improved titers of DMAPP-derived hemiterpenoids. Another 
reason for the lesser availability of DMAPP is its quicker utilization by IspA for the 
biosynthesis of FPP. To counter this challenge, expression of IDI with NudBEc has 
been explored to increase the yield of prenol in engineered E. coli. It has been seen 
that protein fusion product of IDI and NudBEc has shown higher prenol titer than



their co-expression [79]. Similarly, protein fusion products of IspS with IDI might 
also be helpful to increase isoprene titers in recombinant microbes. 
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4.3.2.2 Pathway Engineering for Monoterpenoid Production 

The monoterpenes subclass of terpenoids consists of ten carbon atoms carrying 
cyclic and cyclic compounds. They are the major constituents of the essential oils 
of several aromatic plants and the resin of high-altitude plants. As discussed, GPP is 
the common precursor to all monoterpenoids and is synthesized by GPPS. However, 
microbes do not possess the GPPS enzyme, and the endogenous enzyme IspA 
quickly uptakes the GPP produced by it for further biosynthesis of FPP. Thus, to 
increase GPP flux inside microbial hosts, several variants of GPPS have been 
expressed in microbes. The GPPSs from Abies grandis, Pinus abies, and Pinus 
taeda are some of the widely utilized enzymes to improve GPP flux in microbial 
hosts [11]. The next step after improving flux toward GPP is to express heterologous 
monoterpene synthase enzymes, such as pinene synthase (PiS) and limonene 
synthase (LiS), of plant sources because microbial hosts do not carry these enzymes 
naturally. We have already discussed that the eukaryotic enzymes consist of a few 
domains that hinder their efficient expression in prokaryotes. To remove the unnec-
essary domains, such as membrane spanning domains and plastid transit domain, 
these enzymes need to be truncated. Truncated enzymes due to their reduced size do 
not form protein aggregates like their nontruncated versions. Thus, truncation also 
helps in soluble expression of heterologous proteins. In addition to truncation, codon 
optimization is also important for the high-level expression of heterologous mono-
terpene synthase enzymes. Both the truncated and codon optimized variants of GPPS 
and monoterpene synthase enzymes have shown higher terpenoid titers in recombi-
nant hosts as compared to their nonoptimized versions [81–83]. 

Like Nudix hydrolases, RBS optimization of GPPS has also been explored for the 
efficient conversion of IPP and DMAPP into GPP [84]. The RBS optimized GPPS 
has shown improved yield of monoterpenoid-based metabolite indicating enhanced 
accumulation/availability of GPP for downstream monoterpenoid synthase enzyme. 
It has also been found that the GPPS and monoterpene synthase enzymes, such as 
PiS, can be inhibited by GPP via feedback regulation. Thus, the efficient conversion 
of GPP into monoterpenes is crucial to rescue host from GPP-induced feedback 
inhibition of monoterpenoid biosynthesis machinery. For this, protein fusion product 
of monoterpene synthase with GPPS can be an excellent alternative [83] because it 
would improve the availability of GPP for monoterpene synthase and hence might 
improve desired monoterpene titer. Alternatively, RBS optimization for GPPS can 
also be sought to improve its expression in prokaryotic hosts. It has also been found 
that the activity of monoterpene synthases, such as PiS, depends upon the presence 
of divalent metal ion Mn2+ [85]. However, the E. coli cytosol generally lacks Mn2+ 

and is rich in Mg2+ . Tashiro et al. [85] developed a mutant version of PiS (PiSmut), 
which showed reduced dependency on Mn2+ and increased terpenoid titer in recom-
binant E. coli over its native version. Thus, the improved variant of GPP developed



using directed mutagenesis might be more beneficial for the efficient utilization of 
GPP and for high-yield production of monoterpenoids. 
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4.3.2.3 Pathway Engineering for Sesquiterpenoid Production 

The sesquiterpenes are the largest subclass of terpenoid super family, which contains 
both cyclic (mono-, bi- or tri-cyclic) and acyclic compounds with several biological 
activities including antifungal, antimalarial, and anti-inflammatory [86, 87]. In addi-
tion, they play a varied physiological role in plants, insects, and fungi [4]. The FPP is 
the common precursor for the biosynthesis of sesquiterpenoids in the living system. 
In microbial hosts, it is produced by IspA enzyme that utilizes IPP and DMAPP, 
whereas eukaryotic systems possess FPPS enzymes that utilize GPP and IPP for the 
production of FPP. To improve the FPP flux, overexpression of endogenous IspA 
was preferred over the expression of heterologous FPPS [37, 88, 89]. However, only 
the overexpression of IspA is not sufficient because IspA requires both IPP and 
DMAPP to biosynthesize FPP, and microbial cells produce more IPP and DMAPP. 
Therefore, for improving DMAPP supply, co-expression of IDI with IspA was 
utilized [90]. It was observed that overexpression of IDI with IspA improved 
farnesene titer in recombinant E. coli [90] indicating the dependency of IspA 
on IPP:DMAPP balance inside the microbial cells. 

Like monoterpenes, most of the commercially important sesquiterpenes are 
heterologous to microbial hosts. Therefore, to convert FPP into desired 
sesquiterpenoids, heterologous sesquiterpenoid synthases, such as amorphadiene 
synthase (ADS), farnesene synthase (FaS), and bisabolene synthase (BiS), need to 
be incorporated in microbial hosts. Production of acyclic or monocyclic 
sesquiterpenoids, such as farnesene, farnesol, and bisabolene, is comparatively 
easy than the complex sesquiterpenoids amorphadiene. This is because the synthesis 
of simpler sesquitepenoids generally requires single catalyzed step after FPP, 
whereas biosynthesis of complex sesquitepenoids requires multisteps, which are 
catalyzed by cytochrome P450 enzymes (CYP450s or CYPs). Together with the 
terpenoid synthases, the CYPs control the regio- and stereochemistry of a variety of 
bioactive terpenoids [26]. However, expression of CYPs in microbial hosts is still a 
challenge and may put extra burden on microbial chassis. Therefore, researchers are 
currently focusing on the precursor molecules for complex terpenoids so that it can 
be converted into complex terpenoid via few chemical modifications. 

4.3.2.4 Pathway Engineering for Higher Terpenoid Production 

The biosynthesis of higher terpenoids, such as diterpene, triterpene, and carotenoids, 
also requires expression of heterologous enzymes. For example, to synthesize 
diterpenes, GGPP is the common precursor, which is biosynthesized by heterolo-
gous GGPPS enzyme. GGPP consumes FPP and IPP to biosynthesize GGPP. 
Similarly, heterologous squalene synthase (SqS) and phytoene synthase (PhS) are



required for the triterpenes and carotenoid biosynthesis in microbial hosts, respec-
tively. The SqS condenses two FPP molecules to convert them into squalene, which 
is itself a bioactive compound and precursor to triterpenoids, while PhS utilizes two 
GGPP molecules to produce phytoene. Thus, we can say that accumulation of FPP is 
crucial for higher terpenoid production, which is governed by the activity of IDI 
and IspA. 

78 V. Shukla et al.

Among diterpenoids, production of taxadiene is widely studied due to its eco-
nomical importance. Taxadiene is a precursor to potential chemotherapeutic agent, 
paclitaxel (Taxol), which is a complex terpenoid. As discussed, biosynthesis of 
complex terpenoid requires CYPs, which is challenge for microbial system; there-
fore, the expression of heterologous taxadiene synthase (TxS) is currently being 
utilized together with the expression of IspA and GGPPS for the production of 
taxadiene [91, 92]. The taxadiene can be further converted to Taxol via chemical 
routes. Similarly, to produce squalene from B. subtilis, co-expression of IspA and 
SqS was utilized together with other DXP pathway components [93]. Further, to 
improve the availability of FPP for SqS for efficient conversion of FPP into 
squalene, protein fusion product of IspA and SqS has also been successfully utilized 
in microbial hosts [94, 95]. 

Microbial carotenoid production was explored in E. coli in the early 90s by 
incorporating carotenoid biosynthesis from Erwinia uredovora [96]. During early 
days, the carotenoid production was explored without optimizing the upper terpe-
noid modules (MVA or DXP). Later, the discovery of DXP pathway and successful 
incorporation of MVA into E. coli microbial enable researchers to improve prenyl 
precursor production for carotenoid production [97, 98]. To increase carotenoid 
yield, overexpression of PhS or CrtB is important for the condensation of two 
GGPP molecules. The carotenoid-specific enzymes such as phytoene desaturase 
(CrtI) need to be introduced to convert phytoene into lycopene [99]. Further, the 
downstream enzymes like Lycopene β-cyclase (CrtY), β-carotene ketolase (CrtW), 
and β-carotene hydroxylase (CrtZ), which act downstream to CrtI can give rise to 
wide variety of carotenoids such as β-carotene, zeaxanthin, anthaxanthin, and 
astaxanthin [100]. 

4.4 Conclusion 

There is no doubt that metabolic engineering approaches have contributed tremen-
dously in the area of microbial terpenoid production. Despite several success stories 
[101–103], bottlenecks still persist for achieving the high-yield production from 
microbial routes. Though the DXP pathway is stoichiometrically more competent 
than MVA pathway [104], the terpenoid yields obtained from the overexpression of 
DXP pathway are far lesser than the same achieved through incorporating heterol-
ogous MVA pathway. Addressing some of the bottlenecks of DXP pathway enzyme 
has shown some improvement; however, the terpenoids titers are still lagging behind 
to that of MVA pathway expression. It indicates that the metabolic flux to DXP



pathway in microbial hosts is subjected to multilevel regulations, which need to be 
elucidated by conducting more dedicated studies on each enzyme of the DXP 
pathway and on the channelization of the carbon flux inside the host. 
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Chapter 5 
Modern Analytical Techniques 
for Extraction, Purification, and Structural 
Characterization of Microbial Bioactive 
Compounds 

Pramod Rawat, Yashaswi Singh, Manisha Bisht, and Manoj Pal 

Abstract Analytical techniques play a vital role in extraction, purification, and 
molecular characterization of bioactive molecules. The selection of appropriate 
analytical method depends mainly on the specific properties of the bioactive com-
pound being isolated. Since these bioactive compounds derived from microorgan-
isms found in different environmental conditions, ranging from moderate to extreme, 
therefore it is impossible to apply a single analytical method universally. Moreover, 
conventional analytical methods often fall short, especially when multiple nones-
sential compounds co-elute during the initial solvent extraction and chromatographic 
purification processes. Nevertheless, significant improvements and advancements 
are being made in existing analytical methods to enhance the speed and accuracy of 
the isolation process. Several advanced techniques, such as solid phase extraction 
(SPE), supercritical fluid extraction (SFE), liquid chromatography-mass spectrome-
try (LC–MS), single-crystal X-ray diffraction (SCXRD), and two-dimensional 
nuclear magnetic resonance (2D-NMR), are uncovering the way for future advance-
ments in the characterization of bioactive compounds. 

Keywords Bioactive molecules · Microorganisms · Solvent extraction · 
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5.1 Introduction 

Microbial habitats often present challenging conditions, including high temperature, 
high pressure, high salinity, and high pressure. In order to thrive in these harsh 
environments, microorganisms have evolved various adaptation mechanisms, one of 
which involves the synthesis of specific bioactive molecules [1, 2]. Bacteria, acti-
nomycetes, fungi, and microalgae isolated from diverse environments are a rich 
source of various valuable bioactive compounds, such as antibiotics, food enzymes, 
industry-used enzymes, vitamins, biopesticides, biodegradable plastics, antifungal 
compounds, anticancer compounds, antioxidants, and immunomodulators [3]. None-
theless, researchers face substantial challenges when it comes to isolating and 
characterizing these bioactive molecules from complex biological sources. These 
compounds often exist in minuscule quantities, buried within a sea of complex 
mixtures, necessitating sophisticated analytical techniques to unravel their secrets. 
Consequently, a diverse range of powerful tools and methodologies has been 
developed to facilitate their discovery, isolation, and characterization. 

Initially for the extraction of bioactive molecules, microbial isolates are cultured 
in the laboratory using appropriate growth media and conditions. Generally, the 
culturing process starts on a small scale, and once optimized, it is scaled up in 
fermenters or bioreactors and photobioreactors. Following mass culturing, the focus 
shifts toward the separation and purification of bioactive molecules, which usually 
starts with different conventional and advanced extraction methods. Various extrac-
tion methods are frequently employed to separate bioactive molecules from micro-
organisms, including solid-phase extraction, liquid–liquid extraction, supercritical 
fluid extraction, microwave-assisted extraction, and enzymatic extraction, among 
others [4]. Each technique has its own advantages, limitations, and compatibility 
with microorganism sources. Moreover, the influence of extraction parameters, 
including solvent selection, extraction time, temperature, and methods for microbial 
cell disruption, should not be disregarded, as they significantly affect the efficiency 
and selectivity of extracting bioactive compounds. 

However, the crude extract, which contains various nonessential components, 
cannot undergo further characterization until it is subjected to purification. To 
achieve purification of the bioactive compound, a range of chromatographic pro-
cedures are employed, including gas chromatography (GC), high-performance liq-
uid chromatography (HPLC), and mass spectrometry (MS) interfaced 
chromatographic techniques, such as LC–MS, and GC–MS [5]. Subsequently, 
after chromatographic purification, molecular-level characterization can be carried 
out using advanced spectroscopic methods, such as tandem mass spectrometry 
(MS/MS), X-ray crystallography, nuclear magnetic resonance (NMR), and 
Fourier-transform infrared spectroscopy (FT-IR) [6]. 

However, the crude extract, which contains different nonessential components, 
cannot be further characterized until it is purified. To purify the bioactive compound, 
various chromatographic procedures are used, such as high-performance liquid 
chromatography (HPLC), gas chromatography (GC), and mass spectrometry



(MS) interfaced chromatographic techniques, such as GC–MS and LC–MS. After 
chromatographic purification, molecular-level characterization can be performed 
using highly sophisticated spectroscopic methods, such as nuclear magnetic reso-
nance (NMR), Fourier-transform infrared spectroscopy (FT-IR), tandem mass spec-
trometry (MS/MS), and X-ray crystallography. 
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Fig. 5.1 General schematic approaches for extraction, purification, and characterization of bioac-
tive molecules 

In all these processes, the extraction of bioactive compounds from microorgan-
isms is a critical step for isolating and studying their potential therapeutic properties. 
The choice of an appropriate extraction method greatly influences the yield, purity, 
and bioactivity of the isolated compounds. Therefore, it is essential to evaluate 
various extraction techniques to optimize the extraction process and obtain maxi-
mum recovery of bioactive compounds. The second most important step for the 
characterization of bioactive compounds is chromatographic purification, the cred-
ibility of which depends on the purity of the bioactive component for further 
characterization at the molecular level using different spectroscopic techniques. 
The choice of extraction, purification, and characterization methods depends on 
different factors, such as compound stability, target bioactivity, ease of scale-up, 
and downstream applications, which should be considered during method selection. 
General schematic bioprocess methods are indicated in Fig. 5.1. By optimizing the 
extraction process, researchers can enhance the discovery and development of novel



bioactive compounds from microorganisms, leading to potential breakthroughs in 
pharmaceutical and biotechnological applications. 
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5.2 Biomass Processing; Extraction, Purification, 
and Characterization of Bioactive Molecules 

5.2.1 Biomass Propagation 

Microorganisms isolated from the environment are grown in the laboratory and 
optimized for cell biomass propagation. However, the main fundamental challenge 
lies in maintaining the growth characteristics of microbial isolates under laboratory 
conditions to ensure long-term sustainability and facilitate their later use in the scale-
up process [7]. Different types of fermenters and bioreactors including 
photobioreactors are used to scale up the biomass yield [8–11]. Batch, fed-batch, 
pulsed fed-batch, continuous (chemostate and perfusion culture system), solid-state 
fermenters [12], and photobioreactors are commonly used for the cell biomass 
propagation for different types of microorganisms including microalgae [13]. None-
theless, the biomass production differs considerably across various types of fermen-
ters and relies on multiple factors including design, size, sensor-based control, 
regulation of nutrient supply, gas exchange, and mixing [14]. Yet, lot of improve-
ments are required in bioreactor design to optimize the cost of cell biomass propa-
gation and growth media compositions to grow viable but nonculturable cells 
(VBNC) [15]. 

5.2.2 Solvent Extraction 

The extraction of bioactive compounds from microorganisms is a critical step in the 
process of isolating and studying their potential therapeutic properties. The choice of 
an appropriate extraction method greatly influences the yield, purity, and bioactivity 
of the isolated compounds. Therefore, it is essential to choose right extraction 
method to optimize the maximum bioactive compound recovery. A number of 
extraction methods from conventional [16–18] (soxhlet, maceration, and 
hydrodistillation) to emerging methods such as supercritical fluid [19, 20], subcrit-
ical fluid [21], microwave assisted [22], ultrasonic assisted [23, 24], and enzyme 
assisted [25] have been used for the extraction of bioactive molecules from micro-
organisms. However, most of the solvent extraction methods are more popularized 
for the extraction of plant-based bioactive compounds, and they have been less 
commonly utilized for isolating microbial bioactive compounds. The emerging 
advanced extraction methods including green extraction methods could be suitable



methods over conventional extraction methods for the isolation of bioactive 
compounds. 
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5.2.3 Chromatographic Purification 

Different microbial extracts (solvent extracts and fractional parts) can be further 
purified through various types of column chromatography (e.g., liquid chromatog-
raphy and gas chromatography). The selection of appropriate solvent systems and 
stationary phases, tailored to the polarity of the bioactive fraction, allows for 
effective purification. Liquid chromatographic methods commonly used for the 
isolation of antibiotics and bioactive compounds [26] include normal phase [27] 
[28], reversed phase [19], ion exchange [29], size exclusion [30], and affinity 
chromatography [31]. The selection of the appropriate mode depends on the prop-
erties of the compounds of interest and the desired separation objectives. Among all 
the liquid chromatographic procedures, reverse phase is the most commonly 
employed procedure [26] because many bioactive compounds often possess varying 
degrees of hydrophobicity, making reversed phase chromatography an excellent 
choice for their isolation. The nonpolar stationary phase, such as C18, interacts 
with the hydrophobic regions of the compounds, allowing for efficient separation 
[32]. Table 5.1 indicates the some selected chromatographic procedures employed 
for the isolation of bioactive compounds from microorganisms. 

In the near future, the requirements of chromatographic procedures employed for 
the isolation of bioactive compounds from microorganisms are expected to evolve in 
response to advancements in technology and the growing demand for novel thera-
peutic agents. One key requirement will be the development of high-throughput and 
automated chromatographic systems that can efficiently handle large sample vol-
umes and minimize manual intervention. Additionally, there will be a growing need 
for improved resolution and selectivity in separating complex mixtures of bioactive 
compounds. This will drive the development of advanced stationary phases, such as 
novel sorbents and hybrid materials, which can provide enhanced separation capa-
bilities. Another important aspect will be the integration of chromatographic tech-
niques with complementary analytical methods, such as mass spectrometry and 
nuclear magnetic resonance spectroscopy, to enable rapid compound identification 
and structural elucidation. Furthermore, there will be an increased emphasis on 
sustainability, pushing for the use of greener solvents, reduced energy consumption, 
and recycling of chromatographic materials. Overall, the future requirements of 
chromatographic procedures for isolating bioactive compounds from microorgan-
isms will revolve around efficiency, selectivity, integration, and sustainability to 
meet the ever-expanding needs of drug discovery and natural product research.
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Table 5.1 Selected chromatographic procedures used for the isolation and purification of bioactive 
compounds from microorganisms 

Chromatographic 
procedure 

Bioactive compound 
isolated 

1. TLC Bacillus sp. Bacitracin [33] 

2. SPE Bacillus 
lichenform 

Bacitracin [34] 

3. Cation exchange, SPE Micrococcus 
luteus 

Bacitracin [35] 

4. C18-HPLC Bacillus sp. Bacitracin [36] 

5. HPLC and supercritical 
fluid extraction (SFE) 

Penicillium 
expansum, Asper-
gillus fumigatus, 
and Streptomyces 
sp. 

Chaetogiobosin A, 
mycolutein, and 
luteoreticulin, 
7,8-dihydro-7,8-epoxy-1-
hydroxy-3-
hydroxymethylxanthone-
8-carboxylic acid methyl 
ester, and sydowinin B 

[19] 

6. HPLC Nocardiopsis sp., 
SCA21 

4-bromophenol, and Bis 
(2-ethylhexyl) phthalate 

[37] 

7. HPLC, LC–MS/MS Fusarium 
proliferatum 
CECT 20569 

Beauvericin (BEA) [38] 

8. TLC, HPLC, and LC– 
MS/MS 

Streptomyces 
cavourensis 
TN638 

Cyclo-(Leu-Pro), Cyclo-
(Val-Pro), Cyclo-
(Phe-Pro), nonactin, 
monactin, dinactin, and 
trinactin 

[39] 

9. GC–MS Streptomyces 
albidoflavus 
321.2 

Dibutyl phthalate [40] 

10. TLC and GC Streptomyces sp., 
TN256 strain 

N-[2-(1H-indol-3-yl)-2 
oxo-ethyl] acetamide 
‘alkaloid’ derivative; 
di-(2-ethylhexyl) phthal-
ate, a phthalate derivative; 
1-Nonadecene and Cyclo 
(L-Pro-L-Tyr) a 
diketopiperazine ‘DKP’ 
derivative 

[41] 

11. HPLC Cladosporium 
sp., F14 

3-phenyl-2-propenoic 
acid, cyclo-(Phe-Pro), 
cyclo-(Val-Pro) 3-phenyl-
2-propenoic acid, and bis 
(2-ethylhexyl)phthalate 

[42] 

12. TLC, HPLC Aspergillus 
ostianus 

Circumdatins A and B and 
benzodiazepine alkaloids 

[43] 

13. HPLC Chondrostereum 
sp. 

Hirsutane sesquiterpenoid [44] 

14. HPLC Aspergillus sp. Aspergilone A & B [45]
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Table 5.1 (continued)

Chromatographic 
procedure 

Bioactive compound 
isolated 

15. TLC S. chibaensis 
AUBN1/7 

Resistoflavine [46] 

16 TLC, HPLC Nocardiopsis 
alba MSA10 

Lipopeptide biosurfactant [47] 

17. TLC, HPLC, and LC– 
MS 

Nocardiopsis sp., 
GRG 
2 (KT 235641) 

1,4-diaza-2, 5-dioxo-3-
isobutyl bicyclo[4.3.0] 
nonane (DDIBN) 

18. TLC, HPLC, GC–MS, 
and LC–MS 

Streptomyces 
akiyoshiensis 
GRG 
6 (KY457710) 

pyrrolo[1,2-a]pyrazine-
1,4-dione, and hexahydro-
3 

[48] 

19. Sephadex G-25 gel col-
umn chromatography, 
and, IRC-50 
ion-exchange resin, and 
TLC 

Streptomyces 
ahygroscopicus 

ε-poly-l-lysine (ε-PL) [49] 

20. Ion exchange chroma-
tography through 
DEAE Sepharose 
CL-6B column 

Streptomyces 
fradiae NEAE-82 

L-asparaginase [50] 

21. Thin-layer chromatog-
raphy (TLC) 

Nocardiopsis 
dassonvillei 

Tetrodotoxin [51] 

22. Anion-exchange 
chromatography 

Pseudonocardia 
thermophila 

Thermoactive amidase [52] 

23. Supercritical fluid 
extraction (SFE) 

Myxococcus xan-
thus DK1622 

Chloroxanthic acid A [53] 

5.2.4 Structural Characterization of Bioactive Molecules 

The structural characterization of bioactive compounds isolated from microorgan-
isms plays a vital role in understanding their therapeutic potential and mechanisms of 
action. Various types of advanced analytical techniques are used to determine the 
chemical structure, stereochemistry, and conformational properties [54]. Spectro-
scopic methods such as nuclear magnetic resonance (NMR) spectroscopy and mass 
spectrometry are commonly used to identify the composition and structure of 
compounds [55]. 

NMR spectroscopy provides valuable information about the arrangement of 
atoms in the molecule and helps in the determination of the compound’s stereo-
chemistry. Mass spectrometry, on the other hand, enables the measurement of the 
compound’s molecular weight and fragmentation patterns, facilitating compound 
identification and providing insights into its structural features. Additionally, other 
techniques like X-ray crystallography and HR-TEM may be employed to visualize 
the three-dimensional structure of the bioactive compound, allowing for a more 
comprehensive understanding of its shape and spatial arrangement. Advanced NMR



techniques are extensively employed in the structural characterization of bioactive 
compounds isolated from microorganisms. One such technique is multidimensional 
NMR spectroscopy, which involves the acquisition of multiple NMR spectra with 
different pulse sequences to correlate nuclear spins and establish connectivity 
between atoms [56]. Through techniques like COSY (correlation spectroscopy) 
[57], HMQC (heteronuclear multiple-quantum coherence) [58], and HMBC 
(heteronuclear multiple-bond correlation) [58], the interatomic relationships, and 
bond connectivity within the compound can be determined. Additionally, advanced 
NMR techniques such as NOESY (nuclear overhauser effect spectroscopy) provide 
valuable information about the spatial arrangement of atoms in the molecule, 
allowing for the determination of molecular conformation and stereochemistry 
[59]. The use of selective NMR experiments, such as selective TOCSY (total 
correlation spectroscopy) and selective HSQC (heteronuclear single-quantum coher-
ence) [60], enables the identification and assignment of specific functional groups 
within the compound. Overall, advanced NMR techniques play a critical role in 
elucidating the structural features of bioactive compounds from microorganisms, 
helping in their characterization and understanding of their biological activities. 
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Another most advanced technique used to characterize bioactive molecules 
isolated from microorganism is X-ray crystallography. Similar to 2D-NMR tech-
niques, it also allows researchers to determine the three-dimensional structure of 
these compounds at an atomic level, providing crucial insights into their chemical 
composition and spatial arrangement. By growing single crystals of the bioactive 
compound and subjecting them to X-ray diffraction, scientists can measure 
the angles and intensities of diffracted X-rays, which are then used to calculate the 
electron density distribution within the crystal [61]. This information enables the 
generation of an accurate molecular model, revealing the positions of individual 
atoms and their connectivity within the compound. X-ray crystallography helps in 
understanding the stereochemistry, molecular interactions, and overall conformation 
of the bioactive compound, aiding in the design of more effective drugs and 
therapeutic interventions. Furthermore, this technique contributes to the elucidation 
of structure–activity relationships [62], facilitating the optimization and develop-
ment of novel pharmaceuticals derived from microorganisms (Table 5.2). 

To determine the molecular mass of isolated bioactive compound, mass spectros-
copy is used. Mass spectrometry utilizes various ionization processes, including 
electrospray ionization (ESI) [73], matrix-assisted laser desorption/ionization 
(MALDI) [82], and atmospheric pressure chemical ionization (APCI) [83], 
depending on the structural complexity and size of the bioactive molecule. Similarly, 
based on the desired resolution, accuracy, mass range, and other factors to achieve 
optimal results in their experiments, various types of mass analyzers are used such as 
quadrupole [84], time-of-flight (TOF) [85], Ion Trap, Orbitrap, Fourier Transform 
Ion Cyclotron Resonance (FT-ICR), and magnetic sector. Even, among these, 
quadrupole and TOF are most commonly used methods. However, further interfac-
ing of chromatographic techniques to mass spectroscopic methods, such as LC–MS, 
and GC–MS, has facilitated the characterization process fast and more accurate.
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Table 5.2 Different spectroscopic methods; NMR, MS, and X-ray used for characterization of 
bioactive molecules 

Bioactive compound 
isolated 

1. NMR, mass, single-
crystal X-ray diffrac-
tion (SCXRD) 

Nocardia 
sp. ALAA 2000 

Chrysophanol 8-methyl 
ether, asphodelin; 4,7′-
-bichrysophanol, and 
justicidin B, in addition to a 
novel bioactive compound 
ayamycin; 1,1-dichloro-4-
ethyl-5-(4-nitro-phenyl)-
hexan-2-one 

[32] 

2. X-ray diffraction Penicillium 
vinaceum (strain 
no. X17) 

Quinazoline alkaloid ((-)-
(1R,4R)-1,4-(2,3)-
indolmethane-1-methyl-
2,4-dihydro-1H-pyrazino-
[2,1-b]-quinazoline-3,6-
dione) 

[63] 

3. Single crystal X-ray 
diffraction (SCXRD) 

Periconia sp. piperine (5-(3, 
4-methylenedioxyphenyl)-
1-piperidinopent-2, 4-dien-
1-one) 

[64] 

4. 1D, 2D NMR, ESI 
HR-Mass, and X-ray 
crystallography 

Aspergillus sp., 
ASCLA 

Isoshamixanthone, 
epiisoshamixanthone, 
sterigmatocystin, 
arugosin C, 
norlichexanthone, 
diorcinol, ergosterol, and 
methyllinoleate 

[65] 

5. NMR and X-ray dif-
fraction analyses 

Aspergillus 
glaucus 

Aspergiolide A [66] 

6. 1D- and 2D NMR, 
HRESIMS, MS/MS, 
and electronic circular 
dichroism calculation 
and single-crystal 
X-ray diffraction 

Penicillium sp., 
ZZ380 

Penicipyrrodiether A and 
phenol A derivative 

[67] 

7. 1D NMR, HRESIMS, 
and X-ray 
crystallography 

Diaporthe sp., 
GZU-1021 

Diaporthichalasins A–C, 
and biatriosporin N 

[68] 

8. 1D NMR, 2D (COSY, 
HMQC, HMBC, 
NOESY) NMR, X-ray 

Nocardiopsis sp. Terretonin N [69] 

9. NMR, HRESIMS, 
electronic circular 
dichroism (ECD) cal-
culation, and X-ray 
diffraction 

Streptomyces sp., 
ZZ446 

Streptopyrazinones A - [70] 

10. MS, NMR, and X-ray 
crystallography 

Streptomyces 
sp. SN194 

Diterpenoids 
(chloroxaloterpin A and B) 

[71]
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Table 5.2 (continued)

Bioactive compound 
isolated 

11. HR-ESI-MS, NMR, 
and single-crystal 
X-ray diffraction 
(SCXRD) 

Streptomyces 
anandii H41-59 

Anandins A and B [72] 

12. ESIMS, 1D and 2D 
NMR data, and X-ray 
crystallography 

Aspergillus 
carbonarius 

Carbonarones A, and B [73] 

13. HR-ESI-MS, X-ray 
diffraction, and NMR 

Chaetomium 
globosum 

Azaphilones [74] 

14. NMR, HRESIMS, 
ECD, single-crystal 
X-ray diffraction 
(SCXRD) 

Streptomyces 
sp. ZZ1956 

Hygrocins K–U and 
Streptophenylpropanamide 
A 

[75] 

15. ESIMS, 1D and 2D 
NMR data, and X-ray 
crystallography 

Micromonospora 
echinospora 
SCSIO 04089 

Angucyclinone derivatives 
and anthracene 

[76] 

16. X-ray analysis Alternaria 
alternata 

Alternariol methyl ether 
(AME) 

[77] 

17. HRESIMS, NMR and 
single-crystal X-ray 
diffraction (SCXRD) 

Penicillium 
sp. SY2107 

Mixed 16 metabolites [78] 

18. Single-crystal X-ray 
diffraction (SCXRD) 

Emericella 
dentata Nq45 

Meleagrin, haenamindole, 
isorugulosuvine, secalonic 
acid D, ergosterol, and 
cerebroside A 

[79] 

19. NMR, HRESIMS, 
electronic circular 
dichroism (ECD), 13 C 
NMR, and X-ray sin-
gle-crystal diffraction 
(SCXRD) 

Penicillium 
sp. ZZ380 

Penicipyrroether A and 
Pyrrospirone J 

[80] 

20. 1D, 2D NMR and 
ECD 

Talaromyces 
scorteus AS-242 

Talascortenes A–G and 
5α,9β 
dihydroxyisocupressic acid 

[81] 

LC–MS is a hybrid technique that combines liquid chromatography (LC) and 
mass spectrometry (MS) to separate and detect individual components within a 
complex mixture. In this method, a liquid mobile phase carries the sample through 
a stationary phase, separating the components based on their physicochemical 
properties. The eluted compounds are then introduced into the mass spectrometer, 
where they are ionized and analyzed based on their mass-to-charge ratio (m/z). LC– 
MS provides high sensitivity, selectivity, and the ability to handle complex mixtures. 
Liquid chromatography-mass spectrometry (LC–MS) and tandem mass spectrome-
try (MS/MS) are powerful analytical techniques used in the structure determination 
of bioactive compounds. MS/MS, also known as tandem mass spectrometry or MS2,



is a technique that involves performing a second round of mass spectrometry on 
selected precursor ions obtained from the LC–MS analysis. In this process, the 
selected precursor ion is fragmented into smaller product ions using collision-
induced dissociation (CID) or other fragmentation techniques. The resulting frag-
mentation patterns provide valuable structural information about the compound, 
including the arrangement of atoms and the presence of specific functional groups. 
Moreover, LC–MS and MS/MS can be combined with other techniques such as 
nuclear magnetic resonance (NMR) spectroscopy and high-resolution mass spec-
trometry to further enhance the structural determination of bioactive compounds. 
The combination of multiple analytical techniques increases confidence in the 
structural elucidation and can help researchers understand the chemical diversity 
and biological activities of natural bioactive compounds derived from microorgan-
isms. In spite of significant contribution of these techniques in structural character-
ization of bioactive compounds, many challenges exist depending on purity, and 
structural complexity of biomolecules. 
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5.2.5 Challenges and Future Scope 

A number of challenges exist from culturing of microorganisms to isolation, purifi-
cation, and finally spectroscopic structural characterization of bioactive molecules. 
Once culture conditions are optimized, further extraction and purification remain 
major tasks. Chromatography techniques, such as high-performance liquid chroma-
tography (HPLC), are commonly used for compound separation and purification. 
However, challenges can arise in the determination of the compound’s structure: 

(a) Co-elution: Sometimes, compounds with similar physicochemical properties can 
co-elute, making it difficult to differentiate and assign structures. In such cases, 
additional separation methods, such as preparative chromatography or orthogo-
nal chromatographic techniques, may be employed to isolate individual com-
pounds for further analysis. 

(b) Impurities and matrix effects: Presence of impurities or complex matrices can 
interfere with the detection and identification of the target compound. Extensive 
sample preparation techniques, such as solid-phase extraction or sample deriv-
atization, can be used to reduce interference and enhance the compound’s 
detectability. 

Mass spectrometry (MS) also faces challenges in mass determination, mainly due 
to different ionization efficiencies and fragmentation capabilities of bioactive 
compounds. 

(a) Ionization efficiency: Different compounds exhibit different ionization efficien-
cies, which can affect the accuracy of mass spectral data. Careful optimization of 
ionization techniques, such as electrospray ionization (ESI) or matrix-assisted
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laser desorption/ionization (MALDI), is necessary to ensure efficient ionization 
and accurate mass determination. 

(b) Fragmentation pattern analysis: Interpreting the fragmentation patterns 
obtained from MS analysis can be complex, particularly for large and structur-
ally diverse compounds. The use of tandem mass spectrometry (MS/MS) or 
high-resolution MS can provide more detailed fragmentation data, aiding in 
structural elucidation. 

NMR is a highly sophisticated tool used to elucidate atomic arrangement inside 
the molecules, but it also depends on: 

(a) Compound solubility: Poor solubility of the compound in NMR solvents can 
impede data acquisition and spectral analysis. Optimization of solvents or the 
use of advanced NMR techniques, such as microscale NMR or diffusion-ordered 
spectroscopy (DOSY) [86], can overcome solubility issues. 

(b) Complex spectra: In the case of structurally complex compounds, overlapping 
peaks and multiplicity can make spectral interpretation difficult. Advanced 
NMR techniques like 2D-NMR spectroscopy (e.g., COSY, HSQC, and 
HMBC) can be employed to resolve overlapping signals and provide additional 
structural information. 

Again similar to NMR, single-crystal X-ray diffraction or crystallography is a 
powerful method for determining the 3D structure of bioactive compounds. How-
ever, it has its own challenges: 

(a) Obtaining suitable crystals: Obtaining high-quality single crystals can be a 
significant challenge, especially for compounds with low crystallinity or limited 
availability. Techniques such as recrystallization, co-crystallization, or 
cryocrystallography can be employed to improve crystal quality or increase the 
chances of obtaining suitable crystals. 

(b) Radiation damage: Exposure to X-rays during crystallographic data collection 
can lead to radiation damage to the crystal, resulting in poor data quality or 
structural changes. To mitigate this, low-temperature data collection, limited 
exposure time, and advanced data collection strategies like multicrystal or serial 
crystallography are employed. 

5.3 Conclusion 

Microorganisms are rich source of many value-added bioactive compounds, and 
their isolation, purification, and structural characterization always remain a chal-
lenge. However, various types of analytical techniques such as solvent extraction, 
chromatographic purification, and spectroscopic methods are used to characterize 
the bioactive molecules. By uncovering the chemical diversity present in microor-
ganisms, these techniques open up avenues for bioprospecting and drug discovery, 
offering potential solutions to unmet medical needs and challenges in various



industries. In summary, the isolation, purification, and characterization of bioactive 
compounds from microorganisms using analytical techniques enable researchers to 
harness the vast potential of these microorganisms as a source of valuable molecules. 
These techniques provide critical insights into the structural features and functional 
properties of bioactive compounds, paving the way for their further exploration and 
application in diverse fields. 
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Chapter 6 
Application of Alternative Technologies 
for the Recovery of Bioactive Compounds 
from Microbial Sources 

Susana Ochoa and J. Felipe Osorio-Tobón 

Abstract Indiscriminate chemical compound usage, such as agrochemicals, pesti-
cides, fungicides, antibiotics, drugs, and other synthetic products, such as dyes, 
polymers, and heavy metals, have devastated soils, waters, and even living beings 
themselves. In this way, the development process for providing bioactive com-
pounds for human, animal, and environmental health is one of the most urgent 
needs to enhance the balance between human exploitation and nature. These needs 
focus on obtaining healthy and safe products obtained in sustainable processes. 
Therefore, the search for natural compounds that can be used as nutrients, natural 
pesticides, and antibacterial or anticancer agents is increased. 

Keywords Bioactive · Metabolites · Antimicrobial · Ultrasound-assisted extraction 

6.1 Introduction 

Plants, animals, and microorganisms are valuable sources of natural products with 
bioactivity [1, 2]. The natural products market was valued at USD 189 billion in 
2021. This market is projected to reach USD 300 Billion by 2030 [3]. Natural 
compound research from plants is a well-known field. However, further research 
regarding natural compounds obtained from microorganisms is necessary. 

Microorganisms produce primary metabolites such as amino acids, carbohy-
drates, proteins, and enzymes [3, 4]. Moreover, microorganisms can produce sec-
ondary metabolites with potential use for conservation or protection. These 
compounds are recognized by their bioactive properties, such as antimicrobial, 
antioxidant, anticarcinogenic, antiparasitic, and anti-inflammatory [2]. Therefore, 
the production and recovery of these compounds allow for obtaining high-value 
products. As can be observed in Table 6.1, microorganisms such as Archaea, 
bacteria, fungi, yeast, algae, and even some parasites produce bioactive compounds.
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Table 6.1 Bioactive compounds derived from different microbial sources 

Bioactive compound 
(s) 

Archaea Haloferax 
larsenii HA1 

Halocin Antibacterial protein 
and cell protector 

Kumar and 
Tiwari [5] 

Halorubrum 
sp. SH1 

Bacterioruberin Antioxidant de la Vega 
et al. [6] 

Bacteria Streptomyces 
Streptomyces 
anulatus NEAE-
94 

Unsaturated and sat-
urated fatty acids, 
alkenes, fatty acid 
esters, alkanes, and 
triterpenes 

Antimicrobial activ-
ity against Staphylo-
coccus aureus 

El-Naggar 
et al. [7] 

Streptomyces 
globisporus 
BU2018 

Exopolysaccharides Antioxidant Abdel-Aziz 
et al. [8] 

Streptomyces 
tunisialbus sp 

Fatty acids and 
menaquinones 

Antimicrobial activ-
ity against gram-
positive, and gram-
negative bacteria, 
yeast, and filamen-
tous fungi 

Ayed et al. 
[9] 

Streptomyces 
sp. BO7 

Biphenyls Antibacterial, antiox-
idant, and anticancer 

Taechowisan 
et al. [10] 

Bacillus 
Bacillus 
licheniformis 

Bacitracin Antimicrobial Ali et al. [11] 

Bacillus subtilis Fengycin Antifungal Wu et al. [12] 

Pseudomonas 
Pseudomonas 
cedrina 

Biomass extract rich 
in diketopiperazines 

Anticancer Sánchez-
Tafolla et al. 
[13] 

Lactobacillus 
Lactobacillus 
coryniformis 
NA-3 

Exopolysaccharides 
(α-rhamnose, 
α-mannose, 
α-galactose, and 
α-glucose) 

Antioxidant and anti-
biofilm 

Xu et al. [14] 

Fungus Aspergillus 
fumigatus 
MF029 

Chaetominine, 
sphingofungin, emo-
din, chaetominine, 
sphingofungin, and 
trypacidin 

Antitubercular 
activity 

Song et al. 
[15] 

Aspergillus 
fumigatus 

Biomass extract rich 
in phenolic com-
pounds (rutin, quer-
cetin, caffeic acid, 
kaempferol, and 
ellagic acid) 

Antibiofilm, 
antiproliferative, 
antioxidant, and 
antimutagenic 

Kaur et al. 
[16]
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The production of the compounds depends on the environmental or culture media 
conditions. Moreover, most of these bioactive compounds could have high demand 
in the medical, pharmacological, and food industries [22].
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Table 6.1 (continued)

Bioactive compound 
(s) 

Fusarium 
redolens 

Biomass extract rich 
in chrysophanol and 
fumaric acid 

Antimicrobial Nazir et al. 
[17] 

Yeast Metschnikowia 
yeast genus 

Alkaloids, antibi-
otics, and long-chain 
fatty acids 

Antifungal Fernandez-
San Millan 
et al. [18] 

Microalgae Nannochloropsis 
gaditana 

Omega-3 
eicosapentaenoic 
acid 

Prevention of cardio-
vascular diseases 

Martínez 
et al. [19] 

Spirulina 
(Arthrospira 
platensis) 

Phycocyanin Anti-inflammatory 
antioxidant, antiviral, 
immunity-boosting, 
and anticancer 

Lauceri et al. 
[20] 

Nannochloropsis 
oculata and 
Porphyridium 
purpureum 

Biomass extract rich 
in anticancer and 
antioxidant activities 

Anticancer Garcia-Parra 
et al. [21] 

Fig. 6.1 Steps involved in the recovery of bioactive compounds from microorganisms 

The recovery of bioactive compounds from microbial sources comprises several 
steps in a downstream process. A further selection of recovery and purification steps 
will depend on whether the product is inside or outside the cell. Figure 6.1 represents 
the main steps involved in the recovery of bioactive compounds from microorgan-
isms. Cell disruption is an initial step that is fundamental in the recovery of



compounds, and thus, the disruption method choice is crucial. In this context, the cell 
wall composition also influences the disruption method performance. For example, 
some microalgae with high cellulose, glucose, and mannose contents have more 
rigid cell walls. Moreover, cells in the stationary phase or growth in rich nutrient 
media can have strong cell walls, which influences the selection of the disruption 
method and its parameters [23]. 
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Among conventional disruption methods, mechanical and nonmechanical 
methods such as bead milling, high-pressure homogenization (HPH), osmotic 
shock, and enzymatic treatments are used for bioactive compound recovery. In the 
past decades, many alternative technologies have been explored for bioactive 
extraction from microbial sources, such as ultrasound-assisted extraction (UAE), 
supercritical fluid extraction (SFE), pulsed electric field extraction (PEF), 
microwave-assisted extraction (MAE), and others (Fig. 6.1). These alternative 
approaches are considered environmentally friendly and enhance extraction yields. 
In this context, the extraction with no previous cell disruption represents an excellent 
alternative to less energy-consuming process development. Alternative extraction 
techniques such as UAE, PEF, and MAE are mechanical methods that apply 
mechanical forces by waves or electric currents to break the cellular membrane. 

6.2 Bioactive Compounds from Microbial Sources 

Microorganisms produce novel antimicrobial, antitumoral, and anti-inflammatory 
molecules. Moreover, these compounds have potential applications in the biotech-
nological, nutraceutical, pharmaceutical, and environmental industries [24]. As 
shown in Table 6.1, bioactive compounds with antimicrobial, antifungal, and anti-
oxidant activities are produced by Archea, Prokaryotic, and Eukaryotic domains. 
Moreover, the production of macromolecules such as amino acids, proteins, lipids, 
and carbohydrates is influenced by temperature, pH, humidity, aeration, and sub-
strate. In this context, the interaction between these parameters and niches like 
oceans, mangroves, and caverns, even specific parts of plants or animal represent 
new opportunities to find novel bioactive compounds [25]. However, further 
research is necessary to identify the easy-to-cultivate and most productive microor-
ganisms to scale up the production on a large scale for their subsequent application. 
Next, mainly microbial sources of bioactive compounds are described. 

