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The ocean embodies a rich bio resource comprising of versatile organisms owing to
its diversified environment existing across the different zones. Bioprospecting in
terms of biological compounds and diversity of the marine niche has been carried out
since ages, and use of fish oil for medication is one of the commonest example.
Several marine-derived products from higher animals to microbes have been used as
a source of medicine. This subsequently has been increasing the research interests of
several biotechnologists and pharmacists towards marine pharmacology studies.
Focus has been in the search for genes, natural molecules/ compounds and whole
organisms with active pharmacological properties associated with marine flora and
fauna. The discovered molecule or organism in its raw/modified form should lead to
a product for health improvement in terms of pharmaceutical, cosmeceutical, nutra-
ceutical and other relevant applications. Till date, lakhs of marine species have been
discovered, and from them, several thousands of compounds have been extracted
and used in medicine.

Nowadays, development of computational algorithms is also allowing advance
prediction of drug-like properties and is thus helping in reducing the preliminary
screening procedure. Also, modern research is more focused towards marine
microbiome exploration for potential pharmaceutical microbial candidates. These
are also a potent source of secondary metabolites, and hence can be explored easily
without hindering the regular pathways needed for microbial growth and multiplica-
tion. More than 50% of drugs in the market are classified as those derived from
natural sources. These include huge number of drugs active against microbial
infections in humans. Current statistics reveal that the natural drug discovery rate
is more than 1000 compounds per year and is increasing every year. OECD
(Organization for Economic Cooperation and Development) has been describing
the potential of Blue economy in terms of offering service to biotechnology sectors
such as pharmaceutical, nutraceutical and cosmetics. In 2019, OECD published a
report on the emphasis of the ocean economy and the growing importance of science
and technology in the sustainable development of seas and ocean. The report also
emphasized the need for improving health of the marine niche along with the
increasing use of marine resources to meet global challenges related to food and
medicines.



Vi Preface

Thus, potential pharmaceutical products and processes from the marine niche
include novel medicines, drugs, nutritional supplements, health supplements,
biomaterials for medical delivery and diagnosis, adjuvants, and enhancers for
efficiency improvement. Environmental changes are also altering the disease
patterns, initiating demand for novel treatment molecules and strategies for our
enormous global population. In such context, this book is a resource describing
drugs developed from the marine niche and the scope of marine flora, fauna and
microbes as potential novel drug candidates. We hope this book will generate
interest in young minds and make them aware about the avenues for translational
research on marine-derived pharmaceutical products.

The editors are extremely thankful to all the authors for sharing their knowledge
and their timely responses. We extend heartfelt gratitude to Dr. Gaurav Singh,
Ms. Vaishnavi Venkatesh and the production team at Springer for their valuable
support during the journey of this compilation.
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Ankita Jain and Varsha Tailor

Abstract

The ocean, which is called the “mother of origin of life,” is also the source of
structurally unique natural products that are mainly accumulated in living
organisms. Several of these compounds show pharmacological activities and
are helpful for the invention and discovery of bioactive compounds. Marine
biotechnology is the science in which marine organisms are used in full or
partially to make or modify products, to improve plants or animals, or to develop
microorganisms for specific uses. With the help of different molecular and
biotechnological techniques, humans have been able to elucidate many biological
methods applicable to both aquatic and terrestrial organisms. Marine biotechnol-
ogy is an innovative field of research in science and technology concerning the
support of living organisms with marine products and tools. To understand the
omics of the living species, it is a novel way to produce genetically modified food,
drugs, and energy to overcome global demand. The exploitation of biotechnology
for drug discovery, including enzymes, antibiotics, and biopolymers, and chemi-
cal compounds from marine sources is deliberated in this Chapter. In addition,
well-known and broadly used analytical techniques are derived from marine
molecules or enzymes, including green fluorescence protein gene tagging
methods and heat-resistant polymerases used in the polymerase chain reaction.
Advances in bacterial identification, metabolic profiling, and physical handling of
cells are being revolutionized by techniques such as mass spectrometric analysis
of bacterial proteins. Advances in instrumentation and a combination of these
physical advances with progress in proteomics and bioinformatics are
accelerating our ability to harness biology for commercial gain. The objective
of this review is to highlight some of the recent developments and findings in the
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area of marine biotechnology with special reference to the biomedical potential of
marine natural organisms.

Keywords

Bioprospection - Marine microbes - Omics - Gene targets

1.1 Introduction

As the world population expands and ages, we need to prepare to face new
challenges if we hope to live longer and healthier lives while conserving our planet
and its natural resources for future generations. Health care is one of the major
concerns linked to increased life expectancy and the recent shift in lifestyles. On the
one hand, the increase in genetic and lifestyle-related diseases such as cardiovascular
disease, ischemic stroke, diabetes, chronic respiratory disease, and some types of
cancers is on the rise (Yach et al. 2004), and on the other hand, despite remarkable
progress, infectious diseases persist as being the leading causes of mortality in the
world. Indeed, even with a supposedly large arsenal of therapeutic methods,
infections continue to be a major health concern all over the world including
developed countries (Shah et al. 2007). The discovery of new drugs has not been
following the curve dictated by the emergence of drug-resistant bacteria: since the
golden era of antibiotics in the 1940s, the discovery of novel antibacterial agents has
been slowing down, and today the R&D pipeline for such molecules has practically
run dry (Spellberg et al. 2013). Unless the rise in antibiotic resistance can be
reversed, we can expect to see a substantial rise in incurable infection and fatality
in all parts of the world (Guilbert 2003; Wellington et al. 2013). When it comes to
lifestyle diseases, although our therapeutic arsenal is very limited, some simple
adjustments to our nutrition can considerably reduce the risk of such conditions
(Willett et al. 2006), but feeding over seven billion people with healthy and nutri-
tious food is no easy task. In addition to having more and more people to feed,
current climate changes are causing reduced yields of some of our most common
crops on a global scale (Peng et al. 2004; Lobell et al. 2011), which may have
particularly dire effects in developing regions of the world. In fact, it is not just the
crops but entire ecosystems that may be remodeled as we continue to burn fossil fuel
and release carbon in the atmosphere at a rate one million times faster than it takes
the planet to sequester it (Falkowski 2009). The issues of health, nutrition, and
energy are all becoming increasingly substantial, but are also strongly intertwined:
we must bolster our therapeutic options in spite of the constant race against drug-
resistant strains, find new and better ways to feed an increasing population while
keeping a healthy diet, and reduce our carbon emissions drastically despite our
heavy reliance on oil. Addressing one issue without exacerbating another has proven
to be quite a challenge in the past decade. One example is that the 250-fold increase
in nitrogen production over the past century (principally driven by its use as fertilizer
in agriculture) compares with only a 3-fold increase in the human population over
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the same time period. However, the excess nitrogen fertilizer in soil and run-off
water feeds certain bacteria which release nitrous oxide into the atmosphere, the third
most potent human contributor to global warming today (Cushman 2012).

We believe that novel and less disruptive solutions could be found through
bioprospecting the oceans, in particular drawing on the arsenals of molecules,
enzymes, and genes found in largely unexplored groups of microscopic marine
organisms. Recent advances in DNA technologies and heightened awareness of
environmental issues, such as global warming, have come together to potentiate
the science of marine microbiology (Bowler et al. 2009). Many international
research initiatives have emerged in the past few decades, such as the US-EU marine
genomics taskforce on biotechnology research, the Tara-Oceans and Malaspina
expedition, the MicroB3 Project, the Global Ocean Sampling expedition, Ocean
Sampling Day, and the PharmaSea project. Furthermore, our improved understand-
ing of microbial communities, coupled with new technologies for sampling the
ocean and for bioactive screening, has led to the identification of a range of
molecules, genes, and strains of interest.

In this chapter, we will discuss how bioprospecting of these organisms can
provide us with tools to address key issues facing humanity in the form of novel
bioactive molecules and novel high-producing strains and describe screening
methodologies that have brought such molecules and/or strains to light.

1.2  What Is Marine Bioprospecting?

Biodiversity prospecting or bioprospecting is the systematic search for biochemical
and genetic information in nature in order to develop commercially valuable
products for pharmaceutical, agricultural, cosmetic, and other applications.

Marine bioprospecting may be defined as the search for bioactive molecules and
compounds from marine sources having new, unique properties and the potential for
commercial applications. In other words, it can be described as targeted and system-
atic search for components, bioactive compounds, or genes within marine organisms
(Feist 2008). Among others, applications include medicines, food and feed, textiles,
cosmetics, and the process industry. This may include all kinds of organisms;
microorganisms like bacteria, fungi, and viruses; and larger organisms such as sea
plants, shellfish, and fish. The marine organisms may come from the sea, the coast,
the fjord, and the seabed or oil reservoirs beneath the seabed. The result of the
bioprospecting could be a purified molecule that is produced biologically or synthet-
ically or the entire organism. Bioprospecting can also be carried out on land and in
freshwater organisms. The purpose of marine bioprospecting, from a business
perspective, is to find components, compounds, or genes that may be included as
components in products or processes. Marine bioprospecting, therefore, may procure
different compounds that may be used in many different industries.

Marine bioprospecting is a relatively new endeavor, having its origins in the late
1940s, when Werner Bergman “discovered” arabinoside sugar in marine sponges, a
substance which does not occur on land (Munro et al. 1999; Newman and Cragg
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2004). This discovery led directly to the development of several anti-viral (ara-A)
and anti-cancer (ara-C) compounds (Narsinh 2004). Marine bioprospecting gained
momentum in earnest during the 1970s and 1980s due to improved deep sea.

Until recently, the oceans and seas were misjudged as being poor habitats for
flourishing biodiversity, due to the voluminous salt content and seemingly infertile
environment (Zhang 2005; Simmons et al. 2005). However, advances in technology
have made marine exploration possible, and it has become apparent that the oceans
are thriving with the greatest diversity of life forms on earth. Life began in the
oceans, and therefore it is not surprising that the 2.7 billion years head start on
evolutionary process has resulted in the oceans having a more unique and diverse life
form than on land (Centre for Marine Biodiversity 2008). Of all of the earth’s life
forms, 36 out of 38 animal phyla are represented in the marine environment. Marine
plants, such as seaweed, phytoplankton, and macroorganisms, are also incredibly
diverse, with algae alone having over 100,000 species (UN Atlas of the Ocean n.d.).
Novel and undiscovered till today the marine biodiversity is concentrated in coral
and temperate reefs, seamounts, hydrothermal vents, abyssal slopes, and plains
(Fenical 1983). This marine genetic wealth has resulted in the ocean being aptly
described as “blue gold.” To date, approximately 300,000 marine species have been
documented (Haefner 2003), constituting only a minute fraction of the ocean
species. It is anticipated that more than two million species will be discovered in
the future (Ruth 2006), as a result of the scientific community’s appetite for
researching undocumented marine biodiversity and the private sector’s relentless
search for novel sources for the development of new products.

Bioprospecting can involve the collection of organisms and subsequent screening
for a specific molecule or activity of interest. An alternative to prospecting directly
for bioactives is to search for DNA sequences encoding activities of interest, either
from single organisms or by mining metagenomic sequencing data derived from
whole plankton communities collected from the water column (Synnes 2007). Such
approaches can help bypass a number of steps required in molecule screening.

1.2.1 Omics-Related Definitions

Systems Biology

Biological research focusing on the systematic study of complex interactions in
biological systems using integration models. The ultimate aim is to understand
whole systems, e.g., complex cellular pathways, by studying the effect of altered
external factors on the genome, transcriptome, proteome, and metabolome
simultaneously
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Genomics
The study of the structure, function, and expression of all the genes in an organism

Cognitive genomics: Examines the changes in cognitive processes associated
with genetic profiles

Comparative genomics: Study of the relationship of genome structure and func-
tion across different biological species or strains

Functional genomics: Includes gene and protein functions and interactions (often
uses transcriptomics)

Metagenomics: Study of metagenomes, i.e., genetic material recovered directly
from environmental samples

Neurogenomics: Study of genetic influences on the development and function of
the nervous system

Personal genomics: Branch of genomics concerned with the sequencing and
analysis of the genome of an individual. Helps in personalized medicine

Genome
The total DNA of a cell or organism

Polymorphism
Variations in DNA at a specific site

Transcriptomics
The study of the mRNA within a cell or organism

Transcriptome
The total mRNA in a cell or organism

Proteomics
The large-scale study of proteins, including their structure and function, within a
cell/system/organism. A name coined as an analogy with the genome

Proteomics: Large-scale study of proteins, particularly their structures and
functions. Mass spectrometry techniques are used

Immunoproteomics: Study of large sets of proteins (proteomics) involved in the
immune response

Proteogenomics: An emerging field of biological research at the intersection of
proteomics and genomics. Proteomics data used for gene annotations

Structural genomics: Study of three-dimensional structure of every protein
encoded by a given genome using a combination of experimental and modeling
approaches

Epigenomics
The epigenome is the supporting structure of genome, including protein and RNA
binders, alternative DNA structures, and chemical modifications on DNA
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Epigenomics: Modern technologies include chromosome conformation by Hi-C,
various ChIP-seq and other sequencing methods combined with proteomic
fractionations, and sequencing methods that find chemical modification of cytosines,
like bisulfite sequencing

Proteome
The set of all expressed proteins in a cell, tissue, or organism

Metabolomics
The study of global metabolite profiles in a system (cell, tissue, or organism) under a
given set of conditions

Metabolome

The total quantitative collection of low molecular weight compounds (metabolites)
present in a cell or organism that participate in metabolic reactions. It also includes
those metabolites taken in from external environments or symbiotic relationships

1.3  Diversity in Marine System

The marine environment is the largest habitat on earth and covers more than 70% of
the planet. Marine habitats being the dynamic habitat contain a rich variety of
distinctive life forms, the majority of them represented by microorganisms. Much
of this is in the deep sea at a depth greater than 1000 meters, representing 75% of the
oceans’ volume. The oceans include the extremes of temperature (350 °C in hydro-
thermal vents to —35 °C within Ice Sea), light, and pressure (which increases 1 atm/
10mt in depth). Microorganisms actually grow and reproduce at the interface
between the ice and the seawater. Salinity is the major environmental determinant
of microbial community composition, clearly distinguishing marine habitats from
terrestrial ones (Lozupone and Knight 2007). The variation in the hydrostatic
pressure and organic matter availability have influence on the community structure
of marine ecosystem. The sedimentation of organic material and phytodetritus
triggers the production of various enzymes and other compounds which have greater
importance in medicine and industry by microbial community. Moreover, marine
sediments constitute the most phylogenetically diverse environments on earth, in
contrast with soil, which bears high species-level diversity but has below-average
phylogenetic diversity (Lozupone and Knight 2007). Marine microorganisms are
progressively recognized as a promising source of biotechnologically valuable
products and capabilities. Over the last years, many biomolecules with unique
structural features and unique molecular mode of action have been identified in
marine environments (Zotchev 2012).
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However, many marine microbial habitats still remain largely unexplored,
understudied, and underexploited in comparison with terrestrial ecosystems and
organisms. Through billions of years of evolution, marine microorganisms have
developed unique metabolic and physiological capabilities to thrive in a variety of
marine habitats. In fact, oceans include the greatest extremes of temperature, light,
and pressure encountered by life (Munn 2004). In recent years, marine
microorganisms living under extreme conditions have been the focus of
bioprospecting efforts as novel sources of biomolecules with biotechnological
potential (Ferrer et al. 2007; Pettit 2011). For example, hydrothermal vents comprise
microorganisms with distinct metabolisms based on chemosynthesis. The high
diversity and abundance of these communities are comparable to those found in
shallow tropical seas, and thus they are recognized as potentially rich sources of
biologically active natural products (Thornburg et al. 2010; Trincone 2011).
Piezophilic microorganisms inhabiting deep sea habitats are also of interest, as
they can provide enzymes for high-pressure bioreactors, among other applications
(Egan et al. 2008). Interestingly, these microorganisms can be either psychrophilic or
thermophilic due to the cold temperatures of the deep ocean or to their proximity to
hydrothermal vents, respectively.

The oceans contain various different habitats that are suitable for bioprospection.
Microorganisms with biotechnological potential are present in pelagic and benthic
habitats and also can have symbiotic or epibiotic lifestyle. Competition and defence
strategies characteristic of surface-associated microorganisms, such as the produc-
tion of toxins, signaling molecules, and other secondary metabolites, constitute an
unparalleled reservoir from a biotechnological perspective (Penesyan et al. 2010;
Schmidt 2005). Bacteria living in symbiotic associations with marine invertebrates
often produce complex metabolites as a consequence of coevolution with their host
(Wijffels 2008). Sponges and corals are examples of habitats where symbiotic
microorganisms with interesting capabilities have been found (Imhoff et al. 2011).
In many cases, microorganisms have been found to be the producers of metabolites
previously assigned to their hosts (McKew et al. 2011). Microorganisms from
intertidal zones must be able to tolerate rapid and repeated fluctuations in environ-
mental conditions. These include temperature, light, and salinity, as well as wave
action, ultraviolet radiation, and periods of drought (Ortega-Morales et al. 2010).
Intertidal microbial communities preferentially grow as biofilms on natural and
artificial surfaces. Within these protective microenvironments, they are subjected
to intense biological and chemical interactions, leading to the production of various
interesting secondary metabolites (de Nys and Steinberg 2002). For example, in
response to intense solar radiation, cyanobacteria and other microorganisms
inhabiting intertidal or supratidal zones produce UV-absorbing/screening
compounds, which present potential for the development of novel UV blockers for
human use (Lam 2006). There are certain phylogenetic groups which constitute
interesting targets for bioprospection. Actinomycetes (within the phylum
Actinobacteria) are widely known for their capabilities of producing metabolites,
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which include antibiotics, antitumor and immunosuppressive agents, and enzymes,
among others. Novel compounds with biological activities have already been
isolated from marine actinomycetes.

Many marine microorganisms are able to produce novel metabolites with bio-
technological potential which are not often present in microbes from terrestrial
origin. It is important to notice, however, that the recovery of a microorganism
from the ocean does not necessarily imply that it is truly “marine,” as some
organisms may be wash-in components from the terrestrial environment.

Indeed, halotolerant species are frequently isolated from marine sources, espe-
cially in coastal environments where terrestrial input is significant. The potential
contribution of marine organisms to the discovery of new bioactive molecules is
increasingly challenging (Skulberg 2000; Sponga et al. 1999). Now marine
microorganisms have become a significant attraction as natural source of bioactive
molecules which has a broad range of biological activities, viz., antibiotics,
antivirals, antitumorals, antioxidant, and antiinflammatory (Okami 1982; Kamei
et al. 1987; Nunez et al. 2006; Uzair et al. 2009; Shankar et al. 2010). The
biochemical and physiological properties of various marine microorganisms are
mostly revealed now. The physical and chemical properties of sea water have
great influence on the organisms and their biological activities. There are various
types of bacteria, actinomycetes, fungi, and viruses in marine ecosystem which are
capable of producing various enzymes and antibiotics. In marine environments,
about 90% bacteria are Gram negative with different characteristics (Zobell 1946).
This type of cell wall is better adapted to survive in the marine environment. The
three domains of life on earth based on 16S rRNA sequencing are Archaea, Bacteria,
and Eukarya (Woese et al. 1990). These domains together play a significant role in
the marine environment. The heterotrophic bacterial action releases dissolved
organic and inorganic substances by means of organic degradation, decomposition,
and mineralization processes in sediments and in the water column (Purushothaman
1998; Sabu 2003) suggests that marine microorganisms which are salt tolerant, can
be used for therapeutic applications to humans as they have wide range of enzymatic
activities and are capable of producing enzymes that are safer with less harmful
effects. So that can be used for therapeutic applications to humans. The study of
marine microbial diversity is of greater importance since they are the sources of
many biocatalysts, antibiotics, and other useful compounds. The culture methods
should include innovative approaches by understanding the cell-to-cell communica-
tion and other necessities. Organisms associated with marine environments have
greater potential to produce hydrolyzing enzymes such as amylase, lipase, protease,
chitinase, etc., and hence the bioprospecting for these compounds is of greater
importance.
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1.3.1 Enzymes from Marine Habitat

The metabolic functions of marine enzymes are dependent on the ecological features
of their habitat. Conventional enzymes are completely denatured under the harsh
conditions in which thermophilic enzymes can operate. The synthesis and produc-
tion of polyhydroxyalkanoates by halophiles is one of the current biotechnological
topics related to marine microbes (Quillaguaman et al. 2010). The salt and organic
tolerance is very often observed for halophilic enzymes because of reducing water
activity (Marhuenda-Edgea and Bonate 2002). Enhancement of thermostability in
marine microbes can be observed (Demirjian et al. 2001). Thermostability is higher
in marine microbes than in freshwater species. The osmoregulation is based on the
synthesis and/or accumulation of compatible solutes without interfering the activity
of enzymes. In marine animals D-alanine is involved in the response of osmotic
stress in several marine animals (Uo et al. 2001). Enzymes derived from
extremophilic archaea have higher stability toward heat, pressure, and solvents and
are more resistant to proteolytic attack (Egorova and Antranikian 2005). Cellulose is
an odorless hydrophilic compound which is most common on earth. Cellulose is
derived from D-glucose units, which is condensed through p-(1—4)-glycosidic
bonds (Yakubu et al. 2011). It is the structural component of the primary cell wall
of green plants, many forms of algae, and oomycetes. Cellulase has the property of
recalcitrance to a smaller extent as there are not so many organisms which can digest
cellulose. Hence the organisms which produce cellulase enzyme are of particular
importance. The cellulolytic bacteria have so many industrial applications and can be
used for the treatment of agricultural wastes in process of bioremediation (Raja
Brindha et al. 2011). To release glucose from cellulose, cellulolytic organisms
generally secrete a variety of endo-acting -1, 4-glucanases that preferentially attack
the amorphous portion of cellulose and randomly cut the glucan polymers, creating
free ends of the cellulose polymers (Lynd et al. 2002). p-Glucosidase converts the
potentially inhibitory cellobiose and higher cellodextrins to glucose (Zhang and
Lynd 2004); most commercially available cellulases are primarily designed to
degrade cellulose. Endoglucanases, cellobiose hydrolases, and f-glucosidases are
cellulases which act synergistically to hydrolyze cellulose (Percival Zhang et al.
2006). Saccharophagus degradans 2-40 is a simple Gram-negative versatile
saprophile seen in marine habitat that can use a variety of polysaccharides that can
use a variety of polysaccharides as a major carbon and energy source for growth. The
enzymes of this bacterium have the potential to solve several of the major problems
in the cellulosic biofuel and green chemical industries (Suvorov et al. 2011). Munoz
et al. (2008) reported that this bacterium can grow in monoculture using whole plant
material as newsprint and corn stoves as the major carbon source to degrade and
mineralize these materials. According to Odisi et al. (2012), organisms associated
with deep sediments have greater potential for production of cellulase and lipase than
those found in the water column. Some microbes in deep sea sediments have the
potential to produce both cellulase and lipase at the same time.
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1.3.2 Marine Actinomycetes

Actinomycetes are a separate group of Gram-positive bacteria with well-developed
morphological and cultural characteristics. Marine actinomycetes are widely
distributed in different marine environments and habitats. Actinomycetes have
been detected in unique marine environments, such as in marine organic aggregates
and deep sea gas hydrate reservoirs, where they were found to be major components
of the microbial communities. They are well known for their capacity to produce
bioactive secondary metabolites and enzymes. Several studies have been done to
isolate actinomycetes from marine environments, and several genera have been
reported (Barcina et al. 1987). From the marine habitat actinomycetes,
Actinopolyspora, Micromonospora, Micropolyspora, Nocardia, Rhodococcus,
Streptomycetes, Streptosporangium, and Streptoverticillium have been reported so
far. They are capable of producing so many bioactive compounds including different
types of antibiotics, and these antibiotics have unique features compared to terrestrial
ones (Kokare et al. 2004). Marine actinomycetes have different physiological,
biochemical, and molecular characteristics than terrestrial actinomycetes having
potential to produce a variety of biologically active enzymes (Jenson and Lauro
2008). Actinomycetes are one of the known cellulase-producing microorganisms.
a-Amylases, the starch-degrading amylolytic enzymes, are of great significance in
biotechnological applications ranging from food, fermentation, textile, and paper
industries (Pandey et al. 2000), as well as in diagnostic settings (Schmid and Verger
1998).

1.3.3 Marine Viruses

Viruses are the dominant component of most of aquatic systems and are more
common in marine environment. Virus population biodiversity is totally unexplored
(Colwell 1997). Viral growth is abundant in deep sea sediments, and it is controlled
by complex interactions with both biotic and abiotic factors including the metabolic
state of bacteria and supply of virus from the water column (Danovaro et al. 2002).
The viral abundance influences the existence of bacteria and phytoplankton diversity
(Giovannoni et al. 1990). Viruses have a key role in the production of dimethyl
sulfide which is formed by the hydrolysis of dimethylsulfoniopropionate (DMSP)
(Reid and Edwards 2001). Viruses have a great role in carbon budgets also. Viruses
influence the composition of marine communities and are a major force behind
biogeochemical cycles (Suttle 2007).

1.3.4 Marine Fungi
Hughes classified marine fungi into obligate and facultative forms. Obligate forms

grow and sporulate exclusively in the marine habitat (Hughes 1974). The fungi
which are native of freshwater or terrestrial habitats and are capable of growing and
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sporulating in the marine environment are brought out in the category of facultative.
The temperature, availability of substrate or hosts, hydrostatic pressure, and avail-
ability of oxygen are important factors controlling the distribution of marine fungi.
Marine fungi are important organisms which help in the decomposition and
recycling of nutrients by producing suitable enzymes and by meeting the
requirements of organic carbon of organisms at higher trophic levels. Marine fungi
are found to have antimicrobial properties (Samuel et al. 2011). A diverse array of
bioactive compounds with anti-viral, anthelmintic, and anti-tumorigenic activities
are found to be produced by marine fungi. Fungal-specific molecular studies in
marine environments are so far relatively few, yet many reveal a marine fungal
diversity that is significantly higher than other methods suggest but much less
diverse than terrestrial environments (Richards Thomas et al. 2012).

These diverse marine environments still remain largely unexplored, understudied,
and underexploited in comparison with terrestrial ecosystems and organisms. How-
ever, as the success rate in finding previously undescribed active chemicals in marine
organisms is 500 times higher than that for terrestrial species, the use of marine
biological resources for biotechnological purposes is currently blooming.

1.4  Methods of Bioprospecting in Marine Environments

Both culture-dependent and culture-independent methods have uncovered an incred-
ible diversity of microorganisms whose metabolisms largely have yet to be
characterized (Vartoukian et al. 2010; Singh 2010). These methods have been further
empowered by genomic-level information, which in turn is supported by sequencing
technologies and bioinformatics (Heidelberg et al. 2010; Joint et al. 2010).

1.4.1 Culturing Techniques

Microbial bioprospection and biodiscovery is currently severely limited by the lack
of laboratory cultures (Prakash et al. 2013). Although culture-independent
approaches have revolutionized environmental microbiology, the development of
biotechnological applications from the genetic potential of microbial communities as
well as fundamental environmental research must be anchored by the corresponding
study of pure cultures. High-throughput dilution-to-extinction culture is one of the
most powerful and sensitive approaches for the culture of marine microorganisms
such as bacterioplankton.

This technique led to the cultivation of the first member of the widespread but yet
uncultured marine SAR11 clade. This method consists in dilution of bacteria up to
1_10 cells per well in microtiter plates, using low-nutrient filtered seawater. High-
throughput screening based on fluorescence microscopy clearly improved the tech-
nique over conventional methods, allowing rapid and sensitive detection of growing
cells. In later studies, this approach was coupled to long-term incubation at low
temperatures to allow the recovery of new microbial variants. The diffusion chamber
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is a device in which microbial cells are inoculated in an agar matrix separated from
the source environment by membranes, isolating the cells but allowing nutrients and
growth factors to pass through. The use of this device greatly improved the propor-
tion of culturable bacteria from marine sediments (Kaeberlein et al. 2002).

Another version of this approach is the microbial trap, which selectively enriches
for filamentous bacteria (e.g., actinomycetes) by allowing the filament colonization
of the sterile agar through membranes with 0:2_m pores (Gavrish et al. 2008).
Microdroplet encapsulation in an agarose matrix, combined with growth detection
by flow cytometry, led to the recovery of new clades from the marine environment
(Zengler et al. 2005). This approach is similar to the diffusion chamber in the sense
that the agarose is porous and nutrients and signaling molecules can diffuse into the
growing colony and waste metabolites can diffuse out. Another advantage of the
approach is that the microdroplets are physically separated and, because they are
much larger than bacterial cells, they can be manipulated (Joint et al. 2010).

Currently, second-generation high-throughput automated methods are being
developed from these environmental cultivation devices. One example is the devel-
opment of the isolation chip (Ichip), a culture/isolation device composed of several
hundreds of miniature diffusion chambers, each inoculated with a single environ-
mental cell (Nichols et al. 2010).

1.4.2 Culture-Independent Gene-Targeted Methods

In spite of the recent advances in microbial culturing, the majority of environmental
microorganisms are still unculturable. Out of the more than 100 bacterial divisions
that have been proposed to date, only 30 possess a cultivated representative (Prakash
et al. 2013). Moreover, marine microbes are at the top of the list of those
unculturable by conventional methods. Culture-independent methods are based on
the information provided by biomolecules, mainly deoxyribonucleic acid (DNA),
bypassing the need of cultivation by extracting these biomolecules directly from the
environmental sample.

Among culture-independent methods, the approach based on the molecular
phylogeny of rRNA (ribosomal ribonucleic acid), particularly the small subunit
(16S rRNA for archaea and bacteria), continues to be one of the most widely used.
This gene has two properties that have positioned it as a building block for a
universal molecular phylogenetic framework: its presence in all forms of life and a
domain structure with variable evolutionary rates, which enables phylogenetic
reconstruction at various levels. Fingerprinting techniques, polymerase chain reac-
tion (PCR) clone libraries, and microscopy-based techniques like fluorescence in situ
hybridization (FISH) have been routinely utilized over the last decades to describe
and compare the structure and composition of microbial communities (Su et al.
2012). Approaches based on functional genes, which focus on the potential of the
community to perform an activity of interest, can give a complementary view to the
phylogenetic approach. Genes coding for key enzymes participating in different
environmental processes, such as sulfate reduction, denitrification (Braker et al.
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2001), nitrogen fixation (Zehr 2011), ammonia oxidation (Marcos et al. 2012), and
hydrocarbon biodegradation (Guibert et al. 2012; Hickey et al. 2012) among others,
have been studied in the marine environment. Targets include not only bacterial but
also archaeal populations and subgroups within these, by means of the use of primers
with different specificities. Due to its highly focused nature, this approach is very
powerful. However, one of its major drawbacks is the relative lack of database
sequence information for functional genes, with respect to the 16S RNA gene.
Another shortcoming is the lack of accuracy in taxonomic assignment due to lateral
gene transfer (Neufeld et al. 2007).

The most widely used method is DNA-SIP (Stable-Isotope probing), in which
DNA is separated in cesium chloride gradients and further purified and analyzed by
cloning and sequencing (Dumont and Murrell 2005). The RNA-based SIP approach
maintains the sequence-based phylogenetic resolution of DNA-SIP, but focuses
directly on the RNA molecule itself rather than its gene, with the advantage of a
high copy number and a turnover that is independent of cell replication (Whiteley
et al. 2006). Marine environments studied by this method include marine and
estuarine sediments (Webster et al. 2006; Freitag et al. 2006; Miyatake et al. 2009)
and seawater samples (Neufeld et al. 2008). Biotechnological applications of SIP
have mainly addressed issues related to environmental biotechnology (Madsen
2006). SIP depends upon the availability of stable isotopes (13C, 15N, 180) and
of substituted substrate compounds. However, they have the advantage of generating
de novo information about the identity of the populations associated with a certain
metabolic process.

Microscopy provides information about spatial arrangement and physical
interactions of cells, which is applicable to spatially complex environments such
as biofilms, consortia, and symbiotic assemblages. The development of fluorescence
in situ hybridization (FISH) enabled the detection and identification of single
microbial cells in environmental samples by means of rRNA-targeted gene probes
(Amann et al. 1995). Microscope-based enumeration of cells makes this method an
excellent approach for quantitative estimations, which is more accurate than con-
ventional PCR. Furthermore, the technique is suitable for the use of multiple
hierarchical probes in the same sample, which reduces the possibility of false
positives. This powerful method has been coupled with the microautoradiography
technique (FISH-MAR), which offers the possibility to directly observe the
incorporation of substrates labeled with a radioactive isotope into single microbial
cells (Wagner et al. 2003). As in SIP, the main limitation of this technique is the
availability of radiolabeled substrates, with the additional concern of safety issues. In
addition, some environmental samples bearing cells with low ribosome content (e.g.,
marine oligotrophic environments) can have detection problems with FISH. Horse-
radish peroxidase (HRP)-labeled oligonucleotide probes and tyramide can be used to
enhance the signal intensities of hybridized cells. This approach is sometimes called
catalyzed reporter deposition FISH (CARD-FISH (Ishii et al. 2004)), which can also
be coupled to microautoradiography, further increasing its potential (Teira et al.
2004). Raman microspectroscopy and nanometer-scale secondary-ion mass spec-
trometry (nanoSIMS (Behrens et al. 2008; Li et al. 2008)) are other techniques that
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are currently under development and may potentially be useful in the future for
bioprospecting.

1.5 Omics-Driven Technologies

Omics technologies adopt a holistic view of the molecules that make up a cell, tissue,
or organism. The term genome was coined by Hands Winkler (1920). The word
“omic” in which the “ome” signifies the “collectivity” of a set of things. They are
aimed primarily at the universal detection of genes (genomics), mRNA
(transcriptomics), proteins (proteomics), and metabolites (metabolomics) in a spe-
cific biological sample in a non-targeted and non-biased manner (Friz 1968). This
can also be referred to as high-dimensional biology; the integration of these
techniques is called systems biology. Omics technology can be applied not only
for the greater understanding of normal physiological processes but also in disease
processes where they play a role in screening, diagnosis, and prognosis as well as
aiding our understanding of the etiology of diseases (Waaland et al. 2014). Omics
strategies lend themselves to biomarker discovery as they investigate multiple
molecules simultaneously (Zhiyue et al. 2015).

The aim of this study is to characterize and quantify pools of biological molecules
that translate into the structure, function, and dynamics of one or more organisms.
This holistic approach to understand complex biological systems in encapsulated
“omes” also has important applications in biotechnology.

Genomics

Genome is the most fundamental part of many omics. The first complete sequencing
of genome was done by Sanger in the 1970s. Genomics is the systematic study of an
organism’s genome. The genome is the total DNA of a cell or organism. Tradition-
ally, genes have been analyzed individually, but microarray technology has
advanced substantially in recent years.

They can reveal abnormalities such as chromosomal insertions and deletions or
abnormal chromosomal numbers in a process called comparative genomic
hybridization. The most common variations in DNA sequences between people
are single nucleotide polymorphisms (SNPs), in which one nucleotide is substituted.
Single nucleotide polymorphism profiling also has a role in pharmacogenomics in
exploring individual patient responses to drugs.

The transcriptome is the total mRNA in a cell or organism and the template for
protein synthesis in a process called translation.

While advances in microarray technology have resulted in progress in genomics
and transcriptomics, it is important to highlight some limitations.
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1.5.1 Genomics of Marine Organisms

Genomics aims at identifying the functions of as many genes as possible of a
complete genome of a given organism. Nowadays about 1000 prokaryotic genomes
are completely sequenced and annotated; more than half of them are sequenced in
function of medical or industrial relevance. Nowadays over 7500 bacterial species
are described.

Viruses are the most common biological entities in the marine environment.
Recent metagenomic surveys have shown their unique gene pool and their molecular
architecture. Viruses infect a lot of organisms, ranging from archaebacteria to
mammals. Until now a huge number of viruses still remain undiscovered or are
not sequenced and annotated. Therefore, they are an important untapped resource of
potential novel proteins, genetic tools, and unexpected functions.

The study of eukaryotes (comprising microalgae, macroalgae, and protozoa) is
still in its infancy when it comes to genomics. Compared to prokaryotes, eukaryotes
have a much larger genome size and higher cellular complexity, which results in
slower progress. Currently only 30 microalgal genomes are completed. Many
microalgae have chromosomal DNA and mitochondrial DNA just like humans;
algae however also possess chloroplast DNA.
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Fig. 1.1 Chaos chaos, the
amoeba with the largest
known genome

A few macroalgae genomes have already been sequenced; others are still being
completed. For protozoa the case is even more difficult. They have an extremely
diverse phylogeny, complex life cycles, and an even larger range of genome sizes
than the microalgae.

Chaos chaos, for instance, is a free-living amoeba and has the largest genome
ever reported (Wellington et al. 2013). The highly polyploid nature of many
protozoans (up to hundreds of small chromosomes) also influences the problems.
Yet, most of them of medical relevance (Fig. 1.1).

The study of metazoan genomes is mostly focused on the research of mammals
because of their medical and economic relevance. Only 11% of the currently planned
sequence analyses of metazoan genomes are focused on marine invertebrates. Some
mussels and oysters have been sequenced for their importance as aquaculture
species. Very few teleost fish genomes have been completed, among them Takifugu
rubripes and the zebrafish (Danio rerio) (Fig. 1.2).

1.5.2 Metagenomics of Marine Communities

A younger science flow is the field of metagenomics concerning the analysis of all
the genes of a given community of organisms. In metagenomics studies, all genes in
a community are first separated by complete DNA extraction, next they are put in
large clone libraries, and afterward, they are available for use in biotechnological
applications. Metagenomics allows the discovery of new microscopic life and allows
the sampling of a whole community of microorganisms rapidly in order to make an
inventory or to understand a certain ecosystem and its diversity.

1.5.2.1 Pharmacogenomics
Pharmacogenomics is the study on how genes affect a person’s response to drugs.
Pharmacogenomics enables researchers to understand how inherited differences in
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Fig. 1.2 Danio rerio (Peng
et al. 2004)

genes affect the body’s response to medications, which can predict whether the drug
is effective or ineffective and/or cause side effects for a particular patient.

1.5.2.2 Metagenomics

The term “metagenomics” studies the collection of gene sequences from the envi-
ronment in a way analogous to the study of a single genome, and a large number of
microorganisms exist in the gastrointestinal tract of humans and animals.

The first metagenomics study was conducted on a woolly mammoth (Mammuthus
primigenius) sample using emulsion polymerase chain reaction and the
pyrosequencing technique (Poinar et al. 2006). Metagenomics has been widely
applied in the research of obesity, providing an important role of intestinal
microbiota for obesity. Metagenomics studies have also demonstrated an imbalanced
microbiota composition in various diseases, such as Crohn’s disease (Manichanh
et al. 2006), necrotizing enterocolitis (Siggers et al. 2008), polyposis or colorectal
cancer (Scanlan et al. 2008), and type 2 diabetes (Larsen et al. 2010).

1.5.2.3 Epigenomics

Epigenetics refers to the heritable changes in gene expression without any alteration
in DNA sequence. Epigenetic regulation can be complemented by five different
mechanisms: DNA methylation (Laird 2010), histone posttranslational modification
(Jenuwein and Allis 2001), histone variants (Hake and Allis 2006), RNA interfer-
ence (Grewal and Elgin 2007), and nuclear organization (Fraser and Bickmore
2007).

1.5.2.4 Transcriptomics

The transcriptome is the set of all RNA molecules, including mRNA, rRNA, tRNA,
and other non-coding RNAs. The transcription process of RNA synthesis is the first
step of gene expression. Currently, approaches for transcriptome data acquisition
and analysis are mainly based on chip technology, including cDNA microarray and
oligonucleotide chips (Maskos and Southern 1992), serial analysis of gene expres-
sion (SAGE) (Velculescu et al. 1995), and massively parallel signature sequencing
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(MPSS) (Brenner et al. 2000). Transcriptomics allows for the discovery of some
disease-related gene expression and thus is expected to be applied for clinical
diagnosis.

1.5.2.5 Proteomics

Proteome

The proteome is defined as the set of all expressed proteins in a cell, tissue, or
organism. Proteomics aims to characterize information flow within the cell and the
organism, through protein pathways and networks, with the eventual aim of under-
standing the functional relevance of proteins. The proteome is a dynamic reflection
of both genes and the environment and is thought to hold special promise for
biomarker discovery because proteins are most likely to be ubiquitously affected
in disease and disease response.

Proteomics is the study of the proteome of a certain type of cell, tissue, or body fluid,
particularly their structures and functions, at a large-scale, high-throughput, and
systematic level (Anderson and Anderson 1998; Blackstock and Weir 1999).
Currently, two-dimensional chromatography with mass spectrometric detection
(2DLC-MS) (Bennett et al. 2011), two-dimensional gel electrophoresis-liquid chro-
matography with mass spectrometric detection (2DE-LC-MS) (Irar et al. 2014),
capillary electrophoresis with mass spectrometric detection (CE-MS) (Stalmach
et al. 2013), and other chromatographic techniques are increasingly being applied
in proteomics. Mass spectrometry (MS) is another essential tool in proteome
analysis.

Proteomics provides new ideas for research in the medical and life sciences and
has produced remarkable achievements in the past two decades. In the field of cancer
research, especially early clinical diagnosis, a series of cancer-related proteins are
discovered, such as cathepsin B (Chen et al. 2004), heat shock protein 27 (Ping et al.
2005), mRNA junction protein P62 (Poon et al. 2006), oral squamous cell
carcinoma-related protein of HPA/sAa/K-10/GA-HAS (Mu et al. 2014), and pfetin
(Kubota et al. 2014). Drug development is the most promising field for the
applications of proteomics.

1.5.2.6 Glycoproteomics
Glycoproteomics is a branch of proteomics that identifies, catalogs, and
characterizes those proteins containing carbohydrates as a posttranslational modifi-
cation (Tissot et al. 2009). Glycosylation, which exists in over 50% proteins, is
recognized as an important posttranslational modification (Hagglund et al. 2004).
Protein glycosylation is involved in a variety of biological processes of cellular
immunity, cell adhesion, regulation of protein translation, protein degradation, and
SO on.

Glycoproteomics is now widely studied for the identification of biomarkers for
the diagnosis of cancer and other diseases, such as cancers of the breast (Yen et al.
2014), lung (Ahn et al. 2014), stomach (Bones et al. 2011), and ovary (Wu et al.
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2012), liver fibrosis (Ito et al. 2012), and Alzheimer’s disease (Butterfield and Owen
2011).

1.5.2.7 Chemoproteomics

Chemoproteomics uses a chemistry-based approach to characterize protein structure
and functions. In general, functional small molecules are often used to interfere with
certain aspects of the proteome, and target proteins may be detected and isolated due
to chemical-protein interactions (Adam et al. 2002). Chemoproteomics is a kind of
function-based proteomics and is increasingly applied in several fields of drug target
discovery and validation (Terstappen et al. 2007).

1.5.2.8 Metabolomics

The term “metabolome” refers to the complete set of small molecule metabolites to
be found within a biological sample, such as a single organism. Metabolomics is
defined as “the quantitative measurement of the dynamic multiparametric metabolic
response of living systems to pathophysiological stimuli or genetic modification”
(Nicholson 2006). The metabolome represents the physiological or pathological
status of organisms. Metabolomics thus can be used in toxicology (Robertson
2005), disease diagnosis (Sabatine et al. 2005; Zhang et al. 2014), molecular
pathology (Denkert et al. 2008), and a number of other fields.

