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Preface

Sponges (phylum Porifera) are probably one of the earliest branching

animals and their fossil record dates back to the Precambrian. These simply

organized, exclusively aquatic and almost sessile organisms habituate in both

fresh and marine waters. According to the modern view, the divisions of

sponges include four classes: Demospongiae (horn sponges), Hexactinellida

(glass sponges), Calcarea (calcareous sponges) and Homoscleromorpha (for

details see World Porifera database. Available: http://www.marinespecies.

org/). Over million years of evolution, sponges developed a unique strategy

for survival via their attachment to hard substrates, and consequently, being

open to all possible predators including microorganisms and metazoans.

They contain mechanically stable, usually mineralized skeletons, and possess

the ability to synthesize secondary metabolites with antiviral, antibacterial,

antifungal and cytotoxic activities.

Biomineralogy of diverse sponges skeletal structures like biosilica- and

calcite-based spicules is well investigated and represents a source for

bioinspired materials science today. The organic chemistry of the same

structures is also of immense scientific interest due to the presence of very

special biopolymers including collagens, chitin, keratin-like sponging, as

well as a broad variety of proteins with enzymatic activities. Some of

them, for example, silicateins, are involved in biosilicification. Although

there has been tremendous activity within numerous scientific groups to

obtain better understanding of the structural biology of the biomineralization

phenomenon in sponges, a detailed knowledge of the genetic, biochemical

and molecular mechanisms involved is still lacking. Even recent discoveries

on highly hydroxylated collagen in anchoring spicules of glass sponges, and

chitin within skeletal fibrous networks of some keratose demosponges, pro-

duced more open questions than answers. Both the mechanical and optical

properties of selected spicular structures observed in some sponges have

attracted the attention of experts from such scientific fields as biomimetics,

bionics and biophotonics. Spongin- and chitin-based three-dimensional

scaffolds isolated from demosponges possess high biomimetic potential for

biomedicine and tissue engineering.

Due to their excellently developed strategy of chemical defense, sponges

(mostly demosponges) are important within the fields of marine biotechnol-

ogy and marine pharmacology. Moreover, they are considered as the best

resources for highly active therapeutic molecules amongst other marine
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invertebrates. Several biological compounds isolated from marine sponges

have been further explored for pharmaceutical drug development. Ara-C is

the first isolated compound for cancer treatment that is used widely. Usually,

sponges synthesize different substances with antibiotic activity simulta-

neously by themselves (Verongida sponges), or due to their symbiotic

microorganisms. Consequently, they represent intriguing examples for

experts which are involved in research on multidrug-resistant organisms.

Various experts in marine sponge related area globally have contributed

valuable chapters in the present book. We strongly believe that this would

provide enough insights into the amazing world of marine sponges to the

readers. The present book is an attempt to compile the novel information

available on sponge metabolites, including low molecular weight bioactive

compounds, and structural biopolymers and their isolation techniques as well

as the biomedical applications at the same place. It is an essential reading for

the novice and expert in the field of marine biotechnology and pharmacology,

natural product researchers and chemists, industrialists as well as students.

Hyderabad, India Ramjee Pallela
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Introduction to the Global Scenario
of Marine Sponge Research 1
P.V. Bramhachari, Hermann Ehrlich, and Ramjee Pallela

Abstract

Spongology has grown into a discipline attracting a progressively growing

population of hundreds of scientists across the world. Several marine sponges

harbor dense and diverse microbial communities of huge ecological and

biotechnological significance. Sponges represent an evolutionarily divergent

group of species with widespread physiological and ecological traits. They

also host complex communities of microbial symbionts and thus are ideal

model to test functional equivalence and evolutionary convergence that exists

in complex symbiont communities across phylogenetically divergent hosts.

This review highlighted the largest part of promising research domains in

sponge diversity, taxonomy, ecology, cell culture, metagenomics, drug dis-

covery, marine natural products and applications of sponges in biomaterials,

tissue engineering, regenerative medicine, and advanced methodologies used

for the bioprospection of marine microorganisms. Genome, transcriptome,

and metagenome analysis has revealed extraordinary insights into the sponge

symbiotic functions, its ecological role, and biotechnological significance.

Recent developments in metagenomics also provided novel avenues in

sponge metabolite production. This review has covered the recent findings

regarding dynamics of sponges, and several interesting research areas, that

we believe are deserving of increased attention.

P.V. Bramhachari (*)

Department of Biotechnology & Botany, Krishna

University, Machilipatnam 521 001, Andhra Pradesh,

India

e-mail: veerabramha@gmail.com

H. Ehrlich

Institute of Experimental Physics, TU Bergakademie

Freiberg, Leipziger 23, Freiberg 09599, Germany

e-mail: Herman.Ehrlich@physik.tu-freiberg.de

R. Pallela

IKP Knowledge Park, Genome Valley, Turkapally,

Hyderabad 500078, Telangana, India

e-mail: rpallela@gmail.com

# Springer India 2016

R. Pallela, H. Ehrlich (eds.), Marine Sponges: Chemicobiological and Biomedical Applications,
DOI 10.1007/978-81-322-2794-6_1

1

mailto:veerabramha@gmail.com
mailto:Herman.Ehrlich@physik.tu-freiberg.de
mailto:rpallela@gmail.com


Keywords

Sponges • Symbionts • Metagenomics • Drug discovery • Biomaterials

and tissue engineering

1.1 Introduction

Marine sponges signify noteworthy constituents

of benthic communities all through the world, in

terms of both biomass and their prospective to

influence benthic or pelagic processes (Dayton

1974, 1989; Gili and Coma 1998; Maldonado

et al. 2005). Sponges are among the oldest of the

multicellular metazoan animals and possess

reasonably petite in the way of differentiation

and coordination of tissues (Simpson 1984).

They are sessile, filter-feeding organisms which,

notwithstanding a simple body plan, are remark-

ably efficient at obtaining food from the contigu-

ous water (Reiswig 1971; Vogel 1977; Pile et al.

1996). Spongology, the study of all aspects of the

sponge biology, ecology, taxonomy, and chemis-

try of sponges, has full fledged into a discipline

attracting a progressively increasing population of

hundreds of scientists worldwide, numerous of

whom devote a lifetime career to the study of

this group. Apart from nurturing academic inter-

est, sponges play an important role in human

health as producers of chemical compounds with

useful pharmaceutical properties, including

antitumor, anti-infective, and anti-inflammatory

properties (Pomponi 2006). Despite their evolu-

tionary divergence, sponges have maintained

many common physiological characters and eco-

logical roles, including the filter feeding of plank-

tonic microorganisms and particulate matter

(Taylor et al. 2007). Interestingly, the sponges

congregate complex communities of microbial

symbionts, and extensive research over a decade

documented the phylogenetic diversity and bioge-

ography of sponge-associated microorganisms

(Schmitt et al. 2012). Sponges have been the pri-

mary focus of much recent interest due to two key

factors: (i) they form close associations with an

extensive variety of diverse microorganisms, and

(ii) most importantly, they are an affluent source

of biologically active secondary metabolites.

Marine sponges lack neurons or any other kind

of nervous tissue. Instead, they have an excep-

tional body plan, characterized by different repro-

ductive modes as well as cellular totipotency and

mobility balancing the lack of true tissues and

organs (Brusca and Brusca 1990). Apparently,

the analysis of sponge genomes and

transcriptomes has revealed a complex variety of

signaling molecules and proteins necessary for a

postsynaptic scaffold (Sakarya et al. 2007;

Conaco et al. 2012). The conformity of physiolog-

ical evidence strongly suggests that glutamatergic

signaling occurs in sponges (Elliott and Leys

2007, 2010) and acts analogous to that seen in

other metazoans may be used to coordinate the

sponge behavior. Whereas the sensory organs are

well known from ctenophores, in sponges an

exceptional mechanism for transducing sensory

information from the environment has as yet

remained largely unknown. The sponge structural

integrity is conferred upon by siliceous or calcar-

eous spicules (Simpson 1984), and these skeletal

components are the basis for much of sponge

biology and taxonomy. A wide range of spicule

types are secreted, many of which are characteris-

tic of particular taxa (Hooper and van Soest 2002).

Collagenous tissues, such as spongin, also play a

pivotal role in providing structural support and,

together with spicules, allow the development of

very large individuals, such as those found among

many tropical species.

The existence of these putative symbionts

alongside bacterium-digesting archaeocytes to

some extent is paradoxical and implies either rec-

ognition of different microbial types by the

sponge cells or defensive of symbiont cells to

prevent consumption (Wilkinson et al. 1984).

Many marine sponges are associated with dense

and phylogenetically diverse microbial consortia

including bacteria, archaea, and single-celled

eukaryotes (fungi and microalgae) that can

account for nearly half of the animal’s biomass

2 P.V. Bramhachari et al.



(Hentschel et al. 2006; Taylor et al. 2007). The

dominant symbiotic bacterial taxa in marine

sponges are Proteobacteria, Actinobacteria,
Chloroflexi, Firmicutes, Acidobacteria, and

Cyanobacteria (Fieseler et al. 2004;

Scheuermayer et al. 2006; Taylor et al. 2007).

For instance, photosynthetically fixed carbon

from cyanobacterial symbionts provides >50 %

of the energy requirements of certain tropical

sponges (Wilkinson 1983), while other

microorganisms may contribute to host defense

by means of producing biologically active

metabolites (Unson et al. 1994; Schmidt et al.

2000). A wide range of chemical and functional

diversity has been observed among bioactive

compounds such as polyketides, alkaloids, fatty

acids, peptides, and terpenes (Thomas et al.

2010a, b). Molecular tools are increasingly being

used to address ecological questions, to increase

our understanding of marine ecosystems, and to

aid in their management and conservation (Féral

2002). Genetic variation in populations can have

ecologically important effects and is an important

component of biodiversity (Hughes et al. 2008).

When there is genetic variability for traits that

affect fitness, the genetic diversity of a population

as a whole can be important for its resilience and

capacity to adapt to adverse changing conditions.

This becomes particularly vital in the face of

climate change, where the capacity for a popula-

tion to evolve in response to elevated temperatures

may be influenced by its levels of genetic varia-

tion (Hughes et al. 2003).

Marine sponges are regarded as the most rele-

vant reservoir of biologically active metabolites in

the seas (Piel 2004), with more than 280 new

structures reported in 2010 and similar numbers

in previous years (Blunt et al. 2012). With growing

evidence, microbial symbionts rather than the host

might in fact produce several of the documented

sponge-derived bioactive compounds (Piel 2004;

Hentschel et al. 2012). Polyketides and

nonribosomal peptides are often evoked as

examples of metabolites found in sponges with a

likely bacterial symbiont origin. These molecules,

synthesized by large multifunctional enzymes

called polyketide synthases (PKS) and

nonribosomal peptide synthetases (NRPS),

comprise substance classes that are typical for

microorganisms (Piel 2004; Fisch et al. 2009).

They possess intricate and diverse structures that

display a wide range of relevant pharmaceutical

bioactivities including antitumoral, antifungal, and

antiparasitic (Staunton and Weissman 2001;

Hochmuth and Piel 2009). Cultivation-independent

approaches such as metagenomics and single-cell

genomics have been of utmost relevance for the

discovery of novel biosynthetic gene clusters –

including PKS and NPRS operons – from recalci-

trant or hard-to-cultivate sponge symbionts (Piel

et al. 2004; Fisch et al. 2009; Bayer et al. 2013).

Marine sponges with an exceptionally rich chemis-

try have been the source of several bioactive sec-

ondary metabolites. So far, more than 5,300

different products have been isolated from sponges

and their associated microorganisms (Laport et al.

2009). Blunt et al. (2010) in a Natural Product

Report review described 287 new compounds

from marine sponges isolated in 2009. Noteworthy

examples of bioactive secondary metabolites

isolated from marine sponges are hemiasterlin and

discodermolide. Hemiasterlin is a cytotoxic

tripeptide originally isolated from the marine

sponge Hemiasterella minor, currently in Phase I

trial (Talpir et al. 1994). The polyketide natural

product discodermolide, isolated from the marine

sponge Discodermia dissoluta, has potent cytotox-

icity to human and murine cell lines (Kingston

et al. 2011). Certain marine sponges have been

recognized as potentially rich sources of various

bioactive compounds. According to the database,

around 319 compounds have been reported from

the genus Xestospongia, 244 compounds from the

genus Theonella, 222 compounds from the genus

Halichondria, and 118 metabolites from the genus

Aplysina, among other sponges (Hu et al. 2011). In

principle, sponges have great potential for cell cul-

ture because of the presence of totipotent stem cells

(i.e., archaeocytes) and because cells can be easily

dissociated from its tissue, due to their loosely

cellular organization. However, despite efforts by

several research groups, a continuous sponge cell

line has not yet been developed, and the number of

primary sponge cell cultures developed is very

inadequate (Rinkevich 2005; Pomponi 2006;

Schippers et al. 2012). This escalating and diverse

1 Introduction to the Global Scenario of Marine Sponge Research 3



research interests have greatly enhanced our

knowledge of sponge biology, and yet, as obvious

throughout this review article, recent advances on

the sponges have been highlighted with updated

knowledge of these enigmatic sponge associations.

Here we aim to provide a comprehensive review of

the current knowledge of the ecology and biotech-

nological potential of sponges.

1.2 Microbial Diversity of Marine
Sponges Producing Bioactive
Compounds

Many marine sponges are associated with dense

and phylogenetically diverse microbial consortia

including bacteria, archaea, and single-celled

eukaryotes (fungi and microalgae) that can

account for nearly half of the animal’s biomass

(Hentschel et al. 2006; Taylor et al. 2007).

Sponges are filter feeders capable of processing

enormous volumes of seawater, providing a rich

source of microorganisms. So far, more than

25 bacterial phyla have been reported from

sponges (Schmitt et al. 2012; Webster and Taylor

2012). The dominant bacterial taxa in marine

sponges are Proteobacteria, Actinobacteria,

Chloroflexi, Firmicutes, Acidobacteria, and

Cyanobacteria (Fieseler et al. 2004;

Scheuermayer et al. 2006; Taylor et al. 2007).

Marine microorganisms are well known for

being capable of producing bioactive secondary

metabolites. A wide range of chemical and func-

tional diversity has been observed among bioac-

tive compounds such as polyketides, alkaloids,

fatty acids, peptides, and terpenes (Thomas et al.

2010a, b). Most of the compounds isolated from

marine microorganisms have shown biological

properties such as antimicrobial, antitumor, and

anticancer activities. The phylum Actinobacteria
dominates in the production of therapeutic

compounds followed by Proteobacteria.

Among fungi, members of the Ascomycota are

predominant producers of bioactive molecules,

and members of Deuteromycota are also a poten-

tial group for exhibiting bioactivity (Thomas

et al. 2010a, b).

The actinomycetes are of particular relevance

due to their unmatched capacity to produce novel

and bioactive secondary metabolites. About

7,000 compounds have been isolated from this

bacterial taxon alone (Jensen et al. 2005). The

anticancer compounds salinosporamide and

sporolide from the actinomycete Salinispora

tropica (Fenical et al. 2009), as well as the

antitumor antibiotic marinomycin from the obli-

gately marine genus Marinispora (Kwon et al.

2006), are vital examples of metabolites from

marine actinomycetes. Other interesting taxa

associated with marine sponges are bacteria of

the order Sphingomonadales, which are yellow-

pigmented, gram-negative, rod-shaped bacteria

that contain glycosphingolipids (GSLs) in their

cell envelope and were first described by

Yabuuchi et al. (1990). Glycosphingolipids are

a class of compounds shown to be the potent

stimulators of natural killer T cells (Sriram

et al. 2005; Mattner et al. 2005). Long et al.

(2007) also reported the synthesis and evaluation

of stimulatory properties of the GSL-1 to GSL-4

series of glycosphingolipids isolated from the

Sphingomonadaceae family. GSL-1 was found

to be a potent NKT cell stimulator. GSL-4, a

metabolite isolated from a Sphingomonas strain,
has been previously found to have NKT cell

stimulatory properties (Sriram et al. 2005). Inter-

estingly, Laroche et al. (2007) suggested that

glycolipids of the marine sponge Plakortis sim-

plex are produced by microbial symbionts rather

than by the sponge itself. Sphingomonads also

produce other types of secondary metabolites, for

example, the diketopiperazine glionitrin B was

reported to produce using a microbial coculture

of the bacterium Sphingomonas sp. KMK-001

and the fungus Aspergillus fumigatus KMC-901

(Park et al. 2011).

Other interesting taxa of marine organisms

associated with marine sponges that have a phar-

macological significance are Cyanobacteria,
e.g., Lyngbya, Oscillatoria, Symploca, Calothrix,

Leptolyngbya, Dichothrix, Geitlerinema,

Schizothrix, Aphanothece, Blennothrix, and

Synechocystis (Nagarajan et al. 2011).

Cyanobacteria are known to produce diverse

structural classes of metabolites. Malyngamide

4 P.V. Bramhachari et al.



H is an ichthyotoxic amide isolated from the

marine cyanobacterium Lyngbya majuscula

(Orjala et al. 1995). Isomalyngamide A, a fatty

acid amide isolated from the Taiwanese Lyngbya

majuscula, was found to have therapeutic poten-

tial against tumor cell migration (Chang et al.

2011). It is known, for example, that the occur-

rence of scytonemins, which are metabolites

composed of either an aminocyclohexenone or

an aminocyclohexenimine ring, containing

amino acid or amino alcohol substituents, is

restricted to Cyanobacteria or cyanobacterial

lichens (Klisch and Hader 2008). Thus, it is

more likely that scytonemins are appealing

molecules due to their pharmacological potential

as modulator of cell cycle control and inflamma-

tion (Stevenson et al. 2002). According to Rateb

et al. (2011), more than 1,000 compounds have

been isolated from marine fungi. For example,

14 anthracenedione derivatives were separated

from the secondary metabolites of the mangrove

endophytic fungus Halorosellinia sp. and

exhibited potent anticancer activity (Zhang

et al. 2010).

1.3 Role of Molecular Markers
in Deciphering the Sponge
Diversity

The study of intraspecific genetic diversity and

its distribution, ideally, genetic diversity, would

be measured across functionally significant gene

loci to show ecologically and evolutionary rele-

vant levels of diversity. However, identifying

loci that are under selection, and determining

the strength of that selection, is extremely chal-

lenging and is beyond the scope of most studies

interested in genetic variation and its distribu-

tion. The use of genetic markers to detect cryptic

species and formulate phylogenetic hypotheses

has revolutionized systematics and taxonomy in

the last 30 years. From the early studies with

allozymes (Thorpe and Sole-Cava 1994) to the

recent analyses of DNA sequences (Avise 2004),

molecular systematics has mostly corroborated

classical taxonomy.

1.3.1 Allozymes

In early studies, allozymes (polymorphic enzy-

matic proteins) were frequently used as popula-

tion markers for sponges, including studies on

the genetic diversity of populations (van

Oppen et al. 2002). Allozymes have many prac-

tical benefits, as they are relatively simple to use,

cost-effective, give quick results, and can be used

where there is no prior knowledge of the genome.

They also tend to show high intraspecies

variability in sponges (Uriz and Turon 2012).

1.3.2 Mitochondrial DNA (mtDNA)

Sequences from the mitochondrial genome are

often used as molecular markers to investigate

phylogeny or population genetic structure. The

cytochrome c oxidase subunit 1 (COI) has been

used to infer sponge phylogeny (Erpenbeck et al.

2007) and is currently being used in the Sponge

Barcoding Project (Vargas et al. 2012). However,

in sponges, mtDNA shows an unusually slow rate

of evolution and often has low variability within

species (Duran et al. 2004a, b; Hoshino et al.

2008), and as a result, its use in intraspecies

work is generally discouraged (van Oppen et al.

2002; Uriz and Turon 2012). Despite this, there

are some instances where levels of intraspecific

variability have been higher: DeBiasse et al.

(2010) used the COI region to determine popula-

tion structure in Callyspongia vaginalis, and Rua

et al. (2011) found other mtDNA regions with

higher nucleotide diversity than the COI region

in a number of Demosponge species.