6.2.1 Main Microbial Sources of Bioactive Compounds 

6.2.1.1 Archea Bioactive Compounds 

Archaea compounds are produced under extreme conditions such as salt saturation, 
high temperature, and elevated UV radiation [26]. Archea produces bioactive



compounds such as exopolysaccharides, carotenoids, and proteins. These com-
pounds have potential applications in biomedical, pharmaceutical, cosmetic, envi-
ronmental, and industrial fields. Gómez-Villegas et al. [27] reported strains of 
Haloarchaea as a potential source of compounds. Haloferax larsenii HA1 [28] 
produces halocins and sulfolobicins [29]. Halocins and sulfolobicins are proteinic 
compounds that could be used as food preservative because it causes cellular 
deformation and release of cell contents leading to cell death. Carotenoids are 
produced by Haloarcula japónica, Halobacterium salinarum, and Halococcus 
morrhuae. Moreover, extremozymes are produced by Pyrococcus furiosus, 
Thermococcus littoralis, and Thermus aquaticus [30]. On the other hand, some 
pigments, such as carotenoids, bacteriorhodopsin, and bacterioruberin, are produced 
by Halobacterium Salinarum. These compounds help cells to adapt to hypersaline 
conditions by acting as a water barrier, allowing ions and oxygen molecules to pass 
through the cell membrane. Therefore, these compounds can be used as antioxidants 
and photoprotective in food and cosmetics. 
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6.2.1.2 Bacteria Bioactive Compounds 

Actinomycetes are one of the most reported genera that produce bioactive com-
pounds. For example, Streptomyces spp. can synthesize microbial compounds such 
as vinaceuline, bafilomycin, and antimycin [24]. Moreover, antioxidant compounds 
such as violacein and prodigiosin are produced by Streptomyces rubrireticuli and 
S. longisporus ruber [31]. These molecules or their derivatives are known for their 
antimalarial, antibacterial, and anticancer activities. Other strains of the genera 
Bacillus, Pseudomonas, Myxobacteria, Cyanobacteria [1], and Lactobacillus [32] 
can produce other bioactive molecules. For example, the antimicrobial compounds 
bacitracin and bacilysin are produced by B. liquenoformes and B. subtilis, respec-
tively [33]. On the other hand, Pseudomonas spp. (P. aeruginosa, P. fluorescent, and 
Pseudomonas chlororaphisin) produce antimicrobial compounds such as 
pyocyanin [3]. 

Lactic acid bacteria (LAB), such as Lactococcus and Pediococcus, have been 
reported to produce bacteriocins. Bacteriocins are known as immunomodulators 
with antimicrobial activity [32]. Phenolic compounds with antioxidant properties 
such as chlorogenic acid and gallic acid are produced by several cyanobacterial 
species [31]. On the other hand, fabclavines, xenocoumacins, xenorhabdins, and 
PAX peptides are antiparasitic compounds identified in Xenorhabdus and 
Photorhabdus [34]. Strains of Photorhabdus luminescens and Xenorhabdus 
nematophila showed anti-trypanosomal activity and potential use to develop novel 
drugs against Chagas disease [35]. Prokaryotes are an excellent choice for bioactive 
compound production due to their metabolic versatility and easy handling in the 
laboratory. Moreover, synthetic biology tools or heterologous systems could 
enhance bioactive compound production [31, 36].
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6.2.1.3 Fungi and Yeast Bioactive Compounds 

Fungi are eukaryotic organisms known to habit almost all ecological niches of the 
Earth, especially where there are organic sources and are in a state of decomposition. 
Many bioactive compounds are generated after mycelial growth and can affect direct 
sporulation. For example, Aspergillus nidulans and Fusarium gramineaum produce 
linoleic acid and zearalenone. Moreover, Alternaria alternata produces melanins as 
a proactive compound from UV rays. In addition, Aspergillus terreus has been 
recognized to produce lovastatin, which has metabolic activity. The most reported 
groups of secondary metabolites in this domain are polyketides, no ribosomal 
peptides, and terpenes [3]. Some endophytic fungi isolated from plants possess 
antimicrobial, antioxidant, and cytotoxic activities [37]. For example, compounds 
with antiprotozoal, antibacterial, and antiviral activity have been found in endo-
phytic fungi such as Colletotrichum, Diaporthe, Fusarium, Trichoderma, Penicil-
lium, and Xylariagenera [25]. Moreover, yeasts and other nonfilamentous eukaryotic 
microorganisms produce metabolites with antifungal such as piperidine and 
protoemetine (alkaloids), p-coumaroyl quinic acid (phenylpropanoid), which are 
produced by Metschnikowia pulcherrima [18]. Moreover, the yeast used in 
fermented beverage production (wine, beer) produces alcohols such as tyrosol, 
which is responsible for the flavor in fermented beverages and is recognized for its 
antioxidant and cardioprotective properties [38]. Yeast can also be used as a model 
cell for genetic engineering assays to produce compounds derivate from plants when 
the expression in a complex system is required [39]. 

6.2.1.4 Microalgae Bioactive Compounds 

Microalgae are found in oceans, fresh and wastewater, and extreme environments. 
Microalgae are an excellent source of metabolites such as fatty acids, carbohydrates, 
proteins, vitamins, and bioactive compounds [19]. Antimicrobial and anticancer 
compounds have been found in microalgae [21]. For example, phenolic compounds 
and hydroxycinnamic acids such as gallic acid, chlorogenic acid, ferulic acid, and 
caffeic acid have been found in Chlorella vulgaris, Haematococcus pluvialis, 
Diacronema lutheri, Phaeodactylum tricornutum, Tetraselmissuecica, 
Ankistrodesmussp., Spirogyrasp., Euglena cantabrica, Caespitella pascheri, and 
Porphyridiumpurpureum [31]. Metabolites such as exopolysaccharides with immu-
nomodulatory, anti-inflammatory, antiviral, antifungal, and antibacterial capacities 
are produced by Porphyridium sp., Arthospira sp., and Chlorella sp. [21]. On the 
other hand, some specific compounds, such as polyunsaturated aldehydes with 
anticancer activity, are found in marine diatoms [40]. Therefore, microalgae could 
be an excellent source of novel bioactive compounds with multiple applications.
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6.3 Production of Bioactive Compounds 

During the past few decades, the bioactive compounds market from microbial 
sources has been growing due to its impact on the agriculture, food, and pharma-
ceutical industries. For example, the agroindustry uses bioactive compounds for pest 
control and plant growth promotion. Therefore, to take advantage of all properties 
offered by microorganisms, it is necessary to develop a sustainable process that 
produces bioactive compounds at low cost and high quality and effectiveness. Next, 
an overview of the main compounds produced by microbial sources is presented. 
Almost all bioactive compounds from microorganisms are related to their antimi-
crobial activity. Currently, there is a concern regarding the increase in antimicrobial 
resistance. As mentioned before, some antimicrobial molecules can disrupt the cell 
membrane. For example, membrane synthesis is inhibited by lipopeptides and 
polymyxin produced by Bacillus sp. and Paenibacillus polymyxa [33], respectively. 
In that context, antibiotics such as streptomycin, gentamicin, and tetracycline are 
produced by Streptomyces griseus, Micromonospora purpurea, and Streptomyces 
aureofasciencs [24]. These antibiotics inhibit protein synthesis in cells. Many of 
these compounds are recovered from marine microorganisms, which grow in 
extreme temperatures, under osmotic stress [41]. On the other hand, compounds 
such as bacteriocins isolated from the gastrointestinal tract are recognized for their 
immunomodulatory properties and antimicrobial capacity. Moreover, bacteriocins 
are used as a food preservative [32]. 

In the case of microalgae, the antimicrobial activity is related to the 
overproduction of fatty acids that can reduce the ability to breathe and cause cell 
death [24]. On the other hand, antifungal compounds such as glycolipids produced 
by Bacillus licheniformis can inhibit Aspergillus niger [2]. Antioxidant compounds 
such as polyphenols, carotenoids, or exopolysaccharides are produced by Aspergil-
lus spp. and Artrospira sp., among others. These compounds can scavenge free 
radicals and are recognized for their photo-protective properties. 
Exopolysaccharides are high-molecular-weight carbohydrate polymers with radical 
scavenging activities, metal chelation activity, and lipid peroxidation inhibition 
[31]. These compounds are one of the most exploited bioactive substances due to 
their antiaging capacity. Other bioactive properties, such as anticholinesterase, 
antituberculosis, and antimalarial activity, have been shown in microorganisms. 
Further research is necessary to explore the microbial capacity to obtain bioactive 
compounds. Combined with the develop alternative extraction processes can allow 
the obtaining of pure and safe molecules with application in the medical field, 
pharmaceuticals, food, and environment industries.
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6.3.1 Conventional Extraction Processes 

Conventional extraction methods such as maceration, Soxhlet, solvent extraction, 
and hot reflux extraction have been used for compound recovery from microbial 
sources. Although they consume large quantities of solvents and employ longer 
extraction times, these processes are recognized for their simplicity and low-cost 
implementation [42]. Generally, they are used as a reference to compare with 
alternative technologies. Maceration is a straightforward extraction process carried 
out at ambient temperature under agitation. Bioactive compounds from Pleurotus 
ostreatus were recovered by maceration after 90 min at 25 °C, 150 rpm, using water 
and ethanol as extraction solvents [43]. Different fractions rich in proteins and 
phenolic compounds were recovered depending on the solvent proportion. For 
example, a mixture with 95% ethanol enhances protein extraction, while 50% 
ethanol increases the content of phenolic compounds. In a similar approach, Daud 
et al. [44] recovered red pigments from the fungus Monascus purpureus at 30 °C but 
during 16 h under agitation (180 rpm). The red pigment solubility depends on the 
solvent polarity, where the best solvent was 60% ethanol, which allows a maximum 
yield of 207 AU/g dry fermented solids. On the other hand, hot water extraction is 
used for obtaining polysaccharides from mushrooms. For example, polysaccharides 
were obtained from Ganoderma resinaceum by hot reflux extraction at 100 °C for 
8  h [45]. 

Recently, Soxhlet extraction of oil from the microalgae Spirogyra [46] and 
Chlorella pyrenoidosa [47] was studied using extraction times ranging between 
1 and 4 h at boiling temperatures depending on the solvents (n-Hexane and 
2-Methyltetrahydrofuran). Oil extraction from Spirogyra required previous drying 
and milling pretreatments to enhance the extraction process due to a finer algae size 
causing better contact with the solvent. Moreover, usually, the more dried, the higher 
yield. In the drying/dehydration processes, freeze-drying is one of the most used 
methods. Low temperatures employed by freeze-drying keep the integrity of the 
compounds. However, freeze-drying is energy consuming, which could limit its 
application at the industrial scale. In this context, the direct extraction from wet 
biomass is getting more attention in the scientific community. For example, wet 
biomass was used as raw material in the oil recovery from Chlorella pyrenoidosa by 
Soxhlet [47]. Although lipid extraction is enhanced, total fatty acids content 
presented a reduction. Therefore, cell pretreatment influences extraction perfor-
mance in conventional extraction processes as well as in alternative techniques. 
Thus, further research is necessary to establish the optimal process conditions. As 
mentioned, high temperatures and long extraction times are characteristics of con-
ventional extraction methods. Therefore, energy consumption and thermally com-
pound degradation are drawbacks that must be overcome. However, these 
techniques will continue to be used to compare alternative or novel technologies.
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6.3.2 Alternative Extraction Technologies 

Over the past decades, the recovery of bioactive compounds using alternative 
technologies has been focused on by researchers in many fields, such as food, 
chemical, or biotechnology. Generally, alternative extraction methods are more 
feasible than conventional extraction methods. The use of solvents generally recog-
nized as safe (GRAS), the shorter extraction times, and the higher extraction yields 
are the main advantages of these methods. Among the most popular alternative 
extraction methods, ultrasound, microwaves, supercritical fluids, pressurized fluids, 
and electric fields are the most used technologies for bioactive extraction from 
microbial sources. Next, the concepts and applications of alternative extraction 
methods will be presented. 

6.3.2.1 Ultrasound-Assisted Extraction (UAE) 

Ultrasound is one of the most used extraction technologies employed in the bioactive 
compound recovery from fruits, vegetables, herbs, spices, seeds, and microorgan-
isms. In UAE, cell disruption is caused by an acoustic phenomenon known as 
cavitation. In cavitation, the ultrasound waves generate rarefaction and compression 
cycles, creating gas bubbles in the cytoplasm. Once the bubbles have reached a 
maximum size, they collapse and release large amounts of energy (5000 K and 
2000 atm) [48]. The cell wall is disrupted due to mechanical effects, the solvent has 
more intimate contact with the target compounds, and the extraction rates are 
enhanced [49]. Extraction parameters such as ultrasound power, frequency, temper-
ature, solvent, type of device, and extraction time influence the extraction process. 
As shown in Table 6.2, temperatures ranging from 25 °C and 70 °C are used for 
compound recovery. Ultrasonic power from 100 W to 1000 W and short extraction 
times are used (e.g., minutes). Regarding extraction solvents, GRAS solvents such as 
water, ethanol, buffers, and deep eutectic solvents (DESs) are used. DESs are 
recognized as environmentally friendly, inexpensive, and chemically stable [50]. 

Depending on the microorganism, the effect on extraction parameters can be 
different. Generally, an increase in the ultrasound power, temperature, and extraction 
time increases the recovery of the compounds. The increase in the ultrasonic power 
enhances the cavitation, the cell structure is disrupted faster, and the solvent pene-
trates more efficiently [51]. The increase in temperature enhances the solubility of 
the compounds. Moreover, the denaturation of the membrane can be promoted by 
temperature [52]. However, excessive temperature or ultrasonic power may trigger 
the degradation of the compounds through the failures of the chemical structure or 
the generation of ROS [53]. Regarding frequency, cell disruption is enhanced by the 
acceleration caused by higher frequencies. The higher the frequency, the smaller the 
cavity sizes and the faster the bubbles collapse [48].
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Table 6.2 UAE applications of bioactive compounds from microbial sources 

Compound 
(s) recovered 

Morchella importuna Polysaccharides 62 °C, 600 W, 31 min, cho-
line chloride/oxalic acid 
(DESs) 

Pan et al. 
[50] 

Dictyosphaerium sp. Polysaccharides 50 °C, 500 W, 50 min, water Chen et al. 
[51] 

Saccharomyces cerevisiae Polysaccharides 70 °C, 1000 W, 8 h, 0.2 M 
sodium hydroxide 

Eom et al. 
[58] 

Arthrospira Platensis Lutein/zeaxanthin 60–70 °C, 10 min, methanol Sam et al. 
[59] 

Chlorella vulgaris and 
Porphyridium purpureum 

Carotenoids 70% power, ethanol (60%) Vintila 
et al. [60] 

Nannochloropsis gaditana Omega-3 long 
chain-
polyunsaturated 
fatty acids 

50 °C,100 W, 30 min, 
ethanol 

Castejón 
and Marko 
[61] 

Diaporthe schini Antioxidant 
compounds 

25 °C, 400 W, pulsed mode 
(0.93), 15 min, ethanol 

da Rosa 
et al. [62] 

Saccharomyces cerevisiae, 
saccharomyces boulardii, 
Metschnikowia fructicola 
andTorulaspora delbrueckii 

Mannoproteins 80% amplitude, 4 min, 0.1 M 
phosphate buffer, pH 6.5 

Snyman 
et al. [63] 

Grifola frondosa Polysaccharides 65 °C, 4.5 h, water Ji et al. 
[64] 

Agrocybe cylindracea Dietary fiber Ultrasonic-assisted enzy-
matic method, the α-amylase 
concentration of 1.50%, 
protamex concentration of 
1.20%, 150 W 

Jia et al. 
[65] 

Haematococcus pluvialis Astaxanthin 25 °C, 80% amplitude, 
pulsed mode (3 min off and 
12 min on), (NH4)2SO4 salt 
solution/2-propanol 

Khoo et al. 
[66] 

Porphyridium cruentum and 
Porphyridium purpureum 

Proteins, carbohy-
drates, lipids, fatty 
acids and 
phycoerythrin 

30 °C, 100 W, 13–15 min, 
50 mM Na-phosphate buffer 
(P. cruentum), and water 
(P. purpureum) 

Ardiles 
et al. [67] 

6.3.2.2 Supercritical Fluid Extraction (SFE) 

SFE uses substances at temperatures and pressures above their critical point. These 
substances are known as supercritical fluids (SCF). Above the critical point, the 
fluids can diffuse as gas and has liquid solvation power [54]. For SFE, generally, 
before extraction, the microbial biomass is freeze-dried and disrupted. For instance, 
a ball mill is used to enhance the extraction of intracellular compounds from 
Scenedesmus almeriensis [55] and Nannochloropsis sp. [56]. CO2 is the most used
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solvent in SFE, and it is recognized as safe (GRAS), inexpensive, has low toxicity, 
readily available, and has an easily accessible critical point (31 °C and 73.8 bar) 
[57]. Temperatures between 40 °C and 85 °C and pressures between 250 and 550 bar 
are suitable for bioactive compound extraction (Table 6.3). The selectivity of the 
CO2 is modified by changing the temperature and pressure. For example, the solvent 
density increases as the temperature increases, and the solvent density increases as 
the pressure increases. Thus, the solubility of the intracellular compounds is 
enhanced by increasing the pressure at a constant temperature. This behavior has 
been observed in the recovery of omega-3 fatty acids and phenolic compounds from 
Nannochloropsis sp. [56] and Aurantiochytrium sp. [68]. 
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Table 6.3 SFE applications of bioactive compounds from microbial sources 

Compound 
(s) recovered 

Scenedesmus 
almeriensis 

Lutein 65 °C, 550 bar, 14.48 g/min 
CO2 

Mehariya et al. 
[55] 

Nannochloropsis 
sp. 

Omega-3 fatty acids 75 °C, 550 bar, 14.48 g/min 
CO2 

Leone et al. 
[56] 

Aurantiochytrium 
sp. 

Omega-3 fatty acids 
and phenolic 
compounds 

80 °C, 300 bar, 12 g/min CO2 De Melo et al. 
[68] 

Diaporthe schini Antioxidant 
compounds 

40 °C, 250 bar, 4 g/min CO2, 
biomass:Ethanol, 1:1.5 (w/v) 

da Rosa et al. 
[69] 

Usnea 
subfloridana 

Usnic acid 85 °C, 150 bar, 2 mL/min CO2 Boitsova et al. 
[70] 

Schizochytrium 
sp. 

Docosahexaenoic acid 
(DHA) 

77 °C, 465 bar, 5 mL/min 
CO2, 1.25 mL/min ethanol 

Rodríguez-
España et al. 
[73] 

Inonotus obliquus Triterpenoids 50 °C, 350 bar, 3 mL/min CO2 Huynh et al. 
[74] 

Coccomyxa 
onubensis 

Lutein and phenolic 
compounds 

70 °C, 400 bar, 2 mL/min 
CO2, 2.30 mL/min ethanol 

Ruiz-
Domínguez 
et al. [75] 

Haematococcus 
pluvialis 

Astaxanthin 50 °C, 500 bar, 2 L/min CO2 Espinosa 
Álvarez et al. 
[76] 

Chlorella vulgaris Phenolic compounds 60 °C, 250 bar, 40 g/min CO2 

(ethanol 10% w/w) 
Georgiopoulou 
et al. [77] 

Although CO2 is the most common SFC used for bioactive compound extraction 
from microbial sources by SFE, it only allows the extraction of nonpolar compounds 
as lipids. Thus, CO2 is used mainly for lipid or fatty acid extraction from microbial 
sources such as microalgae, as shown in Table 6.3. On the other hand, for polar 
compound extraction (e.g., phenolic compounds), a co-solvent such as ethanol is 
necessary. For instance, ethanol is used as a co-solvent for bioactive compound 
extraction from fungi [69], microalgae [55], and lichen [70]. SFE allows obtaining 
higher purity extracts while solvent recycling is possible.
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Table 6.4 MAE applications of bioactive compounds from microbial sources 

Species Compound (s) recovered Extraction conditions References 

Nannochloropsis 
oceanica 

Proteins 40 °C, 700 W, 30 min, 
choline acetate 

Motlagh 
et al. [72] 

Rhizopus oryzae Chitosan 300 W, 22 min, 1 N 
NaOH 

Sebastian 
et al. [81] 

Haematococcus 
pluvialis 

Astaxanthin 75 °C, 700 W, 7 min 
dimethyl sulfoxide 

Aslanbay 
Guler et al. 
[82] 

Auxenochlorella 
Protothecoides 

Lipids 2.8 kW, 200 μs pulse, cell 
suspension 

Zhang 
et al. [83] 

Chlorella vulgaris and 
Botryococcus braunii 

Lipids 400 W, 40 s, cell 
suspension 

Rokicka 
et al. [84] 

Kappaphycus alvarezii β-Carotene, chlorophyll, 
antioxidants 

45 °C, 170 W, 
12.5–14.5 min 80% 
methanol 

Baskararaj 
et al. [85] 

Psylocibe cubensis Psilocin and psilocybin 50 °C, 600 W, 5 min, 60% 
methanol 

Polo-
Castellano 
et al. [86] 

Lactococcus lactis Menaquinones 50 °C, 600 W, 5 min, 
ethanol 

Lee et al. 
[87] 

Porphyridium 
cruentum and 
Porphyridium 
purpureum 

Proteins, carbohydrates, 
lipids, fatty acids, and 
phycoerythrin 

200 W, 60 s, 50 mM 
Na-phosphate buffer/ 
water (54:46 v/v) 

Ardiles 
et al. [67] 

6.3.2.3 Microwave-Assisted Extraction (MAE) 

MAE is an alternative technology recognized by the shorter extraction time and the 
use of GRAS solvents, which increase extraction yields and preserve the integrity of 
the extracts. MAE has several applications, mainly in the food industry, regarding 
the extraction of bioactive compounds. In the compound recovery from microor-
ganisms, microwaves are applied to a cell suspension prepared with an organic 
solvent. The cell suspension can be prepared using wet or dried biomass. Among 
organic solvents, dielectric or polar solvents such as water or ethanol are preferred. 
Microwaves with frequencies ranging between 300 MHz and 300 GHz cause fast 
boiling of the intracellular liquid, which increases the internal pressure and the size 
expansion of the cells, producing cell disruption [71]. However, although micro-
waves can cause cell disruption, previous cell disruption (e.g., high-pressure or bead 
milling) of microorganisms such as microalgae is recommended before MAE 
[72]. This pretreatment increases the cell wall disruption and enhances the extraction 
yields. Microwave power, temperature, solvent, extraction time, and matrix are the 
main parameters that influence MAE. Interaction between solvent and compounds is 
fundamental because the target compound should be highly soluble, and the solvent 
must have a high dielectric constant. Solvents such as water, methanol, and ethanol 
can absorb high amounts of microwave energy, and as shown in Table 6.4, these



solvents are used for compound recovery from microorganisms. Temperature and 
extraction time are related. Higher temperatures and longer extraction times allow an 
increase in extraction yields [78]. For example, as can be observed in Table 6.4, the 
recovery of compounds from microorganisms is performed using temperatures and 
extraction times up to 75 °C and 30 min. However, exposure to high temperatures 
during prolonged times triggers compound degradation. 
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6.3.2.4 Pulsed Electric Field (PEF) Extraction 

PEF is a nonthermal technology with growing interest in biotechnology industries 
for cell disruption due to its many advantages. PEF is an environmentally friendly 
process with shorter extraction times that increases extraction yields, avoiding 
triggering the degradation of the bioactive compounds [79]. In PEF, the sample is 
placed in the treatment chamber where a uniform and strong electric field is applied. 
The pass of short high-voltage electric pulses causes an electropermeabilization of 
the cell membranes without altering the bioactive compounds [80]. This 
permeabilization allows the recovery of the compounds from the microorganisms, 
minimizing the formation of cell debris with further simplification of the down-
stream operations. 

As can be observed in Table 6.5, electrical impulses ranging between 15 kV/cm 
and 40 kV/cm are enough to allow the recovery of the compounds from the 
microorganisms. Although the effects of the electric field strength depend on the 
matrix characteristics, this range generates the irreversible permeabilization of 
microbial cells [88]. During membrane permeabilization, many transmembrane 
pores are formed, which enhances solvent penetration and further extraction of the 
bioactive compounds. For example, in the extraction of carotenoids from 
Xanthophyllomyces dendrorhous after PEF at 20 kV/cm for 135 μs, 80% of 
permeabilization was obtained, which increases the extraction yield up to 70% of 
total carotenoids contained in the yeast suspension. Moreover, extraction parameters 
such as extraction time, pulse width, conductivity, and pulse frequency can also 
influence permeabilization and PEF efficiency. For example, the increase from 
25 kV/cm to 40 kV/cm in the electric field in the extraction of lipids from Chlorella 
cells increases lipid extraction [89]. However, when the electric field strength 
reaches a threshold value, the lipid extraction yield decreases due to the release of 
other compounds and the generation of large amounts of cell debris. This technology 
could represent many advantages at the industrial scale due to its low-energy 
consumption and easy incorporation into the processing line [90]. 

6.3.2.5 Other Alternative Technologies 

Other alternative technologies are used for bioactive compound recovery from 
vegetal sources but with less intensive application in microbial sources. For exam-
ple, pressurized liquid extraction (PLE) uses solvents above their boiling point but
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below their critical point, applying high pressures. The high pressure allows deeper 
penetration of the solvent, and the temperature reduces the solvent viscosity, 
enhancing the extraction of the compounds [78]. Currently, PLE is mainly applied 
to contaminant detection in several areas. However, PLE can also be used for 
compound recovery from microorganisms after drying and cell disruption. Unsatu-
rated fatty acids and carotenoids have been recovered from oleaginous yeasts [91] 
and microalgae [92–94] using temperatures ranging from 80 °C to 150 °C and 
pressures of 100 bar. An alternative to PLE is continuous pressurized solvent 
extraction (CPSE), which uses lower temperatures and pressures than PLE, keeping 
similar or even higher yields. For example, carotenoids and phycobiliproteins from 
Cyanobium sp. LEGE 06113 by CPSE at 70 °C and 1.5 mL/min (ethanol) have been 
recovered using CPSE [95]. 
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Table 6.5 PEF applications of bioactive compounds from microbial sources 

Compound 
(s) recovered 

Chlorella vulgaris Water-soluble pro-
teins, carbohydrates, 
and lipids 

25 °C, 20 kV/cm, 100 kJ/kgSUSP, 
5 μs of pulse width, water (1 h), 
ethyl acetate (3 h) 

Carullo 
et al. [80] 

Chlorella Lipids 35 kV/cm, the conductivity of 
400 μS/cm, water,30 min 

Zhang et al. 
[89] 

Chlorella 
pyrenoidosa 

Lipids 25 °C, 20 kV/cm, 6 μs of pulse 
width, chloroform/methanol 

Han et al. 
[101] 

Nannochloropsis 
oculata 

Carbohydrates, pro-
teins, and pigments 

30 °C, 40 kV/cm, 10 μs of pulse 
width, water,30 min 

Zhang et al. 
[102] 

Saitozyma 
podzolica 

Lipids 20 °C, 15 kV/cm, 1 μs of pulse 
width, ethanol and hexane, 

Gorte et al. 
[103] 

Xanthophyllomyces 
dendrorhous 

Carotenoids, 
astaxanthin 

25 °C, 20 kV/cm, 3 μs of pulse 
width, ethanol 

Aguilar-
Machado 
et al. [104] 

Ultrahigh pressure extraction (UHPE) is similar to PLE but uses higher pressures 
(up to 8000 bar). This variation allows performing the extraction process without 
previous cell disruption due to higher pressure can break down the cell membrane. 
For example, UHPE (one cycle at 6000 bar at 50 °C) enhanced the extraction of 
carotenoids from Haematococcus pluvialis and Porphyridium cruentum microalgae 
compared with PLE [96]. However, the performance also depends on the microor-
ganisms and type of compound. For example, although UHPE (one cycle at 1000 bar 
and 50 °C) was not superior to PLE in the carotenoid extraction from 
Nannochloropsis oceanica, UHPE increased the extraction of polyunsaturated 
fatty acids [93]. 

Ohmic heating (OH) is based on the Joule effect, where an electric current flows 
through resistive materials such as the cell wall [97]. Heating in OH is faster and 
more homogeneous than traditional thermal treatments. Moreover, OH causes cell 
wall breakdown, enhancing the mass transfer of intracellular compounds. For 
example, the ethanolic extracts obtained from Cyanobium sp. by OH (70 °C,



5 min, and 20 kHz) showed high antioxidant capacity [95]. Moreover, yields and 
antioxidant activity obtained by OH were better than the extraction by homogeni-
zation. Recently, OH has been applied in bioactive compound recovery from 
microalgae. In this context, nutrients from Coelastrella sp. LFR1 [98] were recov-
ered by OH at 217 V/cm and 100 °C, showing higher performance for cell disrup-
tion. This combination allows the yield increase of chlorophyll and proteins in 
microalgae biomass. OH is also used for the recovery of bioactive compounds 
from Spirulina platensis. This photosynthetic cyanobacterium is recognized for 
producing antioxidant, antiviral, anti-cancer, and anti-inflammatory compounds. 
Ferreira-Santos et al. [99, 100] reported the feasibility of OH in the recovery of 
intracellular compounds using temperatures between 30 °C and 50 °C, 4 V/cm, and 
20 kHz of frequency. OH is a technology with higher extraction yields, lower energy 
consumption, and shorter extraction times than conventional extraction processes 
with potential use at an industrial scale (Table 6.5). 
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6.4 Conclusions and Future Perspectives 

Microorganisms can be an excellent source of valuable compounds with applications 
in several industries. Antibiofilm, antiproliferative, antioxidant, antimicrobial, anti-
inflammatory, and antimutagenic activities are found in bioactive compounds recov-
ered from microbial sources. Depending on the localization of the compounds, 
different pretreatments and extraction techniques can be explored. Pretreatment 
and extraction techniques are applied depending on the localization of the com-
pounds. Pretreatment as drying or cell disruption is necessary for intracellular 
compounds. Some alternative extraction techniques like UAE, MAE, and OH 
allow simultaneous cell disruption and extraction. Alternative extraction technolo-
gies have higher yields and shorter extraction times than conventional processes. 
However, the initial cost and the lack of scaling-up criteria still are the main 
shortcomings. Therefore, large-scale systems development and further research 
regarding process optimization are necessary. To the extent that industrial-scale 
equipment and economically viable processes are developed, these alternative tech-
nologies could be more extensively used. 
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Chapter 7 
Emerging Technologies for the Recovery 
of Microbial Bioactive Compounds 

Pragati Srivastava and Hemant Dasila 

Abstract For agriculture, industry, and society as a whole, microbially derived 
bioactive compounds are extremely important. They are frequently used as active 
components in food additives, medicine, and agriculture. Archaea, bacteria, fungus, 
protozoa, algae, and viruses are among the few examples of microorganisms. A vast 
array of distinctive compounds produced by the diversity of microorganisms has 
emerged as a viable source for cutting-edge biotechnology. Microorganisms are 
simple to grow and enable a more effective generation of natural bioactive com-
pounds than do plants. In contrast to synthetic bioactive chemicals, most microbial 
ones are noncytotoxic and nonmutagenic. There is a huge variety of microorgan-
isms, but very few of them have been cultivated and looked at for the generation of 
secondary metabolites. The pharmaceutical and neutraceutical industries are very 
interested in the phenols, flavonoids, steroids, and alkaloids that have been discov-
ered in microalgae, bacteria, yeast, and actinomycetes. More extensive research is 
required in order to better understand and make the most use of these microbial 
bioctives because their mode of action has not yet been fully clarified. Taking 
advantage of nature’s rich biodiversity, this could also result in the development 
of new medicines and applications. 

7.1 Introduction 

The diversity of microscopic microorganisms, including bacteria, protozoa, fungi, 
archaea, algae, and viruses, provides a range of special bioactive substances of 
pharmacological value that must be made commercially available for the benefit of  
mankind. A numeric value of around 23,000 secondary metabolites extracted from
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microbes are been discovered so far. Among them 42% is contributed by both 
actinomycetes and fungi and rest of the 16% is bagged by eubacteria [1]. Bioactive 
compounds comprise of growth hormones, antitumor agents, pigments, antibiotics, 
etc., which comprehensively participates in the pharmaceuticals industries [2]. Sci-
entists have recently focused their attention on cutting-edge techniques that allow the 
extraction of biologically active compounds without their degradation. Examples of 
these techniques include microwave-assisted extraction, enzyme-assisted extraction, 
supercritical fluid extraction, pressurized liquid extraction, and ultrasound-assisted 
extraction [3]. These efficient and emerging extraction methods are better than 
traditional methods in terms of performance, maximum yield, short processing 
time, and its ecologically sound approach. Earlier traditional methods of extraction 
include liquid–liquid extraction (LLE), solid–liquid extraction (SLE), and extraction 
in a Soxhlet system. The major stumbling block in the use of traditional method of 
extraction is the requirement of large amount of hazardous solvents and lengthy 
extraction durations [4].
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Plant-based bioactive compounds, such as medicinal plants herbs shrubs, fruits, 
vegetables, cereals, and so forth, have historically provided the industrial market for 
these substances. However, due to climatic and regional variation, this method has 
certain drawbacks, due to which it affects the chemical content of plants and the 
challenge of ensuring the quality of agricultural products [5]. The industrial produc-
tion of bioactive substances hence requires robust and sustainable manufacturing 
employing contemporary biotechnological technologies. Since the introduction of 
cell culture technologies, metabolic engineering, and synthetic biology, the biotech-
nological generation of bioactive substances has been intensively researched 
[6]. Large-scale fermentors are used for the optimum production of bioactive 
compounds. Instead of using wild-type organisms, this approach typically uses 
target transgenic organism with desired properties under precisely regulated process 
conditions. Microbes have been drawing more interest among these production hosts 
due to their unique characteristics in comparison to other organisms or tissues, such 
as rapid growth, ease of cultivation, and simplicity of genetic manipulation. 

The best strategy for enhanced recovery of bioactive compounds will be selection 
of appropriate extraction technique, solvent type, and microbial class when using 
microorganisms. Although traditional organic solvent extraction methods are widely 
used, accessible, and enable quick extraction of bioactive compounds, they should 
be phased out gradually because they use a lot of solvents and run the risk of thermal 
denaturation or transformation of compounds of interest [7]. 

With regard to enhance production of desired bioactive compounds with less or 
no harmful impact on the target bioactives, novel extraction techniques, such as 
ultrasonic, enzyme, and microwave aided extraction alone or in combination, have 
illustrated significant advantages over conventional approaches:
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7.2 Microwave-Assisted Extraction (MAE) 

In particular, MAE has been used expansively for the extraction of bioactive 
compounds from plant materials [8, 9]. Two optimum frequencies are being utilized 
915 MHz and 2450 MHz for ignition in both industrial and residential settings. 
Microwave has an electromagnetic property. According to Kaderides et al. [10], the 
heating effect produced by the microwave is the key mechanism of MAE, which 
enables higher temperature for extraction and a faster mass transfer rate. Microwave 
have the tendency to penetrate into the material into certain depths and cause 
interaction with the polar constituent in it that result in direct heating or bulk heating 
inside the solvent body and the sample matrix [11]. Figure 7.1 depicts the closed 
type microwave system. 

Microwave-assisted extraction is functional only within a closed or open loop, so 
as the closed or open system’s pressure rising above or remaining below atmospheric 
pressure, respectively. The schematic designs of a closed system with homogenous 
radiation are shown in Fig. 7.1 along with those of an open system with focused 
radiation. If temperature and pressure control systems are present in the equipment, 
the closed MAE system may also perform extraction under controlled temperature 
and pressure in a sealed vessel with uniform microwave heating. Due to the 
extraction solvent’s boiling point being raised by the increased pressure in the closed 
vessel, it can reach higher working temperatures than the open system [12]. Despite 
the extreme pressure and temperature in the reactor that lead to efficient and fast 
extraction with less solvent consumption, they also increase the safety risks and 
equipment control requirement. An advance green process through microwave-
assisted extraction of bioactive metabolites from Arthrospira Platensis 
(cyanobacteria) and evaluation of its bioactivity was conducted. Numerous 
microbiota-derived compounds have been synthesized by microorganisms and one 
of the important one is bioactive peptides. These peptides are known for their 
regulating cell cycle and cell signaling. It also plays an important role in maintaining 
hypertension, hyperglycemia, and damaged proteins. There are other bioactive 
compounds that are secreted by microorganisms which have same potential in 
maintaining other important biochemical aspects [13]. Extraction of these bioactive 
compounds is necessary, and some of the important methods include. 

Magnetron 

Solvent 

Sample 

Homogeneous Radiation 

Fig. 7.1 Closed-type microwave system
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7.3 Ultrasound-Assisted Extraction Method 

Ultrasound extraction method of bioactive compounds is being performed at both 
industrial and laboratory scale. Ultrasonic wave causes cavitations in particle that 
arises due to collision, disturbance, and disruption of atoms present in the particle. 
Cavitations cause pores in the material results in mass transfer rate and solvent into 
biomass [14]. The big advantage of using ultrasound mediated extraction is that it 
can be set up with different configuration depending upon the nature of extraction. 
Ultrasound extraction method can be used with a variety of solvents like ethanol, 
water, acetone, methanol, ethyl acetate, and ethanol, but critical things are to be 
carried out by ultrasound-mediated extraction at lower temperature, which is neces-
sary for maintaining the integrity of thermosensitive compounds [15]. Keeping this 
in mind, the extraction of gallic and ergatsterol form Agaricus bisporus was done 
with the cavitations method in which ethanol was being used as solvents [16]. Fig-
ure 7.2 demonstrates the principle of UAE. 

7.4 Enzyme-Mediated Extraction 

Enzyme-mediated extraction is useful for extracting phyto-chemicals from their 
respective associated cell wall. Presence of hemicelluloses, cellulose, and lignin in 
higher concentration makes difficult for conventional-based extraction method for 
extracting bioactive compounds [17]. Enzyme-mediated extraction provides an

1 2 

3 

4 

Fig. 7.2 Principle of the UAE. (1) The sample is added into the cylindrical vessel. (2) Addition of 
solvent for extraction. (3) The sample is brought into touch with the sonotrode. Sample sonication 
takes place. (4) The sample is prepared for cleanup



alternative method to it by employing enzymes like alpha-amylase, cellulose, hemi-
cellulose, and pectinase, which are known to be involved in the digestion of cell wall 
[11]. Enzyme-mediated extraction offers several advantages like nature friendly and 
lower consumption of energy as compared to other techniques. Reduction of toxic 
solvents and efficient extraction of volatile and thermal compounds is also one of its 
bid advantage over conventional methods (Table 7.1). Extracted volatile compounds 
can be used in providing flavors, fragrnance, and pigments [17]. However, one 
disadvantage of using enzyme-mediated extraction is using larger volume of sub-
stances as it can be highly expensive [23].
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Table 7.1 List of bioactive compounds extracted from microorganisms, plants, and algae via 
enzyme-mediated extraction method 

S. No. Source Bioactive compound Enzyme Reference 

1. C. annuum 
baydgi 

Carotenoids and 
capsaicinoids 

Cellulase, 
hemicellulase, 
pectinase 

Salgado-
Roman et al. 
[18] 

2. Codium fragile Uronic acid, sugars, 
sulfates, and proteins 

Cellulase, beta-
glucanase, Ultraflo, 
Neutrase 

Kulshreshtha 
et al. [19] 

3. Fucus distichus Fucoidans Alginate lyase Nguyen et al. 
[20] 

4. Helianthus 
annuus L. 

Carotenoids Viscozyme Ricarte et al. 
[21] 

5. Haematococcus 
pluvialis 

Astaxanthin Flavourzyme Poojary et al. 
[22] 

7.5 Pressurized Liquid Extraction 

According to Nieto et al. [24], PLE is an extraction method that inculcates expelling 
of analytes from solid matrixes by giving high temperatures (Textr) and pressures 
(Pextr), typically up to 200 °C and over 200 bar, respectively, without reaching the 
critical point using liquid solvents [25]. These optimal conditions provide improved 
matrix kinetics by increasing solubility and mass transfer rates, which in turn 
increase solvent diffusivity [26]. The solvent and the sample are simultaneously 
administered into the extraction cell. The extraction cell comprises an oven chamber 
and a pressure valve, which altogether contributes in attaining suitable temperature 
and pressure in order to extract the compound present in the sample. Then, the 
extracted compound is cooled and collected in a moving steel chamber. Li et al. [27] 
depicted the automated pressurized liquid extraction (APLE) method for lipid 
extraction from dried cells of the oleaginous yeast species Rhodosporidium 
toruloides and Cryptococcus curvatus.
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7.6 Application 

Plant-derived polyphenols such as stilbenes and curcuminoid comprising one or 
more hydroxyl group acquired from phenylalanine or tyrosine aromatic amino acids 
are well popularized in food and cosmetic industries. Properties such as antioxidant 
and anti-inflammatory make them suitable for the prevention of heart disruption and 
cancer. Genetically engineered bacterium such as E.coli and yeast Saccharomyces 
cerevisiae are used for the production of polyphenols commercially because of their 
ease of cultivation in laboratory under modulated fermentation condition. At present, 
the use of novel extraction strategies for the extraction of polyphenol bioactives from 
microbes is in trend, and many new complex structures and biosynthetic metabolic 
pathways have been elucidated [28, 29]. 

Table 7.2 lists the biologically active compounds retrained from microbes. 
Proteins are considered as essential component in maintaining good health by its 

consumption, and amino acids are the basic constituents’ building blocks for its 
activity. Leucine, isoleucine, valine, threonine, lysine, methionine, phenyl- alanine, 
and tryptophan are among the eight amino acids essential required by the human 
body. All amino acids are commercially produced except for glycine, methionine, 
and aspartate. C. glutamicum is the most prominent strain for the production of 
amino acids and generally regarded as safe due to its resistant capacity against phage 
infection. Also E.coli is used for the industrial production of amino acids because it 
is stable at high fermentation temperatures [39, 40]. Also, vitamins which are

Table 7.2 The biologically active compounds retrained from microbes 

Bioactive 
Compounds 

1. 
Polysaccharides 

Alginate, cellulose, fucoidan, laminarin, agar, carragenan, 
furcellaran, mannan, porphyrin, xylan, amylase, amylo-
pectin, pectin, xylan, cellulose 

Ghosh et al. 
[30] 

2. Lipids/fatty 
acids 

PUFAs, omega3 fatty acids: eicosapentaenoic acid, 
decosahexanoic acid; omega 6 fatty acids: γ linolenic acid 
and arachidonic acid 

Priyadarshani 
and Rath [31] 

3. Poly-phenols Polyphenols, with flavonoids, stilbenes, and curcuminoids Dudnik et al. 
[32] 

4. Pigments Phycocyanin, phycoerythrin, carotenoids, catotenes: γ car-
otene and β carotene, lycopene, xanthophylls, chlorophyll, 
etc. 

García-López 
et al. [33] 

5. Antioxidants Tocopherol, mycosporine-like amino acids Young and 
Lowe [34] 

6. Proteins and 
amino acids 

Spirulina Wan et al. [35] 

7. Minerals Ca, Mg, Zn, CO, Na, I, B Hou [36] 

8. Hormones Auxins, gibberellins, ethylene, cytokinins Mazzoli et al. 
[37] 

9. Vitamins B12, K, C, E, D, A Watanabe and 
Bito [38]



majorly required in the human body that too in very minute quantities are not 
synthesized inside the human body so required uptake externally. Vitamin B12 

cobalamine, vitamin B2 riboflavin, vitamin C ascorbic acid, and β carotene are 
produced industrially via chemical transformation reaction [41, 42] .
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7.7 Conclusion 

The capacity to produce bioactive compounds by microbes via different novel 
extraction techniques is discussed in this review, along with their significance as 
cutting-edge sources of naturally occurring bioactive compounds. Microorganisms 
have simple growth requirements and are easily cultivated under lab condition to 
produce desired bioactive compound with enhanced productivity via modulating the 
temperature, pressure, volume, and other necessary constituents. Compared to 
synthetic bioactive compounds such as antioxidants, the majority of microbial 
antioxidants are nonmutagenic and noncytotoxic. There is an immense heterogeneity 
in the microbial population, but its potential of producing bioactive compounds for 
many microbes are yet to be discovered that may have high biotechnological and 
pharmaceutical significance in the present era. 