1.5.2.9 Pharmacometabolomics

The term “pharmacometabolomics” changes in metabolome for an individual patient
caused by drug administration, pharmacometabolomics may describe a detailed
mapping of drug effects on certain metabolic pathways implicated in the
mechanisms of variation of response to treatment.

Pharmacometabolomics can be used for chemosensitivity prediction in the treat-
ment of cancer (Wang et al. 2010). Besides personalized medicine,
pharmacometabolomics is also a powerful tool for research on drug toxicity assess-
ment (Amacher 2010; Klawitter et al. 2010), efficacy evaluation (Ichikawa 2006),
and mechanisms of action (Howells et al. 2012).

1.5.2.10 Lipidomics
Lipids are the structural components of cell membranes, serving as energy storage
sources and also participating in many important cellular functions. It has been
proven clinically that many critical diseases are associated with lipid metabolism
disorders, such as Alzheimer’s disease, diabetes, and some infectious diseases.
Studies have shown that mammalian cells contain 1000 to 2000 kinds of lipids.

Lipidomics is the large-scale study of pathways and networks of cellular lipids in
biological systems (Han and Gross 2003; Wenk 2005; Watson 2006). Lipidomics
analysis is based on multi-dimensional LC/MS and mainly includes the following
steps: lipid extraction, lipid separation, lipid detection, lipid identification, quantifi-
cation, and data processing.

Lipids are often extracted by acid, alkali, or a neutral solvent with traditional
procedures established by Bligh/Dyer and Folch (Bligh and Dyer 1959). The
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simplest method of lipid separation is the use of thin layer chromatography (TLC),
while it has limited sensitivity; thus solid-phase extraction (SPE) and LC are
extensively used. Lipid detection is often by using electrospray ionization or
matrix-assisted laser desorption/ionization (MALDI).

Lipidomics has been increasingly studied, especially in the field of discovery of
lipid indicators for diagnosis (Wenk 2006), drug targets (Marechal et al. 2011), and
pharmacological mechanisms (Adibhatla et al. 2006).

1.5.3 Other Omics Technologies

1.5.3.1 Phenomics

Phenomics is the study concerned with the measurement of phenome as changes
occur in response to genetic mutation and environmental influences. Phenomics has
come to be used to bridge the genotype and phenotype of the organism. The research
on phenomics is mainly performed on a phenotype-microarray platform which
enables one to monitor simultaneously the phenotypic reaction of cells to environ-
mental challenges observed on microliter plates.

PhenoChipping is a quantitative method for phenomics analysis. Phenomics has
been mainly used to study genotype-phenotype relationships (Bilder et al. 2009),
genetic basis of complex traits (Joy and Hegele 2008), and crop improvement
(Finkel 2009).

1.5.3.2 Immunomics
Immunomics studies the response and regulation process of the immune system on
pathogens, which deals with all immune-related molecules, together with their
targets and functions. Immunomics includes the techniques of genomics, proteo-
mics, and bioinformatics. On the basis of genomics and proteomics research,
immunomics makes full use of bioinformatics, bio-chip, structural biology, high-
throughput screening, and systems biology technologies to study the immune system
and immune responses, so as to discover new susceptibility genes and new immune-
related molecules.

Immunomics is now mainly applied in vaccine development (Pizza et al. 2000;
Bambini and Rappuoli 2009), target identification (He 2012), and disease diagnosis
(Bulman et al. 2013).

1.5.3.3 Metallomics

Metal elements play an important role in biology in spite of their low levels. It is
estimated that one third of proteins need metal ions (usually a transition metal ion,
such as copper, iron, zinc, and molybdenum) as a cofactor to perform their biological
functions and are often called “metal proteins.”

Metal elements in metallomics include the biological metals combined with
biological macromolecules, such as metal proteins, metal enzymes, metal nucleic
acid fragments, metal-containing ligands (organic acids, amino acids, etc.), and
metal polysaccharides, and also the free alkali and alkaline earth metal ions.



1 Emerging Trends of Biotechnology in Marine Bioprospecting: A New Vision 21

Metallomics aims to reveal the physiological functions and biological effects of the
metallome.

Metallomics is also applied in the field of environmental evaluation (Gonzélez-
Fernandez et al. 2009) and in drug discovery (Sun et al. 2009; Yan et al. 2007).

1.5.3.4 Cytomics
Cytomics involves research on the structure and function of cellular systems,
subsystems, and their functional components at the single cell level. Cytomics
study is often based on genome databases and also uses genomics or proteomics
technologies. Sensitive, non-invasive, and fluorescence-based methods are most
widely employed in cytomics to conduct the integrated analysis of a single cell.
Currently, the main cytomics technologies include flow cytometry, laser capture
microdissection (LCM), confocal laser scanning microscopy (CLSM), laser scan-
ning cytometry (LSC), high-content screening (HCS), and bio-imaging. Cytomics
provides strategies and effective approaches to pharmaceutical research, such as
target validation (Schooley et al. 2003), drug development (Valet 2006), pharmaco-
logical and toxicological evaluation (Jang et al. 2007), and clinical efficacy of
predictive and personalized medicine (Shanks et al. 2005).

1.5.3.5 lonomics
It is generally known that ions play a crucial role in all biological behaviors of an
organism, especially in energy metabolism, enzyme activity, intracellular signaling,
and transportation. In 2003, Salt and colleagues proposed, for the first time, the
concept of ionomics (Danku et al. 2009). Ionomics studies the measurement and
biological processes of elementals of an organism to address biological problems.
Ionomics is currently applied in functional genomics (Eide et al. 2005), modern
plant nutrition (Ziegler et al. 2013), and other research areas.

1.6  Application of Omics
1.6.1 Pharmaceutical Research

Currently, the production of large omics data sets has become routine, and thus
pharmaceutical research has entered into the new era of omics. Now, pharmaceutical
research increasingly relies on genomics, transcriptomics, proteomics, and
metabolomics and even the combination of multiple omics technologies. In almost
every aspect of pharmaceutical research and drug development, including target
discovery, efficacy evaluation, safety assessment, mechanism research, personalized
medicine, and so on, omics techniques can be used as efficient and powerful tools.
Onmics research is the most essential part of systems biology and network biology
and makes it possible to fully understand the pathological processes of diseases and
to reveal the key pathways and possible mechanisms of pharmaceutical research and
drug treatment. Moreover, omics studies may highlight the potential targets for drug
development, allowing for efficient safety assessment and personal medicine. The
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characteristics of the global analysis of omics fulfill the requirements of study on the
most complicated research subjects. Now, omics has come to be recognized as a
powerful approach for pharmaceutical research, especially in studies of target
discovery, personalized medicine, and toxicology.

1.6.1.1 Human Health

Most of our medicines come from natural resources, and scientists are still exploring
the organisms of tropical rain forest for potentially valuable medical products. More
than 2000 years ago, the extracts of marine organisms had been used as medicine. By
the early 1950s, Ross Nigrelli of the Osborn Laboratories of the New York Aquar-
ium (New York Zoological Society) extracted a toxin from cuvierian organs of the
Bahamian sea cucumber, Actinopyga agassizi. He named this toxin as “holothurin,”
which showed some antitumor activity in mice (Nigreli et al. 1967). After then, the
number of potential compounds isolated from marine realm has virtually soared, and
this number now exceeds 10,000 with hundreds of new compounds still being
discovered every year (Proksch et al. 2002).

A number of promising identified molecules are already in the market, clinical
trials, or preclinical trials (Table 1.1). Interestingly, these precious natural products
have been obtained from marine microorganisms as well as invertebrates such as
sponges, mollusks, bryozoans, tunicates, etc.

1.6.2 Aquaculture and Fishery

Marine aquaculture is now a very successful example of progress in marine biotech-
nology. Fish is one of the most important protein supplies of the human nourishment
in the world. In the past, aquaculture was traditionally done in fishponds. However,
due to recent industrialization of this sector, it now supplies high-quality food in a
sustainable way. Biotechnological research to improve aquaculture procedure is
focused on species diversification, optimum food and feeding, health of cultured
organisms and disease resistance, as well as minimum environmental impact. By
using recombinant technology, efforts are underway to develop genetically modified
organisms (GMOs) with particularly useful features, such as fast growth, resistance
to pathogens, temperature and salinity tolerance, etc. Production of transgenic fish
through electroporation has also been successfully carried out since 1980. Further-
more, molecular biological methods have resulted in invention of new feed stocks
and vaccines for aquaculture to increase its productivity. Use of marine
microorganisms as probiotics in aquaculture is a gift of biotechnological research.

1.6.3 Environmental Biotechnology
Degradation of hazardous material is an important issue worldwide. It has been

found that marine microorganisms express novel biodegradation pathways for
breaking down a variety of organic pollutants. Several such groups have been
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Table 1.1 Examples of marine by-products, which are currently in market or in clinical phases

Product Source Application area Status
Ara-A Marine sponge Anti-viral Market
Ara-C Marine sponge Anticancer Market
Okadaic acid Dinoflagellate Molecular probe Market
Manoalide Marine sponge Molecular probe Market
Vent DNA Deep sea hydrothermal PCR enzyme Market
polymerase vent bacterium
Aequorin Bioluminescent jelly Bioluminescent calcium Market
fish, Aequorea victoria indicator
Green fluorescent | Bioluminescent jelly Reporter gene Market
protein (GFP) fish, Aequorea victoria
Phycoerythrin Red algae Conjugated antibodies used in Market
ELISA and flow cytometry
Cephalosporins Cephalosporins so., Antibiotic Market
marine fungi
Yondelis Sea squirt Cancer Clinical
phase
1/111
Ziconotide Cone snail Chronic pain Clinical
phase IIT
Dolastatin Sea slug Cancer Clinical
phase II
Bryostatin-1 Bryozone Cancer Clinical
phase 1I
Squalamine Shark Cancer Clinical
lactate phase IIT
PL512602 Sponge Inflammation, asthma Clinical
(steroid) phase II

described and many others are being explored. Extensive development of such
bioremediation processes will be an important area of environmental biotechnology.
For example, Pseudomonas chlororaphis produces pyoverdin, which catalyzes the
degradation of organotin compounds in seawater. Studies were carried out using
immobilized cells of the above bacterium in 2% alginate beads, and the results
suggested that immobilized cells could be applied to in situ bioremediation of
organotin (Inoue et al. 2003). Organic solvent-tolerant bacteria and crude
oil-degrading marine cyanobacteria are also reported for their possible implications
in environmental bioremediation (Sardessai and Bhosle 2004; Raghukumar et al.
2001).

In addition to this, marine microorganisms frequently produce eco-friendly
chemicals, such as biopolymers and biosurfactants that can also be applied in
environmental waste management and treatment. Researches are also on track to
study the interaction of marine microbes with toxic heavy metals and suggested their
use in various biosorption, bioprecipitation, and biocrystallization applications for
the treatment of contaminated water systems (Karna et al. 1999; Cohen 2002).
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Biosensors are widely used for the assessment of environmental parameters of
biological relevance, such as inorganic and organic nutrients, toxic products of
marine organisms, and harmful pollutants (Nielsen et al. 2004). Marine
microorganisms provide the basis for the development of sophisticated biosensors
and diagnostic devices for medicine, aquaculture, and environmental
bio-monitoring. Some bioluminescent proteins from marine organisms are currently
under study in order to produce gene probes that can be employed to detect human
pathogens in food or fish pathogens in aquaculture system (Anonymous, Marine
biotechnology 2001).

Biofouling refers to the assemblage of marine organisms on man-made structures
and devices submerged in the sea. It causes deterioration and heavy economic
penalties to marine industries (Wagh et al. 1997). Several attempts are made to
control biofouling with the application of physical, chemical, and biological
measures, but results, to the greater extent, are achieved with the use of antifouling
paint coatings. Though the life span of these effective coatings is longer, they have
toxic proposition, and excessive leaching rate of them causes abnormality in
non-target organisms. Environmental concerns about the use of such toxic
antifoulants increased the interest in the development of non-toxic alternatives.
Efforts in this area have proved that marine natural products could be a good source
of eco-friendly antifouling compounds. The sessile marine organisms, which do not
allow other organisms to come and settle on their surfaces, may provide key to
control biofouling.

Marine organisms synthesize chemicals with bioactive properties, such as
metabolites, proteins, enzymes, polysaccharides, and lipids, which have led to new
industrial processes. A natural “soap” (biosurfactant), produced by oil-eating marine
bacterium, Acinetobacter, is a gift of biotechnology (Your world biotechnology and
your teacher’s guide n.d.). Improved technology, allowing to sample organisms from
ocean floor, has explored different group of organisms (extremophiles). These
organisms have evolved to live and thrive in extreme conditions. Uniquely adapted
enzymes (and other proteins), with extra stable chemical bonds, help these
organisms to survive in these conditions. Few such enzymes have led to the
breakthrough processes of biotechnology, and some others will surely bring new
advances to medicine and industry in the future. For instance, thermostable
polymerases, such as “Taq” and “Vent” from aquatic extremophiles, Thermus
aquaticus and Pyrococcus furiosus, are commercially available enzymes used in
molecular biology. The best-known commercial success of thermostable enzymes is
the Taq DNA polymerase, obtained from 7. aquaticus (Yellowstone hot spring).

Deep sea hydrothermal vent microorganisms are reported to produce unusual
microbial polysaccharides with interesting chemical properties. Among these
polymers, poly-p-hydroxyalkanoates (PHAs) are of special interest. In the same
range of high molecular weight biopolymers, chitin and chitosan are found to be
associated with crustacean shells and fungi. These natural, non-toxic, biodegradable
polymers have applications in food and pharma as well as cosmetics. Seaweeds are
abundant source of natural polysaccharides, many of which have commercial uses.
Algal products, such as agar and agarose, have been used in the laboratory for many
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years as nutrient media and gels for electrophoresis. Carrageenan, another algal
derivative, is used as a thickener in processed food. Algae are also sources of
vitamins, other nutrients, iodine, animal feed additives, fertilizer, and
pharmaceuticals. Some other marine natural products include enzymatic hydroly-
sate, having antioxidant property, from fish, mollusk, or shellfish. Fish oils are
sources of polyunsaturated fatty acids (PUFA) and are of interest due to their
physiological effects, like prevention of atherosclerosis, and their role in anti-aging
and in brain development in premature infants.

1.7  Impact of Omics upon Drug Discovery

Pharmacogenomics may benefit many stages of clinical drug development. It will
significantly affect trial design, primarily through improved inclusion/exclusion
criteria and more effective assessment of patient responses. Genes linked with
drug metabolism in preclinical studies could be genotyped in patients recruited for
phase I trials. Any genotype that correlates with adverse effects could then be used to
screen out relevant patients in subsequent trials. Furthermore, if efficacy data are
collected during phase I trials, polymorphisms in the drug target gene could be typed
in phase I participants to assess whether they are linked with side effects or with
variations in drug response. That analysis could obviously be further refined in phase
II trials, enabling companies to undertake phase III trials in a subgroup of patients
that responds well and exhibits fewer side effects. The resultant drugs would be
expected to have not only better efficacy but also a better safety profile.

While this approach may maximize the medical utility of existing
pharmaceuticals, it could also rescue dead drugs. Several products that have failed
in recent years in late-stage clinical trials may on retrospective analysis be effective
in subsets of patients, although, at the time, there was no clear way of recognizing
such subsets clinically. Consequently, traditional approaches that focus on broad
groups of patients with a diagnosis (e.g., Alzheimer’s disease) may need to be much
more precisely divided into subsets of patients who may have a traditionally defined
disease amenable to treatment based on a particular molecular target. These
pharmacogenomic developments should lead to smaller, more rapid, and cost-
effective trials and ultimately to more individually focused and -effective
therapeutics.

The primary goal of genomics research in the pharmaceutical industry in the
1990s was to identify not only new molecular targets but also more of them and to be
the first to gain proprietary rights to use those targets (Ward 2001). Genomics
explore new opportunities for the drug discovery, especially through technologies
like high-throughput sequencing and characterization of expressed human genes.
Knowledge of all the human genes and their functions may allow effective preven-
tive measures.

Genomics may also be used to select out adverse effects before drugs enter the
clinic. For example, the gene expression pattern for the liver of an animal
administered a drug can indicate whether gene pathways related to toxicity have
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been turned on. Variations in gene expression levels may prove just as useful as
genetic variation in predicting drug response at any stage in the clinic and as a
diagnostic.

Pharmacogenomics benefits many stages of clinical drug development. It will
significantly affect trial design, primarily through improved inclusion/exclusion
criteria and more effective assessment of patient responses. During preclinical
studies, the genes linked with drug metabolism could be genotyped in patients
recruited for phase I trials.

Accordingly, “omics” technologies contribute to all stages of drug development,
from target identification to target validation. Target identification is based upon
molecular information derived from genome sequences and protein structures.
Overall, pharmacogenomic approaches offer interesting perspectives for molecular
design and development of more specific drugs with significant benefits to patients
(Issa 2000). By applying genomics technology, companies can on average realize
savings of nearly US$300 million and two years per drug, largely as a result of
efficiency gains. Current research activities aim at going beyond the area of human
genome sequencing to expand the list of identified proteins and genes. This, ulti-
mately, is expected to help in improved understanding of disease mechanisms and
the development of corresponding therapeutics.

1.7.1 Role of Proteomics in Drug Development

Recent advances in applied genomics helped in the target identification process,
since it allowed for high-throughput screening of expressed genes. However, studies
have shown that there is a poor correlation between the regulation of transcripts and
actual protein quantities. The reasons for this are that genome analysis does not
account for posttranslational processes such as protein modifications and protein
degradation. Therefore, the methods employed in the drug discovery process started
to shift from genomics to proteomics.

1.8  Marine Pharmaceutical Biotechnology: Challenges
and Opportunities for the Future

Infrastructure Challenge: There is a strong need to continue to build research and
innovation capacity in the research and business sectors. This would improve
science and technology research infrastructure, providing access to a range of new
research support tools and facilities to strengthen marine biotechnology.

Economic Challenge: It is crucial for them to have a clearly defined strategy;
otherwise, the risk of failing and running out of cash quickly is high. It is important
to know that the cost of technology and manufacturing processes, sometimes with
poor yields, increases the cost of the market per kilogram and can make these
products economically uncompetitive (Hurst et al. 2016).
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Technical Challenge: Access to the ocean and the deepest of its “hot spots”
remains very difficult, and new robotic and technical technologies are needed.

Taxonomy: The lack of taxonomic knowledge for marine species, and the still
large number of unidentified species and strains, is also a major bottleneck facing
marine natural product programs.

Scientific Challenges: Exploration of the potential of marine biodiversity has
increased, so it is a rich source of new natural compounds. Some of these compounds
are already used in food, cosmetic, agricultural, chemical, and pharmaceutical
products, but their diversity has not been fully characterized or used. Other
possibilities exist for the use of ocean bio-resources in the markets for industrial
enzymes, functional foods, cosmeceuticals, biomaterials, bioprocesses, and medical
devices. Since traditional medicinal knowledge associated with marine organisms is
almost non-existent, the search for biologically active compounds from marine
sources has been done through a random selection of organisms. But initial studies
are underway to develop directed selection methods.

Environmental Challenge: The main sources of marine biomass come from
species harvested from the wild and those that can be grown. Securing sustainable
marine biomass presents challenges, particularly if the only source comes from wild
stocks, where over-exploitation can threaten marine biodiversity as well as future
supply of target species.

Production Challenge: Consistency, safety, and quality of biomass supply must
be balanced to meet environmental challenges and sustainability requirements. The
well-managed and well-controlled culture of marine biomass, while facing the
challenges of production, provides sustainable sources of biomass.

With the rapid development and application of high-throughput technologies and
bioinformatics, omics is increasingly respected by the majority of pharmaceutical
researchers. Omics techniques are widely employed in all areas of biological science,
agriculture, medicine, and research fields. However, there are still great challenges in
omics research, including data acquisition, multi-omics data analysis, and modeling.
In the future, in order to fully describe a biological process, the combination of
multiple omics techniques will be commonly used and produce a vast and complex
data surge on various levels of DNA, RNA, SNP, protein, metabolites, and so on.

Omics data is generally acquired from either experimental results or Internet
databases. However, the data is difficult to process due to many factors, such as the
diversity of the data type, database redundancy, and lack of uniform data description
standards. How to deal with such a mass amount of data, especially multi-omics data
from different sources, is the most difficult challenge for omics research. A possible
efficient solution for this challenge might be network biology, which may describe
biochemical systems as a network based on multi-omics data (Droste et al. 2011).
With the multi-omics databases continually expanding, some novel technologies on
data analysis and processing are recently developed; for example, grid and cloud
computing are applied for database services (Wolstencroft et al. 2013) and bio-
marker discovery (Mclntyre et al. 2014), and Consensus Principal Component
Analysis (CPCA) is proposed for multi-omics modeling (Hassani et al. 2010).
How to conduct dynamic analysis is another challenge of omics research. Many
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researchers have come to realize that the research objects of omics, including the
genome, proteome, metabolome, and lipidome, are dynamic and ever-changing,
even for the same sample under the same analytical conditions.

However, presently most of the omics data that are generated are “static,”
ignoring its dynamic nature over time, which may cause bias in research. In the
future, some high-quality approaches of “flash analysis” are expected to be devel-
oped, which may enable researchers to rely less on the slow separation process of
liquid chromatography, with possibly no separation procedure needed. Marine
derived pharmaceuticals provide a novel and rich source of chemical diversities
that can contributes to design and development of new and potentially useful
pharmaceutical agent.

References

Adam GC, Sorensen EJ, Cravatt BF (2002) Chemical strategies for functional proteomics [J]. Mol
Cell Proteomics 1(10):781-790

Adibhatla RM, Hatcher JF, Dempsey RJ (2006) Lipids and lipidomics in brain injury and diseases
[J1. AAPS J 8(2):E314-E321

Ahn JM, Sung HJ, Yoon YH et al (2014) Integrated glycoproteomics demonstrates fucosylated
serum paraoxonase 1 alterations in small cell lung cancer [J]. Mol Cell Proteomics 13(1):30—48

Amacher DE (2010) The discovery and development of proteomic safety biomarkers for the
detection of drug-induced liver toxicity [J]. Toxicol Appl Pharmacol 245(1):134—142

Amann RI, Ludwig W, Schleifer KH (1995) Phylogenetic identification and in situ detection of
individual microbial cells without cultivation. Microbiol Rev 59:143-169

Anderson NL, Anderson NG (1998) Proteome and proteomics: new technologies, new concepts,
and new words [J]. Electrophoresis 19(11):1853-1861

Anonymous, Marine biotechnology: A European strategy for marine biotechnology, ESF Marine
Board Feasibility Study Group Report, December (2001)

Bambini S, Rappuoli R (2009) The use of genomics in microbial vaccine development [J]. Drug
Discov Today 14(5-6):252-260

Barcina I, Iriberri J, Egea L (1987) Enumeration, isolation and some physiological properties of
actinomycetes from sea water and sediment. Syst Appl Microbiol 10:85-91

Behrens S, Losekann T, Pett-Ridge J, Weber PK, Ng W-O, Stevenson BS, Hutcheon ID, Relman
DA, Spormann AM (2008) Linking microbial phylogeny to metabolic activity at the single cell
level by using enhanced element labeling catalyzed reporter deposition fluorescence in situ
hybridization (EL-FISH) and NanoSIMS. Appl Environ Microbiol 74:3143-3150

Bennett KL, Funk M, Tschernutter M et al (2011) Proteomic analysis of human cataract aqueous
humour: Comparison of one-dimensional gel LCMS with two-dimensional LCMS of unlabelled
and iTRAQ(R)-labelled specimens [J]. J Proteome 74(2):151-166

Bilder RM, Sabb FW, Cannon TD et al (2009) Phenomics: the systematic study of phenotypes on a
genome-wide scale [J]. Neuroscience 164(1):30-42

Blackstock WP, Weir MP (1999) Proteomics: quantitative and physical mapping of cellular
proteins [J]. Trends Biotechnol 17(3):121-127

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and purification [J]. Can J
Biochem Physiol 37(8):911-917

Bones J, Byrne JC, O’Donoghue N et al (2011) Glycomic and glycoproteomic analysis of serum
from patients with stomach cancer reveals potential markers arising from host defense response
mechanisms [J]. J Proteome Res 10(3):1246-1265

Bowler C, Karl DM, Colwell RR (2009) Microbial oceanography in a sea of opportunity. Nature
459:180-184



1 Emerging Trends of Biotechnology in Marine Bioprospecting: A New Vision 29

Braker G, Ayala-del-Rio HCL, Devol AH, Fesefeldt A, Tiedje JM (2001) Community structure of
denitrifies, bacteria, and archaea along redox gradients in Pacific Northwest marine sediments
by terminal restriction fragment length polymorphism analysis of amplified nitrite reductase
(nirS) and 16S rRNA genes. Appl Environ Microbiol 67:1893—-1901

Brenner S, Johnson M, Bridgham J et al (2000) Gene expression analysis by massively parallel
signature sequencing (MPSS) on microbead arrays. Nat Biotechnol 18:630-634

Bulman A, Neagu M, Constantin C (2013) Immunomics in skin cancer-improvement in diagnosis,
prognosis and therapy monitoring [J]. Curr Proteomics 10(3):202

Butterfield DA, Owen JB (2011) Lectin-affinity chromatography brain glycoproteomics and
Alzheimer disease: insights into protein alterations consistent with the pathology and progres-
sion of this dementing disorder [J]. Proteomics Clin Appl 5(1-2):50-56

Centre for Marine Biodiversity (2008) Biodiversity in the marine environment. http:/www.
marinebiodiversity.ca/cmb/what-is-marine-biodiversity/biodiversity-in-the-marine-environ
ment. Accessed 20 Oct 2008

Chen J, Kihne T, Rocken C et al (2004) Proteome analysis of gastric cancer metastasis by
two-dimensional gel electrophoresis and matrix assisted laser desorption/ionization-mass spec-
trometry for identification of metastasis-related proteins [J]. J Proteome Res 3(5):1009-1016

Cohen Y (2002) Bioremediation of oil by marine microbial mats. Int Microbiol 5:189-193

Colwell RR (1997) Microbial biodiversity and biotechnology. In: Reaka-Kudla ML et al (eds)
Biodiversity II: understanding and protecting our biological resources. Joseph Henry Press,
University of Washington DC, Washington, DC

Cushman GT (2012) Guano and the opening of the Pacific world: a global ecological history.
Cambridge University Press, Cambridge, NY

Danku JM, Gumaelius L, Baxter I et al (2009) A high-throughput method for Saccharomyces
cerevisiae (yeast) ionomics [J]. J Anal At Spectrom 24(1):103-107

Danovaro R, Manini E, Della’ Anno A (2002) Higher abundance of bacteria than of viruses in deer
Mediterranean sediments. Appl Environ Microbiol 68:1468-1472

de Nys R, Steinberg PD (2002) Linking marine biology and biotechnology. Curr Opin Biotechnol
13:244-248

Demirjian DC, Moris-Varas F, Cassidy C (2001) Enzymes from extremophiles. Curr Opin Chem
Biol 5:144-151

Denkert C, Budczies J, Weichert W et al (2008) Metabolite profilin of human colon carcinoma--
deregulation of TCA cycle and amino acid turnover [J]. Mol Cancer 7(72):1476—4598

Droste P, Miebach S, Niedenfiihr S et al (2011) Visualizing multi-omics data in metabolic networks
with the software Omix - a case study [J]. Biosystems 105(2):154-161

Dumont MG, Murrell JC (2005) Stable isotope probing — linking microbial identity to function. Nat
Rev Microbiol 3:499-504

Egan S, Thomas T, Kjelleberg S (2008) Unlocking the diversity and biotechnological potential of
marine surface associated microbial communities. Curr Opin Microbiol 11:219-225

Egorova K, Antranikian G (2005) Industrial relevance of thermophilic archaea. Curr Opin
Microbiol 8:649-655

Eide DJ, Clark S, Nair TM et al (2005) Characterization of the yeast ionome: a genome-wide
analysis of nutrient mineral and trace element homeostasis in Saccharomyces cerevisiae
[J]. Genome Biol 6(9):R77

Falkowski P (2009) The once and future ocean. Oceanography 22:246-251

Feist, P. 2008 A tale from the sea to Ara-C. http://www.pfeist.net/ALL/arac/. Accessed 2 June 2008

Fenical W (1983) Marine plants: a unique and unexplored resource In: Plants: the potential for
extracting protein, medicines, and other useful chemicals, p. 147

Ferrer M, Golyshina O, Beloqui A, Golyshin PN (2007) Mining enzymes from extreme
environments. Curr Opin Microbiol 10(207-214)

Finkel E (2009) With ‘Phenomics’, plant scientists hope to shift breeding into overdrive [J]. Science
325(5939):380-381


http://www.marinebiodiversity.ca/cmb/what-is-marine-biodiversity/biodiversity-in-the-marine-environment
http://www.marinebiodiversity.ca/cmb/what-is-marine-biodiversity/biodiversity-in-the-marine-environment
http://www.marinebiodiversity.ca/cmb/what-is-marine-biodiversity/biodiversity-in-the-marine-environment
http://www.pfeist.net/ALL/arac/

30 A. Jain and V. Tailor

Fraser P, Bickmore W (2007) Nuclear organization of the genome and the potential for gene
regulation [J]. Nature 447(7143):413-417

Freitag TE, Chang L, Prosser JI (2006) Changes in the community structure and activity of
betaproteobacterial ammonia-oxidizing sediment bacteria along a freshwater—marine gradient.
Environ Microbiol 8:684-696

Friz CT (1968) The biochemical composition of the free-living amoebae Chaos chaos, Amoeba
dubia, and Amoeba proteus. Comp Biochem Physiol 26:81-90. Species listed | Record id

Gavrish E, Bollmann A, Epstein S, Lewis K (2008) A trap for in situ cultivation of filamentous
actinobacteria. J Microbiol Methods 72: 257-262; Zengler K, Toledo G, Rapp6 M, Elkins J,
Mathur EJ, Short JM, Keller M (2002) Cultivating the uncultured. Proc. Natl. Acad. Sci. USA
99:15681-15686

Giovannoni SJ, Britschgi TB, Moyer CL, Field KG (1990) Genetic diversity in Sargasso Sea
bacterioplankton. Nature 356:148-150

Gonzélez-Fernandez M, Garcia-Barrera T, Arias-Borrego A et al (2009) Metallomics integrated
with proteomics in deciphering metal-related environmental issues [J]. Biochimie 91
(10):1311-1317

Grewal SI, Elgin SC (2007) Transcription and RNA interference in the formation of heterochroma-
tin [J]. Nature 447(7143):399-406

Guibert LM, Loviso CL, Marcos MS, Commendatore MG, Dionisi HM, Lozada M (2012) Alkane
biodegradation genes from chronically polluted Subantarctic coastal sediments and their shifts
in response to oil exposure. Microb Ecol 64:605-616

Guilbert JJ (2003) The world health report 2002—reducing risks, promoting healthy life. Educ
Health (Abingdon) 16:230

Haefner B (2003) Drugs from the deep: marine natural products as drug candidates. Drug Discov
Today 8:536

Hagglund P, Bunkenborg J, Elortza F et al (2004) A new strategy for identification of
N-glycosylated proteins and unambiguous assignment of their glycosylation sites using
HILIC enrichment and partial deglycosylation [J]. J Proteome Res 3(3):556-566

Hands Winkler (1920) Verbreitung und Ursache der parthenogenesis im Pflanzen-und Tierreiche

Hake SB, Allis CD (2006) Histone H3 variants and their potential role in indexing mammalian
genomes: the "H3 barcode hypothesis" [J]. Proc Natl Acad Sci U S A 103(17):6428-6435

Han X, Gross RW (2003) Global analyses of cellular lipidome directly from crude extracts of
biological samples by ESI mass spectrometry: a bridge to lipidomics [J]. J Lipid Res 44
(6):1071-1079

Hassani S, Martens H, Qannari EM et al (2010) Analysis of -omics data: graphical interpretation-
and validation tools in multiblock methods [J]. Chemom Intell Lab Syst 104(1):140-153

He Y (2012) Omics-based systems vaccinology for vaccine target identification [J]. Drug Dev Res
73(8):559-568

Heidelberg KB, Gilbert JA, Joint I (2010) Marine genomics: at the interface of marine microbial
ecology and biodiscovery. Microb Biotechnol 3:531-543

Hickey WJ, Chen S, Zhao J (2012) The phn island:a new genomic island encoding catabolism of
polynuclear aromatic hydrocarbons. Front Microbiol 3:125

Howells DW, Sena ES, O’Collins V et al (2012) Improving the efficiency of the development of
drugs for stroke [J]. Int J Stroke 7(5):371-377

Hughes GC (1974) Geographical distribution of the higher marine fungi. Veroeff Inst Meeresforsch
Bremerhaven Suppl 5:419-441

Hurst et al (2016) Regional redistribution through the US mortage market: dataset

Ichikawa W (2006) Prediction of clinical outcome of fluoropyrimidine-based chemotherapy for
gastric cancer patients, in terms of the 5-fluorouracil metabolic pathway [J]. Gastric Cancer
9:145-155

Imhoft JF, Labes A, Wiese J (2011) Bio-mining the microbial treasures of the ocean: new natural
products. Biotechnol Adv 29:468-482



1 Emerging Trends of Biotechnology in Marine Bioprospecting: A New Vision 31

Inoue H, Takimura O, Kawaguchi K, Nitoda T, Fuse H et al (2003) Tin-carbon cleavage of
organotin compounds by pyoverdine from Pseudomonas chlororaphis. Appl Environ Microbiol
69:878-883

Irar S, Brini F, Masmoudi K et al (2014) Combination of 2DE and LC for plant proteomics analysis
[J]. Methods Mol Biol 1072:131-140

Ishii K, MuBimann M, MacGregor BJ, Amann R (2004) An improved fluorescence in situ
hybridization protocol for the identification of bacteria and archaea in marine sediments.
FEMS Microbiol Ecol 50:203-213

Issa AM (2000) Pharmacogenetics, ethical issues: review of the nuffield council on bioethics report.
Trends Pharmacol Sci 21:247

Ito K, Kuno A, Ikehara Y et al (2012) LecT-Hepa, a glyco-marker derived from multiple lectins, as
a predictor of liver fibrosis in chronic hepatitis C patients [J]. Hepatology 56(4):1448—1456

Jang YJ, Jeon OH, Kim DS (2007) Saxatilin, a snake venom disintegrin, regulates platelet activa-
tion associated with human vascular endothelial cell migration and invasion [J]. J Vasc Res 44
(2):129-137

Jenson PR, Lauro FM (2008) An assessment of antibacterial diversity in the marine environment.
Antonie Van Leeuwenhoek 94:51-62

Jenuwein T, Allis CD (2001) Translating the histone code [J]. Science 293(5532):1074-1080

Joint I, Miihling M, Querellou J (2010) Culturing marine bacteria — an essential prerequisite for
biodiscovery. Microb Biotechnol 3:564-575

Joy T, Hegele RA (2008) Genetics of metabolic syndrome: is there role for phenomics? [J]. Curr
Atheroscler Rep 10(3):201-208

Kaeberlein T, Lewis K, Epstein SS (2002) Isolating “uncultivable” microorganisms in pure culture
in a simulated natural environment. Science 296:1127-1129

Kamei Y, Yoshimizu M, Ezura Y, Kimura T (1987) Screening of Bacteria with antiviral activity
against infectious hematopoietic necrosis virus (IHNV) from estuarine and marine
environments. Nippon Suisan Gakkaishi 53:2179-2185

Karna RR, Uma L, Subramanian G, Mohan PM (1999) Biosorption of toxic metal ions by alkali
extracted biomass of a marine cyanobacterium, Phormidium valderianum BDU 30501. World J
Microbiol Biotechnol 15:729-732

Klawitter J, Haschke M, Kahle C et al (2010) Toxicodynamic effects of ciclosporin are reflected by
metabolite profiles in the urine of healthy individuals after a single dose [J]. Br J Clin Pharmacol
70(2):241-251

Kokare CR, Mahadik KR, Kadam SS, Chopade BA (2004) Isolation, characterization and antimi-
crobial activity of marine halophilic Actinopolyspora species AH1 from the west coast of India.
Curr Sci 86:593-597

Kubota D, Yoshida A, Kikuta K et al (2014) Proteomic approach to gastrointestinal stromal tumor
identified prognostic biomarkers [J]. J Proteom Bioinform 7(1):10-16

Laird PW (2010) Principles and challenges of genome-wide DNA methylation analysis [J]. Nat Rev
Genet 11(3):191-203

Lam KS (2006) Discovery of novel metabolites from marine actinomycetes. Curr Opin Microbiol
9:245-251

Larsen N, Vogensen FK, van den Berg FW et al (2010) Gut microbiota in human adults with type
2 diabetes differs from non-diabetic adults [J]. PLoS One 5(2):€9085

Li T, Wu T-D, Mazéas L, Toffin L, Guerquin-Kern J-L, Leblon G, Bouchez T (2008) Simultaneous
analysis of microbial identity and function using NanoSIMS. Environ Microbiol 10:580-588

Lobell DB, Schlenker W, Costa-Roberts J (2011) Climate trends and global crop production since
1980. Science 333:616-620

Lozupone CA, Knight R (2007) Global patterns in bacterial diversity. Proc Natl Acad Sci U S A
104:11436-11440

Lynd LR, Weimer PJ, Van Zyl WH, Pretorius IS (2002) Microbial cellulose utilization:
fundamentals and biotechnology. Microbiol Mol Biol Rev 66:506-577



32 A. Jain and V. Tailor

Madsen EL (2006) The use of stable isotope probing techniques in bioreactor and field studies on
bioremediation. Curr Opin Biotechnol 17:92-97

Manichanh C, Rigottier-Gois L, Bonnaud E et al (2006) Reduced diversity of faecal microbiota in
Crohn’s disease revealed by a metagenomic approach [J]. Gut 55(2):205-211

Marcos MS, Lozada M, Di Marzio WD, Dionisi HM (2012) Abundance, dynamics, and biogeo-
graphic distribution of seven polycyclic aromatic hydrocarbon dioxygenase gene variants in
coastal sediments of Patagonia. Appl Environ Microbiol 78:1589-1592

Marechal E, Riou M, Kerboeuf D et al (2011) Membrane lipidomics for the discovery of new
antiparasitic drug targets [J]. Trends Parasitol 27(11):496-504

Marhuenda-Edgea FC, Bonate MJ (2002) Extreme halophilic enzymes in organic solvents. Curr
Opin Biotechnol 13:385-389

Maskos U, Southern EM (1992) Oligonucleotide hybridizations on glass supports: a novel linker for
oligonucleotide synthesis and hybridization properties of oligonucleotides synthesised in situ
[J]. Nucleic Acids Res 20(7):1679-1684

Mclntyre RS, Cha DS, Jerrell JM et al (2014) Advancing biomarker research: utilizing ‘big data’
approaches for the characterization and prevention of bipolar disorder [J]. Bipolar Disord 16
(5):531-547

McKew BA, Taylor JD, McGenity TJ, Underwood GJC (2011) Resistance and resilience of benthic
biofilm communities from a temperate salt marsh to desiccation and rewetting. ISME J 5:30—41

Miyatake T, MacGregor BJ, Boschker HTS (2009) Linking microbial community function to
phylogeny of sulfate-reducing Deltaproteobacteria in marine sediments by combining stable
isotope probing with magnetic-bead capture hybridization of 16S rRNA. Appl Environ
Microbiol 75:4927-4935

Mu AK, Chan YS, Kang SS et al (2014) Detection of host-specific immunogenic proteins in the
saliva of patients with oral squamous cell carcinoma [J]. J Immunoass Immunochem 35
(2):183-193

Munn C (2004) Marine microbiology: ecology and applications. BIOS Scientific, London

Munoz, Riley et al (2008) Utilization of cellulosic waste from tequila baggasse and production of
polyhydroxyalkanoate(PHA) bioplastics by Saccharophagusdegradans

Munro HG et al (1999) The discovery and development of marine compounds with pharmaceutical
potential. J Biotechnol 70:15-16

Narsinh L (2004) Biotechnological potential for marine sponges. Curr Sci 86(11):1507-1508

Neufeld JD, Wagner M, Murrell JC (2007) Who eats what, where and when? Isotope-labelling
experiments are coming of age. ISME J 1:103-110

Neufeld JD, Chen Y, Dumont MG, Murrell JC (2008) Marine methylotrophs revealed by stable
isotope probing, multiple displacement amplification and metagenomics. Environ Microbiol
10:1526-1535

Newman DJ, Cragg GM (2004) Marine natural products and related compounds in clinical and
advanced preclinical trials. J Nat Prod 67:1216

Nichols D, Cahoon N, Trakhtenberg EM, Pham L, Mehta A, Belanger A, Kanigan T, Lewis K,
Epstein SS (2010) Use of ichip for high throughput in situ cultivation of “uncultivable”
microbial species. Appl Environ Microbiol 76:2445-2450

Nicholson JK (2006) Global systems biology, personalized medicine and molecular epidemiology
[J]. Mol Syst Biol 2:52

Nielsen M, Larsen LH, Jetten MS, Revsbech NP (2004) Bacterium-based NO2-biosensor for
environmental applications. Appl Environ Microbiol 70:6551-6558

Nigreli RF, Stempien MF, Ruggieri GD, Liguori VR, Cecil JT (1967) Substances of potential
biomedical importance from marine organisms. Fed Proc 26:1197-1205

Nunez R, Garateix A, Laguna A, Fernandez MD, Ortiz E, Llanio M, Valdés O, Rodriguez A,
Menéndez R (2006) Caribbean marine biodiversity as a source of new compounds of biomedical
interest and other industrial applications. Newsl Pharmacol 3:111-119

Odisi et al (2012) Bioprospection of cellulolytic and lipolytic South Atlantic deep-sea bacteria.
Electronic J Biotechnol



1 Emerging Trends of Biotechnology in Marine Bioprospecting: A New Vision 33

Okami Y (1982) Potential use of Marne microorganisms for antibiotics and enzyme production.
Pure Appl Chem 54:1951-1962

Ortega-Morales BO, Chan-Bacab MJ, Dela Rosa-Garcia SDC, Camacho-Chab JC (2010) Valuable
processes and products from marine intertidal microbial communities. Curr Opin Biotechnol
21:346-352

Pandey A, Nigam P, Soccol CR, Soccol VT, Singh D, Mohan R (2000) Advances in microbial
analysis. Biotechnol Appl Biochem 31:135-152

Penesyan A, Kjelleberg S, Egan S (2010) Development of novel drugs from marine surface
associated microorganisms. Mar Drugs 8:438-459

Peng S, Huang J, Sheehy JE, Laza RC, Visperas RM, Zhong X, Centeno GS, Khush GS, Cassman
KG (2004) Rice yields decline with higher night temperature from global warming. Proc Natl
Acad Sci U S A 101:9971-9975

Percival Zhang YH, Himmel ME, Mielenz JR (2006) Outlook for cellulase improvement: screening
and selection strategies. Biotechnol Adv 24:452-481