1.3.3 Microsatellites

Microsatellites have been used in variety of ways

to study sponge populations. Population structure

has been studied in multiple species at a range of

spatial scales. Blanquer and Uriz (2010) detected

genetic structure within populations, between

populations in the same region, and between

regions in Scopalina lophyropoda, using seven
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microsatellite loci. Duran et al. (2004a, b) also

found genetic structure between and within sites

at a large geographic scale in Crambe crambe
using six microsatellites (this is in contrast to the

low levels of structure found in the same species

using mtDNA (Duran et al. 2004a, b)). Popula-

tion structure at a small spatial scale has also

been detected using microsatellites in

C. crambe (Calderón et al. 2007) and

S. lophyropoda (Blanquer et al. 2009).

Microsatellites have also been used to study pop-

ulation genetic diversity of Spongia officinalis in
the Mediterranean (Dailianis et al. 2011), to

assess temporal as well as spatial structure in

Paraleucilla magna populations in the northeast

Iberian Peninsula (Guardiola et al. 2012), and to

detect intraorganism genetic heterogeneity in

S. lophyropoda (Blanquer and Uriz 2011). This

range of studies shows the utility of

microsatellites and their effectiveness in a range

of species.

1.3.4 Amplified Fragment Length
Polymorphism (AFLP)

It is possible to obtain contaminant-free DNA, for

example, Lopez et al. (2002) characterized AFLP

markers in the sponge Axinella corrugate from

DNA from a cell culture of the sponge cells – but

these methods are time-consuming and practi-

cally constraining, making markers with

species-specific primers far easier to use when

multiple samples are to be processed. In addition,

AFLPs are dominant markers and therefore can-

not distinguish between heterozygote and homo-

zygote states, meaning that heterozygosity in a

population cannot be measured (Mueller and

Wolfenbarger 1999).

1.3.5 Nuclear DNA

Regions of nuclear DNA have been useful in

sponge population genetic and phylogeographic

studies. The ITS regions are popular and widely

used, with PCR primers available for conserved

regions which flank more variable regions (Uriz

and Turon 2012). Although these markers have

proved useful in studies on phylogeny and

phylogeography (van Oppen et al. 2002; Uriz and

Turon 2012), there are some disadvantages to their

use at the intraspecies population genetics level.

1.3.6 DNA Barcoding

DNA barcoding provides exciting new means for

quick species identification and discovery. The

use of DNA signature sequences (DNA

barcodes) in sponge taxonomy, supplementing

conventional morphological characters, will rev-

olutionize future ways in which we conduct tax-

onomic research to define and describe species.

There is a huge gap in taxonomy to be filled, and

crystallizing the current knowledge in a rapidly

changing field, like sponge taxonomy, is bound

to be a step backward. A good example of how

the use of multiple datasets has helped under-

standing taxonomic relationships in sponges can

be found in a research report of Erpenbeck et al.

(2006a). In sponges, there are quite few works

using COI sequences for species-level taxonomy

(Schroder et al. 2003; Duran et al. 2004a; Nichols

and Barnes 2005; Wörheide 2006), but it appears

that the barcoding region of COI may be too

conserved in sponges (Wörheide et al. 2004;

Erpenbeck et al. 2006b). For example, several

species of Chondrilla that could be identified

through allozymes, ribosomal sequences, and

conventional taxonomy would all be clustered

into a single species.

1.4 Sponge Molecular
Microbiology

In recent years, with the advent of better molec-

ular tools, the sponge microbiology has attained

a new shape and unlocked the bacterial treasure

residing within the sponge hosts (Nocker et al.

2007). For instance, sponge microbial population

study utilized the advanced microbial ecology

tools like PCR-DGGE (polymerase chain

reaction-denaturing gradient gel electrophoresis;

(Webster et al. 2004; Wichels et al. 2006;

Hardoim et al. 2009; Radwan et al. 2010),

RFLP (restriction fragment length
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polymorphism), 16S rRNA gene clone libraries

(Hill et al. 2005), fluorescent in situ hybridization

(FISH) techniques (Bruck et al. 2008; Schmitt

et al. 2012), and more recently the next-

generation sequencing techniques (Webster

et al. 2010; Schmitt et al. 2012). The main advan-

tage of next-generation sequencing (NGS) tech-

nique is the massive parallel pyrosequencing of

multiple samples using multiplex approach

(using DNA barcodes) generating hundreds of

thousands of sequence reads (Siqueira et al.

2012) and overcomes the shortcomings in the

traditional techniques.

1.5 Sponge Metagenomics

Metagenomics is the genetic analysis of a com-

plex microbial mixture that can be used to ana-

lyze sponge microbial associations. The power of

this technique was shown by Venter’s group,

who cloned all genes from 1 m3 of seawater

(Venter et al. 2004). Knowing the genes involved

in the biosynthesis of bioactive compounds

would enable their expression in a suitable host

organism and the production of the bioactive com-

pound more efficiently and with higher yield.

Although this sounds simple, in reality it is excep-

tionally complex. First, because the bioactive

compounds are complex, their metabolic pathways

are also complex and are likely to involve a large

number of genes, all of which need to be identified.

This has been achieved by Haygood and colleagues

for bryostatin from bryozoan-associated

microorganisms (Hildebrand et al. 2004) and for

sponge-associated microorganisms by Piel et al.

(2004). In both cases, genes involved in the poly-

ketide synthesis pathways were isolated. These

examples emphasize that the approach is perhaps

promising andmight be extended to other bioactive

compounds. Metagenomics revealed to be a very

powerful tool for the exploitation of bioactive

compounds from marine bacterial communities,

since it is extremely hard to isolate and cultivate

symbiotic bacteria of marine macroorganisms, e.g.,

sponges that has been recently indicated as

promising source of novel compounds, in particular

as anticancer, by a large body of literature

(Schirmer et al. 2005; Kennedy et al. 2007). A

first success of this approach was in 2002 by

using beetles (Piel 2002), and it gave the input to

performmetagenomics on the marine sponges. The

first work employing this strategy on sponges dates

back to 2004 and were performed again by Piel

et al. (2004). They isolated and identified several

putative PKS clusters from a highly complex

metagenome of the marine sponge Theonella
swinhoei. The total DNA was extracted and cloned

in cosmids and the library was screened by using

appropriate PCR primers. In an effort to better

elucidate the genes involved in secondary metabo-

lite biosynthesis, Fieseler et al. (2006) identified the

polyketide synthase (PKS type I) genes in a

metagenomic library from over 20 marine sponges

from the Mediterranean, the Pacific, and the Carib-

bean for a bioprospecting effort. These genes are

accountable for synthesis of many novel pharmaco-

logically active metabolites obtained from the

marine environment. Approximately 90,000

cosmid clones representing 3.2 Gb of DNA from

the Pacific sponge Theonella swinhoei and a library

of 30,000 fosmid clones from Aplysina aerophoba
were screened for PKS genes by PCR.

After learning more about the diversity of

sponge microbial symbionts, the function evalu-

ation of the microbial symbionts represents the

frontier and hot issue of sponge symbioses.

Investigations on single strain, functional gene,

and genome have suggested the functions of

symbiotic microbes in sponges, such as produc-

ing bioactive compounds, nitrogen cycling, and

carbon fixation (Hallam et al. 2006; Siegl et al.

2011; Hentschel et al. 2012; Kamke et al. 2013).

Modern omics provides a promising strategy for

understanding the metabolic diversity of the

sponge symbionts. In 2010, Thomas et al.

(2010a, b) first explored the functional genomic

signature of bacteria associated with the sponge

Cymbastela concentrica by shotgun sequencing.

Thereafter, Liu et al. (2012) analyzed the bacte-

rial functional proteins in the sponge Cymbastela

concentrica using metaproteogenomic tech-

nique. Recently, Fan et al. (2012) investigated

the metabolisms of the bacterial communities of

six sponges using metagenomics and suggested

the functional equivalence and evolutionary
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convergence in complex microbial communities

of sponge symbionts. Omics investigations

revealed previously unknown diversity and

functions of sponge symbionts (Thomas et al.

2010a, b); Liu et al. 2012; Fan et al. 2012;

Trindade-Silva et al. 2012), but to date, only

bacterial community reports of shallow-water

sponges were documented.

1.6 Functional Metagenomics
of Sponge and Its Symbionts

Marine symbioses could significantly influence

the ecology, physiology, and evolution of

partners, for example, symbioses between the

marine invertebrates and bacteria may explain

the high biomasses observed in the environs of

deep-sea hydrothermal vents and around cold

seeps (Duperron et al. 2009). Sponge-microbe

symbioses have been suggested by the presence

of a core microbial community and sponge-

specific microbial lineages as well as the micro-

bial vertical transmission (Taylor et al. 2007;

Schmitt et al. 2012; Simister et al. 2012). In

particular, the adhesins, adhesion-related

proteins, ankyrin repeat proteins (ARPs), tetratri-

copeptide repeat domain-encoding proteins

(TPRs), and transposable insertion elements

observed recently in sponge metagenome and

sponge bacterial genome suggest a close associ-

ation of bacterial symbionts with their sponge

host (Hallam et al. 2006; Siegl et al. 2011;

Thomas et al. 2010a, b; Hentschel et al. 2012;

Kamke et al. 2013; Liu et al. 2012; Fan et al.

2012; Trindade-Silva et al. 2012).

Investigations on single strain, functional

gene, and genome have suggested the functions

of symbiotic microbes in sponges, such as pro-

ducing bioactive compounds, nitrogen cycling,

and carbon fixation (Hallam et al. 2006;

Hentschel et al. 2012; Kamke et al. 2013; Siegl

et al. 2011). Modern omics provides a promising

strategy for understanding the metabolic diver-

sity of the sponge symbionts. In 2010, Thomas

et al. first explored the functional genomic signa-

ture of bacteria associated with the sponge

Cymbastela concentrica by shotgun sequencing

(Thomas et al. 2010a, b). Thereafter, Liu et al.

analyzed the bacterial functional proteins in the

sponge Cymbastela concentrica using

metaproteogenomic technique (Liu et al. 2012).

Recently, Fan and colleagues investigated the

metabolisms of bacterial communities of six

sponges using metagenomics and suggested the

functional equivalence and evolutionary conver-

gence in complex microbial communities of

sponge symbionts (Fan et al. 2012). Omics

investigations revealed previously unknown

diversity and functions of sponge symbionts

(Thomas et al. 2010a, b; Liu et al. 2012; Fan

et al. 2012; Trindade-Silva et al. 2012).

Hoffmann et al. (2009) revealed a complex nitro-

gen cycle in sponge Geodia barrette; however,

only nitrification, denitrification, and anammox

processes were also included. In the metagenomic

investigation of six species of shallow-water

sponges by Fan et al. (2012), only denitrification

and ammonia oxidization were analyzed. In this

study, nitrogen fixation, assimilation, DNRA,

ammonia oxidization, and complete denitrifica-

tion were suggested in the deep-sea sponge

Lamellomorpha sp. Siegl et al. (2011) suggested

the assimilation of NH3 by Poribacteria through

the single-cell genomics). It is well known that

different ankyrin repeat proteins (ARPs) and

tetratricopeptide repeat proteins (TPRs) are often

found in facultative or obligate symbionts that

could modulate the host’s behavior (Pan et al.

2008). Meanwhile, it is known that transcriptases

play an important role in genetic exchange and

rearrangement and consequently facilitate the

evolutionary adaptation of microbial populations

to specific niches (Moliner et al. 2010).

1.7 Sponges Possess a Repertoire
of Transient Receptor Potential
Channels

Sponges (Porifera), one of the earliest evolving

phyla, lack conventional muscles and nerves and

yet sense and respond to changes in their fluid

environment. We demonstrated here the presence

of nonmotile cilia in sponges and studied their

role as flow sensors. An analysis of sponge
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transcriptomes shows the presence of several

transient receptor potential (TRP) channels

including PKD channels known to be involved

in sensing changes in flow in other animals.

Whereas sensory organs are well known from

ctenophores, in sponges the mechanism for trans-

ducing sensory information from the environ-

ment has yet remained unknown. By using an

emergent model system, the freshwater sponge,

Ludeman et al. (2014) investigated the ultrastruc-

ture and physiology of the cilia and also studied

its molecular evolution of sensory channels of

the TRP channel family in Porifera. Interestingly

a 700aa homolog of pkd2 (Type II TRP) was

identified in Corticium candelabrum
(Homoscleromorpha), and a 178aa sequence of

a pkd2 (Type II TRP) gene was found in the

freshwater Spongilla lacustris (Demospongiae)

(Ludeman et al. 2014). Interestingly, this group

also established an evidence of a 978aa sequence

of a Type II TRP (ML) in Sycon coactum
(Calcarea), and several sequences with similarity

to various Type I TRP channels were found in all

four Porifera classes. These candidates were

included in an alignment containing more than

100 representatives for all the TRP families

across bilaterians. Analysis of sponge genomes

and transcriptomes also revealed a complex

assortment of signaling molecules and proteins

necessary for a postsynaptic scaffold (Sakarya

et al. 2007; Conaco et al. 2012). Together with

this physiological evidences, glutamate, GABA,

and NO in coordinating behavior and gluta-

matergic signaling were also shown to occur in

the sponge Ephydatia muelleri (Demospongiae)

(Elliott and Leys 2007, 2010), and this suggests

that a signaling system similar to that seen in

other metazoans may be used to coordinate

sponge behavior.

1.8 Cryptochrome-Based
Photoreceptor System
in Sponges

Sponges respond to external light or mechanical

signals with contractile or metabolic reactions

and are devoid of any nervous or muscular

system. Furthermore, the elements of a photore-

ception and phototransduction system exist in

demosponges. Recently, a cryptochrome-based

photoreceptor system has been discovered in

the demosponge. The hypothesis in sponges that

the siliceous skeleton acts as a substitution for

the lack of a nervous system and allows light

signals to be transmitted through its glass fiber

network is supported by the research findings

that the spicules are efficient light waveguides

and, secondly, sponges have the enzymatic

machinery for the generation of light. It is inter-

esting to note that, much before understanding

light signal recognition in sponges, on a molecu-

lar level, the first neuronal receptor was cloned in

the demosponge Geodia cydonium (Perović et al.

1999). The metabotropic glutamate/GABA-like

receptor has been found to undergo sensitization

to the excitatory amino acid glutamate, resulting

in an increase in the intracellular calcium con-

centration (Ca2þ). As a first molecule involved in

light recognition in sponges, the cryptochrome

has been cloned and functionally analyzed in the

demosponge Suberites domuncula (M€uller et al.
2010). Searches in sequence databases, including

expressed sequence tags (ESTs) from

S. domuncula (SpongeBase 2010) or genomic

tags from the demosponge Amphimedon

queenslandica (Srivastava et al. 2010), revealed

that the opsin-based light sensory apparatus is

missing in sponges, even though the covalently

bound cofactor retinal is synthesized in

S. domuncula (M€uller et al. 2011a, b). Likewise,
the master control gene, Pax6, for eye develop-

ment in Bilateria (Gehring and Seimiya 2010)

has not been explored in sponges so far.

Consecutively, M€uller et al. (2010) proposed

that, in sponges, the cryptochrome represents the

major photoreceptive system, a finding that has

been corroborated recently in the sponge

A. queenslandica (Rivera et al. 2012). The exper-

imental data gathered indicate that it is blue light

that is most sensitively perceived by the

cryptochrome system; this light spectral range

is generated by the sponge luciferase system

(M€uller et al. 2009a, b) and also exists in the

marine twilight zone, where sponges exist. The

bioluminescence emission spectrum of the
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S. domuncula luciferase (at pH 8.0) ranges

between 480 and 620 nm. The spicules from

siliceous sponges allow the transmission of

light within the wavelength range from 600 to

1,300 nm (M€uller et al. 2006); hence, the pro-

posed coupling of luciferase-generated light to

the spicules occurs within the white light spec-

trum. The expression of the cryptochrome gene is

correlated with the light-dark cycle and showed

maximum efficiency during the light phase

(M€uller et al. 2010). In the S. domuncula and

also the A. queenslandica systems (M€uller et al.
2010; Rivera et al. 2012), cryptochrome, with its

flavin-based cofactor, is coupled to the siliceous

spicular system. In S. domuncula, the skeletal

elements, the monaxonial tylostyles, comprise

dimensions of about 200 μm in length and

5–10 μm in diameter. These siliceous spicules

have been proven to act as light waveguides

(Cattaneo-Vietti et al. 1996; Aizenberg et al.

2005; M€uller et al. 2006), allowing blue light to

pass through. M€uller et al. (2013) have identified

and cloned two additional potential molecules of

the sponge cryptochrome photoreception system,

the guanine nucleotide-binding protein

β-subunit, related to β-transducin, and the nitric

oxide synthase (NOS)-interacting protein in

Suberites domuncula. Interestingly, the

cryptochrome and NOSIP are light-inducible

genes. Apparently the modern studies showed

that NOS inhibitor L-NMMA impairs both mor-

phogenesis and motility of the sponge cells. The

same research group has also provided new evi-

dence that, in S. domuncula, the cryptochrome

system is coupled not only to the NOS pathway

but also to G protein-coupled signal transduction.

Transducin is the linker molecule between the

photochemical reaction, cis-trans retinal isomer-

ization by light, and the downstream signaling

cascade M€uller et al. (2013).

1.9 Impacts of Marine Natural
Products on Drug Discovery

Around half of the drugs approved for clinical

use between 1981 and 2006 are natural products

or analogs inspired by them (Newman and Cragg

2007). Despite this successful record, pharma-

ceutical companies have sought drug candidates

not in natural products but in libraries of syn-

thetic compounds (Paterson and Anderson 2005;

Li and Vederas 2009). Natural products often

have complicated structures with lots of chiral

centers, which do not only make it difficult to

determine the structures but also impede in sup-

ply and manufacturing by chemical synthesis.

Nevertheless, recent improvements in analysis

technologies and synthesis techniques have over-

come the obstacles (Gerwick and Moore 2012).

With easier access to natural products, drug dis-

covery scientists have reassessed the structural

and functional diversity. Furthermore the natural

products in particular from marine organisms are

in their “renaissance” in drug discovery

(Paterson and Anderson 2005). Numerous drugs

originated from marine natural products have

been approved in the past few years (Gerwick

and Moore 2012), for example, ziconotide,

trabectedin, and eribulin. Ziconotide (also

known as w-conotoxin), a peptide originally dis-

covered in a tropical cone snail Conus magus,
was the first marine-derived compound approved

in the USA in 2004 for the management of severe

and chronic pain (Olivera 2000). Ziconotide

potently inhibits the transmission of nerve

signals by blocking the N-type voltage-sensitive

calcium channels specifically (Olivera et al.

1987). Trabectedin is a marine natural product

isolated from the tunicate Ecteinascidia turbi-

nate (Rinehart et al. 1993). Trabectedin is the

first marine anticancer drug, which were

approved in the European Union in 2007 for the

treatment of soft tissue sarcoma (Verweij 2009).

The mode of action has been deliberated to be

covalent modification of DNA, resulting in cell

apoptosis. Halichondrin B, isolated from the

marine sponge Halichondria okadai, (Hirata

and Uemura 1986) was structurally simplified

and pharmaceutically optimized to be eribulin

(Yu et al. 2013). Eribulin mesylate was approved

by the US Food and Drug Administration (FDA)

in 2010 for the treatment of metastatic breast

cancer (Gerwick and Moore 2012). Eribulin

was shown to trigger apoptosis of cancer cells

by irreversible disruption of microtubules.
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1.9.1 Sponge Natural Products
Targeting Tumor-Associated
Enzymes

Recent advances in molecular biology have

revealed the pathways and gene expression

underlying carcinogenesis and cancer phenotype.

The knowledge have developed a new field of

cancer therapy termed molecular-targeted ther-

apy (Rosa et al. 2008). Molecular-targeted ther-

apy refers to a type of medication by attacking

specific molecular targets such as enzymes or

receptors which are overexpressed or highly

activated only in tumor cells (Sledge 2005).

Molecular-targeted therapy is, thus, expected to

be more effective and less harmful than other

therapies using cytotoxic agents which can

cause deleterious effects on normal cells (Rosa

et al. 2008). However, the efficacy of the

screenings (Swinney and Anthony 2011),

together with the impacts of marine natural

products on drug discovery, suggests a high pos-

sibility that target-based screenings using

extracts of marine organisms will lead to

discoveries of novel drug candidates, e.g., two

molecular targets associated with tumorigenesis,

tumor invasion, and metastasis: cathepsin B and

histone deacetylase 1 (HDAC1). Cathepsin B

occupies a central node of the proteolytic signal

amplification network in mammals. This lyso-

somal cysteine protease has been documented

to be highly upregulated in tumor cells and to

play a pivotal role in tumor invasion and metas-

tasis (Buck et al. 1992). Acetylation and

deacetylation of histone proteins are regulated

by histone acetyltransferases (HATs) and histone

deacetylases (HDACs), respectively (Roth et al.

2001). HATs mediate the acetylation of the

e-amino group of the specific lysine residues in

the histone N-terminal domain.