The pharmaceutical and nutraceutical sectors are becoming increasingly inter-
ested in the production of flavonoids, phenols, alkaloids, vitamins, and steroids using 
microorganisms including microalgae, bacteria, yeast, actinomycetes, and mush-
rooms. A few fungi-derived substances with promising antioxidant activity include 
isopestacin, astaxanthin, pestacin, and polysaccharides. These substances are 
employed as functional ingredients in food, nutraceutical products, cosmetics, and 
pharmaceuticals. In-depth investigation and research are required to increase the 
productivity of popularizing bioactive compounds from fungus. 

In particular, Saccharomyces cerevisiae is the primary species used in the gener-
ation of bioactive substances. Long back yeast is considered as a good food 
supplement in food industries and is well employed for the production of beverages. 
Torularhodin, peroxiredoxins, and thioredoxins carotenoids that are gaining atten-
tion for its multifunctional role as antioxidant, anticancer, and antimicrobial property 
opens new possibilities for the discovery of new drugs having high economic 
importance. More thorough research is required to advance knowledge and maxi-
mizes the usage of these microbial bio-active because their mode of action has not 
been fully investigated. The creation of novel medications and applications that 
make use of nature’s rich biodiversity may result from this as well. 
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Chapter 8 
Nanocarriers: Potential Vehicles 
for Managed Delivery of Bioactive 
Compounds in Therapeutics 

Ashfaq Ahmad Shah and Amit Gupta 

Abstract In recent years, the medical industry has used nanomaterials extensively 
in large part due to the fast advancement of nanotechnology. They are ideally suited 
for the target-specific and precisely controlled delivery of micro- and macromole-
cules in disease therapy due to their unique physical and chemical properties, which 
include minimized size, customized surface features, robust interactions with 
ligands, high carrier ability, and ease of adhering with both hydrophilic and hydro-
phobic substances. They have also shown outstanding promise pertaining to clinical 
applications with the goal of fine-tuning bioavailability, bio efficacy, and pharma-
cokinetics. The primary challenges in therapeutics include absorption, post-
administration stability, and bioavailability of drugs and other bioactive compounds. 
Some crucial medications have limited gastrointestinal absorption and permeability 
in their bioactive state, get sometimes inactivated by pH and temperature changes, 
and produce disastrous off-target and unwanted side effects. Certain studies have 
also found that active efflux systems impact the assimilation of some currently 
integrated substances by causing structural changes across the gut wall. Furthermore, 
gut bacteria and/or enzymes degrade the fragile components of active chemicals into 
a range of metabolites, each with a distinct bioactivity from the original chemical 
molecule. By virtue of nanocarrier-mediated dispersion, their solubilization potential 
improved, absorption pathways altered, and metabolic breakdown by gut bacteria 
and enzymes substantially decreased. Combining nanobiotechnology with existing 
therapeutic procedures has proven beneficial in bringing novel and previously 
rejected bioactive compounds to the market to treat an extensive range of illnesses 
and disorders. As a result, we anticipate that nanotechnology will play a bigger role 
in disease diagnosis and treatment in years to come, perhaps assisting in the 
resolution of obstacles in present medical procedures. This chapter provides a 
thorough examination of the techniques and applications of nanoengineered delivery 
systems, as well as the pharmacokinetic features and drug-delivery mechanisms of
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these nanocarriers. The potential downsides, problems, future improvements, and 
applications of nanocarriers in clinical care are addressed as well.
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8.1 Introduction 

Despite the fact that drugs, medicines, and novel bioactive molecules of synthetic or 
natural origin are beneficial to human health in diseased conditions, the main issues 
related to these disease-modifying agents of synthetic or natural origin are related to 
their post-administration instability, off-target, and unwanted side effects. Any 
disease-modifying agent’s therapeutic outcome is determined by how well its 
pharmacokinetic profile improves after therapy. In the present era, nanotechnology 
is addressing all of these challenges by integrating both biological and physical 
sciences through the application of nanostructures and nanophases in a wide range of 
fields of research, including nanomedicine [1, 2]. Nanomedicine and nano-delivery 
platforms are a new but fast-expanding field in which tiny materials are used as 
diagnostic instruments or to administer therapeutic medications to specified domains 
in a regulated way. Nanotechnology has proven to offer numerous advantages in the 
treatment of chronic human diseases since it allows for the precise delivery of 
medications to designated locations. Medication delivery, chemotherapy, biosen-
sors, and tissue engineering are all using nanoparticles right now in biomedicine. It 
also covers the use of nano-dimensional materials in live cells, e.g., nano-robots, 
nano-sensors for diagnostic and sensory applications, and actuation of materials in 
living cells. Nanomaterials with dimensions that range from one to one hundred 
nanometers are influencing the cutting-edge fields of nanomedicine, from biological 
sensors to microfluidics, microarray screening to tissue engineering, and drug 
encapsulation to drug delivery [2, 3]. In nanotechnology, to produce nanomedicines, 
a curative agent at the nanoscale level has been utilized. Nanoparticles typically refer 
to small nanospheres made of atomic or molecularly produced materials 
[3, 4]. Because of nanoscale structural dimensions, they may travel more easily 
compared to sized materials, across the human body and can easily permeate through 
the tissue system thereby allowing for facile drug absorption by cells to bring out a 
significant activity at the desired area. The structural, mechanical, chemical, mag-
netic, biological, and electrical characteristics of nanoscale particles are all different. 
Due to their capacity to encapsulate medications or bind bioactive molecules to 
nanostructures and then administer them to particular tissues more precisely and in a 
regulated manner, nanomedicines have garnered a lot of scrutiny recently. Further-
more, nanostructures also facilitate the transport of water-insoluble medications to 
their target area, as well as reducing drug decomposition in the gastrointestinal tract. 
Because the nanostructures have standard absorptive endocytosis absorption mech-
anisms as well as enhanced oral bioavailability, they are substantially more rapidly 
absorbed and assimilated by body cells. Nanostructures last a long time in the



circulatory system, allowing combination drugs to be administered at precisely the 
right amount. As a result, they have fewer negative effects and cause fewer plasma 
fluctuations [4, 5]. The positive zeta potential, as well as hydrophobicity of these 
nanoscopic particles, aids their absorption from the gastrointestinal tract. Other 
mechanisms found to be supportive in enhancing the absorption of bioactive mol-
ecules include electrostatic communication between positively charged nano-vehicle 
surfaces and negatively charged mucin, amplified transcytosis, and receptor-
mediated endocytosis, interaction with junction proteins to modulate tight junctions, 
the microfold cells mediated phagocytosis of nanoparticles, and chylomicron-aided 
enterocytes uptake intervened by lipases for lipid-based nanocarriers. Also, there are 
many processes by which these nanosystems release their protected bioactive com-
ponents once, inside the body e.g., desorption of adsorbed/surface-bound various 
components, matrix erosion, enzymatic degradation, matrix diffusion, dissolution, or 
a combination of either of the processes [5, 6]. 
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The creation of an assortment of nanosized holders in the size range of 10 to 
100 nm is a potential direction for nanotechnology in therapeutics. The particle size, 
surface properties, and shape of the nanoparticles all have an impact on how well-
loaded molecules are absorbed across the gastrointestinal mucosa. Polymer 
nanocarriers (nanocapsules, polymeric micelles, etc.), molecular complexes (cyclo-
dextrins inclusion complexes and ohytosomes), lipid-containing nanocarriers (nano-
structured lipid capsules (NLC), solid-lipid nanocapsules (SLN), lipid nanospheres, 
micro-and nanoemulsions, micelles) are all examples of nanosystems for enhanced, 
controlled, and site-specific delivery of bioactive compounds [6, 7]. Because of the 
hydrophobicity as well as hydrophilicity inside the polymeric system, polymer-
based nanocarriers may accept a wide range of medicinal compounds. Natural or 
manufactured biodegradable polymers are commonly used as the carrier material in 
polymer-based nanocarriers. Natural ones either polysaccharides or proteins are 
recommended since they have a lower level of toxicity. Plant-based polysaccharides 
such as pectin, gum arabic, alginate, starch, and its derivatives, cellulose and its 
derivatives, and animal-based polysaccharides such as xanthan gum, chitosan, etc. 
are used to formulate polymeric nanoparticles. Polyglycolic acid, polylactic acid, 
poly-cyanoacrylate alkyl esters, polyvinyl alcohol, polylactic-glycolic acid, etc. are 
examples of synthetic polymers. Polysaccharide nanoparticles having distinct char-
acteristics are considered ideal carriers for hydrophilic drug delivery. Polysaccharide 
nanoparticles are natural biomaterials that are biodegradable, safe, nontoxic, and 
stable under various conditions. Polysaccharides are plentiful in nature and need 
little processing costs. In polymeric nanoparticles, bioactive medicines and plant 
secondary metabolites are embedded, dissolved, or adsorbed [7, 8]. The nanocarriers 
release drug molecules ensuring that none of the molecules are released until they 
reach systemic circulation, bypassing different physiological obstacles that may 
obstruct drug metabolism. After reaching the apical membrane of intestinal epithelial 
cells, the majority of the loaded nanoparticles take entry into enterocytes via 
transcellular transport. Small particles, e.g., 100 to 400 nm, are ingested by 
enterocytes through clathrin- and caveolae-mediated endocytosis apart from taken 
up by specialized Peyer’s patches (M cells) and GALT follicles in the



gastrointestinal tract. The endolysosomal breakdown is prevented by covering 
nanoparticles with cationic chitosan. To guarantee improved medication absorption, 
nanocarrier micelles modify membrane permeability and mucoadhesion inside the 
GI tract [8, 9]. 

138 A. A. Shah and A. Gupta

8.2 Nanomaterials as Nanocarriers 

Owing to the brutal microenvironment of sick tissues of the living system, insuffi-
cient affordability of the necessary dosage, adverse reactions, low therapeutic 
indices, and nonspecific targeting, many stalemates have been seen for traditional 
site-specific drug delivery systems [10]. But nanotechnology offers a smart solution 
by devising a nano-sized system, in which encapsulated drug is provided through a 
nano-vehicle to the targeted site with reasonable biocompatibility. It is being 
protected from degradation in a hostile physiological environment with low toxicity 
to healthy cells. In order to qualify as an ideal nanocarrier, it should possess certain 
ideal characteristics like suitable preparation and purification methods, nonreactivity 
with other drugs, requisite mechanical strength, stability, particle size, shape, high 
drug payload, encapsulation efficiency, enhanced in vivo residence time, good 
biocompatibility, and low toxicity [8, 11]. Nanomaterials being used as nanocarriers 
could be of natural or artificial origin. Some of the representative nanocarriers of 
natural origin are: 

8.2.1 Chitosan 

Due to excellent mucoadhesive properties, chitosan-containing nanomaterials are 
frequently used as site-specific drug delivery vehicles for various types of epithelia, 
such as buccal [2], nasal [3], eye [4], and others [5, 6]. Chitosan, alginate, and pectin-
based nanocarriers have been screened for the oral administration of the drug for the 
oral cavity [7], whereas carboxymethyl chitosan is used for intra-nasal carbamaze-
pine (CBZ) release, for the increased amount of the medication in the brain to reduce 
the systemic drug exposure [8]. 

8.2.2 Cellulose 

Exploiting the presence of a number of hydroxyl groups protruding out of the 
cellulose structure to form the hydrogen bonds in the cellulose nanocrystals and 
the bioactive drug, showed promising results in controlled release of the repaglinide 
(an anti-hyperglycemic—RPG) [9–12]. Four derivatives of cellulose such as meth-
ylcellulose, cationic hydroxyethyl cellulose, hydroxypropyl methylcellulose, and



sodium carboxymethylcellulose have been screened for the release of the controlled 
drug into the nasal mucosa, and none of them showed detrimental impacts on either 
tissues or cells [11–13]. 
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8.2.3 Liposomes 

Liposomes are basically vesicles of globular form which are made up of steroids and 
phospholipids. One of the most extensively researched drug transport nano-vehicle 
platforms imparts therapeutic chemicals with the requisite longevity for enhanced 
distribution and bioavailability. It is being used along with hydrophilic and hydro-
phobic bioactive drugs. The biocompatibility and biodegradability are added fea-
tures of these classes of nano-vehicles. The membrane architecture of the carriers, 
which is remarkably comparable to cell membranes and aids in the integration of 
pharmaceuticals into them, is responsible for their versatility [11, 12]. 

8.2.4 Alginate 

Simultaneous lowering of serum glucose levels along with enhanced serum insulin 
levels has been observed in diabetic rats due to the administration of insulin-
appended alginate nanoparticles in which nicotinamide is used as a permeation 
agent [13, 14]. Apart from this, alginate-based nanocarriers are being used for the 
release of a drug called venlafaxine (VLF) through the intranasal route for treating 
depression [14], loading cisplatin (carcinogen drug) aiming the nonsmall lung 
cancerous cells [15]. Synthesis of alginate nanoparticles having chitosan coating to 
increase the daptomycin permeation in the ocular epithelium intended to achieve an 
antibacterial effect [16]. 

The nanomaterials of synthetic origin are also reported as nano-carriers for site-
specific drug delivery. These include 

8.2.5 Carbon-Based Nanomaterials (CBNs) 

CBNs are widely used as nanocarriers owing to their distinct physicochemical 
properties and structural dimensions [17, 18]. A family of graphene, carbon 
nanotubes, fullerenes, mesoporous carbon, and nano-diamonds were employed for 
the targeted delivery of drugs for malignant cancer [19, 20]. These scaffolds are also 
utilized for cell culture growth as well as diagnostic devices [21] for in vivo as well 
as in vitro tumor imaging along with cellular dynamics [22]. A dual-ligand-
functionalized nano-diamond, such as cetuximab-NDs-cisplatin bio-conjugated 
material, has been found to suppress the growth of HepG2 cells [23].
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8.2.6 Metal–Organic Framework (MOFs) 

MOFs are a class of molecules successfully employed as a nanocarrier for steady 
drug release of anticancer drugs [24], metabolic labeling of molecules [25], antimi-
crobial agents [26], hormones [27], and antiglaucoma medications [28]. ZIFs (Zeo-
lite Imidazolate Frameworks) – a subcategory of MOFs which have been 
successfully employed for drug delivery [29]. ZIF-8 is one of the members of this 
family used for a system wherein pH-dependent drug release is warranted. This 
unique mechanism is owed to its property of being unstable under acidic conditions 
[30]. Similarly, ZIF-8 has been practiced for the delivery of 5-fluorouracil (5-FU) 
[31], camptothecin [32], and ceftazidime [33] as a pH-responsive nano-vehicle for 
the targeted, controlled, nontoxic drug delivery. The other members of the MOF 
family are also effective and were utilized for transporting the drug at the required 
site, such as MIL-101 [29, 34], NU-1000 [35], UiO-68 [36], and PCN-333 [37]. 

8.2.7 Nanocapsules 

Polymeric nanocapsules have attracted the interest of the scientific fraternity for drug 
delivery, owing to the unique core–shell microstructure. Nanocapsules consist of 
vesicular systems with an inner liquid core composed of an oily or an aqueous core 
containing a thin wall of polymer. This offers an increased drug-loading capacity 
simultaneously reducing the polymeric matrix of the nanoparticle [38]. The encap-
sulated drug is protected from the hostile tissue environment along with untimely 
burst release of the drug due to pH, enzymes, temperature, and various other reasons 
due to the thin polymeric shell. The versatility of the nanocapsules lies in their ability 
to tailor the size, shape, and quantity as well. They can be made to suit the desired 
complex application with specific biochemical, optical, magnetic, and electrical 
properties, overcoming physiological barriers and the hostile environment of the 
diseased tissues [39]. Nanocapsules are employed not only to encapsulate proteins, 
peptides, hormones, metabolites, etc. but also for a variety of biomedical applica-
tions such as, anticancer therapy, immunotherapy, and anti-inflammation therapy 
[40–42]. Nanocapsules are among the most sought-after candidates for drug delivery 
due to the enhanced permeability and solubility of the drug. The enhanced solubility 
is attributed to the very high surface-to-volume ratio [43]. Nanocapsules were 
reported to utilize the targeted delivery of protein for treating tumor cells [44]. 

8.2.8 Dendrimers 

Dendrimers were first introduced in 1985 [45, 46], since then it has attracted the 
interest of the scientific community. A well-defined size and globular shape with a



hyperbranch offer a unique possibility of tethering a drug molecule and guided 
delivery of the same at the desired site. A polymerization approach has been adopted 
in order to construct dendrimers. Monomers are used as building blocks. The tribody 
structure of dendrimer consists of a core, branches resembling trees, protruding out 
the core, and the terminal functional group. This class of molecules is either been 
synthesized by a divergent or convergent approach [47]. PAMAM-type dendrimers 
having carboxyl or hydroxyl functional groups are used for ocular delivery of 
bioactive drugs, as a result of its enhanced retention of pilocarpine within the eyes 
[48]. A multifold cytotoxicity enhancement has been observed for the conjugates 
paclitaxel with PAMAM G4 dendrimer having hydroxyl groups at the terminus and 
bis (PEG) polymer. Paclitaxel is known for poor solubility, but in this case, not only 
cytotoxicity but also solubility has been found to be increased [49, 50]. An inves-
tigation has been carried out on doxycycline-conjugated PAMAM dendrimer for the 
potential cellular binding, migration of T47D breast cancer cells and BT-549-Luc, 
and cytotoxicity [51]. Berberine, a cyclic natural alkaloid containing nitrogen, is 
poorly studied due to its wretched pharmacokinetic behavior. The drastic boost in 
anticancer activity against MCF-7 and MDA-MB-468 breast cancer cells has been 
observed when berberine was conjugated with G4 PAMAM [52]. These conjugates 
are safe and biocompatible as well. The other applications of dendrimer-based 
nanocarrier include enhanced permeation of dendrimers for passive targeting of 
drugs to tumor tissues [53]. 

8 Nanocarriers: Potential Vehicles for Managed Delivery of. . . 141

8.2.9 Nanogels 

Nanogels have great potential as a promising system for carrying an active ingredient 
for site-specific control release. These nanogels are three-dimensional cross-linked 
polymeric networks with high drug encapsulation capacity owing to their hydro-
philic or amphiphilic macromolecular chains which are able to hold a great amount 
of water and swell, keeping their original structure intact [54]. The water incorpo-
rating capacity by the nanogels can be attributed to the presence of various hydro-
philic moieties along the chain, such as –CONH2–, –OH, –SO3H, and –CONH–. 
This ability of nanogels helps in diffusing and exchanging the metabolic and bio-
molecules in the tissue fluids and organs to maintain the biochemical balance 
[55]. Nanogels have been reported to tether to the desired active biomolecule, 
which upon complexation with nucleic acid/genetic materials, such as lipoplexes 
or polyplexes, enhances the transfection of nucleic acid in the cells and ensures its 
stability [56]. Further nanogel consisting of ethylenediamine (ED) functionalized 
PFMA was investigated as potent siRNA and pDNA carriers [57]. The pluronic 
nanogels bearing precoated PEI and conjugated with heparin, containing vascular 
endothelial growth factor (bFGF) and pDNA encoding VEGF165 genes encapsu-
lated in the heparin-conjugate, have been studied for differentiation and proliferation 
[58, 59]. Arjunglucoside-I capsulated PNIPAAm/VP nanogels were observed to 
increase the therapeutic efficacy against parasites when compared to PLA. It is



also found that nanogels are effective in lowering hepatotoxicity as well as nephro-
toxicity of the drug [60]. In general, nanogels among the other nanocarriers stand out 
as promising nonviral carriers due to high transfection efficiency, high extracellular 
stability, low toxicity, and immunogenicity. 
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8.2.10 Polymeric Micelles 

Self-assembly of amphiphilic block copolymers (ABCs) in the spherical, colloidal, 
supramolecular nanostructure is termed polymeric micelles. A unique structure of 
this category of carriers with a high loading capacity of the inner core offers a means 
to site-specific drug delivery of the drug molecules which are otherwise poorly water 
soluble. The structure of polymeric micelles consists of ha hydrophilic outer core 
and a hydrophobic inner core in an aqueous environment [61, 62]. In the presence of 
an aqueous medium, spontaneous rearrangement of the amphiphilic molecules in a 
supramolecular core takes place, wherein the water-insoluble drug can be introduced 
in a hydrophobic core. The hydrophilic shell enables prolonged blood circulation by 
inhibiting opsonins from adsorption on the micelle surface. The pharmacokinetic 
properties of micelles are size, shape, and surface property dependent, whereas on, 
the other hand, they are independent of the type and property of the loaded drug 
[63]. PEG is commonly used in hydrophilic segments in micelle for drug delivery 
owing to its high water solubility, nontoxicity, and neutral nature [64]. Embelin is an 
alkyl-substituted hydroxyl benzoquinone bioactive drug molecule known for its 
hepato-protective effects [65], antidiabetic and antitumor activity [66], and anti-
inflammatory potential [67]. In spite of its high bio-activity, poor solubility in water 
is one of the major drawbacks of its restricted use in drug formulations. Hence, 
PEG-conjugated embelin not only increases its solubility but also forms micelles 
while retaining its antitumor activity [68]. It was also observed that paclitaxel was 
delivered using PEG5K-embelin2 micelles yielding excellent antitumor activity as 
compared to Taxol in murine models of breast and prostate cancers 
[69, 70]. Adriamycin (ADR)-conjugated PEG–poly (aspartic acid) block copoly-
mers (PEG-P[Asp(ADR)]) show excellent in vivo antitumor activity by forming the 
micelles upon exposure to an aqueous medium [71]. Interestingly, vitamin B12 

tethered at hydrophilic chains of amphiphilic graft copolymer dextran-g-polyethyl-
ene oxide cetyl ether, which is also known as DEX-g-PEO-C16, increases drug 
permeability 2–3 times when the said drug incorporated in the micelles. It is 
observed that enhancement in the drug permeability is due to receptor-mediated 
intestinal absorption through a complex formation [72]. It has been noticed that 
polymeric micelles are being accumulated at the many diseased tissues such as 
myocardial infarction tissues [73], in solid tumors which suggests that micelles are 
having a great potential therapeutic activity and efficiency on many other diseases.
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8.2.11 Ceramic Nanoparticles 

Ceramic nanoparticles comprise inorganic materials such as zirconia, alumina, silica, 
and titania or a combination of these materials with metals, metal oxides, and metal 
sulfides. These nanoparticles possess properties like low electrical and thermal 
conductivity, high stiffness, high elastic modulus, and corrosion resistivity. 
Ceramics nanoparticles are reported to be more stable, easy to manufacture, cus-
tomizable, possessing long degradation time, and bioavailability [74, 75]. Apart 
from these properties, variable size, shape, and porosity make them potential candi-
dates as a nanocarrier [76]. Due to the structural uniqueness, these particles protect 
the encapsulated molecules such as drug molecules, enzymes, and proteins from 
denaturalization as a result of external pH and temperature [77]. In addition, ceramic 
nanoparticles can be decorated with various organic functional groups to enhance 
their therapeutic usage and controlled, prolonged drug release [78, 79]. Based on the 
architectural differences, the other members of this nanoscopic ceramic family are 
ceramic nano-scaffold and nano-clay [80]. Silica nanoparticles have been covalently 
linked to the cationic surface to enhance its effective binding, condensation, as well 
as protection of plasmid DNA in DNA transfection. These are also reported to be 
used in delivering proteins and genes [81, 82]. Silica functionalized iron oxide 
nanoparticles were successfully employed to deliver haloalkane dehalogenase 
[83]. 5-Fluorouracil along with amoxicillin-conjugated iron-impregnated hydroxy-
apatite nanoparticles were found to be ameliorating bioactivity along with extended 
drug release [84]. Superparamagnetic iron hydroxyapatite nanoparticles are found to 
be biocompatible and enhance osteoblastic cell proliferation upon introducing a 
static magnetic field [85]. Based on the utility of hydroxyapatite vehicles for the 
transportation of malarial merozoite surface protein-119 (MSP-119), one can con-
clude that hydroxyapatite nanocarriers can be an excellent immuno-adjuvant that can 
be exploited as an antigen carrier for the immuno-potentiation [86]. Silica-doped 
nanoparticles were employed for photodynamic therapy for treating cancer [87]. The 
double-shelled hollow mesoporous silica spheres utilized as a carrier for hydrophilic 
and hydrophobic anticancer drug transportation vehicles highlighted their biocom-
patibility of steady release of hydrophilic anticancer drugs, e.g., irinotecan and high 
loading capacity of hydrophobic anticancer drug, e.g., docetaxel along with 
enhanced anticancer activity [88]. The other systems wherein ceramic nanocarriers 
have been used are widely reported in the literature [89]. 

8.2.12 Nanocrystals and Nanosuspensions 

Nanocrystals often known as nanosuspensions are nanoscopic biphasic, colloidal 
dispersion of aggregates in an aqueous medium of a very large number of molecules 
stabilized either with a thin coating of surfactants or polymers or both. The minute 
surfactants quantities are beaded in nanocrystals for electrostatic surface



stabilization. The average particle size of the nano-suspensions may range between 
200 and 600 nm [90]. The problems associated with the site-specific drug delivery 
and timely releases of the desired drugs were overcome by the use of nanocrystals in 
a cost-effective manner without compromising the therapeutic utility of the drug. 
Typically, the problems associated with nanocarriers are their bioavailability, stabil-
ity, solubility, and in turn high doses, etc. Nanocrystals offer solutions to all these 
above-mentioned problems due to the higher ratio of volume to the surface area of 
the nano-suspensions leading to satisfactory therapeutic concentrations along with 
low doses by altering pharmacokinetics, and bioavailability subsequently increasing 
drug safety and efficacy [91]. These nanocrystals can accommodate a large amount 
of drug with minimum dose volume, as is required in parenteral and ophthalmic drug 
delivery systems. A bottom-up approach (controlled precipitation/crystallization) or 
top-down approach (nanosizing) has been adapted to produce nano-suspensions with 
desired particle size and distribution. The ease of scaling-up of nanocrystals has been 
widely reported [92]. It has been anticipated that nanocrystals serving as a carrier for 
drugs like amphotericin B and tacrolimus after oral administration are found to be a 
potent candidate for targeting the mucosa of the gastrointestinal tract while aiming 
the mononuclear phagocytic system (MPS) cells for the treatment of leishmaniasis 
and fungal mycobacterial infections [93]. It has been observed that paclitaxel nano-
suspensions increase the safety profile many folds than the commercial Taxol 
injections [94]. With curcumin nano-suspension, excellent cytotoxicity is reported 
in Hela and MCF-7 cells, in comparison to curcumin solution. The smaller size of the 
suspension not only enhances the solubility rate but also keeps the crystalline nature 
intact thereby improving the physical stability of curcumin [95]. Bioavailability has 
been improved from 5.2% to 82.3% for oral administration of gonadotropin inhibitor 
Danzaon in nano-suspension form, whereas oral absorption was found to have 
increased in case of a nano-suspension of amphotericin in comparison with its 
regular commercial formulation [96]. A successful formulation of cross-linked 
polymer nano-suspensions of dexamethasone has been adopted for increased anti-
inflammatory activity in the model of rabbit eye irritation [97]. In order to check the 
possibility of curing HIV, indinavir is loaded as a nano-suspension in bone marrow-
derived macrophages. The virus-infected cells in lymph nodes plasma, spleen, etc. 
were drastically reduced when the formulation was injected into HIV-1-challenged 
humanized mice thereby protecting CD4 (+) T-cell [98]. The drug diffusion in the 
skin has been found to be increased when drug nanoparticles are used in the creams 
[90, 98]. 
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8.2.13 Nanowires 

Assemblies of atoms in a wire fashion known as nanowires have gained the attention 
of the scientific fraternity owing to their versatility, bioavailability, ease of handling 
for drug delivery [99], and structural resemblance to an extracellular matrix such as 
collagen fibers [100]. Increased surface area, wide prospects of functionalization of



outer surfaces, and very good mechanical performance make them particularly an 
ideal candidate for biomedical devices and tissue engineering motifs apart from 
controlled release of drugs to ailing tissues in a fiber diameter-dependent manner 
[101, 102]. Nanofibers have displayed a high capability of encapsulation and drug 
loading. Various techniques for synthesizing nanowires such as phase separation 
[103], electrospinning [104], template synthesis [105], melt-blown [106], and self-
assembly [107] can be employed, while electrospinning technique is widely used 
due to its ability of large-scale production and its effectiveness of fabrication of 
nanowires of natural polymers and synthetic polymers [108]. Nanowires have the 
potential in the biomedical field for local chemotherapy [109, 110] and for drug 
delivery in cancer cells [111]. A hydrophobic, anti-fungal agent, itraconazole has 
been carried as a topical delivery system by nonbiodegradable polyurethane-based 
nanofibers [112]. Similarly, silver nanowires (AgNPs) were incorporated into zein 
nanofibers resulting in excellent bactericidal activity for S. aureus and E. coli 
[113]. Silver nanowires are potent for internalization into A549 and MRC-5 cells 
devoid of any cytotoxicity, hence furnishing an application of silver nanowires being 
a biocompatible carrier for lung cancer therapies [114]. The iron oxide surface 
decorated with doxorubicin by a linker which is pH-sensitive resulted in complete 
cell death (approx. 90%) when it is applied to cancer cells [115]. Further study 
showed that nanofibers are safe to a cell, which is concluded by in vitro cell adhesion 
and proliferation for the duration of 3 days. Additionally, within the 8 to 72 h, the 
mPEG-PLA nanowire showed excellent zero-order drug release profiles 
[116]. Owing to the anisotropy of the nanowires, the superparamagnetic iron oxide 
nanoparticles allow for deeper tumor targeting along with higher drug loading [117]. 
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8.2.14 Quantum Dots 

Quantum dots comprise clumps of atoms having an outer shell made up of a variety 
of materials [118]. Quantum dots, popularly known as semiconductor nanocrystals, 
as well as having special optical properties (e.g., tunable emission, brightness, and 
photostability), make them a potent candidate for applications in cellular imaging 
and diagnosis and drug delivery by dissolving, dispersing, adsorption, and coupling, 
etc. [119]. Owing to their outstanding optical properties, these inorganic moieties, 
i.e., QDs glow or fluoresce brightly when shined with laser, which is otherwise not 
visible. The physical and chemical characteristics like the rate of dissolution, 
saturation solubility, surface hydrophilicity, and hydrophobicity along with biolog-
ical responses of the drugs will be altered due to the carrier [120]. The potentiality of 
the quantum dots lies in their ability to fictionalize with biomolecules such as nucleic 
acids, cells, and proteins. Light emitted by these quantum dots at a variable wave-
length ranging from UV to IR makes cellular or subcellular structures visible. Their 
reduced toxicity to the organic dyes can be attributed to the inert coating present on 
the inner surface, thereby reducing the toxicity and resulting in increased efficacy



and improved therapeutic properties, hence a potential candidate as a diagnostic tool 
and nanocarrier for controlled drug release [43, 121]. 
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8.3 Therapeutic Nanoparticles Targeted Delivery 
Applications 

The two fundamental categories of nanomaterials are nanostructured and nanocrys-
talline nanomaterials. The three categories of nanostructured materials are lipid-
based, polymer-based, and nonpolymeric, nanoparticles. Polymer-based 
nanoparticles include nanogels, micelles, dendrimers, protein nanoparticles, and 
drug conjugates. Nonpolymeric nanoparticles include quantum dots, metallic 
nanoparticles, carbon nanotubes, nanodiamonds, and silica-based nanoparticles. 
Liposomes and solid lipid nanoparticles (Fig. 8.1) are two forms of lipid-based 
nanoparticles. All of this has previously been covered. Polymer- or lipid-based 
nanoparticles make up the bulk of clinically approved therapeutic nanoparticles 
thus far [45, 122]. Nanocrystalline particles, which are generated by the combination 
of medicinal substances in crystalline form, are utilized in some clinical applications 
in addition to polymer-based, nonpolymeric, or lipid-based nanostructured particles.
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Fig. 8.1 Nanotechnology components that are used in medicinal applications



We described the many types of therapeutically employed nanoparticles, their 
therapeutic specificity, and current administration techniques in complex pathophys-
iological diseases in this section (Table 8.1).
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8.4 Challenges in the Manufacturing of Nanomedicines 

The treatments involving nanocarriers have a high added value than the standard 
treatments. It is crucial to consider cost-management approaches for the manufactur-
ing process. The high cost of scaled conversion and the manufacturing method itself 
is the key hurdle to large-scale nanomedicine production. Mass production, the 
analytical procedures for in-process quality control, and exceptionally precise fin-
ished products need time and so are expensive [8, 147]. Nanomedicines must be 
produced using a process that is both reliable and uniform in quality for every batch. 
The lack of uniformity in production techniques and quality control testing is another 
concern. Quality control testing at in-process and end-product stages, regardless 
of the technology utilized to create most nanomedicines, demands the employment 
of sophisticated equipment and analytical techniques. By substantiating the selection 
of analytical methods and accurately interpreting the results, the establishment of 
guidelines and standard reference materials are critical in supporting the registration 
of nanomedicines. Most analytical methods recommended for in-process quality 
control and final products do not have standard protocols or descriptions in phar-
macopeias, making innovative nanomedicines difficult to characterize. The particle 
size of nanomedicines is a critical quality attribute (CQA) of nanomedicine. At the 
nanoscale, relatively small variations in large size distribution or a particle size might 
affect a substance’s bioavailability. Furthermore, due to the small particle size, 
particle shape, and form, special analytical processes are required [14, 122, 
148]. Other CQAs for nanomedicines include surface coating, morphology, and 
charge since shape has been shown to alter cell uptake rates, uptake processes, level 
of uptake and intracellular distribution, and hence toxicity profile. According to a 
study, the cellular absorption of triangle-shaped nanoparticles was the highest, 
whereas star-shaped nanoparticles had the lowest [145, 148]. To confirm 
nanomedicine functionality, manufacturing process repeatability, the functional 
performance of the systems and its stability, specific analytical techniques such as 
SEM or TEM (morphological evaluation and size estimation), AFM (morphological 
evaluation, size, and shape), zeta potential analyzer, laser granulometry, and light 
scattering (particle size and size deviation) are required. Some of the procedures 
listed are extremely time-consuming, labor-intensive, and require expensive equip-
ment, making them impractical to use in traditional manufacturing lines [149, 150]. 

Another problem with nanomedicines is the requirement to register them. The 
Food and Drug Administration (FDA), on the other hand, sees four major challenges 
in registering nanomedicines: the first is the regulatory status’s inadequacy; the 
second is the potentiality of these drugs for unidentified risks in the post-market; 
the third is ensuring the development of new risk–benefit measures followed by
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assessments of clinical trials and further research protocols to determine the clinical 
efficacy and the fourth is consumer labeling of nanomedicine products. The FDA has 
released nanomedicine recommendations that stress the need for precise nanocarrier 
characterization and how these features affect system safety, efficacy, and quality. 
Few studies have been done to show how these features affect patient safety. As a 
result, the FDA’s remark is only somewhat useful to a potential nanomedicine 
developer. Predicting the link between nanocarrier behavior in vitro and in vivo is 
one of the most difficult tasks. Tissue accumulation cellular interactions, transit, and 
biocompatibility are the pivotal elements that need to be investigated with the help of 
in vivo models, and the expenses of these trials are not small. The accumulation 
capacity of nanocarriers and their release profile over time must be idealized due to 
the likelihood of nanocarrier persistence in the circulation or deposition in tissues 
and organs, as well as a general lack of knowledge of long-term consequences. 
Finally, nanotechnology is a relatively young science, whereas the process of selling 
a revolutionary drug takes many years. Nanomedicine’s long-term effects on ani-
mals are unknown, thus demanding proper pharmacovigilance studies before and 
after commercialization [150, 151].
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8.5 Future Prospective for Controlled Site-Specific Target 
Delivery of Drugs 

Future research trends in the administration and delivery of bioactive compounds 
will be closely connected to revolutionary manufacturing procedures that combine 
different structural designs incorporating novel aspects of nanotechnology. To attain 
this aim, the advantages of two or more types of biomaterials will be merged, which 
will improve nanoparticle characteristics and summatively improve the advantages 
of two or more types of biomaterials. The loading of bioactive compounds on 
nanoparticles and their efficacy are largely benefited and improved by the effective 
delayed release and in situ delivery control. Target delivery is one of the expected 
qualities that have yet to be completely developed, and as a result, its future 
implementation possibilities remain an issue. Resources and industrial techniques 
that would promote the synthesis of edible nanoparticles with increased qualities are 
continually being investigated in this regard. Improved specificity and flexibility of 
the nanoparticles would pave a way for orally administering bioactive chemicals via 
edible nanoparticles, and it will be a beneficial strategy. Due to precision tissue-
targeted administration, this will allow us to make use of phytochemicals’ true 
ability to prevent and treatment of specific pathophysiological conditions 
[72, 151]. The bioactivity of the drug is being influenced by gut metabolism after 
oral administration needs a modification of current definitions of “bioaccessibility” 
and “bioavailability,” with a focus on upper gastrointestinal absorption. Indeed, 
understanding the properties of this physiological process, as well as the derivatives 
that are being produced during gastrointestinal digestion, is crucial for the design and



development of nanoparticle systems. With this goal in mind, selecting nanoparticles 
that improve absorption in the gastrointestinal tract may no longer be the gold 
standard, due to the superb bio efficacy of the additional compounds synthesized, 
for example, in the large intestine as a result of the local microbiota’s metabolism, 
making their absorption in the upper gastrointestinal undesirable. Furthermore, any 
changes in nanoparticle structure caused by digestive circumstances should be 
considered when assessing the impact of nanoparticles and/or nanovesicles on the 
efficacy of bioactive substances. Indeed, altering the structure of nanoparticles might 
affect their efficiency being as a vehicle of bioactive nutrients and non-nutrients, thus 
leading to incorrect findings. As a result, assuming that dilution has a substantial 
influence on the stability of nanoemulsions, liposomes, and micellesm, when com-
bined with digesting fluids, is important. Furthermore, gastrointestinal fluid pH and 
ions conditions, as well as enzymatic actions in these compartments, may jeopardize 
nanoparticle stability and development as bioactive drug carriers [94, 152]. As a 
result of these constraints, it is critical to evaluate nanoparticle behavior in complex 
matrices and biological systems in order to offer reliable information on their 
practical utility. 
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In spite of the rational value of nanotechnology in enhancing the biocompatibil-
ity, bioavailability, and reduced toxicity of bioactive molecules, nanoparticles are 
produced utilizing physicochemical methods, which involve the use of costly and 
dangerous chemicals, particularly in the case of metallic biomaterials, limiting their 
precise application in vivo. These limits also include the environmental effect of 
residues formed during nanoparticle synthesis, which necessitates the use of green 
methods that do not involve the use of harmful chemicals to manufacture metal 
nanoparticles. In this sense, employing environmentally friendly and biocompatible 
chemicals to synthesize nanoparticles should help to reduce the negative effects of 
these procedures. The interactions between carriers and loaded molecules with gut 
commensals, enzymes, as well as the ramifications of these interactions on stability 
and bioefficacy are yet to be explored in the final intestinal stage, despite the fact that 
they appear to pose additional obstacles [72, 153]. Indeed, applying what has been 
learned about the utilization of nanoparticles as vehicles for bioactive compounds 
will allow researchers to decipher and exploit the reciprocal interactions between 
these molecules, enzymes, and gut microbiota. Another issue that has to be answered 
is the extent to which nanoparticles alter the pharmacokinetics of bioactive phyto-
chemicals, which might lead to novel uses, such as internalization speed accelera-
tors. This issue must be clarified in order to properly construct the sampling time for 
determining the pharmacokinetics, bioavailability, and bioactivity of the bioactive 
substances under research. In this frame, it becomes obvious that the interaction 
between encapsulated compounds, matrix material, and body enzymes\proteins in 
complex biological systems, such as mammals, warrants additional investigation in 
terms of metabolism and bioefficacy [154].
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8.6 Conclusion 

Since its inception, nanotechnology has been hailed as a promising method for 
preventing and treating a variety of human health problems. In fact, the industry 
has used this technique to look for novel options for drug administration based on the 
alteration of bioactive substances’ solubility. Much advancement has been achieved 
over the past few years in evaluating the input that nanomaterials and nanoparticles 
give in a variety of pathophysiological circumstances. Encapsulating disease-
modifying drugs, phytochemicals, and novel bioactive peptides within the right 
nanoparticles improves their bioavailability significantly by rendering them safe 
from decomposition during storage and gastrointestinal path. This fosters cellular 
absorption through improved retention time with the wall of the intestine, resulting 
in increased mucus immersion as well as intestinal permeation. It also enhances 
dispersion in aqueous environments, extends residence duration inside the bodily 
circulation, modulates its rate of discharge, and delivers them to a specific place. In 
this framework, this chapter considers the extent to which nanoparticles might boost 
the therapeutic index of the drug while avoiding toxicity and delivering these 
bioactive substances to target tissues impacted by certain pathophysiological and 
chemical conditions. 
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Chapter 9 
Natural Plant-Derived Bioactive 
Compounds as Health Promoters 

Sunidhi Shreya, Priya Arya, and Amit Gupta 

Abstract Bioactive compounds in the form of primary and secondary metabolites 
were isolated and purified from plant products, including fungi, microbes, etc. In the 
literature, these metabolites are described as having immunobiological properties on 
organisms that may be used in the food and pharmaceutical industries. Identification, 
isolation, and finding novel properties of such molecules may be helpful in finding 
various applications in the fields of cosmetics, materials science, bioremediation, etc. 
So, these bioactive molecules were extracted and obtained from plant products, and 
this is the only option for preventing the burden of human diseases. These molecules 
are one of the ideal sources for drug development, and their concentration is very 
low, as reported in the literature. Nowadays, various methods are applied to develop 
some effective method or protocol for extraction along with isolation and character-
ization of bioactive molecules. Today, conventional methods are being replaced 
because they are time-consuming, and these are mainly through green solvents (ionic 
liquids, eutectic solvents, etc.) and nonconventional techniques (electric fields, 
microwaves, etc.). All these methods were characterized and optimized for their 
strategies, which mainly boost the commercial values of agrowastes along with 
organic residues, promoting a sustainable circular economy. Inspite of the develop-
ment of microfluidics, nanoencapsulation, and metabolic engineering, which may be 
able to help improve the screening process along with the extraction, stability, and 
functionality of compounds. In this chapter, we focused on extraction and charac-
terization methods of bioactive compounds and discuss about its promising health 
beneficial attributes of bioactive components. 
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9.1 Introduction 

Extraction is one of the major methods for the extraction of molecules from 
medicinal plant products. It is crucial to isolate and extract the desired chemical 
component, which is available in crude form in plant material. Further standardiza-
tion and characterization are required for getting the pure molecule and evaluating its 
biological properties. In this method, various steps were followed, i.e. prewashing, 
preparation of a homogenous sample from dried plant material, solvent system, etc. 
Proper precautions must be taken so as not to lose active constituents during plant 
extract preparation. The most important criteria for the selection of plant material are 
based on traditional uses. In addition, the selection of the solvent system (polar or 
nonpolar solvents) is also important and required for targeting the bioactive com-
pounds (hydrophilic or lipophilic) [1, 2]. In hydrophilic extraction, it is preferable to 
use polar solvents like methanol, ethanol, ethyl acetate, etc., whereas in the case of 
lipophilic compounds, it is preferable to use dichloromethane or a mixture of 
dichloromethane and methanol in a ratio of 1:1. In contrast, hexane is also used to 
remove chlorophyll content. Depending on the suitability of the solvent system, we 
can easily target that compound in polar or nonpolar form using a suitable extraction 
method. In simple words, extraction efficiency is totally dependent on particle size 
because of the enhancement in solvent penetration and properly diffusing the 
solutes. If someone is working on fine particle size, in this case, we consume 
maximum absorption of solute in solids and face difficulty in subsequent filtration. 
If samples were exposed to high temperatures, which may ultimately increase the 
solubility rate, but somehow lost the extracts and obtained undesirable impurities, 
extraction efficiency is totally dependent on time duration, and it may increase 
within a certain time range. In contrast, if we enhance the time duration during 
extraction, it will not affect the sample at all until solute equilibrium is reached inside 
and outside the solid material. The extraction methods [3, 4] are totally dependent on 
two factors:

• Conventional methods (maceration, percolation, and decoction) preferably use 
organic solvents and require a large volume of solvent and a long extraction time. 
The simplest method is maceration, which is mainly applied to thermolabile 
components. This is a very simple extraction method, and its major disadvantage 
is its long extraction time and extremely low efficiency (Table 9.1).