Pettit RK (2011) Culturability and secondary metabolite diversity of extreme microbes: expanding
contribution of deep sea and deep-sea vent microbes to natural product discovery. Mar
Biotechnol 13:1-11

Ping S, Wang S, Zhang J et al (2005) Effect of all-trans-retinoic acid on mRNA binding protein p62
in human gastric cancer cells [J]. Int J Biochem Cell Biol 37(3):616-627

Pizza M, Scarlato V, Masignani V et al (2000) Identification of vaccine candidates against
serogroup B meningococcus by whole-genome sequencing [J]. Science 287(5459):1816-1820

Poinar HN, Schwarz C, Qi J et al (2006) Metagenomics to paleogenomics: large-scale sequencing
of mammoth DNA [J]. Science 311(5759):392-394

Poon TC, Sung JJ, Chow SM et al (2006) Diagnosis of gastric cancer by serum proteomic
fingerprinting [J]. Gastroenterology 130(6):1858-1864

Prakash O, Shouche Y, Jangid K, Kostka JE (2013) Microbial cultivation and the role of microbial
resource centers in the omics era. Appl Microbiol Biotechnol 97:51-62

Proksch P, Edrada RA, Ebel R (2002) Drugs from the seas—Current status and microbiological
implications. Appl Microbiol Biotechnol 59: 125-134; 7 Thakur NL, Miiller WEG Biotechno-
logical potential of marine sponges. Curr Sci 86(2004):1506-1512

Purushothaman A (1998) Microbial diversity. In: Proceedings of the technical workshop on
biodiversity of gulf of Mannar marine biosphere reserve. M.S Swaminathan Research Founda-
tion, Chennai, pp 86-91

Quillaguaman J, Guzman H, Van-Thuoc D, Hatti Kaul R (2010) Synthesis and production of
polyhydroxyalkanoates by halophiles: current potential and future prospects. Appl Microbiol
Biotechnol 85:1687-1696

Raghukumar C, Vipparty V, David JJ, Chandramohan D (2001) Degradation of crude oil by marine
cyanobacteria. Appl Microbiol Biotechnol 57:433-436

Raja Brindha J, Selva Mohan T, Immanual G, Jeeva S, Packia Lekshmi NCJ (2011) Studies on
amylase and cellulase enzyme activity of the fungal organisms causing spoilage in tomato. Eur J
Exp Biol 1:90-96

Reid PC, Edwards M (2001) Plankton and climate. In Steele, J.H. et al edited Encyclopedia of ocean
sciences academic press. N 'Y 4:2194-2200

Richards Thomas A, Meredith DMJ, Leonard G, Bass D (2012) Marine Fungi: their ecology and
molecular diversity. Annu Rev Mar Sci 4:495-522

Robertson DG (2005) Metabonomics in toxicology: a review [J]. Toxicol Sci 85(2):809-822

Ruth L (2006) Gambling in the deep sea. Eur Mol Biol Org Rep 7(1):17

Sabatine MS, Liu E, Morrow DA et al (2005) Metabolomic identification of novel biomarkers of
myocardial ischemia [J]. Circulation 112(25):3868-3875

Sabu A (2003) Sources properties and applications of microbial therapeutic enzymes. Indian J
Biotechnol 2:334-341

Samuel P, Prince L, Prabakaran P (2011) Antibacterial activity of marine derived Fungi collected
from South East Coast of Tamil Nadu. India J Microbiol Biotech Res 1(4):86-94



34 A. Jain and V. Tailor

Sardessai YN, Bhosle S (2004) Industrial potential of organic solvent tolerant bacteria. Biotechnol
Prog 20:655-660

Scanlan PD, Shanahan F, Clune Y et al (2008) Culture-independent analysis of the gut microbiota
in colorectal cancer and polyposis [J]. Environ Microbiol 10(3):789-798

Schmid RD, Verger R (1998) Lipases: interfacial enzymes with attractive applications. Angew
Chem Int Ed 37:1608-1633

Schmidt EW (2005) From chemical structure to environmental biosynthetic pathways: navigating
marine invertebrate-bacteria association. Trends Biotechnol 23:437-440

Schooley K, Zhu P, Dower SK et al (2003) Regulation of nuclear translocation of nuclear factor-
kappaB relA: evidence for complex dynamics at the single-cell level [J]. Biochem J 369
(Pt 2):331-339

Shah NS, Wright A, Bai G-H, Barrera L, Boulahbal F, Martin-Casabona N, Drobniewski F,
Gilpin C, Havelkova M, Lepe R et al (2007) Worldwide emergence of extensively drug-
resistant tuberculosis. Emerg Infect Dis 13:380-387

Shankar CVS, Malar AHJ, Punitha SMJ (2010)
Shanks RH, Rizzieri DA, Flowers JL et al (2005) Preclinical evaluation of gemcitabine combination
regimens for application in acute myeloid leukemia [J]. Clin Cancer Res 11(11):4225-4233
Siggers RH, Siggers J, Boye M et al (2008) Early administration of probiotics alters bacterial
colonization and limits diet-induced gut dysfunction and severity of necrotizing enterocolitis in
preterm pigs [J]. J Nutr 138(8):1437-1444

Simmons TL et al (2005) Marine natural products as anticancer drugs. Mol Cancer Ther 4(2):333

Singh BK (2010) Exploring microbial diversity for biotechnology: the way forward. Trends
Biotechnol 28:111-116

Skulberg OM (2000) Microalgal as a source of bioactive molecules experience from Cyanophyte
research. J Appl Phycol 12:341-348

Spellberg B, Bartlett JG, Gilbert DN (2013) The future of antibiotics and resistance. N Engl J] Med
368:299-302

Sponga F, Cavaletti L, Lazzarini A, Borghi A, Ciciliato I, Losi D, Marinelli F (1999) Biodiversity of
potentials of marine derived microorganisms. J Biotechnol 70:5069

Stalmach A, Albalat A, Mullen W et al (2013) Recent advances in capillary electrophoresis coupled
to mass spectrometry for clinical proteomic applications [J]. Electrophoresis 34(11):1452-1464

Su C, Lei L, Duan Y, Zhang K-Q, Yang J (2012) Culture-independent methods for studying
environmental microorganisms: Methods, application, and perspective. Appl Microbiol
Biotechnol 93:993-1003

Sun X, Tsang C-N, Sun H (2009) Identification and characterization of metallodrug binding
proteins by (metallo) proteomics [J]. Metallomics 1(1):25-31

Suttle CA (2007) Marine viruses - major players in the global ecosystem. Nat Rev Microbiol
5:801-812

Suvorov M, Kumar R, Zhang H, Hutcheson S (2011) Novelties of the cellulolytic system of a
marine bacterium applicable to cellulosic sugar production. Biofuels 2

Synnes M (2007) Bioprospecting of organisms from the deep sea: scientific and environmental
aspects. Clean Techn Environ Policy 9:53

Teira E, Reinthaler T, Pernthaler A, Pernthaler J, Herndl GJ (2004) Combining catalyzed reporter
deposition-fluorescence in situ hybridization and microauto radiography to detect substrate
utilization by Bacteria and Archaea in the deep ocean. Appl Environ Microbiol 70:4411-4414

Terstappen GC, Schlupen C, Raggiaschi R et al (2007) Target deconvolution strategies in drug
discovery [J]. Nat Rev Drug Discov 6(11):891-903

Thornburg CC, Zabriskie TM, McPhail KL (2010) Deep-sea hydrothermal vents: potential hot
spots for natural products discovery? J Nat Prod 73:489-499

Tissot B, North SJ, Ceroni A et al (2009) Glycoproteomics: past, present and future [J]. FEBS Lett
583(11):1728-1735

Trincone A (2011) Marine biocatalysts: enzymatic features and applications. Mar Drugs 9:478-499

UN Atlas of the Ocean (n.d.) Marine biodiversity



1 Emerging Trends of Biotechnology in Marine Bioprospecting: A New Vision 35

Uo T, Ueda M, Nishiyama T, Yoshimura T, Esaki N (2001) Purification and characterization of
alanine racemase from hepatopancreas of black-tiger prawn, Penaeus monodon. J Mol Catal B
Enzym 12:137-144

Uzair B, Ahmeda N, Mohammad FV, Ahmad VU, Edwards D (2009) Screening of marine bacteria
of Pakistan coast for drug discovery potential. Proc Pakistan Acad Sci 46:137-144

Valet G (2006) Cytomics as a new potential for drug discovery [J]. Drug Discov Today 11
(17):785-791

Vartoukian SR, Palmer RM, Wade WG (2010) Strategies for culture of ‘unculturable’ bacteria.
FEMS Microbiol Lett 309:1-7

Velculescu VE, Zhang L, Vogelstein B et al (1995) Serial analysis of gene expression [J]. Science
270(5235):484-487

Waaland JR, Stiller JW, Cheney DP (2014) Minireview: macroalgal candidates for genomics. J
Phycol 40:26-33

Wagh AB, Thakur NL, Anil AC, Venkat K (1997) Marine sponges: A potential source of
eco-friendly antifouling compounds. In: Proceedings of the US-Pacific Rim workshop Hawaii,
USA, held on17-20 March 1997 (Emerging non-metallic for the marine environment, section
3), pp 72-79

Wagner M, Horn M, Daims H (2003) Fluorescence in situ hybridisation for the identification
characterisation of prokaryotes. Curr Opin Microbiol 6:302-309

Wang X, Yan SK, Dai WX et al (2010) A metabonomic approach to chemosensitivity prediction of
cisplatin plus 5-fluorouracil in a human xenograft model of gastric cancer [J]. Int J Cancer 127
(12):2841-2850

Ward SJ (2001) Drug discovery and genomics technologies: Impact of genomics in drug discovery.
Bio Techn 31(3):626

Watson AD (2006) Thematic review series: systems biology approaches to metabolic and cardio-
vascular disorders. Lipidomics: a global approach to lipid analysis in biological systems [J]. J
Lipid Res 47(10):2101-2111

Webster G, Watt LC, Rinna J, Fry JC, Evershed RP, Parkes RJ, Weightman AJ (2006) A
comparison of stable-isotope probing of DNA and phospholipid fatty acids to study prokaryotic
functional diversity in sulfate-reducing marine sediment enrichment slurries. Environ Microbiol
8:1575-1589

Wellington EM, Boxall AB, Cross P, Feil EJ, Gaze WH, Hawkey PM, Johnson-Rollings AS, Jones
DL, Lee NM, Otten W et al (2013) The role of the natural environment in the emergence of
antibiotic resistance in gram-negative bacteria. Lancet Infect Dis 13

Wenk MR (2005) The emerging field of lipidomics [J]. Nat Rev Drug Discov 4(7):594-610

Wenk MR (2006) Lipidomics in drug and biomarker development [J]. Expert Opin Drug Discovery
1(7):723-736

Whiteley AS, Manefield M, Lueders T (2006) Unlocking the “microbial black box” using
RNA-based stable isotope probing technologies. Curr Opin Biotechnol 17:67-71

Wijffels RH (2008) Potential of sponges and microalgae for marine biotechnology. Trends
Biotechnol:26-31

Willett WC, Koplan JP, Nugent R, Dusenbury C, Puska P, Gaziano TA (2006) Prevention of
chronic disease by means of diet and lifestyle changes. In: Jamison DT, Breman JG, Measham
AR, Alleyne G, Claeson M, Evans DB, Jha P, Mills A, Musgrove P (eds) Disease control
priorities in developing countries. World Bank, Washington, DC

Woese CR, Kandler O, Wheelis MC (1990) Towards a natural system of organisms: proposal for
the domains Archaea, Bacteria, and Eukarya. Proc Natl Acad Sci U S A 87:4576-4579

Wolstencroft K, Haines R, Fellows D et al (2013) The Taverna workflow suite: designing and
executing workflows of web services on the desktop, web or in the cloud [J]. Nucleic Acids Res
41(Web Server issue):W557-W561

Wu J, Xie X, Liu Y et al (2012) Identification and confirmation of differentially expressed
fucosylated glycoproteins in the serum of ovarian cancer patients using a lectin array and
LC-MS/MS [J]. J Proteome Res 11(9):4541-4552



36 A. Jain and V. Tailor

Yach D, Hawkes C, Gould L, Hoffman KJ (2004) The global burden of chronic diseases:
overcoming impediments to prevention and control. JAMA 291:2616-2622

Yakubu A, Tanko MU, Sani SDM (2011) Chemical modification of microcrystalline cellulose:
improvement of barrier surface properties to enhance surface interactions with some synthetic
polymers for biodegradable packaging MaterialProcessing industry. Adv Appl Sci Res
2:532-540

Yan XD, Pan LY, Yuan Y et al (2007) Identification of platinum resistance associated proteins
through proteomic analysis of human ovarian cancer cells and their platinum-resistant sublines
[J]. J Proteome Res 6(2):772-780

Yen TY, Haste N, Timpe LC et al (2014) Using a cell line breast cancer progression system to
identify biomarker candidates [J]. J Proteome 96:173—183

Your world biotechnology and your teacher’s guide (n.d.) Marine biotechnology, vol 7, issue
2. http://www .biotechinstitute.org/pdf

Zehr JP (2011) Nitrogen fixation by marine cyanobacteria. Trends Microbiol 19: 162—173; Park SJ,
Park BJ, Rhee SK (2008) Comparative analysis of archaeal 16S rRNA and amoA genes to
estimate the abundance and diversity of ammonia-oxidizing archaea in marine sediments.
Extremophiles 12:605-615

Zengler K, Walcher M, Clark G, Haller I, Toledo G, Holland T, Mathur EJ, Woodnutt G, Short JM,
Keller M (2005) High-throughput cultivation of microorganisms using microcapsules. Methods
Enzymol 397:124-130

Zhang L (2005) Exploring novel bioactive compounds from marine microbes. Curr Opin Microbiol
6:276

Zhang Y, Lynd L (2004) Toward an aggregated understanding of enzymatic hydrolysis of cellulose:
noncomplexed cellulase systems. Biotechnol Bioeng 88:797-824

Zhang A, Sun H, Yan G et al (2014) Metabolomics in diagnosis and biomarker discovery of
colorectal cancer [J]. Cancer Lett 345(1):17-20

Zhiyue L, Zhongdao W, Limei Z, Pengyu J, Yifeng C, Shiqi L, Hongxi W, Hao L (2015) Genome
mining offers a new starting point for parasitology research. Parasitol Res 114(2):399-409

Ziegler G, Terauchi A, Becker A et al (2013) Ionomic screening of field-grown soybean identifies
mutants with altered seed elemental composition [J]. Plant Genome 6(2):1-9

Zobell CE (1946) Marine microbiology. Chronica Botanica Co., Waltham, p 240

Zotchev SB (2012) Marine actinomycetes as an emerging resource for the drug development
pipelines. J Biotechnol 158:168-175


http://www.biotechinstitute.org/pdf

®

Check for
updates

Kapil Sanjay Sharma, Lakkshmi Prabha Venkatasubramani,
Kavya Prasad, Amruta Nitin Bhamare, and Ayyavu Mahesh

Abstract

Marine ecosystem is considered vital, coupled with huge variations and disarray
among themselves adding to its diverse and sustainable nature. Genomics is a
broad discipline with various subdivisions such as metagenomics, proteomics,
metabolomics, etc., that primarily encompass studies related to the genetic and
protein makeup of a species. By adopting this technology, we will be able to
preserve the complete genome and proteome of a species. Also, genomic studies
on the marine organisms serve the purpose of understanding the synergy between
the eronment and the genome as the marine organism gets accustomed to it, thus
acting as an excellent tool to marine biologists. This genomic data assists
molecular toxicologists to evaluate their practical uses in drug safety evaluation.
In addition to it, advancements in single nucleotide polymorphism (SNP) studies
alleviate the understanding in genetic variations between every single organism
portraying its uniqueness. The sequencing techniques facilitate to obtain a com-
plete insight about the DNA under study and also the causes for the genetic
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variations in the organism within same species or of different species. Further,
new techniques have been evolved that induce sensitive, highly specific, quanti-
tative measurements with high probability for identifying novel sequences and
structure. These genome techniques can be done by marker-based genotyping or
by using next-gen sequencing (NGS) techniques or also by whole genome
sequencing. Performing all these studies provides complete information about
the organism. This chapter will enclose the novel and traditional approaches that
help in obtaining the complete enlightenment about marine genomics and its
related fields of study.

Keywords

Marinomics - Fishes - Coral genomes - Algal genome

2.1 Introduction

Genomics is an emerging part of science that analyses the entire genome of
organisms, their structure, function, evolution, as well as mapping of genomes and
incorporates elements from genetics. To be more precise, genomics is a branch that
aims at the characterization and quantification of genes (Vailati-Riboni et al. 2017).
Owing to its rapid gain of popularity among the global scientific community, this
new discipline is forcing some of the world’s largest companies to reinvent them-
selves as borders between pharmaceutical, biotech, agricultural, food, chemical,
cosmetics, environmental, energy, and computer industries blur and erode (Enriquez
1998).

Marine genomics studies encompass diverse fields, which match the diversity of
marine environments and the organisms that inhabit them. Its studies are useful in
generating information on population connectivity. Genomic studies provide accu-
rate genetic stock identification and traceability. The data shows that from 1% to 5%
of genetic markers distinguish important population structure and many of these
informative genetic markers have signatures that indicate adaptive processes that are
helpful in finding how these marine species have wide ranges and long pelagic larval
dispersal stages. These species often encountered the variable environmental
conditions has important implications for their survival, especially in the face of
global change (Oleksiak 2016). The ending -ome is employed to handle the objects
of study of such fields, such as the genome, proteome, transcriptome, or
metabolome, respectively (Vailati-Riboni et al. 2017). Omics stands for collective
technologies that help to explore the roles, relationships, and actions of the various
types of molecules that make up the cell of marine organisms.
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2.1.1 Classification of MarinOmics Studies

Genomics: The classification of omics deals with DNA sequencing, genetic profiling,
genetic mapping, recombinant DNA technology, and the structural and functional
analysis of genome (Fig. 2.1).

Proteomics: Proteomics is an emerging field in the omics platform that focuses to
evaluate the entire set of proteins that are produced, modulated, and/or further
modified (e.g., phosphorylation, post-translational modifications, protein—protein
interaction) (Bantscheff et al. 2012; Altelaar et al. 2013). Nowadays, the term
proteomics covers abundant and sensible analysis of the cistron products or “func-
tional genomics,” including large-scale identification or localization studies of
proteins and interaction studies using the yeast two-hybrid system (Pandey and
Mann 2000). Transcriptomics: deals with analysis of quantitative and qualitative
differences in gene expression related to comparing with multiple RNA sequencing,
expression profiling, transcriptional regulation (Tan et al. 2009). A transcriptome
represents a smaller percentage of the genetic code that is transcribed into RNA
molecules — it is estimated be less than 5% of the genome in humans (Frith et al.
2005).

Metabolomics is a study of metabolite profiles, metabolic intermediates,
hormones, and other signaling molecules. Metabolomics deals with describing the
non-targeted identification as well as quantification of the metabolome, while
metabolome is termed as the quantitative measure of low-molecular-weight
metabolites present in a cell under certain physiological conditions (Tan et al. 2009).

Phenomics is a major study of phenotypes at a system-wide level. A phenotype is
basically the set of observable traits and characteristics of an individual or a
population. This depends on both genotype and environmental factors. It is the
technologies that qualitatively and quantitatively measure phenomes such as
bioimaging, medical imaging, computational neuroinformatics, neurophysiology,
or cell cytometry (omicstool.com). It deals with the evaluation of morphological,
biochemical, and physical traits, and establishes a link between genetic, epigenetic,
and environmental factors. In this chapter, we described the view on how the field of
the omics platform is employed in the world of marine organisms.

\ OMICS
\ GENOMICS ‘ ‘ GLYCOMICS ‘ \ METABOLISM
NUTRITION,
‘ LIPIDOMICS ‘ ‘ FOODOMICS ‘ PHARMACOLOGY AND
TOXICOLOGY
‘ PROTEOMICS ‘ ‘TRANSCRIPTOMICS

Fig. 2.1 Schematic representation of Marine Omics platform
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2.2 Molecular Genomics of Coral

Coral reefs are highly diverse and they serve a great economic purpose to both local
and national zones (Reaka-Kudla 1997). Coral reefs generally establish a stable
coastline and provide a safe zone of habitat for the flora and fauna of that specific
zone (Moberg and Folke 1999). They spread about 28.4 million hectares where
nearly 20% has been entirely destroyed showing no traces of recreation (Spalding
et al. 2001; Wilkinson 2004); in addition, many are under the threat of short- as well
as long-term collapse. Though the recovery rate of coral reefs has been reformed
after the coral bleaching crisis, they may be affected further due to the tremendous
rise in ocean waters. Furthermore, there are predictions stating that the corals may
alter themselves showing a huge level of tolerance to the climatic changes and coral
bleaching than decamping themselves completely (Hughes et al. 2003). Numerous
factors such as degradation of the quality of water, increased usage of the veteran
coral reef species, and drastic change in the climate resulted in mass bleaching and
decline in the coral reef population (Hoegh-Guldberg 1999), which is considered one
of the important characters of coral organism and is observed as the crucial element
for their survival where their response can be studied elaborately through compara-
tive genomics.

2.2.1 Genomics in Evolution

Predicting the changes that can be encountered by the coral organism has been done
by many researchers; however, in order to improve the methods of predicting the
future of Cnidarians requires a proper and clear understanding regarding the adapt-
ability and flexible nature of the species, which includes the basic understanding
about the organism can accept and retreat from that event along with its shift from
one stabilized state to the other (Nystrom et al. 2000). Nevertheless, a proper
understanding of the evolutionary aspect is mandatory for successful genome profile
prediction of future events. The gaps occurred between the history of development
among the corals can be investigated by molecular phylogenetic studies to some
extent (Van Oppen and Gates 2006). The construction of molecular phylogenies for
Scleractinian corals have been executed, which initially encountered with problems
related to the development of the relevant methodology and also the genome markers
(van Oppen et al. 2002). Here the molecular biology and genomic studies play a
crucial role in preserving the organism (Fig. 2.2) (Van Oppen and Gates 2006).

2.2.1.1 Classification Based on Coral Genomics

The molecular data has been studied due to advancement in genomics and the results
often contradict to the conventional method of basic grouping (Kitahara et al. 2010;
Huang 2012). Generally, the time of origin and the divergences in Scleractinia
remain ambiguous, the available molecular results and data show that the important
corals are grouped into two dominant clades (“superfamilies”) referred as complexa
(complex corals) and robusta (robust corals). The classification depended upon the
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controls the stress occuring upon the
corals

Fig. 2.2 Major fields and areas that come under molecular biology and genomics

16S rDNA data (Romano and Palumbi 1996), which lacked in most of the molecular
analysis (Bhattacharya et al. 2016; Lin et al. 2016). Among the characteristic factors
that help in distinguishing the complex and robust corals is the mitochondrial
genome composition, where the G + C content of the robust corals are comparatively
lower than in complexa (Kitahara et al. 2014).

2.2.2 Coral Population Genetics

Population genetics also gives an in-depth knowledge about the hybridization
process that takes place between different species. Studies related to molecular
phylogenetic and population genetic analyses of Acroporid corals suggest that the
hybridization event occurs naturally but it is occasional (Marquez et al. 2002;
Wolstenholme 2004). Many studies have been undergone to prove the above
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statement, notably two independent studies, using the nuclear ribosomal DNA (van
Oppen et al. 2000) and mitochondrial DNA (Vollmer and Palumbi 2002). The
studies concluded that the genus Acroporais is a result of hybridization process
between the two wild species namely A. palmata and A. cervicornis, which
undergoes the process of backcrossing with only one parent for the confirmation
of new hybrid, A. prolifera (Vollmer and Palumbi 2004). Further, the three accepted
species of Montastraea were presumed to express intraspecific variants and further
research acknowledged that the differences observed in their colony morphology
were matched by their individual differences in growth rate, aggressive behavior,
corallite structure, life history, etc. (Fukami et al. 2004). In addition to the above
statements, the genetic differences found in these organisms were very limited,
comprising changes in an intron in f-tubulin gene (Lopez and Knowlton 1997),
amplified fragment length polymorphism (Lopez et al. 1999), mt DNA (Fukami and
Knowlton 2005), etc. Though the evidence was clear, the huge debates regarding the
above research prolonged over a decade and finally the research has been revised
(Levitan 2004), which concluded that the species M. faveolata is completely distinct
from M. annularis and M. franksi, where the latter two are similar to each other both
genetically and morphologically, thereby acting as a sister species (Fukami et al.
2004). Previous studies revealed the understanding of stress markers present in the
corals and the molecular stress markers investigated the heat-shock proteins and the
antioxidant enzymes like peroxidase dismutase (Tom et al. 1999). Notably, Snell and
co-workers have studied the genes that are more sensitive to the environmental stress
and are highly responsive in nature (Morgan et al. 2001; Snell et al. 2003) and ended
up with the development of the first cDNA (complementary DNA) array for coral
organism (Edge et al. 2005).

23 Marine Algal Genomics
2.3.1 Significance of Marine Algae

Marine algae, known more commonly as seaweeds, are further divided into red,
brown, and green based on their pigments. They are a major source of new
compounds demonstrated to have properties useful in treating cancer, such as
cytotoxic and antitumor potential (Alves et al. 2018). They have also been proposed
to be of importance in developing novel pharmaceutical agents, due to their ability to
produce bioactive secondary metabolites.

In order to obtain better understanding of the marine population, vast amounts of
genomic research has been employed. The marine algae genomics originated with
the publication of the 551-kilobase remnant nucleomorph genome of the
Cryptomonad Guillardia theta. Since then, genomes of many more species have
been rapidly sequenced, including diatoms, green algae, prasinophytes, etc.,
(Douglas et al. 2001).
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2.3.2 Genomic Insights of Algae

Algal genomics have proved to be a valuable tool for understanding algal evolution
as well as their non-algal relatives. Whole genome sequences have bolstered the
theory of a plastid endosymbiosis event at the base of Archaeplastida and
undermined the acquisition of red plastid outside the species (Price et al. 2012;
Stiller et al. 2014). Phylogenomic studies regarding gene conservation have revealed
many instances of mosaicism and the presence of bacterial genes like those of
cyanobacteria in chloroplast (Dagan et al. 2012; Deusch et al. 2008; Martin et al.
2002). The whole genome sequencing has also helped to distinguish algae from one
another, given that algal supergroups have diverged within 300 million years of the
last eukaryotic universal ancestor 1.9 billion years ago (Eme et al. 2014). Phenomena
such as horizontal gene transfer (HGT) have been estimated as contributing at least
2000 genes to the diatom Phaeodactylum tricornutum. However, around 6000
proteins are unique to P. tricornutum and other stramenopiles (Rastogi et al.
2018). Similarly, Emiliania huxleyi, a marine Coccolithophorid, also exhibits
amazing diversity where more than 5000 genes in the reference genome were absent
in at least one of its isolates (Read et al. 2013).

2.3.2.1 Lateral Gene Transfer in Marine Algae

Lateral gene transfer (LGT) is the movement of genetic material between organisms
other than through reproduction — the vertical transfer from parent organism to its
offspring. It helps organisms evolve and plays a role in the development of antibiotic
resistance in bacteria and maintenance and transmission of virulence for viruses.
LGT is detected by looking out for homologous genes in phylogenetically distinct
organisms, which is further validated. Solid background knowledge is needed
regarding aspects such as potential interaction of the concerned species, GC content,
and codon usage. Subsequently, a plausible mechanism by which the LGT occurred
is put forward, taking into account the life histories of the recipients and donors
(Parker et al. 2008).

The genes, encoding 3-dehydroquinate synthase, AroB, and O-methyltransferase
(OMT), present adjacent to each other in cyanobacteria, were transferred via LGT to
the dinoflagellates Heterocapsa triquetra, Karlodinium micrum, and Oxyrrhis
marina. These genes formed a fusion protein with a plastid targeting peptide (Waller
et al. 2006). However, in subsequent analysis of derived dinoflagellates, the genes
have been found to revert to being independent, but with a separate copy of the
plastid targeting peptide retained with both genes (Parker et al. 2008). For example,
whole genome sequencing of O. Tauri revealed alien chromosome 19, which
represents transferring the entire chromosome from either parent (Derelle et al.
2006). The non-native chromosome differs in many properties from the rest of the
chromosomes of the prasinophytes, such as GC content, splicing, and codon usage.
Phylogenetic studies carried subsequently revealed that most protein coding genes
were more similar to those found in bacteria than any other green algae. Since most
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of these genes have been found to be involved in cell surface processes, they have
been thought to lend pathogen resistance to the organism (Parker et al. 2008).

The earliest discovery of gene transfer through transduction is the presence of
marine cyanobacterial photosynthetic genes (psbA and hliP) in cyanophage
genomes (Sullivan et al. 2006). The infection of Ectocarpus is caused by brown
microalgal viruses, EsV and FsV, the viral genomes contain a phytochrome gene that
was also detected in the genomes of T. pseudonana and P. tricornutum (Delaroque
et al. 2001). Sequencing has pointed to the presence of unexpected genes in some
such viruses (Parker et al. 2008). The EhV virus possesses four genes for the
biosynthesis of sphingolipids, which is a precursor of ceramide that is used in
apoptotic intracellular signaling and is thought to trigger the death of the host cell

to disperse virions (Wilson et al. 2005) (Table 2.1).

Table 2.1 Genome transfer between different organisms

Host marine Gene donor
algae organism Gene name Reference
Teleaulax Firmicute dnaX for DNA polymerase 111 Kim et al. (2015)
amphioxeia bacterium
Gracilaria Buchnera leuC and leuD subunits of leucine | Lee et al. (2016)
tenuistipitata biosynthesis
Pyropia Porphyra Some sequences of ptDNA Lee et al. (2016)
haitanensis pulchra
Gracilaria Gracilaria mtDNA Zhang et al.
chilensis robusta (2012)
Gracilariopsis Gracilaria mtDNA Zhang et al.
chorda robusta (2012)
Gracilariopsis Gracilaria mtDNA Zhang et al.
lemaneiformis robusta (2012)
Lotharella Bigelowiella Mitochondrial rpl16 and rps4 Tanifuji et al.
oceanica natans genes (2016)
Heterocapsa Cyanobacterium | AroB, OMT (for Parker et al.
triquetra 3-dehydroquinate synthase and (2008) and
Karlodinium O-methyltransferase, Waller et al.
micrum, respectively) (2006)
Oxyrrhis marina
Ostreococcus Bacteria Chromosome 19 Parker et al.
tauri (2008) and
Derelle et al.
(2006)
Phaeodactylum Bacteria 784 genes (7.5% of the genome) Parker et al.
tricornutum (2008)
Prochlorococcus | Cyanophages psbA, hliP for photosynthesis Sullivan et al.
Synechococcus (2006)
Phaeodactylum EsV, FsV Phytochrome genes Parker et al.
tricornutum (2008)

Thalassiosira
pseudonana
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2.3.3 Brown Algal Genomics

Brown algae are another class of algae that contain large amounts of the fucoxanthin
pigment. They are highly diverse, ranging from smaller filamentous algae to much
larger and more complex seaweeds (Wehr 2015). The sequenced genome of
Ectocarpus has been studied, providing information about its evolution and adapta-
tion mechanisms. The genome has an abundance of light harvesting complex (LHC)
genes, which, along with light stress-related genes, help Ectocarpus cope with the
variable light conditions in the intertidal and subtidal zones. Metabolically, the
flavonoid pathway enzymes and those involved in metabolizing reactive oxygen
species help in survival in the presence of abiotic stresses such as ultraviolet
radiation (Cock et al. 2010). Phylogenetic studies of the genes involved in the
biosynthesis of cell wall in Ectocarpus attribute the origin of this pathway to a red
alga using secondary endosymbiosis, conferring the brown alga with a plastid.
However, the terminal steps of the pathway for alginate biosynthesis were acquired
from an actinobacterium via LGT (Michel et al. 2010).

The rise of multicellularity in algae itself seems to have many causative features
such as the retention of many ion channel families, transcription factors, Rad51
family proteins, and GTPases during evolution. Such a feature was a family of
membrane-spanning receptor kinases, acquired by brown algae since their diver-
gence from diatoms. The feature evolved only because of the transition to multicel-
lularity, further bolstered by the presence of fucoidans and alginates that improve
algal flexibility. Genes of Ectocarpus also have been found to be intron-rich —
containing an average of seven introns per gene — and are quite long (about
704 bp), like the 3’ untranslated regions (about 848 bp). Genes are also more or
less ordered, resulting in alternation of genes as the chromosome is scanned. It has
been observed that genes situated close to each other have similar expression
patterns, but it is yet to be determined if this is a consequence of the gene orientation
(Cock et al. 2010).

2.3.4 Evolution of Diatom Genomes

Diatoms are a class of photosynthetic secondary endosymbionts most prominently
known for some of the most beautifully symmetric designs in organisms found in
nature. Although microscopic, they are responsible for about 20% of the primary
productivity on the earth (Falkowski et al. 1998; Field et al. 1998). Genome
sequencing of the pennate diatom Phaeodactylum tricornutum has been compared
with that of the centric Thalassiosira pseudonana to get a clearer idea on the
evolution, functional importance, and universality of certain features throughout
diatoms. It is surprising that despite these two broad forms of diatoms diverging
for only 90 million years, over about 40% of genes differ between these two
lineages. Relative to yeasts and metazoans, diatoms are reported to exhibit rapid
rates of gene diversification. Factors responsible include differential gains and losses
of introns and genes, selective gene family expansions, and differential mobilization
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of transposable elements. Even more striking is the presence of hundreds of bacterial
genes in these diatom genomes (Purcell et al. 2007; Swartz et al. 2007). Of these, at
least 300 genes are found in both the representative diatoms, pointing to ancient
origins. These findings will prove fundamental to understanding how diatoms
perceive environmental cues and manage metabolites to survive in marine conditions
(Bowler et al. 2008).

2.4 Omics of Marine Fishes

The completion of the human genome project paved a way for scientists to explore
the marine fish genomics. Comparison of the genomes of different species will guide
future approaches to understand genetic evolutions and gene variations. Evaluation
of the tiger pufferfish (Takifugu rubripes) genome was proposed as a cost-effective
way to illuminate the whole human genome sequence to have a comparative analysis
within the vertebrates (Khora and Navya 2016).

The Fugu genome is around 350—400 million bases long (Elgar et al. 1999) and is
merely one-ninth the size of the human genome (Venter et al. 2001). Fugu was
introduced as a ‘“‘genetic model” organism, specifically because of its compact
genome that permits efficient comparison with the human genome (Brenner et al.
1993), and approximately 1000 human genes have been identified (Aparicio et al.
2002). A major motive behind having a comparative study with mammals is to
generate a better understanding of the genetics of human diseases including cancer
(Amatruda et al. 2002; Pichler et al. 2003). Both Tetraodon (freshwater pufferfish)
and F. rubripes (marine pufferfish) are considered to be important species as they are
vertebrates and their genome sizes are eight times smaller than the human genome,
having many of same genes as well as regulatory content as in humans but with
lesser “junk” DNA. The sequences of the two pufferfish will provide key tools for
gaining insights into the human genome, which will in turn translate into practical
knowledge toward developing better therapies in the future (Khora and Navya
2016).

2.4.1 Marine Medaka (Oryzias melastigma)” “A Genome Model”

Marine medaka also popularly known as the Indian medaka is a native species to
coastal waters in India, Sri Lanka, Pakistan, and Thailand (Naruse 1996). It is
considered to be an excellent model organism for marine ecotoxicological studies
due to its small size, short generation time, distinct sexual dimorphism, and the
ability to quickly adapt to a wide range of salinities (Dong et al. 2014; Kim et al.
2016). The omics platform can pave a way for marine researchers to have a better
understanding of the molecular mechanisms and responses of the marine flora and
fauna in detoxifying marine pollutants (Van Aggelen et al. 2010). Marine medaka’s
transcriptome and genome are used for marine environmental research (Kong et al.
2008).
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2.4.1.1 Potential Applications of Medaka Omics in Marine
Environmental and Toxicology Research

Estuarine and coastal regions are often threatened by diverse aquatic contaminants
through fresh water run-off from land (Kennish 2002). The regions are highly
vulnerable to the environment fluctuations such as UV-B radiation, temperature,
and salinity and hence for this very reason ecologically and ecotoxicologically
relevant model organisms are required that can express reliable biomarkers in
response to environmental changes should be developed for the biomonitoring of
estuarine and coastal regions (Monserrat et al. 2007). The marine medaka is a
sentinel species that can provide a common platform between laboratory-based
molecular toxicology and ecotoxicological investigations on marine environment.
The function or purpose of individual molecular biomarkers such as cytochrome
P450 activity, antioxidant enzymatic activity, etc., has been very well documented in
the marine medaka. However, there is a need for further efforts in developing an
omics platform and an integrative omics approach to better understand the molecular
pathways underlying these biomarkers (Chen et al. 2009).

2.5  Future Perspectives of MarinOmics

The accessibility to whole genome sequences and the rapid development of genomic
tools created a new and valuable research paradigm in the aspects of marine
toxicogenomics, evolution, and pharmacogenomics. Using MarinOmics as a tool
for detecting the evolutionary aspects, the connectivity within marine organisms and
between marine and terrestrial organisms can be mapped. The genome makeup of an
organism will provide methods for protecting those species that are at the verge of
extinction or already extinct. Gaining an in-depth knowledge in the field of marine
genomics will also help in the field of aquaculture for improvising the breed quality,
thereby raising the profit for the fish farmers indirectly elevating the economy of the
nation. Decoding the genome of marine organism will help in drug development in
pharmacogenomics and therapeutics such as gene therapy for numerous diseases.
Studying genomes will also help in understanding the environmental changes that
occurred and the modifications within the genome of an organism to understand its
impact. Transcriptome profiling of marine organisms can be performed to evaluate
the effects of environmental pollutants, to simplify the interpretation of molecular
and/or biochemical markers for biomonitoring, and to understand the signaling
pathways involved in the immunological responses of the marine organism, thereby
leading to the utilization of genome information for the further functional genomics
studies. Recently, proteomics along with genome information has been successful in
analyzing the effects of environmental stressors in marine organism.
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Abstract

In modern era nutraceuticals have received considerable interest to cure or
prevention of various diseases. Marine nutraceuticals are the products or
substances which are obtained from the marine sources such as fish, prawn,
sponges, and many other marine organisms. Nutraceuticals comprise of various
proteins, peptides, carbohydrates, essential minerals, bioactive peptides,
vitamins, enzymes, phenolic phlorotannins, and polyunsaturated fatty acids
(PUFA). Many of these are also used as therapeutic agents to cure diseases.
Marine sources are well-recognized for biologically active materials by their
numerous potentials to be used as nutraceuticals. Moreover, these functional
foods are also used to enhance human lifestyles, in that marine-derived
nutraceuticals are considered a natural means of achieving healthy lifestyles.
Fish and shellfish are considered the main sources of marine-based nutraceuticals.
Fish bone is a worthy source of calcium, while the fish membrane and frame are a
potent material used for isolation of bioactive peptides. In addition, the global
market for nutraceuticals is growing in comparison to conventional therapy,
including in countries such as Western Asia, East Asia, South Asia, Southeast
Asia, and Oceania and Japan, Europe, China, India, and the United States.
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3.1 Introduction

Nutrition and pharmaceuticals together make “nutraceutical.” They are the middle
chain of food and medication. In 1994, Food and Nutrition Board stated that
nutraceutical is “any substance that is a food or part of food which provides
medicinal or health benefits including the prevention and treatment of disease,
beyond the traditional nutrients it contains.” Nutraceuticals is not equivalent to
medications, as it is not outlined particularly for therapeutic utilization, but, it has
therapeutic benefits beneath the normal observation. Essentially, nutrient-rich food-
stuff is defined as the “products derived from natural sources, whose consumption is
likely to benefit human health and enhance performance.” Nutraceuticals and func-
tional foods are also widely used as food for the human body after physical effort or
as an equally preventive measure against sickness (Haefner 2003; Blunt et al. 2003).

Among the marine resources, microbes play a major role in the arena of pharma-
cology. During earlier times, one-fourth of the explored dynamic auxiliary
metabolites were derived from filamentous fungi (Appleyard et al. 1995; Walton
2000). From a long time, chemists and pharmacologists have been paying attention
to marine microbial products and natural derivatives (Pietra 1990; Fenical 1993;
Davidson 1995). Marine microbes are the source for bizarre natural particles with
novel analogues useful for artificial approaches to treat several diseases (Fsulkner
2000).

Nowadays, normal bioactive compounds or components equivalent to
nutraceuticals are widely treasured by customers. Compounds which are a derivative
of an oceanic source have worked as a wealthy source of health-promoting
components. On earth, about 70% of space is inhabited by marine life, so a wide-
ranging variety of marine lives is composed of potential natural resources. Marine
nutraceuticals are the products or substances, which are obtained from the marine
sources such as fish, prawn, sponges, and many other marine organisms. These are
composed of various proteins, peptides, carbohydrates, essential minerals, bioactive
peptides, vitamins, enzymes, phenolic phlorotannins, and polyunsaturated fatty
acids (PUFA) that are used as therapeutic agents to cure diseases (Fitton et al.
2008; Kim and Wijesekara 2010; Ngo et al. 2011; Wijesekara and Kim 2010;
Wijesekara et al. 2010; Wijesekara et al. 2011).

The oceanic environment has a huge variety of living animals in comparison to
earthbound biological systems, making various assets available for human suste-
nance and welfare (Hill and Fenical 2010). These maritime invertebrates are found in
complete sea ecosystem from the intertidal zones to the deep oceans, and includes
various taxonomic groups, that is, arthropods such as crawfish, crabs, lobsters,
prawns, shrimps; cnidarians such as hydrozoans, corals, ocean anemones, jellyfish;
bryozoans or green creatures, or ocean mats; annelida such as ocean worms and
polychaetes; echinoderms such as ocean urchins, ocean cucumbers, and ocean stars;
and mollusks such as shellfish, octopuses, cuttlefish, squid, abalone. etc. (Thorpe
et al. 2000). Apart from these, the ocean also incorporates macroalgae, some small
fish species, cyanobacteria, microalgae, and microorganisms that yield auxiliary
metabolites as per the adjustment required toward their oceanic surroundings.
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Research on marine-based molecules has found new bioactive compounds, which
are suitable for various nutraceutical-based applications (Voultsiadou 2010). About
36—40% of seafood and fisheries are obtained from the marine invertebrates, which
are highly composed of additional bioactive compounds such as taurine and
carotenoids; numerous peptides; some minerals like iodine and selenium; and
polyunsaturated fatty acids (PUFAs) that have health benefits (Bgrresen 2009).