1.9.2 Sponge-Derived Proteases
as Drug Targets

One of the priority approaches to discover drug

candidates is the targeting of proteases, which are

pertinent drug targets in cancer, cardiovascular,

inflammatory, and infectious disease areas (Otto

and Schirmeister 1997; Turk 2006). Proteases are

enzymes that play essential functions in many

signaling pathways, the development of certain

types of cancer, as well as in infectious diseases

such as malaria and trypanosomiasis. Approxi-

mately 32 protease inhibitors are currently in

clinical use and at least 9 are in development.

Examples are ritonavir, an aspartic protease

inhibitor of HIV-1 in clinical use since 1996 for

the AIDS treatment, and boceprevir and telaprevir

approved by the FDA in 2011 for the treatment of

hepatitis C virus infection (Drag and Salvesen

2010). Most of the protease inhibitors reported

to date are synthetic molecules developed by

structure-based design (Turk 2006). Moreover,

protease inhibitors have also been found in natu-

ral sources. Miraziridine A, a pentapeptide inhib-

itor of cathepsins B and L, which was isolated

from the marine sponge Theonella mirabilis, is
one such example (Nakao et al. 2000). A family

of aeruginosin inhibitors is active against human

serine proteases and was isolated from marine

sponges and cyanobacterial water blooms

(Ersmark et al. 2008).

The marine sponge Theonella swinhoei has

shown to be a source of antiprotease and anti-HIV

secondary metabolites (Plaza et al. 2010). The

marine sponge Theonella aff. mirabilis has been

reported to contain the protease inhibitor

miraziridine A (Nakao et al. 2000) and the

papuamides A and B with anti-HIV properties

(Ford et al. 1999). Miraziridine A is a secondary

metabolite of particular interest due to its three

structural elements, (1) (2R,3R)-aziridine-2,3-dicar-

boxylic acid, (2) (3S,4S)-4-amino-3-hydroxy-6-

methylheptanoic acid (statine), and (3) (E)-(S)-4-

amino-7-guanidino-hept-2-enoic acid (vinylogous

arginine residue), which are responsible for the

inhibition of three different classes of proteases,

such as serine (e.g., trypsin), cysteine (e.g.,

cathepsins B and L), and aspartyl proteases (e.g.,

pepsin) (Schaschke 2004). The sponge Theonella

swinhoei has been found to contain antifungals

including cyclolithistide A, theonegramides, and

theopalauamide, as well as paltolides and cytotoxic

polytheonamides (Schaschke 2004).
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1.9.3 Sponge-Derived
Immunomodulatory Agents

Another relevant aspect in the drug discovery

field is the explore for immunomodulatory

agents, such as stimulators of the cells of the

immune system such as T cells and NKT cells,

which play significant roles in responses against

microbial and tumor antigens. For example,

T cells, the mediators of cellular immunity, rec-

ognize the antigens of intracellular microbes and

destroy these microbes or the infected cells. T

lymphocytes consist of functionally distinct

populations, such as helper T lymphocytes, cyto-

toxic T lymphocytes, CD4þ regulatory T cells,

and gamma delta T cells (T cells). Another exam-

ple of immunomodulatory agents is lectins,

which are glycoproteins that participate in

numerous cellular processes, such as cell com-

munication, host defense, fertilization, and

development (Rangel et al. 2011). NKT cells

have been linked to microbial immunity, autoim-

munity, allergy, and cancer, and, accordingly,

they represent an important immunotherapeutic

target with immense clinical potential (Pellicci

et al. 2011). NK cell-mediated regulation of

immune responses has been demonstrated to

influence a great number of disease states. The

substance KRN7000 (GalCer), a synthetic ana-

logue of the natural product “agelasphin” 9b

isolated originally from the sponge Agelas

mauritianus (Natori et al. 1993), is an NKT cell

stimulator and is extensively used to study the

behavior of NKT cells (Park et al. 2010).

1.9.4 Sponge-Derived Natural
Products as Sources
of Therapeutic Agents

Since the 1960s, more than 20,000 compounds

have been discovered from marine sources

(Hu et al. 2011). The organisms producing

these marine natural products are divided into

three major biological classes: microorganisms,

algae, and marine invertebrates. Amid 1985 and

2008, approximately 75 % of the compounds

were isolated from marine invertebrates

belonging to the phyla Porifera (sponges) and

Coelenterata (coral) (Hu et al. 2011). Currently,

there are four marine drugs approved by the FDA

in the United States Pharmacopeia, namely,

cytarabine, vidarabine, ziconotide, and Halaven

(Mayer et al. 2010; Huyck et al. 2011).

Cytarabine is a synthetic pyrimidine nucleoside

that was developed from spongothymidine, a

nucleoside firstly isolated from the Caribbean

sponge Tethya crypta, and is used in the treat-

ment of acute lymphocytic leukemia (Molinski

et al. 2009). Vidarabine, a purine nucleoside

developed from the spongouridine, originally

isolated from the Caribbean sponge Tethya

crypta, is currently obtained from Streptomyces
antibioticus (Shen et al. 2009) and is active

against the herpes simplex and encephalitis

virus; it has been in clinical use for many years.

The most recent marine metabolite approved by

the FDA is “Halaven,” a synthetic form of a

chemotherapeutically active compound derived

from the sponge Halichondria okadai, which is

active in the treatment of advanced breast cancer

(Huyck et al. 2011).

1.9.5 Exceptional Bioactive Secondary
Metabolites from Marine
Sponges

Marine sponges with an exceptionally rich chem-

istry have been the source of several bioactive

secondary metabolites. To date, more than 5300

different products have been isolated from

sponges and their associated microorganisms

(Laport et al. 2009). Blunt et al. (2010) in a

Natural Product Report review described

287 new compounds from marine sponges

isolated in 2009. Remarkable examples of bioac-

tive secondary metabolites isolated from marine

sponges are hemiasterlin and discodermolide.

Hemiasterlin is a cytotoxic tripeptide originally

isolated from the marine sponge Hemiasterella

minor, currently in Phase I clinical trials (Talpir

et al. 1994). The polyketide natural product

discodermolide, isolated from the marine sponge

Discodermia dissoluta, has potent cytotoxicity to
human and murine cell lines (Kingston et al.
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2011). Certain marine sponges have been

documented as potentially rich sources of various

bioactive compounds. According to the MarinLit

database, around 319 compounds have been

reported from the genus Xestospongia,

244 compounds from the genus Theonella,
222 compounds from the genus Halichondria,

and 118 metabolites from the genus Aplysina,

among other sponges.

1.9.6 Defensive Enzymes from Sponge
Endosymbionts

Apart from secondary metabolites, the symbionts

produce defense enzymes, phospholipases as a

first line of defense. The evidence for this came

from the work carried out in our laboratory

(Selvin 2009). The results in this study showed

that another possible defense mechanism in this

sessile organism can be the production of an

extracellular enzyme phospholipase A2 (PLA2).

The PLA2 is a ubiquitous defense enzyme found

in snake and bee venoms and distributed

throughout the plant and animal kingdom (Stahl

et al. 1999). Recent studies envisaged that vary-

ing levels of PLA2 were found in marine

invertebrates including Cnidaria (Nevalainen

et al. 2004a), Porifera (Nevalainen et al.

2004b), and Echinodermata. But the PLA2 in

sponge-associated bacteria has not been reported

so far. The attempt to explore the possible func-

tional role of PLA2 synthesis in sponge-

associated bacteria revealed that the host sponge

and the associated isolate Streptomyces dendra
sp. nov. MSI051 yielded more or less similar

phospholipase A2 activity. Thus, the enzyme

may have key functional role in the ecological

succession of host against predatory/fouling

pressure in the habitat.

1.10 Sponge Biomaterials in Tissue
Engineering and Regenerative
Medicine

A powerful yet challenging approach in the tis-

sue bioengeneering is the breakthrough

understanding of siliceous spicule formation of

demosponges and the hexactinellid sponges

came from the discovery of axial filaments in

the spicules and skeletal elements of

demosponges (Cha et al. 1999), hexactinellids

(M€uller et al. 2009a, b) contain an enzymatically

active protein which synthesizes polymeric sili-

cate, the biosilica. This enzyme, termed

silicatein, has been found to catalyze/

polycondensate biosilica during the axial and

radial growth of the spicules. In contrast to

plant phytoliths and diatom frustules, where

biosilica is deposited from a supersaturated solu-

tion onto organic templates, the siliceous

spicules of sponges are formed in a hypo-

saturated intraorganism environment following

an enzymatic mechanism by lowering the activa-

tion energy of the polycondensation reaction.

The silicateins were first identified in the axial

filament of the demosponge Tethya aurantium

(Shimizu et al. 1998). They comprise a family

of related protein sequences which are consisting

of three isoforms, silicatein-α, silicatein-β, and
silicatein-γ, in a molar ratio of 12:6:1. The

silicateins belong to the papain-like cysteine pro-

tease superfamily and are the most closely

associated to the cathepsin family (M€uller et al.
2008). The first cathepsin in sponges was

identified and cloned from the demosponge

Geodia cydonium (Krasko et al. 2000). Until

recently, it has been neglected that enzymes

play fundamental roles during formation of

these biominerals. This paradigm shift occurred

after the discovery that the enzyme silicatein,

which catalyzes the polycondensation of silica,

and the enzyme carbonic anhydrase (CA), which

catalyzes the formation of bicarbonate (HCO3�/

CaCO3), produce solid amorphous bioglass or

biocalcite. This invention suggested that in

mammals, biosilica and biocalcite can act

anabolically during hydroxyapatite

(HA) synthesis and bone formation. Therefore,

biosilica and biocalcite could be promising

candidates for the fabrication of biomaterials

for regenerative medicine (Wang et al. 2014).

These polymers elicit cytokines that have an

effect on bone mineralization (hydroxyapatite

formation). In this manner, biosilica and
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bio-polyP cause an increased release of BMP-2,

the key mediator activating the anabolic arm of

the hydroxyapatite forming cells, and of

RANKL. The two naturally occurring polymers

that are produced by deep-sea sponges, the bio-

genic polyphosphate (bio-polyP) and biogenic

silica (biosilica), have also been identified as

promoting morphogenetic on both osteoblasts

and osteoclasts. In addition, bio-polyP inhibits

the progression of the pre-osteoclasts to function-

ally active osteoclasts.

Based on the earlier research reports, it has

been anticipated that bio-polyP acts as a storage

substance of energy, as a chelator for metal

cations, as an inducer of apoptosis, and impor-

tantly as a stimulating agent in mineralization of

bone tissue (Schroder and M€uller 1999; Schröder

et al. 2003). Similarly, bio-polyP also acts as a

modulator of gene expression. In a recent report,

Usui et al. (2010) suggested that in the

osteoblast-like cell line, MC 3T3-E1, bio-polyP

causes an increased gene expression of

osteocalcin, osterix, bone sialoprotein, and

tissue-nonspecific alkaline phosphatase, all

proteins known to be crucial for bone formation

(Sun et al. 2005; Sinha et al. 2010). The gene

expression data in MC 3T3-E1 cells have been

obtained with 1 mM polyP (Usui et al. 2010;

Hacchou et al. 2007). Very recently, it was

demonstrated that bio-polyP displays morphoge-

netic activity on bone-forming osteoblasts,

SaOS-2 cells, and inhibitory activity on RAW

264.7 cells acting as osteoclasts. The osteoblast-

like SaOS-2 cells form hydroxyapatite crystals,

in response to exposure to bio-polyP, based on

their potency to express key molecules known to

control hydroxyapatite formation (Wiens et al.

2010a, b; M€uller et al. 2011a, b), e.g., the bone

morphogenetic protein 2 (BMP-2),

osteoprotegerin (OPG), a cytokine that is

expressed in osteoblasts with a noteworthy role

in the maturation of osteoclasts as well as in the

control of bone mineral density (Simonet et al.

1997), and the receptor activator of the NF-κB
ligand (RANKL), a mediator that binds to RANK

which is a receptor that mediates maturation of

osteoclasts (Zhou et al. 2008). It is also important

to reveal that the activity of bio-polyP can induce

alkaline phosphatase, an enzyme which provides

inorganic phosphate required for the synthesis of

hydroxyapatite (M€uller et al. 2011a, b).
Few researchers solved this interesting ques-

tion, does the evolutionary oldest inorganic poly-

mer, biosilica, share a functional relationship with

the skeletal elements of the crown mammals, the

calcium phosphate/hydroxyapatite (HA)-based

skeletal systems? Only recently it was possible

to describe the molecular level of the formation

of a hard skeleton. Initial investigations were

effectively performed with the siliceous sponge

spicules. The key discovery was the identification

of silicatein, the enzyme that initiates the biocata-

lytic biosilica-condensation reaction (Muller

2003; Kulaev 2004; Rao et al. 2009;

Kulakovskaya et al. 2012). It initiated the resolu-

tion of the biochemical processes leading to

biosilica formation. The silicateins are members

of the cathepsin L and papain family of proteases.

They have been discovered in the demosponge

Tethya aurantium by the group of researchers

(M€uller 2003; Kulakovskaya et al. 2012) and sub-

sequently were also identified in the demosponge

Suberites domuncula (Kulaev et al. 2004). Based

on biochemical studies, three isoforms of

silicatein have been described in T. aurantium,
silicatein-α to silicatein-γ. They have similar

molecular weights (approximately 34 kDa).

Among them the silicatein-α is the dominant iso-

form, forming the axial filament, residing in the

axial canal. In T. aurantium, the molar ratio

between silicatein-α and silicatein-β was deter-

mined to be 2:1, while in S. domuncula, the

molar ratio amounts to 4:1. Later on the expres-

sion of the silicateins and after the first formation

of silica nanoparticles, the silicatein-interacting

proteins, silintaphins, are read out. Until now

two silintaphins, silintaphin-1 (Rao et al. 2009)

and silintaphin-2, have been described exten-

sively. Silintaphin-1 significantly enhances the

biosilica-forming activity of silicatein in vitro. A

5.3-fold increase of the biosilica-forming activity

is measured at a molar ratio of 4:1 (silicatein-α/
silintaphin-1) (Laitinen et al. 1997). Likewise, in

S. domuncula, the 15-kDa protein silintaphin-

2 had been identified as a second silicatein

interactor. Like silintaphin-1, this protein is
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located in the axial filament, but particularly in the

organic cylinder around the growing spicules.

Silintaphin-2 is a Ca2þ-binding protein that

complexes with four Ca2þ ions (Hausser and

Brenner 2005).

In addition to pharmaceutical products, several

other applications of sponge-derived biomaterials

have also been identified. For example, the silicon

skeleton of glass sponges may serve as a blueprint

for the production of very efficient fiber optics

(Sundar et al. 2003), and biosilica-producing

enzymes from sponges have been applied in nano-

technology (Schroder et al. 2003). In fact, sponges

are the only animals able to polymerize silica to

produce massive skeletal elements in a single

reaction at ambient temperature and pressure

(M€uller et al. 2009a). It has become more obvious

that collagen is among the most promising

sponge-derived biomaterials. Sponge collagen

(e.g., from the marine sponge Chondrosia

reniformis (Swatschek et al. 2002)) offers

advantages in medical and cosmetic applications

compared to mammalian connective tissue-

extracted collagens because it is free of risk

associated with bovine spongiform encephalopa-

thy (BSE) (Heinemann et al. 2007). A recent study

of the structural and physicochemical properties

of the three-dimensional skeletal scaffold of the

marine sponge Aiolochroia crassa showed that

these fibrous scaffolds have a multilayered design

and are made of chitin (Ehrlich et al. 2010). Inter-

estingly the natural polymers like chitin are

widely used in the biomedical field because of

their high biocompatibility and the enriched

functionalities being capable of integrating well

with a variety of ligands (Rejinold et al. 2011;

Ehrlich et al. 2016). The marine sponge Theonella

swinhoei, of the order Lithistida, is typically found

in deeper waters and caves of tropical oceans.

T. swinhoei has a structurally massive and rigid

morphology. Its skeleton consists of fused or

interlocked spicules called desmas (Jeanteur

et al. 2006).

1.11 Cultivation of Sponge
Symbionts

If the bioactive compound of interest is produced

by an associated microorganism, the most

obvious cultivation approach would be to isolate

the microorganisms from the sponge and to cul-

ture these on an appropriate growth medium. A

problem encountered with this approach is that

not all the associated microorganisms can be

cultured, and furthermore, if they are cultured,

they do not always continue to produce the bio-

active compound. In order to overcome this

impending problem, isolated microorganisms

are grown in an attempt to induce production of

bioactive compounds (Sfanos et al. 2005).

Recently, Hill’s group (2005) had significant

success in this area. From the sponge Acantho

strongylophora, they isolated Micromonospora

sp., which continued to produce the bioactive

compound manzamine in the absence of the

host. Manzamine is now being tested in preclini-

cal trials as a drug against malaria.

1.12 Sponge Cell Culture
and Apoptosis

In vitro culture of sponges as axenic (free from

microbes) dissociated sponge cells or tissue

would grant a clean axenic and defined system

for the production of sponge metabolites. How-

ever, to date, attempts to develop continuously

proliferating cell lines from sponges were unsuc-

cessful (Rinkevich 2005). Some successful

attempts have been made using archaeocytes.

Archaeocytes are totipotent sponge cells that

can differentiate into other functional cell types

(Simpson 1984). However, Pomponi and

Willoughby (2000) were able to show sponge

cell division when exposed to mitogen and phy-

tohemagglutinin. Other options for obtaining

proliferating starting materials are the use of

primmorphs, gemmules, or larvae. Instead, cells

from sponge embryos or larvae could be used as

a source of undifferentiated cells (de Caralt et al.

(2007). The cells are cultured in a basal cell-

culture medium particularly formulated for pri-

mary culture of sponge cells (Pomponi 2006).

Nevertheless, until now (de Caralt et al. 2007)

all attempts have failed to establish a continuous

cell line from sponges, because the sponge cells

seem to lack the stimulus to divide regardless of

the use of rich culture media. Phytohemaggluti-

nin, a lectin that induces mitosis in mammalian
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cells, can be used to stimulate cell division in

primary sponge cell cultures, but this resulted

only in a few cell-division cycles after which

the proliferation stopped wholly (Rinkevich

2005; Pomponi 2006; de Caralt et al. 2007). A

promising approach to overcome this impedi-

ment could be to reduce the high apoptosis rate

in sponge cells and contribute to obtaining

immortalized sponge cultures (de Caralt et al.

2007). As a consequence, to develop continuous

sponge cell lines, the researchers would not only

use the strong capability of sponge cells to divide

but also concentrate on reducing the high apopto-

sis activity of sponge cells. Studies on the apo-

ptotic process in sponges are in progress. Several

genes involved have been identified, and the

same apoptotic molecules that have been

described in mammals (members of the Bcl-2

family, members of the TNF family, caspases,

transcription factors, and various proteins) have

been identified in sponges (Tepsuporn et al.

2003; Wiens et al. 2003; Wiens and Muller). In

sponges, a decisive first step toward obtaining

transfected cells has occurred with the introduc-

tion of an immortalizing agent (human telome-

rase reverse transcriptase (hTERT) into Axinella

corrugata cells (Thompson et al. 2006)). In the

same study, DNA and RNA isolation revealed

the presence and expression of the vector in the

sponge cell suspensions. This represents a

promising research line that could lead toward a

continuous sponge cell culture.

1.13 Future Perspectives
and Avenues

The marine environment, a virtually untapped

resource to date, holds great potential as an afflu-

ent source of novel bioactive molecules, for the

discovery of both novel pharmaceutical agents

and nutraceuticals, which have significant over-

lap with pharmaceuticals as example;

carotenoids can function as antioxidants or as

various potent cytotoxic agents. Sponges have

an enormous potential for the development of

new medical drugs. Thus, although several

bottlenecks remain, efforts to develop a

technology for continuous cell cultures, such as

the use of embryonic stem cells to form a cell line

and research into the control of apoptosis, are

worthwhile and might become successful in the

interim. Currently, there is an upsurge interest by

biotechnology companies in isolating and

characterizing novel enzymes, biopolymers, and

biomaterials with properties which meet the

essential needs and circumvent the key barriers.