• Some modern methods, such as supercritical fluid extraction, pressurized liquid 
extraction, and microwave-assisted extraction, have also been applied in natural 
product extraction, and they offer some advantages such as lower or minimized 
consumption of organic solvent, shorter or reduced extraction times, and higher 
selectivity. These modern methods have some advantages over conventional 
methods where they meet the concept of green processes. In short, these tech-
nologies are energy-efficient alternatives and produce maximum yield with less 
extraction time.
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9.2 Plants’ Major Types of Bioactive Compounds 

9.2.1 Flavonoids 

Flavonoids are the most abundant and diversified class of bioactive molecules, 
frequently referred to as phytonutrients or phytochemicals, and are the primary 
elements of polyphenols. They have a chemical structure that includes a double-
bonded diphenylpropane structure characterized by two benzene rings (rings A and 
B) that are linked by a three carbon chain, which forms a closed pyran ring 
(heterocyclic ring with oxygen, the C ring) with the benzene A ring. Flavonoids 
are naturally found as glycosylated or esterified conjugates, although they can also 
exist as aglycones, particularly as the outcome of food. Flavonoids are found in all 
fruits and vegetables and, combined with carotenoids, are responsible for their 
distinct hues. Apples, oranges, carrots, onions, tomatoes, the latter, parsley, lemon, 
beans, and other fruits and vegetables are high in flavonoids. Flavonoids are 
compounds found in various plants that have been demonstrated to have beneficial 
effects on human health. These effects are mainly due to their antioxidant and anti-
inflammatory properties, which help combat the damaging effects of free radicals on 
cells and tissues. Flavonoids have also been shown to possess anti-ageing and anti-
carcinogenic properties. They can positively impact the nervous system and regulate 
the activities of certain enzymes and receptors. Proanthocyanidins, which are olig-
omers of flavonoids, have a similar structure and effects. Both flavonoids and 
proanthocyanidins are pigments that occur naturally in various plants [5, 6]. 

9.2.2 Terpenoids 

Terpenoids represent a significant cluster of natural products, mainly coming from 
plants but also produced by other organisms like bacteria and yeast in primary or 
secondary metabolism. They are made up of two five-carbon units called 
isoprenoids. Terpenoids offer therapeutic benefits in the management of various 
types of diseases, including cancer, as well as displaying antimicrobial, antihyper-
glycaemic, and anti-inflammatory properties. Moreover, they have insecticidal prop-
erties and are anti-allergenic, antispasmodic, antiviral, and immune modulators. 
Monoterpenoids have two isoprene units, while sesquiterpenoids have three. They 
are considered lipophilic in nature and have a high volatilization rate. They have 
intense smells and tastes. Their activities vary significantly, and a variety of them 
have been used in herbal medicines. Alzheimer’s patients have high acetylcholin-
esterase activity, which is decreased by some bicyclic monoterpenoids. Diterpenoids 
are made up of 4 isoprene units (each with 20 carbons). They are extremely 
lipophilic and have intense tastes, but they are not volatile and hence odourless. 
Diterpenoids are also often found in resins. The resins are complicated, lipid-soluble 
combinations that often contain both nonvolatile and volatile chemicals. Resins



released by wood are the most common; however, resins are also found in herba-
ceous plants. All of them are sticky, and how fluid they are depending on how many 
volatile compounds they contain. They get harder when exposed to the air. The 
majority of resins have antibacterial and wound-healing properties. α-terpineol 
contains insecticidal and skin penetration enhancing effects. Sesquiterpenes have 
antiallergic and anti-inflammatory qualities [7, 8]. 
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9.2.3 Alkaloids 

Alkaloids contain nitrogen, which causes the alkalinity of the compound. They are 
bitter in taste and heterocyclic in nature. These substances are often generated by a 
wide variety of plant species, mostly blooming plants and certain animals. Like 
inorganic alkalis, alkaloids react with acids to produce salts. In acid-base methods, 
these nitrogen atoms have the ability to serve as bases. In their purest form, alkaloids 
are typically odourless, pigmentless crystalline solids; however, occasionally they 
can also be yellowish liquids. It demonstrated a wide range of therapeutic qualities. 
Although several of them have local anaesthetic characteristics, their usefulness for 
therapeutic purposes is constrained. Although morphine is a potent opioid used to 
treat pain, its utility is constrained by its propensity for addiction. Quinine is an 
effective antimalarial drug. The human diet includes several alkaloids in both food 
and beverage forms. Alkaloids are compounds found in plants that are consumed by 
humans, including tomatoes, potatoes, cacao seeds, coffee seeds, and tea leaves. 
Alkaloids can directly affect the human brain or stimulate human organs like the 
central nervous system. Nicotine is a powerful stimulant and an extremely addictive 
chemical that is derived from the tobacco plant (Nicotiana tabacum). The 
antiparasitic, antiplasmodial, anticorrosive, antioxidative, antibacterial, anti-HIV, 
and insecticidal actions of alkaloids are only a few of their numerous beneficial 
uses [9, 10]. 

9.2.4 Betalains 

These are red and yellow in colour and contain nitrogen. The reddish-violet 
betacyanins and the yellow betaxanthins are two different types of indole-derived 
pigments known as betalains. The hues of these pigments are determined by the 
resonance of double bonds in the betalain structure. They can be included in an 
aqueous food system since they are water-soluble. Several cacti, pear, red and yellow 
beetroot, and amaranth are food sources of betalains. The health benefits of betalains 
are cumulative due to their antioxidant, anticancer, anti-lipidemic, and antibacterial 
properties. They are harmless when consumed, making them potentially useful as 
functional foods and a prospective replacement for supplemental medicines in



diseases like cancer and hypertension that are examples of oxidative stress, inflam-
mation, and dyslipidemia-related diseases [11]. 
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9.2.5 Glucosinolates 

The glucosinolates include sulphur-rich aglycones generated from amino acids. 
Certain pungent substances and their secondary metabolites, which include sulphur 
and nitrogen, naturally contain substances called glucosinolates. Sulphur and nitro-
gen are found in glucosinolates. They are produced from glucose and an amino acid. 
Cruciferous plants, such as wasabi, broccoli, cabbage, and kale, are the major 
sources of glucosinolate. The most physiologically active breakdown products of 
glucosinolates are isothiocyanates. Numerous glucosinolates and their physiologi-
cally active by-products, in particular the isothiocyanates, have been demonstrated in 
studies to have defensive properties against cancer and dementia and are well 
recognized for killing a variety of cancer cells without harming healthy cells. They 
lessen the chance of developing dementia and delay the elderly’s rate of cognitive 
deterioration [12]. 

9.3 Bioactive Components and Epigenetic Modifications 

In the literature, bioactive components used as nutrients in food may directly impact 
human health and also show effectiveness against intracellular pathogens. These 
bioactive compounds directly target the DNA expression in a cell or tissue and 
modify the genome, which indicates enhancing or declining the fabrication of 
specific proteins in a cell. So, these reorganizations were reported in DNA or 
histones and considered epigenetic marks, and the phenomenon is called 
epigenomics. In short, epigenetic modifications occur in chromatin without any 
effect on the nucleotide sequence. These changes modified the pattern of gene 
expression, but this expression may be progressive and somehow reversible. These 
epigenetic marks are transmitted from cell to cell or from one generation to another 
as cell division occurs. According to the literature, these epigenetic marks are totally 
dependent on two factors, i.e., DNA methylation and histone modification 
[13, 14]. In DNA methylation, proteins were chemically tagged with methyl groups 
of DNA bases, which make DNA more or less accessible to transcriptional apparatus 
and change the expression pattern of specific genes. Similarly, modifications in 
histones are also reported because DNA is always intact and shows its modifications 
chemically in histones. So, DNA is wrapped around histones, which directly affect 
the structure of DNA and also have an effect on proteins with reference to transcrip-
tional activity.



9 Natural Plant-Derived Bioactive Compounds as Health Promoters 167

• Folates (a water-soluble vitamin, foliate, and folic acid) are directly obtained 
from food and its supplements. The most familiar examples are lemons, oranges, 
and tomato juice, mushrooms, yeast, bananas, spinach, etc. In general, folate is 
available on the market in the form of capsules that are prevalent and enhance 
folate levels in the blood; more importantly, the use of these capsules in pregnant 
women has been linked to neural tube effects. This folate is mainly involved in 
the synthesis of DNA, including its repair, along with its methylation. During 
dietary digestion, folate undergoes a series of reactions, first being converted into 
tetrahydrofolate (remethylation of homocysteine to methionine, precursor of 
S-adenosyl-L-methionine). Thereafter, methyl group transfer occurred and 
converted S-adenosyl-L-methionine into S-adenosyl-L-homocysteine (SAH), an 
inhibitor of the methylation reactions [15]. This chemical reaction is having some 
significant impacts, especially in those patients with folate deficiency, and 
changes are occurring in specific proto-oncogenes because of DNA methylation 
patterns. In short, the recommendation of the uptake of folate capsules in the diet 
must be scrutinized and considered as one of the most active bioactive com-
pounds pertaining to reducing the abnormal proto-oncogene expression in cellu-
lar events.

• Vitamin A (a fat-soluble vitamin; retinoids) is reported in green vegetables, fish, 
meat, etc. This vitamin plays an important role in cell growth, differentiation, 
reproduction, vision, and immune function. In addition, this vitamin is metabo-
lized intracellularly in the form of retinal and retinoic acid (the active metabolite 
of vitamin A) and supports several physiological functions. In general, when this 
bioactive compound in the form of a vitamin is absorbed and migrated to the 
nucleus, it binds to receptors (nuclear retinoic acid receptors, RARs) and is then 
characterized in the form of RAR (α, β, and γ) which heterodimerize with retinoid 
X receptors (RXRs) [16]. Due to this complex, which ultimately binds with 
peculiar elements and declines at the gene level, our interest at the transcriptional 
level with reference to biological and pharmacological responses has declined in 
the case of disease conditions.

• Vitamin D3 (cholecalciferol) is reported in eggs, fish, milk, etc. and, most 
importantly, is directly obtained from sun exposure. Contrasting appearances of 
vitamin D are available, e.g., in humans, the existence of two vitamins is reported, 
i.e., vitamin D2 (reported in plants) and vitamin D3 (reported in human skin when 
exposed to sunlight). In the literature, this vitamin D3 played an important role in 
calcium homeostasis and then converted vitamin D3 into calcitriol (the active 
form), which showed its importance as a bioactive component in human 
nutrition [17].
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9.4 Promising Health Beneficial Attributes of Bioactive 
Components 

Bioactive components were isolated, characterized, and purified from plant products 
using organic solvents, and they are called secondary metabolites. These metabolites 
have promising therapeutic applications, i.e., antioxidant properties. In the literature, 
phenolics from plant products may be considered one of the phytochemical or 
bioactive compounds that may help to maintain better human health. So, these 
phenolics, which are more commonly reported in fruits and vegetables (orange 
and yellow-coloured), may contain enough lipophilic molecules called carotenoids. 
These carotenoids are widely applied and used for various industrial purposes, 
especially food in the form of pigments, and promoted as health dietary agents. 
One of the most familiar examples is related to protection against cardiovascular 
diseases, sunburn, cataracts, etc. due to the usage of these bioactive compounds like 
zeaxanthin, β-cryptoxanthin, and lutein. In addition, carotenoids are gaining more 
interest because of their strong antioxidant properties, which may be helpful in 
reducing the burden of disease. Similarly, polyphenols are reported as natural 
antioxidants that are mainly derived from fruits, cereals, vegetables, spices, etc. 
Several classes of polyphenols (phenolic acids, flavonoids, and anthocyanins) are 
also reported, which show several immunobiological properties [18, 19]. 

In the literature, these phenolic components from plant products are called free 
radical inhibitory or antioxidant agents because of their ability to release electrons or 
hydrogen atoms. A large number of antioxidative compounds were reported from 
fruit and vegetables, which may be helpful in reducing the cases of disorders, 
especially in the heart, cancer, arthritis, etc. Similarly, bioactive compounds in the 
form of peptides were reported in wheat, cereals, and rice, which may show 
antihypertensive activity [18–20]. According to the literature, several plant-derived 
bioactive compounds have some biological properties, i.e., antidiabetic and antican-
cer activity. Some of the most common health-promoting attributes of bioactive 
components are: 

Anticancer Medicinal plant-derived drugs play a paramount role in pharmaceutical 
or human health care. In nature, several prophylactic or therapeutic compounds with 
chemical diversity were reported in several species of plants, animals, and microor-
ganisms. In the literature, plant-derived candidates were reported and claimed to 
have anticancer activity, but most of them are still in clinical trials. To date, 
researchers working on structural modifications of compounds derived from plants 
have shown chemical diversity, which may further improve bioactive molecules, 
which is helpful for the process of drug development. Numerous studies were 
conducted related to anticancer in order to identify some novel phytochemical or 
bioactive compounds from plant products. So, these bioactive molecules, alone or in 
combination with other drugs, showed additive or synergistic effects, giving some 
options or an ideal candidate against cancer therapies. The most familiar examples of 
phytochemicals, especially anthraquinone, reported in plants, e.g., aloe vera, have



anticancer potential. Aloe vera leaves contain bioactive molecules, i.e., aloe-emodin 
and emodin, derivatives of anthraquinone, which have antiproliferative effects in 
cancer model studies. In addition, emodin showed effective results with reference to 
declining androgen receptors and prostate cancer growth. Both derivatives of 
anthraquinone that arrest cell cycle analysis (enhancement in p53 expression 
and upregulation of p21) played an important role in the induction of apoptosis 
and disrupted the membrane potential of mitochondria, cytochrome c release, and 
caspase activation [20–22]. 
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Today, cancer is one of the serious health concerns that are reported in both 
developing and developed countries. This disease may be due to unwanted cell 
growth and irregular cell division. In this regard, medicinal plants containing 
bioactive molecules have been used by villagers since ancient times to treat cancer. 
The most familiar examples of phytochemicals from plants reported as having 
anticancer activity are curcumin, vinblastine, vincristine, camptothecin, etc. In 
contrast, terpenoids and flavonoids also showed promising results against cancer. 

Antidiabetes One of the chronic diseases, diabetes mellitus, is one of the metabolic 
disorders seen in the pancreas, which is mainly seen through β-cells that have a 
condition called hyperglycaemia. This condition may arise due to a deficiency or 
decline in the level of insulin production by the pancreas, and several medications 
are required to control and lower the blood glucose level to a normal level. However, 
several drugs were available, but they showed several side effects and caused several 
serious consequences. In this regard, traditional methods were adopted using bioac-
tive elements from plants and played an important role as alternative medicine. In the 
literature, bioactive compounds from plants were reported as antidiabetic agents and 
showed more promising activity in terms of their safety and efficacy. The most 
familiar example is seen in the case of Momordica charantia, i.e., bitter melon, 
which may have contained a number of bioactive compounds like momordin, 
momordicosides, polypeptide-p, saponins, etc., which are totally similar to insulin-
like proteins and are responsible for declining blood glucose levels. These com-
pounds were reported in the callus, seeds, and fruits of Momordica charantia, which 
are totally similar to human insulin and showed an antidiabetic effect in animal 
model studies. In addition, bitter melon may have enhanced the tolerance rate of 
glucose levels in diabetic mice and has also been reported in humans. Similarly, 
ginseng (family Araliaceae), a traditional plant, is reported as an antidiabetic plant 
because of a specific type of saponin called ginsenosides. In the literature, 
ginsenoside Rb2 was more effective in decreasing blood glucose levels, and these 
studies were conducted in streptozotocin-induced diabetic rats. The roots of this 
plant also showed antidiabetic properties because of bioactive compounds like 
ginsenosides (triterpene glycosides or saponins), panaxans, vanillic acid, salicylates, 
etc. All parts of the ginseng plant contained alkaloids, polypeptides, vitamins, pro-
teins, phenols, etc. Moreover, ginseng is also available in red form, i.e., as red 
ginseng extracts, where ginsenoside (Rg2 and Rg3) concentrations are still higher 
than normal ginseng. This red ginseng significantly reduced blood glucose levels 
and enhanced the level of plasma insulin in streptozotocin-induced diabetic rats [22–



24]. Another antidiabetic plant like Tinospora cordifolia (family Menispermaceae) 
commonly known as Guduchi, reported polysaccharide content which is directly 
correlated with β-cell regenerative properties and claimed its antidiabetic medicine 
having some side effects. This activity is mainly due to its existence of glycosides, 
terpenoids, flavonoids, alkaloids, phenolic constituents, polysaccharides, etc. 
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Gut Health Food containing diverse varieties of bioactive components and 
bioactivators is reported in fruits, including phytochemicals. Diverse varieties of 
bioactive compounds were reported in different types of fruits, i.e., seed, peel, and 
fruit. Their concentrations of bioactive molecules may have varied within the same 
fruit due to geographical locations. All these variations are mainly due to some 
factors that are directly influenced by nutritional food components, i.e., environ-
mental conditions, ripening stage, season, soil texture, etc. In the literature, fruit is 
rich in polyphenols, one of the largest groups of bioactive compounds, and their 
structure may have totally varied from one fruit to another. Most of the fruits claimed 
their antioxidant and anti-inflammatory potential and showcased their importance 
with reference to human health care. Several studies related to preclinical and 
clinical research were conducted related to the isolation and purification of bioactive 
compounds from fruits and showed their activity against human health disorders of 
digestive, reproductive, and cardiovascular disease. In short, these bioactive com-
pounds from fruits may upregulate their antioxidant and anti-inflammatory potential 
to mitigate health ailments [25, 26]. 

Antithrombotic Bioactive substances have an impact on human health on a bio-
logical level. An example of this is an antithrombotic, which helps alleviate exces-
sive bleeding. Platelet aggregation, which occurs when blood clots begin to develop 
as a result of platelets beginning to accumulate together in the circulation, may be 
prevented by polyphenols by slowing down the platelet aggregation process [24– 
27]. 

Manage Blood Pressure Bioactive chemicals found in a variety of fruits, vegeta-
bles, tea, and mineral water, according to epidemiological research, may help 
prevent high blood pressure. The inclusion of a variety of foods high in flavonoids 
in the diet may be a useful strategy for lowering blood pressure [26–28]. 

Anti-inflammatory Inflammation is a biological reaction to an infection, harm, or 
discomfort. Chronic inflammatory conditions, including arthritis, allergies, athero-
sclerosis, and possibly cancer, appear to be linked to one another. Nitric oxide 
(NO) is one of the main mediators of inflammation. The overproduction of NO is 
inhibited by bioactive elements such as polyphenols, bioactive peptides, etc. Con-
sequently, bioactive substances can reduce inflammation [22–29]. 

Antioxidative The majority of the antioxidant properties of foods and plants are 
contributed by bioactive substances like polyphenols and carotenoids. Carotenoids’ 
pigment has the capacity to function as antioxidants and thereby shielding cells from 
photooxidation. Additionally, research has been done on how carotenoids react with



radical species, and they are well-known for their ability to quench singlet oxygen 
[22–30]. 
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Eye Health Eye illnesses may be prevented or delayed in their course by bioactive 
substances found in plants and diets. According to recent research, consuming at 
least 6 milligrams of lutein (carotenoids) daily can reduce the prevalence of macular 
degeneration by 43%. Increasing lutein and zeaxanthin in the diet can also help 
decrease or stop present eye damage and prevent current issues from getting worse 
[30, 31]. 

Cardiovascular Disease Anthocyanins, polyphenols, flavonoids, and other plant-
based bioactive chemicals may play a significant role in declining the rate of 
cardiovascular disease, according to epidemiological research. The likelihood of 
cardiovascular disease is reduced when people include foods with high anthocyanin 
and flavonoid content in their diet. The development of atherosclerosis and CVD is 
significantly influenced by oxidative stress and inflammation. The preventive effects 
of many bioactive substances against atherosclerosis and CVD may be related to 
their anti-inflammatory, antioxidative, and metabolic capabilities. It has been dem-
onstrated in several studies that anthocyanin-rich berries are linked to improved heart 
health, substantial reductions in glucose metabolism, lipid peroxidation, LDL oxi-
dation, dyslipidaemia, and total plasma antioxidant capacity. According to a number 
of cohort studies and randomized trials, flavonoids may reduce the incidence of 
CVD in part through improving LDL cholesterol levels, endothelial function, and 
sensitivity to insulin. Intake of six types of flavonoids, including anthocyanidins, 
proanthocyanidins, flavonols, flavanones, flavones, and flavan-3-ols, has also been 
linked to significant reductions in the risk of CVD [29–33]. 

Anticarcinogenic Numerous epidemiological studies that initially discovered a 
consistent link between a high intake of fruits and vegetables and a decreased risk 
of acquiring a variety of illnesses, including various types of cancer, have since 
revealed the health-promoting effects of bioactive compounds. These studies also 
discovered that bioactive compounds may inhibit the growth and progression of 
various cancer cells. Rich in phenolic compounds and with strong antioxidant 
qualities, eggplant might be useful in detoxifying free radicals. As a result, eggplants 
could potentially be used as a preventative food to lower the risk of cancer. Plant 
derivatives like polyphenols can restore adverse or unhealthy epigenetic alterations 
in cancer cells, obstruct carcinogenesis, stop the spread of metastatic cancer, or make 
tumour cells more sensitive to radiation and chemotherapy. The NF-κB pathway, 
which is known to control cell transformation, angiogenesis, cell proliferation, 
inflammation, invasion/metastasis, and survivability of cancer cells, is said to be 
inhibited by flavonoids found in fruits and vegetables. In addition, it has been 
demonstrated that the carotenoids and terpenoids found in plants have anti-
inflammatory and anticancer properties. They hinder NF-κB signalling pathways, 
which play a crucial role in tumours and inflammatory diseases [31–34].
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9.5 Characterization of Bioactive Molecules 

Bioactive chemicals are compounds derived from natural sources that are not often 
found in food and are typically present in modest amounts. They have been 
recognized as essential elements associated with healthy living and illness preven-
tion. These chemicals are the subject of significant research to determine their 
influence on health. They possess the power to influence one or more metabolic 
pathways, leading to improved health outcomes. Plants are the main source of 
bioactive substances. Natural bioactive compounds, commonly referred to as plant 
secondary metabolites, are vital for species competition, protection, attraction, and 
signalling but are not absolutely necessary for plant life. These substances are 
essential to animal life and hold considerable promise for improving human health, 
especially when it comes to their pharmacological or toxicological impacts on 
microbial infections and illnesses. Additionally, they have medicinal antioxidant 
qualities. Noncommunicable illnesses are spreading more widely as the population 
ages and becomes less active. As a result, consumers now have a greater need for 
natural goods as they look for long-term solutions to enhance their quality of life 
through customized nutrition. The necessity of a balanced intake is stressed since the 
quantity of bioactive compounds from plants consumed is frequently crucial in 
deciding whether the effect is beneficial or detrimental. These substances have a 
variety of effects, ranging from being very damaging to being beneficial or healing. 
In this regard, we explore characterization procedures for extracting bioactive 
compounds from plant products [4–8] (Fig. 9.1). 

Nuclear Magnetic Resonance Spectroscopy (NMR Spectroscopy) It is a type of 
spectroscopy that relies on how atom nuclei absorb radiation from the electromag-
netic spectrum in the range of 4 to 900 MHz. For figuring out the structure of 
bioactive (organic) molecules, NMR has emerged as the method of choice over the

SELECTION AND COLLECTION OF PLANT 
MATERIAL 

Extraction and preparation of Bioactive 

molecules from plant material 

Chemical Screening (Phytochemical analysis, 

Identification and structure elucidation) 

Biological screening (Immunoassays) 

Fig. 9.1 Process of bioactive compounds from plant products



past 50 years. It is the only spectroscopic technique for which thorough investigation 
of the sample and deciphering of the full spectrum are often anticipated. Numerous 
nuclei have spin, and all nuclei have electrical charges, according to the basic 
principle of NMR. The base energy can move to a higher energy level (often a 
single energy gap) when an external magnetic field is supplied. Once the spin 
rebounds to its base level, energy is emitted at the exact same frequency that was 
used for the energy transfer, which occurs at a wavelength that is equivalent to 
radiofrequencies. To produce an NMR spectrum for the target nucleus, the signal 
that corresponds to this transfer is processed and measured in a variety of ways. The 
bioactive metabolite is put in a magnetic field, and the NMR signal is generated by 
radio waves excitation of the sample’s nuclei, which is detected by sensitive radio 
receivers. A molecule’s atom’s intramolecular magnetic field can alter the resonance 
frequency, providing information about the molecule’s electronic structure and its 
many functional groups. Proton and carbon-13 NMR spectroscopy are the two most 
commonly used forms of NMR; however, they may be used with any material that 
has nuclei with spin. The study of the manner in which electromagnetic radiation 
interacts with matter is known as spectroscopy. NMR spectroscopy uses NMR 
phenomena to investigate the material’s physicochemical and biological character-
istics [35, 36].
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Mass Spectrometry One of the methods related to analytical chemistry for deter-
mining the bioactive compounds present is the mass-to-charge ratio and abundance 
of gas-phase ions. This technique involves bombarding the bioactive molecule 
(sample) with electrons; the bioactive molecules are mainly transformed into rapidly 
moving positive ions, including minor fragments, when they pass through a detector 
after moving through the electric and magnetic fields; and the charged particles are 
sorted according to their masses. Hence, they are detected, and the signals are 
recorded. A relative abundance in the form of a graph plotted against the mass/ 
charge ratio (m/e) is called a mass spectrum. The masses of particles and molecules 
in a sample, their elemental or isotopic signatures, and the chemical structures of 
molecules and other chemical compounds may all be inferred from these spectra. A 
sample, which might be solid, liquid, or gas, is often ionized during a technique, such 
as by being bombarded with electrons. Some molecules in the sample might break 
into charged pieces as a result. Then, by accelerating them and exposing them to an 
electric or magnetic field, these ions are sorted based on their mass-to-charge ratio. 
Ions with the same mass-to-charge ratio will deflect to the same degree. A system 
that can detect charged particles, such as an electron multiplier, is used to find the 
ions [37, 38].
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9.6 Chromatography Techniques 

9.6.1 Thin-Layer Chromatography (TLC) 

This technique conveniently delivers qualitative information, and quantitative data 
may be obtained by paying close attention to the little details. To separate and 
distinguish between different chemicals of interest, scientists use thin-layer chroma-
tography [39]. A thin coating of silica is fixed to glass or aluminium to provide 
support in the construction of a TLC plate. The mobile phase is the solvent mixture, 
while the stationary phase is the silica gel. The compound of interest is, to varying 
degrees, soluble in the ideal solvent solution. The partition equilibrium of the 
mixture’s constituent parts leads to separation. The simplest use of the method 
involves placing a small portion of the sample combination to be separated in a 
narrow zone or area towards one end of the TLC plate and then letting it dry. Making 
sure that the sample area is not submerged in the solvent, the strip or plate is next 
inserted into the solvent mixture, with this end sinking in. The test mixture divides 
into distinct components as the solvent goes towards the opposite end of the strip. 
This is called the development of TLC plates. Several things affect the separation.

• Solubility: A substance will travel along the plate more quickly; the more soluble 
it is in a solvent.

• Attractions between the elements and the silica; the compound travels less when it 
interacts with the silica.

• Compound size; bigger compounds travel along the plate more slowly. 

9.6.2 HPLC (High-Performance Liquid Chromatography) 
and HPTLC (High-Performance Liquid 
Chromatography) 

This is an analytical method that is applied for the separation and estimation of 
bioactive molecules from plant material. Utilizing the fundamentals or basic tech-
niques of column chromatography, where bioactive compounds are easily separated, 
and using the spectroscopy method in order to identify and quantify them. The 
development of column chromatography from low-pressure compatible glass col-
umns to high-pressure compatible metal columns occurred in the 1960s. In simple 
terms, HPLC is a greatly enhanced variation of column liquid chromatography. A 
solvent is pushed through a column at high pressures of up to 400 atmospheres rather 
than being permitted to slide through it under gravity. In a separation column with a 
stationary phase (granular substance with very tiny porous particles) and a mobile 
phase (solvent or solvent mix), it may proceed with the purification processes. 
The mobile phase is pushed along the separation column under high pressure. The 
sample is in the form of a bioactive metabolite, which may be delivered into the



mobile phase flow from the pump to the separation column through a valve with a 
linked sample loop, such as a tiny tube or a stainless steel capillary [40]. So, due to 
interactions with the stationary phase, components of several bioactive molecules are 
maintained at variable degrees and then migrate at various speeds across the column. 
Following its exit from the column, each chemical or bioactive molecule is identified 
by an appropriate detector, which sends a signal to the computer’s HPLC 
programme. A chromatogram is produced in the computer’s HPLC software at the 
conclusion of this procedure or run. The various compounds may be recognized and 
measured using the chromatogram. An excellent substitute for high-performance 
liquid chromatography (HPLC) and gas chromatography (GC), the HPTLC tech-
nique, is an automated, high-tech variation of thin-layer chromatography with 
improved and enhanced separation efficiency and detection limits. High-
performance thin-layer chromatography is often referred to as planar chromatogra-
phy or flat-bed chromatography. High-performance thin-layer chromatography 
(HPTLC), an advancement of thin-layer chromatography (TLC), is a reliable, 
easy-to-use, quick, and effective technique for quantitative analysis of substances 
[41]. An analytical method termed HPTLC is based on traditional liquid chroma-
tography (TLC), but it has been modified to allow for quantitative evaluation of the 
compounds and to improve the separation of the compounds’ resolution. Some of the 
modifications allow for elevated resolution, such as the use of higher-quality TLC 
plates with smaller particles in the stationary phase. Repeated plate development 
utilizing a multiple development device can further enhance the separation. As a 
result, HPTLC provides a higher limit of detection (LOD) and improved resolution. 
Similar to the manner in which TLC separates matter by adsorption, HPTLC 
operates on the same principles. Through capillary action, the solvent or mobile 
phase flows. The adsorbent (stationary phase) is approached by the analytes with 
affinities that vary. Moving closer to the stationary phase is the component with 
stronger affinity. Towards the stationary phase, a low-affinity component moves 
quickly. So, the components are separated on a chromatographic plate. 
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9.6.3 Non-chromatographic Techniques 

Phytochemical Screening Assay The word “phytochemicals”, which refers to 
substances obtained from plants, is frequently used to refer to the numerous second-
ary metabolic products that are present in plants. A crucial tool in bioactive compo-
nent analysis, the phytochemical screening assay, is a rapid, easy, and affordable 
process that provides the researcher with a quick answer regarding the different 
kinds of phytochemicals present in a combination. Following the extraction of the 
crude extract or active fraction from the plant material, phytochemical screening may 
be carried out using the proper assays to determine the types of phytochemicals 
present in the extract combination or fraction [42].
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Immunoassay Analyses of bioactive substances are increasingly using immunoas-
says, which employ monoclonal antibodies against drugs as well as low molecular-
weight natural bioactive molecules. For receptor-binding inquiries, enzyme tests, 
and analytical procedures, they exhibit great specificity and sensitivity. MAb-based 
enzyme-linked immunosorbent assays (ELISA) are frequently more sensitive than 
traditional HPLC techniques. Hybridoma technology is a process for producing 
monoclonal antibodies in specialized cells [43]. 

Fourier-Transform Infrared Spectroscopy (FTIR) For the characterization and 
identification of chemicals or functional groups (chemical bonds) found in an 
unknown mix of plants, FTIR has proven to be an invaluable instrument. A chemical 
“fingerprint” may be made from the FTIR spectra of pure substances since they are 
often so distinctive. By comparing an unknown compound’s spectrum to a collection 
of known compounds, it is possible to determine the spectrum of the majority of 
common plant chemicals [37, 38]. There are several techniques to prepare samples 
for FTIR. The simplest method for liquid samples is to put one drop of the sample 
between two sodium chloride plates. A thin layer is created between the plates by the 
drop. An alternative is to dissolve solid samples in a solvent, such as methylene 
chloride, and then pour the resulting solution onto a single salt plate. A thin coating 
of the original substance is then left on the plate once the solvent has evaporated. 

9.7 Future Prospects 

Bioactive substances function as health promoters and are present in food, animal 
products, and nature. In vitro and in vivo are common laboratory techniques that are 
often used in order to demonstrate a bioactive substance. Bioactive compounds are 
the secondary metabolites produced by plants. They produce food that improves 
health by changing metabolic processes. Depending on the compound type, quan-
tity, or bioavailability of the compound, the effects could be beneficial or detrimen-
tal. These substances have a variety of impacts, ranging from beneficial health 
maintenance to therapeutic benefits to being harmful or even lethal. The quantity 
of bioactive substances consumed frequently determines whether the impact is 
beneficial or harmful. They exhibit advantageous properties like antioxidative 
behaviour, antimicrobial impact, and organic pigmentation, among others. Recently, 
some indications have emerged regarding the involvement of specific bioactive 
substances in the postponement of illnesses like cancer and cardiovascular diseases. 
Although dietary nutrients are indispensable for survival, the necessity of bioactive 
compounds has not been established since the body can operate without them or their 
functions are concealed by nutrients that perform the same task. Numerous plant 
components that have the potential to have positive impacts on health are included in 
bioactive compounds. They are present in trace amounts and typically have phar-
macological effects. These bioactive substances may have negative health impacts or 
positive health effects, depending on the dose. These effects have already been



researched and studied using animal models and cell and tissue cultures. But in the 
present situation, an extensive amount of epidemiological evidence indicates that 
bioactive substances provide a wide range of health benefits for people, including the 
ability to prevent cancer, improve eye health, reduce the risk of cardiovascular 
disease, control blood pressure, and more. 
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Chapter 10 
Prolific Microbial Agents as Key Products 
for Sustainable Agriculture 

Viabhav Kumar Upadhayay, Yogesh Dashrath Naik, Nishant Ranjan, 
Chandranshu Kastury, Shivam Shekhar, Shailesh Kumar, 
and Vandna Jaggi 

Abstract The current agricultural system is confronted with the challenge of 
excessive reliance on chemical-based fertilizers and pesticides. While these inputs 
have revolutionized agriculture, they also pose significant environmental risks. As a 
result, the utilization of agriculturally important microorganisms has become imper-
ative to ensure sustainable agriculture in an environmentally friendly manner. These 
microorganisms can serve as biofertilizers, offering a wide range of plant growth-
stimulating traits such as nitrogen fixation, nutrient solubilization, synthesis of 
siderophores and phytohormones, etc. By establishing symbiotic relationships, 
they enhance soil fertility, improve nutrient availability, and promote plant growth, 
thereby reducing the rely on synthetic fertilizers. Moreover, beneficial microorgan-
isms act as natural adversaries to pests, providing an alternative to chemical pesti-
cides. Microbes also enhance crop resilience to abiotic stresses such as drought and 
salinity through the production of stress-tolerant compounds, modulation of plant 
hormones, and improved nutrient uptake efficiency. Furthermore, they contribute to 
climate-smart agriculture by sequestering carbon in the soil, thereby mitigating 
greenhouse gas emissions. The use of microbial consortia further enhances plant
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growth, disease suppression, and stress tolerance. Additionally, microorganisms 
play an imperative role in biofortifying food crops, improving nutrient absorption, 
and addressing malnutrition. In summary, microorganisms offer diverse applications 
in sustainable agriculture, providing transformative solutions for crop-based food 
production.
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10.1 Introduction 

Sustainable agriculture has attracted a lot of attention recently as a way to meet the 
rising global food demand while reducing the negative environmental effects of 
traditional farming practices, which rely on chemical fertilizers and pesticides. In 
this context, the incorporation of microorganisms into agricultural systems has 
emerged as a promising and comprehensive strategy, in which agriculturally impor-
tant microbes can be used as biofertilizers and biopesticide agents and ensure 
eco-friendly agricultural practices [1, 2]. However, the intricate interplay among 
microorganisms, plants, and soil forms the basis of the microbial-plant-soil nexus, 
which is fundamental to sustainable agriculture. In order to fully explore the 
potential of agriculturally important microorganisms for sustainable crop produc-
tion, it is important to understand their mechanisms of action. These microorganisms 
possess diverse traits and functions that contribute to improved plant growth, 
improved nutrient availability, and improved soil health [3, 4]. By elucidating 
these mechanisms, targeted strategies can be developed to optimize their effective-
ness and application in agricultural systems. The utilization of microorganisms as 
biofertilizers is a noteworthy application in the realm of sustainable agriculture. 
Microorganisms possessing diverse plant growth-promoting characteristics, includ-
ing nitrogen fixation and phosphate solubilization, play a vital role in enhancing soil 
fertility and nutrient accessibility [5]. Biofertilizers facilitate nutrient uptake and 
augment crop productivity by creating symbiotic relationships with plants, thereby 
mitigating the need for synthetic fertilizers and their associated environmental 
hazards [6]. In addition, microorganisms have enormous potential as biocontrol 
agents in pest control. Beneficial microorganisms can act as natural enemies of 
pests, inhibiting their growth, reproduction, and pathogenicity [7]. This biological 
control approach offers an environmentally friendly alternative to chemical pesti-
cides and minimizes negative impacts on ecosystems and human health. The ability 
of crops to withstand abiotic stresses such as drought, salinity, and extreme temper-
atures is essential for ensuring sustainable agricultural production [8]. Various 
mechanisms have been identified through which microorganisms can enhance 
plant tolerance and adaptation to stress [3, 8, 9]. Some of the methods used to 
enhance plant growth and resilience include producing stress-tolerant compounds, 
modifying plant hormone levels, and enhancing nutrient uptake efficiency [10]. Inte-
grating these stress-tolerant microorganisms into agricultural practices offers



prospective options for maintaining crop yields in challenging environments. In 
addition, the application of microbial-based products shows potential for 
implementing climate-smart agricultural practices. Microbial organisms have the 
ability to sequester carbon within the soil, thereby decreasing the amount of green-
house gas especially carbon dioxide and serving as a means of climate change 
mitigation [11]. Microbial consortia, consisting of compatible microorganisms, 
have demonstrated increased synergistic impacts on plant growth and productivity. 
Microbial consortia are now an efficient way for improving crop growth, disease 
suppression, and stress tolerance in plants compared to single microbial inoculants, 
by utilizing the various functional properties of different microorganisms [12]. 
Microbial inoculants are also important for biofortifying food crops, which can 
help alleviate global malnutrition and enhance human health [13–15]. They have 
the potential to improve the absorption and availability of vital nutrients, including 
iron, zinc, and selenium, in crops [16]. This improvement enhances the nutritional 
quality of crops, addressing nutrient deficiencies in vulnerable populations. 
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This chapter sheds light on the diverse roles of microorganisms as key compo-
nents in sustainable agriculture and highlights their immense potential for various 
applications. Comprehensive understanding and effective use of microorganisms are 
critical to unlocking transformative and long-lasting solutions for sustainable plant-
based food production. 

10.2 The Microbial-Plant-Soil Nexus: A Holistic Approach 
to Sustainable Agriculture 

The microbial-plant-soil nexus embodies a comprehensive and scientifically sound 
tactic to achieving the goals of sustainable agriculture. It recognizes the complicated 
interactions between microorganisms, plants, and soil within agricultural ecosystems 
[17]. This approach highlights the use of beneficial microbes in augmenting plant 
growth, soil health, and promoting sustainable agricultural practices. Microorgan-
isms play a key and indispensable role in nutrient cycling, a fundamental process in 
agricultural systems [18]. They actively contribute in the decomposition of complex 
organic matter, breaking it down into simpler forms that can be readily absorbed by 
plants [19]. Moreover, microorganisms contribute to nitrogen fixation, converting 
atmospheric N into a biologically usable form for plants. Through these processes, 
microorganisms improve nutrient accessibility, thereby promoting plant growth and 
reducing the need for synthetic fertilizers [20]. Furthermore, microorganisms exert a 
profound influence on soil structure and health. They actively contribute to the 
formation of soil aggregates, which enhance soil structure, porosity, and water 
infiltration [21]. These improvements in soil structure, in turn, enhance soil fertility 
and nutrient retention capacity. Additionally, certain microbes possess plant growth-
promoting traits such as phytohormone production, nutrient solubilization, and 
facilitation of nutrient uptake by plants [2]. The microbial-plant-soil nexus also



plays a crucial role in disease suppression within agricultural systems. Beneficial 
microorganisms act as natural antagonists against plant pathogens by actively 
competing for resources, producing antimicrobial compounds, and inducing sys-
temic resistance in plants [22]. These activities effectively reduce the occurrence and 
severity of plant diseases. By harnessing biocontrol agents derived from microor-
ganisms, farmers can minimize the use of chemical pesticides, which can have 
detrimental effects on the environment and human health [7]. Various strategies 
can be implemented to fully harness the potential of the microbial-plant-soil nexus. 
One such strategy involves the application of microbial biofertilizers, which contain 
beneficial microorganisms that enhance nutrient availability and promote plant 
growth [2]. These biofertilizers can be applied to seeds, roots, or soil to establish 
thriving and beneficial microbial communities, ultimately enhancing overall crop 
productivity. Furthermore, biopesticides derived from microorganisms offer an 
environmentally friendly alternative for pest control. Microbial-based biopesticides, 
such as Bacillus thuringiensis (Bt) and entomopathogenic fungi, specifically target 
pests while minimizing harm to nontarget organisms and reducing the risk of pest 
resistance development [23]. Integrating the microbial-plant-soil nexus into sustain-
able agricultural systems necessitates the adoption of soil management practices that 
support microbial activity [17]. This includes minimizing soil disturbance, 
maintaining soil organic matter through cover cropping and crop rotation, and 
reducing the use of chemical inputs that can disrupt microbial communities. By 
implementing these practices, farmers can foster a healthy and productive microbial 
ecosystem within the soil. 
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10.3 Understanding the Mechanisms of Action 
of Agriculturally Important Microorganisms 

Agriculturally important microorganisms show imperative contribution in 
augmenting plant growth through diverse arrays of mechanisms. These microorgan-
isms exert both direct and indirect influences on plant growth and development. 
Directly, they facilitate plant growth via phytostimulation and bio-fertilization. On 
the contrary, in the indirect way, they function as “bio-pesticides” or “biocontrol” 
agents [24]. The direct mechanisms employed by agriculturally important microor-
ganisms encompass the facilitation of nutrient uptake and enhancement of nutrient 
availability. They possess the capacity to fix nitrogen [25], solubilize phosphorus 
and other essential mineral nutrients [26], and mineralize organic compounds 
[24]. Moreover, these microorganisms produce phytohormones such as “IAA,” 
“ethylene,”  “cytokinins,” and “gibberellins,” which elicit plant growth responses 
[27]. The production of siderophores, which facilitate iron uptake, can be regarded as 
both a direct and indirect mechanism [28]. In addition to their direct effects, 
agriculturally important microorganisms exhibit indirect mechanisms that contribute 
to the promotion of plant growth. These encompass the production of antibiotics and



hydrolytic enzymes, which help in combating plant pathogens and supporting plant 
health [29]. They also have the capability to induce systemic resistance in plants, 
thereby enhancing defense mechanisms against pathogens [8]. Furthermore, these 
microorganisms secrete exopolysaccharides (EPS), which foster soil aggregation 
and improve soil structure, ultimately benefiting plant growth [30]. 
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The multifaceted activities of agriculturally important microorganisms establish 
them as precious contributors to plant growth and development. By harnessing these 
beneficial interactions, these microorganisms present promising prospects for pro-
moting sustainable agriculture and ensuring ecological balance. 