3.2 Sources of Marine Nutraceuticals
3.2.1 Marine Algae

In the Protista kingdom, some algae, namely Rhodophyceae, usually known as red
algae; Phaeophyceae, also known as brown algae; and Chlorophyceae, also known
as green algae are universally found in Asian countries like Korea and Japan; Pacific
countries like the Philippines and Maori; and in smaller proportions at Norway,
Ireland, as well as the Canadian sea areas, in addition to American Atlantic Ocean
and in the waters of France. These edible marine algae, also known as ocean weeds
or vegetables of the sea, are the common dietary supplements of the above men-
tioned countries. In Philippines, Porphyra spp. (red algae), a cold-water seaweed;
Caulerpa racemosa (green algae); and Sargassum (brown algae) seaweeds have
been conventionally consumed, for instance, new or blenched algae used as a trendy
garnishing material for salads and soups (Trono 1999). The key components of
traditional Japanese Sushi are Porphyra tenera and Pyropia yezoensis known as
Nori or Gim. Some other species of brown algae like Undaria pinnatifida or
Wakame, Hijikia fusiformis or Hijiki, and Laminaria spp. are used as condiments
and flavors in Korea and Japan. Lonicera japonica or Haidai is used in China for
soups. Red algae species such as Porphyra umbilicalis (Laver seaweed), Palmaria
palmate (Dulse seaweed), and Porphyra columbina (karengo seaweed) are used in
bakery products like laverbread in wales; as components of salads, soups, and snack
foods in North America; and as a fermenting agent, chewing gum, steaming process
and as fresh or sundried constituents in New Zealand. Also, green algae, namely
Ulva fasciata, (Limu Palahalaha) is used as components of salad, condiments, and
stews in Hawaii (Yuan 2007; Cambie and Ferguson 2003). When we talk about the
food industry, several red and brown seaweeds, such as Gracilaria, Gelidium,
Gelidiella spp., Chondrus crispus, and Macrocystis pyrifera play a remarkable
role as an emulsifying, gelling, and thickening agent. Recently, restaurants use
fresh or dried seaweed in gourmet cooking, such as side dishes, garnishes, and
condiments.

Nowadays, a developing zone is interested in investigating possible positive
health impacts of oceanic algae and their components as useful functional foods
and nutraceuticals; they are used as a source of antioxidants and in decreasing the
dangers from numerous diet-related prolonged diseases such as atherosclerosis and
hyperlipoproteinemia in circulatory diseases (CVD). Definitely, in Asian and West-
ern countries, people pay a great deal of fascination for marine algae as functional
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foods and nutraceuticals, in order to reduce the chance of long-lasting illness by the
usual intake of seaweed.

3.2.2 Marine Fish

The role of certain food materials has added more attention as a health promoter
above their nutritional significance. Hence, natural resources such as marine animals,
plants, organisms, and bacteria are explored extensively for bioactive compounds
and functional foods. As a result, the production of nutraceuticals and functional
foods is growing on a commercial scale. Nutraceuticals possess the confined bioac-
tive constituents otherwise filtered from foods to be used in the therapeutic form.
Functional foods are the compounds that improve health with their efficient
constituents to supply medicinal and biological benefits to diminish the chance of
dangerous chronic diseases beyond their fundamental dietary capacities (Schmidl
1993). In its entirety, physiological functional food and nutraceuticals equally
illustrate numerous benefits toward physiological well-being (Defelice 1995).
Gradually, the willingness to eat marine products for related health benefits are
expanding demand for seafood varieties. Especially, in health-conscious ethnic
gatherings, fish and shellfish are significant nutritious components. Southeast
Asian nations, including Korea, have led the way as an eminent foundation and
are engaged in significant fish production. Korea consumed 59% of the entire marine
fish population captured for the generation of prepared foods in 2001. The most
important concern popular in the oceanic fish-handling trade is the dietetic worth of
the foodstuff. As an outcome, in recent years various drug candidates have been
founded by this bioresources identification of biological properties and nutraceutical
development. However, the majority of these composites are in their formative
phases. Fish protein hydrolysates and fish bone-derived functional constituents
have been paid attention among functional bioactive ingredients recognized from
marine fisheries by-products. A few bioactive peptides from the fish protein
hydrolysates are directed toward antioxidants (Park et al. 2001; Saiga et al. 2003)
and angiotensin-converting enzyme (ACE) inhibitors (Meisel 1997; Kim et al.
2007a, 2007b) that bring down the blood pressure by inhibition of ACE. The natural
surroundings of those biomaterials intended to be used as a source of nutraceuticals
or physiological functional foods need to be secured so that their higher scale
productions are not impacted. Additionally, derivates of crustacean exoskeleton
chitin such as chitosan and their oligomers have gained ample attention due to
their wide-ranging variety of uses in various areas of medicine and pharmacy.

3.2.3 Marine Sponges
Marine sponges are present to prove the best foundation of proteins such as

silicateins and cathepsins. In this way, separation, characterization, and ultimate
encoding of those proteins might lead to commercially interesting components. Most
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of the sponges have siliceous spicules that work as their skeletal components. They
utilize a protein framework to accelerate biogenic opal in an highly well-ordered
manner (Vrieling et al. 1999). Various extracts from distinctive sponges of different
areas have been used as bases of bioactive formulations. Extensive studies utilizing
quarantined experimental human myocytes revealed the possibility of a couple of
sponge abstracts, which can be used as successful agents in the treatment against
various cardiac diseases (Christ et al. 2004).

Apart from this, a recently discovered bisindole alkaloid—namely dragmacidins
that have anticancer and antiviral activities—has been separated from a diversity of
marine sponges. Another species of marine sponge, that is, Spongosorites spp.,
offered a novel alkaloid Dragmacidin E in the Australian southern coastline.
Co-metabolite of Dragmacidin E is Dragmacidin D. This when mixed with
Dragmacidin D can work as a powerful serine-threonine protein phosphatase inhibi-
tor. Scientists have found interesting biochemical compounds from marine sponge
called Plakinistrella, found within the Indian seas, that may lead to modern manage-
ment of fungal infections that appear among survivors of cancer and acquired
immunodeficiency syndrome (AIDS) patients (Capon et al. 1998; Venugopal 2008).

3.2.4 Marine Cucumber

Marine cucumbers have been found to have anticoagulant, antifungal, antibacterial,
and antioxidant activities. These cucumbers originate in low aquatic ranges of the
oceans toward sea bottoms. Antibacterial action is identified in their distinctive body
fragments and also in the eggs of the Cucumaria frondosa ocean cucumber. High
antioxidant activity is seen in the animal’s respiratory organs, alimentary canal,
muscles, and gonads. They contain flavonoids and 2.8-59.7 mg of rutin, equaling
100 g; phenol substance like 22.4-235 mg; and gallic acid equaling 100 g of
desiccated mass that are responsible for antioxidant action. The oxygen radical—
activating capacity (ORAC) standards extend beginning at 141 micromoles and
move toward 798 micromoles of Trolex/g. The action remained most noteworthy
within the acetone excerpts of the alimentary canal, taken later by the muscle,
gonads, and respiratory system. The outcomes proposed that Cucumaria frondosa
tissues may remain valuable bases of antioxidants intended for human usages
(Seymour et al. 1996).

Leucospilotaside A is a Triterpenes glycoside produced from Holothuria
leucospilota or the ocean cucumber (Mamelona et al. 2007). Asterias rubens, a
starfish, is responsible for the potent antibacterial action displayed within the eggs
and gastrointestinal organs; some of the tissues also possess lysozyme-like action.
Some species are recognized for hemolytic activity, especially within the extracts
from the body wall. These happenings also existed and was recognized within the
green ocean urchin Strongylocentrotus droebachiensis, recommending that mari-
time echinoderms may remain latent bases of unique antimicrobials (Han et al. 2007,
Haug et al. 2002). Patagonicoside A, a modern Triterpenes glycoside is produced
from Psolus patagonicus ocean cucumber. This compound have impressive
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antifungal action against pathogenic fungi Cladosporium cucumerinum because it
turns into disulfate tetrasaccharide with a replacement of a glycan moiety (Murray
et al. 2001). In addition, Actinopyga lecanora is an ocean cucumber known for their
antifungal action (Kumar et al. 2007).

Other ingredient known as sulfated glycans, who contrast the common arrange-
ment of fucose sulfated polysaccharides, separate the oceanic algae from animal
tissues glycosaminoglycans and also from the ocean echinoderms eggs jelly coat.
These compounds are responsible for the maintenance of the integrity of the body
wall of ocean cucumber, in a relationship by the part of extra macromolecules within
the vertebrate animal tissue (Paulo et al. 1987). The polysaccharide found in ocean
cucumber cell wall was analogous to the spine structure of mammals with the
chondroitin sulfate of mammalian, but several glucuronic acid remainders showed
sulfated fucose divisions. The definite spatial array of the sulfated fucose divisions
within the fucosylated chondroitin sulfate has conversed into great anticoagulant
action and similarly decides contrasts within the approach that one prevents throm-
bin (Mourdo et al. 2001). Some extensive ranges of biological actions like recombi-
nant human immunodeficiency virus (HIV) reverse transcriptase action,
anticoagulant action, and venous antithrombic action are shown by the sulfated
glycans. Fucoidans have been well recognized for their various activities like
immunomodulation, antiviral action, anti-inflammatory action, hypolipidemic activ-
ity, , anti-angiogenic action, anti-adhesive properties, antitumor action, hypoglyce-
mic action, anti-mutagenic action, and anticoagulant activity (Shanmugam et al.
2001).

3.2.5 Mollusks

An additional significant class that possesses properties to be good for extended use
in pharmacology is the Mollusks. In literature, more than 400 compounds from
molluscan sources have been designated for their pharmacological effects. A few of
these can work as antiviral, muscle relaxants, antitumor agents, hypotensive agents,
and cardioactive substances (Proksch et al. 2002; Alam and Thomson 1998). The
marine environment covers numerous cases of remarkable robust bounding
approaches which will arouse the planning of innovative synthetic adhesives.
Marine beings such as reef-building worms, mussels, and barnacles employ particu-
lar protein to glue together—mussel adhesive proteins (MAPs)—which help stick to
fine shells in spite of their nearness to liquid consistency. The composition of MAPs
is catecholic amino acid and I-3,4-dihydroxyphenylalanine (DOPA) that play a key
role in building up chemical initiative among MAPs and many metallic, metallic
oxide, and polymer exteriors. The presence of oxidizing metal ions like Fe3" and
MnO, " play an ideal role in efficacy of the MAPs. these polymers are utilized in
mucoadhesive drug delivery systems and injectable fluids intended for operating
tissue hold. The polymer imitates are being outlined for medicinal and nonmedical
applications (Messersmith 2007; Monahan and Wilker 2004; Venugopal 2008).
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3.3  Types of Marine Nutraceuticals

The choice of bioactive moiety, by using widespread presentations such as
nutraceuticals within the foodstuff as well as supplement manufacturing, is delivered
through oceanic environments. This comprises vitamins, polysaccharides, mineral
deposits, proteins, probiotics, peptides, enzymes, fatty acids, and polyphenols. The
residual portion of the current study discusses the physicochemical possessions of
those diverse moieties that confer bioactivity within the framework of
nutraceutical uses.

3.3.1 Proteins

Human beings need protein for nutrition, which is significantly fulfilled by the
outstanding derivation of functionally dynamic as well as nutritious proteins
originating from the marine ecosystem (Clarkson and Rawson 1999). Often, differ-
ent kinds of seafood, especially fish, have been accepted, for instance, inexpensive
origin of animal protein. The population in a nations with low per capita gross
domestic product (GDP) will, in general, prefer a better percentage of fish protein in
their protein utilization. The proportion of fish protein in entire animal protein
expenses is higher for lower-income groups, and the poor public eats generally
low rate fish. So this displays the significance of the low rate fish by way of a
principal basis of protein among the poor households in rising nations. For example,
the proportion of animal protein derived from marine products in the diet of the
population in West Africa is extraordinary, that is, in Senegal (46%), Ghana (62%),
and Gambia (61%) (Béné and Neiland 2003). In several countries, oceanic fish is
frequently used to improve the palatability of diets, which in turn upsurge the overall
food ingestion and thus improve the nutritional status of the consumer. Fish is
utilized regularly to increase the total protein content of cereal-centered intakes,
and this usually reduces the necessity of aminoalkanoic acid, lysine. On the other
hand, throughout the past 40 years, the portion of fish proteins toward animal protein
intakes revealed a small undesirable tendency, owing to more rapidly growing
options of additional animal products.

About 30% of the total quantity of protein is found in cooked tuna fish, although
16-21% (mean 18%) of protein quantity is found in most of the raw finfish flesh
(Venugopal and Shahidi 1996). Apart from that, greater protein content is found in
various crustacean-like oysters, crab, and shrimp flesh. Some of the cephalopods, as
well as crustaceans such as oysters, shrimps, crabs, scallops, krill, mussels, squids,
and lobsters, contain 9-12%, 16.9-22%, 14.9-18.3%, 14.7-17.6%, 11-12%,
9-12%, 13-19.5%, and 18-19% content of proteins, respectively. The
aminoalkanoic acid arrangement of fish exists similar to that of meat. Gelatin,
collagen, and elastin are found in the stroma protein of muscle. Fish meat comprises
merely 3% of stroma protein, excepting skates, sharks, and rays in comparison to
meat. The nonprotein nitrogen composites that are present usually exceed that of the
land animals by 1-40%, making the fish muscle more delicious. Nucleotides,
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trimethylamine oxide, creatine, amino acids, creatinine, trimethylamine, and small
peptides are found in nonprotein nitrogen composites. Squids, other shellfish,
shrimps, crabs, and lobsters generally comprise higher quantities of amino acids,
which cover alanine, arginine, glycine, and glutamic acid when compared to finfish.
The higher contents of these amino acids throughout the wintertime season make
squids more pleasant as linked with those harvested in summer. Demersal fish
generally comprise superior measures of trimethylamine oxide than pelagic fish,
and its contents differ from 20 mg% to 190 mg% (Martin 1982).

3.3.2 Fatty Acids

For the maritime ecology, fats are vital within the composition and generative
procedures of marine creatures and reveal the distinct biochemical and environmen-
tal circumstances of the oceanic atmosphere. The interface in a maritime fatty acid is
basically because they comprise considerable quantities of long-chain polyunsatu-
rated fatty acids, like @-3 PUFA, which are acknowledged to be significant in human
health maintenance and nourishment. Preliminary readings on oceanic fatty acid
included representation of their constituents, encouraged by the introduction of
strategies like gas-liquid chromatography (GLC) for easy investigation, followed
by the radioisotope tracer methods, based on the molecular biodiversity and
distinguishing of main sources of w-3 PUFA (Bergé and Barnathan 2005). During
the previous couple of decades, research on the dietary perspectives of oceanic fatty
acids, especially ®-3 PUFA, unlocked a remarkable outlook for those composites in
health safety. The work began in the 1970s with recognition of the role of diet in the
health of native Greenland Eskimos. The study detected that the life span and
coronary well-being of Eskimos were associated with their calorie counts, which
enclosed a mean 450-g greasy fish each day (Dyerberg et al. 1975). Very high
ingestion of fish is assumed to add a positive healthy outlook to the people of Japan,
who eat almost 80 g of fish and shellfish each day, consuming around 1000-2000 mg
per day of w-3 PUFA. Due to the known positive health outlook, greasy fish types,
which comprise noteworthy quantities of w-3 PUFA (Table 3.1), were considered as
a functional food (Garg et al. 2006; Nettleton and Katz 2005).

However, the modern decline in certain fisheries, together with the preference of
certain sections of the population for foods of vegetable origin, has led to a search for
alternative sources of these fatty acids, such as transgenic plants and microalgae. It is
supposed that the food processors are locked in a “fish oil arms race”; several
businesspersons have an interest in the improvement of genetically modified crops
that could challenge the supremacy of fish as the best source of w-3 fatty acids
(Graham et al. 2004). However, it is difficult to challenge the supremacy of marine
products as a source of PUFA, at least in the near future.

The relative percentage of lipids and greasy acids in oceanic creatures is specific
to their genus and species and additionally on their atmospheric behavior. The chief
builders of oceanic lipids within the maritime surroundings are microalgae, which
sustain both pelagic and benthic food networks. Sea lipids are the composition of
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Table 3.:I w—3. Fatty acids\ <05 0.6-1.0 >1.0

E:;);l/t;:g(t)s;nﬂr::}gne foodstuff Haddock Red snapper Bluefin tuna

(Venugopal and Shahidi Atlantic Pollock Channel catfish Atlantic herring

1996) Rockfish Swordfish Pink Salmon
Atlantic cod Atlantic mackerel Anchovy
Catfish Indian mackerel Atlantic salmon
Pacific halibut Spiny dogfish Pacific herring
Oil sardine Silver hake Pacific mackerel
Skipjack tuna Torbot Rainbow trout
Sole Trout

few uncommon fats, including hydrocarbons, esters, sulfolipids, glycolipids, and
neutral lipids such as wax esters, phospholipids, triacylglycerols, and sterols. The
maximum the distinctions in lipid originates within the triacylglycerol portion, and
the phospholipids seem to possess less variations. The phospholipids of fish muscle
limit by and large more phosphatidylcholine than phosphatidylethanolamine. The
phospholipids of tropical fish are highly saturated than temperate water fish. The
neutral lipids ensure lesser specific gravity than ocean water; consequently, the parts
in regulating flexibility have frequently been suggested, particularly intended for
wax esters (Bergé and Barnathan 2005).

Oceanic fish is normally categorized according to the fat content of fillets. Fishes
are divided into three categories, that is, high-fat fishes contain over 8% fat,
intermediate-fat fishes contain 3-8% fat, and lean-fat fishes contain less than 3%
fat. In lean fish, lipids are set down within mature gonads, liver, and muscle tissue,
while it is generally deposited in subcutaneous tissue in fatty fishes. High-fat fishes
like Pollock and cod look off-white to white; lean fat fishes such as sole have whitish
appearance. Salmon’s (high-fat fish) flesh is typically pigmented such as grey fish,
yellow fish, and pink fish. Depending on the diet, anatomical position, season, sex,
the site within the body, and age, the quantity of fat may vary in fishes expansively
from 0.3-24%. This lipid content decreases toward the tail in every fish, through an
improved level of fat deposit within the abdomen flap and dark muscle. The lipid
content found in pelagic fish is 3-5% throughout the summertime, whereas 11-20%
during wintertime. Some fishes associate the reproducing cycle to fat levels such as
before going to freshwater for the reproducing cycle, anadromous fish store fat.
About 2.5 g of total fat is approximately 85 g of cooked portion of various seafood
such as whiting, sole, mahi-mahi, clams, perch, tuna (skipjack), haddock, red
snapper, northern lobster, tuna (yellowfin), grouper, shrimp, halibut, monkfish,
squid, pike (Northern eye), orange roughy, scallop, cod, flounder, and Pollock.
Although about 5-10 g of total fat is found by an equal quantity of cooked portion
of bluefin tuna, herring, whitefish, butterfish, salmon (Atlantic, coho, or sockeye),
Spanish mackerel, and lake trout fish (Ackman 1995; Silva and Chamul 2000;
Venugopal 2005).

Overall, 50-90 mg per 100 g of fish’s flesh contain oceanic steroids, which
contain cholesterol. In a few pelagic fish species such as diverse mackerels, bluefin
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fish, anchovy, and pilchards, saturated fat might be equal to 150 mg each of 100-g
meat, and it is ought to be as high as 50-650 mg in liver and roe. Shellfish tend to
comprise somewhat greater quantities of cholesterol. In this way, shellfish such as
shrimp, crab, and lobster comprise 69—100 mg each of 100 g, while squid and
octopus could comprise 120-250 mg of the steroid each of 100 g. Shellfish and a
few mollusks require a nutritive origin of sterol for development and existence since
they lack de novo sterol-synthesizing capacity (Kanazawa 2001).

3.3.3 Polysaccharides

The ability of gel formation in various oceanic polysaccharides like carrageenan,
alginate, fucoidan, and chitosan are principal raw resources for biodegradable or
eatable films. Arrangement of the gel assemblies includes intermolecular affiliation
or cross-linking of polymer to create a semi-rigid three-dimensional (3-D) network;
this captures as well as restrains the solvents. The improvement of film’s properties
is performed via the conversion of a gel by surplus technology like the incorporation
of additives and copolymerization with multicomponent structures, including added
hydrocolloids. The propensity to biodegradation of these films by various microbial
and other enzyme sources like chitinase and carrageenase makes them eco-friendly.
In addition, as they are nonhazardous, the films can also be utilized for wrapping
foodstuff products meant for ecological safeguard in contrast to microbial contami-
nation, moistness forfeiture, and regulator of oxidation. They can similarly play a
role as transporters of bioactive composites (Prashanth and Tharanathan 2007;
Lopez-Rubio et al. 2006; Srinivasa and Tharanathan 2007).

Chitin and chitosan are economical, besides being harmless, decomposable, and
biocompatible. Chitosan is much handy as associated with its precursor (Prashanth
and Tharanathan 2007). Chitosan can create semipermeable coverings, utilized in
diets and extend their shelf life by performing obstructions to air and moistness. The
utilization of chitosan in the diet is especially favorable since it is biocompatible and
nontoxic. The method utilized and the kind of solvent system can impact the features
of the chitosan film, such as chitosan commencing crawfish excess softened in
formic acid or acetic acid produced elastic and apparent films that are useful in
wrappings. Chitosan acetate films preserve lesser humidity levels associated with
chitosan formate films. The sorption isotherm is considerably subjective of chitosan
formate films by its molecular weight but not its acetate films (Figs. 3.1 and 3.2). The
apparent tackiness of the coverings is reliant on the degree of de-acetylation of
chitin, the precursor of chitosan (Nadarajah et al. 2006; Huei and Hwa 1996; Caner
et al. 1998).

There are various kinds of carrageenan’s such as i-carrageenan, A carrageenan,
and x carrageenan, which could be utilized to produce biodegradable films. In this
direction, the humidity loss for mackerel mince film equipped by mixing 2%
k-carrageenan, 0.75% glycerol, 0.75% polyethylene glycol, and 0.1% potassium
chloride was studied to be used as a possible packing material. The fish mincemeat
patties were vacuity packed by the film and kept at temperature starting from +20 to
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—15 degrees C. Mass damage and fat oxidation were dignified throughout storing.
Packed or non-packaged samples kept at 20 degrees C, 10 degrees C, and 0 degrees
C exposed a 60% weight loss among 2—15 days of storing, while the resultant weight
loss once kept at —15 degrees C was ~3% after 25 days. Non-packaged sample kept
at 0 degrees C exhibited a gentle rise in lipid oxidation, while carrageenan enfolded
produce showed a lesser degree of lipid oxidation (Hwang et al. 1997). Moistness
loss throughout storing at 4 degrees C of beef patties, apple slices browning
reduction (Lee et al. 2003), and oxidation of lipids is also reduced by films of
carrageenan. Its film was, in effect, polyvinylchloride films in decreasing moisture
loss (Wu et al. 2000). Carrageenan can substitute polyethene, which is engaged in
covering the paper utilized for packing oleaginous or greasy foodstuff. Both carra-
geenan covered papers and films were extremely impervious to lipid, as a
k-carrageenan-coated paper displayed maximum impermeability than by A- carra-
geenan and 1-carrageenan films. k-carrageenan layer increased, thereby the lipid
impermeability improved. Carrageenan-coated papers that were between 4 kg/ream
and 5 kg/ream or 278 m? displayed lipid impermeability similar to that of
polyethene-coated papers. The lipid impermeability of carrageenan films was just
about ten times above that of carrageenan-coated paper. k-carrageenan-coated
papers consuming more than 4 kg/ream were revealed to possess acceptable lipid
blockade possessions to be utilized for packing fatty foodstuff (Rhim and Ng 2007;
Rhim et al. 1998).
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In addition, another polysaccharide algin has multipurpose uses in the separation
of whey, as microsphere vectors for drug delivery system, food products, dressing
absorbents, dental impression creation, dye manufacturing, anti-reflux therapies, and
many more. Alginate gel films appeared to stop moisture loss and lipid oxidation to a
particular degree in fishery foods. The arrangements of solvent alginates are color-
less, translucent, non-coagulable on warming, and ensure a good sort of viscosity.
Alginate features a solid empathy for liquid and might be utilized to regulator
moistness in foodstuff (Brownlee et al. 2005).

3.3.4 Peptides

Current studies revealed that various oceanic animals such as seaweeds, mollusks,
fishes, sea anemones, ascidians, and sponges are amazing sources of bioactive
peptides. Those are designed, moreover, by the activity of endogenous proteases
or amid the activity of exogenous proteolytic enzymes. Within fresh fish, the
quantity of peptides could also be little, while their substance may increase during
storage, thanks to proteolytic degradation of their muscles. During research on the
development of peptides, acid-soluble portions in fresh fish kept up to 2 weeks in
frost were separated by high-performance liquid chromatography (HPLC) and
analyzed by mass spectrometry (MS). A minimum of 25 polypeptides of molecular
weights of 2-33 kDa were recognized; those with molecular weights of 3.9, 11.4,
and 32.8 kilodaltons, respectively, reduced throughout ice-cold storing, while those
with molecular weights of 12.5 kDa and 16.5 kDa improved. The rise in peptide
shapes throughout storing connected by fluctuations in entire aerobic and anaerobic
amounts within the fish is suggestive that the peptide investigation might suggest a
lead of decay. Biochemical alterations within the muscle proteins in the seasoning
originated to communicate to the deprivation of the myofibrillar arrangement of the
muscle. Hydrolysis of muscle proteins was momentous for the period of the first
6weeks, by proteins of relative molecular mass greater than 35 kDa being further
probable to be hydrolyzed. Myosin heavyweight chains were the foremost complex
myofibrillar protein, although actin, a-actinin, and tropomyosin were further oppos-
ing to enzymatic deprivation (Hernandez-Herrero et al. 2000).

34 Health Profits of Marine Nutraceuticals

Marine nutraceuticals might ensure a positive impact on human health, as they will
secure the physical body, in contrast to destruction by receptive oxygen species,
which assault macromolecules like deoxyribonucleic acid (DNA), proteins, and
deposit lipids, ultimately, causing numerous disorders like inflammatory disorder
by severe tissue damages, diabetes mellitus, a neurodegenerative disorder, and
cancer. (Ngo et al. 2011). Recently, chitooligosaccharides (COS) are the topic of
increased attention in terms of their pharmaceutical and medicinal uses (Kim and
Mendis 2006), owing to their omitted toxicity and elevated solubility, also their
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progressive physiological actions such as adipogenesis inhibition, antimicrobial
action, anticoagulant possessions, antioxidants, hypocholesterolemia, ACE enzyme
inhibition, anti-Alzheimer’s, anticancer, and hypoglycemic and antidiabetic activity
(Kim 2012).

In the prevention of various human diseases such as some of the chronic diseases,
cardiovascular diseases, and cancer, carotenoids are believed to be liable for valuable
possessions. Moreover, marine-derived sterols have considerable responsiveness
due to their cholesterol-lowering properties. Further, marine algal-derived sulfated
polysaccharides exhibit a variety of health-beneficial biological activities like anti-
cancer activities, anticoagulant action, anti-HIV-1, and immunomodulating action
(Wijesekara et al. 2011).

Besides, some bioactive peptides from marine organisms are recognized to
possess nutraceutical abilities for human health elevation and disease threat reduc-
tion (Shahidi and Zhong 2008), and currently the probable roles of food-derived
bioactive peptides in reducing the danger of cardiovascular diseases have been
demonstrated (Erdmann et al. 2008; Zhang et al. 2013). Additionally, saringosterol,
a derivative of fucosterol, discovered in numerous algae (Phaeophyceae), like
Lessonia nigrescens and Sargassum ringgoldianum, have been revealed to prevent
the expansion of tubercle bacillus.

Although shellfish like abalones contain diverse nutrient content, which often can
be changed, depending on temperature (season), extraction time (growth stage), and
reproductive stage, the consumption of abalone provides several benefits, including
rich nutrition diet and defense against various diseases (Yoo and Chung 2007; Zhou
et al. 2012). Abalone contains lower amounts of calories in comparison to other
animal foods. Current dietary recommendations signify that reducing total calories
within the diet leads to maintaining weight and decreasing the danger of varied
disorders, especially cardiovascular diseases (Larsen et al. 2011). Numerous studies
have shown that abalone-like mollusks carry balanced nutritional characteristics that
improve human health (Benkendorff 2010). Abalone may be a rich source of protein
that helps to take care of all types of health benefits. Analysis of nutritional
composition shows that the edible segment of 100 g of abalone consists of 20 g of
protein. Collagen is the supreme copious structural protein within the physical body.
Two categories of fibril-forming collagens are identified from Haliotis discus foot
muscle (Yoneda et al. 1999). Also, a considerably higher quantity of taurine is
available in abalone that aids in shielding the intestine, reducing the oxidative
damage via antioxidant function, maintaining a healthy liver, a quick improvement
from fatigue, preventing myocardial infarction, and minimizing allergies (Kim et al.
2006; Kim et al. 2007a, 2007b). Seven and eight sorts of non-volatile organic acids
are identified from dried—boiled and fresh abalone, respectively. The most copious
organic acids are reported as succinic, lactic, and pyroglutamic acids (Jo and Park
1985).
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3.5 Conclusion

With numerous novel types of maritime resources still to be discovered, the forth-
coming for new marine-derived bioactive nutraceuticals is immense with useful
effects on human health, and therefore the food manufacturing is poised for
enhanced expansion soon. Marine resources are accepted for their naturally dynamic
constituents with immense perspective to be used as nutraceuticals. Furthermore,
ample consideration has been given in recent times by the consumers in the direction
of a healthy way of life by natural bioactive components. Modern research has
delivered proof that marine-derived bioactive nutraceuticals play an important role in
human health.
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Abstract

Due to re-emerging infections and multiple drug-resistant pathogens, scientists
initiated the investigation of marine microbes for their anti-infective
characteristics. About 70% of the Earth’s surface gets cover by the ocean,
which is a vast habitat for marine microbes, and out of those few microbial
classes endure only in the sea. The benefit with the marine microbes is that it
fits in the traditional pharmaceutical “model,” so there is no need for the extra
effort for drug extraction from them. The marine microbes secrete the secondary
metabolites, having a variety of bioactivities. In the 1950s, two drugs (Ara-C as
anticancer and Ara-A as antiviral) isolated from a shallow-water sponge of the
Florida coast launched in the market for the first time opened the gate for the
marine microbes as the promising source of new drugs. The marine microbes also
produce nutritional supplements, for example, marine alga secretes the
docosahexaenoic acid (DHA), which is an essential unsaturated fatty acid of
breast milk, and, nowadays, this is used in the formula milk of infants. The
ocean should be explored more in search of novel marine drugs because the
preclinical marine pharmacology pipeline is found to be very productive.
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4.1 Introduction

The marine environment has become a hub for research on natural drugs because of
its unexplored biodiversity in comparison to the terrestrial environment. The ocean
covers about 71% of the Earth, and the sea has still not been explored thoroughly in
search of natural products. The ocean represents a virtually untouched resource for
the discovery of new pharmaceutical compounds. The ocean has representatives of
every phylum, out of which 12 are found exclusively in the marine domain.

It is not known when the exploration of the marine environment for medicinal
purposes began., Still, few pieces of evidence prove that both the Chinese and the
Japanese were using marine products in their herbal medicines (Newman and Cragg
2016). During the Roman times, “Tyrian Purple,” a dyestuff isolated from the
Mediterranean mollusk, was utilized for treating various cancers, and the dye was
used in traditional medication for the treatment of leukemia (Newman and Cragg
2016). Since the 1950s, over 20,000 marine natural products (MNPs) have been
determined, and their chemical diversity and bioactivity have led them mentioned as
“blue gold” in the search for novel drugs.

In this chapter, we have tried to summarize the journey of marine bioactive
products as drug and food supplement for human welfare.

4.2  Ocean: A Source of Chemical Diversity

The ocean is known for its biodiversity, as organisms from almost every phylum
reside there, and, among them, 12 phyla are reported to be exclusive marine
dwellers. In the ocean, the existence of more than 200,000 species of invertebrates
and algae are found (Winston 1992); however, it is predicted that this number is a
small fraction of the number of species discovered and described. Marine plants,
animals, and microbes produce plenty of secondary metabolites that are not required
for their regular metabolism., Still, these metabolites provide protection and, at
times, are involved in their defense process. These also play a role in their evolu-
tionary changes. The highly distributed marine invertebrate is the sponge, which
occurs in every marine environment from the intertidal to the abyssal region and
possesses a vastly distributed range of secondary metabolites. The variation in the
chemical structure of secondary metabolites shows the deviation in their
biotherapeutic properties. Like marine sponges, the other marine organisms
containing bioactive molecules with therapeutic potential are bryozoans, ascidians,
mollusks, cnidarians, and algae. Several chemical compounds have been isolated
from marine organisms, but only a few of these compounds have been tested
clinically for their therapeutic competency.
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4.3  Marine Microbes as a Novel Resource for Drugs

The finding of penicillin in the late 1920s from soil-derived microorganisms opened
the scope for identifying novel drugs from the microbes. Currently, around
120 microbially produced drugs are in clinical use to treat infectious diseases and
facilitate organ transplantation by suppressing the immune response. These highly
used drugs include the penicillin, cephalosporins, streptomycin, and vancomycin as
the antibiotics; actinomycin and mitomycin as the anticancer drugs; and cyclosporin
as the immunosuppressant. These useful microorganisms are also cultured industri-
ally for the large-scale production of drugs.

For the past 50 years, microbial-derived drugs were studied mainly from terres-
trial microorganisms. Later, it was observed that marine microbial resources possess
different potential profiles; therefore, researchers began to focus on marine microbes.
Furthermore, it has been discovered that many classes of microorganisms live only
in the ocean in addition to the common organisms found on land. Due to difficulties
in cultivating marine microbes, the pharmaceutical industry did not benefit from this
enormous resource. Now, times have changed, and marine microorganisms can be
successfully grown, opening up the entry of marine environments to the scientific
world (Davidson 1995).

4.3.1 Metabolites from Marine Actinobacteria

Actinobacteria cover two-thirds of the antibiotic-producing bacterial population,
but most of the antibiotic-producing actinobacteria are land dwellers. The first
marine mycelium having the characteristic similar to terrestrial actinobacteria was
studied around 1969 (Weyland 1969). After that few more studies revealed marine
Actinobacteria as a new therapeutic agent (Manivasagan et al. 2013, 2014). These
inhabit marine environments such as mangroves, seaweeds, beside seawater,
sediments, and even marine hosts such as the mollusks, fishes, sponges, etc. These
organisms possess unique bioactive compounds such as anticancer and immunosup-
pressive agents, antibiotics, antioxidants, enzyme inhibitors, and pigments.
Although marine Actinobacteria show broad pharmacological effects, it has been
extensively studied for its antibacterial property. A novel polycyclic polyketide
antibiotic, abyssomicin C, isolated from marine Verrucosispora sp., was found to
be effective against Gram-positive bacteria as it inhibits the para-aminobenzoic acid
biosynthesis and, hence, inhibits the folic acid biosynthesis more effectively in
comparison to synthetic sulfa drugs (Bister et al. 2004). Another antibiotic
essramycin, produced by Streptomyces sp., was active against Gram-positive and
Gram-negative bacteria (El-Gendy et al. 2008). Micromonospora produces a
farnesylated dibenzodiazepinone alkaloid, diazepinomicin, which, along with
anti-microbial activity showed anti-inflammatory and antitumor properties (Charan
et al. 2004). A novel macrolide, curvularin-7-o0-a-d-glucopyranoside, isolated from
marine actinomycete Pseudonocardia sp., showed the suppression of cell prolifera-
tion in six tested cancer cell lines along with antibacterial activity against
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Escherichia coli (Ye et al. 2016). Two compounds isolated from Streptomyces sp.,
bisanthraquinone, and tirandamycin C, act as antibacterial against vancomycin-
resistant Enterococcus faecalis (Socha et al. 2006; Carlson et al. 2009).
Bisanthraquinone also shows bioactivity against methicillin-resistant Staphylococ-
cus aureus (MRSA), methicillin-susceptible S. aureus (MSSA), and tetracycline-
resistant S. aureus (TRSA) (Socha et al. 2006). Salinisporamycin, a new polyketide
antibiotic isolated from Salinispora arenicora, displayed cytotoxic activity by
inhibiting the growth of human lung adenocarcinoma cell lines along with
antibacterial activity against S. aureus (Matsuda et al. 2009).

In the last few years, cases of fungal infection accidentally increased in the immu-
nocompromised individuals, and due to several side effects of synthetic antifungal
compounds, the researchers moved to the natural products. Chandrananimycin A, a
novel Phenoxazin-3-one antibiotic isolated from Actinomadura sp., showed antifungal
activity against Mucor miehei. Alternatively, this compound also unveiled as antican-
cer, antibacterial, and antialgal compound (Maskey et al. 2003). Saadamycin, an
antifungal obtained from Streptomyces sp. showed potent antifungal activity against
Candida albicans, Aspergillus, and Cryptococcus. An antibiotic isolated from
Nocardia dassonvillei, N-(2-hydroxyphenyl)-2-phenazinamine (NHP), shows the anti-
fungal activity against C. albicans and a high level of cytotoxicity (Gao et al. 2012).

Several compounds isolated from marine actinomycetes also show antiviral
activities. An alkaloid isolated from Streptomyces nitrosporeus, benzastatin C,
showed antiviral activity against vesicular stomatitis virus (VSV), and herpes sim-
plex virus (HSV) type-1 and type-2 (Lee et al. 2007). In 2014, Strand et al. reported
anti-adenoviral characteristics of butanolides 1a, 1b, 2, 3, and 4, extracted from
Streptomyces sp. Out of all butanolides, compound 3 was reported as the most
effective anti-adenoviral agent (Strand et al. 2014). Antimycin Ala, the compound
extracted from Streptomyces kaviengensis, displayed the antiviral activity
against the Western equine encephalitis virus by inhibiting the cellular mitochondrial
electron transport chain (mETC) complex III (Raveh et al. 2013).

Cancer is considered as the malignant tumor, and presently, few compounds of
marine actinobacteria show the bioactivity against cancer. The compound
streptoanthraquinone A, isolated from Streptomyces sp., inhibited the proliferation
and induced apoptosis in four different glioma cell lines (Liang et al. 2016). Another
bioactive compound obtained from marine Streptomyces sp., strepsesquitriol,
presented moderate inhibitory activity against lipopolysaccharide-induced tumor
necrosis factor- a (TNF-a) production in macrophages (Yang et al. 2013).
Salinosporamide A, a novel rare bicyclic beta-lactone gamma-lactam isolated from
Salinispora tropica, acts as a proteasome inhibitor, which further leads to apoptosis
in multiple myeloma cells (Prudhomme et al. 2008).

The multiple roles of natural products derived from marine actinobacteria provide
anticipation that natural marine compounds will formulate a new wave of drug
discovery in the coming years.
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4.3.2 Metabolites from Marine Cyanobacteria

Cyanobacteria (blue-green algae) live in terrestrial and marine environments under
the extreme conditions where normal survival is impossible. In the marine environ-
ment, cyanobacteria show dual habitat: free-living plankton in the open ocean and
near shores, and as symbionts with invertebrates such as sponges. Cyanobacteria
were the first studied photosynthetic bacteria and played an essential role in the
global cycles. The extraordinary characteristic of cyanobacteria has attracted
researchers for the biomedical properties of secondary metabolites. Although the
cyanobacterial strains belonging to freshwater and brackish water are known to
produce toxic metabolites (Wiegand and Pflugmacher 2005), secondary metabolites
of the marine cyanobacteria appear to have potential pharmacological properties,
especially in case of cancer therapy. The diversity in the metabolites of freshwater
and marine cyanobacteria reflects their evolutionary fluctuations in the metabolic
enzymes. The chemical compounds secreted by cyanobacteria comprise peptides,
glicomacrolides, macrolactones, fatty acid amides, and swinholides, which show a
wide range of pharmacological activities, such as antifungal, antiviral, antibacterial,
and antitumor (do Roséario Martins and Costa 2015). Considering cancer as the
primary cause of the death of the human population, the researchers focused on
the marine cyanobacteria-derived compounds having potential antitumor
bioactivities.

Among the marine cyanobacteria, most of the chemical compounds that pos-
sess potential bioactivity have been isolated either from the filamentous Lyngbya or
from some strains of Moorea (Engene et al. 2011, 2012). Further, the investigation
progressed toward other cyanobacterial species. A new anticancer compound named
hierridin B was isolated from a Cyanobium strain, which proved to be effective
against the colon cancer cell line (Leao et al. 2013). After this, the anticancer
potential of the compounds, extracted from 28 different cyanobacterial strains of
the genera Nodosilinea, Leptolyngbya, Pseudanabaena, Romeria, Cyanobium,
Synechococcus and Synechocystis, and Synechococcus were tested and the results
obtained from these studies proved these strains as the source of novel compounds
(Costa et al. 2013).

Apoptosis is considered as an effective process for the cytotoxicity by drugs due
to the lack of inflammatory response in it. So, the researchers focus on such
compounds in cancer therapy, which act as apoptotic inducers. Few compounds
(cryptophycin 1, calothrixin A, dolastatin 10, lagunamide A, and somocystinamide
A) belonging to the cyanobacteria are found to induce the apoptotic morphological
changes in the cancer cell lines, which comprises cell shrinkage, blebbing of plasma
membrane, chromatin condensation, nucleolus segregation, nuclear fragmentation,
and formation of apoptotic bodies (do Rosario Martins and Costa 2015). Some of the
cyanobacterial strains also induce the caspases and so finally help in the promotion
of cytotoxicity by apoptosis. Caspases are the proteases, which are initiators and
effectors, and these are involved in the execution phase of apoptosis. The
compounds dolastatin 10, coibamide A, cryptophycin 1, biselyngbyaside, and
curacin A stimulate caspase 3, while lagunamide A induce caspase 9 activation at
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the nM range. Another cyanobacterial compound somocystinamide A is found to act
as the potent inductor of apoptosis by activating caspase 8 in numerous malignant
tumors (Barnhart et al. 2004). The Bcl-2 protein family also regulates apoptosis, and
this family has both pro- and anti-apoptotic proteins. The pro-apoptotic proteins
cause the cytosolic release of cytochrome c. In the cytosol, cytochrome ¢ promotes
apoptosome formation, which then activates the caspase 3, while the anti-apoptotic
proteins constrain the activity of pro-apoptotic proteins. In this apoptotic process,
also, two cyanobacterial compounds—dolastatin 10 and symplostatin 1—modulate
the apoptotic process in the cell by enhancing the pro-apoptotic proteins (Martins
and Costa 2015).

Few of the extracted compounds from cyanobacteria displayed the anticancer
potential by disrupting the microtubular structure and, lastly, affecting cellular
integrity. The marine cyanobacterial compounds that cause the depolymerization
of microtubule in G2/M phase include dolastatin 10, symplostatin 1, and
symplostatin 3, and the linear peptide belamide A isolated from Symploca (Luesch
et al. 2001; Simmons et al. 2006).

Hence, undoubtedly, the compounds isolated from marine cyanobacteria proved
to be the rich source of potential anticancer drugs with their capability to target
distinctive metabolic pathways involved in cancer.

4.3.3 Metabolites from Marine Fungi

The natural products (matrix metalloproteinases [MMP] inhibitors, topoisomerase
inhibitors, protein kinase C [PKC] inhibitors, cytotoxic-inducing, apoptosis-induc-
ing, and anti-inflammatory metabolites) derived from the marine fungi are found to
be useful for the cancer therapy because these products hinder the various signaling
pathways that lead to tumor generation.