Biomolecules and biomaterials from marine

sources are of fastidious concern as they are

likely to have novel characteristics such as

increased salt tolerance, pressure tolerance, cold

adaptivity, and heat tolerance and may have

novel physical, chemical/stereochemical in addi-

tion to original biochemical properties. In fact,

hundreds of novel enzymes without industrial

applications have been identified through past

projects, and enhanced focus on detailed

specifications of enzymes required for new pro-

cesses or for the improvement of existing ones is

required. In the recent years, there has been

escalating interest in the industry for isolation

of novel marine microorganisms from sponges

which produce fascinating molecules. Many such

microorganisms produce novel chemical compo-

sition which may have applications in medicine,

agriculture, and aquaculture. Perhaps the area of

greatest importance will be the development of

sponge-derived biomaterials which are suitable

for tissue repair and regeneration. Possibly, this

will necessitate a multidisciplinary approach to

transform the advances in characterization and

chemical modification of lead molecules and

culture scaffolds to clinical applications. Identi-

fication of significant scaffolds onto which

regenerative cells (stem cells, neuronal cells,

osteoblasts, or chondrocytes) can be seeded and

retained to generate functional three-dimensional

tissue scaffolds represents a major future direc-

tion of biomaterial-based regenerative medicine.

For the development of sponge-derived drugs,

still major breakthroughs are necessary. This

review highlighted the most promising research

areas in ecology, drug discovery, natural product

chemistry, and marine metagenomics and also

describes advanced methodologies in the sponge

biology.
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polymorphic mitochondrial markers for sponge

phylogeography. J Mar Biol Assoc U K 91

(05):1015–1022

Sakarya O, Armstrong K, Adamska M, Adamski M,

Wang I-F, Tidor B, Degnan BM, Oakley TH, Kosik

KS (2007) A post-synaptic scaffold at the origin of the

animal kingdom. PLoS ONE 2:e506

Schaschke N (2004) Miraziridine A: natures blueprint

towards protease class-spanning inhibitors. Bioorg

Med Chem Lett 14:855–857

Scheuermayer M, Pimentel-Elardo S, Fieseler L,

Grozdanov L, Hentschel U (2006) Microorganisms

of sponges: phylogenetic diversity and biotechnologi-

cal potential. In: Proksch P, M€uller W (eds) Frontiers

in marine biotechnology. Horizon Bioscience

Norwich, Norfolk

Schippers KJ, Sipkema D, Osinga R, Smidt H, Pomponi

SA, Martens DE, Wijffels RH (2012) Cultivation of

sponges, sponge cells and symbionts: achievements

and future prospects. Adv Mar Biol 62:273–337

Schirmer A, Gadkari R, Reeves CD, Ibrahim F, DeLong

EF, Hutchinson CR (2005) Metagenomic analysis

reveals diverse polyketide synthase gene clusters in

microorganisms associated with the marine sponge

Discodermia dissoluta. Appl Environ Microbiol 71

(8):4840–4849

Schmidt EW, Obraztsova AY, Davidson SK, Faulkner DJ,

Haygood MG (2000) Identification of the antifungal

peptide-containing symbiont of the marine sponge

Theonella swinhoei as a novel delta-proteobacterium,

‘Candidatus entotheonella palauensis’. Mar Biol

136:969–977

1 Introduction to the Global Scenario of Marine Sponge Research 21

http://dx.doi.org/10.1016/j.biochi.2011.1009.1001
http://dx.doi.org/10.1016/j.biochi.2011.1009.1001


Schmitt S, Tsai P, Bell J et al (2012) Assessing the

complex sponge microbiota: core, variable and

species-specific bacterial communities in marine

sponges. ISME J 6:564–576
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Abstract

Marine sponges play important roles in maintaining a stable marine

microenvironment by factor of their symbiosis with other organisms.

These ecological roles are indispensable. They are source of numerous

bioactive compounds of therapeutics and biotechnology importance,

revolutionizing research in these sectors at great depth. In this chapter,

we highlighted the perspectives in research limitations, constraints, and

global response towards marine sponge research and conservation. We

examine the challenges faced by scientists in their quest to explore the

ecological roles played by these ubiquitous benthos metazoans in

marine ecosystems.

Keywords
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2.1 Introduction

Coral reefs are one of the most important and

flourishing ecosystems on the earth surface.

They are composed of high density of marine

lives each with unique ecological significances

and attributes. In the coral reefs, you will find

different species of marine sponges, which are

the most ancient metazoans with ubiquitous ben-

thic distribution. They are distributed along all

latitudes from intertidal regions to deep sea

(Pallela et al. 2011). They have active metabolites

which are toxic and help the sponge to live the

ecologically competitive natural marine environ-

ment. Sponges are much primitive aquatic
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animals that lack organs but have specialized cell

and collagenous matrix. Their bodies are

organized around a simple or complex water sys-

tem, making them highly effective filter feeders

(Campbell et al. 2009). Sponges have a wide

array of colors, textures, sizes, and shape. They

can be brightly colored (with a hue of red, orange,

green, or yellow) with highly differentiated

mesophyl containing spicules of different shapes

and specialized cells of diverse function. Exclud-

ing the ancient class of sponges (Archeocyatha,

fossils from cambrian period), the three types of

marine sponges are classified based on the type of

spicules they possess: bony (Calcarea), glass

(Haxactinellida), and sponging (Demospongiae).

Marine sponges, especially the Demospongiae,

have attracted significant attention from various

scientific disciplines because of their possession

of chemical molecules and protein such as colla-

gen. They produce various novel chemical

compounds and are of great interest to chemists.

Sponges can be considered as microbial

fermenters that create new avenues in marine

microbiology and biotechnology, by harboring

symbionts including cyanobacteria, red algae,

green algae, diatoms and dinoflagellates, fungi,

worms, clams, bacteria, and nematodes (Webster

2007; Pallela et al. 2011). In this chapter, we shall

discuss the major research constraints and

challenges faced by marine biologist in their stud-

ies to understand the ecology, biochemical

features, and functional roles played by sponges

in the marine ecosystem.

2.2 Current Research Limitations

2.2.1 Sponge Microbial Symbioses

Marine sponges have an enormous diversity of

secondary metabolites believed to be produced

from the symbiotic relationships it builds with

other marine microbes such as zooxanthellate

and cyanobacteria. The resident diversity of

these microbes in sponge bodies is of great

importance to pharmacologist and biotechnolo-

gist. Microbial diversity and distribution in

sponges’ bodies have generally been less

extensively studied to understand their roles in

metabolism. Here we shall discuss their impor-

tance in studying marine sponge diversity and

ecology. Thus, it is viewed as one of the

challenges facing research on marine sponges.

Marine sponges have wide distributions, and

their evolutionary emergence period extends to

as far back as the Precambrian period, some

600 million years ago. They have a rich biomass

and can be considered the most important species

in deep and shallow water communities. The

variety and diversity of microbial symbionts at

great depth have been linked to their evolutionary

and ecological success as benthos filter feeders.

There are less ample evidences confirming the

contribution of symbiotic microbes to

sponge survival. Cyanobacteria are known to

translocate synthase to host sponge, and a decline

in sponge health as a result of loss of

cyanobacteria symbiosis has been experimentally

confirmed. Meanwhile, Vibrio sp. associated with
the spongeDysidea sp.were shown to synthesize

cytotoxic and antibacterial tetrabromodiphenyl

ether. The diketopiperazines associated with the

sponge Tedania ignis were found to be produced

by Micrococcus sp., and the antifungal peptide

theopalauamide, isolated from the marine sponge

Theonella swinhoei, was shown to be contained a

novel δ-proteobacterial symbiont (Webster et al.

2001). However, microbes with specific

phenotypes provide us information in determin-

ing the state of sponge health. This has been

observed in microbial populations vertical trans-

fer from parent sponge to larval offspring among

ammonium-oxidizing archaea, nitrite-oxidizing

phylum Nitrospira, sulfate-reducing bacteria,

and anaerobic phototrophs communities (Webster

and Blackall 2009). Studies based on fluores-

cence in situ hybridization or 16S rRNA sequenc-

ing revealed that sponges are host to a dense

microbial population of phylogenetic complexity

much different from marine planktons. However,

the huge number of great variety in bacteria shel-

tered in sponge tissue; microbial sponge

communities’ genomes are not fully sequenced

(Schirmer et al. 2005). Many of the bacteria can-

not be cultured; thus, biochemical characteriza-

tion and the symbiotic-ecological relationship of
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these microbes are not well known. There is a

need for the development of alternative strategies

to culture them. For now, genomic approaches

aim at isolating biosynthetic genes and expressing

them in surrogate hosts are such options. Usually,

this process is characterized by the construction

and screening of metagenomic libraries, in which

large species of DNA isolated from mixed popu-

lation without prior cultivation are cloned and

screened for target genes or bioactivities

(Schirmer et al. 2005; Webster et al. 2001).

There is lack of sufficient experimental data to

fully understand microbial activities in sponges.

It limits evaluation efforts to make reliable

assessment on sponge response to stress and

diseases being reported in coral reefs. Bacterial-

sponge symbiosis is known to indicate a degree of

toxin release as a result of metabolism. Therefore

we need to know what is the host response mech-

anism and its regeneration approaches if there are

environmental or ecological changes in its habitat.

Such changes are quite phenomenal nowadays

as a result of human activities in the coral

ecosystems. It is worth noting that the putative

benefits of symbionts to their host also means

their part of the nutritional chain of the host,

either by intracellular digestion or by transloca-

tion of metabolites (Friedrich et al. 1999). All

these metabolic events can have an overall impact

on the sponge’s ability to respond to environmen-

tal changes in its surrounding.

2.2.2 Sponge Disease

The emergence of a disease causes consequential

effects on population and functioning of marine

ecosystems through the reduction of important

habitat players like habitat-forming foundation

species. In the 1930s, pandemic wasting disease

of the eelgrass resulted to pervasive losses in

many areas about the Atlantic coast across the

United States, Europe, and Canada. This was less

than a percentage of their normal abundance.

Also, the pathogen Perkinsus marinus has

brought about 24–57 % yearly mortality in the

Chesapeake Bay, inspiring the loss of huge com-

mercial value to the regional oyster reef habitat.

This is much closely related to the same level of

destruction caused to keystone herbivore

Diadema antillarum in the Caribbean in the

1980s. During those periods, white band disease

caused a drastic decline in Acropora palmate and

A. cervicornis which are prolific Caribbean

corals, resulting immeasurable damage to the

reef structure in the last three millennia (Bruno

et al. 2007). Recently, there has been worldwide

increase of diseases affecting marine organisms,

including sponges, seagrasses, sea urchins, shell-

fish, fish, marine mammals, and corals (Jones

et al. 2004). As evidenced in Fig. 2.1, the impact

of disease outbreak in the marine ecosystem

could be disastrous to the overall biodiversity in

the marine waters. Ecological interrelationships

between species is highly interdependent in

nature, therefore the rate of transmission would

be quite enormous and henceforth resulting in a

system of paired imbalance of nutrient supply

in the food chains of these organisms.

Long-term impact of sponge disease epidemics

will continue to affect the long-lived, slow-grow-

ing communities of sponges, attributing largely to

commercial sponge harvesting populations that

are prone to numerous diseases. The severe epi-

demic of 1938 caused the disapperance of about

70–95 % in sponge population. In 1987, commer-

cial harvesting of sponges in the Mediterranean

averaged 100 tonnes per year. But in the Ligurian

Sea, in the year 1987, more than 60 % of mercan-

tile sponges were diseased. However, limited

microbiological research has been conducted to

identify aetiological agents and/or environmental

factors, causing high sponge mortalities

(Webster 2007). Meanwhile, outbreaks of disease

in coral reefs have been attributed to common

phenomena such as bleaching, thermal stress

(Fig. 2.2 represents correlations of environment

stress response to disease emergence and host

resistance), microbial symbioses, ocean acidifica-

tion, sedimentation, toxic chemicals, nutrient

imbalance, ultraviolet radiation, and biotic factors

(e.g., predation, overgrowth of algae, infectious

diseases).

Significant coral diseases have been reported

and well documented in the Caribbean and other

regions as a result of preliminary survey in
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Fig. 2.2 Conceptual model of potential effects of envi-

ronmental stress (magnitude or frequency) on the proba-

bility or severity (e.g., prevalence or impacts on host

populations) of disease outbreaks. The model includes

three possible scenarios: (a) the null model of no effect,

(b) a positive, linear effect of stress such as when host

density is unrelated to incidence and when the pathogen is

not negatively affected by the stress, and (c) a parabolic

stress effect (Bruno et al. 2007)

Fig. 2.1 Underwater photograph of representative

Xestospongia muta individuals: healthy individual and

(a) individuals at advanced stage of disease (b, c, d)

underwater photography by Hilde Angermeier

(Figure adopted from Angermeier et al. 2011)
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Australia, Philippines, Palau, and East Africa

(Harvell et al. 1999; 2007). The barrel sponge

Xestospongia muta (Demospongiae,

Haplosclerida) which is a common member of

the Caribbean coral reef communities has shown

a decrease in population. X. muta is among the

group of high microbial abundance sponges

(HMA), it harbors a dense community of

microbes with distinguished phylogenetic differ-

ence within its mesophyll. The upper layers

of the mesophyll are surrounded by bacteria of

the synechococcus/prochlorococcus clade of

cyanobacteria symbiont, which gives it a

reddish-brown appearance. Reproductive

elements by vertical transmission of symbionts

are evident. Report of widespread bleaching of

X. muta has been documented in Puerto Rico,

Belize, Florida Keys, Curacao, as well as Cuba

and the reef of Cozumel (Mexico). Two types of

bleaching has been described by investigators

including cyclic bleaching where sponges can

recover from with in time; it is less fatal than

sponge orange band, resulting death of many

sponges. Sponge orange band appears as a lesion

and spreads over the sponge’s entire body, leav-

ing the skeletal framework compromised by sorts

of orange transition band, hence its name.

Bleaching typically begins as isolated patches

making way deeper in to the tissue spreading to

the entire sponge body. This transition can be

accompanied by an orange band. Loss of Color,

massive tissue destruction, and erosion usually

lead to the collapse of the entire sponge

(Angermeier et al. 2011). Fig. 2.3 highlights the

occurrences of white syndrome, bleaching

intensities, as well as weekly sea surface temper-

ature abnormalities. Contagious sponge disease

can have catastrophic effects on natural sponge

populations and mariculture. In 1938–1939 and

1947–1948, a great deal of the commercial

sponges in the Gulf of Mexico were killed by

such disease. It was observed that survival in

low-density populations was much better than

in high-density cultivation sites. Hence, such

contagious diseases could be extremely harmful

when introduced in an in vitro culture. Osinga

et al. (1998) cultured four tropical marine

demosponges in a close system, once observed

that all specimens of one species declined within

1 week, while other species remained unaffected.

They reported that a species-specific disease is

the cause of this mortality. Meanwhile it is also

assumed that high temperatures increase the sus-

ceptibility of sponges to pathogens. The

Fig. 2.3 (a) Frequency of white syndrome cases from

March 2002 to March 2003; (b) bleaching intensity for

scleractinian coral in March 2002 (Modified from

Berkelmans et al. 2004); and (c) WSSTAs in 2002.

(Adopted from Bruno et al. 2007)
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1986–1990 outbreak of disease in the Mediterra-

nean mainly affected populations in the warmest

regions (Osinga et al. 1999).

2.2.3 Climate Change on Marine
Ecosystem

Adaptive response to large-scale perturbations

such as climate change affects all biological

levels. They initially take place at the individual

level but are integrated and translated to upper

levels of the ecosystem. Environmental

parameters, organismal response, and species

interactions constitute the framework of the

ecosystem’s dynamic equilibrium. Any change

in these parameters would lead to functional

consequences, especially when they involve

structuring, key, and/or engineer species. How-

ever, these types of impacts are poorly

documented in the Mediterranean. Since the

Mediterranean is markedly oligotrophic, benthic

littoral ecosystems are under strong nutritional

forces. For some benthic suspension feeders, sea-

sonality in food uptake is characterized by sum-

mer dormancy due to low food availability. Late

summer is also the time when most mass-

mortality events have been reported, mainly

affecting species experiencing summer energy

shortage, which includes many structuring spe-

cies (e.g., anthozoan and sponges). The combi-

nation of thermal stress and food shortage results

in mortality events likely to disrupt benthic-

pelagic coupling (Lejeusne et al. 2010). Coral

reefs account for one sixth of the world’s coast-

line and support hundreds of thousands of

animals and plant species. Fifty-eight percent of

the world’s reefs are reported to be threatened by

human activities. Terrestrial agriculture, defores-

tation, and infrastructural developments are

introducing large quantities of sediments,

nutrients, and other pollutants in to coastal

waters, causing widespread eutrophication and

degradation of biologically productive habitats.

Coral reefs are often fished intensively; in the

regions of the Indian and Pacific Oceans, fishing

with dynamite and poisons have devastated the

reef habitats. Coral reefs are also susceptible to

climate change. About 25 % of the world’s coral

reefs have already been destroyed or severely

degraded through problems associated with cli-

mate change (Doney et al. 2012). There is more

than enough available information about climate

change impacts on our global polar, terrestrial

and tropical marine environments.

Global greenhouse emissions have risen from

0.5% to 1% over the past few decades (Karl and

Trenberth 2003). Between the years of 1910,

1945, and 1976, the earth has warmed an unprec-

edented level; an approximated 0.6 �C over the

past century. The rise in global temperatures

increased about two times higher than the latter

periods. Such a record increase is greater than

any other time period within the last millen-

nium. Individual organisms, populations, and

ecological communities do not adapt to these

changes of approximated global averages

(Walther et al. 2002). For example, coral

bleaching occurs when photosymbiotic coral

loss or expel major portions of their dinoflagel-

late (Zooxanthellae) flora, when the concentra-

tion of photosynthetic pigments in the

zooxanthellate decline drastically, or when

there is some combination of these events. As

such times, the coral host becomes pale or

bleached due to the low concentration of plant

pigments and the increased visibility of the

coral’s white calcareous skeleton is witnessed.

Bleaching is not limited to reef building and

scleractinian corals but also occurs in a variety

of other zooxanthellae species including

hydrocorals, alcyonarians, sea anemones, soft

corals and bivalve molluscs. Sponges that host

photosynthetic cyanobacteria are also bleached.

Bleaching is a stress reaction that can be induced

by many conditions, such as high or low water

temperatures, high fluxes of visible and ultravio-

let radiation, prolonged aerial exposure, freshwa-

ter dilution, high sedimentation, and various

pollutants. High temperature and high light

intensity increase the production of active oxy-

gen species. Several sites affected in the early

1980s in the Great Barrier Reef region of

Australia and at five other sites were again dis-

turbed within 1 year of the moderate ENSO event

in 1987. During the 1986–1988 bleaching
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complex, there was disturbance at 12 new sites,

including reefs throughout the red sea and nearly

the entire extended Caribbean region, including

the flower Garden Banks (Gulf of Mexico) and

Bermuda (1988). Meanwhile, if sea warming is

thought to be an important cause of the recent

disturbance, then it is necessary to determine if

there has been a significant increase in the fre-

quency of mortality events (Glynn 1991). Ele-

vated sea temperatures as small as 1 �C above

long-term summer averages lead to bleaching

(loss of coral algal symbionts), and global SST

(sea surface temperature) has risen by an average

of 0.1–0.2 �C since 1976. A more acute problem

for coral reefs is the increase in extreme temper-

ature events. A comparative analysis of the mean

global temperature and mean carbon dioxide was

conducted after 1958 in Mauna Loa. El Niño

events have been increasing in frequency and

severity since records began in the early 1900s,

and researchers expect this trend to continue over

the coming decades. A particular strong El Niño

in 1997–1998 caused bleaching in every ocean

(up to 95 % of corals bleached in the Indian

Ocean), ultimately resulting in 16 % of corals

rendered extinct globally. Recent evidence of

genetic variation among the obligate algal

symbionts measured in terms of temperature

thresholds suggest that some evolutionary

response to higher water temperatures may be

possible. Changes in genotype frequencies

toward increased frequency of higher-

temperature-tolerant symbionts appear to have

occurred within some coral populations between

the mass bleaching events of 1997–1998 and

2000–2001. However, other studies have

indicated that many entire reefs are already at

their thermal tolerance limits. Coupled with

poor dispersal of symbionts between reefs, this

has led several researchers to conclude that local

evolutionary responses are unlikely to mitigate

the negative impacts of future temperature rises

(Parmesan 2006). Species distribution and

changes in climatic parameters at a global level,

lack of a comparative literature to trace this trend

of biogeographic drift in species distribution, as

well as lack of a universal consensus on impact

assessment mechanisms of climate change

continue to widen client gaps in ecological stud-

ies (Walther et al. 2005).