10.4 Microbial Agents as Biofertilizers for Improving Crop 
Productivity 

Biofertilizers, classified as organic fertilizers, consist of microbial strains possessing 
plant growth-promoting characteristics. The excessive use of chemical-based fertil-
izers in recent years has raised concerns about their detrimental effects on the 
environment. Consequently, there is a growing public interest in adopting 
eco-friendly strategies. Utilizing biofertilizers is revolutionizing agricultural prac-
tices by providing an environmentally sustainable approach and reducing depen-
dence on agrochemicals. This transformation hinges upon the careful selection of 
microbial strains to ensure optimal results. Microbial strains, including bacteria, 
fungi, and mycorrhizae such as “Bacillus,”  “Rhizobium,”  “Lactobacillus,” ‘Azoto-
bacter,”  “Pseudomonas,”  “photosynthetic bacteria,”  “Trichoderma sp., “Glomus 
sp.,”  “Gigaspora sp.,”  “Pezizella sp.,” and “yeasts” exhibit a wide range of capa-
bilities, such as nitrogen fixation, solubilization of phosphate, zinc, iron, and potas-
sium, as well as the production of phytohormones and cellulolytic enzymes [2, 31– 
33]. These strains are primarily utilized as biofertilizers [2, 33]. Through the 
processes of nitrogen fixation, phosphate, potassium, and zinc solubilization, secre-
tion of plant growth-regulating substances like hormones and vitamins and facilita-
tion of organic matter biodegradation, biofertilizers play a crucial role in augmenting 
the plant growth and also contribute in maintaining soil health [2, 34]. Biofertilizers 
are widely acknowledged as microbial inoculants that effectively enhance nutrient 
availability in the soil, addressing the multifaceted challenges stemming from 
intensive chemical fertilizer usage [35]. In addition to their role in facilitating 
nutrient uptake by plants, biofertilizers exert a significant influence on various 
vital plant physiological processes, including the augmentation of water absorption 
and the promotion of photosynthetic rates [36]. Extensive research has documented 
the capacity of biofertilizers to enhance both abiotic and biotic stress tolerance in 
plants [8, 37]). Moreover, they play a pivotal role in the bioremediation of pesticides, 
contributing to the mitigation of their environmental impact [38–40]. Functioning as 
effective biocontrollers and biofertilizers exhibit noteworthy antagonistic properties 
against a diverse range of soil-borne plant pathogens, encompassing Rhizoctonia



root rot, chill wilt, Pythium root rot, mung bean root rot, and parasitic nematodes 
[2, 41]. Advancements in bioformulation technologies are imperative for the suc-
cessful commercialization of proficient microbial strains that possess biocontrol and 
plant growth-promoting capabilities. Several essential characteristics define an 
exemplary biofertilizer: (1) it must demonstrate environmental friendliness; (2) the 
microbial strains employed in its formulation must be nonpathogenic; (3) it should 
provide crops with high-quality nutrients; and (4) it should exhibit an extended shelf 
life [2, 42]. The meticulous selection of microorganisms possessing desirable traits 
stands as a pivotal factor in biofertilizer production. A comprehensive understanding 
of the interactions between microorganisms, crops, and the environment is vital to 
enhance crop growth [2, 43]. Microbes utilized in bioformulations undergo rigorous 
testing under in situ and in vivo conditions to ascertain the preservation of desired 
properties and the attainment of desired outcomes [44]. Furthermore, the chosen 
microbes for biofertilizer formulation should exhibit genetic stability, target specific 
crops, maintain synchrony with the native microbial population, and demonstrate 
survivability even in the absence of a host [5, 45]. The development of biofertilizers 
has traditionally focused on single microbial strains, but recent research emphasizes 
the advantages of employing multiple strains in the form of microbial consortia. 
These consortia act synergistically through diverse mechanisms, resulting in height-
ened effectiveness for crop enhancement [46, 47]. The process of biofertilizer 
development is intricate and requires rigorous assessments to meet stringent quality 
standards. Ensuring the viability of microorganisms is of paramount importance, 
enabling them to sustain soil fertility even after extended periods of storage 
[2, 48]. Biofertilizers can be formulated as dried powder, granules, or liquid, 
utilizing different carrier materials to support microbial growth and facilitate effi-
cient delivery [49]. Liquid biofertilizers, in particular, can incorporate specialized 
cell protectants to extend their shelf life and require lower application dosages 
compared to other formulations [50]. The selection of an appropriate carrier material 
is a critical consideration, as it plays a significant role in preserving cell viability 
during storage and transportation [51]. The ideal carrier material should be nontoxic, 
possess high moisture absorption and water retention capacities, have a prolonged 
shelf life, and be easily processable [52]. Encapsulation of the inoculants with the 
carrier material ensures convenient handling, efficacy, and long-term storage 
capabilities [53]. 
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The evaluation of biofertilizer efficacy can vary based on crop specificity. 
Various strategies can be employed, including seed treatment and soil application, 
for the utilization of specific biofertilizers [54]. In the context of paddy cultivation, 
seedling treatment with biofertilizers emerges as the preferred approach [55]. Fol-
lowing the application of biofertilizers to the soil, seeds, or roots, microorganisms 
establish colonization in the vicinity of the roots, thereby promoting growth in the 
targeted crop [56]. The root exudates excreted by plants facilitate the proficient 
colonization of microorganisms within the rhizosphere, optimizing their establish-
ment and function [45].
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10.5 Microbes as Biocontrol Agents and Their Potential 
for Pest Management 

Pest management plays a pivotal role in modern agriculture and ecosystem preser-
vation. However, traditional methods of pest control relying on chemical pesticides 
have proven to be environmentally harmful, posing risks to ecosystems, human 
health, and nontarget organisms [57–59]. Consequently, there is a growing interest 
in developing sustainable and eco-friendly alternatives for pest management. 
Microbes, including bacteria, fungi, viruses, and nematodes, have emerged as 
promising biocontrol agents due to their effective pest control capabilities while 
minimizing the negative impacts associated with conventional approaches [60]. For 
over a century, the study of microbes and their role in the health of living beings has 
been widely recognized. In modern agriculture, microbes have gained prominence as 
natural pesticides when combined with hybrid seeds, high-yield varieties, and 
regular irrigation, making them a leading trend in the agricultural sector 
[61]. Researchers are exploring sustainable methods to safeguard crops from insects 
and pathogens while enhancing soil health by harnessing the power of beneficial 
microorganisms. These microorganisms serve as natural biocontrol agents, 
inhibiting the growth of harmful pests and diseases while promoting plant growth 
and development [62, 63]. Among the bacteria used in agriculture, Bacillus 
thuringiensis (Bt) has long been employed due to its insecticidal proteins, making 
it a valuable and environmentally friendly biopesticide. Recent studies have 
suggested its potential use as a biofertilizer to enhance plant growth and its applica-
tion in the development of transgenic plants (Liliana [64, 65]). Pseudomonas 
chlororaphis isolates are also utilized as biopesticides, providing protection to plants 
against a wide range of microbial pathogens, insects, and nematodes 
[66]. Entomopathogenic fungi (EPF) offer an environmentally sustainable approach 
to biocontrol against insect pests [67]. With over 700 species identified from 
approximately 90 different genera, these fungi have the ability to infect and induce 
disease in insects under favorable conditions [67]. Notable strains include Beauveria 
bassiana, Metarhizium anisopliae, Hirsutella, Isaria, Lecanicillium, and Beauveria 
[68, 69]. These fungi produce spores that attach to the pest’s cuticle, penetrate it, and 
ultimately lead to the pest’s demise. Fungal biocontrol agents are particularly 
effective against pests such as aphids, whiteflies, and thrips, and they offer a lower 
risk of developing resistance compared to chemical pesticides [67]. Insect-specific 
viruses, such as nucleopolyhedroviruses and granuloviruses, have shown great 
potential as biocontrol agents. These viruses selectively infect and eliminate their 
host insects [70, 71]. Microbial biocontrol agents provide numerous benefits for pest 
management. They demonstrate precise targeting, effectively controlling pests while 
minimizing harm to beneficial organisms. Moreover, these agents are environmen-
tally friendly and pose no toxicity risks to humans. They also have the advantage of 
rapid degradation, reducing the potential for persistent residues in soil, water, and 
food [60]. Furthermore, their utilization supports sustainability and organic farming



practices by decreasing reliance on synthetic pesticides. They can be seamlessly 
integrated into pest management programs, complementing other control methods. 
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10.6 Microbial Role in Enhancing Crop Resilience 
to Abiotic Stresses 

Abiotic stress has emerged as a significant global concern, causing substantial 
agricultural losses on a widespread scale [72]. It encompasses the detrimental effects 
of nonliving environmental factors that impose stress on various species. These 
factors comprise extreme light conditions (both high and low), radiation (UV-B and 
UV-A), temperature fluctuations (both high and low), water-related challenges 
(drought, flooding, and submergence), chemical influences (heavy metals and pH), 
salinity resulting from excessive Na + levels, deficiency or excess of essential 
nutrients, gaseous pollutants (such as ozone and sulfur dioxide), mechanical factors, 
and other less common stressors [73]. These stressors can manifest individually or in 
combination. In agricultural settings, crops and plants regularly encounter stress due 
to a complex interplay of these factors, resulting in distinct effects [72, 74]. The 
accumulation of heavy metals in plants has detrimental consequences for their 
growth, photosynthetic activity, and crop yield [75]. Salinity stress disrupts various 
physiological processes, including seed germination, seedling establishment, vege-
tative growth, ionic toxicity, osmotic pressure, and oxidative damage [76– 
78]. Drought stress adversely affects key components of photosynthesis, such as 
photosystem-I and photosystem-II, and impairs the functionality of enzymes like 
ascorbate peroxidase, glutathione reductase, and superoxide dismutase [79]. Cold 
stress induces cell and tissue dehydration, crystallization of cellular water, reduced 
membrane conductivity, increased leakage of reactive electrolytes, decreased 
weight, and lower relative water content, ultimately leading to poor crop yield 
[80]. Plants require a unique response tailored to their environmental conditions to 
adapt to specific abiotic stress conditions. Recent research indicates that each abiotic 
stress situation necessitates a precise, personalized plant response, and the interac-
tion of two or more stress factors may require a distinct response [72]. When two or 
more stresses occur simultaneously, an opposing response may be required. For 
instance, a common field scenario involves the combination of heat and drought 
stress. Under heat stress conditions, plants open stomata to cool the leaves through 
transpiration. However, when heat stress is combined with drought stress, plants are 
unable to open stomata, resulting in higher leaf temperatures [81]. Microbes employ 
various biochemical and molecular mechanisms to mitigate the adverse impacts of 
different abiotic stresses on plant growth and development [82]. 

Plants receive protection against abiotic stressors through various mechanisms 
employed by microorganisms. These include the synthesis of phytohormones, 
osmolytes, and exopolysaccharides (EPS), as well as the activity of 1--
aminocyclopropane-1-carboxylate (ACC) deaminase and the induction of



stress-responsive genes (Upadhayay et al., 2023). Plant-associated microorganisms, 
such as endophytes, arbuscular mycorrhizal fungi, and plant growth-promoting 
rhizobacteria [82], have been recognized for their ability to enhance crop yield and 
improve stress tolerance. Plant growth-promoting rhizobacteria (PGPR) play a vital 
role in this regard by producing phytohormones like indole-3-acetic acid (IAA), 
cytokinins, and abscisic acid. They also produce antioxidants such as superoxide 
dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), catalase (CAT), 
and glutathione reductase (GR). Additionally, PGPR possess the enzyme ACC 
deaminase, which aids in the degradation of the ethylene precursor ACC, thereby 
helping to alleviate the adverse effects of abiotic stress and induce systemic tolerance 
[83, 84]. The presence of PGPR with ACC deaminase enzyme enables the regulation 
of ethylene production by converting ACC into alpha-ketobutyrate and ammonia, 
providing relief from stress [85]. AMF colonization has shown increased tolerance to 
water stress by enabling hyphae to reach water sources inaccessible to non-colonized 
plants via soil pores that are inaccessible to root hairs. Khalvati et al. [86] demon-
strated water transport to the roots under drought conditions. Kavroulakis et al. [87] 
observed tolerance to water stress in Solanum lycopersicum cv ACE 55 by Fusarium 
solani, resulting in increased net CO2 assimilation rate, enhanced antioxidant activ-
ity, and stomatal conductance. Mathur et al. [88] demonstrated drought resistance in 
Triticum aestivum through the colonization of Rhizophagus intraradices and 
Funneliformis spp., leading to increased relative water content, chlorophyll content, 
and restoration of electron transport in PS-II. Bacillus sp. and Enterobacter 
sp. provide drought tolerance in Triticum aestivum and Zea mays through the 
production of indole-3-acetic acid and salicylic acid [89]. Funneliformis mosseae 
enhances tolerance to low temperatures in Solanum melongena L. by improving 
photochemical reactions, activating the antioxidant defense system, accumulating 
protective molecules, and reducing membrane damage [90]. Rhizoglomus 
intraradices enhances salinity tolerance in Pisum sativum by improving nutrient 
uptake and promoting the accumulation of compatible osmolytes [91]. Kocuria 
rhizophila regulates plant hormones like abscisic acid and indole-3-acetic acid and 
improves nutrient acquisition, thereby providing salinity tolerance in Zea mays 
[92]. Table 10.1 illustrates the use of a various microbial strains to successfully 
mitigate a variety of stressors faced by plants. 
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10.7 Microbial Products and Soil Carbon Sequestration: 
A Pathway to Climate-Smart Agriculture 

Climate change is a crucial global issue that has garnered significant attention from 
the scientific community worldwide. The primary driver behind climate change is 
human activities, which have contributed to a steady increase in global temperatures. 
Since the late nineteenth century, the Earth’s average surface temperature has risen 
by approximately 0.9 °C, largely attributed to the substantial surge in carbon dioxide



Microorganism Plant Stress mitigation References

(CO2) emissions resulting from human-induced activities [99]. The period of indus-
trialization, which commenced in the 1750s, witnessed a rapid and substantial rise in 
atmospheric CO2 concentration from 277 to 400 parts per million (ppm) 
[99, 100]. Since around 1920, fossil fuel combustion has become the dominant 
contributor to CO2 emissions, disrupting the natural carbon cycle and necessitating 
the implementation of carbon sequestration measures [99, 101]. Carbon sequestra-
tion refers to the process of capturing and storing atmospheric CO2 in the soil over 
an extended period. This method is predominantly achieved by incorporating crop 
residues and organic matter into the soil [102]. Additionally, indirect sequestration 
can occur through chemical reactions that transform CO2 into inorganic compounds 
like “calcium carbonate (CaCO3)” or “magnesium carbonates (MgCO3)” 
[99, 103]. On the other hand, direct sequestration involves the fixation of CO2 
into plant biomass through photosynthesis [104]. Various natural elements function
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Table 10.1 Microbial-mediated approaches for mitigating abiotic stress in plants 

Type of 
stress 

Bacillus 
megaterium PB50 

Rice Drought 
stress 

Improved growth under osmotic 
stress, protected from physical 
stress by stomatal closure 

Arun et al. 
[93] 

Arthrobacter 
woluwensis 
(AK1) 

Soybean Salinity 
stress 

Salt-tolerant gene GmST1 is 
expressed with 42.85% 
expression 

Khan et al. 
[13, 14] 

Bacillus 
megaterium and 
Pantoea 
agglomerans 

Vigna 
radiata 

Drought 
and alumi-
num stress 

The consortium decreased Al 
uptake and increased abiotic stress 
tolerance 

Silambarasan 
et al. [94] 

Compost + PGPR Tomato Drought 
stress 

Enhancement in the plant growth, 
accumulation of osmolytes and 
minerals, decrease patterns in 
activity of antioxidant enzymes 

Tahiri et al. 
[95] 

Enterobacter clo-
acae PM23 

Maize Salinity 
stress 

Augmentation in radial scaveng-
ing capacity, relative water con-
tent, soluble sugar, phenolic 
content, flavonoid content, and 
accumulation of osmolytes (gly-
cine betaine, proline, etc.) 

Ali et al. [96] 

S. putrefaciens 
and 
C. dubliniensis 

Pearl 
millet 

Drought 
stress 

Increase in relative water content, 
improvement in the level of pro-
line accumulation, enhancement 
in the expression level of genes 
related to phytohormone biosyn-
thesis, and drought-responsive 
transcription factors 

Manjunatha 
et al. [97] 

L. fusiformis and 
L. sphaericus 

Maize Cold 
stress 

Increase in level of osmolytes, 
phytohormones, and phenolics, 
improvement in the activity of 
antioxidant enzymes 

Jha and 
Mohamed 
[98]



as either carbon sources or sinks, depending on their capacity to absorb or release 
carbon. “Organic matter decomposition,” “respiration and digestion activities,” 
“volcanoes,” and “water bodies” serve as natural carbon sources [105], while forests, 
photosynthesis, Earth’s crust, soil, oceans, and freshwater bodies act as carbon sinks 
[99, 106]. Maintaining a balanced carbon cycle necessitates a proportional release of 
carbon from sources and sinks [107]. Carbon sequestration is influenced by a 
multitude of factors. These factors include the rate of production and decomposition 
of soil organic matter, the composition of the parent material, the position of the 
landscape, temperature and precipitation patterns, the presence of living organisms, 
and various management practices [99, 108]. Among these factors, SOM plays a 
significant role in modifying soil carbon stocks, thereby affecting the potential for 
soil sequestration [109]. Numerous processes contribute to the release and transport 
of SOM within the soil, influencing its physical, chemical, and biological character-
istics, and ultimately impacting the potential for carbon sequestration [108]. The 
microbes found in rhizospheric soil, specifically known as “plant growth-promoting 
rhizobacteria” or “PGPR,” have the capability to enhance soil microbial functioning, 
creating a positive contribution to global climate change. PGPR constitutes a 
significant portion of the overall microbial community and plays a crucial role in 
carbon sequestration [110]. The mechanisms by which PGPR mitigate climate 
change and sequester carbon involve multiple pathways [99]. PGPR plays a vital 
role in nutrient cycles, including those of “C” and “N” [111]. They exert improve-
ment in the production of “glomalin” in the rhizospheric milieu by promoting 
mycorrhizal colonization [112]. Glomalin acts as an important reservoir of C and 
N in the soil [113]. Moreover, PGPR has the ability to directly enhance plant growth 
and allocate more C to plant biomass, thereby facilitating effective carbon recycling 
[99]. Additionally, research has shown that PGPR affects soil quality by regulating 
the amount of C in micro- and macroaggregates [112]. Soil microbial activities are 
directly or indirectly influenced by elevated temperature and carbon dioxide levels. 
High-temperature conditions enhance microbial activities, creating a positive feed-
back loop for climate change. Similarly, low moisture conditions can have compa-
rable effects [114]. The maintenance of ecosystem C aggregation relies on achieving 
a balance between plant productivity and heterotrophic respiration, which is accom-
plished through the decomposition of SOM [99, 115].
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Several studies have extensively documented the beneficial impacts of elevated 
CO2 levels on plant growth, as well as the increased input of photosynthetic C into 
soils [116]. These increased carbon inputs can promote microbial growth, leading to 
an increase in soil microbial communities under elevated CO2 [117]. Consequently, 
this may accelerate soil organic matter decomposition, potentially resulting in net 
carbon losses in the soil. Elevated carbon dioxide levels also stimulate rhizosphere 
priming effects, enhancing the decomposition of soil organic matter through micro-
bial activity [118, 119]. The enzymatic activity of PGPR facilitates the decomposi-
tion of soil organic matter [120]. Moisture levels play a vital role in shaping the 
activities of microbial communities involved in climate change processes. In differ-
ent soil environments, microbial activity tends to increase under conditions of 
drought and water stress. This response is primarily attributed to the decrease in



water levels and the introduction of O2 into previously oxygen-depleted soils 
[99]. Peatlands and wetlands are recognized as crucial reservoirs that store substan-
tial amounts of C in terrestrial ecosystems [99, 121]. Consequently, the heightened 
degradation of resilient and stable organic matter under dry conditions can have 
significant implications for the global C cycle dynamics [122]. 
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10.8 Microbial Consortia: An Effective Way for Plant 
Growth 

The rhizosphere, a thriving area of soil, is teeming with a variety of different 
microorganisms. These subterranean microbes interact in complex ways both with 
each other and with plant roots, mutually benefiting plant growth. Plant signalling 
molecules such as root exudates play a crucial role and shape the rich spectrum of 
microbial diversity in this zone. The plant growth-promoting rhizomicrobes are a 
selected group of rhizosphere inhabitants that contribute to plant development 
through an impressive repertoire of mechanisms [12, 123]. From phosphate solubi-
lization to nitrogen fixation to the production of plant growth hormones and antimi-
crobial compounds, these PGPRs serve as excellent substitutes for chemical inputs 
that often upset the delicate balance of soil biological and chemical properties. While 
biofertilizers typically feature a single microbial strain, pioneering research shows 
that the application of co-inoculation or consortium biofertilizers containing two or 
more microbial strains consistently produce more profound benefits for plant growth 
[12, 124]. Numerous scientific studies have advocated the utilization of microbial 
consortia as a promising approach to enhance plant growth, health, and survival, 
both under challenging environmental conditions and in natural settings [46, 47, 
125, 126]. These consortia have been observed to stimulate plant roots, inducing the 
secretion of increased amounts of amino acids, growth regulators, and sugars. 
Moreover, they enhance the plant roots’ ability to efficiently utilize minerals and 
other constituents present in the rhizosphere [46, 47, 124, 126]. This symbiotic 
interaction contributes to improved nitrogen fixation, thereby enabling plants to 
adapt to changes in environmental conditions more effectively [126]. Within the 
framework of field experiments, the inoculation of rice crops with a consortium 
comprising three distinct bacterial strains, namely, “Burkholderia ubonensis 
(la3c3),”  “Burkholderia vietnamiensis (la1a4),” and “Citrobacter bitternis 
(p9a3m),” showed noteworthy improvement in both grain yield and quality and 
also reduced the use of nitrogen fertilizer by up to 25% [127]. In the study conducted 
by Kumar et al. [38–40], the tetra combination of A. chlorophenolicus, 
B. megaterium, Enterobacter sp., and P. aeruginosa exhibited significant improve-
ments in plant height, grain yield, and straw yield for wheat under both greenhouse 
and field conditions. The application of a talc-based formulation including a con-
sortium consisting of K. pneumoniae, Erwinia sp., and P. nitritireducens showed an 
extraordinary per-plant cumin seed yield (0.42 g). This notable formulation not only 
elevated essential agronomic parameters such as plant height, dry weight, and



100 seed weight but also resulted in a substantial enhancement in the overall yield, 
indicating a promising role of bacterial consortium in cumin cultivation [128]. A 
consortium comprising Erwinia sp. (nitrogen fixer), C. arthrosphaerae (phosphorus 
solubilizer), and P. gessardii (potassium solubilizer) enhanced growth and physio-
logical parameters, including root/shoot length and biomass, chlorophyll, caroten-
oids, phenolics, flavonoids, and soluble sugar content in barley crops compared to 
the untreated control [129]. Tyagi et al. [130] showed that a tri-inoculant formulation 
(“Serendipita indica,” ‘Rhizophagus intraradices,” and “Azotobacter 
chroococcum”) increased root and shoot length, fresh and dry weight, membrane 
electrolyte leakage, chlorophyll content, relative water content, and antioxidant 
enzyme activities (POX) significantly increased, CAT, PPO, SOD) in maize plants 
under drought conditions compared to the uninoculated control. The study by 
Kapadia et al. [131] showed that a microbial consortium consisting of Bacillus sp., 
Delftia sp., Enterobacter sp., and Achromobacter sp. significantly increased growth 
and mineral uptake of salt stressed tomatoes. The consortium treatment resulted in 
increased leaf, shoot and root dry weight, leaf count, shoot length, root length, 
secondary roots, and improved chlorophyll content compared to the control group, 
ultimately helping the plants to thrive in a saline environment. 
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10.9 Contribution of Microorganisms in Biofortification 
of Food Crops 

To address the needs of an expanding world population, it is crucial to implement 
strategies that optimize biomass productivity. “Green revolution” has contributed a 
lot in terms of giving to higher crop yields. But a specific type of micronutrient 
deficiency, known as “hidden hunger,” affects nearly half of the global population, 
leading to malnutrition [132]. In addition to macronutrients (N, P, K) and calories, 
essential micronutrients such as zinc, iron, selenium, etc. are vital for human health 
[15, 16]. The widespread presence of micronutrient deficiencies in low- and middle-
income countries has a significant impact on human health [16, 133]. The lack of 
micronutrients poses a significant health burden, especially in regions with inade-
quate access to proper nutrition. According to the “United Nations System Standing 
Committee on Nutrition (UNSSCN, [134]),” more than 50% of child mortality cases 
are directly or indirectly attributed to micronutrient deficiencies, which also contrib-
ute to major risk factors for maternal mortality [16]. Micronutrients such as iron (Fe), 
zinc (Zn), and selenium (Se) are essential for vital biological processes and must be 
obtained through the diet [13–15]. Inadequate intake of these micronutrients can lead 
to various health problems and increase the risk of developing several diseases 
[15, 16, 135]. 

Crop biofortification offers a promising solution to these challenges by enhancing 
the nutrient content of staple foods, particularly targeting low-income households 
that struggle to afford a diverse diet. Traditional approaches such as plant breeding, 
agronomic strategies, and genetic engineering have been employed for
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biofortification, but their effectiveness has been inconsistent, and they are laborious 
and costlier approaches [136]. In recent years, the utilization of naturally occurring 
soil microorganisms, specifically plant growth-promoting microbes like bacteria and 
mycorrhizal fungi, has emerged as a viable approach for crop biofortification ([3, 4, 
45, 55] and 2022d). The interactions between plants and these microbes play a 
pivotal role in improving soil nutrition and facilitating the movement of 
micronutrients to different plant parts through processes such as solubilization, 
mobilization, and translocation of micronutrients [15, 16]. Microorganisms employ 
diverse strategies to enhance micronutrient uptake in plants, including the produc-
tion of siderophores and other chelating substances, secretion of organic acids, 
proton extrusion, modification of root morphology and anatomy, reduction of anti-
nutritional factors like phytic acid in food grains, secretion of phenolics and related 
compounds, and production of phytohormones as signaling molecules [3, 4, 16, 25, 
45, 137]. The exploration of these potential plant growth-promoting (PGP) bacteria 
offers an alternative to chemical crop protection agents while also promoting 
environmental health and sustainability [13, 14, 138]. This makes them highly 
suitable for extensive use in organic agriculture. Several microorganisms have 
been identified and listed in Table 10.2 for their application in crop biofortification. 
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Table 10.2 Microbial-assisted biofortification of various crops 

Micronutrient 
(s) 

Zinc-solubilizing bacterial strains Zinc Wheat Ali et al. 
[139] 

Enterobacter sp. EG16 Selenium Pak choi (Brassica 
rapa ssp. chinensis) 

Yuan et al. 
[140] 

Exiguobacterium sp. S17 Selenium Brassica juncea 
(Indian mustard) 

Marfetán 
et al. [141] 

Consortium of Bacillus subtilis, Bacillus 
aryabhattai, and Paenibacillus polymyxa 

Zinc and iron Maize Ahmad 
et al. [142] 

Pseudomonas protegens Zinc Wheat Singh et al. 
[3] 

Three strains of Bacillus subtilis + soil 
applied iron 

Iron Groundnut Sarwar 
et al. [143] 

Bacillus altitudinis WR10 Iron Wheat Sun et al. 
[144] 

Consortium (Rhizobium + plant growth-
promoting rhizobacteria) 

Iron Lentil (Lens 
esculenta) 

Kumar 
et al. [38– 
40] 

Bacillus altitudinis Zinc Chickpea (Cicer 
arietinum L.) 

Kushwaha 
et al. [145] 

Bacillus mojavensis + Bacillus cereus Iron Sorghum Mansani 
et al. [146] 

S. marcescens FA-4 Zinc Rice Shakeel 
et al. [147] 

Enterobacter sp. MN17 + Zn application Zinc Kabuli chickpea Ullah et al. 
[148]
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10.10 Challenges and Opportunities for Commercializing 
Microbial Products in Sustainable Agriculture 

Microbe-based products, including biofertilizers and biopesticides, hold significant 
potential for sustainable agriculture. However, several challenges hinder their wide 
acceptance and successful implementation. To address them effectively, it is crucial 
to understand the issues faced by microbial-based products. 

I. Limited awareness and understanding: One of the main obstacles faced by 
microbial-based products is the insufficient awareness and understanding 
among farmers, agronomists, and policy-makers regarding the advantages 
and appropriate utilization of these products. It is imperative to develop 
educational initiatives and outreach programs that effectively disseminate 
knowledge and enhance confidence in these innovative solutions. 

II. Regulatory hurdles: Regulatory frameworks for microbial products often lack 
clarity or exhibit regional variations, which present a challenge in their com-
mercialization. The lengthy and expensive registration processes further hinder 
manufacturers and limit market access. To overcome these obstacles, it is 
crucial to streamline regulations and establish clear guidelines that facilitate 
the smooth commercialization of microbial products. 

III. Product variability and efficacy: The effectiveness of microbial products can 
be influenced by factors such as environmental conditions, crop species, and 
management practices, leading to variability in their performance. Ensuring 
consistent product efficacy across diverse agricultural systems and improving 
product stability are crucial challenges that require attention. 

IV. Quality control and standardization: Maintaining product quality and stan-
dardization is critical to the successful commercialization of microbial prod-
ucts. The development of standardized production protocols, quality control 
measures, and certification programs will increase product reliability and 
consumer confidence. 

V. Limited scalability and production costs: Manufacturing microbial products 
faces the challenge of increasing production and achieving cost efficiencies. 
Efficient production processes, optimized fermentation techniques, and 
research into alternative microbial strains are required to overcome these 
obstacles. 

VI. Market acceptance and competitiveness: Microbial-based products compete 
with traditional agrochemicals that already dominate the market. It is crucial to 
convince farmers of the long-term benefits, cost-effectiveness, and environ-
mental benefits of microbial products in order to achieve market acceptance 
and encourage their widespread use. 

VII. Research and development gaps: Sustained research and development efforts 
are essential to identify and characterize novel microbial strains, refine formu-
lation methods, and gain a comprehensive understanding of the complex 
interactions between microbes, plants, and the environment. Bridging these 
knowledge gaps will encourage innovation and accelerate the development of 
more efficient and impactful microbial products.
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It is essential to encourage collaboration between researchers, industry stake-
holders, policy-makers, and farmers to resolve these challenges. This collaborative 
effort will facilitate the exchange of knowledge and spur innovation in the field of 
microbial products. Increased investments in research, capacity building, and infra-
structure are essential for accelerating the development of these products and driving 
advancements. In addition, public-private partnerships can play a crucial role in 
facilitating technology transfer, expanding market access, and providing regulatory 
support. By addressing these obstacles, we can unlock the maximum potential of 
microbial products and increase their adoption via sustainable agriculture. Utilizing 
the power of beneficial microorganisms provides numerous opportunities to improve 
agricultural productivity, reduce reliance on chemical additives, and promote envi-
ronmentally responsible agricultural practices. 

10.11 Conclusion and Future Prospects 

In conclusion, the integration of microorganisms into sustainable agriculture pre-
sents promising solutions for enhancing crop productivity, soil health, and environ-
mental sustainability. Microbes play pivotal roles as biofertilizers, biocontrol agents, 
and stress-tolerant enhancers, promoting eco-friendly practices and reducing reli-
ance on synthetic inputs. Their contributions to climate-smart agriculture, microbial 
consortia, and biofortification of food crops underscore their significance in achiev-
ing sustainable and resilient agricultural systems. Unlocking the potential of micro-
organisms holds tremendous prospects for advancing and transforming sustainable 
crop-based food production. 

Looking ahead, advanced microbial formulations offer exciting prospects for 
revolutionizing agricultural practices. The incorporation of nanotechnology into 
microbial formulations, e.g., nanobiofertilizers, can lead to improved nutrient deliv-
ery and controlled release systems, thus optimizing nutrient uptake by plants [9]. In 
addition, the development of encapsulated biofertilizers can protect microorganisms 
and ensure their viability and stability during storage and application. These formu-
lation advances have the potential to improve the efficiency and potency of microbial 
products, resulting in higher plant productivity and optimized resource utilization. 
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Chapter 11 
Bioactive Potential of Actinomycetes 
in Agriculture Sector 

Arun Kumar Rai 

Abstract Agriculture sector has been under tremendous pressure for merely pro-
ducing enough food products to fulfil the considerable demand of progressively 
expanding population in this planet. Although chemical inputs in productive agri-
culture are imperative for proper plant growth and good yield, negative impacts of 
such compounds have undoubtedly increased the apparent importance of environ-
mentally friendly pesticides and fertilizers of plants or microbial origin. Microor-
ganisms efficiently perform a significant role in improving plant health, increasing 
plant yield, effective promotion of plant growth under stressful and adverse condi-
tions, mitigating plant diseases and inducing plant defences. Impressive array of 
specific functionalities from the beneficial microorganism could significantly 
increase the necessary sustenance of plants under hostile and adverse conditions as 
well as increase crop yields with least adverse effect to human health and the 
environment. Extensive exploration of beneficial microorganisms from poorly 
explored habitats is still in its nascent stage, and the active search for better microbial 
isolates from exotic habitats with prospective source of bioproducts could divulge 
some novel and promising isolates with unique functionalities suitable for use in 
sustainable agriculture practices. 

Keywords Agriculturally important microorganisms · Biofertilizers · 
Actinomycetes · Endophytes 

11.1 Introduction 

Ever-growing population across the globe has resulted in increase in considerable 
demand for food which has led to severe depletion of nutrition in the soil thereby 
limiting the factors for decreasing agricultural produce. As per published reports, 
around 70% of the abundant produce from the productive agriculture could be
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progressively lost to pests without the extensive use of pesticides [1]. Pesticides are 
known to protect agricultural plants from phytopathogens such as bacteria, fungi, 
mites and insects [2]. This in turn results in the extensive use of considerable amount 
of fertilizers and pesticides which has been known to be harmful towards humans as 
well as the local environment. Biofertilizers and biopesticides derived from benefi-
cial microorganisms have been thoughtfully considered as a viable alternative to 
naturally replenish the depleted soil fertility. Among beneficial microorganisms, 
actinomycetes have been known to secrete impressive array of bioactive metabolites 
with plant growth promoting functionalities (Fig. 11.1). Actinomycetes are gram-
positive bacteria bearing similarities with mycelium of fungi [3]. These groups of 
specific microorganisms naturally possess plethora of desired functionalities such as 
secretion of beneficial enzymes, viz., proteases, chitinase and cellulase; potential 
bio-metabolites; decomposition of complex polysaccharides such as lignin, pectin, 
cellulose, etc.; and antimicrobial metabolites with antagonistic properties against 
suitable phytopathogens for sustainable agriculture practices [4]. Some of the acti-
nomycetes belonging to the genus Streptomyces, Actinoplanes and Micromonospora 
have been known to considerably increase yield in agriculture sector [5, 6].
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Fig. 11.1 Fundamental 
aspects of actinomycetes 
suitable for the possible 
enhancement of agriculture 
produce 

11.2 Plant Growth Promotion 

Actinomycetes, especially Streptomyces spp., are able to colonize the rhizosphere as 
well as rhizoplane region of the plants efficiently. Distinct strains belonging to this 
recognized genus are equally able to colonize internal tissues of the plants therefore 
establishing an endophytic relationship with the host plant [7]. As per Olanrewaju 
and Babalola [8], beneficial properties of actinomycetes could possibly be due to



following attributes, viz., gene expression controlled through the complex mecha-
nism of quorum sensing, production of plant hormones, chitinases, lipases, synthesis 
of amino acids, secretion of antimicrobial compounds, etc. Actinomycetes obtained 
from the rhizosphere of the olive tree demonstrated plant growth-promoting traits 
such as the production of indole acetic acid, ammonia, solubilization of inorganic 
phosphates and siderophores [9]. 
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In one study, it was reported that the actinomycete strains in study were able to 
produce ammonia and solubilize phosphate as well as effectively colonize the roots 
of Solanum lycopersicum which as observed through scanning electron microscopy 
thus indicating their potential as prospective biofertilizer [10]. Chloropyrroles, iso-
lated from an actinomycete strain Catellatospora sp., and a trehalose, Trehangelin E 
obtained from the extract of Polymorphospora sp., were found to promote elonga-
tion of roots in the germinated seeds of lettuce [11, 12]. 

11.2.1 Plant Growth Promotion Under Salt-Stressed 
Environment 

Growth promotion with the help of actinomycetes in durum wheat plants under salt 
stress was studied by Djebaili et al. [13, 14]. In the experiment, different strains of 
actinomycetes were able to solubilize phosphates and produce IAA, hydrocyanic 
acids and ammonia under different concentration of sodium chloride. The strains 
were able to produce aminocyclopropane-1carboxylate deaminase activity and 
alpha-ketobutyric acids. The study inferred that the salt-tolerant actinomycetes 
could promote healthy plant growth and alleviate the stress of high concentration 
of salt on wheat plants. In one study, inoculation of seedlings of tomato with a strain 
of Streptomyces sp. resulted in increase in the weight, length of roots, number of 
roots, enrichment in pathways responsible for the processing of proteins by endo-
plasmic reticulum and enhancement of biochemical pathways thus indicating the 
possibility of using the strain as a biofertilizer [15]. 

11.2.2 Plant Growth Promotion Under Drought 

Actinomycete strains have been assessed for their potential as a plant growth 
promoter under drought condition. Maize plants inoculated with the strains of 
actinomycetes, i.e. Arthrobacter arilaitensis and Streptomyces pseudovenezuelae, 
were able to promote proper growth of the plants as well as demonstrated a 
significant increase in other growth parameters thus indicating their potential as 
bioinoculants [16]. In one study, treatment of wheat plants with Streptomyces 
pactum Act 12 enhanced adjustment of osmotic potential and antioxidant capacity 
with the help of accumulation of abscisic acid and regulation of genes related to



resistance of drought thereby helping in resisting the stress on plants due to 
drought [17]. 
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11.3 Biocontrol Attributes of Actinomycetes 

Actinomycetes are known to secrete an array of hydrolysing enzymes that contribute 
to biocontrol aspect of the microorganisms. In one study, high levels of glucanases, 
proteases and chitinases were produced by Arthrobacter humicola, and moderate 
levels of amylases and pectinases were produced by Streptomyces atratus [18]. 

Some of the traits of actinomycete strains responsible for biocontrol of plant 
pathogens as indicated by Olanrewaju and Babalola [8] are as follows: 

(a) Production of volatile organic compounds 
(b) Secretion of antimicrobial metabolites 
(c) Production of siderophores 
(d) Production of growth regulators of plants 

Actinomycete strains, viz., Nocardiopsis aegyptica and Streptomyces 
lycopersicum, secreted diffusible and volatile compounds with antifungal properties 
thus highlighting their potential as a biocontrol agent in a consortium [13]. Applica-
tion of strains of Streptomyces spp. was able to control the effects of southern blight 
as well as root rot disease in Aconitum carmichaelii plants. Promotion of plant 
growth and control of disease was also visible even after stopping of application 
of the inoculum. Increase in the abundance of beneficial microorganisms in rhizo-
sphere region was also observed [19]. An actinomycete strain Streptomyces 
aureoverticillatus was found to exhibit antibacterial activity against a bacterial 
phytopathogen Ralstonia solanacearum [20]. A strain of actinomycete, Streptomy-
ces griseorubiginosus, demonstrated antifungal properties against Fusarium 
oxysporum responsible for causing wilt disease in banana plants. The strain was 
also able to produce plant growth-promoting properties [21]. A strain of actinomy-
cetes, Micromonospora sp., was found to possess nematocidal potential. A com-
pound, benzenepropanoic, extracted from the strain was able to kill 99% of 
nematode Meloidogyne incognita as well as inhibit hatching of the eggs thus 
establishing as a promising biocontrol agent against the nematode [22]. One of the 
strains of Streptomyces antibioticus was also able to inhibit the hatching of eggs of 
M. incognita as well as increase in the mortality of juvenile nematodes [23]. A 
pinewood nematode Bursaphelenchus xylophilus was inhibited by Streptomyces 
sp. through the production of a nematocidal metabolite teleocidin [23]. 

1. Properties of actinomycetes with possible application in sustainable agriculture 
system 

Beneficial actinomycetes have immense potential in the production of 
biofertilizer and biopesticide formulations (Table 11.1). Their role in promoting



Actinomycetes Properties Reference

plant growth, maintaining plant health and secretion of suitable bioactive metabo-
lites with immense potential in agriculture cannot be ruled out [33]. 
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Table 11.1 Different properties of actinomycete species suitable for agricultural application 

Sl. 
No. 

1 Streptomyces sp. Antagonistic effect against Botrytis cinerea 
causing spot disease in faba bean (Vicia fabae 
L.) 

El-
Shatoury 
et al. [24] 

2 Streptomyces rochei ANH Biosorption of heavy metals, viz., Cr6+ , Cd2+ 

and Pb2+ from industrial effluents and 
improve water quality suitable for irrigation 

Hamdan 
et al. [25] 

3 Streptomyces sp. A part of consortia to convert waste from 
husbandry into organic fertilizer 

Amrullah 
et al. [26] 

4 Streptomyces tsukiyonensis Antagonistic effect against Colletotrichum 
dematium responsible for causing anthrac-
nose in Sarcandra glabra 

Song et al. 
[27] 

5 Streptomyces sp. Degradation of lignocellulosic residues by 
enzymatic hydrolysis during composting 

Buzón-
Durán 
et al. [28] 

6 Kribbella speibonae Production of siderophores Acquah 
et al. [29] 

7 Streptomyces sp. Production of exotoxins with insecticidal 
properties against Diamondback moth, 
Plutella xylostella pest of cabbage and 
cauliflower 

Srujana 
et al. [30] 

8 Brachybacterium 
phenoliresistens and 
Microbacterium sp. 

Antifungal properties against 
Peronophythora litchi and Rhizoctonia 
solani 

Wu et al. 
[31] 

9 Streptomyces spp. Promotes degradation of lignocellulosic resi-
dues during the composting through enzy-
matic hydrolysis 

Buzón-
Durán 
et al. [28] 

10 Streptomyces sp. Antifungal action against Thielaviopsis 
paradoxa that causes root rot, fruit rot and 
bleeding disease of coconuts 

M. M. 
et al. [32] 

11.4 Future Scopes and Prospects 

Biofertilizers have undoubtedly gained considerable attention in the recent years. 
The untapped microorganisms laden with diverse features have been popularly 
considered over the chemical fertilizers due to the negative impacts of hazardous 
chemicals resulting in various health issues and adversely affecting the environment. 
Biofertilizers are known to assist the active management of critical components of 
assimilated nutrients for structured farming. Among various strains of microorgan-
isms in this planet, the beneficial roles of actinomycete cannot be overlooked. The



massive population of actinomycetes in diversified soil types and their prominent 
roles in adequately maintaining fertility of soil and nature are of prime importance in 
agriculture sector. The proper management of soil ecosystem by the actinomycetes 
through the diversified attributes such as an ability of plant growth promotion, 
properly managing the optimal health and vigour of the plants, and secretion of 
agro-active compounds are significant contributors to agriculture. The remarkable 
ability of actinomycetes to amply compensate for hazardous and harmful chemical 
fertilizers and also to boost beneficial effects in plants highlights their prominent role 
in the vulnerable ecosystem. These actinomycetes are universally recognized to exert 
substantial beneficial effects in soil and hence provide a substantial way to propor-
tionately increase crop yield in the foreseeable future. Some of the strains of 
actinomycetes were at par with the chemical fertilizers when evaluated for their 
plant growth promoting attributes [34]. 
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11.5 Conclusion 

Beneficial microorganisms such as bacteria, along with actinomycetes, and fungi 
have been known to efficiently manage soil-borne phytopathogens. Some of the 
strains belonging to actinobacteria, viz., Streptomyces, Nocardia, Frankia, 
Micromonospora and Amycolatopsis, have been reported to adequately support the 
plants to absorb required nutrition from the surrounding soil as well as help in the 
control of pathogens. 

The continuous exploration for plant growth promoting characteristics and anti-
microbial properties remains a need of the hour to promote sustainable agriculture 
practices. 

Extensive exploration and continuous evaluation of prospective actinomycetes 
laden with beneficial properties suitable for sustainable agriculture system should be 
a continuous process to replenish the existing consortia with the more efficient and 
effective ones. 
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Chapter 12 
Environmental Sustainability Through 
Microbes and Their Metabolites 

Safina Ismail, Kalp Das, Deep Chandra Suyal, and Ravindra Soni 

Abstract Environmental sustainability refers to the responsible management of 
natural resources and ecosystems to ensure their long-term health and resilience. 
Microbes, which are microscopic organisms such as bacteria, fungi, and algae, play a 
crucial role in maintaining environmental sustainability through their metabolic 
activities. Ecologically sustainable agricultural practices are essential to ensure 
food security. Agrochemicals can be replaced in the production of food by 
microorganism-based inoculants that improve nutrient uptake, encourage crop 
development, or shield plants against pests and diseases. Effective agriculturally 
beneficial microbes (microbial inoculants) are potentially playing a role in sustain-
able crop production due to their immense plant growth-promoting attributes, better 
adaptability to survival under stresses and other uses that result in attenuating the 
pesticides/fertilizers use in agriculture. By fixing N2, solubilizing K and P, releasing 
soil trace elements, secreting exopolysaccharides, converting organic matter into 
usable nutrients, increasing soil water-holding capacity and strengthening soil health 
overall, effective microbes aid in crop development and welfare. In order to promote 
plant development, such microbes secrete biocontrol agents and improve drought 
tolerance, and they also produce bioactive substances like vitamins, hormones, and 
enzymes. In addition to their positive role in stimulating plant growth and develop-
ment, microorganisms possess the ability to clean contaminated sites from accumu-
lated pesticides, heavy metals, polyaromatic hydrocarbons, and other industrial 
effluents. Microbes can synthesize biopolymers such as polyhydroxyalkanoates 
(PHAs) and polylactic acid (PLA) through their metabolic pathways. These
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biopolymers have properties similar to conventional plastics but are biodegradable 
and derived from renewable sources. Moreover, employing potentially effective 
microorganisms can greatly contribute in environmental sustainability.
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12.1 Introduction 

In recent decades, the concept of environmental sustainability has gained increasing 
attention due to the growing concerns about the impact of human activities on the 
environment. According to the Intergovernmental Panel on Climate Change (IPCC), 
global greenhouse gas emissions have increased by about 70% between 1970 and 
2004, with the majority of these emissions coming from the burning of fossil fuels 
[1]. These emissions are causing significant changes in the Earth’s climate system, 
including rising temperatures, changing precipitation patterns, and more frequent 
and severe weather events, which in turn are affecting ecosystems and human well-
being [2]. Microbes, which are tiny organisms that are ubiquitous in nature, play a 
critical role in maintaining environmental sustainability through their various met-
abolic processes. For example, some microbes can break down pollutants such as 
pesticides and heavy metals, while others can fix atmospheric nitrogen and recycle 
nutrients in soil, water, and other ecosystems. Additionally, microbial metabolites, 
which are compounds produced by microbes, have been shown to have various 
applications in promoting environmental sustainability, including biodegradable 
plastics, biofuels, and biofertilizers [3–5]. 