Matrix metalloproteinases (MMPs) are the zinc-dependent protein-degrading
endopeptidases, which destroy the extracellular matrix (ECM). Generally, these
peptidases express at a low level, but the high expression of MMPs causes unwanted
tissue damage, inflammation, tumor progression, and metastasis. The marine fungal
species of Microsporum produces few secondary metabolites: chrysophanol,
physcion, and emodin, which act as MMP inhibitors and hence show antitumor
properties (Karuppiah et al. 2015). These antitumor compounds mainly act on two
matrix metalloproteinases, MMP-2 and MMP-9, capable of degrading type IV
collagen. This collagen provides structural support to cells and, hence, maintains
the tissue organization, and the damage to the basement membrane leads to the
metastatic progression in most cancers.

Topoisomerases are the enzymes that maintain the deoxyribonucleic acid (DNA)
helix integrity during cell division. During the tumor progression, the topoisomerase
level suddenly increases because of its importance in cell multiplication. So, for
cancer treatment, anticancer drugs have been developed against the DNA
topoisomerases I and II. Two drugs, leptosins (Leps) F and C, against topoisomerase,
were isolated from a marine fungus, Leptoshaeria. Lep F hinders the activity of
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topoisomerase I and II, while Lep C inhibits topoisomerase I only. Later, it is found
that Lep C prevents the G1 to S phase transition in the cell cycle. The marine lichen-
derived Gliocladium sp. T31 fungus secretes secalonic acid D (SAD) that inhibits
topoisomerase I's binding to DNA (Hong 2011).

The protein kinase Cs (PKCs), several serine-threonine kinases, are a well-known
player in tumor progression and maintenance of the malignant phenotype. Protein
kinase inhibitors block the downstream signaling and so act as an effective antican-
cer drug. Many protein kinase inhibitors have been isolated from marine fungi. The
marine fungus Chaetomium sp. produces chaetominedione, a novel
benzonaphthyridinedione derivative, which inhibits the activity of the p56lck tyro-
sine kinase (Abdel-Lateff 2008). Another tyrosine kinase inhibitor was isolated from
Ulocladium botrytis, Microsphaeropsis, Aplysina aerophoba, and Halorosellinia
(Karuppiah et al. 2015).

The fungal-derived products also act in regulating apoptosis. The fungal com-
pound anthracenedione and its derivatives isolated from mangrove endophytic fungi
Halorosellinia sp. and Guignardia sp. inhibits the mitochondrial function in cancer
cell KB and thus lead to apoptosis (Zhang et al. 2010). A new metabolite, namely
protuboxepin A isolated from marine Aspergillus sp. SF-5044 showed
antiproliferative activity in several cancer cell lines by stabilizing the tubulin poly-
merization and so affected the microtubule dynamics, and finally arrest the cell cycle
at metaphase (Asami et al. 2012). Phomopsidin, a microtubule assembly inhibitor,
has been obtained from the Phomopsis sp., which shows potency similar to colchi-
cine and rhizoxin. Wentilactone B (WB), a tetranorditerpenoid, isolated from the
endophytic fungus Aspergillus wentii EN-48, induces cell division arrest at G2/M
phase and induces apoptosis in hepatoma cells (Zhang et al. 2013). Mycoepoxydiene
(MED), a polyketide isolated from the marine fungus of the mangrove forests,
induces cell cycle arrest by affecting the tubulin polymerization and activates
apoptosis by activating caspase-3 and triggering the release of cytochrome c
(Wang et al. 2010).

The epidemiologic studies support the idea that inflammation and cancer are
co-related because the production of reactive oxygen and nitrogen radicals in the
inflammatory cells cause mutagenic alterations and result in tumor progression
(Okada 2002). A variety of mediators, including cytokines, chemokines, and
enzymes, promote cancer growth from inflammation. A cytochalasan-based alkaloid
chaetoglobosin Fex (Cha Fex), isolated from the marine endophytic fungus
Chaetomium globosum QEN-14, inhibits the production of tumor necrosis factor-
alpha (TNF-a), interleukin 6 (IL-6), and monocyte chemotactic protein-1 (MCP-1)
in macrophages (Dou et al. 2011). Two more alkaloids, neoechinulins A and B,
isolated from the marine fungus Eurotium sp. SF-5989, show the inhibitory effect on
nitric oxide (NO) production. Additionally, neoechinulin A reduces the secretion of
pro-inflammatory cytokines, such as interleukin-1f (IL-1f) and tumor necrosis
factor-a (TNF-ar) (Song et al. 2013). Many potent new classes of anti-inflammatory
compounds have been identified from marine fungi.
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Some cytotoxic compounds have been isolated from the marine fungi, which
are found to be effective in leukemia and other cancer cell lines. The compounds
efficient in leukemia include the gymnastatins A, B, and C of Gymmnascella
dankaliensis (Amagata et al. 1998) and asperazine isolated from Aspergillus
niger (Varoglu and Crews 2000). Leptosin, one of the largest classes of cytotoxic
fungal metabolites produced by Leptosphaeria sp., and pyrenocine E, isolated
from the Penicillium waksmanii, show cytotoxicity against the leukemia cells
(Karuppiah et al. 2015). The polyphenols, expansols A and B, isolated from
marine-derived fungus Penicillium expansum, show cytotoxicity against the
HL-60 cell line (Lu et al. 2010). Coriolin B, along with three new chlorinated
cyclic sesquiterpenes, has been isolated from the marine fungi, and findings
revealed that these metabolites are effective against breast cancer and neuroblas-
toma cell lines (Efferth 2010). The cytotoxic lipopeptide isolated from marine
Aspergillus versicolor is effective against neuroblastoma and colon cancer cell
lines (Lee et al. 2010). The prenylated polyketides, epoxyphomalin A and
epoxyphomalin B, isolated from Phoma sp., showed superior cytotoxicity toward
human tumor cell lines (Mohamed et al. 2009).

4.3.4 Metabolites from Marine Algae

Currently, the polyphenols (phlorotannins) isolated from the marine algae are found
to be pharmacologically active against human disorders. More than 8000 phenolic
compounds have been found in the present scenario, and most of them belong to the
marine algal origin. The marine algae survive in the harsh environment, so they
produce potent polyphenolic compounds that are generally not manufactured in the
plants. These phenols differ structurally in nature from simple phenolic acids to the
complex phlorotannins. The two most studied marine brown algae for their bioactive
compounds include Ecklonia cava and Eisenia bicyclis (Thomas and Kim
2011). The compounds extracted from them found to act as anti-inflammatory and
antidiabetic, in addition they also affect the hyaluronidase activity.

Polyphenolic compounds are effective anti-diabetic compounds. At present,
diabetes mellitus (DM) has emerged as a common and challenging disease due to the
deficiency of insulin secretion. Out of type I and II DMs, type II therapy is a
challenge because of its insulin-independent nature. In the human body, carbohy-
drate digestion occurs by two enzymes a-glucosidase and a-amylase, and it is found
that for the regulation of DM, these two enzymes should be inhibited. The
phloroglucinol derivatives isolated from E. bicyclia have shown the inhibitory
effects on glycation and a-amylase (Okada et al. 2004). The compound isolated
from Ecklonia stolonifera proved as the antidiabetic compound due to its inhibitory
effect against the advanced glycation end products, angiotensin-converting
enzymes, rat lens aldose reductase, peroxynitrile, and reactive oxygen species in
the diabetic complicated case (Jung et al. 2008), and the methanolic extract from
E. stolonifera acts as an inhibitor for a-glucosidase. Diphloroethohydroxycarmalol
(DPHC), a phlorotannin isolated from the brown algae Ishige okamurae, has shown
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the inhibitory effect against a-glucosidase and a-amylase, and this DPHC also
lowered the dietary carbohydrate absorption in the intestine (Heo et al. 2009a).

Phlorotannins also possess anticancer properties, which proved by examining
its effect on the cancer cell lines. The phlorotannin extract (PE), derived from
brown algae Laminaria japonica, was found to inhibit the cell division in the
hepatocellular carcinoma cell lines (BEL-7402) and the murine leukemic cell line
(P388) in a dose-dependent manner (Yang et al. 2010). Another polyphenol,
dioxinodehydroeckol, isolated from Ecklonia cava, has shown a remarkable
antiproliferative effect on human breast cancer cell line (MCF-7), by inducing
the apoptosis in these cells by enhancing the NF-kB-dependent pathway (Kong
et al. 2009). The extracts from red algae, Palmaria palmate, and three kelp
Laminaria setchellii, Macrocystis integrifolia, and Nereocystis leutkeana, showed
an antiproliferative effect in the human cervical adenocarcinoma cell line (HeLa
cells) (Yuan and Walsh 2006).

Blood pressure has also emerged as one of the major health problems, nowadays,
that further could lead to the progress of cardiovascular and renal diseases. Angio-
tensin I-converting enzyme (ACE) plays a major role in blood pressure regulation,
by converting the inactive form of decapeptide angiotensin I to potent vasopressor
octapeptide angiotensin II. Due to the emergence of side effects against synthetic
drugs, scientists progressed their research in search of natural compounds for
controlling blood pressure. Three phlorotannins—eckol, phlorofucofuroeckol A,
and dieckol—isolated from E. stolonifera are found to be ACE inhibitors (Jung
et al. 2006). ACE belongs to the family of zinc protease, so it requires Zn>* for its
activity. The three phlorotannins mentioned above (eckol, phlorofucofuroeckol A,
and dieckol) act as the inhibitor by blocking Zn*,. These might form a complex with
proteins or glycoproteins that are involved in the inhibition of ACE activity. The
flavourzyme, isolated from E. cava, also possesses the ACE inhibitory effect
(Athukorala and Jeon 2005). The aqueous extract from the two red algae—
Lomentaria catenata and Lithophyllum okamurae—is also found to have the ACE
inhibitor property (Cha et al. 2006).

Extracts from the brown algae are also reported as the defender of skin damage.
The human skin provides primary protection, but continuous exposure to ultravio-
let (UV) radiation causes skin damage. The UV rays have damaging oxidative
components, which lead to photooxidative stress. In that case, the intake of
antioxidants is preferred, and the brown algae's phlorotannins were found to be
the primary source of the antioxidants, and they also absorb UV light (Henry and
Van Alstyne 2004). Phlorotannin and dieckol, isolated from E. cava, have been
investigated for their ability to inhibit melanogenesis as well as against photooxi-
dative stress (Heo et al. 2009b). Two phlorotannins—eckol and dieckol—isolated
from another brown alga E. stolonifera deteriorate the expression of matrix
metalloproteinase-1 in dermal fibroblast (MMP-1) (Joe et al. 2006). MMP-1 is
responsible for the ageing process, so the abovementioned two phlorotannins are
used to treat skin ageing. The polyphenol isolated from the brown algae inhibits
cyclooxygenase-2 (COX-2) expression and cell proliferation in SKH-1 hairless
mouse skin model (Hwang et al. 2006). These results also recommend brown algae
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as a potential cancer chemopreventive agent against photo-carcinogenesis and
other adverse effects of UV-B exposure.

The bioactive compound, 6,6’-bieckol, a phloroglucinol derivative isolated from
E. cava, has been reported to inhibit HIV-1-induced syncytia formation, lytic effects,
and viral p24 antigen production in vitro and in cellular experiments (Artan et al.
2008). Another group reported the inhibitory effect of 8,8'-bieckol and 8,4”-dieckol
on HIV-1 reverse transcriptase and protease (Ahn et al. 2007). Their study proved
the phlorotannin to be a more potent inhibitor of reverse transcriptase in comparison
to protease. These outcomes intimate phlorotannins as a potent inhibitor of HIV-1
infections.

4.4 Novel Nutraceuticals Derived from Marine Microbes

Along with the pharmaceutical bioactive compounds, the marine microorganisms
also contain compounds having nutritional values. Few marine algae are known to
possess vitamins in more concentration compared to conventional food. Ingestion of
these algae can cope up with the world requirement of nutritional supplements. The
microalgae, which are known for having maximum concentrations of the different
vitamins, are Dunaliella tertiolecta for p-carotene, folic acid, riboflavin, and cobala-
min; Tetraselmis suecica for ascorbic acid, pantothenic acid, thiamin, nicotinic acid,
and pyridoxin; and Chlorella stigrnatophora for biotin and tocopherol (vitamin E)
(Fabregas and Herrero 1990).

Docosahexenoic acid (DHA) and arachidonic acid (ARA) are the widely
distributed polyunsaturated fatty acids (PUFAs) of breast milk and are also the
predominant structural fatty acids in brain gray matter (Agostoni 2008). So, it is
believed that these PUFAs can lead to brain development, so they have been
recommended as nutritional supplements for infants. A marine microalgal species
has been discovered to produce large quantities of the fatty acid docosahexaenoic
acid (DHA). It is used in an infant formula supplement Formulaid® (Martek
Biosciences, Columbia, MD) (Kanase and Singh 2018).

Marine-derived nutritional supplements, or “nutraceuticals,” present a new
opportunity for research in the application of marine natural products to human
health issues.

45 Potential Evolution of Marine Natural Products
as the Biotherapeutics

Few of the marine natural products have been introduced as pharmaceutical
compounds in the 1950s (Bergmann and Feeney 1951; Bergmann and Burke
1955), which opened the gate for novel compounds and those studies led to intro-
duction of two marine-derived medicines that are clinically available today. These
two market-available drugs are the antileukemic drug, Ara-C (cytarabine), used to
treat acute myelocytic leukemia and non-Hodgkin’s lymphoma, and the antiviral
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drug, Ara-A (vidarabine), used for the treatment of herpes infections (Mayer and
Gustafson 2008). Both are derived from nucleosides isolated from a shallow-water
marine sponge collected off the coast of Florida. After the success of Ara-C and
Ara-A, the US Food and Drug Administration also approved other MNPs as
biotherapeutics (Table 4.1).

The bioactive compounds derived from soil-dwelling and marine
microorganisms are equally effective for diseases. So, the systematic search of
bioactive compounds from marine organisms has opened the gateway for the
pharmaceutical companies.

The ocean covers 70% of the earth’s surface, but the researchers are still unable
to exploit the resources because of several pitfalls. For the proper cultivation of
marine microorganisms and isolation of drugs from them, precise taxonomic
determination of the microbial species is necessary. The suitable metagenomic
approaches are needed for the screening of microorganisms. Further study of
microorganisms at the transcriptomic and proteomics levels is required for deter-
mining the secondary metabolites within them. For isolation of bioactive
compounds from marine microorganisms living in deep sea regions and extreme
conditions, the advancement in the sampling techniques is needed. like terrestrial
drugs, the market access for marine-derived drugs also requires a long time and a
lot of money. In such a case, many marine-derived products get damaged, and so
the drugs become unproductive.

In the future, through interdisciplinary collaboration, researchers could overcome
the hindrances mentioned earlier, and pharma companies can approach the market
with novel drugs for the treatment of incurable diseases like cancer.
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Abstract

Modern scientific advancements and research on marine microbes has revealed
their significance as producers of therapeutic products useful in treating various
human diseases. Microbes in marine habitat have evolved to adapt to the harsh
condition that prevails in the ocean. Their struggle to compete for space and
nutrients has paved way for the synthesis of different novel enzymes possessing
distinctive characteristics. Thus, marine habitat hosts many remarkable
microorganisms that offer unique biologically active compounds, enzymes
endowed with astonishing properties, and mechanism to survive in extreme
environmental conditions. The utilization of marine biotic resources grows at
an extraordinary growth rate of 12% per annum and is evident from about 4900
patents filed connected with marine genetic resources and 18,000 natural
compounds. This concern has boosted research all over the world to explore the
untapped potential hidden in marine microbes, which has lot of biotechnological
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applications that includes bioactive compounds (metabolites) for therapeutics,
novel enzymes, cosmetics, and nutraceuticals. This book chapter will meticu-
lously deliberate the utilization of marine resources by biotechnological
applications for therapeutics like antibiotics, chemical compounds, biopolymer,
enzymes, and various microbial biomedical purposes such as drug delivery and
tissue engineering from marine biota (bacteria, fungi, and algae).

Keywords

Microbial Pharmacognosy - Bioactive compounds - Biomedical application

5.1 Introduction

The ocean engulfs about 70% of the area on planet earth whereas the aquatic
ecosystem houses nearly 80% of living organisms on the whole biosphere. The
marine environment hosts 178,000 different species of microorganisms (34 phyla) as
reported by the United Nations Environment Programme on Global Biodiversity
Assessment (UEPA 2006). The marine unicellular organisms play a crucial role in
the conservation and sustainability of the marine ecosystem. The marine microbes
are competent in enduring from volcanic eruptions to Antarctic glacier, and they
possess numerous distinctive adaptations compared to the terrestrial microbes.
Marine microbes adapt to environmental variations like high salt concentration,
extreme temperature, low or higher concentrations of organic matter, high hydro-
static pressure, and other external physiochemical factors. Due to their continued
exposure to various environmental changes, they have developed unique defense
and survival mechanisms employing secondary metabolites that can sense, adopt,
and protect them from such harsh conditions.

Microbes are the modern day marvel, whose potential has not been fully
explored, yet they offer extensive application in diverse fields like heavy metal
bioremediation (Rainbow 1995), antibiotics and enzyme production (Okami
1986), biodegradation and bioremediation of hydrocarbons (Mohanrasu et al.
2018), biosurfactant production (Maneerat and Phetrong 2007), degradation of
plastic debris (Mohanrasu et al. 2018), anti-biofilm activity (Jiang et al. 2011), and
polyhydroxybutyrate (bioplastics) synthesis (Arun et al. 2006). Recently,
researchers have discovered a number of novel metabolites from marine
bioresources including macro or micro algae, bacteria, and fungi that are used as
antimicrobial, anti-obesity, antitumorous, antidiabetic, immunological, and thera-
peutic potential biomolecules. For example, the Pseudomonas genus serves as a
wellspring of bioactive compounds such as andrimid, bushrin, moiramides, phthal-
ate, pseudopeptide, phloroglucinol, phenazine, pyrroles, pyrrolidinedione, phenan-
threne, quinolone, and zafrin for the treatment of many diseases (Romanenko
et al. 2008).

The marine microbial biosphere delivers a variety of biomolecules that cater
diverse novel biologically active compounds for pharmaceutical applications. This
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Fig. 5.1 Pharmaceutical importance of marine microbes

chapter exclusively focuses on biologically active compounds synthesized by marine
microbes for pharmaceutical applications; we highlight the varieties of biological
compounds from marine-based algae, bacteria, and fungi (Fig. 5.1 and Table 5.1).

5.2  Past, Present of Marine Microbial Pharmacognosy

In today’s modern world, with increasing population and demanding food industry,
marine habitat acts as a crucial food source that caters around 90 million tons of food
per year. Due to the huge biodiversity, marine environment offers a variety of
biologically active compounds that could be efficiently employed to treat new
diseases. Emerging infectious diseases with newly emerging drug-resistant micro-
bial strains demand pristine compounds that would be tailored by marine microbes
as researchers have shifted their interest toward the quest for bioactives from marine
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Table 5.1 Novel bioactive compounds produced by marine microbes

Source Compound Activity Literature
Micromonospora sp. | Thiocoraline Antitumor, Romero et al. (1997)
antimicrobial
Streptomyces sp. Salinamides Anti- Moore et al. (1999)
inflammatory
Streptomyces sp. Himalomycins Antibacterial Maskey et al. (2003)
Streptomyces sp. Komodoquinone A Neuritogenic Itoh et al. (2003)
KS3
Streptomyces sp. Bonactin Antimicrobial Schumacher et al.
BD21-2 (2003)
Salinispora tropica Salinosporamide A Anticancer Feling et al. (2003)
Streptomyces sp. Complex compounds Anticancer, Maskey et al. (2004)
B8652 antimalarial
Verrucosispora Abyssomicin C Antibacterial Riedlinger et al. (2004)
Verrucosispora sp. Abyssomicins Antibacterial Riedlinger et al. (2004)
Streptomyces Aureoverticillactam Antitumor Mitchell et al. (2004)
aureoverticillatus
NPS001583
Verrucosispora Abyssomycin C Antibacterial Bister et al. (2004)
maris
Streptomyces sp. Chinikomycins Antitumor Li et al. (2005)
Mo045
Streptomyces sp. Glyciapyrroles Antibacterial Macherla et al. (2005)
Streptomyces sp. 10a,11- - Macherla et al. (2005)
dihydroxyamorph-4-
ene, 10a,15-
dihydroxyamorph-4-en-
3-one, and 5a,100,11-
trihydroxyamorphan-3-
one
Thermoactinomyces | Mechercharmycins Antitumor Kanoh et al. (2005)
sp.
Streptomyces sp. Daryamides Antitumor, Asolkar et al. (2008)
CNQ-085 antifungal
Streptomyces Actinofuranones Cytotoxic Cho et al. (2006)
CNQ766
Streptomyces sp. Streptokordin Anticancer Jeong et al. (2006)
KORDI-3238
Streptomyces Tetracenomycin D Cytotoxic Adinaryan et al. (2006)
corchorusii AUBN1/
7
Streptomyces sp. Selina-4(14),7(11)- Anticancer Wu et al. (2006)
QD518 diene-8,9-dio
Streptoverticillium Butenolides Cytotoxic Li et al. (2006)
Streptomyces sp. Caboxamycin Anticancer Hohmann et al.
NTK 937 (2009¢)
Streptomyces sp. Piericidins Anticancer Hayakawa et al. (2007)

(continued)
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Table 5.1 (continued)

Source Compound Activity Literature
Nocardiopsis Lucentamycins Cytotoxic Cho et al. (2007)
lucentensis
Streptomyces sp. Essramycin Antibacterial El-Gendy et al. (2008a,
b)
Marinispora sp. Lynamicins Antibacterial McArthur et al. (2008)
Salinispora Saliniketals Anticancer
arenicola
Salinispora Arenicolides Antitumor Williams et al. (2007)
arenicola
Brevibac illus Tauramamide Antimicrobial Desjardine et al.
laterosporus tauramamide ethyl ester (2007)
Marinispora sp. 2-alkylidene-5-alkyl-4- Antimicrobial Macherla et al. (2007)
(NPS008920) oxazolidinones,
lipoxazolidinone A,
lipoxazolidinone B
Streptomyces sp. Piperazimycins Cytotoxic Miller et al. (2007)
Marinispora sp. Lynamicins B Antimicrobial McArthur et al. (2008)
(NPS12745) Lynamicins C
Salinispora pacifica | Salinipyrones Cytotoxic Oh et al. (2008)
CNS-237
Salinispora pacifica | Pacificanones Cytotoxic Oh et al. (2008)
CNS-237
Salinipora arenicola | Arenamides Cytotoxic Asolkar et al. (2008)
Streptomyces sp., Cyclomarines Anti- Schultz et al. (2008)
inflammatory
Pseudomonas Zafrin antimicrobial Uzair et al. (2008)
stutzeri
Nocardia sp. Ayamycin Antifungal El-Gendy et al. (2008a,
b)
Streptomyces Marinopyrroles A Cytotoxic & Hughes et al. (2008)
sannurensis Marinopyrroles B MRSA
Verrucosispora sp. Proximicins Cytostatic Fiedler et al. (2008)
Streptomyces sp. Marinopyrroles Antibacterial Hughes et al. (2008)
CNQ-418
Streptomyces sp. Essramycin Antibacterial El-Gendy et al. (2008a,
Merv8102 b)
Streptomyces sp. Mansouramycins Cytotoxic Hawas et al. (2009)
Streptomyces sp. Albidopyrone Cytotoxic Hohmann et al.
(2009a)
Streptomyces sp. Carboxamycin Antibacterial, Hohmann et al.
cytotoxic (2009b)
Streptomyces sp. 2-Allyloxyphenol Antimicrobial, Arumugam et al.
antioxidant (2010)
Dermacoccus sp. Dermacozines Cytotoxic, radical | Abdel-Mageed et al.
scavenging (2010)
Streptomyces sp. ML-449 Cytotoxic Jgrgensen et al. (2010)

(continued)
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Table 5.1 (continued)

Source

Nocardiopsis sp.
Actinomadura sp.

Nocardiopsis sp.

Micrococcus sp.
Micromonospora sp.
Actinomycetospora
chlora

Nocardiopsis sp.
Verrucosispora sp.
Micromonospora sp.
Pseudonocardia

carboxydivorans
Nocardiopsis sp.

Compound
TP-1161

Halomadurones A-D

Nocapyrones H-J

Microluside A
MBJ-0003
Thiasporines A—C

Diketopiperazine 1

Glycerol 1-hydroxy-
2,5-dimethyl benzoate
Quinoline alkaloid

Branimycins B and C

Nocazines F and G

Activity
Antibacterial

Potent Nrf2-ARE
activation
Pro-inflammatory
factor, stronger
inhibitory effect
on nitric oxide
Antibacterial
activity
Moderate
cytotoxicity
Cytotoxicity

Sterol O-
acyltransferase
inhibitor
Anti-MRSA
activity
Antibacterial
activity
Antibacterial
activities
Excellent

K. Mohanrasu et al.

Literature
Engelhardt et al.
(2010)

Wyche et al. (2014)

Kim et al. (2014)

Eltamany et al. (2014)
Kawahara et al. (2014)
Fu and MacMillan
(2015)

Kobayashi et al.
(2015)

Huang et al. (2016)
Thi et al. (2016)

Brana et al. (2017)

Sun et al. (2017)

cytotoxicity

sources. Though terrestrial plants and microbes have severed as an important source
in last couple of decades for biomedical drug discovery and health, the untapped
potentials of marine microbes have emerged as widespread resources. 1940s peni-
cillin was discovered by Alexander Fleming whereas the in same decade penicillin-
ase (resistant to penicillin antibiotic) produced by Staphylococcus aureus was
reported similarly in 1950 S. aureus was also found to have developed multi resistant
strain to various antibiotics such as tetracycline, aminoglycoside, macrolides, and
minoglycoside (Lopez et al. 2018). To counter this drug resistance, modern pharma-
ceutical industry has ventured the use of marine environments to foster the next
generation of antibiotics. Scientists have isolated in the 1950s the first marine
bioactive compounds (spongouridine and spongothymidine) from Cryptotheca
crypta (Caribbean sponge) and demonstrated its significant anti-cancer and anti-
viral properties (Leary et al. 2009). Since, the discovery of marine bioactive
metabolites, several interesting molecules were isolated from marine environment,
which was evident from accelerated research that resulted in a diverse array of
applications like pharmacology, biology, biochemistry, organic chemistry, and
ecology (Leary et al. 2009).
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The marine diversity has immense untapped potential, awaits for researchers to
unravels it, recently more than 1277 new compounds has been published in
432 papers during 2016 alone and a peak 17% rise in research output during 2018
compared to latter 1490 novel compounds from 477 papers (Blunt et al. 2018). The
enormous evolution of technologies in the field of marine biotechnology leads to
tremendous therapeutic potent compound breakthroughs from the marine ecosystem.
Scientists have found numerous deleterious components possess astonishing thera-
peutic novel value compounds that are castoff as predator defense mechanisms by
marine microbes. Many marine microorganisms have been rigorously investigated
over the past 50 years from which 270,000 natural products and 30,000 compounds
have been isolated among which 9 compounds have been approved as medical drugs
(Blunt et al. 2011; Gerwick and Moore 2012; Rangel and Falkenberg 2015).

53 Pharmacological Potential Biomaterials from Marine Algae

Humans had utilized algae mainly for nutrients (protein) produced by Spirulina
(Chlorophyta). Marine microalgae are mainly classified into three types based on the
pigmentation as red (Khan et al. 2015). With the development of improved
technologies, a diverse array of application for algae has been recognized from
health care, cosmetics, and pharmaceutical. Polyunsaturated fatty acids (PUFAs)
from microalgae have started gaining commercial value (Roy and Pal 2015). There
are several compounds isolated from algae that are promising bio alternatives to the
existing drug, which exhibits higher efficacy, with nearly less side-effects, and some
of them are briefly discussed. The primary producers of marine algae n-3 PUFA have
several health benefits such as in treating cardiovascular diseases, brain develop-
ment, function and as healing for inflammatory conditions. Awad (2000) segregated
3-0-B-D-glucopyranosyl stigmasta- 5,25-diene compound from green alga Ulva
lactuca, which have potential anti-inflammatory activity. The bioactive compound,
Isorawsonol have been isolated by Chen et al. (1994) from tropical green alga
Arrainvill arawsonii that exhibited potential anticancer and immunosuppressive
effects (Chen et al. 1994).

Cycloeudesmol isolated from marine alga Chondria oppositiclada exhibited
potent antibiotic activity against Staphylococcus aureus (Fenical and Sims 1974).
Ascosalipyrrolidinones A and B isolated from green alga Ulva spp. presented
potential antiplasmodial activity against Plasmodium falciparum strains NF-54 and
Kl (Osterhage et al. 2000). Halitunal compound isolated from Halimeda tuna
displays antiviral toward murine coronavirus AS59 in in vitro condition (Koehn
et al. 1991). Two new compounds, Capisterones A and B, are triterpene sulfate
esters isolated from green alga Penicillus capitatus, which shows antifungal activity
against marine algal pathogen Lindra thallasiae (Puglisi et al. 2004).

The brown algae color is mainly due to the presence of xanthophyll and fucoxan-
thin pigments, which mask the presence of other pigments (chlorophyll a and ¢, §
carotenes). Currently there are 1200 compounds reported from brown algae
(Phaeophyceae). Leptosins K, K1, and K2 compounds from Sargassum tortile
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exhibited antitumor activity against sarcoma 180 as cites and cytotoxicity against
cultured P388 cells (Takahashi et al. 1995). The compound Stypoldione from
Stypopodium zonale brown alga is found to possess ichthyotoxic effect
(Gerwicket al. 1979). Cis-dihydroxy tetra hydrofuran isolated from brown alga
Notheia anomala found in southern coast of Australia showed nematocidal activity
against parasitic nematodes such as Trichostrongylu scolubriformis and
Haemonchus contortus (Capon et al. 1998). Lobophorolide isolated from brown
alga Lobophora variegate possesses potent anti-fungal activity against C. albicans
and is highly specific against Dendroyphiella salina and Lindra thalassiae (Kubanek
et al. 2003).

Lopophorins A and B compounds from brown alga Lobophora variegate com-
pound illustrated good anti-inflammatory activity (Jiang et al. 1999). Dictyota pfaffi
isolated compound displayed strong anti-human syncytial virus (HSV)-1 activity
and moderate activity against human immunodeficiency virus (HIV)-1 reverse
transcriptase (Pereira et al. 2004); Dictyota dichotoma obtained compounds such
as diterpenes, dictyolactone, and sanadaol that showed algicidal activity against
dinoflagellate Alexandrium catanella (Finer et al. 1979); Ecklonia cava derived
8,8"- bieckol (Fukuyama et al. 1989); and 8,4”- bieckol showed activity against
HIV-I and fucosterol from Pelvetia siliquosa that displayed antidiabetic activity (Lee
et al. 2004).

In red algae, the presence of pigments phycoerythrin and phycocyanin are
responsible for red coloration, whereas those compounds suppress other pigments
xanthophylls, p- carotene, and chlorophyll a and thus are termed as red algae (Bold
and Wynne 1985). The red algae Portieria hornemanii produced halmon
(polyhalogenated monoterpene) and showed antitumor activity in in vitro condition
(Fuller et al. 1992). The red algae Gigartina tenella compounds Sulquinovosyl
diacylglycerol, sulfolipid KMO043, and KMO043 are a class of 6-sulf-a-
D-quinovopyranosyl-(I — 3_)-1,2 diacylglycerol (SQDG) compounds and have
potential antiviral activity against HIV-1 reverse transcriptase (Ohata et al. 1998).
Chondriamide C and 3- indol acrylamide were isolated from red algae Chondria
atropurpurea and displayed anthelmintic activity toward Nippostrongylus
brasiliensis (Davyt et al. 1998). Vidalols A and B were isolated from red alga
Vidalia obtusaloba shown DPPH radical scavenging activity (Choi et al. 2000).

The red alga Symphyocladia latiussula produce cyclohexanone shown free radi-
cal scavenging activity (Choi et al. 2000). Digenea simplex derived amino acid (a-
alkokainic acid) shown potent neurophysiological activity in mammals (Biscoe et al.
1975; Ferkany and Coyle 1985). Laurancia pinnata synthesized compound
Laurepinacine and isolaurepinnacin showed insecticidal activity (Fukuzawa and
Masamune 1981). Laurencia brongniarti derived four polybrominated indoles has
a potential antimicrobial activity against Saccharomyces cerevisiae and Bacillus
subtilis (Carter et al. 1978). Tichocarpus crinitus red algae obtained tichocarpols
A and B showed antifeedant activity against Strongylocentrotus intermedius (Ishii
et al. 2004).

Fucoxanthin is a member of carotenoid present in various species of brown algae
exhibited different pharmaceutical applications such as antioxidant activity,



5 Marine Microbial Pharmacognosy: Prospects and Perspectives 97

anticancer, anti-inflammatory, antiobesity, neuroprotective effect, antiangiogenic,
and skin protective effect (Kim and Pangestuti 2011). The marine algae—derived
sulfated polysaccharides are the source for numerous health beneficial activities such
as antioxidant, anticoagulant, anti-allergic, anti-human immunodeficiency virus,
immunomodulating activities, and anticancer activities (Ngo and Kim 2013).

5.4  Marine Bacteria: A Promising Resource for Biomedical
Application

Ever since the inception of mankind, nature has been nourishing us with valuable
resources for the sustainability of humans by providing necessity for survival like
food, shelter, and protection. Extensive screening of marine actinobacteria was
started from early 1969 to formulate antagonistic compounds (Weyland 1969).
Early evidence shows members of actinomycetes like Aeromicrobium marinum,
Dietzia, Marinophilus, Rhodococcus, Salinibacterium, Salinispora, Solwaraspora,
Streptomyces, Verrucosispora, Arthrobacter, Streptomyces, Corynebacterium,
Frankia, Micrococcus, and Micromonospora synthesize numerous important
compounds that have a huge variety of pharmaceutical applications (Solanki et al.
2008).

Marine actinobacteria are the main source for novel secondary metabolites,
around the 1970s there were only 11 genera of actinomycetes reported and then in
2005 the number rose to 100 whereas in 2010 the numbers doubled to around 220.
The reason behind such a sharp increase in genera is the advancements in sequencing
techniques that revealed novel actinomycetes (Subramani and Aalbersberg 2013).
Actinobacteria are filamentous, Gram-positive bacteria belonging to the
Actinomycetaceae family. Streptomyces are known for their unsurpassed amount
of secondary metabolite productions that account for 80% actinobacterial natural
products (Manivasagan et al. 2014a, b). The marine actinobacteria are found in
diverse biological sources (seawater and sediment, sponges, seaweeds, fish,
mollusks, and mangroves) and several reports indicated that marine actinobacteria
have several biotechnological applications such as antitumor agents, antibiotics,
enzyme, immunosuppressive agents, and pigments (Fenical and Jensen 2006; Bull
and Stach 2007; Dharmaraj 2010; Mayer et al. 2011).

The extensive search of bioactive compounds from microorganisms has led to the
discovery of 23,000 antibiotics, and several reports have been published related to
marine actinobacteria that are biologically active molecules (Lam 2006; Solanki
et al. 2008; Zotchev 2012; Manivasagan et al. 2014a, b; Subramani and Sipkema
2019) Apparently, only minor fraction of marine actinomycetes natural products
were discovered, but with recent sophisticated techniques made accessibility for
isolation and identification of numerous bioactive compounds, which are in
pipelines for antimicrobial, anticancer, anti-inflammatory and neuromodulating
drugs.
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5.4.1 Antibacterial Activity

Typically, antibacterial activity implies any element that kills the bacteria or inhibits
bacterial growth or it will help to inhibit or kill the infectious diseases causing
antibiotic-resistant microorganisms. Riedlinger et al. (2004) isolated novel polycy-
clic polyketide (Abyssomicin C) antibiotic form Verrucosispora sp., a potent inhib-
itor of p-aminobenzoic acid biosynthesis that will lead to inhibition of folic acid
biosynthesis, an earlier stage inhibition than the well-known synthetic sulfa drugs.
Abyssomicin C has potential antibacterial activity against vancomycin-resistant,
against Gram-positive bacteria and multi-drug resistant Staphylococcus aureus. A
novel compound, bonactin displays antimicrobial activity against both Gram-
positive and Gram-negative bacteria that are obtained from the liquid culture of
Streptomyces sp. BD21-2, the culture was accumulated from Kailua Beach, Oahu,
Hawaii (Schumacher et al. 2003).

El-Gendy et al. (2008a, b) isolated Streptomyces sp. Merv8102 from sediments of
the Mediterranean Sea at the Egyptian Coast and extracted Essramycin
(triazolopyrimidine) antibiotic. The compounds shown antibacterial activities
against Gram-positive, Gram-negative bacteria like as Bacillus subtilis (ATCC
6051), Escherichia coli (ATCC 10536), Staphylococcus aureus (ATCC 6538),
Pseudomonas aeruginosa (ATCC 10145), and Micrococcus luteus (ATCC 9341).
Hughes et al. (2008) isolated Streptomyces sp. CNQ-418 from La Jolla, California,
and extracted densely halogenated and axially chiral metabolites of marinopyrroles
A that contain uncommon bispyrrole structure. The marinopyrroles have potential
antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA).
Caboxamycin is a new antibiotic (benzoxazole) produced by Streptomyces sp.,
are isolated from deep-sea sediments of Canary Basin has inhibitory activity against
Gram-positive bacteria (Hohmann et al. 2009a, b, c).

5.4.2 Antifungal Activity

Several unique structural features of bioactive compounds were obtained from a
variety of marine actinomycetes, yet research is conducted to find the novel
antibiotics against pathogenic fungi (Subramani and Sipkema 2019). The common
saprophytic nature Streptomyces species are significant to produce complex
antibiotics and biopolymers (Wanner 2009). In south China, the sponge (Craniella
australiensis) associated Marine Streptomyces sp. DA11 was found to produce
chitinase enzyme that exhibited antifungal activities against Candida albicans and
Aspergillus niger (Han et al. 2009).

Daryamides are a novel antifungal compound isolated from marine sediment
Streptomyces strain, CNQ-085, that shows antifungal activities against Candida
albicans with moderate or weak cytotoxicity against human colon carcinoma cell
line HCT-116 (Asolkar et al. 2008). The antibiotic N-(2-hydroxyphenyl)-2-
phenazinamine (NHP) was obtained from Nocardia dassonvillei, which has antifun-
gal activity against C. albicans (Gao et al. 2012). Numerous compounds revealed
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antifungal activity such as Trioxacarcins, Bonactin, Aureoverticillactam,
Rapamycin, FK520 Ascomycin, and Jinggangmycin against some clinically impor-
tant pathogens like Aspergillus flavus, Trichoderma ressei, C. albicans, Aspergillus
niger, and Alternaria alternate.

5.4.3 Anticancer Activity

In recent years, cancer has been the second leading disease with high fatality of about
9.6 million death in 2018. Thus a huge urge for anticancer compounds have raised,
result in diverse avenue of researchers extending further pursuit in finding novel
anticancer compounds from actinobacteria. Cancer is one of the leading human
health problems, breast cancer is responsible for second most causes of deaths in
women (Ravikumar et al. 2010). Several therapeutic treatments are available to
counter cancer, which includes immunotherapy, radiotherapy, and chemotherapy
even though cancer could not be defeated till date as a major issue for mankind
(Gillet et al. 2007). Salinosporamide A has shown inhibitory effects against various
malignant cell types that were isolated from Salinispora tropica in oceanic
sediments (Prudhomme et al. 2008). Salinosporamide A is a proteasome inhibitor
which leads to apoptosis in multiple myeloma cells, subsequently entered to phase I
of human trials for solid tumors, multiple myeloma and lymphoma (Jensen et al.
2007; Feling et al. 2003). Stritzke et al. (2004) isolated Streptomyces sp. B6007 from
mangrove sediment in Papua New Guinea, acquired caprolactones, which showed
moderate cytotoxicity and low cytotoxicity against cancer cells. Miller et al. (2007)
isolated Streptomyces sp. CNQ-593 from marine sediments in Guam, and
piperazimycins A-C (cyclic hexadepsipeptides) were extracted from the fermenta-
tion broth of a Streptomyces sp. with cytotoxic activities against the human colon
carcinoma HCT-116 cell line with cytotoxicity of GI50 of 76 ng/mL for each.
Piperazimycin A also exhibits potent vitro biological activity against multiple
(60) cancer cell lines. Nocardiopsis lucentensis strain CNR-712 produced
Lucentamycins 3-methyl-4-ethylideneproline-containing peptides and
Lucentamycins showed cytotoxicity against HCT-116 cell line (IC50 values of
0.20 and 11 pM) (Cho et al. 2007).

5.4.4 Cytotoxic and Cytostatic Activity

Salinosporamide A has shown potential cytotoxicity against HCT-116 human colon
carcinoma, MDA-MB-435 breast cancer, SF-539 CNS cancer, NCI-H226 non-small
cell lung cancer, and SK-MEL-28 melanoma cells (Feling et al. 2003). Two new
polyketides furanones A and B have been isolated from fermentation broth of
Streptomyces CNQ766, found in the marine sediments displayed weak in vitro
cytotoxicity against macrophages and splenocyte T-cells (Cho et al. 2006).
Nocardiopsis lucentensis strain CNR-712 isolated from the sediment of saline
pond in Bahamas exhibits Lucentamycins compound (3-methyl-4-
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ethylideneproline-containing peptides) that showed cytotoxicity against colon carci-
noma HCT-116 cell line (IC50 values of 0.20 and 11 pM) (Cho et al. 2007).
Arenamides A is a cyclohexa depsipeptide, isolated from the fermented broth of
actinobacterial S. arenicola CNT-088 strain obtained from a depth of 20 m marine
sediments in Kandavu Island chain, Fiji. Arenamides A possess weak in vitro
cytotoxicity against human colon carcinoma HCT-116 (IC50 values of 13.2 and
19.2 g/mL) (Asolkar et al. 2008). The cyclic hexadepsipeptides, Piperazimycins
were obtained from Streptomyces sp. CNQ-593 fermentation broth, exhibited
in vitro cytotoxic against human colon carcinoma HCT-116 cell line melanoma
(average LC50 of 0.3 pM), leukemia cell line (average LC50 of 31.4 pM), prostate
cell lines (average LC50 of 0.6 pM), and central nervous system (average LC50 of
0.4 pM), respectively. Proximicins A, B, and C produced by Verrucosispora strain
MG-37, Verrucosispora maris AB-18-032, displayed strong cytostatic effect against
various human tumor cell lines such as hepatocellular carcinoma Hep G2 (GI50 of
0.82, 9.5, and 0.78 uM), adenocarcinoma AGS (GI50 of 0.6, 1.5 and 0.25 pM), and
hepatocellular carcinoma Hep G2 (GI50 of 0.82, 9.5, and 0.78 pM, respectively)
(Schneider et al. 2008).