2.3 Global Response
and Conservation Efforts

It was in the 1960s and early 1970s that the

international community realized the large-scale

ecological destruction emerging from the influ-

ence of industrial capitalism. During that

time, clusters of international institutions and

conventions were set up, aimed at conserving

ecological systems and species. In the late

1960s, environmental discourses began to

emerge, explaining human-environmental

relationships encapsulated in modernism. In

1981, the World Conservation Strategy (WCS)

was established by the International Union for

the Conservation of Nature (IUCN), stressing the

need for environmental and ecological conserva-

tion, protection, and management. At the Rio

Earth Summit under the auspices of the United

Nations Conference on Environment and Devel-

opment (UNCED) held in Rio de Janeiro in 1992,

the concept of sustainable development emerged,

prioritizing the consideration of all three

dimensions of development, namely, environ-

mental, social, and economic imperatives. The

Convention on Biological Diversity (CBN; UN

1992) was also an outcome of the Rio Summit

and has a scientific mandate to conserve biodi-

versity and promote the sustainable use of natural

resources (Scott 2013). In 2004, UN Resolution

59/25 was adopted among a host of other

resolutions in response to the urgent need to

protect vulnerable marine ecosystems (VMEs)

from destructive fishing practices, including

bottom trawl fishing, in areas beyond national

jurisdiction. But reports from the UN Secretary

General in 2006 do indicate that the implementa-

tion progress of 2004 resolution was less, for

little actions had been taken to protect deep-sea

ecosystem (UN Resolution 59/25). Thus, UN

Resolution 61/105 and UN Resolution 64/72

were adopted in the latter years. Despite the

adoption, sets of International Guidelines for

the Management of Deep-Sea Fisheries in the
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High Seas were negotiated under the fringes of

the United Nations Food and Agriculture Orga-

nization (UN FAO) to, inter alia, further define

and agree to criteria for the conduct of impact

assessment of high sea bottom fisheries, identify

VMEs, and then assess whether deep-sea

fisheries would have significant adverse impacts

on VMEs. Subsequently the following year in

2009, UN Resolution 64/72 was adopted as a

result of less progress in implementation of the

previous years’ adopted resolutions (Deep-Sea

Conservation Coalition). Despite all these

important efforts, the implementation of gains

registered is far less than the global demand and

need to protect marine ecosystems (Rogers and

Gianni 2010; Gianni 2011).

Until now marine biologists, conservation

biologists, international conservation organiz-

ations, and marine ecology enthusiasts are

grately concerned that human activities are caus-

ing unprecedented levels of damage to deep-sea

corals and sponge ecosystems. This can be

widely observed in many parts of the world’s

marine reserves and biodiversity hotspots. This

have sparked global response to help in the con-

servation of the fragile and dense microenviron-

ment of deep seas and protect species from

extinction. Deep-sea coral ecosystems take a

great period of time to build and recover from

damage. About 75 % of the world coral is

endangered, scientist have begun to understand

the diversity and state of vulnerability of marine

coral reefs. There are growing concerns about

deep-sea oil and gas exploration, mining, and

global warming, as we have realized these

are great forms of threat to coral and sponge

communities. Today, bottom trawlers that drag

large and heavy weighed nets across seafloors at

depths greater than 1000 meters are worrisome.

Scientific findings have shown that the sophisti-

cated use of trawlers move away fish from shal-

low waters and this practice is more devastating

to sponge communities as well. Similar

distructions of deep-sea coral ecosystems from

bottom-tending gears has been reported in most

regions in the USA and in other areas of the

world where they were studied. Also, bottom

trawling is widespread and considered one of

the major threats to deep-sea corals in most part

of the USA. The ratification of international

treaties and their subsequent domestication into

laws in individual countries toward the use of

deep-sea trawlers has been reechoed by scientist

and conservationist; in the meantime, countries

like Australia, New Zealand, Canada, and

Norway have taken steps toward protecting

some coral and sponge ecosystems around their

jurisdiction. To date we continue to see influx of

long-transported materials entering the open

ocean system, and concern over the effect of

organo-chlorine compounds. The effects of

these contaminants can be highly devastating

and could lead to the extinction of fragile marine

breeding benthos organisms like marine sponges,

if not checked. The comparative consequences

are shown in Fig. 2.4. It will be quite important to

note that despite the numerous reviews that have

been conducted on biodiversity and conservation

approaches aim at giving relevant strategic infor-

mation to spearhead conservation efforts where

necessary, there is still no concise synthesis for

marine biodiversity in relation to conservation

(Gray 1997; Avise 1998). Furthermore, a study

carried out by the National research council

concluded that bottom trawling and dredging

causes reduction in habitat complexity by remov-

ing the damage of physical structure of the sea

floor and change in species composition. Hence,

the National Oceanic and Atmospheric Adminis-

tration (NOAA) strategic plan for deep-sea coral

and sponge ecosystem aimed at boosting

research, management, and international cooper-

ation activities on deep-sea coral and sponge

ecosystem from fiscal year 2010 to 2019.

Their research and exploration activities are

designed to locate and characterize deep-sea

coral and sponge ecosystem, bioecological bio-

diversity, and impact of human activities such as

fishing. They will also study past ocean waters

condition to reliably and effectively predict

impacts of climate change using deep-sea corals.

Still, there is an immense need to widen our

understanding about the bioecological and devel-

opment patterns of corals and sponges. Gener-

ally, there is little against ample knowledge

about the basic biology and/or life history of
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this organism and other coral reef dwellers. For

example, we do not fully understand the dispersal

mechanism, age and growth, niche and/or

nutritional formulas, and recruitment strategies

of these organisms. This type of information is

necessary to evaluate the influence of stressors

and predict long-term global survival chains in

marine sponges. Without these information, it

will be difficult to determine resilience levels

and assess the ability of deep-sea coral and

sponge species to recover from damages. Our

understanding of these ecological and environ-

mental factors will therefore enrich our conser-

vation approaches and make management

strategies more efficient (Oceanic et al. 2010).

Global 200 model findings aimed at conserving

the earth’s most valuable ecoregion from terres-

trial to marine ecosystem globally have shown

that upwelling areas are heavily overfished,

enclosed seas degraded, and coral reefs severely

affected by habitat destruction and overfishing

around the world (Olson and Dinerstein 1998).

It is prudent to note that national initiatives rep-

resent an initial step for deep-sea conservation,

although much of deep sea lies beyond national

jurisdictions; unless we work together quickly to

establish global marine-protected areas, we

might realize the Victorian vision of a deep sea

that is devoid of larger life—the kingdom of the

worms—once more (Roberts et al. 2002).

2.4 Recommendations
and Conclusions

In 2004, a petition signed by a team of 1,452

scientists and/or conservationist from

69 countries was presented at the annual meeting

of the American Association for the Advance-

ment of Science (AAAS). Reiterating calls for

the urgent need to protect our coral and marine

sponge ecosystems from adverse destruction

chiefly emanating from the action of deep-sea

trawling. They further urged the United Nations

and other appropriate institutions to establish a

moratorium on bottom trawling in the high sea. It

also highlighted the discovery of deep-sea corals

by scientists in Japan, Tasmania, New Zealand,

Alaska, California, Nova Scotia, Maine, North

Carolina, Florida, Colombia, Brazil, Norway,

Sweden, the UK, Ireland, and Mauritania. There-

fore, it is strongly recommend that more rigorous

research is needed to enable us clearly to under-

stand the life features, eco-physiochemical com-

position, species characteristics, and symbiotic

interrelationships in the coral reefs to ensure

Fig. 2.4 Images showing

the effects of bottom

trawling on benthic

habitats. (a) Untrawled soft

sediment with intact glass

sponge (Hyalonema sp.),

1295 m. (b) Trawled soft

sediment with broken glass

sponge stalk, 1298 m. (c)
Untrawled dropstone with

diverse coral and sponge

epifauna, 970 m Porcupine

Bank (d) Trawled
dropstone, 590 m

(Modified Ref. (Davies

et al. 2007))
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comprehensive analyses in risk and impact

assessments of global environmental factors and

humankind influences that continue to threaten

the myriad of species in coral reefs. Meanwhile,

it is recommend that scientists explore more into

the disease causation factors, transmission

routes, regenerative conservation techniques

and approaches to solve the problem of coral

diseases. Marine sponges are important

contributors to a nutrient delivery chain in the

marine ecosystem. Over the past two decades,

there have been great revelations from numerous

research about the potentials of marine sponge

metabolites’ applications in biotechnology and

pharmacology. These challenges aforementioned

will continue to linger in our minds as we work to

explore alternatives to solve these challenges.
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Chemical Ecology of Marine Sponges 3
Narsinh L. Thakur and Anshika Singh

Abstract

Sponges successfully inhabit diverse habitats ranging from hard- to soft-

bottom communities, tropical to polar latitudes, intertidal to deep-sea

environments and fresh- to saltwaters, which are shared by other organisms.

It is important to study sponges due to their high abundance, longevity,

plasticity and ability to produce bioactive secondary metabolites. They use

their infochemicals and allelochemicals in multiple ways in order to interact

with other organisms to maintain their space, deter predator and prevent

epibiont growth on their surfaces. These compounds are highly bioactive and

have been explored for their possible therapeutic applications. As compared

to the biomedical applications of these compounds, their possible ecological

roles in competition for space, defence against predator and prevention of

epibiosis have received little attention. Knowledge of the ecological roles of

sponge metabolites will contribute significantly to plan effective and sus-

tainablewild harvests to obtain novel compounds. This review highlights the

importance of sponge chemical ecology in marine bioprospecting.

Keywords

Chemical ecology • Marine sponge • Competition for space •

Infochemicals • Allelochemicals

3.1 What Is Chemical Ecology?

No living species live in isolation. The environ-

ment in which they thrive affects their distri-

bution, diversity, biomass and behaviour. Living

organisms interact among themselves and with

their environment using the language of chemis-

try. They respond to other species and abiotic and

biotic factors of the habitat by producing chemi-

cal metabolites (Hay 1996). The study of chemi-

cally mediated interactions of an organism with

other organisms (sharing the same habitat) and

its environment is defined as chemical ecology.

There are two different categories of chemicals

N.L. Thakur (*) • A. Singh

CSIR-National Institute of Oceanography, Dona Paula,

Goa 403 004, India

e-mail: thakurn@nio.org

# Springer India 2016

R. Pallela, H. Ehrlich (eds.), Marine Sponges: Chemicobiological and Biomedical Applications,
DOI 10.1007/978-81-322-2794-6_3

37

mailto:thakurn@nio.org


known as primary metabolites and secondary

metabolites. As their names suggest, primary

metabolites are directly involved in the prime

functions such as growth, development and

reproduction, whereas the secondary metabolites

act as infochemicals (messenger molecules) and

allelochemicals (toxic compounds). Living

organisms are under constant ecological pressure

due to their competitors, predators and patho-

gens, which in turn affect their primary processes

(growth and reproduction). They produce info-

chemicals for communication with other organ-

isms and allelochemicals for defence purpose.

The infochemicals act as signal molecules and

help in successful larval settlement, alarming the

organisms against possible dangers and commu-

nicating with their symbionts. Allelochemicals,

on the other hand, fight against competitors,

predators, fouling organisms and pathogens.

These chemicals reduce the ecological stress

over the organism. The researchers have mostly

focussed on utilization of these chemicals in the

field of marine bioprospecting. Fortunately, in

recent past, various collaborative efforts of both

chemists and biologists have succeeded in divert-

ing the focus to understand the natural role of

these chemicals (Pawlik 1992, 1993; Fenical

1993; McClintock et al. 1994; Hay 1996, 2014).

To study the ecology of the organisms and har-

ness the information, it becomes important to

decode their language which is in the form of

chemical molecules. The knowledge of chemical

defence of the organisms is very useful for

obtaining novel bioactive compounds of thera-

peutic value. However, the production of second-

ary metabolites in the organisms does not occur

continuously and is subjected to spatio-temporal

variation (Sacristán-Soriano et al. 2012). Various

reports have postulated two prominent hypo-

theses to explain variability in the production of

secondary metabolites: (1) growth-differenti-

ation balance hypothesis (GDBH) and (2) optimal

defence theory (ODT). The GDBH assumes that

an organism maintains a balance between

resources invested in primary and secondary

functions, whereas ODT postulates that allelo-

chemical production is primarily restricted to

areas that are under threat or areas of higher

importance (e.g. reproductive organs) (Eder

et al. 1998; Schupp et al. 1999). The ODT is

applicable to various marine invertebrates

including sponges (Thoms and Schupp 2007).

According to ODT, the production of allelo-

chemical is a costly process. The total energy

reservoirs of the organisms are fixed/limited,

and the production of any secondary metabolites

take place at the expense of other primary func-

tions such as growth and reproduction (Leong

and Pawlik 2010).

3.2 Marine Sponges

Marine sponges are important components of

benthic community due to their longevity, abun-

dance and remarkable survivorship. The sponges

are noteworthy because they lack specialized

organs and behaviours and yet are ubiquitous

throughout temperate, tropical and polar habitats.

Most of the sponges have siliceous spicules

which provide a cutting edge over other calcare-

ous organisms, subjected to problems of ocean

acidification and global warming (Bell

et al. 2013). Marine sponges play various func-

tional roles in the ecosystem (Bell 2008). Some

of these roles are enumerated here:

1. They act as link between benthic and

pelagic communities due to their efficient

filtration rate.

2. They provide shelter to many invertebrates

due to high porosity of body structure.

3. Sponges play significant role in carbon and

nitrogen cycle due to presence of their micro-

bial symbionts. Siliceous sponges have been

postulated to contribute significantly to global

silicon cycling (Maldonado et al. 2005).

4. Sponges are well-known producers of various

bioactive compounds. A large number of

compounds with lethal or growth inhibitory

properties have been isolated from sponges

(Blunt et al. 2009). They produce defensive

compounds to protect their occupied space

and deter predators (Paul et al. 2006; Faulkner
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2000). Table 3.1 lists out few compounds

from sponges whose ecological roles have

been studied along with their bioactivity.

3.3 Competition for Space

Living space is one of the basic requirements of

any organism as it is essential for successful

recruitment and post-settlement growth of its

larval stage. The suitability of space is deter-

mined in terms of its exposure to water currents

carrying food and adequate irradiance in case

of phototrophic sessile organisms (Connell

et al. 2004; Chadwick and Morrow 2011; Birrell

et al. 2008; Foster et al. 2008). In space-limited

environment, such as coral reefs and rocky inter-

tidal areas, diverse sessile marine organisms

struggle for their occupied space. Competition

for substratum among sessile marine inverte-

brates is a major process, which affects diversity,

abundance and zonation in an ecosystem. Marine

invertebrates acquire living space by employing

various strategies such as (1) growth interactions,

(2) aggressive behaviour, (3) feeding inter-

actions, and (4) allelopathy (secretion of toxic

chemicals). The allelochemicals take part in

both intra- and interspecies spatial competition.

The allelochemicals can be water soluble or

hydrophobic depending on the requirement of

the organisms. Several sessile marine organisms

such as anemones, soft corals (Coelenterata,

Alcyonacea), tunicates, sponges, etc. have been

reported to utilize chemical defence to protect

their space from other aggressive organisms

(Alino et al. 1992; Aerts 2000). Among all the

sessile invertebrates, allelopathy or chemical

defence is the most important in case of soft-

bodied sessile invertebrates especially sponges,

which lack any physical defences (Lindquist

2002). Sponges are considered as one of the

longest living animals (McMurray et al. 2008);

thus, these are persistent competitor of other

sessile invertebrates. Sponges have high regener-

ative and morphological plasticity which allow

Table 3.1 List of selective compounds from different sponge species with their ecological roles and bioactivity result

S. no. Compound with structure Source Ecological functions Bioactivity References

1. Avarol Dysidea
avara

Useful in competition for

space, inhibition of

settlement of

B. amphitrite cyprids

Anticancer

and

antifouling

De Caralt

et al.

(2013)

2. Norselic acid A Crella sp. Predator deterrence Antimicrobial Ma et al.

(2009)

3. 1-O-Hexadecyl-sn-glycero-3-

phosphocholine (R¼H) and 1-O-

octadecyl-sn-glycero-3-

phosphocholine (R¼CH2CH3)

Suberites
domuncula

Prevention of epibiont

growth and controlling

growth of surface

bacteria

Platelet-

activating

factor

M€uller
et al.

(2004)
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them to grow along with other fast-growing ses-

sile organisms (Garrabou and Zabala 2001).

Remarkable allelopathic behaviour along with

longevity and plasticity makes sponges an ideal

model to study competitive interactions in con-

text of their ecological significance.

Most of the studies on chemical-mediated spa-

tial competition have been carried out on sponges

and corals. Sponges compete with corals by

(1) undermining the skeletal integrity of corals

using notorious compounds and (2) reducing their

photosynthetic efficiency, respiration and growth

rate (Sullivan et al. 1983; Pawlik et al. 2007). For

instance, the bio-eroding sponge Siphonodictyon

sp. produced a chemical ‘siphonodictidine’ in its

mucus that prevented growth and reduced respi-

ration rates of adjacent coral polyps (Sullivan

et al. 1983). In another example, the Caribbean

sponge Plakortis halichondroides inhibited the

metabolic processes in 14 different species

of corals, both in contact and at distant by pro-

ducing waterborne allelochemical (Porter and

Targett 1988). These allelochemical-mediated

interactions are highly specific. For example, in

a study on Indonesian sponges, the sponge’s

allelochemicals affected only specific set of

neighbours (de Voogd et al. 2004). The com-

pound ‘halichonacyclamine A’ secreted by the

sponge Haliclona sp. resulted in cytotoxicity in

coral Acropora nobilis creating a zone of clear-

ance around the sponge (Garson et al. 1999).

Later, Russell et al. (2003) postulated the produc-

tion of this cytotoxic compound at larval stage of

the spongeHaliclona sp. Another pure compound

‘clionapyrrolidine A’ isolated from the encrusting

sponge Cliona tenuis killed live coral tissue in

1–4 days (Chaves-Fonnegra et al. 2008). Later,

this compound was found to affect corals through

deep-tissue contact rather than superficial exter-

nal contact (López-Victoria et al. 2006). Under

stressful conditions, sponges adapted well and

outcompeted the corals (Aerts and Van Soest

1997; Aerts 1998). Moreover, several Caribbean

sponges affected the photosynthesis in microalgal

symbionts, resulting in partial or complete

bleaching in the massive coral Diploria laby-

rinthiformis (Pawlik et al. 2007). In this study,

the corals showed reduction in both, their

baseline fluorescence (correlated with the produc-

tion of chlorophyll a), and potential quantum

yield (measure of photosynthetic efficiency)

when subjected to the crude extract of sponge

Agelas clathrodes. The sponge impaired the

photosynthesis in microalgal symbionts

(zooxanthellae) that resulted in partial or some-

times complete bleaching. The compound

belonging to class of pyrrole–imidazole alkaloids

was found to be responsible for inefficient photo-

synthetic ability in coral symbionts

(zooxanthellae) (Pawlik et al. 2007). Besides

hard corals, soft corals (Zoanthids) and sea

anemones are found to interact with sponges

using their aggressive organs such as sweeper

tentacles (Langmead and Chadwick-Furman

1999) or releasing of allelochemicals (Aceret

et al. 1995; Maida et al. 1995). Several species

of Zoanthids such as Palythoa and Zoanthus are

reported to be abundant in nutrient-rich regions

such as coastal areas near Brazil (Costa Jr

et al. 2008) and Venezuela (Bastidas and Bone

1996). Thus, they get selective advantage over

other sessile organisms such as sponges (Costa

et al. 2008). In intertidal regions of the Indian west

coast, the sponge Cinachyrella cf. cavernosa

withstands in the competition for space by soft

coral Zoanthus sansibaricus (Fig. 3.1). This

standoff competition (with no visible outcome)

for space might be possibly mediated via chemi-

cal interactions among these species (Singh and

Thakur, unpublished data). Spatial completion via

Fig. 3.1 Competition for space by sponge Cinachyrella
cf. cavernosa against cnidarian Zoanthus sansibaricus
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chemicals occurred among a diverse group of

encrusting bryozoans and sponges in coral reefs

(Jackson and Buss 1975; Nandakumar

et al. 1993). Another study on nine sympatric

sponges displayed species-specific chemical

responses against bryozoan species (Jackson and

Buss 1975). However, the experiments failed to

estimate the natural concentrations due to the

use of whole organism extracts. Moreover,

there was differential production and release of

toxic chemicals as per intensity of competitive

interactions (Jackson and Buss 1975).

Allelochemical-mediated interactions among

sponges and bryozoans have been reported by

several authors (Buss 1976; Coll et al. 1983).

Besides acquisition of living space, availability

of food has been demonstrated as important

parameter determining the outcome of competi-

tive interaction among bryozoans and sponges

(Jackson and Buss 1975). Some studies have

reported spatial competition among sponges. For

instance, the Mediterranean sponge Crambe

crambe prevented growth of any other sponges

in its surroundings (Turon et al. 1996). Similarly,

the coral reef sponge Dysidea sp. in Guam pro-

duced allelochemical ‘7-deacetoxyolepupuane’

causing necrosis in other species of sponges

(Thacker et al. 1998).