The purpose of this chapter is to provide an overview of the role of microbes and 
their metabolites in environmental sustainability. This paper will explore the various 
types of microbes, the metabolites they produce, and the applications of these 
metabolites in promoting environmental sustainability. Additionally, this chapter 
will highlight some of the challenges and limitations associated with the use of 
microbial metabolites and provide recommendations for future research. Overall, 
this chapter aims to contribute to our understanding of the potential of microbial 
metabolites in promoting environmental sustainability. 

12.2 Microbes and Their Metabolites 

Microbes are diverse organisms that can be found in virtually all environments, 
including soil, water, air, and inside other organisms. The three main types of 
microbes are bacteria, fungi, and viruses. Bacteria are single-celled organisms that 
can be either beneficial or harmful to the environment and human health. Fungi, 
which are typically multicellular, can also be beneficial or harmful and are important 
decomposers in ecosystems. Viruses, which are not considered living organisms, can



infect both bacteria and other living organisms and can have significant impacts on 
ecosystems [6]. 
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12.2.1 Microbial Metabolites 

Microbial metabolites are compounds that are produced by microbes as a result of 
their metabolic processes. These metabolites have diverse chemical structures and 
biological activities and have been found to have various applications in promoting 
environmental sustainability. For example, some microbial metabolites have been 
shown to have antimicrobial, antioxidant, and anticancer properties, while others 
have been used in the production of biodegradable plastics, biofuels, and 
biofertilizers [3, 7]. 

12.3 Applications of Microbial Metabolites 

12.3.1 Biodegradable Plastics 

One of the most promising applications of microbial metabolites is in the production 
of biodegradable plastics. Biodegradable plastics are a type of plastic that can be 
broken down by microbes into natural compounds, such as carbon dioxide and 
water. This is in contrast to traditional plastics, which can persist in the environment 
for hundreds of years and have significant impacts on ecosystems. Microbial metab-
olites such as polyhydroxyalkanoates (PHAs) have been shown to be effective in the 
production of biodegradable plastics and have the potential to significantly reduce 
the environmental impact of plastic waste [4, 5]. 

12.3.2 Biofuels 

Microbial metabolites have also been used in the production of biofuels, which are 
fuels that are derived from renewable biomass sources. One such metabolite is 
ethanol, which is produced by certain types of bacteria and yeast during fermenta-
tion. Ethanol has been used as a biofuel for many years and has the potential to 
significantly reduce greenhouse gas emissions when used as a replacement for 
traditional fossil fuels [6].
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12.3.3 Biofertilizers 

Finally, microbial metabolites have been used in the production of biofertilizers, 
which are fertilizers that are derived from natural sources such as plants, animals, 
and microbes. Microbial metabolites such as indole acetic acid (IAA) have been 
shown to stimulate plant growth and improve soil fertility, making them a promising 
alternative to traditional chemical fertilizers [8]. 

12.3.4 Microbes and Their Role in Environmental 
Sustainability 

12.3.4.1 Soil Health

• Soil Microbes 

Soil microbes play a vital role in maintaining soil health and fertility. These 
microorganisms are involved in various processes such as nutrient cycling, decom-
position of organic matter, and the formation of soil aggregates. They also help in the 
production of plant growth-promoting substances, which can improve crop yields 
and reduce the need for chemical fertilizers. In addition, soil microbes can help to 
mitigate climate change by storing carbon in the soil, thereby reducing atmospheric 
carbon dioxide levels [9].

• Bioremediation 

Microbes can also be used for bioremediation, which is the process of using living 
organisms to remove or detoxify pollutants from the environment [10]. For example, 
some bacteria are capable of breaking down toxic compounds such as petroleum 
hydrocarbons and heavy metals and can be used to clean up contaminated soil and 
water [11]. This approach is more environmentally friendly and cost-effective than 
traditional methods such as excavation and disposal [12]. 

12.3.4.2 Water Quality

• Wastewater Treatment 

Microbes are also important in the treatment of wastewater. Many microorganisms 
are capable of breaking down organic matter and converting it into harmless 
substances such as water and carbon dioxide. This process, known as biological 
wastewater treatment, is widely used in municipal and industrial wastewater 
treatment plants. By using microbes to treat wastewater, we can reduce the amount 
of pollutants that are discharged into waterways and improve overall water 
quality [13].



• Algal Blooms 
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Microbes also play a role in preventing harmful algal blooms (HABs) in water-
ways. HABs are caused by the rapid growth of certain types of algae, which can 
deplete oxygen levels in the water and release toxins that can be harmful to aquatic 
life and human health. Some types of bacteria, known as probiotics, can help to 
control the growth of harmful algae by outcompeting them for resources and 
producing compounds that inhibit their growth [14].

• Air Quality 

Microbes can also have a positive impact on air quality. For example, some 
bacteria are capable of breaking down volatile organic compounds (VOCs), which 
are a major contributor to air pollution. By using microbes to remove VOCs from the 
air, we can improve air quality and reduce the risk of respiratory illnesses [15]. 

12.4 Environmental Sustainability Through Microbial 
Metabolites 

12.4.1 Bioactive Compounds

• Antibiotics 

Microbes produce a wide range of bioactive compounds, many of which have 
important applications in medicine, agriculture, and other fields. Antibiotics, for 
example, are natural products produced by bacteria and fungi that can kill or inhibit 
the growth of other microorganisms. These compounds have been used for decades 
to treat bacterial infections in humans and animals and are also used in agriculture as 
growth promoters and to prevent diseases in livestock. However, the overuse and 
misuse of antibiotics have led to the emergence of antibiotic-resistant bacteria, which 
is a growing public health concern [16].

• Enzymes 

Microbes also produce a wide range of enzymes that have important applications 
in industry and biotechnology. For example, some bacteria produce enzymes that 
can break down plant fibres and convert them into biofuels and other value-added 
products. Other enzymes produced by microbes are used in the production of food, 
textiles, and paper, among other applications [17].
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12.4.2 Bioplastics

• Polyhydroxyalkanoates 

Microbes also produce bioplastics, which are biodegradable plastics made from 
renewable resources such as plant sugars or waste biomass. Polyhydroxyalkanoates 
(PHAs) are a type of bioplastic produced by many types of bacteria that can be used 
to replace conventional plastics in a variety of applications. PHAs have several 
advantages over conventional plastics, including biodegradability, renewability, and 
reduced dependence on fossil fuels [18]. 

12.4.3 Biofertilizers

• Plant Growth-Promoting Substances 

Microbial metabolites can also be used as biofertilizers, which are products that 
contain living microorganisms or their metabolites and are used to enhance plant 
growth and productivity. Some bacteria produce plant growth-promoting substances 
such as indole acetic acid (IAA), which can stimulate root growth and improve 
nutrient uptake in plants. These substances can also improve soil health by increas-
ing microbial diversity and nutrient availability [19]. 

12.5 Challenges and Limitations 

12.5.1 Regulatory Issues

• Lack of Regulations for Microbial Metabolites 

The use of microbial metabolites in various industries has raised concerns about their 
safety and environmental impact. However, there is a lack of regulatory guidelines 
for the production and use of these metabolites. This has led to uncertainty about 
their safety and efficacy and has hindered their commercialization [20].

• Intellectual Property Issues 

The development of microbial metabolites as commercial products can be hin-
dered by intellectual property issues. The patenting of microbial strains and their 
metabolites can be complex, and disputes over patent ownership can arise. This can 
make it difficult for companies to invest in the development and commercialization 
of these products [20].
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12.6 Technical Limitations

• Yield Optimization 

The production of microbial metabolites can be limited by low yields, which can 
make their commercialization difficult. Optimization of fermentation conditions and 
strain engineering can help to increase yields, but this can be a time-consuming and 
expensive process [21].

• Scale-Up 

The scale-up of microbial metabolite production from laboratory to industrial 
scale can be challenging. Fermentation conditions and downstream processing 
methods may need to be optimized for larger-scale production, and this can require 
significant investment in equipment and infrastructure [21]. 

12.7 Future Prospects 

12.7.1 Industrial Applications

• Agriculture 

Microbial metabolites have great potential in agriculture for improving soil health, 
plant growth, and nutrient uptake. Several metabolites, such as indole acetic acid, 
gibberellins, and siderophores, have been shown to promote plant growth and 
protect crops from pathogens [22].

• Bioremediation 

Microbes and their metabolites can play a vital role in the bioremediation of 
contaminated soils and water bodies. Microbial enzymes, such as laccases, peroxi-
dases, and cellulases, can break down pollutants into harmless compounds. Addi-
tionally, microbial biosurfactants can help to remove hydrophobic pollutants from 
the environment [23]. 

12.7.2 Advances in Technology

• Synthetic Biology 

Advances in synthetic biology have opened up new possibilities for the production 
of microbial metabolites. Synthetic biology allows for the engineering of microbial 
strains to produce specific metabolites and has the potential to overcome the 
limitations of natural microbial strains [24].



• Metagenomics 
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Metagenomics is a powerful tool for the discovery of novel microbial metabo-
lites. Metagenomic analysis of environmental samples can identify new microbial 
strains and their associated metabolites, which can then be isolated and studied 
[25, 26]. 

12.8 Conclusion 

Microbes and their metabolites play a vital role in environmental sustainability. 
Their metabolites have applications in various industries, including agriculture, 
bioremediation, and medicine. Challenges and limitations, such as regulatory issues, 
technical limitations, and scale-up, need to be addressed for the commercialization of 
microbial metabolites. Further, advances in technology, such as synthetic biology 
and metagenomics, offer new opportunities for the discovery and production of 
microbial metabolites. 

Continued research is needed to discover new microbial strains and their associ-
ated metabolites. Moreover, efforts should be made to optimize the production and 
commercialization of microbial metabolites. Regulatory guidelines should be 
established for the safe production and use of microbial metabolites. Furthermore, 
collaboration between industry, academia, and regulatory bodies is necessary for the 
successful development and commercialization of microbial metabolites. 
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Induction of Stress Tolerance in Plants by 
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Abstract Endophytes are microbes that can survive inside of a plant’s stable tissues 
without wreaking havoc on the host. Endophytes aid plant adaptation by conferring a 
variety of determining effects that can counteract the harmful impacts of abiotic or 
biotic stressors. As a result, there is significant potential for long-term agricultural 
output if endophytic bacteria are used to increase crop performance under stress 
circumstances including low temperatures, high salt, low humidity, and heavy metal 
contamination. In order to benefit from symbiotically conferred resistance to abiotic 
stress, at least two routes must activate host stress response systems soon after stress 
exposure. That way, plants can prevent or lessen the impact of the stress on their 
systems. Endophytes increase a plant’s resilience to stress through biochemical 
processes, such as the activation of biomolecules and plant stress genes. Endophytes 
are essential to sustainable agriculture due to their many beneficial impacts on the 
host plant. These effects include the regulation of phytohormone signalling, meta-
bolic activity, and plant defence response pathways. 
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13.1 Introduction 

De Barry [1] first used the term endophytes, which literally means “in the plant” 
(edon = within, phyte = plant). This phrase has a wide range of applications, 
encompassing not only the algae that may live within the algae but also the bacteria, 
fungus, plants, and insects that may live within them [2]. Consequently, endophytes 
are symbiotic bacteria that promote plant growth and live within plant tissues. It also 
plays beneficial roles related with plant responses under conditions of biotic and 
abiotic stress without being responsible for any disease symptoms on the host plant. 
There are a variety of methods by which endophytes influence plant growth in 
response to abiotic stimuli like salt, heat, temperature, heavy metal toxicity, and 
nutritional stress. These microbial communities generate numerous secondary active 
chemicals that shield plants from insect and fungal diseases, hence promoting plant 
growth. In addition, they can produce extracellular enzymes that promote endophyte 
colonisation of the host plant. Endophytic microbes play a significant role in helping 
plants adapt to stress and environmental variables that limit growth and output. 
Symbiotic connections between plants and microbes enable them thrive in harsh 
environments by facilitating mutually beneficial changes in both partners’ rates of 
evolution and fitness. 

It has been shown that endophytic microbes like bacteria, actinomycetes, and 
fungi create a protective microbial “nest” around their plant hosts, making them 
more resistant to frost and other environmental stresses [3, 4]. The absence of 
endophytes in a plant is not a natural condition [5]. Without endophytes, plants 
can’t fight off infections and will easily succumb to environmental stresses [6]. Endo-
phytic microbes, particularly fungi like Sebacina vermifera and Piriformospora 
indica and other Colletotrichum and Penicillium species, differentiate under 
unfavourable conditions to have more potent effects on plant growth [7, 8]. 

Generally speaking, the fungus, bacteria, and nematodes that aren’t directly 
hazardous to plants aren’t nearly as harmful when they’re among plants that have 
plant growth-promoting microorganisms (PGPM) attached to them. Phytohormones 
are produced as a result of the primary effects of PGPM. Modifications in chemical 
or physical plant defence strategies, known as mediated systemic resistance (ISR), 
may also be affected by PGPM [9]. Under a variety of adverse environmental 
conditions, PGPM has consistently expanded, proving its usefulness to plant life. 
Increasing tolerance to environmental stimuli like sun, drought, salinity, cold, and 
heavy metals has been proved time and time again to be one of the key activities of 
plant growth-promoting fungus (PGPF) [10–12]. Abscisic acid (ABA)-independent 
or abscisic acid-dependent pathways convey osmotic stress from salinity and 
drought [13], and low ABA development levels have been achieved through fungal 
activity [14, 15]. Treatment with endophytic Penicillium spp. brought about water 
balance in plants, as reported by Miransari [16], so plants didn’t have to try very hard 
to synthesize ABA and shield the progress of stressed cells.
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13.2 Role of Endophytes in Abiotic Stress Management 

Suboptimal to supra-optimal temperatures, soil pH imbalance (from acidity to 
salinity), soil moisture deficits and surpluses, heavy metal toxicity, ultraviolet 
radiation, and many other environmental factors have all been stressors for plants 
ever since they first appeared [17]. Due to their brief life span, endophytes are able to 
quickly adapt to their environment and impart a wide variety of stresses on to their 
host plant [18]. In reaction to abiotic stress, endophytes either (i) activate the host 
plant’s response system or (ii) produce compounds that are toxic to the stress [19]. In 
the following paragraphs, we will discuss the mechanisms involved in coping with 
abiotic stresses in greater depth. 

Extraction of endophytic fungi from medicinal plants by Chathurdevi and Gowrie 
[20] revealed that these fungi release extracellular enzymes that aided the plants’ 
growth when subjected to abiotic stress. More than 50 unique endophytic fungal 
strains rich in enzymes like laccase, amylase, pectinase, cellulase, lipid hydrolase, 
and proteinase were isolated and identified by Sunitha et al. [21]. Breakdown 
enzymes for 1-aminocyclopropane-1-carboxylate (ACC) Bacterial endophytes 
have been studied in relation to the enzymes amylase, deaminase, esterase, 
pectinase, cellulases, lipids, protease, phytase, asparaginase, and xylanase [22– 
25]. A group of researchers led by Vijayalakshmi [26] has recently isolated bacterial 
endophytes from medicinal plants. These endophytes secrete extracellular enzymes 
such as amylase, protease, and cellulase. 

The potential for several different types of endophytic bacteria with molecular 
weights between 400 and 1500 daltons to create siderophores has been studied 
[27]. In addition to catecholate and salicylate, bacteria can also produce 
hydroxamate and carboxylate as siderophores. Streptomyces, Pseudonocardia, 
Actinopolyspora, Nocardia, Salinispora, Micromonospora, Actinomadura, and 
Kibdelosporangium are all examples of endophytic actinobacteria that create 
siderophores [27–29]. To regulate plant growth and confer disease resistance, plants 
rely on endophytic actinobacteria, which use an exomechanism to produce 
siderophores [30]. 

The phytohormone salicylic acid (SA) plays an important role in a wide range of 
processes, including development of the plant’s root system, germination of seeds, 
induction of flowering, closure of the plant’s stomata, and resistance to abiotic and 
biotic stress. Produced by bacterial endophytes, SA promotes development and 
protects plants against pathogens such as fungus, making them more resilient to 
drought [31]. 

13.3 Endophytes in Biotic Stress Management 

Generally speaking, endophytic bacteria are considered to be effective biocontrol 
agents. Endophytic fungi are extremely important for both grasses and conifers in 
mitigating the damage caused by insect herbivores. Bacillus subtilis, an endophytic



bacterium isolated from Speranskia tuberculata (Bge.) Baill, has been shown to 
have antagonistic effect against Botrytis cinerea, a fungus responsible for the 
spoilage of tomato fruits during storage [32]. Poplar canker was the subject of a 
biocontrol study in which novel endophytes including Burkholderia pyrrocinia 
JK-SH007 and Bacillus cepacia were employed [33]. 
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Recombinant endophytic strains, which may be found in many plants, can be 
used to create a wide variety of anti-pest proteins, which can then be used to combat 
a wide range of plant pests. Hassan et al. [34] biocontrolled Culex pipiens and Musca 
domestica with copper nanoparticles made by the endophyte Streptomyces 
capillispiralis Ca-1. The endophytic actinomycetes Streptomyces zaomyceticus 
Oc-5 and Streptomyces pseudogriseolus Acv-11, found in the plant Oxalis 
corniculata L., synthesised copper oxide nanoparticles with antimicrobial activity 
against four phytopathogenic fungi: Phoma destructiva, Alternaria alternaria, 
Fusarium oxysporum, and Curvularia lunata [35]. 

In asymptomatic colonisation, the host and the endophyte maintain a dynamic 
equilibrium in which their antagonistic interactions are roughly balanced. Although 
only a fraction of endophytes are thought to be dormant pathogens, all endophytes 
investigated so far have developed the exoenzymes essential to infect and colonise 
the host [36–39]. Almost all of them can produce compounds that are poisonous to 
plants (phytotoxins) [2, 40]. Hosts, just like they would in reaction to pathogens, can 
develop preformed and induced defensive metabolites [2, 41–45]. If the virulence of 
the fungus and the defence mechanisms of the plant are about equal, there will be no 
visible signals of danger. 

The dynamics of an antagonistic relationship can shift depending on the host and 
endophyte’s tolerance to biotic and abiotic environmental conditions and the state of 
health of both parties. Many endophytes, for instance, can infect as a pathogen, 
colonise cryptically, and sporulate as either a pathogen or a saprophyte, making them 
masters of phenotypic plasticity. Therefore, diversity is required to act as a check on 
this trend; if this is the case, then endophytic interactions are creative and can drive 
evolutionary change, with symbioses having the potential to develop into both 
highly specialised mutualisms and parasitisms or forms of exploitation [46]. 

13.4 Signalling During Abiotic and Biotic Stresses 

Plants have a number of built-in systems that allow them to sense stress signals and 
continue to grow even in adverse conditions. Information is routinely relayed across 
pathways and signal molecules/cofactors in the signalling response to any stressor, 
biotic event abiotic [47]. Reactive oxygen species (ROS) such as NO2,  Ca

2+ , inositol 
phosphates, and systemin have a function in signalling as well, complementing the 
effect of phytohormones. Drought causes osmotic stress, while salt stress causes 
ionic stress [48]. ROS production has been proposed as a critical mechanism for 
responding to biotic and abiotic stresses. New research reveals that Ca2+ and NO 
have a large impact on hormone signalling, which is important in stress response



pathway crosstalk. Plant defence, ABA-dependent stomata movement, and drought 
stress responses depend on nitric oxide and Ca2+ signalling [49]. MAPK/MPK 
cascades regulate proliferation, cell differentiation, cell death, development, and 
stress responses. The mitogen-activated protein kinase (MAPK) cascade drives 
cellular responses to biotic and abiotic stresses. Cellular responses to biotic and 
abiotic stressors depend on the MAPK cascade. Plants produce heat shock proteins 
to avoid protein denaturation and maintain protein homeostasis in severe 
temperatures [50]. 
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Fungal endophytes have been discovered to contain compounds that counteract 
the effects of flavonoids, phenols, terpenoids, alkaloids, saponin, nematode poly-
saccharides, and tannins [51, 52]. Treatment of diseases caused by a wide range of 
pathogens may be possible in future, with the help of bioactive compounds 
synthesised by endophytic actinomycetes [53]. In addition to their biocontrol 
actions, endophytic bacteria also have favourable impacts on abiotic stress. 

13.5 Induced Systemic Resistance (ISR) 

Plants’ natural defences are boosted by endophytic bacteria, making them more 
resilient to disease. “Induced systematic resistance” (ISR) describes this phenome-
non [54]. Endophytic microbes colonise plants by escaping defence responses, as 
seen in Bacillus and Pseudomonas [45]. ISR can be activated by several bacterial 
agents, including salicylic acid, antibiotics, siderophores, N-acyl-homoserine lac-
tones, jasmonic acid, volatiles (such acetoin), and lipopolysaccharides [55]. ISR was 
associated with the development of defences and immunity against herbivorous 
insects and diseases. Many types of endophytic bacteria have had their ISR triggered 
by salicylic acid, but it is also known that the plant hormones ethylene (ET) and 
jasmonic acid (JA) play crucial regulatory roles in the signalling pathways involved 
in ISR induction [56]. ISR induction by the endophytic bacterium Pseudomonas 
fluorescens 89B-61 protects cucumbers from the disease anthracnose [45]. Changes 
in the native endophytic population were associated with improved plant resistance 
to Pectobacterium atrosepticum when the endophytic bacterium Methylobacterium 
sp. IMBG290 was present in potato soil. Correlations between changes in the 
endophytic community and resistance to disease show the crucial role this popula-
tion plays in preventing illness [57]. Endophytic fungi have been involved in defence 
mechanisms via ISR induction to a lesser degree than endophytic bacteria [58]. The 
ability of endophytic fungi to create metabolites has been linked to both herbivore 
control and disease prevention. There are numerous different types of metabolites, 
including alkaloids, steroids, terpenoids, peptides, polyketones, flavonoids, chlori-
nated compounds, phenols, and quinols [59, 60]. Fungal endophytes cause localised 
illness in their hosts but have been connected to the discovery of compounds with 
antibacterial, antiviral, insecticidal, and antifungal activities due to their horizontal 
spread [61].
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13.6 Abiotic Stress Alleviation by Microbial Endophytes 

Different extreme situations, such as environmental pressures and strains induced by 
living communities, limit plant growth and development. 

Plants are able to withstand abiotic stress in two ways: (i) by immediately 
activating response systems after being stressed [62] and (ii) by generating biochem-
ical compounds that act as antistress agents, which are then metabolised by endo-
phytes [40]. Both up- and down regulation of several stress-inducible genes were 
reduced in pepper plants after inoculation with the endophyte Arthrobacter sp. and 
Bacillus sp. Cucumber plants exposed to salt chloride and dehydration stress 
benefited greatly from inoculation with Phoma glomerata and Penicillium sp., as 
measured by increased nutrient absorption (particularly magnesium, potassium, and 
calcium), increased plant biomass, and enhanced growth metrics, as well as 
decreased sodium toxicity [63]. Bailey et al. [64] concluded that Trichoderma 
sp. isolated from Theobroma cacao improved the cocoa plant’s tolerance to abiotic 
stress, particularly drought, via modifying gene expression. 

Plants grown from Kalmia latifolia L. tissue cultures were found to be more 
resilient to drought when inoculated with the endophytic fungus Streptomyces 
padanus AOK-30, according to research by Hasegawa et al. [65]. Under drought 
stress, sugars and amino acids were shown to be considerably higher in endophyte-
colonised plants compared to non-colonised plants [66]. Due to a complex 
symbiotic interaction, plants with a drought-tolerant phenotype are able to produce 
more sugar and amino acids, both of which are signs of higher osmolytic activity 
[67]. Plants that have been colonised by endophytes are more tolerant to environ-
mental challenges such low water availability, high temperatures, and high salt 
concentrations [7]. A boost in antioxidant activity, as discovered by Chugh et al. 
[68], was determined to be the cause of accelerated seedling development in 
response to dryness. 

There was also evidence that endophyte colonisation under low-water conditions 
led to increases in biomass, proline concentrations, and relative water content 
[69, 70]. 

13.7 Drought Stress 

As an abiotic stressor, drought is particularly detrimental to plant development and 
output. Due to root water restriction or excessive transpiration, plants experience 
drought [71]. Most plant species, especially those adapted to temperate climes, 
experience diurnal water stress during the middle of the day, even when soil 
moisture levels are within normal range. Growth is stunted due to the temporary 
drought stress [72]. Drought causes an increase in reactive oxygen species genera-
tion, lower germination rates, and membrane disruption [73]. The principal causes of 
osmotic stress in plants were, in addition, prolonged periods of dryness and high



salinity. Cells are affected by osmotic stress, which dryness causes; ionic or 
ion-toxicity signs appear in high salinity [48]. The effects of drought stress, such 
as stunted growth and leaf senescence in the shoot system, are counteracted by 
osmotic stress, induced by salinity [74]. 
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Plants with symbiotic relationships (like rice, tomatoes, dune grass, and panic 
grass) produce greater biomass with less water. 

Endophyte-associated plants may be more resistant to drought because they 
accumulate more solutes in their tissues than noninfected plants. This could be the 
result of a slower transpiration rate, a thicker cuticle layer, or reduced leaf conduc-
tivity [75]. Changes in a plant’s structure, genetic make-up, and metabolic processes 
may all contribute to its resilience in the face of water stress. Yet, in response to 
water scarcity, plants primarily increase ABA production and/or decrease ABA 
breakdown [76]. It is often believed that ABA acts as a signal in drought-stricken 
plants, primarily regulating transpiration and stomatal closure to decrease water loss 
[77]. Some evidence also suggests that ABA helps plants develop more extensive 
root systems, which improves their capacity to take in water [78]. 

Full scan mass spectrometry was used to isolate ABA from Azospirillum 
brasilense Sp 245 cells that had been grown at a heightened rate due to chemical 
stimulation. Increased amounts of ABA were seen in Azospirillum brasilense Sp 
245-infected Arabidopsis thaliana seedlings, and the addition of sodium chloride to 
the growth medium increased the rate of bacterial ABA synthesis [79]. 

13.8 Salinity Stress 

Soil salinisation, caused by the build-up of water-soluble salts, is a problem for 
farmers all over the world and endangers ecosystem vitality, food supplies, and 
economic development. Initially, salt has a chilling effect on the distribution and 
metabolism of soil microorganisms and other creatures that make their home in the 
soil. It first reduces crop yields and then, in its later phases, completely wipes out the 
local flora, turning once-productive land into a barren wasteland [80, 81]. Soil is 
regarded to be saline if its electrical conductivity (EC) in the root zone is greater than 
4  dS  m–1 at 25 0 Celsius and an exchangeable sodium concentration of 15% (almost 
40 mMNaCl). Most plant yields are diminished by this degree of salinity. In the 
world, high salinity affects 20% of all crop land and 33% of irrigated agriculture 
[82]. By 2050, half of the world’s arable land would be affected by salinity, 
according to a 2017 assessment of the literature by Machado, Rui M.A., and 
Serralheiro, Ricardo P. They also found that salt accumulation degrade 10 million 
ha of agriculture land every year. This harm can be hastened by aggressive ground-
water use, a rise in the use of low-quality water in agriculture, and climate change.



Tolerance
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13.9 Effect of Soil Salinity on Plants 

The production of agricultural crops, especially vegetable crops, which have a low 
tolerance sensitivity to soil saline, is drastically reduced due to soil salinity 
(Table 13.1). In general, Compared to field crops, vegetable crops offer a better 
yield per acre under irrigated conditions. Vegetable crops needed higher total water 
application rates and more frequent irrigation than other agronomic crops. Despite 
the need for more fertilisers and irrigation, vegetable crop production still takes place 
in dry and semi-arid regions where rainfall is scarce and temperatures are high. It’s 
common knowledge that vegetables are an excellent source of many different 
vitamins and minerals, as well as dietary fibre. Salty soil possess a challenges for 
plants as it hinders their metabolic function, making it difficult for them to thrive. 
Effects on reproductive development, such as the lengthening of stamen filaments,

Table 13.1 Soil salinity (ECe) tolerance in different crops 

Soil 
threshold 
(dSm-1 ) 
ECe 

Tolerant Barley Grain Yield 8.0 Maas and Grattan [83] 

Tolerant Canola/Rape seed Seed yield 9.7 Francois [84, 85] 

Tolerant Cotton Seed cotton 
yield 

7.7 Maas and Grattan [83] 

Tolerant Rye Grain yield 11.4 Maas and Grattan [83] 

Moderately 
tolerant 

Sorghum Grain yield 6.8 Maas and Grattan [83] 

Moderately 
tolerant 

Wheat Grain yield 6.0 Maas and Grattan [83] 

Moderately 
tolerant 

Sunflower Seed yield 4.8 Francois [86] 

Moderately 
tolerant 

Red beet Storage root 4.0 Machado and Serralheiro 
[87] 

Moderately 
sensitive 

Onion seed Seed yield 1.0 Mangal et al. [88] 

Moderately 
sensitive 

Eggplant Fruit yield 1.1 Machado and Serralheiro 
[87] 

Moderately 
sensitive 

Garlic Bulb yield 3.9 Francois [84, 85] 

Moderately 
sensitive 

Potato Tuber yield 1.7 Machado and Serralheiro 
[87] 

Sensitive Mung been Seed yield 1.8 Minhas [89] 

Sensitive Onion bulb Bulb yield 1.2 Maas and Grattan [83] 

Sensitive Rice Gran Yield 3.0 Venkateswarlu et al. [90] 

Sensitive Spinach Top fresh 
weight 

2.0 Machado and Serralheiro 
[87] 

ECe—electrical conductivity (EC) of saturated paste extract of soil



the suppression of microsporogenesis, the aborting of ovules, the senescence of 
fertilised embryos, and the enhancement of cell death in different tissues, can be 
mediated by high concentrations of K+ , which in turn affect mitosis and meiosis of 
nucleic acid. When K+ is replaced by Na+ in these processes, soil salinity causes ion 
toxicity. Protein conformational changes are also produced by Cl– and Na+ . Loss of 
turgor, cellular dehydration, and cell death can all result from the osmotic stress 
caused by high soil salt levels. Metabolic imbalance, brought on by osmotic stress 
and ion toxicity, results in oxidative stress. As salts are also nutrients for plants, too 
much salt in the soil can disrupt the plant’s nutritional balance or prevent it from 
absorbing key minerals (nitrogen, phosphorus, potassium, iron, and zinc). Salinity 
decreases photosynthesis by lowering photosystem II capability, chlorophyll con-
tent, leaf area, and stomatal conductance in photosynthesis.
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Growth is stunted as a result of the high salinity [91]. In addition, cyclin-
dependent kinase activity is decreased because of the post translational inhibition 
that occurs during periods of high salt [92]. 

13.10 Salinity Stress Alleviation by Microbial Endophytes 

Over 20% of farmable soil is at risk from salt right now, and experts predict that by 
2050, half of all prime farmland will be under salinity stress. Plant-associated 
microorganisms use a wide variety of metabolic and genetic methods to better 
adapt to abiotic and biotic stress. Endophytic bacteria not only react to root-secreted 
signal molecules but also produce their own signalling molecules, all of which have 
positive impacts on plant health, such as enhanced root growth, resistance or 
tolerance to biotic and abiotic challenges, and general plant health [9]. Endophytic 
fungi Yarrowia lipolytica controlled the production of proline in salt stressed maize 
plant [93]. In another study, Abdelaziz et al. [94] observed that endophytic fungi 
Piriformospora indica caused considerable reduction in shoot proline content in 
Solanum lycopersicum under salinity stress. Piriformospora indica also responsible 
for significant increase in shoot proline in Trichoderma harzianum salt stressed plant 
[95]. 

13.11 Primary Benefits of Endophytes in Reducing 
the Negative Effects of Salinity on Plants 

13.11.1 Plant Antioxidant Status 

Numerous organisms in the microbial world exhibit comparable responses to oxi-
dative stress. That ROS production in plants is mediated by endophytic fungus 
which was discovered by Hamilton and colleagues in 2012 [96]. Previous research



has established a connection between the suppression of antioxidant enzymes and 
salt tolerance in plants [97]. There are many enzymes in the body that can neutralise 
reactive oxygen species, including superoxide dismutases (SOD), glutathione reduc-
tases (GR), dehydroascorbate reductases (DHAR), catalases (CAT), ascorbate or 
thiol-dependent peroxidases (APX), and mono-dehydroascorbate reductases 
(MDHAR) [98]. APX, SOD, and CAT are all direct or indirect participants in the 
detoxification of reactive oxygen species (ROS). In a 500 mmol NaCl solution, the 
nonsymbiotic plant Leymus mollis (dune grass) shrivels, dries out within in 7 days, 
and dies after 14 days [99]. After being exposed to 500 mmol NaCl, Fusarium 
culmorum-infected plants became active for 14 days. Barley’s salt tolerance is 
improved by the endophyte Piriformospora indica ulmus, which also increases the 
grain’s antioxidant levels [100]. 
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13.11.2 ACC Deaminase 

ACC deaminase, produced by endophytic bacteria, is essential to plant growth and 
stress tolerance but useless to the bacteria [101]. ACC deaminase breaks ACC 
(1-aminocyclopropane-1-carboxylate) into 2-oxobutanoate and ammonia, lowering 
ethylene levels and blocking plant ethylene signalling [102]. Ethylene’s fundamental 
involvement in bacterial colonisation of plant tissues affects seed germination and 
plant responses to various stresses [103]. 

Over production of ethylene in plants as a response to stress can be harmful to 
their health and growth [104]. The ACC deaminase enzyme does more than just help 
plants deal with stress; it also encourages the colonisation of the plant by microor-
ganisms known as endophytes. Silencing the ACC deaminase gene in Burkholderia 
phytofirmans PsJN may prevent a bacterial infection that causes canola seedlings to 
fail to develop strong roots [105]. Branch invasion by endophytic bacteria has been 
observed in prior investigations of cut flowers and blocking ACC deaminase helped 
keep flowers from getting old too quickly [106]. 

13.11.3 Phytohormone Production 

Endophytes produce auxins, most notably indole-3-acetic acid (IAA) that can 
significantly increase plant growth [107]. Auxins, which counteract the effects of 
ethylene, are crucial for root growth and development. Endophytic regulation of 
auxin production in halophytic plants, thus, has the potential to be an important 
technique for granting salt resistance. There were two groups of bacteria that were 
found to produce IAA: (i) salinity-tolerant rhizobacteria (Halomonas sp., 
Arthrobacter sp., Pseudomonas mendocina, Bacillus pumilus, and Nitrinicolalacis 
aponensis) and (ii) microorganisms such as Serratia, Bacillus, Vibrio, 
Brevundimonas, and Oceanobacillus [108–110]. There were ABA, gibberellins,



and IAA generated by the halophytic Prosopis strombulifera [111]. Plants produce 
more of the growth hormone abscisic acid (ABA) when they are under stress. 
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ABA is primarily responsible for regulating water balance and osmotic stress 
tolerance in plants [112]. Wheat plants that were grown in salty soil benefited from 
the presence of IAA-producing rhizobacteria [108]. It is unknown if mycorrhizal or 
endophytic root fungus get salt tolerance from phytohormones [113]. 

13.11.4 Nitrogen Fixation 

Endophytes help their host plants in many ways, including by preventing disease, 
creating beneficial hormones, increasing the availability of nutrients, and fixing 
nitrogen. These mechanisms also contribute to endophytes’ buffering effect when 
the host plant is exposed to unfavourable ecological conditions [113]. Nitrogen 
could be fixed by a wide range of root endophytes (e.g., Azoarcus spp., Acetobacter 
diazotrophicus, and Herbaspirillum spp.). Host plant fitness is increased through 
nitrogen fixation, especially in low-nitrogen conditions. In cases when only a little 
amount of fixed nitrogen is found in a single species, it is important to determine if 
this nitrogen is meant to meet the needs of the microbes in the soil or those of the host 
plants. Poplar trees’ endophytic bacteria Paenibacillus P22 contributed to the host 
plant’s total nitrogen pool and triggered metabolic shifts [114]. 

13.11.5 Compatible Solutes 

Osmotic pressure results from the accumulation of Na+ and Cl– ions in the vacuole of 
a plant cell. To counteract this force, organelles and the cytoplasm must collect (even 
at high concentrations) organic solutes that are metabolically compatible. Most 
commonly found sugars, amino acids, and amino acids are glycine betaine, proline, 
and proline [115]. 

Increased salt tolerance in plants colonised by endophytes has been examined, 
and proline amino acid has been of particular interest because it has been 
hypothesised that organic solute accumulation is a critical mechanism for halophytic 
plants to offset osmotic pressure [116]. Proline accumulation appears to be an 
outcome rather than a cause of salt tolerance, despite contradictory findings about 
the role of mycorrhizal fungus [117]. 

Betaines and carbohydrates can also control osmosis. Elevated sugar and betaine 
levels in mycorrhizal plants have been linked to a potential involvement in salt 
tolerance [118]. Pseudomonas pseudoalcaligenes is an endophyte that increased 
rice’s salt tolerance by encouraging the formation of glycine betaine-like molecules 
[119].
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13.11.6 Temperature Stress 

High temperatures have a lethal effect on plants because they cause the proteins 
inside the cells to get denaturised and agglomerate, ultimately killing the plants. 
Metabolism slows down as a result of low temperatures because of their effect on 
enzyme activity, macromolecule interactions, protein structure alterations, and mod-
ulation of membrane characteristics [120]. 

Extreme heat is rarely reported, despite its negative effects, which are frequently 
linked to a lack of water. The bacterium Burkholderia phytofirmans increases cold 
hardiness in plants [121]. Due to Curvularia protuberata and its thermal endurance 
mycovirus Curvularia (CThTV), the grass Dichanthelium lanuginosum was able to 
live in Yellowstone National Park, where soil temperatures ranged from 38 °C to  
65 °C [122]. 

Wheat’s endurance to high temperatures has been improved by the presence of 
fungal endophytes, which has led to higher crop yields and improved germination 
rates in following generations [123]. 

Endophyte composition may be affected by a variety of environmental factors, 
including but not limited to temperature, humidity, and latitude. Lower annual 
precipitation and higher latitudes favour Paenibacillus strains in sweet root 
(Osmorhiza depauperata) endophytes, while greater annual precipitation and 
lower latitudes favour Sinorhizobium meliloti and Agrobacterium tumefaciens [124]. 

Ascorbate and glutathione are oxidised to reduced forms, and lipid peroxidation 
is reduced in endophyte-colonised plants, which makes them more resistant to 
temperature and salt stress, as found by Matsouri et al. [125]. By increasing its 
resistance to cold, endophytes increase a plant’s chance of survival. Accumulated 
phenolic compounds, proline, and starch are downregulated, and cellular damage 
and photosynthetic activity are elevated in response to cold stress. 

Endophytes have a protective effect on wheat development during drought stress 
due to their positive effect on metabolic balance [70]. 

13.11.7 Heavy Metal Stress 

Heavy metal toxicity is a major abiotic stressor that is responsible for the loss of 
anywhere from 25% to 80% of many types of farmed crops. Because of toxicity from 
manganese and aluminium and a lack of potassium, magnesium, phosphorus, and 
calcium in acidic soils, agricultural output and soil fertility are negatively affected 
[126]. Exposure to heavy metals significantly slows a plant’s root system and is also 
toxic to plant tissue [126]. Heavy metal toxicity in acidic soils is problematic because 
it interferes with several vital physiological and biochemical processes, such as 
nutrition intake, protein and nitrogen metabolism, photosynthesis, and respiration 
[127]. 

It is well known that the availability of cations to plants is affected by the 
immobilisation and mobilisation of metal cations by bacterial endophytes [128]. 
Higher activity of the antioxidant enzymes was found in Cd-stressed soil when the



dark septate endophyte (DSE) Exophiala pisciphila was combined with the root of 
Zea mays [129]. In 2016, Wang et al. DSE-inoculated plants subjected to high 
amounts of Cd showed upregulation of genes related in Cd detoxification, transport, 
and absorption, while ZIP was downregulated. Plant ethylene levels are affected by 
heavy metal tolerance, and Gigaspora and Pseudomonas can directly affect ethylene 
levels by varying the amount of 1-aminocyclopropane-1-carboxylate (ACC) [130]. 
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13.11.8 Nutrient Stress 

For growth, development, and reproduction, plants need mineral nutrients, light, 
water, and carbon. Examples of abiotic conditions that can cause damage to plants 
include hunger and nutrient deficits [131]. 

Endophytes provide their hosts with both micro and macronutrients. 
Amino acids can be synthesised by plants, thanks to nitrogen-fixing bacteria that 

can metabolise plant root exudates. Growth-promoting gibberellins (GAs), phos-
phate solubilisation, cytokinins, indole-3-acetic acid (IAA), and siderophore synthe-
sis, as well as important vitamins, are all produced by endophytes and used by the 
host plant [119]. The solubilisation of phosphate in wheat and rice was found to be 
enhanced by gibberellic acid generated by Pseudomonas sp., according to research 
by Choi et al. [132]. Zinc uptake in wheat plants can be improved using either 
Azotobacter chroococcum or Piriformospora indica [133]. 

Endophytes have been shown to aid in the biological breakdown of dead host 
plants. Endophytes colonise plants at first and then they actively work against 
saprophytic bacteria, speeding up the degradation of plant matter [134–138]). 
Another study showed that all endophytes can break down lignin, cellulose, and 
hemicelluloses, which help nutrient cycling [17]. 