5.4.5 Anti-Inflammatory and Anti-Parasitic Activity

One of the major challenges faced by developing tropical countries are infectious
diseases that is one of the foremost causes of death. About 335 infectious diseases
were reported between 1940 to 2004 (Jones et al. 2008). The prominent new
discovery of effective bioactive compounds from marine environment has started
countering the burden of infectious disease. Abdelmohsen et al. (2010) reported
90 actinomycetes from 11 different species with anti-infective activities against
clinically potential organisms such as Gram-negative (Escherichia coli, Pseudomo-
nas aeruginosa), Gram-positive (E. faecalis, S. aureus) bacteria, human parasites
(Leishmania major, Trypanosoma brucei), and fungi (C. albicans). Globally, the
parasitic disease is one of the major health problems to humans, and it is responsible
for one million deaths every year and it is almost close to the number of deaths
caused by AIDS (Antoszczak et al. 2019; Bhatti et al. 2016). The tropical disease
caused by parasitic protozoa Leishmania, the species are Leishmania major,
L. amazonensis, Leishmania aethiopica, L. tropica, Leishmania mexicana, Leish-
mania braziliensis, Leishmania donovani, and Leishmania Mexicana. Pimentel-
Elardo et al. (2010) obtained secondary metabolites form marine sponge associated
Streptomyces sp. that showed antiparasitic activities against 7. brucei (staurosporine
1C500.022 pM; valinomycin IC500.0032 pM; butenolide 1C5031.77 pM) and
L. major (staurosporine IC505.30 pM; valinomycin IC50 < 0.11 pM;).
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5.4.6 Antimalarial and Antiviral Activity

Malaria remains one of the devastating infectious diseases globally caused by
protozoan parasites of the Plasmodium genus, and its species include Plasmodium
vivax, Plasmodium falciparum, Plasmodium ovale, Plasmodium malariae, and
Plasmodium knowlesi that are together responsible for two million deaths with
300 million clinical cases annually. The global prevalence evidently showed that
P. falciparum causes higher mortality rates compared to other species of Plasmo-
dium (World Health Organisation 2014). The potential peptide from Streptomyces
sp. LK3 (JF710608) was isolated from a Nicobar marine sediment sample that
exhibited antiplasmodial activity with IC50: 25.78 mg/ml (Karthik et al. 2014).
Marinacarbolines (A — D) compounds are produced by Marinactinospora
thermotolerans SCSIO 00652 which belongs to Nocardiopsacea family, exhibited
antiplasmodial activity against Plasmodium falciparum with IC50 values ranging
from 1.92 to 36.03 pM (Huang et al. 2011). Marine actinobacteria Streptomyces
nitrosporeus derived compound benzastatin exhibits antiviral activity against sim-
plex virus type 1 (HSV-1), Vesicular stomatitis virus (VSV), Herpes simplex virus
type 2 (HSV-2) with EC50 values of 1.92, 1.99, and 0.53 pg/mL (Lee et al. 2007).

5.4.7 Antioxidant and Anti-Angiogenesis

Antioxidant compounds retard or prevent the oxidation of lipid. The marine isolate
Nocardiopsis alba produced (Z)-1-((1-hydroxypenta-2,4-dien1-yl)oxy) anthracene-
9,10-dione compound showed significant in vitro antioxidant capacity (Janardhan
et al. 2014). The Streptomyces VITSVKS spp. was isolated by marine sediment at
the Marakkanam coast in the Bay of Bengal, India, with a compound
5-(2,4-dimethylbenzyl)pyrrolidin-2-one  (DMBPO), which exhibited significant
antioxidant activity (50.10% at 5 pg/ml DMBPO) (Saurav and Kannabiran 2012).
Secondary metabolites, Dermacozines A-G (phenazine compounds) were obtained
from Dermacoccus, which shows significant antioxidant properties (Pathom-Aree
et al. 2006). Angiogenesis is an essential step for the formation of new blood vessels
from pre-existing vessels and it is a vital step for tumor cell proliferation (Risau
1997). Streptomyces sp. isolated from the deep-sea sediment at Ayu Trough exhibit
Streptopyrrolidine compounds with significant anti-angiogenesis activity (Shin et al.
2008). The compound Cyclo-(L-Pro-L-Met) was isolated from fermentation broth of
a marine-derived actinomycete Nocardiopsis sp. 03 N67 showed anti-angiogenesis
activity against human umbilical vein endothelial cells (HUVECs) (Shin et al. 2010).

5.4.8 Exopolysaccharides (EPSs)
Polysaccharides are high molecular weight polymers that are vital material for

synthesizing microbial and plant cell walls, and they can be produced as both
intracellular or extracellular polysaccharides (EPSs) during extreme environmental
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conditions. These natural polysaccharides have an exceptional physical characteris-
tic that has extensive applications in the pharmaceutical field. Okutani (1984, 1992)
reported polysaccharides from Vibrio and Pseudomonas with antitumor, antiviral,
and immunostimulant activities. A. infernus produced exopolysaccharide displaying
anticoagulant property (Senni et al. 2011).

5.4.9 Biosurfactants

Biosurfactants or biological surfactants are microbial compounds with a wide range
of structural variety (fatty acids, glycolipids, lipopeptides, phospholipids and neutral
lipids, polysaccharide-protein complexes) produced by bacteria, yeast, and fungi
(Mnif and Ghribi 2015). Initially, biosurfactants are used in pollution remediation
and some surface-active compounds are used as anti-adhesive agents against several
pathogens, anti-biofilm against human multi-drug resistant pathogens, antibacterial,
antifungal, antiviral, and anti-cancer activities (Singh and Cameotra 2004).

5.4.10 Microbial Biopolymers

The microbial origin naturally occurring biopolymers are produced by variety of
microorganisms, most of them are of bacterial sourced biopolymers. Bacterial poly
hydroxyalkanoates (PHAs) are polyesters synthesized by a wide variety of
300 Gram-positive and Gram-negative species as a carbon/energy storage material
(Rehm 2003). Due to its microbial origin, PHB is gaining more interest in medical
applications. The unique properties of these polymers are utilized as drug carriers,
biocontrol agents, antibacterials, tissue engineering, biodegradable implants, anti-
cancer agents, and also as memory enhancers (Ray and Kalia 2017).

5.5 Pharmacological Effects of Marine Fungi-Derived
Biomaterials

Marine fungi are rich in diversity of species, phylogenetic distribution and natural
products (NPs) whereas in recent years extensive research has provided thorough
data about marine resources (Richards et al. 2012; Imhoff 2016; Rdmi et al. 2016;
Taylor and Cunliffe 2016). The diverse physical and chemical growth conditions of
fungi are the prime reason for the production of novel drugs whereas certain marine
fungal metabolic pathways are entirely distinct from terrestrial fungi (Kijjoa and
Sawangwong 2004; Abdel-Lateff 2008). Marine Fungai are a potential producer of
secondary metabolites like peptides, alkaloids, terpenes, and mixed biosynthesis
compounds. Two new indole alkaloids, (2-3, 3- dimethylprop-1- ene)-
epicostaclavine and (2-3, 3-dimethylprop-1-ene)-costaclavine, are known
compounds of costaclavine, fumgaclavine with antibacterial activity obtained from
Aspergillus fumigates (Kossuga et al. 2012).
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Several marine fungi such as Trimmatostroma salinum, Phaeotheca triangularis,
Aureobasidium pullulans, Hortaea werneckii, and Cryptococcus liquefaciens pro-
duce photo-protective compounds (mycosporines). These compounds absorb UV in
the range of 310-320 nm (Kogej et al. 2006). Zopfiellamide A is a pyrrolidinone
derivative; it was obtained from marine fungi Zopfiella latipes, which inhibits the
growth of Gram-negative Acinetobacter calcoaceticus and Gram-positive Bacillus
subtilis, Bacillus brevis, Corynebacterium insidiosum, B. licheniformis, Micrococ-
cus luteus, Corynebacterium insidiosum, Arthrobacter citreus, Mycobacterium
phlei, and Streptomyces sp. (Daferner et al. 2002). Marine fungal antiviral
compounds such as phomasetin, equisetin, and integric acid showed significant
anti-HIV activities based on bioassay experiments, and Sansalvamide A compound
obtained from Fusarium sp. was found against pathogenic poxvirus Molluscum
contagiosum (MCV) (IC50 = 124 IM) (Hwang et al. 1999).

5.6 Conclusion

This chapter provides firsthand information of marine microbial products and its
marine genetic resources of commercial interest. The marine microbes possess
potentially untapped resources, and if utilized properly they will lead to the discov-
ery of novel compounds that can revolutionize the pharmaceutical industry. In recent
years, a number of patents and scientific publications have demonstrated the impor-
tance of marine genetic resources to the scientific community. The remarkable new
methodologies of underwater exploration, bioassays, recent technology in cultiva-
tion of marine microorganisms combined with proteomics, genomics, DNA shuf-
fling, combinatorial chemistry, bioinformatics, and DNA shuffling are used to
rapidly screen the bioactive compounds from marine microbes. Marine microbes
can produce chemically unique secondary metabolites, will have greatest impact on
marine natural products (MNP), and will eventually lead to revealing unexplored
pharmaceutical significant bioactive compounds. As a result of improved
methodologies in marine microbes and bioactive metabolites isolation has led to
successful pipelines in pharmaceutical fields, Carrol et al. (2019) clearly elucidated
that in last 10 years there is about 41% jump in discoveries of MNP was observed.
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Abstract

The actinobacteria are well studied from the terrestrial ecosystems for the sec-
ondary metabolites production. However, the marine actinobacteria that thrive
under various stress conditions are less explored for the novel drugs and thera-
peutic agents. Among various marine habitats, mangrove sediments, mangrove
plants, and natural wetlands are still less explored. Both conventional techniques
and modern molecular techniques are the most significant approaches for mining
the diversity of actinobacteria that persist in the marine ecosystem. The omics
techniques, for instance, marine metagenomics, metatranscriptomics, and
metaproteomics, make the basis for the identification of new organisms and the
development of new drugs. Further, the sequence and function-based analysis of
the genes that encode specific pharmaceutically active compounds allows the
identification of novel strains of actinobacteria with several pharmaceutical
applications. Moreover, the marine actinobacteria are studied for the hydrolytic
enzymes like proteases, amylases, cellulases, etc., that can withstand various
extreme conditions of salt, pH, and temperature. They also play an ecological
role in nutrient cycling. The bioactive compounds produced by marine
actinobacteria are also applicable in phytopathogen control. Thus, the present
book chapter focuses on various newly isolated actinobacteria from different
marine habitats, their diversity, and pharmaceutical applications.
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6.1 Introduction

The actinobacteria are Gram-positive bacteria that exhibit filamentous growth with
high G + C content in their DNA. The large ranges of actinobacteria are explored for
antibiotics and enzymes production and among them 80% antibiotics are produced
by Streptomyces sp. The actinobacteria play an important role in nutrient cycling by
degrading organic matter and producing enzymes such as chitinase and lignocellu-
lose (Khanna et al. 2011). The actinobacteria producing secondary metabolites are
explored from terrestrial habitats; however, the mangrove, marine sediments,
wetlands as well as coastal regions are least explored which would be a source of
novel actinobacteria that might produce unique bioactive compounds useful in drug
discovery. The marine actinobacteria are more potent producers of novel biological
compounds as compared to the terrestrial relatives due to their molecular diversity
(Maldonado et al. 2005). The marine actinobacteria are known biofactory that
efficiently produces the bioactive compounds that show a range of activities such
as antibacterial and antifungal activity against human and plant pathogens, antican-
cer, antiviral, and antioxidant activities as well as produces various enzymes and
their inhibitors (Solanki et al. 2008). The enzymes from the actinobacteria can
sustain in the presence of harsh conditions such as high pH, temperature, and salt.
The marine actinobacteria are studied as a source of fuel to generate the bioelectricity
(Rajagopal and Kannan 2017).

The metagenomic studies revealed the complexity and diversity of microbiome
associated with marine habitats. The metagenomics of the rhizosphere of terrestrial
plants is studied well but the rhizobiome of the marine plants such as seagrasses is
less explored (Cucio et al. 2016). The novel biological compounds can be explored
using metagenomics and biotechnological approaches (Huete-Pérez and Quezada
2013). The metabolic diversity of actinobacteria is because of their large genome
size and due to their ability to regulate the gene coding for various metabolites in the
stress conditions (Trujillo 2008). More recently, Xu et al. (2018) discovered the
antibiotic tunicamycins that have anti-complement properties based on the genome
analysis of marine actinobacteria Streptomyces sp. DUT11 (Xu et al. 2018). The
metagenomic studies also revealed marine actinobacteria that have low G + C (33%)
content in their DNA and cell volume was 0.013 pm® known as ultra-small
actinobacteria. Moreover, the new sub-class, “Candidatus Actinomarinidae” was
proposed by Ghai et al. (2013).

The novel actinobacteria are also explored from the mangrove environments. The
endophytic actinobacteria from mangrove plants have drawn more attention for
diverse biological compounds (Qu et al. 2017). As work done previously, the first
actinobacterium isolated from the sediment of the ocean was not considered as a
marine organism and believed that it was a dormant spore of terrestrial organisms.
However, further studies proved that they are marine forms of organisms (Mincer
et al. 2002; Lam 2006). Despite this, the marine actinobacteria producing bioactive
metabolites are not classified on the basis of various bioactivities instead of structural
similarities. The marine actinobacteria also show probiotic potential against
pathogens and exhibit multidrug-resistant (Norouzi et al. 2018). They also play a
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vital role in nanotechnology as they synthesize nanoparticles such as silver, gold,
and other metal ions. It enhances the production of bioactive compounds
(Puttaswamygowda et al. 2019).

Therefore, this chapter highlights the role of actinobacteria found in various
marine habitats, their diversity based on culture-dependent and independent
approaches, and their potential to produce novel bioactive compounds.

6.2 Distribution of Actinobacteria in Various Marine Habitats

6.2.1 Wetlands

The wetland habitats are the most productive ecosystem on the earth and significant
biologically. The scientist of China studied the coastal wetlands and wetland soils to
explore the novel actinobacteria and pharmaceutically important compounds (Djokic
etal. 2011). They studied the Yalujiang coastal wetland of North China and isolated
new actinobacteria. The characterization of various sites of this habitat is performed
from the sediment samples. The habitat is unique due to saline and alkaline nature of
soil, i.e., salinity (% w/v) around 0-30.4% and 5-14 pH. The rhizospheric sites of
straw and seepweed of the sediment sample were recently studied (Yu et al. 2015).
According to the study, a total of 172 actinomycetes were reported and among them
the majority of isolates belonged to Streptomyces strains inhabiting the root rhizo-
sphere. The isolates showed antibacterial and antifungal activities that significantly
showed that the wetlands are the source of biologically important compounds. The
meta-analysis of wetland soils showed that 66% of the isolates belonged to order
Actinomycetales while the dominant genus was Mycobacterium (Lv et al. 2014). The
saline wetlands (218.62 g/L NaCl) are studied for the antimicrobial actinomycetes as
they are an unexplored environment and important for the screening of novel
secondary metabolites (Trabelsi et al. 2016). Thus, it is very significant to explore
the wetland habitats for microbial diversity as well as to retrieve novel biologically
active compounds.

6.2.2 Mangrove Sediments

Mangrove ecosystems occupy 181,000km? area worldwide and mainly found in the
tropical and subtropical regions. They are largely unexplored for secondary metabo-
lite producing actinomycetes (Jusoff 2013). The Streptomyces produces a total of
80% of the known antibiotics. The Streptomyces strains showed antifungal activity
against Candida albicans isolated from mangrove habitat (Palla et al. 2018). The
group of Chinese people worked on the discovery of drugs from mangrove environ-
mental samples such as plant tissue and rhizospheric soil (Hong et al. 2009). The
bioactive actinomycetes showed antifungal and antibacterial activities and also
showed activity against the tumor cell line. They found that the actinomycetes
isolated from the mangrove habitats are a rich source of drugs that can be used for
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various diseases. Also, the halophilic actinomycete is isolated from the mangrove
ecosystem able to grow on the ISP-2 International Streptomyces Project (ISP)
medium containing 5-7% (w/v) NaCl and pH 9 (Priya et al. 2014). The tropical
mangrove sediments were explored for isolation of novel actinomycetes sp. such as
Streptomyces pluripotens sp.nov. MUSC135" showed antimicrobial activity against
pathogens such as Bacillus subtilis, Staphylococcus epidermidis, Klebsiella oxytoca,
Enterococcus faecalis, Salmonella typhi, and methicillin-resistant Staphylococcus
aureus (MRSA). The actinobacteria isolated from proximal, middle, and distal zones
of mangroves located in Andaman and Nicobar Islands, India showed activity
against pathogens (GopalakriShnan et al. 2016). As far as the environmental
problems are concerned, the marine actinobacteria are studied for the production
of antifouling compounds to prevent the marine biofouling from mangrove and
estuarine sediments (Gopikrishnan et al. 2013). The rare actinobacteria such as
Actinomadura, Rhodococcus, Nonomuraea, Rhodococcus, and Nocardia were
isolated from mangrove habitats in China (Hong et al. 2009). Similarly, the novel
compounds such as antibiotic butremycin, 5'-methylthioinosine, and a novel alka-
loid 2-(furan-2-yl)-6-(2S, 3S, 4-trihydroxybutyl) pyrazine from the rare
actinobacteria are also reported (Azman et al. 2015; Wang et al. 2014).

6.2.3 Associated with Marine Plants/Sea Grasses

The actinobacteria isolated from the rhizospheric ecosystem of the plant showed
plant growth-promoting activities and make nutrients available to the plants. The
marine endophytic actinomycetes were isolated on actinomycete isolation agar
(AIA) from the various plant parts such as leaves, twings, and buds of the mangrove
plant Avicennia marina, collected from Muthupet Mangrove region, South East
Coast of Tamil Nadu, India (Rajivgandhi et al. 2018). Recently, Jiang et al. (2018)
reported endophytic actinobacteria as an important pharmaceutical resource and the
genus Streptomyces was most abundant. The actinobacteria isolated from the rhizo-
sphere of the mangrove plant were also studied for the L-asparaginase enzyme
(Pitamber et al. 2014). The novel actinobacterium Kocuria pelophila sp. was isolated
from the rhizosphere of a mangrove (Hamada et al. 2016). Since the last few years,
the endophytes thrive in mangroves regions have gained attention due to newly
isolated novel actinobacteria (Sun et al. 2017; Jiang et al. 2017). The Streptomyces
sp. BCy was isolated from seagrass Cymodocearotundata (Damayanti et al. 2018).
Recently, the genera belonging to actinobacteria such as Sachharomonospora and
Kocuria endophytes isolated from roots of seagrass Cymodocea serrulata were
screened for their in vitro plant growth-promoting attributes such as inorganic
phosphate solubilization, IAA (Indole acetic acid) production, and ammonia pro-
duction (Jose et al. 2014).
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6.3 Novel Actinobacteria Isolated from Various Marine
Habitats

The novel bioactive compounds from the actinobacteria are most important in drug
discovery to combat against pathogens. The novel biological compounds from
actinobacteria display antibacterial, antioxidant, antifungal, antitumor, antiviral
and cytotoxic activity and are potentially applicable in pharmaceutical industries
and agriculture. The Streptomyces sp. is a major source of secondary metabolite
production. Previously, a novel marine actinobacteria Streptomyces variabilis RD-5
with antibacterial and antioxidant activities were isolated from sea sediments of Gulf
of Khambhat, Gujarat (Dholakiya et al. 2017). Similarly, a novel marine actinomy-
cete Streptomyces xiaopingdaonensis sp. nov. was isolated from Xiaopingdao in
Dalian, China (Chen et al. 2015). The physiological characteristics and chemotaxo-
nomic characteristics of various novel actinobacteria from diverse marine habitats
are illustrated in Tables 6.1 and 6.2.

6.4  Molecular Diversity of Actinobacteria

The cultural and molecular characterizations are the most significant aspects to study
novel actinobacteria from various habitats. It includes both culture-dependent and
culture-independent approaches.

6.4.1 Culture-Dependent Approaches

The culture-dependent approach is most important for the isolation of novel
actinobacteria. However, the isolation samples are generally pre-treated specially
to exclude the commonly found microbes and this enhances the chances to isolate
the novel and unique microbes. For the cultural characterization of actinobacteria,
standard serial dilution and spread plate techniques are generally used. In addition,
the cultural media such as 1 to 7 ISP (International Streptomyces Project) medium
and starch agar medium are generally used supplemented with the NaCl (w/v). The
alkaline pH is maintained as marine bacteria sustain in saline and alkaline environ-
ment (Gohel and Singh 2015). For the physiological characterization, the isolates are
generally screened for the salt, pH, and temperature tolerance as described in
Bergey’s manual (Holt et al. 1994). The marine actinobacteria can also be
characterized on the basis of morphology such as filamentous structure, aerial
mass color, aerial and substrate mycelium color, melanin pigments, diffusible
pigments as well as based on spore morphology. The pigment producing marine
actinobacteria was used as bio-pigments in textile dyeing and bio lip balm
preparations in China (Chakraborty et al. 2015). In addition, the biochemical and
enzymatic characterization such as screening of extracellular protease, amylase,
catalase, and urease is also most important for the isolation of unique and novel
actinobacteria (Singh et al. 2016). Moreover, the BIOLOG assay describes the
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Table 6.1 Physiological parameters of various marine actinobacteria

Salt
Sr. (% T
No. | Name of organism Study site w/v) | pH “0) References
1 Nocardiopsis Okha Madhi, 0- 7.0- |30°C | Gohel and Singh
xinjiangensis strain | coastal region 20% 11.0 (2018)
OM-6 of Gujarat, India
2 Blastococcus litoris | Sea-tidal flat 0— 7.0- |28- Lee et al. (2018a)
sp. nov. sediment 3% 9.0 37°C
sample from
Gopado,
Republic of
Korea
3 Glycomyces Silt sample from | 5% - 35— Wang et al. (2018)
xiaoerkulensis Xiaoerkule lake 37°C
sp. nov. in Xinjiang
province, China
4 Euzebya rosea Surface 0.5— 6.0— | 15— Yin et al. (2018)
sp. nov. seawater of the 5.0% 9.0 45°C
East China Sea
5 Glycomyces Marine 25— |6.0- |25- Mohammadipanah
sediminimaris sediment, 12 m 5% 8.0 35°C |etal. (2018)
sp. nov. depth in
Rostami
seaport,
Bushehr
Province in Iran
6 Streptomyces Sediments of a 1% 12 28 °C | Luo et al. (2018)
salilacus sp. nov. salt Lake,
Xiaoerkule
Lake, Xinjiang,
China
7 Tessaracoccus Intestine of a 0- 7-9 15— Tak et al. (2018)
aquimaris Korean 4% 37°C
rockfish,
Sebastes
schlegelii
8 Streptomyces Salt water beach | 1% - - Ma et al. (2017)
kalpinensis sp. nov. | at Kalpin,
Xinjiang, north-
west China
9 Salinifilum Meighan 12— 5.5- |30- Nikou et al. (2017)
proteinilyticum sp. wetland in Iran 25% 10.5 |50°C
nov.
10 Saccharopolyspora | Aiding salt lake | 12% |- - Xia et al. (2017)
aidingensis sp. nov. | in Turpan
Basin, north-
west China

(continued)
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Table 6.1 (continued)

Salt
Sr. (% T
No. | Name of organism Study site w/v) | pH “0) References
11 Nocardioides flavus | Sediment 0- 6.0- |4- Wang et al.
Sp. nov. sample 10% 9.0 40°C | (2016b)
collected from
the Western
Pacific
11 Kineococcus Mangrove 0- - 17— Duangmal et al.
magrovi sp. nov. sediment in 10% 32°C | (2016)
Thailand

metabolic potential (aerobic or anaerobic) and phenotypic fingerprints of the
actinobacteria (Dholakiya et al. 2017).

6.4.1.1 Chemotaxonomy Analysis
The identification of novel actinobacteria involves chemotaxonomical analysis
including the analysis of the cellular fatty acid content quantitatively using gas
chromatography [FAME (fatty acid methyl ester)] and identification using microbial
identification software (MIS). The cell wall composition of the actinobacteria such
as polar lipids, diaminopimelic acid, whole-cell sugar, and menaquinones is gener-
ally studied using thin-layer and high-performance liquid chromatography
techniques (Table 6.2).

The phylogeny analysis involves the extraction of genomic DNA, amplification
of 16S rRNA gene followed by sequencing, and bioinformatics analysis of 16S
rRNA gene sequence using Mega 6.0 (Thompson et al. 1997).

6.4.2 Culture-Independent Approaches

The modern molecular techniques are predominantly useful for the identification of
actinobacteria. The G + C content and DNA-DNA hybridization techniques are
molecular techniques used to determine phylogeny and taxonomy of novel
actinobacteria. The RFLP (restriction fragment length polymorphism) technique
distinguishes the species on the basis of a unique pattern of DNA fragments
generated using restriction enzymes that consequently used for the analysis of
diversity among microorganisms. The diversity of marine actinomycete genus
Salinispora was studied using RFLP analysis (Mincer et al. 2005). Similarly, the
diversity of actinomycetes from deep-sea sediments was also studied using T-RFLP
(terminal restriction fragment length polymorphism) technique which is also used to
determine single nucleotide polymorphism (SNP) (Prieto-Davé et al. 2013). The
ARDRA (amplified ribosomal DNA restriction analysis) technique involves the
digestion of PCR products with restriction enzymes followed by the analysis of
the band pattern profiles. It distinguishes the bacterial species within a genus. It has
been reported that the ARDRA technique is convenient for the diversity analysis of
actinobacteria associated with sponges and marine sediments (Menezes et al. 2010).
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Moreover, the RAPD (rapid amplified polymorphic DNA) is a PCR-based technique
that discriminates between the actinobacterial strains. It uses only one pair of primer
with arbitrary nucleotide sequences for the determination of interspecific relation-
ship among the actinobacteria (Lee et al. 2012).

6.4.2.1 Metagenomic Approach

The metagenomics is a powerful technique to study the diversity of bacteria. It
involves the direct extraction of DNA from nature (Handelsman 2004). The
sequence-based metagenomic studies revealed the genome of rare and unstudied
marine actinobacteria which are the source of unique secondary metabolites (Schorn
et al. 2016). The marine microbes are valuable sources of the novel bioactive
compounds. The development of 454 pyrosequencing technology identifies marine
microbes based on the study of variable regions. Besides the next-generation
sequencing, the study of RNA extracted from environmental sample termed as
metatranscriptomics is also important for the analysis of changes in gene regulation
as the environmental changes and also useful to study the regulation of metabolic
pathways of marine bacterial communities (Martinez et al. 2013; Wu et al. 2013).
The metaproteomics study involves the analysis of the protein sequence and it
identifies the novel functional genes that encode for bioactive compounds, enzymes,
or proteins. In functional metagenomics analyses, the metagenomic library is
screened for the clones encoding the genes of enzymes or metabolites. Thus, the
marine metagenomics study is largely significant for the discovery of novel species
and novel biocatalysts from the unexplored sites and has promising importance in
drug discovery research. Recently, metagenomic studies and the phylogenetic anal-
ysis of 16S rRNA gene sequencing showed the novel strain that contained the
hallmark genes for secondary metabolites such as polyketide synthetase (PKS) and
non-ribosomal polyketide synthetase (NRPS) (Lee et al. 2014; Rocha-Martin et al.
2014). The metagenomic analysis of wetland soils and sediments for the bacterial
and archaeal diversity revealed that the actinobacteria represented 783 sequences
and was clustered into 418 OTUs (operational taxonomic units) (Lv et al. 2014). The
microbiome of rhizosphere (rhizobiome) of marine flowering plant, seagrass species
such as Zostera marina, Zostera noltii, and Cymodocea nodosa were studied for the
diversity of actinobacteria from the North-eastern Atlantic Ocean (Cucio et al. 2016).
Recently, a review on the diversity of the endophytic actinobacteria associated with
plant isolated from various habitats such as mangrove and aquatic ecosystem was
published that signifies the use of molecular techniques for the identification of
endophytic actinobacteria (Singh and Dubey 2018).
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6.5 Pharmaceutical Importance of Marine Actinobacteria
6.5.1 Enzymatic Potential

6.5.1.1 Protease

The protease accounts for 65% of total industrial enzyme and has the applications in
detergent, leather, silk, and food industries. Due to these applications, the proteases
with novel properties from marine habitats are the focus of recent researchers. The
marine actinobacteria Streptomyces pectum RA71 isolated from Chennai was stud-
ied for screening and characterization of protease enzyme (Fernandez et al. 2018).
Recently in the year 2019, novel Streptomyces radiopugnans VITSDS isolated from
marine sponge Agelas conifer is studied for the production of fibrinolytic protease in
the sea coast of Tamil Nadu (Dhamodharan and Naine 2019).

6.5.1.2 Amylase

The amylase enzyme has many significant biotechnological applications in textile,
food, paper, and fermentation industries. According to the study conducted by Basha
and Rao (2017), mangrove microbes from marine habitats are rich sources of
industrial important enzymes particularly actinomycetes from marine habitats are
the dominant source of enzymes. The aquatic actinobacteria producing amylase
activity that belonged to genus Streptomyces were isolated from mangrove
sediments in South Iran (Kafilzadeh and Dehdari 2015). Similarly, the a-amylase
from Streptomyces pluripotens and Streptomyces chilikensis was isolated from
mangroves and was studied for the geographical effect on the amylase production
(Saavedra and Marambio-Alfaro 2019).

6.5.1.3 Cellulase

Celllulose is a renewable resource and cellulase is an important enzyme produced by
the microbes that use cellulosic substances for their growth. The marine
actinobacteria Actinoalloteichus sp. MHA1S5 was screened for their cellulolytic
activity (Rajagopal and Kannan 2017). The actinomycetes especially Streptomyces
sp. was studied for -cellulolytic activities such as hemicellulolytic and
lignocellulolytic activities. The lignocellulolytic enzymes are most important for
the environment cleaning by the process of biodegradation (Saini et al. 2015). The
cellulase-producing actinobacteria were also explored from mangrove sediments
(Mohanta 2014) and coastal areas (Kulkarni and Maurya 2017). The cellulase
enzyme is applicable in biomass treatment, waste treatment, and detergent industry.

6.5.1.4 Chitinase

The chitin is the main constituent of fungal cell wall, shrimp cells, and marine prawn
waste. The chitinase-producing actinobacteria play an essential role in carbon
nutrient cycle (Lacombe-Harvey et al. 2018). Recently, the chitinase-producing
Streptomyces sp. ACT7 was isolated from the coastal region of South India
(Thirumurugan et al. 2015). More recently, marine strains Stenotrophomona
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maltophilia were isolated from the ocean sediments with high chitinase activity
(Salas-Ovilla et al. 2019).

Other Enzymes

The actinobacteria also produce lipases, urease, and gelatinase enzymes which are
most important for the biodegradation of complex substances in nature. The marine
actinobacteria are studied for industrial important enzymes such as L-asparaginase
and DNase (Gobalakrishnan et al. 2016). The xylanase enzyme which is important in
paper and pulp industry was produced by marine actinobacteria Streptomyces
viridochromogenes (Liu et al. 2013).

6.5.2 Antimicrobial Potential

The marine actinobacteria are well known for the secondary metabolite production
and showed biological activities against pathogens. These metabolites displayed
antibacterial activities in the presence of Gram-positive and Gram-negative
pathogens such as Pseudomonas aeruginosa, Escherichia coli, Salmonella enteric,
Staphylococcus aureus, and Listeria monocytogenes (Undabarrena et al. 2016). In
addition, it displayed antifungal, antiprotozoan, and antiviral activities. The
actinobacteria are also pharmaceutically important as they have antitumor activities,
and display resistance against model antibiotics such as tetracycline, ciprofloxacin,
oxacillin, and enzyme inhibitors. Moreover, in agriculture, secondary metabolites
derived from actinomycetes act as herbicides, insecticides, and pesticides against
plant pathogens (Zotchev 2012). In Egypt, a marine Streptomyces sp. was studied for
their antimicrobial and nematicidal activities and it increased plant growth by the
production of phytohormones (Rashad et al. 2015). The marine actinobacteria
isolated from the Red Sea coast showed cytotoxic activity against breast cancer
cell lines MDA-MB-231 and antifungal activity against fungal yeast Candida
tropicalis (Abdelfattah et al. 2016). A novel marine actinobacteria Streptomyces
LK-3 isolated from marine sediments was studied for the antioxidant activities such
as metal chelating activity, nitric oxide scavenging activity, ferric reducing antioxi-
dant activity, etc. (Karthik et al. 2013). The diversity analysis of marine grass
Halodule uninervis revealed that the strains belonged to the phylum Firmicutes
was dominant and showed antagonistic activity against plant pathogenic fungi such
as Rhizoctonia solani, Pythium ultimum, Phytophthora capsici, and Pyricularia
oryzae (Bibi et al. 2018). The marine endophytic actinobacteria were studied for
their antimicrobial activity against multidrug-resistant bacteria isolated from man-
grove plants (Jiang et al. 2018) and antifungal metabolites from mangrove soil (Palla
et al. 2018). The antimicrobial activity of actinobacteria from saline wetlands was
also studied (Trabelsi et al. 2016).
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6.5.3 Novel Bioactive Compounds

The actinobacteria are a major source of the secondary metabolites as well as a
source of novel bioactive compounds with various pharmaceutical applications. In
2018, the novel bioactive compounds from the marine actinomycetes were isolated
from South China Sea sediments such as a novel a-pyrone compound from marine
Nocardiopsis sp. NHFA48, paulomenol from marine Streptomyces sp. NHF86, and a
new source of rifamycin B from Salinispora sp. NHF45 (Yang and Song 2018). A
novel bioactive compound as “(Z)-1-((1-hydroxypenta-2,4-dien-1-yl)oxy) anthra-
cene-9,10-dione” having antiviral and larvicidal activities was extracted from marine
actinobacteria Nocardia alba KC710971 (Janardhan et al. 2018). As discussed
before, the metagenomic approach is very useful for mining the novel bioactive
compounds. The metabolomic analysis of isocoumarin metabolite produced by the
marine actinobacteria Streptomyces species MBT76 revealed two novel secondary
metabolites 5, 6, 7, 8-tetramethoxyl-3-methyl-isocoumarin and acetyltryptamine
(Wu et al. 2016). In addition to this, a novel bioactive compound aporphine alkaloid
SSV has anticancer activity. It was produced by the marine actinobacteria Strepto-
myces sp. KS1908 (Kadiri et al. 2013). A novel antibiotic anthracycline and keyicin
were produced from co-culturing of the Rhodococcus sp. and a Micromonospora
sp. isolated from marine habitat (Adnani et al. 2017). The mangroves also explored
for the mining of new bioactive compounds such as novel ansamycin and their
analogs were isolated from the Streptomyces sp. KFD18 (Zhou et al. 2019).
Recently, a novel biosurfactant, Dokdolipids A — C which is a hydroxylated
rhamnolipid was obtained from the Actinoalloteichus hymeniacidonis sediment of
coasts of Dokdo island, Korea (Choi et al. 2019) and actinomycin D was derived
from marine actinobacteria Streptomyces costaricanus SCSIO ZS0073 (Liu et al.
2019). Thus, the rare actinobacteria from various marine habitats are a potential
source of unique and novel bioactive compounds (Subramani and Sipkema 2019).

6.6 Conclusion

The marine actinobacteria from various habitats are a potential source of novel
bioactive compounds. They are important in drug discovery as well as have many
pharmaceutical applications. The enzymatic potential of marine actinobacteria
highlights its applications in various biotechnological industries. The actinobacteria
associated with marine plants also play a significant role in nutrient cycling and
biodegradation of organic matter. Moreover, the new molecular approaches would
explore the diversity of marine actinobacteria from unexplored habitats. In nutshell,
the marine actinobacteria would be the best source of novel and unique biological
compounds.
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Abstract

Increased microbial resistance due to the use of antibiotics and the emergence of
new pathogenic microbes has inspired the search for new antibiotics from
microbes. Some literature states that marine actinobacteria have a lot of potential
to produce bioactive compounds, thus increasing the interest of researchers.

It was reported that there are more than 25,000 known microbial bioactive
compounds, 75% of which are produced by actinobacteria (most of which are the
genus Streptomyces), and a further 25% by the fungus, Bacillus spp. and other
bacteria. More than 10,000 antibiotics are known to have been produced from the
genus Streptomyces. This makes the genus Streptomyces very important than
others. The discovery of rare and new actinobacteria is very important and
interesting for the discovery of bioactive compounds because of the increasing
need for the development of new and potential antimicrobial agents. Provision of
access to new sources of bioactive compounds in the form of modern technology
is needed for the detection and isolation of marine actinobacteria and their
bioactive compounds. This process is then continued through the development
of improved cultivation methods with molecular technologies that needs to be
done intensively so as to produce antibiotic compounds with novel actinobacteria
including new species as previously reported.
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7.1 Introduction

The actinobacteria are a large group of Gram-positive bacteria with high G + C% and
known to have high biodiversity and chance to acquire a novel species (Otoguro
et al. 2009). Several members of phylum actinobacteria produce important second-
ary metabolites as a promising source of bioactive compounds notably including
antibiotics, antimicrobial, and enzyme (Qin et al. 2011). Actinobacteria play an
important role in producing natural products that show biological activity by
recycling to degrade waste in the environment (Mohanraj and Sekar 2013). In recent
years, marine actinomycetes have been shown to produce many new active
compounds. Important discoveries of active compounds produced by marine
microorganisms have been reported more than 50 years ago. The sea was considered
as an unfavorable environment for microbial growth due to high salt content.
Instead, land and terrestrial is considered as a supportive environment for microbial
growth. Biodiversity of marine microorganisms is an interesting thing to be studied
more deeply by researchers. The different and more varied conditions of the marine
environment compared to the terrestrial environment apparently affect the
characteristics of marine microorganisms including the types of active compounds
they produce (Meiying and Zhicheng 1998).

Marine actinobacteria are a potential source of novel bioactive compounds in
which the environmental conditions of the sea affecting bioactive properties are
entirely different from the terrestrial conditions (Meiying and Zhicheng 1998).
Actinobacteria isolated from the marine environment have been developed novel
antibiotics and reported producing a variety of enzyme inhibitors, antibiotics,
antibacterial, antifungal, and anticancer compounds (Biabani et al. 1997; Maskey
et al. 2003; Charan et al. 2004; Li et al. 2005; Sujatha et al. 2005; Fehling et al. 2003;
Riedlinger et al. 2004; Imade 2005; Peela et al. 2005; Hughes et al. 2008). A total of
97 actinobacteria strains were isolated from 24 marine samples such as seawater, sea
sediments, sponges, and corls obtained from Tamilnadu state, India (Kumari et al.
2013). It was reported that among the actinobacteria group, more than 500 species of
Streptomyces spp. have been reported and the genus of Streptomyces is the majority.

More than 70% of our planet’s surface is covered by oceans and the life on Earth
comes from the sea. The greatest biodiversity is in the oceans (Donia and Harman
2003). As an archipelagic country, the Indonesia territory is dominated by waters,
therefore an exploration of marine microorganisms is recommended, including
actinobacteria. Marine actinobacteria may have different characteristics from terres-
trial actinobacteria that might produce new bioactive compounds and new antibiotics
due to the marine environment being very different from terrestrial conditions. This
review will focus on the biodiversity of marine actinobacteria, the role of
actinobacteria in the marine environment, and actinobacteria as bioactive compound
producers.
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7.2 Actinobacteria

Phylum actinobacteria, recognized as prokaryotic organisms, are a large Gram-
positive bacteria, aerobic, non-motile, and (70-80%) high guanine-cytosine content
in their DNA and phylogenetically related to the bacteria based on the evidence of
16S ribosomal RNA. They are originally considered as an intermediate group
between bacteria and fungi.

These actinobacteria microorganisms have hyphal bearing spores of air mycelia
which have a diameter somewhat larger than mycelia substrate. Phenotypically it
was reported highly diverse and found in most natural environments (Goodfellow
and Williams 1983).

Actinobacteria found on terrestrial are known as common genera of
actinobacteria which have been mentioned before being different compared to
actinobacteria from the marine environment, in which actinobacteria from marine
were classified as rare actinobacteria. Therefore, different mediums were used to
isolate both terrestrial and marine actinobacteria. Dharmaraj (2011) reported the
morphological characteristics of marine actinobacteria, in which the colonies were
chalky, folded, and aerobic; and the aerial mycelial color patterns were a white, grey,
and yellow series that is different for all the strains. Most strain showed smooth spore
surface and rectiflexibiles hyphae, but spiral and retinaculiaperti hyphae are rare.
This distinguishes the actinobacteria morphology commonly found in the terrestrial
environment. Marine actinobacteria have unique characteristics in terms of chemical
and structural features, physiological, to survive in the marine environment (Jose and
Jha 2017). In fact, potential sources of new bioactive compounds from several
marine actinobacteria for therapeutic applications have not observed in their terres-
trial counterparts yet. Figures 7.1 and 7.2 exhibit the differences between terrestrial
and marine actinobacteria colonies.

P M

Fig. 7.1 Terrestrial actinobacteria (Rante et al. 2017; Sari et al. 2014)
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Fig. 7.2 Marine actinobacteria (Asnani et al. 2016; Sulistyani and Akbar 2014)

7.3  Biodiversity of Marine Actinobacteria

The marine environment is a vast source of acquiring new types of actinobacteria,
having the potential to produce novel bioactive natural products. Actinomadura,
Actinoplanes, Amycolatopsis, Marinispora, Micromonospora, Nocardiopsis,
Saccharopolyspora, Salinispora, Streptomyces, and Verrucosispora are some
examples of actinobacteria found from the marine environment (Manivasagan
et al. 2014)

The role of actinobacteria reflects the marine environment regardless of the
production of antimicrobe (Donadio et al. 2010; Meena et al. 2013).

It was reported that actinobacteria take a part in phosphate solubilization, nitrogen
fixation, improvement of physical parameters, immobilization of mineral nutrients,
mineralization of organic matter, and also protection of environment. The decrease
and increase of particular enzyme-producing microorganism may indicate the con-
centration of natural substrate and the environment conditions (Dastager and Damare
2013; Alharbi 2016).

The first marine actinobacteria species within the genus Rhodococcus to be
characterized, early evidences supporting the existence of marine actinobacteria
came from the description of Rhodococcus marinonascene (Helmke and Weyland
1984). It was reported that only 7-8% is the coastal area of the total sea surface and
the rest is 60% deep sea, of which is covered by water more than 2000 m deep
(Alharbi 2016). Culture experiments of actinobacteria isolated from deep-sea
sediments in the earlier studies and more recently have demonstrated that indigenous
marine actinobacteria certainly exist in the oceans.

Actinobacteria which have been isolated from marine are genera Dietzia,
Rhodococcus (Teng et al. 2009; Qin et al. 2009; Mehbub and Amin 2012), Strepto-
myces (Bredholt et al. 2008; Duncan et al. 2014), the newly described as genera
Salinispora (Jensen et al. 2015; Freel et al. 2012; Steinert et al. 2015) and
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Table 7.1 The several exploration of terrestrial actinobacteria in Indonesia

Terrestrial actinobacteria Potency References
Identification of indigenous Producing antibacterial compounds Lestari
Streptomyces from soils (2006)
Identification of endophytic Fixing nitrogen Sari et al.
actinomycetes from the rice plant (2014)
Exploration of actinomycetes from the | As antibacterial: E. coli Fatiqin
soil of mangrove (Sonneratia (2015)
caseolaris) in Tanjung Api

Actinomycetes of Orthosipon As producer of antibacterial compound | Rante et al.
stamineus rhizosphere from the against multidrug-resistant bacteria (2017)

medicinal plant in Makassar city of
South Sulawesi Province.