3.4 Defence Against Predators

The ‘life-dinner principle’ suggests that there is

significant amount of pressure on the organisms

to defend themselves against predators (Dawkins

and Krebs 1979). This is because if the predator

loses the prey, the loss is only ‘one-time meal’,

but if a particular organism is preyed, the loss is

huge in terms of their total survivorship and

chances of propagation in future. Predation can-

not only influence the population dynamics of

prey but also that of predators to some extent.

The soft-bodied, sessile sponges lack any physi-

cal defences and are physically vulnerable to

predation in their highly diverse environment

(Fig. 3.2). The major predators of sponges

include a few fish species (Wulff 1995; Dunlap

and Pawlik 1996), hawksbill turtles (Bjorndal

and Jackson 2003), molluscs (e.g. nudibranch)

which usually feed on few sponge species

(Pawlik et al. 1988; Paul 1992), echinoderms

(Birenheide et al. 1993; Waddell and Pawlik

2000) and sea urchins (Ayling 1981). To tackle

these predators, sponges employ various stra-

tegies such as:

1. Physical and structural defences like the pres-

ence of spicules and spongin fibres that contri-

bute to increased toughness and reduced

nutritional quality of tissue

2. Chemical defences

The biosynthesis or dietary sequestration of

toxic, noxious or distasteful metabolites by

organisms against predators is more common in

marine environments (Paul 1992; Hay 1996;

McClintock and Baker 2010), and marine

sponges are no exception to this (Pawlik

et al. 1995; Assmann et al. 2000; Wilson

et al. 1999). Earlier reports suggest that 69 % of

tropical Atlantic sponges, 100 % of Mediter-

ranean sponges and 78 % of Antarctic sponges

produce chemicals to deter some of their

predators (Peters et al. 2009). We reviewed here

some of the examples of sponges from each of

these regions.

Antarctic sponges have been reported to use

wide range of secondary metabolites to deter

their predators. The major spongivores of

Fig. 3.2 The sponges Cinachyrella cf. cavernosa under

constant stress due to predatory fish Istigobius ornatus in
highly diverse intertidal environment
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Antarctic regions are starfish and nudibranch

(McClintock et al. 2005). The role of secondary

metabolites in deterring the predators was first

studied in Antarctic sponges from McMurdo

Sound, Ross Sea (Dayton et al. 1974). This feed-

ing deterrence was observed indirectly by study-

ing the chemotactile retraction of sensory tube

feet of the common predator sea star Perknaster

fuscus (McClintock and Baker 1997; McClintock

et al. 1994, 2000; Amsler et al. 2001). This

behavioural assay which was based on response

of the chemosensory tube feet of spongivorous

sea stars was applicable to only few omnivorous

Antarctic sea stars (e.g. Odontaster validus)

(McClintock and Baker 1997; Núñez-Pons and

Avila 2014). However, the most common

spongivore P. fuscus displayed erratic response

of sensory tube feet when subjected to food pellet

assays. For instance, P. fuscus did not cause tube

foot retractions when assayed for the rapidly

growing, space-dominating sponge Mycale
acerata; however, they displayed acceptance

for coloured sponge Kirkpatrickia variolosa

which was avoided/unpalatable by it under natu-

ral circumstances (Amsler et al. 2000, 2001). It

was observed that the unpalatable food or sponge

extract can cause tube foot to remain retracted for

up to 60 s or more, whereas palatable foods are

immediately accepted; thus, this behavioural bio-

assay was used successfully to determine sea star

feeding preferences. Recently, a reliable and

direct method has been adopted to observe the

deterrence against the common omnivorous

predator sea star Odontaster validus in 27 com-

mon Antarctic sponges at Palmer Station, Anvers

Island (Peters et al. 2009). The feeding assay was

conducted by positioning a fresh sponge tissue or

sponge extract embedded in food pellet onto the

tube feet ambulacral feeding groove equidistant

between the mouth and the tip of the arm. By

tracing the movement of tissue or food pellet to

the mouth or its discharge via ambulacral groove,

it was possible to evaluate the deterrent

properties of the sponge.

The chemically mediated predator deterrence

involved high energetic cost, and there is trade-

off among the life history processes such as

growth, reproduction and defence. The optimal

defence theory (ODT) provides a framework to

test the variations in defences within organisms.

The feeding assays were conducted on the outer

and inner tissues of sponges to find if there exists

any difference in feeding preference due to the

different concentration of chemical deterrents

(Peters et al. 2009). It was found that the outer

tissue of 78 % of the experimental sponges

(n ¼ 27) were deterrent to sea stars. However,

both the inner and outer tissue of 62 % of

sponges were deterred by sea stars. Thus, these

observations do not support ODT completely.

Many secondary metabolites having deter-

rence properties have been reported from

Antarctica sponges. The lipophilic extracts from

the Antarctic sponge Dendrilla membranosa

displayed feeding deterrence in the amphipod

Gondogeneia antarctica at natural concen-

trations (Amsler et al. 2000). In contrast, norselic

acids (e.g. norselic acid A) extracted from

Antarctica sponge Crella sp. did not show feed-

ing deterrence in sympatric amphipod and the sea

star O. validus at tissue-level concentration

(Ma et al. 2009). However, when the feeding

assays were conducted at 3–10 times of the

tissue-level concentration, there was 18 % reduc-

tion in spongivory by amphipods and slight

deterrence in sea star, respectively. This was

attributed to the inefficiency of traditional proto-

cols of chemical isolation, and the estimation of

natural concentration might not be a true repre-

sentative of actual concentrations of the natural

product in this sponge (Ma et al. 2009). Besides

chemical clues, visual clues such as colour of the

prey can also determine the feeding behaviour.

One of the major predators of Antarctic sponges

is sea stars which lack visual organ. It was hypo-

thesized that the present-day Antarctic sponges

still retain visual pigments (e.g. discorhabdins

and variolins) which was genetically transferred

by the ancestral lineages that lived in ancient

warmer Antarctic with dominance of visual

predators such as fish and turtles (McClintock

and Baker 1998). Along with these visual pig-

ments, sponges seemed to inherit antipredatory

chemicals which have further evolved according

the existing predation pressure. However, this

hypothesis that the sponges retained their
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inherited colour depending on the selective pres-

sure due to the presence or absence of visual

predators did not seem to follow a general

trend. The example of Antarctic sponge of

genera Haliclona and Calyx that lack colour

supports the hypothesis as their temperate and

tropical counterparts are brightly coloured,

might be, due to the presence of visual predators.

Similarly, species of Antarctic genus Leucetta
are colourless, while their tropical counterparts

are coloured. In contrast, the Antarctic sponge

Latrunculia apicalis is dark green in colour and

reported to cause behavioural response (tube feet

retraction) in P. fuscus (McClintock et al. 1994,

2000). Two bioactive compounds discorhadbin

alkaloids (discorhabdin C and G) have been

isolated from L. apicalis (Yang et al. 1995).

However, these compounds were not studied for

their ecological role in antipredatory activity.

Various other species of Antarctic sponges such

as Suberites sp., Latrunculia apicalis, Leucetta
leptorhapsis, Dendrilla membranosa and Kirk-

patrickia variolosa have been documented to

produce various different types of secondary

metabolites with highly variable nature (Perry

et al. 1994; Trimurtulu et al. 1994; Shin

et al. 1995; Yang et al. 1995; Jayatilake

et al. 1997; Moon et al. 2000; Ankisetty and

Slattery 2008). However, the ecological role of

these compounds in predator deterrence, anti-

fouling and defending the occupied space has

not been investigated yet. The understanding of

the ecological role might assist in accounting the

variability in type and concentration of the sec-

ondary metabolites. In general, tropical waters

experience higher levels of predation than

Antarctic and temperate regions, thereby creat-

ing greater potential for the evolution of chemi-

cal defences. According to latitudinal gradient

hypothesis, there exists an inverse relationship

between latitude and ichthyotoxicity in sponges.

However, a recent report contradicted latitudinal

gradient hypothesis in case of marine sponges

(Becerro et al. 2003). There have been extensive

studies on the role of chemicals in feeding deter-

rence in tropical sponges. The feeding experi-

ments on 17 common Red Sea sponge species

and 17 common Caribbean sponge species were

carried out. In this investigation, it was found

that 41 % of Red sea sponges deterred the fish

T. klunzingeri, and 65 %were deterrent to the sea

urchin Diadema setosum. On the other hand,

17 Caribbean sponges displayed variable level

deterrence to the predators. However, they

showed a general trend in deterrence to fish

predators which was not influenced by geo-

graphic origin (Burns et al. 2003). Reports from

the feeding assay conducted on Caribbean

sponges suggested that 69 % of tested sponge

species were able to deter the common generalist

reef fish Thalassoma bifasciatum (Pawlik

et al. 1995). This demonstrates that the Carib-

bean sponges mostly rely on the chemically

mediated defence to avoid their predators. Simi-

larly, researchers have demonstrated that the

crude extracts from several Caribbean sponge

species when tested against the unnatural

predators of these sponges (hermit crab Pagu-

ristes punticeps and non-spongivorous fish

Thalassoma bifasciatum) successfully deterred

predation (Pawlik et al. 1995; Waddell and

Pawlik 2000). Some sponge-feeding nudibranchs

have evolved a mechanism to accumulate the

defensive compounds through de novo synthesis.

The chemical defences sometimes act as a clue

for the predator. This was illustrated in an experi-

ment conducted to study prey–predator relation-

ship in octocorals and its natural fish predator

Chaetodon melannotus (Alino et al. 1992). The

octocorals produced highly toxic compound that

acted as clue for its predator Chaetodon melan-
notus to locate the prey. However, in feeding

experiments, this toxic compound might be

able to deter by generalist predators like

T. bifasciatum, thus providing misleading eco-

logical information about chemical defence in

octocorals. These findings suggested that feeding

assay test should be performed on natural

predators of the test organisms, because the

chemical defences are highly specific and they

are effective mostly against the natural predators

(Pennings et al. 1994). There are reports on the

differential distribution of secondary metabolites

in different tissue layer of the sponges. The

Micronesian sponge Oceanapia sp. which pro-

duced two major deterrent compounds
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kuanoniamine C and D demonstrated highest

concentration on outer parts (area exposed to

predators). This example supports the ODT that

the tissue or body parts which are under threat or

have significant role in reproduction are protected

well by investigating more energy in terms of

secondary metabolites. In contrast, both the

outer and the inner tissue of the common Carib-

bean sponges Xestospongia muta and Chondrilla
nucula were found to deter predators showing no

evidence in support of ODT (Chanas et al. 1997;

Swearingen and Pawlik 1998).

3.5 Epibiotic Defence

Sponges are filter-feeding organisms. The outer

and inner body surfaces are continuously

exposed to various microorganisms and larvae

of other invertebrates. These epibionts have ten-

dency to populate on the sponge surface. The

bacteria and diatoms are the first organisms that

attach to the surface in the process of microfilm

formation. Later, this microbial film acts as

conditioned layer for the settlement of macro-

fouling organisms, such as macroalgae, inverte-

brates and propagules of other organisms. For

efficient filter feeding, sponges need to keep

their pores free from clogging. The fouling by

epibionts can negatively affect the feeding effi-

ciency of the host by blocking the canal system.

Moreover, it may dislodge the sponges from sub-

stratum by increasing hydrodynamic drag

(Lesser et al. 1992). Additionally, epibionts com-

pete with their host for resources such as food

and irradiation. Epibionts can also cause growth

inhibition, tissue necrosis and death of host

organisms (Wahl and Mark 1999). Fortunately,

sponges are able to prevent biofouling by pro-

ducing bioactive metabolites produced either by

itself or by symbiotic microorganisms (Kelly

et al. 2003; Lee et al. 2006). This aids in main-

taining the optimal feeding rate and preventing

other harmful effects of epibiosis.

There are studies on sponge crude extracts

that have been successful in preventing the larval

settlement and growth (Thakur and Anil 2000;

Hellio et al. 2005; Lee et al. 2006). The crude

extract from the sponges Haliclona cymaeformis,
Haliclona sp. and Callyspongia sp. was found to

suppress the density of macrofoulers and diatoms

on the surface of the sponges (Dobretsov

et al. 2005). However, the bacterial densities on

the surfaces of H. cymaeformis and Callyspongia
sp. were found to be unaffected. Molecular iden-

tification of the bacterial communities revealed

that there was drastic decrease in diversity of

bacterial community. Moreover, the sponge

extracts were also found to reduce the diversity

and species richness in case of diatoms which

imply that sponge metabolites can not only pre-

vent the settlement of propagules of invertebrates

but also control the diversity of micro- and

macro-fouling communities to combat the harm-

ful effects of biofouling. Similarly, the crude

extract of seven dominant sponges in Hong

Kong waters showed drastic reduction in settle-

ment and recruitment of bacteria and diatoms

under both laboratory and field experiments

(Dobretsov et al. 2005). The sponge chemicals

were found to inhibit fouling of nearby nonliving

surfaces showing the chemical defence as the

main tool to combat epibiosis (Dobretsov

et al. 2005). Several novel compounds from

marine sponges and their synthetic analogs have

been reported in various studies as natural anti-

fouling agents. Different species of genus

Axinyssa contained sesquiterpene carbonimide

dichlorides and a guaiane-type sesquiterpene

peroxide that have shown to inhibit recruitment

of larvae of the barnacle Balanus amphitrite, thus
promising to be the potent antifouling com-

pounds (Fusetani 2004; Nogata and Kitano

2006). Similarly, a sesquiterpenoid hydro-

quinone ‘avarol’ (isolated from sponge Dysidea

avara) and its synthetic analogs displayed high

antifouling activity against cyprids of

B. amphitrite. Out of all synthetic analogs,

30-p-chlorophenylamino avarone and

40-propylthioavarone showed highest thera-

peutic ratios, i.e. maximum inhibition at lowest

concentration (Tsoukatou et al. 2007). In addi-

tion to this, all 14 terpenoids isolated from Med-

iterranean sponges also showed antifouling

activity against barnacle larvae. Out of these

14 terpenoids, hydroquinone A acetate and
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dihydrospongin II displayed maximum toxicity

(Hellio et al. 2005). Another study on the marine

sponge Luffariella variabilis demonstrated that

manoalide and its analogs sesterterpenoids iso-

lated from this sponge inhibited bacterial quorum

sensing, thus suggesting their potential appli-

cation as QS inhibitors to control QS activities

during microfilm formation (Skindersoe

et al. 2008). The compound ‘A-norsteroids’

isolated from the marine sponge Acanthella

cavernosa showed moderate anti-barnacle activ-

ity (Qiu et al. 2008). The bromotyrosine

derivatives derived from this sponge were

found to be effective antifouling agent (Fusetani

2004). From the class of bastadins, ‘bastadin-9’

exhibited potent AF at minimum inhibitory con-

centration (Ortlepp et al. 2007). Sponge origi-

nated compounds Oroidin (a pyrroloimidazole

alkaloid) and its analogs were found to be highly

effective against general group of fouling bacte-

ria such as Pseudomonas aeruginosa (Kelly

et al. 2003). The compounds from Haliclona

sp., haliclonacyclamine A and halaminol A did

not affect the ascidian larval settlement but

prevented further metamorphosis of settled

larva, leading to their mortality. However, these

compounds inhibited both settlement and meta-

morphosis when tested against the larvae of

sponges, polychaete, gastropod and bryozoan

(Roper et al. 2009). Polybrominated diphenyl

ethers isolated from marine sponge Dysidea sp.,

and their synthetic analogs were found to be

highly toxic against barnacle larvae (Ortlepp

et al. 2008). Also, barettin and

8,9-dihydrobarettin, brominated DKPs, isolated

from marine sponge Geodia baretti displayed

toxicity against barnacle larvae by reducing

their recruitment rate by 81–89 % (Sjögren

et al. 2004).

The sponges have been reported to have direct

(by producing antifouling compounds) and indi-

rect (by promoting associated bacteria for produc-

ing antifouling) epibiotic chemical defence

(Thakur and Anil 2000; Thakur et al. 2003). The

crude extract from the sponge Ircinia ramosa and
its associated bacteria showed antibacterial activ-

ity (Thakur and Anil 2000). In the same study, it

was shown that there was seasonal change in the

polarity of active metabolite. In colder months,

the activity was located in polar fraction, whereas

the non-polar extract was found to be active in the

warmer months. In warmer season, the active

non-polar fraction aids in preventing extreme

epibiosis (due to increased microbial diversity)

faced by the sponges. This is because non-polar

active metabolites are able to persist on sponge

surface for a longer time due to their hydrophobic

nature and slower dissolution rates. In subsequent

studies on the sponge Suberites domuncula, it was

found that recombinant perforin-like protein was

responsible for high antibacterial activity in the

sponges which lead to the hypothesis that both

direct (by sponges’ metabolites) and indirect

(by associated bacterial community) chemical-

mediated defences are utilized in sponges against

epibiosis (Thakur et al. 2003). Further investi-

gation was done to find out role of sponge-

associated bacteria in sponge’s epibiotic defence

in relation to temporal changes in environmental

factors (Thakur et al. 2004). The researchers

identified the culturable bacteria associated with

the sponge by 16S RNA sequencing and

evaluated the seasonal variation in their abun-

dance and antifouling properties. It was demon-

strated that about 60 % sponge-associated

bacteria with antifouling properties belonged to

the class of Gram-positive (Thakur et al. 2004)

which are known for sporulation under adverse

conditions and antibiotic production (Marahier

et al. 1993). In the same study, it was found that

the metabolites of both host sponge and asso-

ciated bacteria can play multiple roles such as

defence against epibionts and regulating the inter-

nal bacterial community via intra and interspecific

bacterial inhibition. The studies on the demo-

sponge Suberites domuncula demonstrated that

this sponge produced lyso-PAF (platelet-

activating factor) compounds, 1-O-hexadecyl-sn-

glycero-3-phosphocholine and 1-O-octadecyl-sn-

glycero-3-phosphocholine with antibacterial

activity when subjected to external stress mole-

cule endotoxin lipopolysaccharide (LPS) (M€uller

et al. 2004). The results suggested the production

of these bioactive lipid derivatives triggered by

exposure to endotoxin (LPS), which is usually

present in outer layer of Gram-negative bacteria.
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This emphasizes on the adaptive role of these

molecules in epibiotic defence against the fouling

organisms. Moreover, S. domuncula was found to
produce hydroxylated aromatic compounds proto-

catechuate which acts as a carbon source for its

surface-associated bacteria, thereby illustrating a

symbiotic relationship between sponge and its

associated bacteria (M€uller et al. 2004).

By using these techniques, sponges prevent

the settlement of other organisms on their

surfaces. The importance of sponge-associated-

microbial communities have also been depicted

in preventing the larval settlement on the surface

of the sponge (Hentschel et al. 2003; Thoms

et al. 2003; Lee et al. 2006; Taylor et al. 2004).

The study on the sponges Aplysina aerophoba

and Theonella swinhoei illustrated that the

associated microbial community of these

sponges is unique and different from the micro-

bial community in the ambient water (Hentschel

et al. 2002).

Chemical defences can be very specific to

particular fouling organisms or may have a

broad spectrum of bioactivity to fouling organ-

isms, with additional role as deterrent to

predators, and cytotoxicity against competitors

and pathogens. To defend against fouling organ-

isms, marine sponge uses various strategies such

as (1) the use of secondary metabolites, produced

by itself or the symbionts, (2) innate immune

system (Thakur et al. 2005) and (3) by cell shed-

ding or removal of outer tissue (Barthel and

Wolfrath 1989). The innate immune systems of

sponges have been also believed to play a role in

the prevention of microbial invasion (Schröder

et al. 2003). The presence of a tachylectin-related

protein (Suberites lectin) in the demosponge

Suberites domuncula was demonstrated which

displayed high antibacterial activity (Schröder

et al. 2003). It was found to be similar to horse-

shoe crab lectins and was hypothesized to be a

key molecule of sponges’ innate immune system

to defend against bacterial epibiosis. Addition-

ally, the molecular basis of innate defence in the

sponge Suberites domuncula was studied in

which the sponge displayed increased expression

of adaptor gene (AdaPTin-1) and production of

lysozyme when exposed to peptidoglycan (PPG)

(cell wall component of Gram-positive bacteria)

(Thakur et al. 2005). The sponge and its asso-

ciates work in harmony by means of various

signalling molecules and wide range of chemical

molecules. Recently, various chemical molecules

and related genes which are responsible for

(1) effective communication between the sponge

host and its associated microbial community and

(2) response to the external stimuli have been

reviewed in detail (Wang et al. 2013).