13.12 Role of Microbial Metabolites in Stress Mitigation 
of Plants 

When plants are attacked by the different microbial species belonging to different 
microbiomes, i.e. rhizosphere microbiome, epiphytic microbiome, endophytic 
microbiome, seed microbiome, core microbiome, etc., they show differential 
responses which alter their resistance mechanism against the stresses prevailing. 
Interaction of microbial metabolites to the plant system leads to the synthesis of 
different important secondary metabolites, e.g. phenolics, alkaloids, steroids, and 
flavonoids which are positively correlated with stress resistance in plants [137]. Gen-
erally, it is observed that microbe induced production of secondary metabolites that 
helps in abiotic stress mitigation [138]. Reactive oxygen species level was found to 
be reduced in crop plants like wheat, soy bean, and peanut due to the activity of 
metabolites released from different strains of Pseudomonas spp. reported by Shaik 
et al. [139], Kang et al. [140], and Sharma et al. [141]. In another study, by Ghosh



and co-workers [142] also observed amelioration of osmotic stresses in Arabidopsis 
thaliana by exopolysaccharides released from Bacillus spp., whereas Liu et al. [143], 
Balsanelli et al. [144], and Mahmood et al. [145] found mitigation of salt stress by 
IAA, SmR1, and exopolysaccharides released from Klebsiella oxytoca Rs-5, 
Herbaspirillum seropedicae, and  Enterobacter cloacae P6, respectively. Adjust-
ment in production of metabolites for the sake of adaptation to the changing 
environment is also observed [146], in addition to the enhancement in uptake of 
plant nutrients, and the formation of soil humus [147]. However, it is also reported 
by Burkhead et al. [148], Haas and Defago [149], and Sankari et al. [150] that biotic 
stress can be mitigated by microbial species. The adverse impact of stem rot of 
chickpea, foot rot of tomato, early blight of tomato, head blight of wheat, and black 
scurf of potato were observed to be minimised by phenylpropanoid, harzianic acid, 
siderophores, bacillomycin D, and surfactin by Sathya et al. [151], Manganiello et al. 
[152], Verma et al. [153], Gu et al. [154], and Kong et al. [155], respectively. Some 
microbial metabolites which are useful in plant stress mitigation are given in 
Table 13.2. 
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Table 13.2 Metabolites from different endophytes 

S. No. Microbe Metabolite Stress Reference 

1 Azospirillum 
spp. 

IAA/IBA Inhibition of uptake of nutri-
ents like nitrogen and 
phosphorus 

Malhotra and 
Srivastava 
[156] 

2 Pseudomonas 
putida 

Pyoverdine Fusarium wilt Hass and 
Defago [149] 

3 Pseudomonas 
fluorescence 

Proline Salinity stress in Vicia faba Metwali et al. 
[157] 

4 Bacillus subtilis Surfactin Damping off of cole crops Kong et al. 
[155] 

5 Trichoderma 
koningii 

Koninginin C Take all disease of wheat Vinale et al. 
[158] 

6 Azospirillum 
brasilense 

Cadaverine Osmotic stress in rice Cassan et al. 
[159] 

7 Pseudomonas 
aeruginosa 

Glycine betaine Drought stress in Vigna 
radiata 

Sarma et al. 
[160] 

8 Rhizopus 
arrhizus 

Raphorin Fe deficiency in solanaceous 
crops 

Shenker et al. 
[161] 

9 Streptomyces 
acidiscabies 

Coelichelin Nickel stress in Vigna 
unguiculata 

Sathya et al. 
[151] 

10 Azotobacter 
chroococcum 

Exopolysaccharide Environmental stress in Vicia 
faba 

El-Ghany and 
Attia [162] 

11 Sphingomonas 
sp. 

Gibberellic acid Salinity stress in Tomato Halo et al. 
[163] 

12 Streptomyces 
platensis 

Phenylethyl 
alcohol 

Seedling blight of rice Wan et al. 
[164] 

13 Bradyrhizobium 
sp. 

Nitrogenase Water stress in Cowpea Fugyeuredi 
et al. [165]
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13.13 Conclusions 

Considering the role of microbes, it can be possible to make a holistic approach 
which can mitigate the different types of stress in association with other mechanism 
of mitigation, i.e. avoidance and escape mechanism, genotypic tolerance mecha-
nism, etc. Ultimately, these mechanisms will result in a sustainable and eco-friendly 
mitigation of the prevailing stress and also make possible the adaptation of crop 
plants to the changing environment. However, this approach is emerging as a 
revolution in sustainable development, and it still requires thorough study of mech-
anism of release and action of the secondary metabolite and the signalling crosstalk 
in plant-microbiome interactions to make it more effective and reliable. The focus 
should also be given to understand the genetic controls on plant secondary metab-
olites and their adjustment according to the changing microbiomes and environmen-
tal conditions. 
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Chapter 14 
Importance of Antagonistic Activities 
of Microbes and Their Metabolites 

Parth Choudhary, Manu Pant, and Kumud Pant 

Abstract Microbial antagonism is a complex phenomenon that involves various 
interactions among microbial communities. The importance of antagonistic activities 
of microbes and their metabolites in various fields such as biopreservation, biolog-
ical control, and bioremediation cannot be overstated. This chapter provides an 
overview of the various types of antagonistic activities of microbes, including 
nutrient competition, production of inhibitory compounds, and modulation of host 
immunity. Additionally, this chapter discusses the applications of microbial antag-
onistic activities in food and beverage preservation, biological control of plant 
diseases, and production of antibiotics and probiotics. Despite the significant poten-
tial of microbial antagonistic activities, challenges in the discovery and development 
of antagonistic compounds still exist, including limited knowledge of microbial 
communities and limited screening methods. Future research efforts should aim to 
address these challenges and expand our understanding of the complex interactions 
among microbial communities. This chapter emphasizes the importance of contin-
ued research and development in the field of microbial antagonism to improve the 
health and well-being of humans and the environment. 

Keywords Antagonism · Microbiome · Interactions · Metabolite · Probiotic 

14.1 Introduction 

Microbial interactions refer to the complex relationships and interactions between 
microorganisms, including bacteria, fungi, viruses, and other microorganisms [1]. 
These interactions can be either synergistic, where the microorganisms work 
together and benefit each other, or antagonistic, where one microorganism nega-
tively affects another. The study of microbial interactions has led to important
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discoveries and innovations in various fields, including medicine, agriculture, bio-
technology, and ecology.
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Microbial interactions play a critical role in the development and maintenance of 
the human microbiome, which is the collective community of microorganisms that 
reside on and inside the human body [2]. The microbiome is involved in essential 
physiological processes, including digestion, metabolism, and immune system func-
tion. In agriculture, microbial interactions are important for maintaining healthy soil 
and promoting plant growth [3]. Some microorganisms help to break down organic 
matter and make nutrients available to plants, while others can protect plants from 
pests and diseases. Also, microbial interactions have led to the development of a 
range of products and processes. For example, the discovery of naturally occurring 
antibiotics produced by microorganisms has revolutionized medicine, and bioreme-
diation technologies use microorganisms to clean up environmental pollutants [4]. 
Microbial interactions also play a role in the development of new vaccines and 
drugs. For ecology, microbial interactions are essential for the functioning of 
ecosystems. Microorganisms play a key role in the cycling of nutrients, decompo-
sition of organic matter, and maintenance of soil health. These interactions help to 
sustain the balance and health of ecosystems and are critical for the long-term health 
of the planet. 

Microbial antagonism is a phenomenon in which microorganisms interact with 
each other in a way that negatively impacts the growth or survival of one or more of 
the microorganisms involved [2]. This can occur through a variety of mechanisms, 
such as competition for resources, production of toxic compounds, or stimulation of 
host immune responses [5]. By understanding the mechanisms and implications of 
microbial antagonism, scientists and researchers can develop new strategies to 
harness the beneficial interactions between microorganisms and improve our under-
standing of complex microbial ecosystems. 

14.2 Types of Microbial Antagonistic Activities 

A few antagonistic activities of microbes and their metabolites include: 

14.2.1 Production of Bacteriocins 

Bacteriocins are antimicrobial peptides or proteins produced by bacteria that can 
inhibit the growth of other bacteria [4]. These are produced by a wide range 
of bacteria, including lactic acid bacteria, Bacillus species, and Enterococcus 
species [4, 5]. The use of bacteriocins as antimicrobial agents has received increas-
ing attention in recent years, as they have the potential to be used as alternatives to 
traditional antibiotics in the prevention and treatment of bacterial infections [4].
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14.2.2 Production of Antibiotics 

Antibiotics are antimicrobial compounds produced by microorganisms, including 
bacteria and fungi, that can kill or inhibit the growth of other microorganisms. There 
are several types of antibiotics, each with a unique mechanism of action and 
spectrum of activity. These are produced by a wide range of microorganisms, 
including Streptomyces and Penicillium species. The discovery and development 
of antibiotics have revolutionized the field of medicine, providing effective treat-
ments for bacterial infections. However, the overuse and misuse of antibiotics have 
led to the emergence of antibiotic-resistant bacteria, highlighting the need for new 
antimicrobial strategies [2]. 

The production of bacteriocins and antibiotics is often controlled by quorum 
sensing and can be influenced by environmental factors such as pH, temperature, and 
nutrient availability [6]. 

14.2.3 Production of Quorum-Sensing Molecules 

Quorum sensing (QS) is a process by which bacteria communicate with each other 
using chemical signals, known as autoinducers, to coordinate their behavior and 
gene expression. In addition to regulating bacterial behavior, QS can also play a role 
in microbial antagonism. Some bacteria produce quorum-sensing molecules (QSMs) 
that can interfere with the QS of other bacteria, leading to a disruption of their 
behavior and virulence. There are different types of QSMs produced by bacteria, 
including acyl-homoserine lactones (AHLs), autoinducer-2 (AI-2), and peptides. 
The production of QSMs can have different effects on bacterial populations. For 
example, some QSMs can inhibit the growth of competing bacteria or prevent 
biofilm formation, while others can induce the expression of virulence factors and 
promote bacterial pathogenesis. By targeting the QS system of pathogenic bacteria, 
it may be possible to disrupt their behavior and virulence, without necessarily 
killing them. 

This approach could help to reduce the selective pressure for the development of 
antibiotic resistance as well as limit the damage to beneficial microbial communities. 
One example of a bacterium that produces QSMs with antagonistic activity is 
Pseudomonas aeruginosa, which produces AHLs that can inhibit the QS of other 
bacteria. Another example is Bacillus thuringiensis, which produces cyclic 
lipopeptides that can inhibit the growth of other bacteria and fungi [7].
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14.3 Mechanisms of Microbial Antagonism 

Microbial antagonism is a fundamental aspect of microbial ecology, and the mech-
anisms by which microorganisms interact with each other can have profound effects 
on the structure and function of microbial communities. These interactions can occur 
through a variety of mechanisms, including competitive exclusion, nutrient compe-
tition, production of inhibitory compounds, and modulation of host immunity [8]. 

14.3.1 Competitive Exclusion 

One of the most common mechanisms of microbial antagonism is competitive 
exclusion, which occurs when one microbe is able to outcompete another for a 
particular resource. By competing for resources, microbes are able to maintain 
balance in their environment and prevent the overgrowth of any one particular 
species [8]. This is particularly important in environments such as the gut, where 
the presence of pathogenic bacteria can have serious health consequences that make 
it helpful in making probiotics. Competitive exclusion can occur through a number 
of different mechanisms:

• Some microbes are able to produce antimicrobial compounds, such as bacterio-
cins or antibiotics, that can kill or inhibit the growth of other microbes in their 
environment [4].

• Some microbes have mechanisms for acquiring nutrients more efficiently, such as 
the ability to break down complex organic compounds into simpler forms that can 
be readily absorbed [9].

• The production of biofilms, which are complex communities of microbes that 
adhere to surfaces and form protective matrices that can prevent other microbes 
from colonizing the same surface [10].

• Some microbes are able to outcompete others through physical interactions, such 
as through the use of pili or other structures that allow them to attach to surfaces 
or other microbes [8]. 

14.3.2 Nutrient Competition 

One of the most important mechanisms of microbial antagonism is nutrient compe-
tition, which occurs when microbes compete for limited sources of nutrients, such as 
carbon, nitrogen, and phosphorus. Despite the importance of nutrient competition in 
microbial communities, much remains to be understood about the mechanisms by 
which microbes compete for resources. Ongoing research is focused on understand-
ing the complex interactions between different microbes and the role that nutrient



competition plays in shaping microbial populations [9]. Nutrient competition can 
occur through a number of different mechanisms:

• Some microbes may be able to secrete enzymes that break down complex organic 
molecules into simpler forms that can be readily absorbed.

• Some are able to absorb nutrients more efficiently than others or may have 
specialized mechanisms for acquiring specific nutrients that are scarce in their 
environment.

• In addition to direct competition for nutrients, some microbes are able to produce 
secondary metabolites that can inhibit the growth of other microbes in their 
environment. These secondary metabolites may act as antibiotics, bacteriocins, 
or other types of antimicrobial compounds that interfere with the growth and 
reproduction of competing microbes [9]. 
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14.3.3 Production of Inhibitory Compounds 

One mechanism of microbial antagonism is the production of inhibitory compounds, 
including antibiotics, bacteriocins, and other types of antimicrobial agents [2] as  
discussed earlier in the chapter. The production of inhibitory compounds is a critical 
mechanism of microbial antagonism that plays a crucial role in maintaining micro-
bial diversity and preventing the overgrowth of pathogenic microorganisms. The 
wide range of inhibitory compounds produced by microbes, including antibiotics, 
bacteriocins, and quorum-sensing inhibitors, highlights the complexity of microbial 
interactions and the potential for developing new strategies for managing microbial 
populations in a range of environments [2]. 

14.3.4 Modulation of Host Immunity 

Microbes can interact with host immune cells and alter their function, leading to 
changes in the host’s immune response that can have both beneficial and detrimental 
effects. The modulation of host immunity is a complex process that involves the 
interplay of multiple factors, including microbial and host factors [8]. Microbes can 
modulate host immunity in several ways:

• Some microbes can directly interact with host immune cells and activate or 
suppress specific immune responses. This can be achieved through the secretion 
of microbial factors, such as lipopolysaccharides or flagellin, that can bind to 
receptors on host immune cells and trigger specific signaling pathways.

• In addition to direct interactions with immune cells, microbes can also modulate 
host immunity by altering the composition of the microbiota. The microbiota is a 
complex community of microorganisms that resides within the host and plays an 
essential role in shaping the host’s immune system. Microbes can influence the



composition of the microbiota by producing metabolites that can either promote 
or inhibit the growth of specific microorganisms. 
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By modulating host immunity, microbes can exert both beneficial and detrimental 
effects on host health. For example, some microbes can promote immune tolerance, 
reducing the risk of inflammatory diseases such as allergies or autoimmune disor-
ders. Other microbes can enhance the host’s immune response, providing protection 
against infectious diseases [8]. 

14.4 Applications of Microbial Antagonistic Activities 

Microbial antagonistic activities have broad applications in various fields and can be 
used to promote beneficial interactions between microorganisms, prevent the growth 
of harmful pathogens, and produce bioactive compounds with diverse biological 
activities. Further research is needed to better understand the mechanisms underlying 
these interactions and to develop new strategies for harnessing the potential of 
microbial antagonistic activities [11]. 

14.4.1 Biopreservation of Food and Beverages 

An important application of microbial antagonistic activities is in the biopreservation 
of food and beverages. Biopreservation refers to the use of microbial antagonists to 
control the growth of spoilage and pathogenic microorganisms in food and bever-
ages and improving the quality and shelf life of food and beverage products; 
microbial antagonists can help to ensure the safety and availability of nutritious 
and delicious food and beverage products for consumers. 

Microbial antagonists, such as lactic acid bacteria and bacteriocin-producing 
strains, such as Listeria monocytogenes and Staphylococcus aureus, can be added 
to food and beverage products to prevent the growth of harmful microorganisms and 
extend their shelf life. In addition to inhibiting the growth of spoilage and pathogenic 
microorganisms, microbial antagonists can also improve the sensory and nutritional 
quality of food and beverage products [11]. 

14.4.2 Biological Control of Plant Diseases 

Another important application of microbial antagonistic activities is in the biological 
control of plant diseases. Biological control refers to the use of microorganisms to 
suppress plant pathogens and protect crops from disease. The use of microbial 
antagonistic activities for biological control of plant diseases offers a promising



and eco-friendly alternative to traditional chemical-based methods. By reducing the 
need for synthetic pesticides and fungicides, microbial antagonists can help to 
minimize the environmental impact of crop protection while promoting sustainable 
agriculture [10]. 
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Microbial antagonists, such as bacteria and fungi, can be used as biocontrol 
agents to suppress the growth and spread of plant pathogens in the soil and on 
plant surfaces. For example, certain strains of Bacillus and Pseudomonas have been 
shown to produce antimicrobial compounds that inhibit the growth of plant patho-
gens, such as Fusarium and Phytophthora. In addition to producing antimicrobial 
compounds, microbial antagonists can also compete with plant pathogens for nutri-
ents and space on plant surfaces, thereby reducing their ability to infect plants. 
Moreover, some microbial antagonists can stimulate the plant’s immune system, 
which enhances its resistance to pathogen infection [10]. 

14.4.3 Production of Antibiotics and Probiotics 

Microbial antagonistic activities are also widely used in the production of antibiotics 
and probiotics. Antibiotics are a class of compounds produced by microorganisms 
that inhibit or kill the growth of other microorganisms. They are widely used in the 
treatment of bacterial infections in humans, animals, and plants. The production of 
antibiotics relies on the ability of microorganisms to produce and secrete inhibitory 
compounds that target specific bacterial pathogens. Probiotics, on the other hand, are 
live microorganisms that confer a health benefit to the host when administered in 
adequate amounts. They are commonly used as dietary supplements to promote gut 
health and prevent or treat various diseases. The production of probiotics relies on 
the ability of microorganisms to compete with and inhibit the growth of harmful 
bacteria in the gut [8]. 

14.4.4 Bioremediation and Wastewater Treatment 

Microbial antagonistic activities have important applications in bioremediation and 
wastewater treatment. The ability of some microorganisms to degrade environmental 
pollutants can be enhanced by the production of inhibitory compounds that target 
and eliminate harmful microorganisms in the contaminated site. Additionally, the 
use of microbial consortia with antagonistic activities can help to create a balanced 
ecosystem and reduce the need for chemical interventions. In wastewater treatment, 
the use of microbial antagonistic activities can help to control pathogenic bacteria 
and prevent the spread of waterborne diseases. Moreover, it can aid in the removal of 
organic pollutants and nitrogen compounds, which can contribute to eutrophication 
and other environmental problems [12]. Overall, the application of microbial



antagonistic activities in bioremediation and wastewater treatment provides a prom-
ising avenue for sustainable environmental management. 
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14.5 Challenges in the Discovery and Development 
of Antagonistic Compounds 

Despite the promising applications of microbial antagonistic activities, there are 
several challenges in the discovery and development of antagonistic compounds. 
One of the primary challenges is the identification of potential antagonists, as many 
microbial interactions are complex and difficult to study. Moreover, many of the 
compounds produced by microorganisms may have multiple biological activities, 
making it difficult to identify the specific mechanism of antagonism. Additionally, 
the production of antagonistic compounds may be affected by environmental factors, 
which can limit their efficacy or production levels [13]. Regulatory requirements and 
safety concerns can present additional obstacles in the development and commer-
cialization of antagonistic compounds [5]. 

14.5.1 Limited Knowledge of Microbial Communities 

Many microorganisms exist in complex and diverse ecosystems, and their interac-
tions with other microorganisms are often poorly understood. As a result:

• Identifying potential antagonistic compounds can be difficult and may require 
extensive study of the microbial community and its interactions.

• The composition and diversity of microbial communities can vary significantly 
depending on environmental factors, making it challenging to identify and isolate 
specific microorganisms or compounds [6].

• The study of microbial communities requires advanced techniques such as 
metagenomics, which can be expensive and time-consuming [12]. 

To overcome these challenges, researchers are increasingly turning to advanced 
technologies such as high-throughput screening and synthetic biology. However, 
these technologies are still in the early stages of development, and their widespread 
use in the discovery and development of antagonistic compounds is limited [14]. 

14.5.2 Limited Screening Methods 

Limited screening methods pose a significant challenge in the discovery and devel-
opment of antagonistic compounds.



• Traditional screening methods based on culturing individual microbial strains 
in vitro may not accurately represent the complex interactions that occur within 
natural microbial communities.

• Many microorganisms are unculturable or difficult to culture, further limiting the 
pool of potential antagonistic compounds that can be identified through tradi-
tional methods [3]. 

14 Importance of Antagonistic Activities of Microbes and Their Metabolites 257

Advances in high-throughput sequencing and other omics technologies have 
allowed for a more comprehensive understanding of microbial communities and 
their interactions, but the translation of this knowledge into the identification of 
specific antagonistic compounds remains a challenge. Therefore, the development of 
new screening methods that can effectively capture the complexity of microbial 
interactions is critical for the discovery and development of novel antagonistic 
compounds [9]. 

14.5.3 Need for Better Understanding of Molecular 
Mechanisms 

The discovery and development of antagonistic compounds also face the challenge 
of limited understanding of the molecular mechanisms underlying microbial inter-
actions. While high-throughput sequencing and other omics technologies have 
provided a wealth of information about the genetic and metabolic potential of 
microbial communities [7], the specific mechanisms by which microorganisms 
interact with each other and with their environment remain poorly understood. 
This lack of knowledge can make it difficult to predict which microbes are likely 
to produce effective antagonistic compounds or how these compounds may function 
to inhibit the growth or activity of target organisms. Therefore, there is a need for 
more research to better understand the molecular mechanisms underlying microbial 
interactions and the production of antagonistic compounds. Such knowledge will aid 
in the development of more effective screening methods and the design of new 
compounds with improved efficacy and specificity. 

14.6 Future Directions 

Continued emphasis should be laid on understanding the molecular mechanisms 
underlying these interactions, as well as the development of more effective screening 
methods for identifying novel antagonistic compounds. Advances in omics technol-
ogies, such as metagenomics and metatranscriptomics, may provide new insights 
into the interactions between microorganisms in natural communities and allow for 
the discovery of new antagonistic compounds [15]. Additionally, the use of synthetic 
biology and genetic engineering to manipulate microbial communities and optimize



the production of specific antagonistic compounds shows promise for the develop-
ment of more targeted and effective biopreservation and biological control strate-
gies [16]. Finally, further exploration of the potential therapeutic applications of 
microbial antagonistic compounds, including their use as antibiotics and immuno-
modulators, may lead to new treatments for a range of human diseases. 
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14.7 Conclusion 

The antagonistic activities of microbes and their metabolites have immense impor-
tance in various fields including food preservation, plant disease control, and 
bioremediation. The potential for the discovery and development of novel antago-
nistic compounds remains high, but significant challenges such as limited screening 
methods and a lack of understanding of molecular mechanisms must be addressed. 
Continued research and development in the field is crucial to unlock the full potential 
of microbial antagonism and its applications. The future holds great promise for the 
use of microbial antagonistic activities in promoting human health and sustainable 
agriculture practices. 
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Chapter 15 
Microbial Community Dynamics 
of Antarctica: Their Ecological Potential 
and Industrial Importance 

Amir Khan, Arjita Punetha, Bharti Kukreti, Raj Shekhar Sharma, 
Divyansh Panthari, Neetika Naudiyal, Vinita Gouri, 
Harminder Singh Baweja, and Ajay Veer Singh 

Abstract Antarctica is covered with ice and therefore the coldest, driest and least 
populated continent of the Earth. Apart from the challenges of sustaining the life in 
such environment, the microbial diversity of archaea, bacteria and fungi can thrive 
here by maintaining the membrane fluidity, producing the antifreeze proteins, cold-
shock proteins, cryoprotectants, osmolytes, antioxidants, cold active enzymes, alter-
ation in DNA, etc. and thereby adapted for the cold environments. In Antarctica, 
these microbes are the main basis for the biogeocycling of nutrients in extreme 
environments. The enzymes produced by these psychrophilic organisms are cold
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active and therefore gained the spotlight owing to their significance in environment 
and research. The behaviour of these cold-active enzymes has a wide and potentially 
biotechnological applications in fields as wide as the detergent, textile and food 
industries, medical and pharmaceutical preparations, bioremediation, etc. Therefore, 
the current manuscript illustrates the native microbial diversity and their significance 
and application aspect in environment and industry.
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15.1 Introduction 

Antarctica is located close to the South Pole. The entire continent covers an area of 
14 million km2 of which only 0.3% is not covered in ice. A massive ice sheet 
covering almost the whole continent has more than 26,106 km3 of ice, an amount 
which if calculated in terms of sea-level rise will be equivalent to about 58 m 
[1]. Average thickness of the ice sheet of the continent is about 2.1 km. The four 
main geographical regions of Antarctica are West and East Antarctica, the Antarctic 
Peninsula and the Sub-Antarctic region. Antarctica and its residents on daily basis 
are subjected to extremely harsh climatic conditions such as low humidity, frequent 
freeze-thaw and wet-dry cycles, low temperatures, variable UV radiation and strong 
desiccating winds [2]. Extreme environmental conditions result in formation of 
oligotrophic environments in which only exceedingly particular organisms can 
thrive. The primary basis of ecosystem processes in Antarctica is formed by the 
microbial autotrophs, which are crucial to the processes of primary colonization and 
stabilization, thereby paving the way to secondary colonization and succession by 
other microbiota, plants and metazoans. Advancement in molecular techniques and 
their increased use for the study of microbes dwelling in Antarctic region have 
revealed the presence of a very rich microbial diversity, including viral diversity 
[3]. Numerous microbes have successfully colonized the harsh environment of 
Antarctica, and the richness of these microorganisms is now well known. The 
dynamics of microbial communities and their function in the Antarctic at present 
and in the upcoming future have been revealed by recent metagenomic data. 
Sadaiappan et al. [4] conducted Qiime analysis and revealed that the reads were 
signified by the presence of archaea and bacteria. The reads altogether represented 
microbes belong to 412 genera, 86 classes and 38 phyla. With 96.8% of the total 
readings, bacteria were found to have a larger diversity than archaea, which had only 
1.7%. A total of 33 phyla of bacteria with the dominance of proteobacteria (87%) 
were reported, which was found to be followed by phylum Bacteroidetes (4.2%) and 
Firmicutes (1.70%). Major types of the proteobacteria reported were 
Gammaproteobacteria (58%), Alphaproteobacteria (29%), and Deltaproteobacteria 
(0.4%). Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria,



Deinococcus-Thermus, Firmicutes, Nitrospirae, Planctomycetes, Proteobacteria, and 
Verrucomycetes made up the maximum variety of the bacteria and 1.5% of the total 
reads remained unclassified. Archaeal diversity was composed of five major phyla, 
namely, Crenarchaeota, Diapherotrites, Euryarchaeota, Hadesarchaeaota and 
Thaumarchaeota. These are typically psychrophilic or psychrotolerant bacteria, 
which have been evolved a variety of adaptations to withstand the harsh effects of 
such cold surroundings [5]. These bacteria use a variety of techniques to thrive in 
such extreme environments, including maintenance of membrane fluidity, producing 
antifreeze proteins, cryoprotectants, cold-shock proteins, cold active enzymes, etc. 
Enzymes produced by these microorganisms are being increasingly reported as 
essential components responsible for their adaptation. The enzymes produced by 
these psychrophilic organisms are constantly in the spotlight owing to their signif-
icance in both basic and applied research. The properties of cold-adapted enzymes 
offer a wide range of potentially beneficial biotechnological applications in fields as 
wide as the detergent, textile and food industries, medical and pharmaceutical 
preparations, bioremediation, etc. The search for cold-adapted enzymes with poten-
tial utility in biotechnological sectors is consequently receiving more attention. The 
current manuscript discusses the diversity of bacteria found in the Antarctic, their 
coping mechanisms and potential ecological and industrial applications. 
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15.2 Challenges for Life in Antarctica 

The environmental and geographical conditions of various locations impart various 
direct and indirect stresses and thereby play an important role in evolution of species 
as well as their distribution. The Earth harbours almost around 10 million species 
which are the result of long-term evolution in various ecosystems from high moun-
tains to deep oceans and from tropics to the arctic tundra. Antarctica is covered by ice 
sheet that can be up to 3 km thick and surrounded by an annual ice pack, and 
surprisingly, these ice sheets represent 97% of the Earth’s ice and 70% of its 
freshwater. Life in the largest freezer of Earth, i.e. Antarctica, is subjected to 
dangerous environmental stresses, which is more than any other desert or terrestrial 
ecosystem. Various chemical and physical gradients along with harsh climatic 
conditions such as very low temperature, humidity, low availability of water, high 
salinity, low carbon and nutrient concentration, inexhaustible freeze-thaw cycle, low 
annual precipitation, strong winds causing abrasions, high sublimation, seasonal day 
length variations, evaporation, limited nutrition and high exposure to ultraviolet 
radiations are few to be named [6]. The combination and interactions of these 
environmental stresses act as limiting factors for the survival of living organisms 
thus determining the taxonomical diversity of the continent. The soil of this conti-
nent is usually considered biologically depauperate or very simple in this term. The 
diversity of photosynthetic autotrophs is only covered by lower plants such as algae, 
mosses and lichens. Due to low diversity of flora, the terrestrial faunal diversity is



also low due to lack of sufficient food and mostly consists of simple communities of 
invertebrates, nematodes, springtails, mites, tardigrades and rotifers [7]. 
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The food web of the Antarctic continent is thought to be simplest on the planet, 
yet we lack fundamental understanding between the relationship of abiotic factors 
and biological diversity. Various studies have revealed that the chemistry of the soil 
is one of the most primary drivers for the establishment of soil biota than any other 
environmental factor. Magalhaes et al. [7] showed that the soil with lower conduc-
tivity and high C/N ratio were found to have higher diversity of microbial biota. The 
study also indicated that as the pH of the soil increases, the abundance of the 
cyanobacteria also increases, and this correlation is also relevant in alpine environ-
ment. The microbiota of soil also plays an important role in recycling of organic and 
inorganic nutrients and decomposition. Low level of microbiota insures flow of 
nutrients in low diversity of food web and vice versa. Similar correlation of soil 
chemistry is observed with diversity of invertebrates, lichens and algae, i.e. low salt 
concentration, higher pH and high C/N ratio [8]. The studies have shown that soil 
moisture ranging from 0.7 to 11.3% acted as an important determinant for the 
presence of species in the Antarctic continent [7]. The other studies have indicated 
that composition of organic matter, soil salinity and availability of liquid water also 
acts as strong limiting factors for biological colonization. Magalhaes et al. [7] also 
found that both the bacteria and cyanobacteria respond to physical and chemical 
parameters in almost similar ways, but the abundance and diversity of bacteria were 
found to be greater than cyanobacteria which could imply that bacteria possess high 
tolerance levels to the environmental factors than the cyanobacteria. It is often 
observed that primary colonizer of ice-free areas are bacteria, algae and 
cyanobacteria which bind the soil before the development of higher plants such as 
mosses and lichens on the substratum. Convey et al. [9] hypothesized that the 
primary colonizers including mosses and lichens are subjected to environmental 
stress to much greater extent than higher colonizer as they are unprotected from 
greater water retention and buffering of temperature and soil pH. The studies have 
also revealed that the presence of invertebrates, lichens and algae were found to be 
more abundant in the areas where the diversity of bacteria and cyanobacteria was 
more, indicating the importance of well-developed microbial biota for the develop-
ment of complex multi-tropical community. 

Terrestrial ecosystem of Antarctica covers a little proportion (0.32%) of the whole 
continent’s area. Except high cliffs and exposed ridges of mountains, most of the 
habitats also suffer extended seasonal snowfall or ice cover which helps in protection 
of biotic components from extremely low temperatures and windy abrasions. But the 
same ice cover unavoidably limits biological activity for a long period of time. The 
little possibility of biological activity under ice is also limited to seasonal duration 
[9]. Some researchers have found that even in the ice-free areas, the diversity and 
abundance of living organisms were irregular. This makes it unclear to intemperate 
that these irregularities are due to edaphic factors, topology and vegetation or due to 
microclimatic conditions. Studies conducted in the ice-free areas showed seasonal 
variation in the flora and fauna of the region with respect to abiotic factors. For 
example, in summers, the moisture content of the ice-free area increases due to the



increase in the temperature, the abundance and diversity of the microbes, and 
photosynthetic autotrophs, and microfaunal species increases drastically. Similarly, 
the coastal areas also experience higher temperature and thus higher water availabil-
ity which results in more suitable habitats and hence higher production of biomass. 
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The presence of human beings in Antarctica is very low due to harsh conditions, 
but still this continent has not escaped the negative effects of anthropogenic activities 
worldwide. The global climatic changes have also shown deleterious effects on the 
physical, chemical and biological components of this continent. The most obvious 
and known effect of anthropogenic activities on Antarctica is the creation of ozone 
hole which had serious consequences to biological systems including humans. 
However in case of marine biota, the negative effects of the global warming are 
more prominent. The marine life of Antarctica usually thrives at temperature range 
of -1.9 °C to -0.5 °C. Various studies have been conducted on various marine 
animals of Antarctica in order to understand the effect of elevated temperature on 
them. The most obvious result of these studies was that most of the Antarctic marine 
species are very poor in surviving elevated temperatures. As the temperature 
increases, the levels of available oxygen decrease, and concentration of oxygen 
increases in water which creates a problem for numerous species due to increased 
cell damage from reactive oxygen species. The other negative impact of increased 
temperature is reduced oxygen availability and increased metabolic rates which 
would in turn affect the energy production. Apart from global activities affecting 
various aspects of the continent, local activities such as fishing, shipping traffic, 
tourism, pollutants released by research stations of various countries like the USA, 
Argentina, China, Russia, etc. are also the cause of great concern [10]. The contam-
inants released by different anthropogenic activities include leachate from historic 
disposal sites, petrochemicals from fuel spillage, organic enrichments, disposed 
chemicals through sewage systems and other harmful gases like SO2, NO2, CO, 
CO2, etc. During the early periods of fishing, almost all the types of finfishes and 
their predators were fished causing a sharp decline in their number over a period of 
time. Shipping traffic is another major problem which is used for many purposes. 
These ships not only contribute to air and water pollution by secreting poisonous 
gases, sewage waste and polluted liquids but also create noise pollution which 
creates disturbance for the marine life. 

Tourism in Antarctica has extended for its exclusive “expedition cruises”, and it 
is expected to increase even more in the near future. This huge number could be a 
potential threat to the wildlife as the increasing pollution, risks of invasive species 
and disruption of scientific research activities. This ever-growing tourism with the 
landing of the tourists greatly disturbs the fragile polar system and has great negative 
potential towards both terrestrial and marine habitats. Major source of marine 
pollution is sewage outfalls, abandoned dump sites accidental oil spills and exhaust 
emissions. These contaminants are persistent as they continue to leach for a very 
long durations into the marine environment majorly effecting benthic communities. 
Apart from these contaminants, Padeiro et al. [11] reported high levels of heavy 
metals such as Zn, Pb, Cd, Cr and Ni in the soil samples of Antarctica due to human 
activities. Ogaki et al. [12] also reported the effect of heavy metal on the fungal



diversity of different lakes of Antarctica. They observed that lakes which were in 
close proximity to human had high sedimentation levels of heavy metals and reduced 
diversity and richness of fungi. In contrast, low levels of sedimented heavy metals 
and high diversity and richness of the same were reported in the lakes which were far 
away from human impact. 
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15.3 Diversity of Microorganisms Found in Antarctic 

As mentioned in the above section, abiotic factors are the major determining factor 
of biotic diversity in an ecosystem. The Antarctic region has vast variation in the 
abiotic factors; hence, a huge diversified microbial community has been developed, 
which has been reported by various scientists. Some of them are discussed below: 

(a) Fungal Diversity 

In Antarctica, microorganism-dominated food chains are mainly present in dif-
ferent pristine ecosystems. Concerning to fungal diversity, two basic forms, i.e. yeast 
and filamentous fungal forms of fungi, are mainly found in Antarctica, which 
represent colonies with different colours and morphologies [13]. These colonies 
display a very high level of genetic plasticity, which in turn allows them to survive 
under very unfavourable conditions of low temperatures, freeze-thaw cycles, vari-
able pH levels, high UV irradiation, strong winds, dehydration, minimal nutrient 
concentration and osmotic stress conditions. The Antarctic fungal community 
includes taxa belonging to the major fungal groups like Ascomycota, Zygomycota, 
Basidiomycota, Glomeromycota and Zygomycota. In addition to these taxa, some 
assemblages also include Mycetozoa (slime moulds) and stramenopiles (oomycota). 
But, according to some recent taxonomic studies considering phylogenetic analysis 
as well as characterization of uncultivable taxa, this traditional taxonomic hierarchy 
is changing [14]. Tedersoo et al. [14] reported colonization of fungi belonging to 
18 different phyla, i.e. Ascomycota, Basidiobolomycota, Aphelidiomycota, 
Basidiomycota, Chytridiomycota, Calcarisporiellomycota, Entorrhizomycota, 
Entomophthoromycota, Glomeromycota, Muccoromycota, Kickxellomycota, 
Mortierellomycota, Monoblepharomycota, Neocallimastigomycota, 
Zoopagomycotina, Olpidiomycota and Rozaellomycota. Bridge and Spooner [15] 
documented about the 1000 fungal species (without lichen forms) of Antarctic 
region and also concluded that true diversity of Antarctic fungi is far more than 
the recorded estimate. 

Several recent studies have concluded that there is a vast difference between the 
fungal diversity of Antarctic peninsula and continental Antarctica environments 
because the harsh condition of Antarctic peninsula is milder than that of continental 
regions as well as the Antarctic peninsula has more life in the form of macroalgae, 
plants, vertebrates, invertebrates etc., which provides nutrients and organic matter to 
survive the fungi and thus creating various ecological niche and microenvironments 
for the fungal food web. In contrast, in Continental Antarctica, nutrients and organic



matter are very limited due to the absence of life forms. Fungi in the region of 
continental Antarctica are majorly present in lichen symbiosis (symbiotically asso-
ciated with lichens), while the presence of free living fungi in soils is poorly 
understood [13]. On the other hand, cosmopolitan psychrotolerant fungi are 
ectotypes with mesophilic psychrotolerant nature. Species like Penicillium 
antarcticum, Penicillium chrysogenum, Antarctomyces psychrotrophicus, 
Antarctomyces pellizariae, Thelebolus spp., Metschnikowia australis, Mortierella 
antarctica, etc. are considered as endemic psychrophilic species, and different 
species of Aspergillus, Penicillium, Cladosporium, Colletotrichum and Rhodotorula 
are known as cosmopolitan cold-tolerant taxa [16]. 
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(b) Bacterial, Cyanobacterial and Archaeal Diversity 

Antarctic, which is also known as driest, coldest continent, is separated from 
other continents via the Antarctic circumpolar current and the southern ocean. 
Massive ice sheets present here reflect 40–90% of incident solar radiation and 
cause a mass of cold dense air to accumulate on the polar plateau. In these very 
harsh conditions, only cold-adapted microorganisms like microorganisms, tardi-
grades, mites, tundra vegetation, penguins, seals and several types of algae can 
survive. In spite of these extreme conditions, prokaryotes and archaea dominate in 
the most Antarctic ecosystem and thus play major role in biogeochemical cycles, 
food webs and mineralization of pollutants. A major phylum of gram-negative 
bacteria, namely, Proteobacteria, is frequently found in Antarctic soil. Several 
other studies which are mainly focused on microbial diversity in Antarctic soil 
suggested Actinobacteria and Proteobacteria as the major phyla; on the other hand, 
the phyla Cyanobacteria and Firmicutes are common but less frequent [17]. 

Various new approaches like multi-omics approach reveal the several communi-
ties of prokaryotes present with in soil at Edmondson point (ice-free region on 
eastern slope at the base of Mount Melbourne, Victoria Land, Antarctica). The 
above region consists of Actinobacteria, Proteobacteria, Acidobacteria, 
Planctomycetes, Verrucomicrobia, Bacteroidetes and Chloroflexi. Bacteroidetes, 
Proteobacteria, Actinobacteria and Firmicutes are majorly reported through 
cultivation-based methods [18]. Some advanced analysis as well as 16S rRNA 
sequencing also reveals that the anaerobic, spore-forming Firmicutes are the most 
abundant group present in the rhizosphere of the Antarctic vascular plants [19]. Dur-
ing the summer season, snow melts and Antarctic soil becomes free and receives 
nutrients from the ocean as well as animal life (i.e. penguin guano), which enrich the 
soil with phosphorus and nitrogen, hence create an environment that supports 
abundant microbial growth. O’Brien et al. [20] reported that the ornithogenic soil 
samples of Antarctica support high bacterial yield counts (6–9 log CFU g-1 ) with 
respect to other samples. Some cold-adapted Burkholderia species were also dis-
covered in the coastal region of Ross sea in Antarctica. 

With the help of applied metatranscriptomics, metaproteomics and metagenomics 
to permafrost, thermokarst soil, it can be concluded that Actinobacterial lineages are 
the most active as well as numerically dominated members of the prokaryotic 
community in the seasonally thawed soil [21]. Actinobacteria also showed the



flexible nature towards both short- and long-term changes towards environmental 
conditions. On the other hand, Acidobacteria has been found very common to a vast 
range of Antarctic and Arctic soil biotopes. Despite the fact that Actinobacteria, 
Acidobacteria and Proteobacteria are numerically most abundant, cyanobacteria also 
plays an impressive role in terms of significant colonist in the cold soil. 
Cyanobacteria like Nostoc commune are majorly present in both Antarctic and Arctic 
soil and hence drive several important functional processes related to the nitrogen 
and carbon cycling. Increasing soil temperature due to global warming may extend 
microbial growth period. New meta-analysis reveals that the warming of cold soil 
directly increases the abundance of microbes, which indirectly impact the stored 
carbon. Thus, there is an urgent need of more extensive datasets on the effect of 
different climatic conditions on microbial community’s functional processes and 
composition. 
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15.4 Survival Strategy of Antarctica Bacteria 

Microbes residing in the Antarctica region face numerous challenges. Among them, 
cold temperature conditions are the most and consistent stress. In order to grow in 
such environmental conditions, microbes have developed some survival strategies. 
Out of which some are discussed below: 

15.4.1 Production of Cryoprotectant and Osmolytes 

The microbes in Antarctica are exposed to cold environment, which accelerates the 
osmotic damage and dehydration resulting in disruption of the functioning of cells 
and their survival by deactivating the enzymes and causing several negative effects. 
But to avert this cold aggregation of protein, there are many psychrophiles that are 
reported to secrete various ice-nucleating proteins, extracellular polymeric sub-
stances (EPS), compatible solutes and bio-surfactants. All these exopolymeric sub-
stances or osmolytes help to maintain optimum membrane fluidity and prevent cell 
shrinkage by simply accumulating within the cell and suppressing the solutes to 
freeze inside the cell membrane that protects the cell from cryo-injuries [22]. During 
exposure of the cells to cryoprotectants, ice disrupts the cell membranes mechani-
cally, which is protected by secreting extracellular polymeric substances (EPS) 
within the cell; similarly, a sea ice bacterium, namely, Colwellia psychrerythraea, 
secretes EPS that protect the cell membrane. Moreover, the severe damage caused by 
ice crystals is protected through biofilms that are formed by psychrophilic microbial 
cells. Not only this, biofilms are also necessary to acquire the nutrients within the 
channels. On growing Mesorhizobium sp. strain N33 at 4 °C, it was reported that 
threonine, valine and sarcosine were accumulated in a higher amount which is 
considered as a cryoprotectant for microbes [23]. Certain type of growth-promoting



substance such as glycine, and betaine, also known as compatible solutes has the 
ability to protect bacteria at low temperature. These compatible solutes avoid the 
cold-induced cellular protein aggregation. Moreover, these osmolytes also influence 
the fluidity of the bacterial membrane adapted to the cold stress. 
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15.4.2 Maintain Membrane Fluidity 

To overcome the adverse effects of harsh environments, modulation of the fluidity of 
the membrane and providing interface between the external and internal environ-
ment are a strategy adopted by microbes in the freezing environment. Activation of 
the membrane-associated sensor, upregulating membrane fluidity and increase in 
membrane rigidity are the major aspects of maintaining the membrane fluidity. At 
low temperature, the function and physical properties of membranes are affected, 
leading to decrease in the membrane fluidity, the beginning of gel-phase transitions 
and the loss of cell function. In accordance to the function of bacterial membrane, 
some significant adaptations are present in bacterial membrane including the degree 
of unsaturation, branched fatty acids chain and chain length. Cell membrane asso-
ciated with the modification of lipid fatty acyl chains helps to maintain optimum 
membrane fluidity. Increase in the methyl branched fatty acid helps cold microbial 
cells to survive harsh environmental conditions. The presence of desaturase enzyme 
in cold-adapted bacteria converts saturated acyl fatty acids to unsaturated acyl chains 
by removing two hydrogen atoms and helps in cold-adapted bacterial survival. Apart 
from this, steric constraints reduce number of interaction in membrane as well as 
changing packing order which playing important role in membrane fluidity of 
psychrophiles. Increase in the degree of unsaturated fatty acid in Leucosporidium, 
Candida and Torulopsis has been reported by Nagy and Kerekes [24]. Additionally, 
the reported study shows that the level of wax ester synthase increases when 
Psychrobacter arcticus exposed to cold temperatures [25]. 

15.4.3 Antifreezing Protein 

For cold environment, psychrophiles have antifreezing proteins (AFPs) as a survival 
strategy. By synthesizing such unique proteins, they prevent the growth and recrys-
tallization of ice. Bacteria reported to have AFP activity are Psychrobacter sp., 
Rhodococcus sp., Stenotrophomonas maltophilia, P. fluorescens, Marinomonas 
protea and Enterobacter agglomerans [26]. Thermal hysteresis (TH) is the differ-
ence in freezing and melting point which results in the adsorption of AFP on crystal 
surface of the ice, which results in the ice growth on convex surface between the 
adjoining AFPs thereby decreases in freezing point. Isolated antifreeze protein 
(AFN) helps maintaining the frozen food cell structure, showing its high value for 
frozen food industry isolated from the Antarctic bacterial culture GU3.1.1 [27].
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15.4.4 Alterations in DNA Replication 

Temperature-induced conformational or physicochemical changes in proteins, RNA 
and DNA could form basis for sensing temperature. Compaction might be due to one 
or more reasons like (1) temperature-induced conformational change in the DNA, 
(2) alteration in the activity and/or amounts of the DNA proteins like DNA gyrase, 
histone-like proteins including H-NS and topoisomerase I and/or impaired synthesis 
of the proteins that influence condensation of nucleoid [28]. DNA conformation is 
essential for cold adaptation, and the expression of many genes is dependent on the 
DNA conformation that in turn depends on the temperature-dependent changes in 
DNA supercoiling. Demonstration of link between expression of DNA supercoiling 
and cold-inducible genes inhibits the negative supercoiling leading to inhibition of 
the cold-inducible gene expression. The nucleoid-associated proteins like H-NS and 
topoisomerase II and I regulate supercoiling in bacteria at low temperature and 
thereby control cold-inducible gene [29]. Under cold conditions, expression of 
such genes induces and the product takes part in the adaptation. 