Isolation of actinobacteria from soil Antimicrobial activity (S. aureus, Elbendary
samples B. cereus, E. coli, K. pneumoniae, et al.

P. aeruginosa, C. albicans, A. niger, (2018)

A. flavus)

Marinispor (Jensen et al. 2015; McArthur et al. 2008; Subramani and Aalbersberg
2012), both of which require seawater for growth and have marine chemotype
signatures; and Aeromicrobium marinum which also has a requirement for salt. In
addition, genus Marinophilus, Solwaraspora, Salinibacterium, Williamsia maris,
and Verrucosispora also belong to the indigenous marine actinobacteria (Jensen
et al. 2005) (Table 7.1).

7.4  Marine Actinobacteria as Bioactive Compound Producers

Marine actinobacteria have attracted the interest of the research community because
of their unique characteristic as potential sources of secondary metabolites or
bioactive compounds. Among actinobacteria, Streptomyces are an economically
important group and they are the source for a wide range of biologically active
compounds (Berdy 2005). In addition, Streptomyces have been shown to have the
ability to synthesize bioactive compounds for antimicrobe, antiparasitic, antifouling,
antiinfective, nematicidal activity, plant growth-promoting compounds, enzyme
inhibitors, and producing various extracellular hydrolytic enzymes (Alharbi 2016).

Microbial bioactive compounds have been at the frontier in the discovery of novel
antimicrobial agents for the pharmaceutical industry. As actinobacteria are prolific
producers of secondary metabolites or bioactive compounds with biological
activities, therapeutic applications are still waiting to be discovered especially
from those produced by actinobacteria (Alharbi 2016). Bull and Stach (2007)
reported that marine actinobacteria are new opportunities for the discovery of natural
products for new drugs, especially antibiotics. Secondary metabolites are metabolic
products that produced at the end of the exponential growth phase, and not essential
for vegetative growth from producing organisms but they are considered
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Table 7.2 The several explorations of marine actinobacteria in Indonesia

Marine actinobacteria Potency References
Marine actinomycetes (Streptomyces Antimicrobes: Escherichia coli, Sunaryanto
spp.) isolated from West Banten, North | Streptococcus aureus, Bacillus et al. (2009)
Cirebon, and South Yogyakarta subtilis, Pseudomonas aeroginosa,

Candida albicans, Aspergillus niger
Marine actinobacterial isolates Antagonistic potential against fish Dharmaraj
associated with sponges and shellfish pathogens (2011)
Actinomycetes isolates from seaweed As antibiotic producer against Sulistyani
(Eucheuma cottonii), isolated from S. aureus and E. coli and Akbar
Lombok, NTB (2014)
Actinomycetes 9ISP1 isolated from Antibacteria: B. cereus, Kumala
sponge from Randayan Island P. aeroginosa, S. aureus, Aeromonas | et al. (2015)

hydrophylla, Vibrio cholera, E. coli,
B. subtilis, Salmonella

Screening of marine actinomycetes Produce natural pigment and Asnani
from segara anakan hydrolytic activities etal. (2016)

differentiation compounds that provide adaptive roles. The syntheses of secondary
metabolites greatly depend on the growth conditions.

Their growth is usually limited by a lack of one major nutrient, such as nitrogen or
carbon (Sanchez and Demain 2002). Previous studies in several countries discovered
that marine actinobacteria have some potential (Table 7.2).

Actinobacteria continue to be productive for research on marine natural products,
with many new characteristics as potential sources of secondary metabolites or
bioactive compounds that have prominent pharmacological value. In addition,
actinobacteria have the ability to synthesize various different biological actives
such as antibiotics, pesticides, herbicides, antiparasitic substances, and enzymes.
Various antimicrobial metabolites and antibiotics that are important for the pharma-
ceutical industry have been produced from the genus Streptomyces,
Streptoverticillium,  Actinoplanes,  Streptosporangium,  Streptoalloteichus,
Saccharopolyspora, Streptosporangium Nocardia, Actinomadura, Amycolatopsis,
Dactylosporangium, Frankia, and Micromonospora spp (Table 7.3 and Fig. 7.3).

More and more new antibiotics are discovered, therefore the opportunity to find
new antibiotics and antimicrobials from marine actinobacteria is very necessary.
Therefore, the focus of industrial screening has shifted to rare genus markers of
actinobacteria which are less exploited such as Amycolatopsis, Actinoplanes,
Actinomadura, Dactylosporangium,  Kibdelosporangium, Micromonospora,
Microbispora, Planomonospora, Planobispora, and Streptosporangium (Lazzarini
et al. 2000).

Claverieas et al. (2015) reported about culturable marine actinobacteria isolated
from marine sediment based on 16S rRNA approach, consisting of genera Strepto-
myces, Agrococcus, Arthrobacter, Aeromicrobium, Isoptericola, Brachybacterium,
Pseudonocardia,  Ornithinimicrobium, Tessaracoccus, Dietzia, Flaviflexus,
Gordonia, Janibacter, Mycobacterium, Microbacterium, Rhodococcus, and Cory-
nebacterium. Those isolated bacteria demonstrated to have antimicrobial activity.



7 Biodiversity of Marine Actinobacteria in Indonesia and Their Potential to. . . 139

Table 7.3 Marine actinobacteria with their potential to produce bioactive compounds

Indigenous marine actinobacteria Potency References
Micromonospora haikouensi with Antitumor Xie et al.
menaquinones compound (2012)
Several actinobacteria from the marine | Cytotoxic from Dermacoccus sp. Abdel-
environment Mageed
et al. (2010)
Streptomyces sp. from marine 2-Allyloxyphenol for antimicrobial Arumugam
and antioxidant et al. (2010).
Several actinobacteria isolated from Antibacterial Engelhardt
the marine environment among others et al. (2010)
Nocardiopsis sp. (TP-1161)
Actinobacteria from marine Antibiotics such as: B-lactams, Alharbi
aminoplycosides, glycopeptides, (2016)

lipopetides, asamycins, nucleosides,
anthracyclines, peptides, polyenes,
polyethers, tetracyclines, and

macrolides

Streptomyces sp. MBT76 Isococoumarins, undecylprodiginine, Wu et al.
streptorubin B, 1H-pyrrole-2- (2016)
carboxamide, acetyltryptamine and
fervenulin

Marine actinobacteria Source of compounds for Betancur
phytopathogen control et al. (2017)

Actinobacteria have been revealed to produce antitumor agents and bioactive
compounds other than enzymes (Tanaka and Omura 1990) after the discovery
compound of actinomycin (Lechevalier 1982). A diverse group of marine
actinobacteria is known to produce various types of cytotoxic compounds as anti-
cancer compounds have been reported from marine actinobacteria (Jeong et al.
2006). Various enzymes produced from marine actinobacteria are a-amylase, prote-
ase, cellulase, chitinase, keratinase, xylanase, and enzyme inhibitors (Das et al.
2006; Imade 2005). Several enzyme-inhibitor-producing actinomycetes were
isolated from various samples collected from the marine environment and
characterized useful in medicine and agriculture. They were isolated from sediment
sampled from neritic seawater and characterized produces antibiotics against Gram-
positive bacteria only in the presence of seawater (Imade 2005).

7.5 Conclusion

In conclusion, there are many genera actinobacteria isolated from the marine envi-
ronment as sources of novel bioactive natural products. Marine actinobacteria play
an important role in several fields such as agriculture and medicine. Streptomyces
rank first with a large number to produce bioactive compounds. This study
contributed to reporting the biodiversity of actinobacteria from the marine environ-
ment, which has potential sources of bioactive compounds.



I. Munifah and H. E. Irianto

140

(2107 S10gsI0qey pUE IueWeIqnS) sa)edAwounoe suLew Aq paonpoid paImonns sIoqeldwl AIepuodds [9A0U ' €°Z *Bi4




7 Biodiversity of Marine Actinobacteria in Indonesia and Their Potential to. .. 141

References

Abdel-Mageed WM, Milne BF, Wagner M, Schumacher M, Sandor P, Pathom-aree W,
Goodfellow M, Bull AT, Horikoshi K, Ebel R, Diederich M (2010) Dermacozines A new
phenazine family from deep-sea dermacocci isolated from a Mariana Trench sediment. Org
Biomol Chem 8(10):2352-2362. https://doi.org/10.1039/c001445a

Alharbi NS (2016) Novel bioactive molecules from marine actinomycetes. Biosci Biotechnol Res
Asia 13:1905-1927. https://doi.org/10.13005/bbra/2346

Arumugam M, Mitra A, Jaisankar P, Dasgupta S, Sen T, Gachhui R, Kumar Mukhopadhyay U,
Mukherjee J (2010) Isolation of an unusual metabolite 2-allyloxyphenol from a marine
actinobacterium, its biological activities and applications. Appl Microbiol Biotechnol
86:109-117. https://doi.org/10.1007/s00253-009-2311-2

Asnani A, Ryandini D, Suwandri (2016) Screening of marine actinomyecetes from Segara Anakan
for natural pigment and hydrolytic activities. IOP Conf Ser: Mater Sci Eng 107:1-9

Berdy J (2005) Bioactive microbial metabolites. J Antibiot 58:1-26

Betancur LA, Naranjo-Gaybor SJ, Vinchira-Villarraga DM, Moreno-Sarmiento NC, Maldonado
LA, Suarez-Moreno ZR et al (2017) Marine actinobacteria as source of compounds for
phytopathogen control: an integrative metabolic-profiling/bioactivity and taxonomical
approach. PLoS One 12:e0170148. https://doi.org/10.1371/journal.pone.0170148

Biabani MA, Laatsch H, Helmke E, Weyland H (1997) Delta-indomycinone: a new member of
pluramycin class of antibiotics isolated from marine Streptomyces sp. J Antibiot (Tokyo) 50
(10):874-877

Bredholt H, Fjaervik E, Johnsen G, Zotchev SB (2008) Actinomycetes from sediments in the
Trondheim Fjord, Norway: diversity and biological activity. Mar Drug 6(1):12-24. https://doi.
org/10.3390/md6010012

Bull AT, Stach JE (2007) Marine actinobacteria: new opportunities for natural product search and
discovery. Trends Microbiol 15(11):491-499. https://doi.org/10.1016/j.tim.2007.10.0049

Charan RD, Schlingmann GJ, Janso J, Bernan V, Feng X, Carter GT (2004) Diazepinomicin, a new
antimicrobial alkaloid from a marine Micromonospora sp. J Nat Prod 67(8):143—1433. https://
doi.org/10.1021/np040042r

Claverias FP, Undabarrena A, Gonzales M, Seeger M, Camara B (2015) Culturable diversity and
antimicrobial activity of actinobacteria from marine sediments in Valparaiso bay, Chile. Front
Microbiol 6:737. https://doi.org/10.3389/fmicb.2015.00737

Das S, Lyla PS, Khan SA (2006) Marine microbial diversity and ecology: importance and future
perspectives. Curr Sci 90:1325-1335

Dastager SG, Damare S (2013) Marine actinobacteria showing phosphate-solubilizing efficiency in
Chorao Island, Goa, India. Curr Microbiol 66(5):421-427. https://doi.org/10.1007/s00284-012-
0288-z

Dharmaraj S (2011) Antagonistic potential of marine actinobacteria against fish and shellfish
pathogens. Turk J Biol 35(3):303-311. https://doi.org/10.3906/biy-1001-30

Donadio S, Maffioli S, Monciardini P, Sosio M, Jabes D (2010) Antibiotic discovery in the twenty
first century: current trends and future perspectives. J Antibiot 63:340-423

Donia M, Hamann MT (2003) Marine natural products and their potential applications as anti-
infective agents. Lancet Infect Dis 3:338-348

Duncan K, Haltli B, Gill KA, Kerr RG (2014) Bioprospecting from marine sediments of New
Brunswick, Canada: exploring the relationship between total bacterial diversity and
actinobacteria diversity. Mar Drugs 12(2):899-925

Elbendery AA et al (2018) Isolation of antimicrobial producing actinobacteria from soil samples.
Saudi J Biol Sci 25:44-46

Engelhardt K, Degnes KF, Kemmler M, Bredholt H, Fjervik E, Klinkenberg G, Sletta H, Ellingsen
TE, Zotchev SB (2010) Production of a new thiopeptide antibiotic, TP-1161, by a marine
Nocardiopsis species. Appl Environ Microbial 76(15):4969-4976


https://doi.org/10.1039/c001445a
https://doi.org/10.13005/bbra/2346
https://doi.org/10.1007/s00253-009-2311-2
https://doi.org/10.1371/journal.pone.0170148
https://doi.org/10.3390/md6010012
https://doi.org/10.3390/md6010012
https://doi.org/10.1016/j.tim.2007.10.0049
https://doi.org/10.1021/np040042r
https://doi.org/10.1021/np040042r
https://doi.org/10.3389/fmicb.2015.00737
https://doi.org/10.1007/s00284-012-0288-z
https://doi.org/10.1007/s00284-012-0288-z
https://doi.org/10.3906/biy-1001-30

142 I. Munifah and H. E. Irianto

Fatigin A (2015) Eksplorasi aktinomiset sebagai penghasil antibiotika dari tanah mangrove
(Sonneratia caseolaris) di Tanjung Api. J Biota 1:58-60

Fehling RH, Buchanan GO, Mincer TJ, Kauffman CA, Jensen PR, Fenical W (2003)
Salinosporamide A: a highly cytotoxic proteasome inhibitor from a novel microbial source, a
marine bacterium of the new genus Salinospora. Angew Chem Int Ed 42:355-357

Freel KC, Edlund A, Jensen PR (2012) Microdiversity and evidence for high dispersal rates in the
marine actinomycete ‘Salinispora pacifica’. Environ Microbiol 14:480-493

Goodfellow M, Williams ST (1983) Ecology of actinomycetes. Annu Rev Microbiol 37:189-216

Helmke E, Weyland H (1984) Rhodococcus marinonascens sp. nov., an actinomycete from the sea.
Int J Syst Bacteriol 34:127-138

Hughes C, Prieto Davo A, Jensen PR, Fenical W (2008) The marynopyrroles, antibiotics of an
unprecedented structure class from a marine Streptomyces sp. Org Lett 10:629-631

Imade C (2005) Enzyme inhibitors and other bioactive compounds from marine actinomycetes.
Antonie Van Leeuwenhoek 587:59-63

Jensen PR, Mincer TJ, Williams PG, Fenical W (2005) Marine actinomycete diversity and natural
product discovery. Antonie Van Leeuwenhoek 87:43—48

Jensen PR, Moore BS, Fenical W (2015) The marine actinomycete genus Salinispora: a model
organism for secondary metabolite discovery. Nat Prod Rep 32:738-751

Jeong SY, Shin HJ, Kim TS, Lee HS, Park SK, Kim HM (2006) Streptokordin, a new cytotoxic
compound of the methylpyridine class from a marine-derived Streptomyces sp. KORDI-3238. J
Antibiot (Tokyo) 59:234-240

Jose OA, Jha B (2017) Intertidal marine sediment harbours actinobacteria with promising bioactive
and biosynthetic potential. Sci Rep 7:1-15

Kumala T, Jayuska A, Ardiningsih P (2015) Uji aktivitas antibakteri isolat actinomycetes 9I1SP1
dari spons asal perairan pulau Randayan. JKK 4:30-36

Kumari PM, Sankar GG, Prabhakar T (2013) Isolation and characterization of potent antibiotic
producing marine actinomycetes from Tiruchendur and Kulasekarapattinam, Tamilnadu. Global
Journal of Science Frontier Research Bio-Tech & Genetics Version 1.0 13(2):1-5

Lazzarini A, Cavaletti L, Toppo G, Marinelli F (2000) Rare genera of actinomycetes as potential
producers of new antibiotics. Antonie Van Leeuwenhoek 78:399-405

Lechevalier H (1982) The development of applied microbiology at Rutgers. The State University of
New Jersey, New Brunswick, p 3

Lestari Y (2006) Identification of indigenous Streptomyces spp. producing antibacterial
compounds. Microbiol Indones 11:2

Li F, Maskey RP, Qin S, Sattler I, Fiebig HH, Maier A, Zeeck A, Laatasch H (2005) Chinikomycins
A and B: isolation, structure elucidation and biological activity of novel antibiotics from a
marine Streptomyces sp. isolated M045. J Nat Prod 68:349-353

Manivasagan P, Venkatesan J, Sivakumar K, Kim SK (2014) Pharmaceutically active secondary
metabolites of marine actinobacteria. Microbiol Res 169:262-278

Maskey RP, Helmke E, Laastsch H (2003) Himalomycin A and B: isolation and structure elucida-
tion of new fridamycin type antibiotics from a marine Streptomyces isolate. J Antibiot
56:942-949

McArthur KA, Mitchell SS, Tsueng G, Rheingold A, White DJ, Grodberg J, Lam KS, Potts BC
(2008) Lynamicins A-E, chlorinated bisindole pyrrole antibiotics from a novel marine actino-
mycete. J Nat Prod 71:1732-1737

Meena B, Rajan LA, Vinithkumar NV, Kirubagaran R (2013) Novel marine actinobacteria from
emerald Andaman & Nicobar Islands: a prospective source for industrial and pharmaceutical
byproducts. BMC Microbiol 13(1):1

Mehbub MF, Amin AKMR (2012) Isolation and identification of actinobacteria from two south
Australian marine sponges Aplysilla rosea and Aplysina sp. Bangladesh. Res Publ J 7:345-354

Meiying Z, Zhicheng Z (1998) Identification of marine actinomycetes S-216 strain and its biosyn-
thetic conditions of antifungal antibiotic. J Xiamen Univ Nat Sci 37:109-114



7 Biodiversity of Marine Actinobacteria in Indonesia and Their Potential to. .. 143

Mohanraj G, Sekar T (2013) Isolation and screening of actinomycetes from marine sediments for
their potential to produce antimicrobials. Int J Life Sci Biotechnol Pharm Res 2:1-14

Otoguro M, Ratnakomala S, Lestari Y, Hastuti RD, Triana E, Widyastuti Y, Ando K (2009)
Streptomyces baliensis sp. nov. isolated from Balinese oil. Int J Syst Evol Microbiol
59:2158-2161. https://doi.org/10.1099/ijs.0.007179-0

Peela S, Kurada VVSNB, Terli R (2005) Studies on antagonistic marine actinomycetes from the
Bay of Bengal. World J Microbiol Biotechnol 21:583-585. https://doi.org/10.1007/s11274-004-
3493-5

Qin S, LiJ, Chen HH, Zhao GZ, Zhu WY, Jiang CL, Xu LH, Li WJ (2009) Isolation, diversity, and
antimicrobial activity of rare actinobacteria from medicinal plants of tropical rain forests in
Xishuangbanna, China. Appl Environ Microbiol 75:6176-6186

Qin S, Xing K, Jiang JH, Xu LH, Li WJ (2011) Biodiversity, bioactive natural products and
biotechnological potential of plant-associated endophytic actinobacteria. Appl Microbiol
Biotechnol 89:457-473. https://doi.org/10.1007/s00253-010-2923-6. Epub 2010 Oct 13

Rante H, Yulianty R, Usmar, Djide N, Subehan, Burhamzah R, Prasad MB (2017) Actinomycetes
of Orthosipon stamineus rhizosphere as producer of antibacterial compound against multidrug
resistant bacteria. IOP Conf Ser: Mater Sci Eng 259:1-6

Riedlinger J, Reike A, Zahner H, Krismer B, Bull AT, Maldonado LA, Ward AC, Goodfellow M,
Bister B, Bischoff D, Fiedler HP (2004) Abyssomicins, inhibitors of the para-aminobenzoic
acid. J Antibiot 57:271-279

Sanchez S, Demain AL (2002) Metabolic regulation of fermentation processes. Enzym Microb
Technol 31:895-906

Sari WE, Solihin DD, Lestari Y (2014) Identification of endophytic actinomycetes from Indonesian
rice plant based on 16S rRNA and nifH genes analyses. Adv Environ Biol 8:2357-2365

Steinert G, Taylor MW, Schupp PJ (2015) Diversity of actinobacteria associated with the marine
ascidian Eudistoma toealensis. Mar Biotechnol 17(4):377-385

Subramani R, Aalbersberg W (2012) Marine actinomycetes: an ongoing source of novel bioactive
metabolites. Microbiol Res 167:571-580

Sujatha P, Raju KVVSN, Ramana T (2005) Studies on a new marine Streptomycete BT-408
producing polyketide antibiotic SBR-22 effective against methicillin resistant Staphylococcus
aureus. Microbiol Res 160:119-126

Sulistyani N, Akbar AN (2014) Activity of actinomycetes isolate from seaweed (Eucheuma
cottonii) as antibiotic producer against Staphylococcus aureus and Escherichia coli. J llmu
Kefarmasian Indones 12:1-9

Sunaryanto R, Marwoto B, Irawadi TT, Mas’ud ZA, Hartoto L (2009) Isolasi dan penapisan
aktinomisetes laut penghasil antimikroba. Ilmu Kelautan 14:98-101

Tanaka Y, Omura S (1990) Metabolism and products of actinomycetes — an introduction.
Actinomycetologica 4:13-14

Teng H, Tang H, Xiao H, Shu Y, Li H (2009) Isolation and identification of actinobacteria from
rhizospheric soil in the Arctic Yellow river station. Adv Polar Sci 21(1):33-42

Wu C, Zhu H, van Wezel GP, Choi YH (2016) Metabolomics-guided analysis of isocoumarin
production by Streptomyces species MBT76 and biotransformation of flavonoids and
phenylpropanoids. Metabolomics 12(5):1-11. https://doi.org/10.1007/s11306-016-1025-6

Xie QY, Qu Z, Lin HP, Li L, Hong K (2012) Micromonospora haikouensis sp. nov., isolated from
mangrove soil. Antonie Van Leeuwenhoek 101(3):649-655. https://doi.org/10.1007/s10482-
011-9682-y. Epub 2012 Jan 13


https://doi.org/10.1099/ijs.0.007179-0
https://doi.org/10.1007/s11274-004-3493-5
https://doi.org/10.1007/s11274-004-3493-5
https://doi.org/10.1007/s00253-010-2923-6
https://doi.org/10.1007/s11306-016-1025-6
https://doi.org/10.1007/s10482-011-9682-y
https://doi.org/10.1007/s10482-011-9682-y

®

Check for
updates

Marine-Derived Fungi: Potential
Candidates for Anticancer Compounds

Anjana K. Vala

Abstract

Fungi form an integral component of marine ecosystem. They have been
observed to play important ecological as well as economical roles. Marine-
derived fungi from diverse marine habitats produce a range of metabolites
exhibiting various activities having therapeutic and pharmaceutical importance.
However, compared to their terrestrial counterparts, fungi from marine world are
less explored. Among the metabolites produced by marine-derived fungi, many
of them have the potential to modulate activity of enzymes playing key role in
growth of tumor and metastasis also. This chapter focuses on anticancer
compounds produced by marine-derived fungi associated with diverse habitats.

Keywords
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8.1 Introduction

Cancer is one of the deadliest diseases, and its incidence is increasing worldwide.
Global occurrence of cancer is likely to rise to an annual 19.3 million cases by 2025
(Gulland 2014; Gomes et al. 2015). Despite significant advancement in fighting
cancer, cancer has been an important health concern (Ruiz-Torres et al. 2017). There
has been a growing importance to approaches leading to tumor control, reduction in
side effects due to chemotherapy, improvement in quality of life, and prolonged
survival of patients (Feinberg et al. 2006; Ruiz-Torres et al. 2017). For the last three
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decades, combinatorial chemistry was the strategy of choice for drug discovery in
pharmaceutical industries; however, recently natural products are being given atten-
tion for drug discovery. Among top 20 drugs in the market, at least one-third belong
to a natural source, chiefly plants, and nearly half of the marketed drugs are
categorized as naturally derived or designed on the basis of natural compounds
(Paterson and Anderson 2005; Newman and Cragg 2007; Howitz and Sinclair 2008;
Ruiz-Torres et al. 2017).

Marine environment is a reservoir of vast biodiversity including plants, animals,
and microorganisms. During the course of evolution, the marine world has been a
“gold mine” of genetic diversity as well as novel secondary metabolites (Burgess
2012; Shukla and Kim 2016). Though until recently untapped, the marine habitats
are now being explored for novel biomolecules due to advancements in research on
marine biota, genome mining, and bioassays and natural product chemistry
(Vinothkumar and Parameswaran 2013; Shukla and Kim 2016).

Fungi from marine environment have been observed to produce structurally
unique and biologically active secondary metabolites including potent anticancer
agents (Malaker and Ahmad 2013; Shukla and Kim 2016).

Fungal biota from marine habitats were first reported in France by Duriers and
Montagene (1846—-1850) (Verma 2011). These biota are not a taxonomic group, but
they form an ecological assemblage (Hyde et al. 2000). Fungi in marine environment
mainly comprise of Ascomycota, Basidiomycota, and anamorphic fungi. They can be
grouped as temperate, tropical, subtropical, and anamorphic fungi on the basis of
their biogeochemical distribution. Obligate marine fungi and facultative marine
fungi are the two categories of fungi from marine habitats. While the obligate marine
fungi grow and sporulate only in a marine or estuarine (brackish water) habitat,
facultative marine fungi have freshwater or terrestrial origin and capability to grow
and possibly sporulate also in marine environment (Kohlmeyer and Kohlmeyer
1979; Kohlmeyer and Volkmann-Kohlmeyer 2003; Vala et al. 2016; Vala et al.
2019). The more general categorization of these fungi uses the term “marine-derived
fungi” (Bonugli-Santos et al. 2015; Vala et al. 2016; Christophersen et al. 1998;
Osterhage 2001; Vala et al. 2019). Nearly all marine habitats have been observed to
be inhabited by marine-derived fungi. These biota have been observed to possess
diverse capabilities including production of enzyme with anticancer activities (Vala
etal. 2004, 2016, 2019; Raghukumar et al. 1994; Vala 2010, 2018 Vala and Sutariya
2012; Vala and Dave 2015). Several pharmaceutical companies are concentrating on
bacteria from extreme environment and engaged in bioprospecting marine extreme
environments; however, despite their noteworthy capabilities, fungi from such
environment are comparatively less explored for their commercial applications
(Raghukumar 2008; Vala et al. 2019). This chapter deals with explorations on
anticancer compound production by marine-derived fungi. Emphasis is given espe-
cially to the compounds playing direct role in bringing about death of cancerous
cells.

Fungi from terrestrial habitats have been studied extensively since long and have
been source of lead structures for drug development. Marine fungi also have been
given importance during the last three decades as a reservoir of new drug leads. It has
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been reported that over 1000 new natural products have been obtained from fungi
from the marine environment (Rateb and Ebel 2011; Gomes et al. 2015). Many of
them have been observed to have unusual carbon skeletons and substitution patterns
suggesting unique biosynthetic potential of marine fungal biota (Rateb and Ebel
2011; Bugni and Ireland 2004; Saleem et al. 2007; Gomes et al. 2015).

A range of compounds with potential anticancer activities have been identified
due to growing focus on the biochemical potential of fungi from marine environment
(Gomes et al. 2015). Over the years, marine-derived fungi have been observed to
produce enzymes and other metabolites with anticancer potentials that could be
exerted by mechanisms like promoting growth arrest, blocking key enzymes, or
stimulating death pathways (Evidente et al. 2014; Gomes et al. 2015; Vala et al.
2018a,b).

Handayani et al. (2018) recently reported cytotoxic activity of marine sponge-
associated fungal extracts against various human cell lines; however, chemical
nature of the compound has not been identified.

Sekar et al. (2015) have reported yeasts from marine environment as a potential
source of anticancer compounds especially inhibiting the lung cancer.

Among various compounds synthesized by marine-derived fungi, enzymes like
L-asparaginase, pro-apoptotic metabolites, and some metabolites killing cancer cells
without direct pro-apoptotic effects play important role in tackling cancer effec-
tively; some of them have also been observed to exert in vivo anticancer activity
(Gomes et al. 2015; Vala et al. 2018a). Table 8.1 shows some of the compounds of
marine-derived fungal origin having potential role against cancer.

8.2 Compounds from Marine-Derived Fungi with Anticancer
Potentials

8.2.1 L-Asparaginase

L-asparaginase (LA) (L-asparagine amidohydrolase, E.C. 3.5.1.1) is one of the
important anticancer compounds. LA of bacterial origin is commercially available
and widely used in treatment of certain cancers, especially acute lymphoblastic
leukemia (ALL) among children. However, application of this enzyme suffers
from certain limitations like hypersensitivity; hence, there has been a growing
interest in searching for newer sources of LA (Husain et al. 2016; Vala et al.
2019). Marine-derived fungi have been reported to synthesize LA (Murali 2011;
Farag et al. 2015; Vala and Dave 2015; Izadpanah et al. 2018). However, LA
production potentials of these mycobiota have not been explored much for their
commercial applications. Recently, Vala et al. (2018a,b) examined antiproliferative
properties of purified LA produced by marine-derived fungus Aspergillus niger
AKV-MKBU. The enzyme was observed to be encouragingly effective against the
human cancer cell lines, viz., A 549, U87MG, HepG2, JURKAT E6, and bone
marrow-derived chronic myeloid leukemia cells. Further studies may lead to some
useful revelations. Farag et al. (2015) reported marine-derived Aspergillus terreus as
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Table 8.1 Compounds of marine-derived fungal origin with anticancer activity/application

Fungus Compound Activity/application References

Penicillium Alkaloid Anticancer compound Tsuda et al. (2004)

citrinum

Fusarium sp. Cyclic Anticancer Ebel (2010)
tetrapeptide

Apiospora Diterpene Activity against human cancer Klemke et al. (2004)

montagnei cell lines

Aspergillus

L-asparaginase

Activity against human cancer

Vala et al. (2018a)

niger cell lines

AKV-MKBU

Penicillium Sorbicillactones Active against human leukemia | Bringmann et al.
chrysogenum A and B cell lines (2005)

Bartalinia Taxol Anticancer Gangadevi and
robillardoides Muthumary (2008)
Leptosphaeria Leptosins Cytotoxicity against human Yamada et al. (2002,
sp. OUPS-4 cancer cell lines 2004)

Aspergillus Gliotoxin Activity against human cancer Nguyen et al. (2014)
sp. YL-06 cell lines

Penicillium Dicitrinone B Inhibition of proliferation of Du et al. (2010a)
citrinum 30) multiple tumor types and Chen et al.
HGY1-5 (2014)
Microsporum Microsporins A Cytotoxic activity against Gu et al. (2007)

cf. gypseum (52) and B (53) human colon adenocarcinoma

cells

Adapted and modified from Raghukumar (2008) and Vala et al. (2019)

good source of LA and confirmed increased production of LA by immobilization of
the whole cells. The authors also claimed recyclability of the immobilized enzyme;
however, the anticancer potential of the enzyme was not examined by the authors.
Hassan et al. (2018) examined anticancer activity of purified LA produced by
A. terreus against cell lines HCT-116, Hep-G2, and MCF-7 and reported the IC50
to range from 3.79-12.6 pg/ml. A marine fungal isolate Beauveria bassiana
(MSS18/41) has also exhibited LA production; however, its anticancer activities
have not been characterized (Nageswara et al. 2014; Usman 2015).

8.2.2 Metabolites with Pro-apoptotic Effects

Apoptosis, the programmed cell death, is a carefully regulated, energy-requiring
process which is characterized by specific morphological and biochemical features
(Elmore 2007).

Whether the cells are healthy or cancerous, most cytotoxic cell insults would lead
to apoptosis; hence, it is required to differentiate between the direct and indirect
pro-apoptotic effects of a test compound (Gomes et al. 2015). A number of marine-
derived fungal metabolites with cytotoxic properties exhibit pro-apoptotic effects
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against cancer cells and induce apoptosis through the Akt pathway as shown by
leptosin C, SZ-685C (21), and ophiobolin O (61) (Yanagihara et al. 2005; Xie et al.
2010; Lv et al. 2015; Gomes et al. 2015).

Indole alkaloid fumigaclavine C (19), produced by a marine-derived strain of
Aspergillus fumigatus, was observed to display pro-apoptotic effects in human
MCEF-7 breast cancer cells. The compound also exhibited inhibition of MMP-2
and MMP-9 protease activity in the MCF-7 cells and downregulation of NF-xB
cell survival pathway (Li et al. 2013a). Marine-derived strains of genera Aspergillus,
Fusarium, Nigrospora, and Xylaria have been reported to produce bostrycin
(20) (Jiang et al. 2000; Xu et al. 2008; Trisuwan et al. 2010; Huang et al. 2014;
Gomes et al. 2015). Chen et al. (2011) reported induction of apoptosis in A549
non-small cell lung cancer (NSCLC) cells by bostrycin (20). The authors related
pro-apoptotic effects in A549 NSCLC cells to downregulation of PI3K/AKT protein
pathway and upregulation of microRNA-638 and microRNA-923. Sawadogo et al.
(2013) reported inhibition of cell proliferation and induction of apoptosis in prostate,
gastric, and lung cancer cells by bostrycin produced by marine fungi from the South
China Sea.

A prenylated diketopiperazine alkaloid neoechinulin A (18), reported to occur
commonly in marine-derived strains of Eurotium, has been isolated from a red algae-
associated fungus Microsporum sp. MFS-YL and has been observed to exert cyto-
toxic effects against HeLa cells (Li et al. 2008; Gomes et al. 2012, 2015; Kim et al.
2013; Wijesekara et al. 2013). Downregulation of Bcl-2 expression, upregulation of
Bax expression, and activation of the caspase-3 pathway were involved in inducing
apoptosis in HeLa cells (Wijesekara et al. 2013). Microsporum sp. MFS-YL has
been observed to produce anthraquinone physcion (29) (parietin) that also exerted
pro-apoptotic effects in HeLa cells involving downregulation of Bcl-2 expression,
upregulation of Bax expression, and activation of caspase-3 pathway as well as
formation of ROS (Wijesekara et al. 2014).

Marine sponge-associated fungi have also been observed to produce potent
inhibitor compounds. Dankastatin C, a polyketide tyrosine derivative from a
sponge-derived fungus Gymnascella dankaliensis, inhibited the P388 lymphocytic
leukemia cell line and was found to be equally potent as the common chemothera-
peutic drug 5-fluorouracil (Amagata et al. 2013). Sponge-derived fungus Phoma
sp. produced epoxyphomalin A that could display cytotoxic effect against 12 human
tumor cell lines even at nanomolar concentrations (Mohamed et al. 2009).

Mangrove-associated fungus Penicillium sp. has been reported to produce new
derivatives of shearinine A (10), a class of janthitrem-type indole terpenes (Xu et al.
2007). Penicillium janthinellum isolated from marine sediments has been reported to
produce shearinine A-related metabolites (11, 12) by Smetanina et al. (2007).

Deep sea-derived fungi have been observed to be potential sources of anticancer
compounds; Penicillium has been a dominant genus among them. A deep ocean
sediment-derived Penicillium sp. has been observed to exhibit production of differ-
ent meleagrin analogs like meleagrin D (14), meleagrin E (15), meleagrin (16), and
meleagrin B (17) (Du et al. 2009; Du et al. 2010b). While meleagrin (16) and
meleagrin B (17) exerted their effect by arresting the cell cycle through the G2/M
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phase and inducing apoptosis in HL-60, respectively, only modest cytotoxic activity
against the A-549 cell line was exhibited by meleagrin analogs 14 and 15. Later,
other marine-derived Penicillium spp. were also reported to produce meleagrin (16)
with cytotoxic activity against various cancer cell lines (Shang et al. 2012; Zheng
et al. 2013).

Deep sea-derived Penicillium sp. F23-2 has been reported to produce
sorbicillamines A-E (1-5) displaying cytotoxic activity on HeLa, BEL7402,
HEK-293, HCT-116, and P388 cell lines (Guo et al. 2013). Anthranilic acid
derivatives, penipacids A-E (1-5) from deep sea-derived Penicillium paneum
SD-44, have been observed to display inhibitory action against human colon cancer
RKO and HeLa cell line (Li et al. 2013b). According to Russo et al. (2015), deep
sea-derived compounds fit well in the new approach termed “magic shotguns”
hunting for special molecule that broadly interrupts the entire diseases process.

Farha and Hatha (2019) examined bioprospecting potentials of a marine
sediment-derived fungus Penicillium sp. ArCSPf and reported its significant anti-
cancer activity against MCF-7 breast cancer cells. The secondary metabolite (Z)-
octadec-9-enamide (oleamide) was present in the active fraction F2 of extract that
exhibited anticancer potential.

8.2.3 Metabolites Killing Cancer Cells by Mechanisms Other Than
Direct Pro-apoptotic Effects

A number of metabolites are produced by marine-derived fungi that kill cancer cells
without exerting direct pro-apoptotic effects. Members of genera Aspergillus and
Penicillium have been observed to synthesize compounds exerting anticancer activ-
ity without direct pro-apoptotic effects. A marine sediment-derived Aspergillus
sp. SF-5044 produced protuboxepin A (34), which was also reported as a
co-fermentation product of two algicolous aspergilli (Aspergillus BM-05 and
BM-05 L). Cytotoxic activity of protuboxepin A (34) was attributed to tubulin
inhibition (Lee et al. 2011; Ebada et al. 2014; Asami et al. 2012; Gomes et al.
2015). Marine-derived Penicillium sp. was observed to produce oxaline (33) (9-O-
methyl analog of meleagrin (16)) that displayed cell cycle arrest during M phase and
inhibited the polymerization of microtubule protein in vitro (Koizumi et al. 2004).
Seaweed-associated  Penicillium  pinophilum  Hedgcock produced three
hydrogenated azaphilones, viz., pinophilins A (44) and B (45) and Sch 725680
(46) that displayed anticancer activity by the inhibition of DNA replication
(Myobatake et al. 2012; Gomes et al. 2015).

Marine sponge-derived fungus Paraconiothyrium cf. sporulosum produced
epoxyphomalins A-E (35-39) displaying cytotoxic activity against various cancer
cell lines. Upon detailed analysis, epoxyphomalins A (35) and B (36) were observed
to be potent inhibitors of the proteasome complex (Mohamed et al. 2009, 2010).
Coral reef-associated fungus Phomopsis sp. (strain TUF95F47) was observed to
produce phomopsidin (40) that displayed inhibition of microtubule assembly
(Namikoshi et al. 1997, 2000).
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Inhibitors of p56'* tyrosine kinase have also been produced by marine-derived
fungi. Ascosalipyrrolidinone A (43) was produced by Ascochyta salicorniae, an
endophyte of alga Ulva sp. (Osterhage et al. 2000). Algicolous fungus Wardomyces
anomalus produced various xanthones including anomalin A (47), norlichexanthone
(48), and 5-(hydroxymethyl)-2-furancarboxylic acid (49) that displayed inhibition of
p56ICk tyrosine kinase (Abdel-Lateff et al. 2003). Chaetominedione (50), a
benzonaphthyridinedione derivative obtained from alga Valonia utricularis-
associated fungus Chaetomium sp., also exhibited significant inhibition of p56'*
tyrosine kinase activity (Abdel-Lateff 2008).

Pulchellalactam (51) produced by marine fungus Corollospora pulchella ATCC
62554 was observed to be an inhibitor of CD45 protein tyrosine phosphatase. As
CD45 protein tyrosine phosphatase plays vital signaling roles in dephosphorylating
Src kinases, pulchellalactam (51) symbolized an attractive drug target (Alvi et al.
1998).

Three linear pentadecapeptides, viz., efrapeptins F (54), G (55), and J (56) pro-
duced by marine fungus Tolypocladium sp. AMB18, were observed to inhibit the
luciferase expression in HT1080 human fibrosarcoma cells. Due to its important
functions, molecular chaperone GRP78 is a significant target for development of
anticancer compounds. Among the three linear pentadecapeptides produced by
Tolypocladium sp. AMBI18, efrapeptin J (56) was also reported to bring about
downregulation of the molecular chaperone GRP78 in HT1080 and MKN74
human gastric cancer cells. The death of HT1080 cells was also induced by it due
to endoplasmic reticulum stress (Hayakawa et al. 2008; Roller and Maddalo 2013;
Shenolikar 2014; Gomes et al. 2015).

8.2.4 Metabolites Exhibiting In Vivo Antitumor Activity
and Entering Clinical Trials

In vitro antitumor activity of a number of metabolites obtained from marine-derived
fungi has been reported. However, obviously all of them do not enter clinical trials.
Some of the marine-derived fungal metabolites have been examined for in vitro
antitumor activity. A sea hare-associated fungal strain Periconia byssoides OUPS-
N133 produced cyclohexenoid metabolites pericosines A (57), B (58) and D (59)
which displayed noticeable in vitro cytotoxic activity against murine P388 cells
(Numata et al. 1997; Yamada et al. 2007). Among the three metabolites, pericosine
A (57) showed remarkable in vivo inhibitory activity in mice inoculated with P388
leukemia cells intraperitoneally, and increased survival in mice was observed when
administered with 25 mg/kg of pericosine A (57) (Numata et al. 1997; Yamada et al.
2007).

Spiroxin A (60), isolated from an unidentified marine-derived fungus, had also
been observed to be a potent anticytotoxic against 25 different cell lines. It exhibited
in vivo antitumor activity against ovarian carcinoma leading to 59% inhibition after
21 d at 1 mg/kg administered dose in nude mice (McDonald et al. 1999). As under
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Fig. 8.1 Plinabulin (7)
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clinical situations, ovarian cancers do not develop subcutaneously, assessment of the
actual value of the in vivo assay was difficult (Westin et al. 2013).

A halimide-based microtubule-disrupting agent, plinabulin (7) (Fig. 8.1) of
marine-derived fungal origin, is the only candidate so far which has reached clinical
development. Plinabulin proved promising during preclinical models and has been
brought to clinical trials for the treatment of non-small cell lung cancer (NSCLC)
(Gomes et al. 2015; Nicholson et al. 2006; Pereira et al. 2019). Protection against
development of chemotherapy-induced neutropenia (CIN) by plinabulin has been
observed during clinical studies.

A combination of plinabulin with docetaxel proved better for NSCLC patients
than treatment with docetaxel alone (Blayney et al. 2016; Mohanlal et al. 2017;
Pereira et al. 2019). A global phase 3 trial (DUBLIN-3) was commenced based on
these findings to evaluate second- or third-line treatment with this combination in
patients with advanced NSCLC with at least one measurable lung lesion. Duration of
severe neutropenia with plinabulin versus pegfilgrastim in patients with solid tumors
receiving docetaxel myelosuppressive chemotherapy is being assessed in a phase 2/3
trial (Protective-1). Evaluation of combination of plinabulin and nivolumab in
NSCLC is also being carried out in additional phase 3 trials (Mohanlal et al. 2018;
Pereira et al. 2019).



8 Marine-Derived Fungi: Potential Candidates for Anticancer Compounds 153

8.3 Conclusion

Until recently, marine-derived fungi have been overlooked as a source of lead
structures. Marine-derived fungi have been observed as a reservoir of potential
anticancer agents, and some of the chemicals have exhibited in vivo antitumor
activity. However, so far plinabulin (7) is the only molecule of marine-derived
fungal origin that has reached clinical trials. Further investigations in this line may
unveil potentials of many such molecules that can be translated as a tool to combat
cancer.