3.6 Defence Against Pathogens

Marine sponges are efficient filter-feeding

organisms (Stabili et al. 2006). They obtain

their food by pumping large amount of sea

water and retaining the nutrients from filtered

water. They are able to filter 72,000 times of

their volume and retain 58–99 % particle (Pile

et al. 1997) and about 96.1 % of bacteria from

the filtered water (Reiswig 1971). The sea water

has a rich source of both harmful and beneficial

microbes. Reports have suggested that some-

times 40 % of sponge biomass is due to asso-

ciated bacteria (Vacelet and Donadey 1977;

Friedrich et al. 2001). Sponges provide a shelter

for various microorganisms such as Cyano-
bacteria, diverse heterotrophic bacteria, unicel-

lular algae and zoochlorellae. The porous body

of the sponge is prone to colonization by the

microbes, some of which may be pathogenic

and some can cause tissue necrosis. The

microbes can affect the sponges both (1) directly

by the pathogenic and/or parasitic behaviour and

(2) indirectly by causing microbial films

(as discussed in previous section). Most of

diseases in sponges are due to bacterial or fungal

infections (Webster 2007; Webster and Blackall

2009). Besides bacterial and fungal infection,

there are reports on parasitic behaviour of dia-

toms associated with several Antarctic species

(Bavestrello et al. 2008; Cerrano et al. 2000). In

most of the investigations, the causative organ-

isms have not been reported except a few cases

(Webster et al. 2002; Mukherjee et al. 2009;

Cervino et al. 2006). The identification of pri-

mary causative agents of diseases in sponges is
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difficult due to the presence of large number of

associates/symbionts. Reports have suggested

that there is change in symbiotic bacterial com-

munity in diseased sponges (Bourne 2005;

Cervino et al. 2006; Webster et al. 2008;

Angermeier et al. 2011). Marine sponges have

been hypothesized to act as disease reservoir for

opportunistic bacteria and coral pathogens

(Negandhi et al. 2010).

Sponges develop resistance against these

microbes by producing unique and diverse sec-

ondary metabolites. The antimicrobial com-

pounds in sponges are highly specific in effect,

thus allowing the sponge host to select beneficial

microbes and prevent infections from harmful

ones. As described earlier, the associated micro-

bial community in sponge can efficiently partici-

pate in host defence (Thakur et al. 2004). Several

antibiotics have been isolated from marine

sponges which are highly active against human

pathogens or several other marine bacteria.

Discodermin A and its variants (B-D, F-H)

which were isolated from the marine sponge

Discodermia kiiensis (Fusetani and Matsunaga

1993) exhibited high antibacterial, antifungal

and selective cytotoxic properties in vitro. The

compound theonellamide F, isolated from

Theonella sponge displayed high antifungal and

cytotoxic activity in laboratory (Matsunaga

et al. 1989). Halicylindramides (A–C) from the

marine sponge Halichondria cylindrata showed

antifungal activity against Mortierella ram-

anniana and high cytotoxicity in P388 murine

leukaemia cells in vitro (Li et al. 1995). The

sponge Aciculites orientalis produced three

cyclic peptides, aciculitins AC (1–3) that inhi-

bited the growth of fungus Candida albicans and

were cytotoxic towards the human colorectal

cancer cell line HCT-116 (Bewley et al. 1996).

Similarly, another compound named cyclo-

lithistide A, isolated from a marine sponge

Theonella swinhoei, displayed potent antifungal

activity against C. albicans but not against

Escherichia coli or Bacillus subtilis (Clark

et al. 1998). The Australian sponges Phorio-
spongia sp. and Callyspongia bilamellata

contained two depsipeptides, phoriospongin A

and B that were found effective against the

livestock parasite nematode Haemonchus con-
tortus (Capon et al. 2002). These examples sug-

gest that these antibiotics and cytotoxic

compounds produced by sponges might be useful

in fighting against microbial infections and para-

sites in their natural environment. However, they

have not been tested against the naturally occur-

ring bacteria in order to elucidate their ecological

role. Few studies have been undertaken to study

the ecological role of these compounds by testing

the antimicrobial activity against ecologically

relevant bacteria. Results have shown that

sponges use chemical defence to combat the

microbial infection and maintain their well-

being (Becerro et al. 1994; Kelman et al. 2001).

Additionally, these metabolites aid in regulating

symbiotic bacterial populations inside the sponge

body (Bergquist 1978). Crude organic extract of

11 species of the Red Sea reef sponges showed

antibacterial activity when tested against the bac-

teria found in their natural habitat (Kelman

et al. 2001). Among these, the sponge Amphi-

medon viridis yielded highly bioactive pyri-

dinium alkaloids that showed selective activity

against specific group of bacteria. These com-

pounds were highly active against some of the

pathogenic bacteria, whereas they did exhibit

activity against beneficial bacteria associated

with the sponge. This shows that sponges’ meta-

bolites are specific in their nature and they are

produced according to the requirement of the

organism.

3.7 Conclusions

This review highlights the remarkable ability of

sponges to defend the occupied space from other

sessile invertebrates, deter predators, maintain

optimal feeding rate by preventing settlement of

epibionts and fight against microbial infection by

using chemical weapons. Many researchers have

demonstrated the use of secondary metabolites in

the medical field to treat various deadly diseases,

but few have studied the natural roles of these

compounds to defend sponges against predators,

microbes, aggressive neighbours and fouling

organisms. These compounds hinder the growth
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of the competitors, fouling organisms and harm-

ful microbes and cause deterrence in predator by

impairing their cells by cytotoxic or antibiotic

activities, thereby establishing themselves as

potential drug candidates. However, the outcome

of these ecological interactions in many of these

sessile invertebrates including marine sponges

depends on environmental factors (e.g. levels of

nutrients, temperature, irradiance, etc.) that alter

their life history processes such as growth and

reproduction. Production and secretion of sec-

ondary metabolites by the organisms depends on

their necessity. In such a scenario, understanding

the ecological roles of sponge secondary meta-

bolites will aid in discovery of many novel com-

pounds and their sustainable utilization for

mankind. Future studies should focus more on

identifying the novel compounds and understand-

ing their ecological importance thereby linking

chemical ecology with bioprospecting
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Bioeroding Sponges in Aquaculture
Systems 4
P. Sunil Kumar

Abstract

A total of nine species of boring sponges were found to infest themolluscs in

marine culture systems, and various species as per their numerical abun-

dance in total shells examined are Cliona vastifica, Cliona lobata, Cliona
margaritifera, Cliona celata, Cliona carpenteri, Thoosa hancocki, Thoosa

armata,Aka minuta andAlectonamillari. Cliona vastifica, a euryhaline spe-

cies, is distributed in the estuaries of the west coast of India. Of the above

nine species, C. margaritifera and C. lobata, two dreadful pests, elsewhere,

have migrated to Vizhinjam area of Thiruvananthapuram, Kerala (culture

rafts) around 1980. Since then, these species have migrated to wild mollus-

can stocks along the southwest coast and thence to Gulf of Mannar, causing

considerable hike in the infestation pattern, species composition, etc. The

contact of sponge canal system with water is ensured by portions of the

sponge, called papillae, protruding from its substratum surface. This grow-

ing form known as α-stage is, in some species, substituted by a complete

removal of the substratum such that the sponge becomes a free-living

organism (γ-stage). In other cases, the epilithic portion continues to develop
until the papillae are connected by a more or less thick crust of sponge (β-
stage). In this chapter, distribution and migration patterns of boring sponges

has been presented by specifying the eroding indication by these organisms.

Keywords

Bioeroding • Marine sponges • Cliona spp. • Culture rafts

4.1 Introduction

Molluscan aquaculture is gaining momentum in

coastal areas in India. About 12 major taxa of

marine algae and invertebrates have been

included under the category of boring organisms.
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Among these clionid sponges, polychaetes and

boring molluscs are the most common among

boring organisms. Knowledge of the boring and

fouling organisms is inevitable from molluscan

culture point of view. The borers cause external

damage as well as affect growth and nutritional

quality of cultured molluscs. Sponges infesting

cultured molluscan species are identified by the

method described by Old (1941).

Boring sponges were discovered in French oys-

ter beds in the 1800s. They were later reported from

edible oyster culture systems in the Indian seas

(Thomas 1979, 1983a) and mussel culture farms in

Japan and India (Alagarswami and Chellam 1976;

Thomas 1983a). Thomas (1972, 1979) reported

20 species of boring sponges from the Gulf of

Mannar and Palk Bay (Thomas 1972, 1979).

The pearl oysterPinctada fucata culture rafts at
Tuticorin were infested with two conventional

species, Cliona vastifica (Fig. 4.1) and Cliona

celata (Fig. 4.2). However, later by 1982, Cliona
celata was found to be the dominant species. In

Vizhinjam area, two conventional species Cliona

vastifica and C. celata were identified to be the

dominant species.Moreover,Clionamargaritifera

and Cliona lobata first appeared in raft-cultured

pearl oysters in 1980, where severe competition

for space occurs between these new invaders

Cliona margaritifera and Cliona lobata, and

the already existing conventional species Cliona
celata, C. vastifica and C. carpenteri.

Boring sponges are ancient biological players

in various geologic phenomena such as the

destruction of coastal limestone which leaves a

signature that is an important tool for pale envi-

ronmental reconstruction. These signatures can

be used by measuring the size of bore holes. The

external surface of shell is bored by the chipping

activity of boring sponges (Fig. 4.1). The cham-

ber canal pattern formed inside the calcareous

shell is shown in Fig. 4.2.

4.2 Distribution of Boring Sponges

Many species of sponges are known to bore into

submerged calcareous objects like coral rocks,

molluscan shells, calcareous algae, etc. A

detailed survey made by Thomas (1972, 1975)

revealed the presence of 32 species of boring

sponges in Indian waters, and it was concluded

that this is an area which harbours the maximum

number of boring sponges in the world. Besides,

one species (Cliona vastifica Hancock) which is

rather common in the marine environment is

unique in its distribution since it has succeeded

in colonising the estuarine areas, posing a serious

threat to the gregarious molluscs found in the

estuaries (Thomas 1972, 1975). Thomas (1983a)

described 481 species of marine sponges availble

in the Indian marine arena covering wide zoogeo-

graphical areas such as the Atlantic Ocean, Med-

iterranean Sea, Red Sea, Australian region,

Pacific Ocean, the Antarctic and Arctic Oceans.

Fig. 4.1 Perna indica shell (left valve) infested by boring
sponge Cliona lobata (scale – 2 cm) (Adopted from

Sunil Kumar 2002)

Fig. 4.2 HS through ULC viewed downwards in the

direction of arrow 3 (in Fig. 4.2) showing magnified

view of chambers and inter-chamberal canals (CH and

ICC) (Adopted from Sunil Kumar 2002)
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Sponges constitute a major group among

12 different taxa of marine animals and plants

which can cause considerable damage to the cal-

cium carbonate-secreting animals such as

molluscs, corals, barnacles, etc. The biological,

chemical and geological changes that these

organisms would bring about in the marine and

estuarine environments are by no way insignifi-

cant as they cause bioerosion and influence cal-

cium balance in the sea and control the structure

of calcium carbonate-secreting animals.

A systematic account on the coral boring

sponges infecting the fringing reefs of the Gulf

of Mannar and Palk Bay revealed the presence of

20 species belonging to 3 orders, 4 families and

9 genera (Thomas 1972). Of the various genera,

species belonging to the genus Cliona were

found widespread in the reef system of the area.

This was followed by a detailed study on the

boring sponges infecting the economically

important molluscs of the Indian seas, and 32 spe-

cies belonging to 3 orders, 4 families and

13 genera were recorded (Thomas 1979). This

number is very high (32) when compared to any

other part of world oceans, and this indicates that

the Indian seas are worst affected by boring

sponges. Abundances and biodiversities of these

bioeroding sponge species are influenced by var-

ious factors like water depth, sediment quality,

and by the availability of suitable substrate for

attachment (Schönberg 2015). This could be the

significant reason for spreading these species

from place to place through a diverse

mechanisms.

4.3 Species Composition
and Migration Pattern

Of the six species of boring sponges, two species,

viz., Cliona margaritifera Dendy and C. lobata

Hancock, require special mention in the context

as the former, after its first appearance in Sri

Lankan pearl banks in an epidemic level in

1902, disappeared totally from the beds. The

reappearance of this highly dangerous species

on raft-cultured pearl oysters at Vizhinjam

around 1980, hence, is very interesting as it

forms a major invasion on pearl oysters of

Indian seas after a lapse of about 80 years.

Since 1980, the incidence of C. margaritifera in

various natural molluscan beds along the south-

west coast of India has generally been on the

increase and by 1982 a sizeable fraction of the

boring sponge population was constituted by this

species. The other species, C. lobata, which is a

widespread oyster pest in the Atlantic Ocean,

was first recorded from the Gulf of Mannar in

1937 by Burton. But all subsequent surveys

failed to record the same from the Indian seas.

As in the case of C. margaritifera, the impact of

this species was also felt among all gregarious

molluscs of the southwest coast of India (Thomas

1983a). The incidence of boring sponges (infec-

tion/100 shells) was very high (up to 75 %) on

raft-cultured pearl oysters both at Tuticorin and

at Vizhinjam against a meagre rate of 3–7 %

noted in natural beds (Appukuttan 1987). But

the incidence was found high during the

subsequent season, i.e. 47 % in 1980 and 60 %

in 1981 (Thomas et al.1993) among raft culture

pearl oysters. When the above two new invaders,

Cliona lobata and C. margaritifera, spread to

natural beds after 1980, there was an abrupt

increase in the rate of incidence in various natu-

ral beds initially, but the percentage came down

gradually to an equilibrium level within a few

years due to the slackening in the activity of less

competent conventional boring species of vari-

ous sea beds.

4.4 Conclusion

The higher incidence of boring species noted on

culture rafts for a prolonged period, and on the

contrary, it is an indication that the ecological

equilibrium in nature is no longer in operation in

the man-made system—the culture raft. There-

fore, any management system which gives more

importance to ecological aspects would help in

cutting down the higher incidence of boring

sponges that can be seen on artificial systems to

a lower level, as noticed in the natural beds

(Thomas 1983b).
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Marine Sponge-Associated Actinobacteria
and Their Biological Properties 5
Panchanathan Manivasagan and Se-Kwon Kim

Abstract

Marine sponge-associated actinobacteria have become an important

resource of bioactive compounds. Recent findings from culture-dependent

and culture-independentmethods have demonstrated that indigenousmarine

actinobacteria exist in the oceans. There is tremendous biodiversity and

novelty among the marine actinobacteria present in marine sponges. Prog-

ress has been made to isolate new actinobacteria from samples collected at

different marine sponges and habitats. These marine actinobacteria produce

different types of novel secondary metabolites. Many of these metabolites

possess biological activities and have the potential to be developed as

therapeutic agents. Marine actinobacteria are a prolific but underexploited

resource for the discovery of new secondary metabolites.

Keywords

Marine actinobacteria • Bioactive natural products • Marine sponges •

Biological activities • Secondary metabolites

5.1 Introduction

The marine environment, particularly with

sponges, is a rich resource of novel bioactive

metabolites—287 novel metabolites were

isolated from marine sponges in 2008 (Blunt

et al. 2010). The availability of biomass is a

limiting factor for isolating marine natural

products. The widespread isolation of typical

microbial metabolites from sponges leads to the

hypothesis that these metabolites are in fact the

products of microbial metabolism (Fortman and

Sherman 2005). The isolation of secondary

metabolite-producing bacteria from sponges and

of microbial secondary metabolism gene clusters

from the metagenome of sponges has led to the

general understanding that these metabolites are,
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in many cases, the products of microbial

symbionts and are not derived from the microbial

diet of sponges (Kennedy et al. 2009). Thus,

marine organism-associated microbes have been

attracting increasing interest as potential sources

of marine natural products in order to solve the

supply shortage. A number of reports have been

published on the isolation of actinobacteria from

marine organisms (Li 2009). Screening bioactive

substances from these marine-derived

actinobacteria has yielded several novel bioac-

tive metabolites (Lin et al. 2010; Oh et al. 2011;

Piel et al. 2005).

Sponge-associated actinobacteria are of par-

ticular interest in producing antibiotics and other

therapeutically significant compounds

(Takahashi and Omura 2003). Several antibiotics

have been isolated from marine actinobacteria

(Woo et al. 2002; Maskey et al. 2003, 2004;

Sujatha et al. 2005; Li et al. 2005; Lombó

et al. 2006). Figure 5.1 depicts a brief process

of extracting, purifying, and characterizing the

bioactive compounds from marine sponge-

associated actinobacteria.

5.2 Marine Sponges

Marine sponges (Phylum Porifera) are multicel-

lular invertebrate sessile filter feeders that pro-

vide unique and favorable environmental

conditions for microbial colonization and often

harbor abundant and diverse microbes. Microbial

communities associated with marine sponges are

very complex, contributing up to 40 % of the

sponge biomass (Friedrich et al. 2001; Taylor

et al. 2007). Marine sponge-associated bacterial

communities include the following taxa:

Acidobacteria, Actinobacteria, Bacteroidetes,
Chlamydiae, Chloroflexi, Cyanobacteria,

Deinococcus-Thermus, Firmicutes, Gemmati-

monadetes, Nitrospira, Planctomycetes,
Proteobacteria, Spirochaetes, and Verruco-

microbia (Hardoim et al. 2009; Kamke

Fig. 5.1 Flow chart depicting the main techniques of isolation, culture, and biological properties of marine sponge-

associated actinobacteria
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et al. 2010). Among the bacterial associates,

members of Actinobacteria are often sponge-

specific (Webster et al. 2001; Selvin et al. 2009)

and have been identified as dominant producers

of biologically active compounds (Lang

et al. 2004; Thomas et al. 2010). There is evi-

dence that the presence of biosynthesis genes

encoding polyketide synthases (PKSs) and

nonribosomal peptide synthetases (NRPSs) in

marine sponge-associated actinomycetes is a

useful indicator for the selection of strains to

isolate new natural products (Schneemann

et al. 2010).

5.3 Marine Sponge-Associated
Actinobacteria

The class actinobacteria consists of a diverse

range of Gram-positive bacteria with high G +

C DNA content. Actinobacteria were originally

isolated from soils and are of great interest as

resources of lead bioactive compounds for the

biomedical industry, since over two-thirds of

naturally occurring antibiotics are produced by

the order Actinomycetales in the Actinobacteria

(Okami and Hotta 1988). Natural products are

the major source of novel drugs. This is

demonstrated by the fact that approximately

60 % of those compounds commercially avail-

able or in the late stages of clinical trials for the

treatment of infectious diseases or cancer are

being derived from natural products (Cragg

et al. 1997). Because of the good track record

of actinomycetes in this regard, much effort is

focused on the isolation of new actinomycetes

for drug screening programs.

Members of the phylum Actinobacteria and

specifically the order Actinomycetales have been

identified as abundant members of sponge-

associated microbial communities (Hentschel

et al. 2002; Kim et al. 2005). Their existence in

the marine environment has been further shown

in marine sediments as well as in the deepest

ocean trenches (Bredholdt et al. 2007; Fenical

and Jensen 2006; Mincer et al. 2002; Pathom-

Aree et al. 2006; Maldonado et al. 2005).

Actinomycetes are of considerable interest due

to their ability to produce novel chemical entities

with diverse pharmacological activities. Marine

actinobacteria in particular have yielded numer-

ous new secondary metabolites (Lam 2006).

Novel actinomycete taxa of marine origin have

also been recovered as best exemplified by

Salinispora, the first marine obligate actinomy-

cete isolated from the marine sediments

(Maldonado et al. 2005) as well as from a sponge

(Kim et al. 2006).

5.4 Distributions of Marine
Actinobacteria

New actinomycete groups have been found in the

Great Barrier Reef sponges Rhopaloeides

odorabile, Pseudoceratina clavata, and

Candidaspongia flabellate and the Mediterra-

nean sponges Aplysina aerophoba and Theonella

swinhoei (Kim et al. 2005; Hentschel et al. 2002;

Webster et al. 2001). Unusual actinomycetes,

belonging to Micrococceae, Dermatophilaceae,

and Gordoniaceae, have been isolated from

sponges (Hill 2004). Jensen et al. reported the

isolation of actinomycetes from algal and sponge

samples and observed different rates of recovery

of actinomycetes, which might have been caused

by different methodologies used to process the

samples (Jensen et al. 2005). Novel bioactive

metabolites have been obtained from

actinomycetes isolated from sponges (Hill 2004).