15.4.5 Antioxidant Production 

Bacteria in Antarctica have to resist not only to cold temperatures but also other 
stress conditions like high UV radiation. These bacteria have developed different 
antioxidant systems to survive in this extreme environment by avoiding the oxida-
tive stress caused by reactive oxygen species (ROS). Hydrogen peroxide (H2O2), 
anion superoxide (O2-) and hydroxyl radicals (OH) are the most common species of 
ROS. Oxidative damage occurs in the microbial cell despite adverse conditions, but 
some psychrophilic bacteria have the ability to counter the situation and reduce 
oxidative stress through certain defence mechanisms [30]. Glutathione, vitamins and 
some pigments like carotenoids are the examples of nonenzymatic antioxidant 
defence, which are reported to present in high amounts in psychrophiles. Caroten-
oids are pigment antioxidants that neutralize free radicals through various reactions 
in the microbial cell. For example, the interaction of carotenoids with singlet oxygen 
(1 O2) occurs via transferring excitation energy to the carotenoid or by chemical 
quenching of 1 O2. Carotenoids pigment can interact with oxygen radicals in three 
main ways: electron transfer, hydrogen abstraction and the addition of radical 
species [31]. Apart from this, various psychrophiles are reported to produce various 
antioxidant enzymes, which can neutralize the free oxygen radicals and thereby 
protect microbes from oxidative damage.
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15.5 Ecological Significance of Microbes 

The microbes are the basis of nutrient cycling and community development at any 
naive regions. The microbes that reside in the Antarctica region are also reported to 
play crucial roles in ecosystem. 

15.5.1 Biogeochemical Cycling 

Microorganisms are the major drivers of biogeochemical cycles on Earth. They have 
a significant impact on carbon (C) as well as breakdown of organic matter, nitrogen 
(N) efflux and phosphorus (P) mobilization in the environment [32, 33]. These 
processes may result in CO2 elevation, greenhouse gas release, nutrient loading 
and water consumption [34, 35]. The Earth’s biosphere is dominated by cold 
environments, and the cold biosphere is dominated by microbes. Microorganisms 
in cold Southern Ocean waters are recognized for having key roles in global 
biogeochemical cycles. 

(i) Carbon Cycle 

The carbon cycle involves several microbial processes such as CO2 fixation, 
organic compound decomposition, mineralization to CO2, oxidation of methane 
(methanotrophy) and methane production (methanogenesis). The latter is solely 
anaerobic process, while the other activities may occur under both aerobic and 
anaerobic conditions. In the cryosphere, microorganisms are believed to carry out 
biogeochemical cycles within soil snow, lakes, hills and both in supraglacial and 
subglacial environments [36, 37]. Supraglacial microbial communities (within the 
snowpack or within 0.1–3 mm dark granular aggregates, cryoconite debris) are 
known to cycle carbon through photosynthesis and respiration pathways. Antarctic 
cryoconite holes (CHs) are water-filled depressions upon the glacier surface which 
contain coating of cryoconite debris that constitute important features on glaciers 
and ice sheets. Once hydrologically connected, these microbially dominated mini-
ecosystems supply nutrients and biota for downstream environments. Within 
cryoconite holes, and especially in cryoconite debris, diverse communities of 
eubacteria, archaebacteria and eukaryotes exist. These microbial communities play 
a crucial role in carbon cycling such as primary producers like cyanobacteria and 
non-cyanobacterial group which fix inorganic carbon via photosynthesis and provide 
nutrients for the heterotrophic fraction of the community. Previous morphological 
studies of the Antarctic region suggested the presence of several different species of 
cyanobacteria, including Hormathonema spp., Gloeocapsa spp., Anabaena spp., 
Aphanocapsa spp., Lyngbya spp., etc. [38]. Heterotrophic community was domi-
nated by relatively few taxa of Gammaproteobacteria, Sphingobacteria– 
Flavobacteria and Alphaproteobacteria reported by Straza et al. [39] who demon-
strated substrate utilization by these taxa. Several mechanisms of carbon dioxide



fixation are known of which Calvin-Benson-Bassham (CBB) cycle is the most 
important autotrophic pathway. The first rate-limiting step is catalysed by the 
ribulose1,5-biphosphate carboxylase/oxygenase (RubisCO) enzyme. Four different 
natural types of RuBisCO are known: type I which is encoded by cbbL genes which 
have been found within green-like autotrophic bacterial groups, green algae, 
cyanobacteria and representatives of some Alpha-, Beta- and Gammaproteobacteria 
and red-like autotrophic bacterial groups, including non-green algae and represen-
tatives of some Alpha- and Betaproteobacteria and autotrophic eukaryotes. Type II 
(cbbM gene) is found in purple non-sulphur bacteria, aerobic and facultative anaer-
obic chemoautotrophic bacteria and dinoflagellates. RuBisCO type III has only been 
found in Archaea. Finally, type IV RuBisCO is designated as RuBisCO-like and is 
considered not to be involved in the Calvin cycle [40]. 
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However, complexity of genes and processes involved in the carbon cycling 
makes it difficult to understand how these complex processes could be affected by 
global change. Another carbon cycle is methane cycle which is probably one of the 
most studied carbon-related processes and has been shown to occur widely in 
Antarctic soils. Production of methane from organic matter is a multistep process, 
in which methanogenesis, carried out by microorganisms from the Archaea domain, 
is the final step. Oxidation of methane is a bacterial process, while carbon dioxide 
fixation can be carried out by chemolithotrophic bacteria and by oxygenic and 
anoxygenic photosynthetic organisms. The carbon source/sink ratio is, in part, 
determined by the equilibrium between methylotrophy and methanogenesis. 
According to in situ measurements, polar soils are a net source of CO2 emissions 
but a sink for methane [41]. However, there is evidence that increased soil temper-
atures (thaw) result in increased methanogen diversity of both active layer and 
permafrost soils as well as considerable increase in methane production 
[41]. According to Tveit et al. [42], methane productivity changes were linked to a 
shift from formate- and H2-using Methanobacteriales to Methanomicrobiales and 
from the acetotrophic Methanosarcinaceae to Methanosaetaceae. Very little is 
known concerning the distribution and abundance of methanogens in Antarctic 
soils. However, it is reasonable to predict that a warming climate may lead to 
more anaerobic soil conditions, which could ultimately result in these soils becom-
ing net methane producers. 

(ii) Nitrogen Cycle 

Nitrogen is generally used for proteins and nucleic acid synthesis. The primary 
sources of bio-available nitrogen (nitrate, nitrite, ammonia and organic nitrogen) are 
internal remineralization; external sources like snowmelt, aerial deposition and 
complex organic material decomposition; as well as microbial-mediated atmospheric 
nitrogen fixation (by cyanobacteria or some microbial groups associated with plant 
roots) [43]. Additionally, certain types of sedimentary and metasedimentary bed-
rocks may have ecologically important amount of nitrogen, which if liberated could 
impact biological nitrogen cycling in soils. Most Antarctic soils are severely oligo-
trophic and are particularly low in organic nitrogen. Ice-free continental Antarctica is 
completely deprived from higher plants; thus, much of the soil nitrogen cycling is



thought to be driven by microbial communities such as cyanobacteria including 
Leptolyngbya, Phormidium, Oscillatoria, Nostoc, Calothrix, Dichothrix, Nodularia 
and Hydrocoryne [44]. These are widely considered to be the central regulators of 
nitrogen cycling in soils and play crucial role as “ecosystem engineers” [44]. Martí-
nez-Pérez et al. [45] demonstrated the role of small unicellular diazotrophic symbi-
ont; UCYN-A with algal partner potentially contributes significantly to N2 fixation 
from Artic to Antarctic circle. UCYN-A lacks key genes for CO2 fixation and 
therefore lives in association with alga from which it receives fixed carbon. In return, 
UCYN-A transfers up to 95% of its recently fixed N to the algal partner [45]. Sim-
ilarly, many fungi including yeasts are commonly found in Antarctic habitats such as 
Rhodotorula muscorum, Rhodotorula mucilaginosa, Cryptococcus aerius and Cryp-
tococcus albidus; by producing enzymes such as urease and protease, they play an 
essential role in nitrogen mineralization or ammonification. In addition, nitrate and 
nitrite can be also used by many fungi, including yeasts, in dissimilatory pathways 
such as denitrification. In a study, a bacterial isolate, i.e. Candida sp. and a 
mesophilic isolate of Trichosporon cutaneum, is found in Antarctic soils governing 
the process of denitrification [46]. The genes of nitrogen cycling have been exten-
sively studied in Antarctic soils, primarily by targeting the nitrogenase (nifH) gene. 
These soils have a high prevalence of diazotrophy, which is mostly but not entirely 
associated with cyanobacterial lineages. Genes implicated in nitrite oxidation and 
ammonia oxidation, the nxrA and amoA genes, respectively, have also been reported 
in Antarctic soil metagenomes [47]. Denitrification, a process that generates the 
“greenhouse” gas N2O and for which the narG gene is the genetic marker, is mostly 
linked to Actinobacteria and Proteobacteria in Antarctic soils. However, 
PCR-dependent and metagenomic gene surveys have suggested that the nitrogen 
cycle is severely truncated in these soils, with key enzymes implicated in some 
crucial steps (such as dissimilatory nitrate reductase and nitrous oxide reductases) 
either present at very low abundance or undetectable. 
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(iii) Phosphorus Cycle 

Phosphorus (P) is a key limiting nutrient for organisms, and its biogeochemical 
cycling is believed to regulate primary productivity and ecosystem structure. Phos-
phorus is derived primarily from the weathering of apatite in soils following 
exposure of the parent substrate [48–50]. Unlike soil carbon (C) and nitrogen (N), 
which reside primarily in organic pools, soil P is typically dominated by inorganic 
pools consisting of unweathered and largely biologically unavailable material, and 
also its biogeochemical cycle differs from nitrogen and carbon cycle in that it does 
not include a gas phase. The release of bioavailable P from the lithosphere into the 
soil ecosystem is governed by a variety of physical, chemical and biological 
weathering processes. Rain and weathering cause rocks to release phosphate ions 
and other minerals, which initiate the phosphorous cycle [51, 52]. Inorganic phos-
phate is then distributed in soils and water where it is taken up by living organisms to 
form biomass. The organic phosphate returns to the soil when organisms decompose 
and die. Within the soil, organic forms of phosphate can be hydrolysed releasing 
phosphate to the environment in a process known as mineralization [53]. Microbial



phosphatases play an important role in this process. In soils, organic phosphorus is 
mainly found as phytates (inositol hexa- and penta-phosphates) from which phos-
phate is released by the action of specific phosphatases called phytases, which 
remains in the surrounding in the available form [54, 55]. Several phytase-producing 
bacterial and yeast strain have been reported from Antarctic region including 
Papiliotrema laurentii, Rhodotorula mucilaginosa, Cryptococcus laurentii and 
Pseudomonas sp. [56]. 
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15.5.2 Role as PGPR 

Antarctic plants have developed a set of survival mechanisms including adjustment 
in cellular and physiological molecular responses such as modification in the 
membrane lipid composition and the production of antioxidants, osmoprotectants 
and cold-shock proteins, among others to grow and survive in this hostile environ-
ment. Thus, the ability of plants to adapt to adverse environmental conditions defines 
their long-term survival and geographical and environmental distribution. In addi-
tion to these biochemical and physiological changes, external factors also aid in the 
adaptation and dissemination of plants in Antarctica. Sometimes, such adaptations 
are the result of interactions between roots and soil microorganisms. For example, 
microorganisms produce molecules that actively cooperate in the establishment and 
development of plants known as plant growth-promoting microbes (PGPM) 
[57, 58]. PGPMs have also adapted to live and perform all their functions in extreme 
conditions, and they also contribute to enhance the Antarctic plant biomass 
[59]. Most of the microbial species found in the rhizosphere are organotrophic. 
Among positive effects performed by PGPM, a few microorganisms produce 
chemicals involved in the acquisition of nutrients (e.g. the acquisition of iron by 
bacterial siderophores or phosphorus by the secretion of organic acids from mycor-
rhizal fungi) and/or the development of roots (e.g. by the production of phytohor-
mones) [60, 61]. Fardella et al. [62] demonstrated that fungal endophytes isolated 
from Antarctic plants improved the survival and water use efficiency of several tree 
and shrub species. Similarly, Berrıos et al. [63] reported that an Antarctic strain of 
Pseudomonas sp. imparts a beneficial effect on plant Deschampsia antarctica 
growth, probably because of their contribution of hormones and nutrients 
(P) supplementation. Moreover, various studies have reported beneficial effect of 
PGPM including Pseudomonas tolaasii (resistance to antibiotics and heavy metals), 
P. trivialis (tolerance to temperature) and Arthrobacter sp. (antimicrobial properties) 
associated with Antarctic vascular plants Deschampsia antarctica [64, 65]. Thus, 
certain strains of rhizobacteria from Antarctica may be useful tools in promoting 
abiotic stress tolerance and productivity in important crop species by altering root 
systems.
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15.5.3 Role in Bioremediation 

Bioremediation is defined as a method of using microbes, plants or microbial or plant 
enzymes to detoxify contaminants within soil and other environments. The concept 
also includes biodegradation, which is defined as a partial, and occasionally com-
plete transformation by microbes and plants [66, 67]. For at least 40 years, biore-
mediation has been considered as a way to promote recovery of contaminated 
habitats at both higher and lower temperatures. In comparison to other methods, 
microbial biodegradation is the most effective and economically viable method that 
also poses the least risk to the environment. Rhodococcus is one of the bacterial 
strains that has been isolated from the Antarctic continent and has received the most 
attention for its substantial role in soil ecosystems and outstanding metabolic 
capability. This bacterial group was able to break down aromatic molecules as 
well as alkanes with chain lengths ranging from C6 to C20, which are referred to 
as persistent fractions in Antarctic soils [68]. Another significant hydrocarbon 
degrader in Antarctic soil has been identified as the Acinetobacter genus. In a 
microcosm experiment, the strain Acinetobacter B-2-2 was combined with a 
Rhodococcus ADH strain and was able to degrade 81.1% of the oil in pristine soil 
that had been contaminated for the experiment, as opposed to the 75% degradation 
that the strain Acinetobacter B-2-2 achieved when used alone in a prior study 
[69]. One of the main types of bacteria that degrade hydrocarbons is known as 
Pseudomonas. After 6 days in the presence of 3.5% diesel oil (v/v), the Antarctic 
Peninsula isolate of Pseudomonas sp. J3 displayed impressive cellular development 
[70]. Sphingomonas is another bacterial species isolated from Antarctic environ-
ments that has been demonstrated to be able to use hydrocarbons as a special source 
of carbon [71]. At low temperatures ranging from 1 to 35 °C, the Scott Base-
Antarctic strain Ant 17 was able to degrade the aromatic component of numerous 
different crude oils, although the optimal circumstance was pH 6.4 at 22 °C. 
Additionally, Sphingomonas Ant 17 demonstrated resistance to freeze-thaw cycles 
and UV radiation, which is highly helpful in Antarctic regions where both conditions 
are commonly present. Additionally, fungi and yeast from the Aspergillus, Candida, 
Penicillium and Rhodotorula genera have been widely reported as potential candi-
dates in hydrocarbon degradations [72], (Table 15.1). 

The Maritime Antarctic is the best area in Antarctica for successful bioremedia-
tion. In this region, temperature above 0 °C is typical in summers, as seen at King 
George Island. Though the Antarctica has a pH range of 6 on the island and 9 on the 
coast and soils with pH values exceeding 8.8 have been found to have more effective 
hydrocarbon biodegradation [68], bioremediation degradation is more efficient 
under aerobic conditions rather than anaerobic conditions, as the major aerobic 
hydrocarbon breakdown pathways are faster and generate more energy. Approxi-
mately 0.3 g of oxygen are required for every gram of oil oxidized [83]. Once the 
general biodegradation of substances takes place inside the cell, the microbial 
community—which promote biodegradation via aerobiosis—is also be able to 
internalize the substrate. The ability of microbial cells to contact and internalize a



substrate is known as bioavailability and is critical for the biodegradation process. 
The cytoplasmic matrix can freeze, and the channels across the cell membrane may 
seal in conditions below the freezing point, inhibiting cell function. 
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Table 15.1 List of hydrocarbon-degrading microorganisms isolated from Antarctica 

S. No Sample isolation site Microbial strain Degraded substrate (s) Reference 

Bacteria 
1. Terra Nova Bay 

(Ross Sea, 
Antarctica) 

Rhodococcus 
sp. and 
Alcaligenes 
sp. co-culture 

Diesel, n-alkane Pini et al. 
[73] 

2. Scott Base –N/A Sphingomonas 
ant 17 

JP-8; m-xylene; 1-methyl 
naphthalene; 2-methyl naph-
thalene; phenanthrene; 
fluorene; heptane; undecane; 
dodecane 

Aislabie 
et al. [74] 

3. Marambio station Rhodococcus 
DM1-21 

C12-C30, crude oil, gas oil Ruberto 
et al. [75] 

4. Signy Island (South 
Orkney Islands, 
Antarctica) 

Pseudomonas 
sp. ST41 

Polar Blend marine gas oil Stallwood 
et al. [76] 

5. Scott Base-Ross 
Island 

Rhodococcus 
43/2 

C12-dodecane, 
C16-hexadecane, Pristane, JP5 
jet fuel 

Saul et al. 
[77] 

6. Great Wall station Pseudomonas 
LCY16 

Naphthalene, phenanthrene Ma et al. 
[78] 

Fungi 
7. Macquarie Island Arthroderma 

sp. 1 
Monoaromatic hydrocarbon Ferrari 

et al. [79] 

8. Ohridski Base, Liv-
ingston Island, 
Antarctica 

Candida antarc-
tica T-34 

Undecane Hua et al. 
[80] 

9. Macquarie Island Pseudeurotium 
bakeri 

Diesel oil Ferrari 
et al. [79] 

10. Carlini Station 
(South Shetlands 
Islands, Antarctica) 

Pichia caribbica n-alkanes and diesel fuel Martorell 
et al. [81] 

11. Rothera research 
station 

Mortierella sp. 
HC8D 

Dodecane Hughes 
et al. [82] 

12. Australian Research 
station (Macquarie 
Island, Antarctica) 

Exophiala 
sp. and 
Pseudeurotium 
bakeri 

Special Antarctic Blend (SAB) Ferrari 
et al. [79] 

Low temperatures further increase oil viscosity, and water solubility decreases 
evaporation thus slowing down biodegradation process. Therefore, the susceptibility 
of biodegradation of petroleum hydrocarbons decreases from paraffins > branched 
alkanes > olefins > monocyclic aromatic hydrocarbons (MAHs) > naphthenes > 
polycyclic aromatic hydrocarbons (PAHs) [84]. Because of the above-mentioned



factors, bioremediation treatments are mostly recommended during summers when 
the soils are not frozen, temperatures are higher and water is readily available. 
Moreover, by adding nutrients, carbon sources or electron donors to the native 
bacteria or fungi (biostimulation, biorestoration), or by adding an enriched culture 
of microorganisms that have particular properties that allow them to degrade the 
desired contaminant more quickly (bioaugmentation), the process of bioremediation 
increases the rate of the natural microbial degradation of contaminants (Fig. 15.1). 
Low temperatures, however, can be advantageous in the case of spills since snow 
can contain as a containment boom and slows the spilt oil penetration by acting as an 
absorbent. 

15 Microbial Community Dynamics of Antarctica: Their Ecological Potential. . . 277

Antarctic Microbes 
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Fig. 15.1 Mechanism of bioremediation through Antarctic microbes 

15.5.4 Bio-prospecting of Antarctica Microbes 

Although there are numerous definitions of “bioprospecting”, there isn’t a single one 
that is universally acknowledged. Rogan [85]  defines bioprospecting as “a range of 
activities related with the search for a novel biodiversity, whose constituent parts 
may be employed in a product or process and developed for commercialization”. 
Antarctica is an important location for bioprospecting. Its microbial diversity is still 
poorly studied and may contain microbes with very relevant abilities for white 
(industrial), green (agricultural) and red (pharmaceutical) biotechnologies. Microbes 
have developed a variety of adaptation strategies to enable growth in the harsh 
Antarctic environment. These adaptations are frequently accompanied by changes to 
metabolic and gene regulatory systems. These adaptations include the production of 
antifreeze proteins and cold-active enzymes, as well as the storage of cryoprotectants 
such as sugars and polyols in the cell to maintain turgor pressure, high levels of 
unsaturated membrane phospholipids to stabilise membranes and fungal melanin for 
protection against freezing and UV radiation. Thus, it turns out that microbial 
extremophiles are a chemical reservoir of extremolytes and extremozymes that 
have the potential to be excellent resources for the growth of a bio-based 
economy [86].
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Fig. 15.2 Application of 
Antarctic microbes in 
industry Dietary 

Supplements 

Bioremediation 

Natural 
Products 

Secondary 
Metabolites 

Antifreeze 
Proteins 

Antarctic 
Bioprospecting 

Actinobacteria represent a considerable portion of the microbial community in 
the majority of soils including the Antarctic region. Additionally, Actinobacteria 
found in rhizosphere soil have been linked to the development of beneficial com-
pounds and antimicrobials [87]. The genus Streptomyces has demonstrated potential 
as a biocontrol agent for fungal diseases in commercial crops. Additionally, grape-
derived Streptomyces spp. displayed antifungal action towards pathogenic yeast and 
fungus from the same habitat [88]. While the genus Arthrobacter is well known for 
producing secondary bioactive metabolites and for bioconversions, it has been 
regularly found in Antarctic and Arctic regions. Rojas et al. [89] searched for 
novel metabolites produced by Antarctic bacteria found novel molecules linked to 
cyclic thiazolyl peptides that were active against gram-positive pathogens and 
produced by Arthrobacter agilis from Lake Hoare and Lake Fryxell in the McMurdo 
Dry Valley region of Antarctica (Fig. 15.2). 

15.5.5 Industrial Significance of Antarctic Dwelling 
Microbes 

Microbes that live in Antarctica produce a number of industrially useful enzymes 
(Table 15.2). For example, the fungus Cladosporium sp. isolated from a marine 
sponge and the Penicillium species isolated from various Antarctic marine creatures 
(such as sea stars, mollusks and macroalgae) are both capable of producing xylanase. 
For instance, some yeasts from the genera Cryptococcus, Leucosporidium, 
Metschnikowia, Candida, Yarrowia and Saccharomyces isolated from Antarctic 
marine samples have been reported to produce microbial lipases, which are signif-
icant enzymes used in a variety of applications in the dairy, bakery, oil, meat and fish



Microbe Application Reference

processing, and beverage industries, for improving the food quality, as well as for the 
detergent and cosmetic industry. 
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Table 15.2 Industrially important cold active enzymes isolated from Antarctic region 

Enzyme/ 
active 
compound 

Lecanicillium muscarium 
CCFEE-5003; 
Glaciozyma antarctica 
PI12 

Chitinase Cosmetic, pharmaceutic fields, fer-
mentation research and 
biomedicine 

Teoh et al. 
[90]; Fenice 
et al. [91] 

G. antarctica Esterase Degradation of natural materials 
and industrial pollutants 

Martorell 
et al. [92] 

G. antarctica Proteases Food industry Baeza et al. 
[93] 

Geomyces pannorum, 
Bacillus subtilis N8, 

α-Amylases Food, baking and detergent 
industries 

He et al. [94] 

Pyrococcus sp. Cellulases Food, ethanol and textile industry Mao et al. 
[95] 

Erwinia carotovora, 
Candida carpophila, 

Phytases Food and feed industry Yu et al. [96] 

Flavobacterium limicola, 
Acinetobacter sp., 
Geomyces pannorum 

Proteases Textile and leather industries, 
organic polymer mineralization in 
freshwater sediments, food and feed 
industry 

Białkowska 
et al. [97] 

Pseudomonas sp. LSK25 Lipase Detergent, textile and food indus-
tries, and bioremediation 

Salwoom 
et al. [98] 

Pseudogymnoascus 
sp. UFMGCB 10054 

Carrageenase Biomedical, textile industry, 
bioethanol production and deter-
gent additive 

Furbino et al. 
[99] 

Hymenobacter 
sp. UV-11 

Photolyase Formulation of dermatological 
cosmetics 

Marizcurrena 
et al. [100] 

Cladosporium sp. Xylanases Biobleaching of paper and pulps Gil-Duran 
et al. [101] 

Planococcus versutus 
L10.15 

Homoserine-
lactonase 

Inhibition of phytopathogens See-Too et al. 
[102] 

These psychrophilic enzymes have been reported to have tremendous applica-
tions in industries. Some of the industrial applications of Antarctic living microor-
ganisms have been described below: 

Food Industry The use of colour to make the food appear rich and tasty is an 
important factor in the food industry. So far, most of the colours added to the food 
are synthetic and therefore unhealthy. Recently, the focus has shifted towards natural 
colouring agents to avoid the adverse health effects of synthetic colours. A number 
of microbial pigments such as Arpink red™ from Penicillium oxalicum, astaxanthin 
produced by Xanthophyllomyces dendrorhous, lycopene from Fusarium 
sporotrichioides and Erwinia uredovora, riboflavin from Ashbya gossypii and 
β-carotene produced by Blakeslea trispora enhance the colour of different foods



when supplemented [103]. Spray-dried prodigiosin from S. marcescens has been 
reported to be an effective colouring agent in milk, yogurt and carbonated drinks 
[104]. In addition, cold-active enzymes are a very potent tool for the food business. 
Foods are increasingly being processed in industrial settings at low temperatures in 
an effort to preserve energy while avoiding negative impacts on flavour, texture and 
nutritional value. A potentially significant enzyme in the dairy business is cold-
active-galactosidase, which hydrolyses lactose to glucose and galactose at refriger-
ation temperature. A cold-active-galactosidase from the Antarctic psychrophile 
Pseudoalteromonas haloplanktis was patented by Hoyoux et al. in [105] for its 
ability to hydrolyse lactose during milk storage at low temperatures. Lipase is used 
to degum the vegetable oil and to alter the value of oil and fats to obtain more 
valuable products that are rich in poly unsaturated fatty acids. Lipases are also used 
for producing coco butter substitutes and human milk fat substitutes through the 
processes of esterification. Psychrophilic lipases reported from Antarctic region 
include many Moraxella sp., Halomonas, Pseudoalteromonas haloplanktis and 
Psychrobacter sp. [106]. 
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Textile Industries 1.3 million tonnes of synthetic dyes and chemicals are used in 
the textile industry, 15% of which leak as effluents after use. Unfortunately, a 
significant part of these colours bypass traditional wastewater treatment methods 
and exist as a potentially harmful environmental contaminant with negative effects 
on human health and the environment. As a result, there is a huge concern about 
using ecologically friendly colours in place of synthetic dyes in the textile business. 
Microorganisms can produce environmentally friendly pigments that are deemed 
suitable for use in the textile industry. The textile industry uses microbial pigments 
extensively, which could boost their market value. As a result, it is vital to investi-
gate novel microbial sources for pigment synthesis. The cryosphere harbours 
immense microbial diversity that has the ability to produce pigments useful for the 
textile industry. The use of cold-adapted cellulases in denim finishing and fabric 
production could improve the smoothness and softness of tissues, decolorize textile 
effluents and enable the development of ecologically friendly fibre processing 
techniques [107]. 

Medical and Pharmaceutical Applications Studying psychrophilic bacteria as 
potential new tools for pharmacological and cosmetic applications is gaining popu-
larity. Tomova et al. [64] observed that numerous promising psychrophilic strains 
were found to be a valuable source of novel active antibacterial chemicals at low 
temperatures. In recent years, substances produced by the halophilic actinomycete 
Nocardioides sp. Strain A-1 showed potential for use in agriculture for plant 
protection since it had antimicrobial activity against the bacteria Xanthomonas 
oryzae, which causes bacterial blight disease in rice. Antarticine-NF3, an antifreeze 
glycoprotein produced by the Antarctic bacterium Pseudoalteromonas, has been 
found to have effective results in scar treatment and is therefore being included in 
cosmetic regeneration creams [108]. Additionally, cold-adapted enzymes are highly 
effective in the field of pharmaceuticals. For example, cold-adapted dehalogenases 
have significant effects on the synthesis of optically pure pharmacological



intermediates like halo-alkanoic acids. Cold-adapted lipases that are obtained from 
Candida antarctica can be used for several applications, such as to enhance the 
quality of beauty products, modifying sugars and their related compounds, synthe-
sizing optically active drug intermediates, production of various cosmetic products, 
fragrance esters and pharmaceuticals [109]. 
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Detergent and Cleaning Industry Currently, the detergent industry accounts for 
30–40% of all enzyme production worldwide and needs enzymes that can function at 
low temperatures in order to conserve energy. Cold-adapted enzymes such as 
lipases, proteases and α-amylases are vigorously used in manufacturing detergent, 
which can improve the efficacy of detergents and also decrease the amount of 
chemicals used in detergents, thereby protecting the texture and colours of fabrics 
and reduce wear and tear during washing. Esterases and lipases are vital enzymes 
since they can catalyse the cleavage of ester bonds and also help in reversing the 
reactions in organic solvents. The inclusion of lipases in detergents or cleaning 
solutions can also improve the detergents’ stain-removing abilities. Currently, 
cold-active subtilisins, isolated from Antarctic Bacillus species, are being used in 
the manufacture of cold-active detergents that can help in alkaline stability and cold 
activity needed for optimal washing results. Proteases, amylases and lipases are a 
few examples of cold-active enzymes that have shown to be quite effective in 
cleaning procedures at low temperatures. Wipes or other formulations containing 
psychrozymes can quickly clean solid objects that cannot be heated for washing. 
Due to their considerable market share in the enzyme industry, proteases are also 
shown to be important enzymes in detergents and washing powders. As detergent 
additions for cold washing, proteases isolated from Acinetobacter sp., Bacillus sp., 
Planococcus sp., Pseudomonas aeruginosa and Serratia marcescens can be 
employed [110]. 

Biodiesel Production The production of biodiesel at industrial scale is done mostly 
by using vegetable oils through a process called transesterification. However, the use 
of vegetable oils for this purpose is an expensive affair and also leads to competition 
with the food sector due to which potential alternative raw materials for the process 
are under investigation. A practical alternative to traditional methods of producing 
biodiesel is microorganisms. The most crucial enzymes employed in the manufac-
ture of biodiesel are lipases. Long-chain triacylglycerols are hydrolysed by lipases, 
producing free fatty acids, glycerol and mono- and diglycerols. Lipases catalyse the 
two-step transesterification of vegetable, animal and algal oils in the manufacture of 
biodiesel. Lipases obtained from Antarctic microbes have peculiar stability charac-
teristics. Lipase obtained from soil bacterium Janibacter sp. R02 presents a halo-
philic, alkaliphilic and thermophilic profile [111]. A cold-tolerant lipase isolated 
from Pseudomonas sp. AMS8 exhibited excellent stability when organic solvents 
were present. It displayed 92%, 109% and 88% activity in the presence of 25% (v/v) 
xylene, octane and methanol, respectively [112]. For these applications, isolated 
Rhodotorula species from Antarctica also make great candidates. They have the 
capacity to accumulate significant amounts (50–70%, w/w) of “single cell oils” 
(SCOs) with a fatty acid composition characterized by a predominance of palmitic



(16:0), oleic (18:1) and linoleic (18:2) acids, which is suitable for the biodiesel 
industry [113]. 
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Nanoparticles Production Through bio-mineralization processes, some bacteria 
are exceptional makers of inorganic nanoparticles from organic compounds. The 
Antarctic microbial population has been identified as possible biomineralizing 
candidates, although they are still unexplored. For instance, peroxide-resistant 
psychrophilic strains of Pseudomonas spp. are able to synthesize cadmium sulphide 
(CdS) when grown at 15 °C in a medium with added H2O2 and CdCl2 
[114]. Magnetotactic cocci belonging to Alphaproteobacteria class and isolated 
from Antarctica marine sediments have the ability to produce elongated magnetite 
magnetosomes that can be used to produce iron nanoparticles. Purified 
magnetosomes have been used in a variety of applications, including contrast agents 
for magnetic resonance imaging, alternating magnetic field-induced hyperthermia 
agents for cancer treatments and support for enzyme immobilization. It has been 
discovered that bacteria from the genera Pseudomonas, Psychrobacter and 
Shewanella were able to synthesise CdS and CdTe QDs. Biosynthesized QDs post 
purification exhibit broad spectra of absorption and emission characteristics similar 
to biogenic Cd nanoparticles [114]. Brevundimonas, Bacillus and Rhodococcus, 
three recently isolated bacterial strains from a consortium linked to the psychrophilic 
Antarctic marine ciliate Euplotes focardii, were employed by John et al. [115] to  
synthesise silver nanoparticles (AgNPs). 

15.6 Conclusion and Future Prospective 

Due to the cold temperature of Antarctica region, their microbial diversity has 
developed various adaptations for surviving under such extreme cold environment. 
Nutrient mobilizing property and enzymes producing potential of these microorgan-
isms made glory for them as they can efficiently work under low temperature and 
therefore have a wide application in agriculture, industry, medical, etc. Besides, they 
are responsible for the biogeocycling of the nutrients in the environment. So studies 
could be conducted to determine the role of specific microbial diversity in 
biogeocycling. Due to their lower richness, Antarctic lakes are excellent model 
systems to study how microbes affect geochemistry since it is easy to take in a 
significant amount of the variety and link certain taxa to specific processes. New 
knowledge on how microbes have adapted to the Antarctic environment under a 
wide range of chemical and physical circumstances is being gained through the use 
of molecular approaches. Managers of human activity, policy-makers, scientists and 
the general public can learn more about the causes, impacts and consequences of 
human activity, including anthropogenic climate change, by being given critical 
sentinel indicators.
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Chapter 16 
Microbial Pigments: Overview 
and Industrial Perspective 
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Ravindra Soni, and Deep Chandra Suyal 

Abstract Natural colors derived from plants, animals, and microorganism are being 
used since ancient time. Keeping in mind the harmful effects of synthetic dyes, these 
eco-friendly pigments are of high demand. Among these, microbial pigments are 
widely used in various industries including food, textile, pharmaceuticals, etc. They 
have attracted scientific attention due to their easy harvesting, cost-effectivity, higher 
stability, and high production value. However, the availability and diversity of 
microbial pigments are not expanding in the same ratio their demand is increasing. 
It may increase the undesirable use of synthetic colorants to meet commercial 
demands. Therefore, besides identifying the new microbial sources, scientific efforts 
are urgently needed to develop novel strategies for easy extraction and monitoring 
processes. This review provides an overview of microbial pigments and their 
characteristics features. Moreover, it summarizes their recent applications in various 
field and industries. 
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16.1 Introduction 

Pigments are molecules that take in a selected wavelength of light and replicate the 
rest of the pulchritude visible spectrum (380–750 nm). They are widely used in the 
industry for various applications in cosmetics, pharmaceuticals, textiles food, and 
other industries [1]. They are known to possess antioxidant, cytotoxic, antimalarial, 
antimicrobial, antifouling, antitumor, and anticancer activities. 

Pigment manufacturing is one of the charismatic tendencies of microbes. Gener-
ally, microbial pigments aren’t simply colors; however, they possess a combination 
of numerous chemical components with multifaceted biological activities [2]. In 
recent years, studies on pigmented microorganisms from terrestrial and marine 
ecosystems have incredibly improved and thus utilized in advanced research. 
Microbial-pigmented molecules include bacteriochlorophylls, flavins, indigoids, 
β-carotene, carotenoids, phenazines, monascus, phenazostatin, melanins, 
pheomelanin, prodigiosin, glaukothalin, quinone precursors, canthaxanthin, 
violacein, phycocyanin, xanthomonadin, phenazine, astaxanthin, and others 
[3, 4]. They can be produced directly or generated as a byproduct of their 
metabolism. 

16.2 Commercially Important Microbial Pigments 

The major microbial pigments that can be utilized as food colorants are canthaxan-
thin, prodigiosin, phycocyanin, astaxanthin, lycopene, riboflavin, violacein, mela-
nin, and beta-carotene (Fig. 16.1). They may be inorganic or organic in nature. 
However, organic pigments are considered more useful in the food industry. Some of 
them are described below: 

1. Canthaxanthin—It is a reddish-orange color pigment of the trans-carotenoid 
category. It is a potent antioxidant and generally lipid soluble. It can be isolated 
from several species of Bradyrhizobium. It has been approved as a food colorant 
and is widely utilized for poultry and salmon feed. 

2. Prodigiosin—It is a reddish pigment having antimalarial, antineoplastic, antibi-
otic, and antibacterial properties. It can be isolated from Serratia marcescens. It  
is reported to use as a food colorant in carbonated drinks, yogurt, and 
flavored milk. 

3. Astaxanthin—It is an pinkish-red colored microbial pigment. It can be obtained 
from the bacteria, yeasts, salmon, red shrimp, crayfish, and microalgae, crusta-
ceans, and bird’s feathers. It is agency-approved colorant for feeding purposes to 
animals and fishes. 

4. Riboflavin—It is yellow-colored compound and is generally produced by sev-
eral microorganisms. It is utilized in the dairy items, baby foods, energy drinks, 
sauces, cereals, and packaged juices.



16 Microbial Pigments: Overview and Industrial Perspective 293

Canthaxanthin 
Prodigiosin 

Astaxanthin 

Riboflavin 

Phycocyanin 

Violacein 

Zeaxanthin Indigoidine 

Xanthomonadin Melanin 

Lycopene 
Beta-carotene 

Fig. 16.1 Microbial pigments and their chemical structures



5. Phycocyanin—These are bluish-colored pigments that are produced by 
cyanobacteria having chlorophyll A. Commercial phycocyanin can be extracted 
from Aphanizomenon flos-aquae and Spirulina. These are used in packaged 
foods, beverages, ice creams, and sweets. 

6. Violacein—It is a purple-colored pigment that exhibits antifungal, antibiotic, 
antitumor, and antibacterial properties. It is frequently obtained from 
Chromobacterium violaceum and has a useful role in cosmetic, food, and textile 
and beverage industries. 

7. Lycopene—This pigment is naturally present in tomatoes. It is red carotenoid 
pigment and can be extracted from several microbes, viz., Sporotrichioides, 
Blakeslea trispora, and Fusarium. It has been reported to prevent the disease 
including coronary heart disease and cancers. Several countries, viz., 
New Zealand, the USA, the UK, Italy, and Australia use it for the meat coloring. 

8. Melanin—These are natural occurring pigments found in several plants, ani-
mals, and microbes. They are frequently used in cosmetic items, food and feed 
purposes, eye glasses, sunscreen creams, and several pharma compounds. 

9. Beta-carotene—It is a red- or orange-colored pigment and is organic in nature. It 
is generally obtained from Dunaliella salina and a few other algae. It is an 
agency-approved colorant that can be utilized in packaged food and beverages. 

10. Anthocyanin—These are primarily the plant’s generated pigments. However, in 
recent years, genetically engineered bacteria are used to produce such plant-
derived pigments. They are water soluble and flavonoid compounds.
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16.3 Ecology of Pigment-Producing Microorganisms 

Pigment-producing microbes are found in diverse geographical conditions, ranging 
from polar environments to tropical regions to deep-sea ecosystems. Pigment pro-
duction is thought to be an adaptive feature of such microbes. Few terrestrial 
microbes, viz., Stenotrophomonas and Rhodotorula, are proven to adapt to marine 
environments by producing pigments. Therefore, pigmented microbes can also be 
classified as true marine-pigmented microbes and adaptive pigmented microbes. 
However, true marine-pigmented microbes are gaining more attention of the 
research community due to their diverse portfolio of bioactive compounds. Besides 
these, pigmented microbes are also reported from ice cores, sea surface, salt lakes, 
air-water interfaces, hot springs, lava caves, human skin, plant surfaces, rhizosphere 
soils, algal mats, lagoons, microbial mats, corals, and glaciers. 

Several microorganisms are reported to have polyextremophilic features as per 
their habitats, viz., xerophilic (Penicillium purpurogenum), psychrophilic (Kocuria 
polaris), alkaliphilic (Microbacterium arborescens), barophilic (Halomonas 
salaria), radioresistance (Deinococcus grandis), color mimic (Cellulophaga lytica), 
pleomorphic (Arthrobacter), dimorphic (Metschnikowia laotica), acidophilic 
(Acidobacterium), polyextremophile (Halorubrum), and halophilic (Salinibacter).
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16.4 Significance of Microbial Pigments 

It is well reported that a maximum of the microbial pigments discovered are known 
to act as protecting systems against harmful radiations [5–7]. It, therefore, enhances 
their survivability to the encircling environmental conditions as compared to 
nonpigmented microbes. Further, it is also known that it protects their respective 
host from their pathogens. Furthermore, extremophile microbes, viz., Thermus 
filiformis, Halobacterium salinarum, and Halococcus morrhuae are reported to 
produce pigments that stabilize their cell membrane and thus help them in their 
survival. These pigments also act as antioxidants and neutralize the harmful effects 
of reactive species of oxygen, nitrogen, and other free radicles. Some pigments are 
known to protect the lipid membrane of microbes, viz., violacein. In another report, 
phenazines are observed to regulate bacterial gene regulation [8]. 

16.5 Industrial Applications 

16.5.1 Food Industry 

Generally microbial pigments are eco-friendly, noncarcinogenic, nonallergic, and 
nontoxic. Therefore, they are considered safe for human consumption and preferred 
to be used in food industry [9]. It has been estimated that their use in food and 
associated industries will increase with the rate of 7% annually. The important 
microbial pigments that are preferred in food industry include phycocyanin, ribofla-
vin, lycopene, canthaxanthin, prodigiosin, violacein, melanin, astaxanthin, and beta-
carotene (Table 16.1). Further, the organic pigments are found more useful than the 
inorganic ones. Phycocyanin is widely used in beverages, packaged foods, ice 
creams, and sweets. Riboflavin is utilized in baby foods, fruit drinks, dairy products,

Table 16.1 Important microbial pigments and their appearance 

Pigments Appearance Associated microorganisms 

Canthaxanthin Reddish orange Bradyrhizobium, Haloferax 

Prodigiosin Reddish Serratia 

Astaxanthin Pinkish red Agrobacterium, Paracoccus 

Riboflavin Yellow Bacillus, Ashbya 

Phycocyanin Blue Aphanizomenon, Spirulina 

Zeaxanthin Yellow Flavobacterium 

Xanthomonadin Yellow Xanthomonas 

Violacein Purple Janthinobacterium, Chromobacterium 

Indigoidine Blue Corynebacterium 

Lycopene Red Sporotrichioides, Blakeslea, Fusarium 

Melanin Dark brown Bacillus, Aeromonas, Rhizobium 

Beta-carotene Orange Dunaliella



sauces, energy drinks, and breakfast cereals. Canthaxanthin and astaxanthin are 
approved by regulatory agencies and used in animal and fish foods. Prodigiosin is 
a red-colored pigment that is used in carbonated drinks, ice creams, sweets, and 
flavored milk [10]. Violacein is an important ingredient for several packaged foods. 
Beta-carotene can be utilized in various sweets, flavored items, and ice creams due to 
its reddish yellow color. Furthermore, melanin and lycopene are commercially 
important pigments that are widely used in foods and beverages.
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16.5.2 In Pharmaceutical Industry 

Microbial pigments are also used in pharmaceutical industries due to their bioactive 
nature. Moreover, in recent years, several researches are going on to identify the 
major roles of these pigments in the treatment of leukemia, diabetes, cancer, and 
autoimmune diseases [11]. These pigments are found to possess anticancer, immu-
nosuppressant, antipyretic, antibiotic, and antiproliferative properties [12, 13]. The 
most important pigments in this category include anthocyanin, prodigiosin, 
violacein, and melanin. 

Anthocyanins are used as antioxidants, anticarcinogen, and immunosuppressant. 
Prodigiosin is a tripyrrole pigment and known to possess cytotoxic property 
[14]. Moreover, it has also shown immunosuppressant and antiproliferative activi-
ties. It has also been used for the treatment of diabetes mellitus. Similarly, violacein 
possesses antiparasitic, anticarcinogenic, antimicrobial, and antiprotozoal 
abilities [15]. 

16.5.3 Textile Industry 

Microbial pigments are frequently used in textile industries for coloring the cloths 
[16]. Due to their eco-friendly and noncarcinogenic nature, they are being now 
preferred over the synthetic dyes. Prodigiosin and violacein are important microbial 
pigments that are used to dye polyesters, acrylic, nylon, silk, cotton vinylon, rayon, 
and microfibers. Further, iron mordants are used to fix microbial pigments over the 
cloths and to provide the variable patterns. 

16.6 Conclusion 

In recent years, commercial requirement of microbial pigments has increased enor-
mously and continue to be in demand. However, the available range of these 
pigments is limited and proven insufficient, especially food and beverages indus-
tries. Therefore, the discovery of novel and unique pigments is becoming important



nowadays. Moreover, new methodologies and technologies are required to extract 
the pigments from microorganisms through nondestructive and high-throughput 
manner. Additionally, it must be cost-effective, easy to use, and easy to monitor. 
Therefore, detailed and in-depth investigations are urgently required in this field. 
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