Many of the metabolites produced by fungi from marine environment have been
observed to exert anticancer effects by diverse mechanisms including blocking of
key enzymes, stimulation of death pathways, or promotion of growth arrest
(Evidente et al. 2014; Gomes et al. 2015).
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Abstract

Marine floras are highly diverse and productive. Few marine ecosystems are
expected to show higher biological diversity than in tropical rain forests. They
are chemically different from terrestrial flora and can withstand adverse marine
conditions. The production of unique chemicals has diversified further due to the
continuous evolution of marine flora with the change of environmental conditions
since billions of years ago. They demonstrate a worthy resource for novel potent
drugs that might prove to be economical, safer, and useful medicine for dreadful
human diseases. They are rich sources of bioactive compounds such as
polyphenols and sulfated polysaccharides that have antimicrobial, antioxidant,
antitumor, and disease-healing properties. Plant products are widely used since
old times as natural medicines and after the exploration of marine floras discovery
of marine medicines has also increased. Here, in this chapter, we present the latest
developments on drugs originated from marine natural products and their usages.
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9.1 Introduction

Drugs are a boon to ensure the continual of the human race generation after
generations. Drug discovery from natural sources is perceived to be much more
sustainable and diverse as compared to artificial means. This is because the natural
sources undergo continuous change and coevolve in response to the dynamic
external environment; as a result, they are the answers to the most complex, resistant,
and incurable diseases. Multiple drug resistance in the treatment of cancer and
infectious diseases like tuberculosis is progressing at a frightening rate. A number
of drugs developed in past years are failing to live up to the dynamic status of the
microbes causing these diseases. Thus, with the increasing complexity of the world
the diseases get more and more complex and resistant to cures. An exploration for
new drugs is the need of the hour. Thus, under these circumstances, discovering the
biomedical potential of natural products can serve the purpose. Natural products
have provided an endless source of medicine since prehistoric times. A vast array of
phytochemicals with potential biological activity have been identified that confer
therapeutic and pharmacological effects. In spite of the huge diversification of drug
discovery technology, natural products from plants and other biological sources
remain an undiminished source of new pharmaceuticals. Amongst plants, marine
flora has been an excellent source of a wide range of bioactive compounds with
exceptional biological activities (Wratten et al. 1977; Faulkner 2002). The hidden
reserves of the marine environment, the ocean provides society with an essential
biomedical resource through the rich diversity of marine organisms. Many marine
organisms have contributed to biomedicine (novel antibiotics, anti-inflammatory
agents, and anti-neoplastic drugs) through the unique molecules they produce
(Blunt et al. 2016).

Marine plants have evolved and adapted to life in a largely stable but extremely
harsh environment, which has led to the development of many unique chemical
features that are not found in terrestrial plants. The marine environment is
characterized by high concentrations of halogens, mainly in the form of chloride
and bromide salts. Other chemical entities, such as sulfate, are also found in high
concentrations. Marine plants use these elements in biosynthetic pathways to pro-
duce phytochemicals such as halogenated terpenes, acetogenins, and alkaloids
which are unique to the marine environment. Adaptation to wave shock and ocean
currents peculiar to the marine environment has resulted in the synthesis of complex
polysaccharides (complex sugars) which play a vital role to reduce the surface
tension of seawater (Kathiresan et al. 2008). As these constituents are generated
and accumulated in response to a set of very unique and distinct environmental
conditions and genetic compositions, they emphasize the insurmountable potential
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of marine plants. In addition, many of the marine organisms are largely dependent on
chemical defense due to lack of protective shield and locomotor organs; they
synthesize diverse chemical compounds to discourage predators and competitors
and also to paralyze their prey. Moreover, the ocean comprises nearly 72% of the
earth’s surface and is immensely rich in biodiversity with marine flora comprising
cyanobacteria, fungi, microalgae, seaweeds, mangroves, and other halophytes.
Together all of them form a great reserve that has a profound potential to be explored
in the field of drug discovery. With the advent of the modern chemical and molecular
genetics technologies, these reserves can be investigated to procure a number of
resources, including medicinal products, cosmetics, foods, industrial chemicals, and
other environment-friendly products (Sithranga et al. 2010).

During the late 1960s, pioneering initiatives to extract drugs from the sea began.
In earlier times strange episodes of memory loss reported by a fisherman were
attributed to a bloom of a dinoflagellate, Pfiesteria. Gradually, over a period of
time it has all culminated into the announcement of a new cancer-fighting drug
isolated from a marine organism, this reemphasizes the potential of the ocean to
benefit human health (Javed et al. 2011). Thousands of medicinally important
compounds have been obtained from organisms dwelling in the sea with hundreds
of novel natural products being added up to the list every single year. The use of
marine floras for pharmaceuticals can be traced back to ancient times in many of the
Asian countries like India, China. Since the seaweeds especially brown seaweeds are
the good reservoir of iodine and hence consuming them as food source assures least
incidence of goiter and glandular diseases. Moreover, maritime countries have been
utilizing seaweeds as antiheminthic, anesthetics and ointment and also for the curing
of cough, wounds, gout, goiter, etc., since ancient times. Many societies, particularly
those in the Indo-Pacific region and Asia, have developed important uses for marine
algae. As man has become more aware of the unique chemical composition of
marine algae, numerous additional products have been developed. Numerous spe-
cies of marine algae are used in many countries such as China as herbal medicines to
treat many maladies, ranging from intestinal problems to sunstroke. During the
recent past, many marine natural products have been identified that are in the
preclinical or early clinical stage and some are already in the market. Marine flora
have recently received attention for exploration because of their diversity and are
being appreciated as a rich source of natural chemical compounds for the unearthing
of more efficient drugs against complex and incurable diseases (Sithranga et al.
2010). In this chapter, we discuss about the promising use of natural products
coming from marine flora as a natural medicine against human diseases but also
about their potential to limit infections.
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9.2 Natural Products from Marine Algae That Can Be Used
as Drugs

Marine algae are a heterogenous group of organisms varying greatly in size from
unicellular (3—10 pm) to massive multicellular entities of up to 70 m long. Based on
their size, two major types of marine algae have been recognized — microalgae and
macroalgae (seaweeds). The class microalgae include mainly blue green algae or
cyanobacteria whereas macroalgae comprise brown algae, red algae, and green
algae. Organisms belonging to each of this class are great sources of marine natural
products that can be utilized as potent leads for new drug discovery.

9.2.1 Potent Natural Drugs from Microalgae (Blue Green Algae/
Cyanobacteria)

Cyanobacteria from the marine environment belong to one of the most primitive and
simplest prokaryotic organisms on earth. They can execute photosynthesis and are
also adapted to extreme habitats on earth. They are an important component of
biogeochemical cycles and represent one of the most crucial components of food
chains and food webs in various oceanic ecosystems. Marine cyanobacteria have
been explored up to an extent and it has been found to be excellent deliverers of
bioactive natural products that can be further explored for its medicinal use for
irrepressible diseases such as cancer and AIDS. They are of great interest for the
extraction of novel compounds for their application in pharmaceuticals because of
their immense biodiversity and their relatively simple growth needs. The use of
natural products as an alternative to synthetic chemicals is a renewable, eco-friendly,
and much better option, since microbial resistance against conventional antibiotics is
growing. However, the use of cyanobacterial compounds as medicine is still under
infancy, therefore, further research is recommended in this direction.

There are many cytotoxic compounds obtained from marine cyanobacteria, that
are mainly peptides chemically and show inhibitory effect on various cancerous cell
lines such as lipopeptides extracted from Lyngbya sp. (obynamide, palauimide,
lyngbyabellin, ulongamides A, ulongapeptin, apratoxins) (Liu and Rein 2010) and
Symploca hydnoides (guamamide, micromide, and tasiamide); and deacetyl-
hectochlorin from Bursatella leachii. Other bioactive compounds extracted from
Lyngbya spp. (jamaicamides A-C, lyngbyabellins E, dolabellin, aurilides,
wewakpeptins, macrolides) were found to restrict the growth of lung cell line of
human (Liu 2009; Liu and Rein 2010). Many other lipopeptides of medicinal value
have also been isolated and identified from Anabena torulosa (laxophycins) and
Hyalidium (cyclic depsipeptides) in the recent past. An acyl amide, columbamides
from Moorea bouillinii has also been identified that has a moderate affinity for
cannabinoid receptors. M. producens produces bioactive compounds such as
hectoramide, hectochlorins, and jamaicamides.

In addition to lipopeptides, terpene alkaloids such as bartolosides from
Nodosilinea species and Synechocystis salina have also been extracted. Nodularia
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spumigena yielded pseudoaeruginosins NS1 and NS2 that are potent trypsin
inhibitors. Okeania yielded polyhydroxy macrolide, macrolactone, and lipopeptide
kurahyne that are antimalarial. Recently, janadolide was identified from Okeania sp.,
which shows activity against Trypanosoma brucei. Another cyanobactin,
wewakazole, was isolated from Moorea producens and it exhibits cytotoxic activity
toward human cancer cell lines. In addition, odoamide, a more potent cytotoxic
compound, was obtained from a Japanese Okeania species, which is active against
human cervical cancer cells. Two more cyanobacterial products, coibamide and
apratoxin, were also reported which can suppress vascular endothelial growth factor
(VEGF and its receptor VEGFR2) expression and show anticancer activity. Anti-
fungal compounds, lobocyclamides, were also isolated from marine blue green
algae, Lyngbya confervoides. Antimalarial agents such as carmabin, dragomabin,
and dragonamide were extracted from Lyngbya majuscule. Sulfolipid, an anti-HIV
compound from Phormidium tenue, was also identified. Hectochlorin, microginin-
FR1, largamides, and Microcystin-LR were also identified from cyanobacteria and
these could be potent remedies against deadly diseases. Marine blue green algae are
also valuable for chromophore phycocyanobilin (PCB) and C-phycocyanin (C-PC)
with anti-inflammatory activity. These microorganisms are rich source of vitamins,
minerals, and amino acids, and many species are used as a dietary nutritional
supplement such as Aphanizomenon flosaquae, Coccopedia, Cyanidium caldarium,
Spirulina platensis, and Synechococcus elongates. Hopefully, these bioactive
metabolites will serve as good candidates to be utilized in medicinal chemistry and
future drug discovery. Moreover, these organisms can further be explored at genome
and proteome levels using advanced molecular biology tools and techniques, to
figure out genes or gene clusters that are involved in the biosynthesis of these natural
products.

9.2.2 Potent Natural Drugs from Macroalgae

Macroalgae/seaweeds include members of Rhodophyta (red), Phacophyta (brown),
and Chlorophyta (green) of marine origin. All the species belonging to this class are
macroscopic and multicellular. They protect the organisms that are used as food and
offer habitat for many marine organisms and also perform photosynthesis and
release up to 90% of earth’s oxygen. In addition, they are diverse resources for
biologically active natural products such as proteins and polysaccharides that can
further be utilized for pharmaceuticals.

9.3 Brown Algae (Phaeophyta)

The brown algae comprising the class Phaeophyceae are a large group of multicel-
lular algae, including many seaweeds located in colder waters within the Northern
Hemisphere. Most brown algae live in marine environments, where they play an
important role both as a source of food and shelter. Most brown algae contain the
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pigment fucoxanthin in abundance, giving them characteristic greenish-brown color
by masking the effect of other pigments, chlorophyll a and c, b-carotenes and
xanthophylls (Bold et al. 1985) and are responsible for the distinctive that gives
them their name. Phaeophyceae members are the most complex algae and there are
no unicellular or colonial forms in this class. Large brown algae are used as a shelter
for some bottom-dwelling animals. They also serve as a substrate for other algae that
grow as epiphytes, or plants that grow on other plants. Few macroalgae, Macrocystis
and Nereocystis form a canopy called Kelp forests and another one, Sargassum
forms floating mats of the Sargasso Sea that provide shelter for many organisms in
the sea and allow a high level of diverse organisms to survive. More than 2000
species of brown algae are reported. Some species are important for commercial use
because of their medicinal use. Many natural products of medicinal value have been
extracted from them (Table 9.1).

9.3.1 Cytotoxic Compounds from Brown Algae

Several cytotoxic compounds with potential anti-cancer activities were isolated and
identified from the brown algae during past years such as bifurcadiol from Bifurcaria
bifurcata (Guardia et al. 1999), Sargol from Sargassum tortile (Numata et al. 1991),
Leptosins from the fungus Leptsphaeria species that shelter in association with the
Sargassum tortile (Takahashi et al. 1994). Terpenoid C was isolated from
Styolpopdium zonale and its methyl ester shows cytotoxic activity (Dorta et al.
2002). Recently, it was reported that Stoechospermum marginatum yields spartane
diterpenes, which can induce apoptosis in melanoma cells. Many other cytotoxic
compounds have also been isolated from brown algae in the recent past, which are
stated in Table 9.1. All these cytotoxic natural products are candidate drugs for
cancer treatment.

9.3.2 Antimicrobial Compounds from Brown Algae

A meroditerpenoid, methoxybifurcarenone, was isolated and identified from
Cystoseira tamariscifolia, which shows a fungicidal effect on three pathogenic
fungi of tomato and bactericidal effect on Agrobacterium tumefaciens and
Escherichia coli (Bennamara et al. 1999). Another antifungal compound, deoxy
lapachol, was also isolated from Landsburgia quercifolia and this compound was
cytotoxic to leukemic cells (Perry et al. 1991). Zonarol 140 from Dictyopteris
zonaroides was reported to be an antifungal compound (Fenical et al. 1973). Extracts
from Dictyota dichotoma displayed antifungal activity against Trichophyton
mentagrophytes, Candida albicans, and Fusarium oxysporuni. Extracts from
seven more species (Dictyopteris delicatula, Dictyota bartayresiana,
D. dichotoma, Padina gymnospora, Sargassum plagiophyllum, Spatoglossum
asperum, Stoechospermum marginatum) also exhibited antifungal activity.
Lobophorolide from Lobophora variegate exhibits antifungal activity against
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Table 9.1 Potent lead compounds for drug discovery derived from marine algae

Name

Drug/active compound

Source organism

Disease/activity

(Blue-green
algae)
Cyanobacteria

Obynamide, Palau’imide, Lyngbya sp Cytotoxic (cancer
Lyngbyabellin, Ulongamides A, cell lines)
Ulongapeptin, Apratoxins

Jamaicamides, Lyngbyabellins, | Lyngbya sp Lung cancer

Dolabellin, Aurilides,
Wewakpeptins, Macrolides

Laxophycins, Hyalidium Anabena torulosa | Antimicrobial,
antifungal

Guamamide, Micromide, and Symploca Anticancerous

Tasiamide hydnoides

Cyclic Depsipeptides Hyalidium Cancer therapeutics

Columbamides Moorea bouillinii | Nervous system-

related disorder

Hectoramide, Hectochlorins and
Jamaicamides, Cyanobactin
Wewakazole

M. producens

Anticancerous

Bartolosides Nodosilinea No strong biological
species activities

Microcystin Synechocystis Antibacterial
salina

Pseudoaer-Uginosins NS1 and Nodularia Trypsin inhibitor

NS2 spumigena

Poly-Hydroxy Macrolide, Okeania Antimalarial

Macrolactone and Lipopeptide

Kurahyne

Odoamide Okeania Cytotoxin

Depsipeptides Coibamide Leptolyngbya sp Tumor growth in a

nude mouse

Coibamide A and Apratoxin Lyngbya Anticancer
majuscula

Lobocyclamides Lyngbya Antifungal
confervoides

Carmabin, Dragomabin and Lyngbya Antimalarial

Dragonamide majuscule

Sulfolipid Phormidium Anti-HIV compound
tenue

Phycocyanobilin (PCB) and Spirulina Anti-inflammatory

C-Phycocyanin (C-PC) platensis

Yoshi None

Leptolyngbya sp.,

Anti-obesity

Brown algae

Meroditerpenoids, Cystodiones | Cystoseira Inflammatory
G-L and Cystones usneoides: inhibitor
Cadinane sesquiterpene Dictyopteris Anticancer
cadinan-4(15)-ene-1b, Sa-diol divaricata:

Sesquiterpene Taonia atomaria | Anticancer

Mozukulin A and B

Cladosiphon
okamuranus

(continued)
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Table 9.1 (continued)
Name Drug/active compound ‘ Source organism | Disease/activity
Disulfides Dictyopteris Antibacterial, anti-
membranacea inflammatory activity
Sulfoquinovosyldiacylglycerol Lobophora Antiprotozoal
(SQDG) species
Lobophorenols A-C L. rosacea Bleaching and
necrosis
Dolastane diterpenes Canistrocarpus Inhibited HIV-1
cervicornis (anti-HIV)
Spartane diterpenes Stoechospermum | Induced apoptosis in
marginatum melanoma cells
(cytotoxic)
Red algae C15-acetogenins Laurencia Antibacterial,
marilzae insecticidal,
antifungal and
antiviral activity
Eudesmane L. obtusa Antimicrobial
Brominated eudesmanes L. Pinnata Antibacterial,
(selinanes), brominated insecticidal
cycloeudesmane
Brominated indole-related Laurencia similis | Antibacterial
alkaloids
Obtusol Laurencia Larvicidal
dendroidea (insecticidal)
12-epoxyobtusallene IV, Laurencia Antibacterial
obtusallene X, and marilzae
marilzabicycloallenes C and D
Bis(2,3-dibromo-4,5- Odonthalia Antidiabetic agent
dihydroxybenzyl) ether corymbifera
(BDDE)
Mycosporine-like amino acids Porphyra sp. Immunomodulatory
shinorine and porphyra-334 effect
Galaxamide Galaxaura Antitumor agents
filamentosa
Polyhalogenated monoterpene, Plocamium Antibacterial
(-)-anverene cartilagineum
Bromophenol Odonthalia Antimicrobial
corymbifera
Palytoxin Chondria armata | Insecticidal
Meroterpenoids Hypnea Anti-oxidative
musciformis
Polyhalogenated indoles Rhodophyllis Antitumor,
Halogenated indoles membranacea antimicrobial,
antidiabetic, and
antioxidant
Green algae Sesquiterpene chlorellatin A Chlorella Antibacterial and

and ergosterol derivatives
chlorellatin B

sorokiniana

Antifeedant

(continued)
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Table 9.1 (continued)

Name Drug/active compound Source organism | Disease/activity
4-Hydroxy-2,3-dimethyl-2- Ulva. pertusa Anti-inflammatory
nonen-4-olide
Fatty acid esters and carotenoid | U. intestinalis Antimicrobial
metabolites and U. prolifera
Dimethylsulfoniopropionate Ulva sp. Antifeedant and
and acrylate Antipredatory
Astaxanthin and sulfolipids
Palytoxin Chondria armta Insecticidal
Kahalalide F Bryopsis sp. Anticancer (phase 1))

Dendroyphiella salina, Lindra thalassiae, and C. albicans (Kubanek et al. 2003).
Few sesquiterpenes were isolated from Dictyopteris divaricata and Taonia
atomaria, which were capable of inhibiting bacterial adhesion and barnacle settle-
ment. Extracts of Dictyopteris delicatula, Padina gymnospora, Sargassum
tenerrimum, Turbinaria conoides, and Zonaria crenata of the Phaeophyceae
exhibited broad-spectrum activity.

A very important compound, diacetoxy — 8-hydroxy2,6-dollabeladiene, which is
a dollabelladiene derivative was isolated from Dictyota pfaffi (Barbosa et al. 2004)
and it exhibited potent anti-(herpes simplex virus) HSV-1 activity and slight inhibi-
tion of HIV-1 reverse transcriptase. Similarly, a diterpene from D. menstrualis
(Pereira et al. 2002) displayed antiretroviral activity. Dolastane diterpenes obtained
from Canistrocarpus cervicornis was found to be active against HIV-1 (Bunt et al.
2016). Additionally, many of the antimicrobial compounds have been reported
recently (Table 9.1) that can be utilized for new drug discovery against pathogenic
strains of viruses, bacteria as well as fungi.

9.3.3 Other Compounds with Medicinal Value from Brown Algae

Dictyopteris membranacea produces a series of six disulfides and two known
disulfides that displayed anti-inflammatory activity. Several prenyl toluquinones
from Cystoseira crinite exhibited potent radical-scavenging effects (Fisch et al.
2003) and a phlorotannin, eckstolonol from Ecklonia stolonifera had antioxidant
property (Kang et al. 2003). Recently, it was reported that Cystoseira usneoides
yields meroditerpenoids, cystodiones, and cystones along with eight known
meroditerpenes with antioxidant and anti-inflammatory activity. Phlorotannins,
phlorofucofuroecko, from Ecklonia stolonifera isolated the brown alga Ecklonia
stolonifera shows antihypertensive activity. Meroterpenes extracted from brown
algae possess anti-adipogenic and pro-osteoblastogenic activities and have been
found to be active against Leishmania amazonensis. Fucosterol from Pelvetia
siliquosa demonstrated antidiabetic activity. Phloroglucinol and its derivatives
isolated from Ecklonia stolonifera were reported to be as hepatoprotective agents
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Fig. 9.1 Bioactive compound yielding marine blue green algae (1 & 2) (https://ccsearch.
creativecommons.org/search?q=lyngbya&provider&li&lt&searchBy; https://ccsearch.
creativecommons.org/photos/efle3eca-73al-4b26-9465-4a74d0a47064) and Brown algae (3 & 4)
(https://ccsearch.creativecommons.org/search?q=Dictyota%?20dichotoma&provider&li&lt&
searchBy;  https://ccsearch.creativecommons.org/search?q=dictyopteris %20membranacea&pro
vider&li&lt&searchBy). (All the figures have been taken from Creative commons)

(Kim et al. 2005). In the recent past also, many important natural compounds have
been obtained from brown algae and all these compounds can prove to be a good
lead compounds for new drug discovery (Fig. 9.1).

9.4 Red Algae

The red algae are one of the largest and oldest classes of algae, comprising over 8000
species. The majority of species are multicellular and mostly live in intertidal and in
subtidal zone of the marine environment. The red color of Rhodophyceae members
is because of the presence of two pigments phycoerythrin and phycothcyanin in
abundance, in addition to chlorophyll a (no chlorophyll b), B-carotene, and a number
of unique xanthophylls (Bold et al. 1985). Red algae are considered to be the most
important source of biologically active natural metabolites in comparison to other
classes of algae.
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9.4.1 Cytotoxic Compounds from Marine Red Algae

A cytotoxic and unique anti-tumor agent, halmon, which is a polyhalogenated
monoterpene, was isolated from Portieria hornemanii and this compound is at the
clinical stage of drug discovery (Fuller et al. 1992, 1994). Laurinterol from Laurencia
okamurai induced apoptosis and could cause restricted growth of melanoma cells.
Triterpenes, 2-acetoxy-15-bromo-6,17-dihydroxy3-palmitoyl-neoparguera-4(19), 9
(11)-diene, teurilene and thyrsiferyl 23-acetate isolated from Laurencia obtusa had
cytotoxic properties (Suzuki et al. 1985, 1987). Several cytotoxic cyclic monoterpenes
were also isolated from Desmia hornemanni (Higa 1985) and they show cytotoxic
activity against carcinonomas. Furoplocamioid C, perfuroplocamioid, pirene and
tetrachlorinated cyclohexane extracted from Plocumium carttilagineum were active
against human tumor cell lines (de Ines et al. 2004). Sulfur-containing
polybromoindoles from Laurenda brongniartii were cytotoxic to melanoma cell line
(Sun et al. 2006). Few monoterpene aldehydes and sesqueterpenes from Plocamium
corallorhiz and Laurencia tristicha were reported to inhibit the growth of esophageal
cell line and HeLa cell line respectively. Thyresenol, a polyether squalene-derived
product, was isolated from Laurencia viridis that shows potent cytotoxic activity and
anticancer property. Dehydrothyrsifero from Laurencia pinnatifida induced apoptosis
in breast cancer cells ().

9.4.2 Antimicrobial Compounds from Marine Red Algae

Sulquinovosyl diacyl glycerol from Gigartina tenella shows inhibitory activity
against HIV-1 reverse transcriptase (Ohata et al. 1998). 2,3,6-Tribromo
4,5-dihydroxybenzyl isolated from Symphyocladia latiuscula was shown to be
active against HSV. Sulfoquinovosyl diacyl glycerol was isolated from Caulerpa
racemose and Ishige okamurai, which exhibited an inhibitory effect on HSV-2
(Wang et al. 2007). Venustatriol, thyrsiferol, and thyrsiferyl 23-acetate were
obtained from Laurencia venusta and these bioactive compounds showed antiviral
activity on vesicular stomatitis virus (VSV) and herpes simplex virus type 1 (HSV-1)
(Sakemi et al. 1986). Sesquiterpene hydroquinone, peyssonol A from Peyssonnelia
species, was found to possess anti-HIV reverse transcriptase activities (Talpir et al.
1994).

Polybrominated indoles from Laurencia brongniarti show growth inhibitory
activity against Bacillus subtilis and Saccharomyces cerevisiae. Bromobeckerelide
and chlorobeckerelide from Beckerella subcostatum and P-hydroxybenzaldhyde,
dichloro-acetamide, and 3,5-dinitriguaiacol from Marginisporum aberrans showed
antimicrobial activity against Bacillus subtilis (Blunt et al. 2016). L. elata yielded
elatol that displayed growth inhibitory activity against pathogenic bacteria Staphy-
lococcus epidermis, Klebsiella pneumonia, K. pneumonia, and Salmonella sp.
Laurinterol, isolaurinterol, allo-laurinterol, cupalaurenol 3, and 2,3,5,6-
tetrbromoindol from Laurencia species displayed a wide spectrum of antibacterial
activity against many pathogenic as well as antibiotic-resistant bacteria.
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10-hydroxykahukuene and laurenmariallene from Laurencia mariannensis also
showed antimicrobial activity. Lanosol enol ether from Fucus vesiculosus showed
antibacterial and antifungal activity (Barreto and Meyer 2006). Diterpenebenzoic
acids, callophycoic acids, and callophycols from Callophycus serratus showed
adequate levels of antimicrobial, antimalarial, and anticancerous activity (Lane
et al. 2007). Cyclic ethers from Laurencia glandulifera showed antistaphylococcal
activity. Ptilodene, an eicosanoid from Ptilotafilicina sp., exhibited antimicrobial
activity against pathogenic bacteria. Extracts of Centroceras clavulatum, Champia
parvula, Gelidiella acerosa, Gracilaria corticata, Hypnea musciformis,
H. valentiae, Laurencia obtusa, and Polysiphonia sp. showed promising broad-
spectrum activity (Debbab et al. 2013).

Among all, red algae (examples: Centroceras clavulatum, Gelidiella acerosa,
Gracilaria corticata, Halymenia floresia, Hypnea musciformis Halymenia floresia,
Gelidiella acerosa Gracilaria foliifera, Hypnea musciformis, Hypnea valentiae,
Gracilaria corticata, Sarconema filiforme Centroceros clavulatum, Gelidiella
acerosa, and Halymenia floresia) were reported to show the highest antifungal
activity. They displayed antifungal activity against pathogenic fungi Candida
albicans, Trichophyton mentagrophytes to a greater extent. (Padmakumar and
Ayyakkannu 1997) (Fig. 9.2).

9.4.3 Other Compounds with Medicinal Value from Red Algae

Snyderol, a sesquiterpene from Laurencia obtuse, was reported to be active against
malarial parasite Plasmodium falciparum. Chondriamide and its derivatives were
extracted from Chondria atropurpurea that showed anthelmintic activity.
Parguerene and isoparguerene from Jania rubens also exhibited anthelmintic activ-
ity (Awad 2004). Ceratospongamide, a cyclic heptapeptide from symbiotic
Ceratodictyon spongiosum with Sigmadocia symbiotica, displayed anti-
inflammation activity. Vidalols from Vidalia obtusaloba were reported to be anti-
inflammatory. In addition, tribromo dihydroxy benzyl cyclohexanone from
Symphyocladia latiussula possesses antioxidant activity. Bromophenols, isolated
from Polysiphonia urceolata and Odonthalia corymbifera, were potent reactive
oxygen species scavengers (Li et al. 2007; Duan et al. 2007). Three meroterpenoids
from Hypnea musciformis with variable anti-oxidative activities were isolated.
Palytoxin with insecticidal activity was isolated from Chondria armata. Red algae,
Laurencia dendroidea produce obtusol, which harbors larvicidal activity against the
dengue fever mosquito Aedes aegypti. Odonthalia corymbifera yielded dibromo
dihydroxybenzyl ether which can serve as an anti-diabetic agent. Shinorine and
porphyra-334 isolated from Porphyra sp. possess immunomodulatory effects.
Natural products generated by Laurencia dendroidea were studied in detail to
investigate sterol biosynthesis pathway and cloning and functional characterization
of a cycloartenol cyclase was figured out. Additionally, biological activities of
natural products coming from Gracilaria spp. were investigated. Synthetic
analogues of galaxamide initially isolated from Galaxaura filamentosa were
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Polysiphonia urceolata

Bryopsis sp. Halimeda tuna

Fig. 9.2 Bioactive compound yielding red algae (5 & 6) (https://ccsearch.creativecommons.org/
search?q=Polysiphonia%?20urceolata&provider&li&lt&searchBy; https://ccsearch.
creativecommons.org/search?q=Laurencia%20dendroidea&provider&li&lt&searchBy) and
Marine Green algae (7 & 8) (https://ccsearch.creativecommons.org/search?q=Bryopsis&pro
vider&li&lt&searchBy; https://ccsearch.creativecommons.org/search?q=Halimeda%20tuna%20&
provider&li&lt&searchBy). (All the figures have been taken from Creative commons)

designed and proven as potential antitumor agents. Other synthetic studies such as
polyhalogenated monoterpene, anverene, epoxyobtusallene IV, obtusallene X, and
marilzabicycloallenes were also performed (Blunt et al. 2017). Many other natural
products with antimicrobial, cytotoxicity against cancerous cells, and other
compounds with medicinal value have also been isolated from red algae in the
recent past and they are presented in Table 9.1. They have great potential for
being utilized in pharmaceuticals.
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9.5 Green Algae

Green algae are not only found in freshwater but also in the intertidal zone and in
shallow waters of sea, where there are plenty of nutrients and sunlight. Green algae
have characteristic green color due to an equal proportion of chlorophyll a and b
(Bold et al. 1985). This class of algae is supposed to be more closely related to
terrestrial higher plants as compared to any other class. There are many bioactive
natural products reported from marine green algae that have potential usage in
pharmaceuticals.

9.5.1 Cytotoxic Compounds from Marine Green Algae

A unique brominated diphenyl methane derivative, Isorawsonol, was isolated from
Arrainvilla rawsonii, which has antumorigenic and immunosuppressive effects.
Communesins, penostatins, cytochalasans, and penochalasins isolated from
Enteromorpha intestinals showed cytotoxic activity against lymphocytic leukemia
cell. Halimedatrial and other diterpenoid metabolites isolated from Halmida
lamouroux have anticancerous and antimicrobial activities. Depsipeptide kahalalide
isolated from Bryopsis sp. (Hamann and Scheuer 1993) was found to be active
against prostate cancer and HL-60 cell lines and this bioactive compound has been
selected for Phase I clinical trials (Dmitrenok et al. 2006).

9.5.2 Antimicrobial Compounds Isolated from Marine Green Algae

A unique diterpene aldehyde halitunal obtained from Halimeda tuna exhibited
antiviral activity against murine coronavirus (Koehn et al. 1991). Sphingosine
isolated from Indian green alga Ulva fasciata exhibited antiviral activity against
semeliki forest virus (SFV) (Garg et al. 1992). Triterpene sulfate esters,
Capisterones, extracted from Panicillus capitatus showed antifungal activity against
a pathogenic fungus, Lindra thallasiae (Puglisi et al. 2004). The extract of
Cladophora fascicularis yielded dibromophenoxy dibromoanisol, a diphenyl ether
that shows antimicrobial activity against Escherichia coli, Bacillus subtilis, and
Staphylococcus aureus (Kuniyoshi et al. 1985). The extracts from green algae,
Caulerpa cupressoides, C. peltata, C taxifolia, Codium arabicum, Enteromorpha
intestinalis, Ulva fasciata, and U. lactuca demonstrated activity against pathogenic
bacteria Staphylococcus aureus and all the Vibrio species. Bioactive compounds
extracted from Caulerpa cupressoides, C. racemosa, Ulva fasciata, and U. lactuca
showed broad-spectrum activity.
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9.5.3 Other Compounds with Medicinal Value from Green Algae

Cymobarbatol and its derivatives were isolated from the Cymopolia barbat, which
possess antimutagenic activity (Wall et al. 1989). Ascosalipyrrolidinones isolated
from Ulva species and its endophytic fungus Ascochyta salicorniaewas, showed
antiplasmodial activity. Glucopyranosy-lstigmasta diene isolated from Ulva laetuea
was found to be anti-inflammatory (Awad in 2000). Caulerpals isolated from
Caulerpa taxifolia was discovered as an inhibitor of tyrosine phosphatase (Mao
et al. 20006). U. pertusa yielded 4-hydroxy-2,3-dimethyl-2-nonen-4-olide, which can
inhibit cytokine production in dendritic cells. From Chlorella sorokiniana, few new
marine natural products such as, sesquiterpene chlorellatin, ergosterol-derivative
(chlorellatin), and lutein were identified. Dimethyl sulfoniopropionate and acrylate
were obtained from an unidentified Ulva species, which is used as defensive
compounds. The carotenoid astaxanthin and sulfolipids isolated from green algae
are also tested for biological activities.

9.6 Potent Natural Drugs from Marine Fungi

Marine fungi are the species of fungi that sustain their life in the marine and estuarine
environments. They can be either facultative or obligatory. Facultative marine fungi
spent most of their life under terrestrial or freshwater conditions and they are capable
of living under marine habitats. Thousands of marine fungi belonging to
Basidiomycetes, Ascomycetes, and other classes have been reported from the sea
and a large number of species are yet to be discovered. Marine fungi can be
saprophytic on dead plants and animals or parasitic on mangroves, algae, or other
marine plants. Marine fungi are a recognized source of distinct natural products.
There are different techniques or substrate for isolation of marine fungi. It is
recommended that chemists should collaborate with marine mycologists in order
to procure marine fungi from recognized culture collections.

A number of new bioactive compounds have been reported from marine fungi.
Several phenolic compounds like aspergilols were obtained from Aspergillus
versicolor, which can be used as laxatives, antimalarials as well as antineoplastics.
Disulfide-bridged dipeptide, diterpene, norditerpene, decalin derivatives, and long-
chain peptaibols, trichoderin were extracted from Trichoderma. Trichoderin is an
anti-tuberculosis aminolipopeptide. Penicillium has yielded a wide range of new
metabolites, including meroterpenoids, chrysamides, alkaloids, polyketides, and
cerebrosides that can serve as a lead compound for new drug discovery. Sponge-
derived Penicillium sp. led to the production of some macrocyclic polyketides.
Several natural compounds such as monoterpenoids, diterpenoids, sesquiterpenes
cyclic dipeptides, phenolics, asteltoxins, alkaloids, pseurotin, and chromone were
isolated from Aspergillus sp. New metabolites isopyrrolonaphthoquinone and
sansalvamide A amide were also obtained from the genera Biscogniauxia. A number
of new metabolites like diterpene glycosides, steroid, cyclopentanone,
chlorogriseofulvin, hexaketide and (-)-orthosporin, polyketide-derived linear and
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macrocyclic polyesters, coumarins have also been obtained from different marine
fungi that are highly beneficial for pharmaceutical industries.

9.7 Bioactive Compounds from Mangroves
and Associated Fungi

The term “mangrove” describes trees or shrubs growing in saline coastal habitats,
together they form a “mangrove forest” or “mangrove swamp”. Plants growing in
such an environment usually belong to Rhizophoraceae, Combretaceae, Lythraceae,
and Avicenniaceae families. Most of them are facultative halophytes that live in the
intertidal zone. Mangroves are well adapted to the conditions that present in marine
conditions such as change in humidity, high salt, tides, and biotic stresses like the
presence of a huge number of microorganisms and herbivores, etc. Having
pneumatophores or prop roots is a very critical adaptation possessed by them,
which allow them to do a gaseous exchange and they are capable of excreting and
storing in salt glands or hairs.

Because of the constant evolutionary force, mangroves are highly diverse both
biologically as well as chemically (Strobel et al. 2004). This chemical biodiversity
can be highly useful for the isolation of bioactive natural products that can serve as a
lead compound for drug discovery. Moreover, they harbor diverse endophytic fungi
as symbionts (Anada and Sridhar 2002) that can also be an important reservoir of
diverse chemical compounds (Li et al. 2009; Pang et al. 2008). Mangrove, Aegiceras
corniculatum has been a rich source of antiplasmodial embelin analogue. Ceriops
tagal yielded bioactive compound, dolabranes tagalsin. From the seeds of
Xylocarpus moluccensis, tirucallane and tetranortriterpenes were extracted. Addi-
tionally, tetranortriterpenoids and limonoids were extracted from Xylocarpus
granatum and X. moluccensis respectively.

Endophytic fungi also yield diverse potential bioactive compounds that can be
suitable for medical and agrochemical applications such as cyclic depsipeptide
isolated from Kandelia candel-associated fungus showed cytotoxic activity against
human breast cancer MCF-7 cells when tested in the MTT assay (Huang et al. 2007).
Similarly polyketides isolated from a Penicillium sp., a symbiont of Aegiceras
corniculatum exhibited cytotoxic activities (Lin et al. 2008). Dichlororesorcinol
derivatives extracted from Cosmospora vilior and endophytic Eurotium rubrum
exhibited potent antioxidant activity. Endophytic fungus, Lasiodiplodia produced
polyketides, preussomerin analogues that can be utilized for medicinal uses. Further,
Mucor irregularis was explored for the presence of secondary metabolites, and
rhizovarins were isolated. Nectriacids and epicitreoisocoumarinol are two
polyketides isolated from Nectria species that showed potent inhibition of
a-glucosidase. Neosartoryadins from Neosartorya udagawae exhibited activity
against the HIN1 influenza virus. Endophytic Penicillium also generated varieties
of metabolites such as diketopiperazines spirobrocazine, brocazine, etc., that are
crucial compounds for drug discovery. Brocazine displayed cytotoxic activity
against tumorigenic cells and strong pathogenic strain of S. aureus. Other important
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Aegiceras corniculatum Xvlocarpus moluccensis
Fig. 9.3 Bioactive compound yielding marine fungi (9 & 10) (https://ccsearch.creativecommons.
org/search?q=Biscogniauxia&provider&li&lt&searchBy; https://ccsearch.creativecommons.org/
search?q=TrichodermakoningiiOudem&provider&li&lt&searchBy) and Mangroves (11 & 12)
(https://ccsearch.creativecommons.org/search?q=Mangroves %20Marine %20plants&provider&
li&lt&searchBy; https://ccsearch.creativecommons.org/search?q=Xylocarpus%20moluccensis&
provider&li&lt&searchBy). (All the figures have been taken from Creative commons)

metabolites  like  pestalotiopsis, macrolides, phomopsis, cytochalasins,
pseudolagarobasidiu, stemphylium, talaromyces, rhytidhysteron, and chamigrane
sesquiterpenes were also extracted from other mangrove-associated fungi (Fig. 9.3).

9.8 Conclusion

Finding natural “eco-friendly” plant products to prevent or treat human diseases will
be a better alternative management process in pharmacy. The wealthy and excep-
tional chemical diversity of natural products has long been a significant reservoir of
remedies. Chemical diversity has been associated with biological diversity and the
marine environment possesses diverse biota which can provide varieties of chemical
compounds that have the potential to be used as medicines. This probability has been
an inspiration for the isolation of interesting different chemical compounds, which
are unique and extraordinary in nature as compared to the ones that come from
terrestrial sources. Marine organisms are subjected to extreme environmental
conditions including high salinity, insufficient aeration, hydrostatic pressure,
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infection, and predation by other organisms. The adaptations to the harsh conditions
can be either physical by conferring motility or chemical. Plants being sessile hugely
rely on the chemical defense mechanisms and have evolved phytotoxins and
deterrents to enhance their survival to cope up with freely moving predators.
Therefore, the potency of the metabolites coming from marine flora is more. Thus,
a vast multitude of potential drugs has been isolated from the marine flora with better
efficiency and specificity for the treatment of deadly and incurable human diseases.
The use of natural products as antibiotics is highly needed as the microbial resistance
to these drugs is increasing in humans and animals. Using natural and renewable
marine floral compounds is still in its infancy, but considering its importance in the
present scenario, further investigation in this direction will surely deliver an effective
and sustainable means of disease treatment.
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Abstract

Edible seaweeds—superfoods of our waterways—are algae, botanically classi-
fied majorly into green (Chlorophyta), brown (Phaeophyta) and red (Rhodophyta)
groups. They are a rich source of protein, dietary fibre, vitamins, minerals as well
as polyphenols, peptides, sterols, PUFA, etc. Seaweeds are a major part of the diet
of Southeast Asian countries as well as in parts of Europe, America and Australia.
Apart from being a major nutrition source in the human diet, traditional Chinese
medicine approves of edible seaweeds having medicinal properties. In recent
times, edible algae are being marketed as a rich source of nutraceuticals for their
bioactive properties. It has been established that bioactive compounds have a
major therapeutic role in the management of a number of human metabolic
diseases such as diabetes, cancer, hypertension, etc. Researchers are trying to
discover newer bioactive molecules from different sources. Marine life
constitutes around 80% of the world biota and edible algae is a major marine
flora that can be explored to derive many bioactive compounds and other second-
ary metabolites for therapeutic applications through optimized harvesting, extrac-
tion and recovery for active molecules. The algal bioactive molecules have been
widely reviewed to possess antiparasitic, antiinflammatory, anticancer, antioxi-
dant and antidiabetic properties. Thus, opens a vast scope for utilization of
bioactive compounds from edible seaweeds for development of nutraceuticals.
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10.1 Introduction

Edible seaweeds are macroalgae consumed since ancient times by the coastal
communities of parts of Asia, Europe, America and Australia. Seaweeds are part
of the major diet in many parts of the Asian continent such as Korean peninsula,
Japan, China, Vietnam, Philippines, etc. South Korea is one of the largest consumers
of edible seaweeds (Sanjeewa et al. 2018).

Botanically, the seaweeds are classified into different taxonomic groups viz. red
algae (Rhodophyta), brown algae (Phaeophyta) and green algae (Chlorophyta) based
on their pigmentation pattern (Mohamed et al. 2012). Figure 10.1 represents a brief
schematic classification of seaweeds with some examples.

In traditional Chinese medicinal system, seaweeds are used to treat a number of
ailments. They are rich in minerals like Na, Ca, Mg, K, Zn, Cu, Se, Mb, F, Mn, B, Ni
& Co as well as vitamins such as B12, A and K. In addition, they are also abundant in
bioactive compounds with therapeutic properties. Researchers are trying to discover
newer bioactive from marine sources and seaweeds are one of the important marine
sources enriched with numerous bioactive compounds. Thus, the edible seaweeds
can be considered as superfoods with lots of nutritional benefits as well as health-
promoting properties. In this chapter, an overview of edible seaweeds as potential
nutraceuticals and their therapeutic properties is presented.

Edible Seaweeds (Macroalga