Actinobacteria isolated from the samples col-

lected at the marine environments mentioned

above, such as the deep sea floor, marine

invertebrates, and marine snow, all represent

unique ecosystems that cannot be found any-

where else in the world. The isolation of marine

actinobacteria that evolved from, and adapted to,

these unique ecosystems is a prolific source for

the discovery of new secondary metabolites. For

example, marine invertebrates such as corals and

sponges are hosts to a multitude of micro-

organisms. These animals can be considered as

miniature ecosystems in which different species

of microorganisms compete with each other for

resources. Therefore, secondary metabolites

originating from symbiotic or commensal
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microorganisms of marine invertebrates might

not necessarily have a function in the chemical

ecology of the host animal itself, but they could

instead be chemical weapons or signaling agents

employed in the fight for growth and survival that

is going on among these microorganisms (Lam

2006).

5.5 Diversity of Culturable
Actinobacteria

Actinobacteria are widely distributed in marine

sponges. At the time of writing, over 30 sponge

genera had been reported to be hosts of

actinomycetes, with ten genera having each

been collected in different sea areas (Kamke

et al. 2010; Radwan et al. 2010; Zhu

et al. 2008; Selvin et al. 2009). Among the nearly

10,000 sponge-associated microbial sequences

submitted to public databases, about one-sixth

belong to actinobacteria (Webster and Taylor

2012), indicating that this is an important group

among sponge-associated microorganisms.

Actinomycetes abundance in marine sponges is

variable but can make up over 20 % of the total

microorganisms in some marine sponges

(Montalvo et al. 2005). The study of marine-

sponge-associated actinobacterial diversity

involves both culture-dependent and culture-

independent methods. In the past decade, a

large number of marine sponge-associated

actinomycetes have been identified using culture

methods, spanning 26 genera (Abdelmohsen

et al. 2010; Jiang et al. 2008). The use of

culture-independent methods has enabled the

detection of an additional five genera of

actinomycetes in marine sponges, as well as

many unculturable novel actinobacterial taxa

(Gerçe et al. 2009; Xin et al. 2008). Although

both of the abovementioned methods have

defects and bias, the culture-dependent method

is still popular even in the “omics” age

(Giovannoni and Stingl 2007). This is partly

because the isolates yielded from this method

provide very useful phenotypic and genotypic

information (Galkiewicz et al. 2011), such as

physiological traits and biosynthetic potential,

for further ecological investigation and

bioprospecting.

Xi et al. reported the diversity and secondary

metabolite potential of culturable actinomycetes

associated with eight different marine sponges

collected from the South China Sea and the Yel-

low sea. A total of 327 strains were isolated, and

108 representative isolates were selected for phy-

logenetic analysis. Ten families and 13 genera of

Actinomycetales were detected, among which

five genera represent first records isolated from

marine sponges. Oligotrophic medium M5

(water agar) proved to be efficient for selective

isolation, and Micromonospora–Streptomyces

was proposed as the major distribution group of

sponge-associated actinomycetes from the China

Seas. Ten isolates are likely to represent novel

species. Sponge Hymeniacidon perleve was

found to contain the highest genus diversity

(seven genera) of actinomycetes. Housekeeping

gene phylogenetic analyses of the isolates

indicated one ubiquitous Micromonospora spe-

cies, one unique Streptomyces species, and one

unique Verrucosispora phylogroup. Of the

isolates, 27.5 % displayed antimicrobial activity

and 91 % contained polyketide synthase and/or

nonribosomal peptide synthetase genes,

indicating that these isolates had a high potential

to produce secondary metabolites. The isolates

from sponge Axinella sp. contained the highest

presence of both antimicrobial activity and

NRPS genes, while those from isolation medium

DNBA showed the highest presence of antimi-

crobial activity and PKS I genes (Xi et al. 2012).

Jiang et al. reported the diversity of

actinobacteria isolated from the marine sponge

Iotrochota sp. collected in the South China Sea

belong to three actinobacteria genera, and one

isolate may be a new species. Streptomyces
appears to be the dominant genus among

symbionts and adherents present in Iotrochota

sp. in the South China Sea. Prescreening for

PKS and NRPS revealed extensive metabolic

potential in this group of diverse actinobacteria

(Jiang et al. 2008).

Zhang et al. reported that a total of

106 actinobacteria associated with the marine

sponge Hymeniacidon perleve collected from
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the Yellow Sea, China, were isolated using eight

different media. The number of species and

genera of actinobacteria recovered from the dif-

ferent media varied significantly, underlining the

importance of optimizing the isolation

conditions. The phylogenetic diversity of the

actinobacteria isolates was assessed using 16S

rRNA gene amplification – restriction fragment

length polymorphism (RFLP) analysis of the

106 strains with different morphologies. The

RFLP fingerprinting of selected strains by HhaI

digestion of the 16S rRNA genes resulted in

eleven different patterns. The HhaI-RFLP analy-

sis gave good resolution for the identification of

the actinobacteria isolates at the genus level. A

phylogenetic analysis using 16S rRNA gene

sequences revealed that the isolates belonged to

seven genera of culturable actinobacteria includ-

ing Actinoalloteichus, Micromonospora,

Nocardia, Nocardiopsis, Pseudonocardia,

Rhodococcus, and Streptomyces. The dominant

genus was Streptomyces, which represented

74 % of the isolates. Three of the strains

identified are candidates for new species (Zhang

et al. 2006).

5.6 Bioactive Natural Products

Actinobacterial natural products continue to pro-

vide both the raw materials and the design inspi-

ration for the majority of pharmaceutical lead

discovery and drug development (Newman and

Cragg 2007). However, after decades of fruitful

bioprospecting and drug discovery, the tradi-

tional sources of natural products (e.g., plants

and terrestrial actinomycetes) are realizing the

“law of diminished returns” (Fischbach and

Walsh 2009). In the face of declining antibiotic

and anticancer drug discovery rates, the marine

environment has emerged as an important source

of bioactive natural products. There are, for

example, several exciting marine-derived

molecules currently on the pharmaceutical mar-

ket and dozens more progressing through the

development pipeline (Mayer et al. 2010). In

many cases the source organisms are as diverse

as the molecular structures, yet bacteria living in

close association with the larger “host” organism

are often found to produce the metabolites of

interest (Simmons et al. 2008). Marine sponges

(Porifera) in particular harbor extremely rich and

diverse populations of microorganisms and have

yielded many bioactive natural products

(Simmons et al. 2008; Blunt et al. 2010).

5.6.1 Antimicrobial Activity

Marine microorganisms, particularly marine

actinobacteria, have attracted considerable atten-

tion as one of the most important resources for

new biologically active metabolites (Fenical and

Jensen 2006). For example, new compounds

have been isolated from actinobacteria of sponge

origin (Lee et al. 2005). Gandhimathi

et al. isolated Streptomyces spp. from the Bay

of Bengal region of the Indian peninsular coastal

by scuba diving at 10–15 m depth. The endosym-

biotic marine actinomycetes exhibited potent

antimicrobial activity against the growth of

human pathogens. Particularly, the strains CPI

3, CPI 9, CPI 12, and CPI 13 showed the highest

antimicrobial activity (Gandhimathi et al. 2008).

Recently, actinobacteria associated with marine

sponges have been reported as richest source of

potential antagonists (Faulkner 2001; Piel

et al. 2004).

Marine Streptomyces sp. DA11 isolated from

South China, found to be associated with sponge

Craniella australiensis, produced the enzyme

chitinase and showed antifungal activities

against Aspergillus niger and Candida albicans

(Han et al. 2009).

5.6.2 Anti-inflammatory Activity

The major goal of research is to discover novel

anti-infective agents such as those against the

parasites Leishmania major and Trypanosoma
brucei that cause leishmaniasis and African

sleeping sickness, respectively. These parasites

currently affect around 12 million people living

in tropical and subtropical areas (Natera

et al. 2007). The alarming death rate caused by
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these parasites and the emergence of antibiotic

resistance underline the need for new and effec-

tive drugs. Many research programs focus on the

discovery of anti-infective agents from marine

sponges and their associated microorganisms

(Pimentel-Elardo et al. 2009). Pimentel-Elardo

et al. (2010) isolated Streptomyces sp. fromMed-

iterranean sponges, studied their secondary

metabolite production, and screened for anti-

infective activities. Bioassay-guided isolation

and purification yielded three previously known

compounds, namely, cyclic depsipeptide

valinomycin, indolocarbazole alkaloid stauro-

sporine, and butenolide. These compounds

exhibited novel antiparasitic activities specifi-

cally against Leishmania major (valinomycin

IC50 <0.11 μM; staurosporine IC50 5.30 μM)

and Trypanosoma brucei brucei (valinomycin

IC50 0.0032 μM; staurosporine IC50 0.022 μM;

butenolide IC50 31.77 μM) (Pimentel-Elardo

et al. 2010).

Abdelmohsen et al. (2010) isolated 90 actino-

mycetes from 11 different species of marine

sponges. Testing for anti-infective activities was

performed against clinically relevant, Gram-

positive (Enterococcus faecalis, Staphylococcus

aureus) and Gram-negative (Escherichia coli,
Pseudomonas aeruginosa) bacteria, fungi (Can-

dida albicans), and human parasites (Leishmania

major, Trypanosoma brucei). It showed a high

diversity of actinomycetes associated with marine

sponges as well as highlights their potential to

produce anti-infective agents (Abdelmohsen

et al. 2010).

5.6.3 Antitumor Activity

Zheng et al. reported the detection of antitumor

and antimicrobial activities in marine organism-

associated actinomycetes isolated from the

Taiwan Strait, China. Antitumor activity was

studied by the MTT assay, and DNA target activ-

ity was studied by the biochemical induction

assay, while antimicrobial activity was deter-

mined by observing bacterial and fungal growth

inhibition. 20.6 % of marine actinomycete

cultures displayed cytotoxic activity on P388

cells at dilutions at and below 1:320 and 18.6 %

on KB cells. 2.96 % of marine actinomycete

cultures displayed inducing activity. Among all

marine actinomycetes isolated, the genus

Micromonospora has the highest positive rate of

inducing activity. However, most antimicrobial

activity was found in the genus Streptomyces.

These results indicate that marine organism-

associated actinomycetes could be a promising

source for antitumor and antimicrobial bioactive

agents (Zheng et al. 2000).

5.6.4 Anticancer Activity

Cancer is one of the most important causes of

mortality in the modern world, with more than

ten million new cases reported every year (Conde

et al. 2011). It is well established that cancer is a

multifactorial disease caused by a complex mix-

ture of genetic and environmental factors

(Balmain et al. 2003; Hanahan and Weinberg

2000; Ponder 2001), where considerable

advances have led to a more comprehensive

understanding of cancer at the genetic, molecu-

lar, and cellular levels, providing with new

targets and strategies for therapy (Praetorius

and Mandal 2007). Nevertheless, these advances

have yet to be effectively translated into func-

tioning diagnostics and therapy. For example,

effectiveness of many anticancer drugs is limited

due to their inability to reach the target site in

sufficient concentrations and efficiently exert the

pharmacological effect without causing irrevers-

ible unwanted injury to the healthy tissues and

cells (Ferrari 2005; Peer et al. 2007). Bendigoles

D–F (1) (Fig. 5.2) are bioactive sterols isolated

from the new marine sponge-associated

actinobacterium, Actinomadura sp. SBMs009.

Isolation of these compounds was guided by a

novel high-content screen for NF-κB and gluco-

corticoid receptor (GR) activity, and cytotoxicity

assays. Interestingly, D displayed cytotoxicity

against the L929 (mouse fibroblast) cell line

with an IC50 approximated to 30 μM and was

the most active inhibitor of GR-translocation,
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while D–F was the most effective inhibitor of

NF-κB nuclear translocation with an IC50 of

71 μM (Simmons et al. 2011).

Two new indolocarbazole alkaloids, 40-N-
methyl-50-hydroxystaurosporine (3) and 50-hydroxy
staurosporine (4), were isolated together with the

known staurosporine (2) (Fig. 5.2) from the culture

broth of amarineMicromonospora sp. L-31-CLCO-
002 obtained from a homogenate of the sponge

Clathrina coriacea collected from the coast of

Fuerteventura Island in the Canary Islands archipel-

ago (Hernandez et al. 2000).

Two new anthracyclines, tetracenoquinocin

(5) and 5-iminoaranciamycin (6), together with
the known compounds aranciamycin (7)

(Fig. 5.3) and antibiotic SM 173B were isolated

from the culture of Streptomyces sp. -

Sp080513GE-26 associated with a marine

sponge, Haliclona sp. These compounds were

evaluated for cytotoxicity against two cancer

cell lines. Cytotoxic activities of these

compounds against human cervical carcinoma

HeLa cells and human acute myelogenous leuke-

mia LH-60 cells were examined. Aranciamycin

showed cytotoxicity with IC50 values of 2.7 and

4.1 μM against HeLa and HL-60 cells, respec-

tively, while tetracenoquinocin exhibited weaker

cytotoxicities with IC50 values of 120 and

210 μM, respectively, and 5-iminoaranciamycin

was inactive to these cancer cells (IC50

>200 μM). On comparing the cytotoxic activity

of these compounds, it was found that the ketone

functional group at C-5 is essential for the cyto-

toxicity against the cancer cells (Motohashi

et al. 2010).

Apart from the anticancer compounds pro-

duced by the marine actinomycetes depicted

above, there are several additional compounds

with antitumor activity like the topoisomerase I

inhibitors cyclopropane and

14-methylhexadecanoic fatty acids produced by

Streptomyces sp. strain KM86-913, isolated from

a marine sponge collected from the seashore of

Keomun Island, Korea (Lee et al. 1998). In other

cases, compounds identified are yet to be

uncharacterized as is the case of light-activated

cytotoxic compounds produced by different

microorganisms, including actinomycetes

isolated from marine sponges collected from var-

ious places along the coast of Peninsular

Malaysia (Kamal et al. 2009). IB-96212, a

26-membered macrolide that contains a

spiroketal lactone structure, is produced by the

actinomycete, Micromonospora sp. L-25-ES25-

008, isolated from a sponge, collected from the

Indian Ocean near the coast of Mozambique

Fig. 5.2 Chemical structure of bendigoles D–F, staurosporine, 40-N-methyl-50-hydroxystaurosporine, and

50-hydroxystaurosporine
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(Canedo et al. 2000). This compound showed

cytotoxic activity against mouse leukemia P388

and human non-small cell lung cancer A-549,

colon adenocarcinoma HT-29, and melanoma

MEL-28 cell lines. The activity against P388

cell line was four orders of magnitude higher

than the activity against A-549, HT-29, and

MEL-28 cell lines (Fernandez-Chimeno

et al. 2000).

5.7 Conclusion

Sponge-actinobacterial associations are found to

be very specific in the production of particular

bioactive compounds. However, the mutual

mechanism between host and the actinobacterial

associate, in compound production, is not well

understood. The easiest and best way for com-

mercial production of these compounds is by

culturing the host and/or the associated

actinobacteria under controlled conditions. But

the ability of the symbiont to produce the com-

pound consistently for several generations in cul-

ture media has to be tested and standardized.

Moreover, there is a need for quantifying the

role of sponge ecology in orchestrating the pro-

duction of specific compounds. Metagenomic

approaches are also being increasingly used for

targeting putative genes encoding potential

metabolites in uncultured microbial biota.

These approaches would help in delineating the

contribution of either the host or actinobacterial

associate or both partners in the production of

metabolites. A few compounds have been found

to be produced both in terrestrial and marine

ecosystems by different groups of host-symbiont

association. This suggests the possibility of hori-

zontal gene transfer through evolution. Discov-

ery of potent actinobacterial associates

producing therapeutic compounds has opened

up a new era in marine pharmacology. Under-

standing the optimum ecological conditions

which drives the sustainable production of bioac-

tive compounds from sponges and their

actinobacterial associates would help in

formulating various production strategies.

Adopting different cultivation strategies and

metagenomic approaches would be the need of

the hour in discovering new genes, enzymes, and

natural products and in enhancing the commer-

cial production of marine drugs.
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Abstract

Marine sponges are the most dominant group responsible for discovering

a large number of natural products that have been used as template to

develop therapeutic drugs. These natural products have a wide range of

therapeutic properties, including antimicrobial, antioxidant, antihyperten-

sive, anticoagulant, anticancer, anti-inflammatory, wound healing, and

immune modulators. Marine sponges and their symbionts are the most

primitive of the multicellular organisms, produce a plethora of secondary

metabolites, and accumulate large populations of microbes within the

mesohyl. These microbes are believed to exist as both intracellular and

extracellular symbionts and have been proposed to be involved in matrix

stabilization, waste processing, and producing secondary metabolites for

defense. Many of bioactive compounds are secreted by sponge-associated

microbes, such as bacteria, fungi, blue-green algae, and actinomycetes.

It includes antibiotics, peptides and non-ribosomal peptides (NRPs),

polyketides, enzymes, quinones and quinolone derivatives, alkaloids,

and pigments. In the present review, we highlighted the new

developments in the field of marine sponge metabolite research and

symbiotic and functional interactions between associated microbes and

host sponges and its potentials in microbial biotechnology approaches.
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6.1 Introduction

Associations between sponges and bacteria have

existed for 600 million years making them one of

the most ancient of all the symbioses (Wilkinson

1984). Most sponges host diverse and abundant

communities of microorganisms which contrib-

ute to host health, ecology, and evolution

(Hentschel et al. 2006; Taylor et al. 2007; Web-

ster and Taylor 2012). Bacteria, fungi, and

microalgae are the common microbial associates

of a sponge; they may live like symbionts or

pathogens or parasite (Bavestrello et al. 2000;

Hummel et al. 1988; Webster et al. 2002)

(Fig. 6.1). Among the plethora of microbes in

the three domains of life that may inhabit these

animals, bacteria conspicuously emerge as the

most dominant and diverse (Taylor et al. 2007)

(Tables 6.1, 6.2, and 6.3).

Many microbes are symbiotically harbored by

sponges, since they engross themselves in

metabolism of nutrients, cycling of elements

(Thomas et al. 2010; Webster and Taylor 2012),

production of bioactive metabolites for chemical

defense (Piel et al. 2004a, b; Hochmuth and Piel

2009), and maintaining of the structure of sponges

(Wilkinson 1978). Diverse sponge microbiota

may contribute to the host’s metabolism with

photosynthesis (Usher et al. 2007), major nitrogen

cycle events (Bayer et al. 2008; Hoffmann et al.

2009; Wilkinson and Fay 1979), sulfate reduction

(Hoffmann et al. 2005), and carbon fixation

(Wilkinson 1983; Thacker 2005), and in return,

the host provides an enriched ecological niche for

its microbial partners (Taylor et al. 2007;

Hentschel et al. 2012). Hitherto 32 phyla of bacte-

ria and candidate phyla were identified in sponges

(Taylor et al. 2007; Schmitt et al. 2012; Webster

and Taylor 2012). Nevertheless a stable associa-

tion or symbiotic association is observed between

sponges and bacterial phyla of Poribacteria,

Acidobacteria, Proteobacteria, Actinobacteria,

An�bio�cs

Polyke�des

Pep�des 

Non Ribosomal 
Pep�des
Enzymes

Pigments

Lactones

Quinones and 
Quinolones

Halogenated
compounds

Phenol deriva�ves

Alkaloids

Terpenoids

Polyesters

Macrolides

Symbio�c Interac�ons of Marine Sponge             Associated Microorganisms

Bacteria Algae Fungi Ac�nomycetes

Marine Sponges

Fig. 6.1 Symbiotic association of marine sponge associated microorganisms
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Nitrospira, Chloroflexi, Gemmatimonadetes, and

Cyanobacteria (Taylor et al. 2007; Schmitt et al.

2012). Research over the past decade has revealed

that many sponges use both vertical (Schmitt et al.

2007) and horizontal (Taylor et al. 2007; Schmitt

et al. 2008; Webster et al. 2010) transmission

strategies to maintain their complex and diverse

microbial communities.

Marine sponges haven microorganisms on

their surfaces, in their canal systems, in their

intercellular spaces and contribute up to 40 % of

the total cellular content of a sponge. Marine

invertebrates, particularly sponges, represent a

vital source for potentially active and biologically

functional natural products (Osinga et al. 2001).

Wide varieties of metabolites obtained from such

sponges have exhibited pharmaceutical products

such as novel enzyme inhibitors, cell division

inhibitors, antiviral, antifungal, antimicrobial,

anti-inflammatory, antitumor, cytotoxic, or car-

diovascular properties (Boopathy and Kathiresan

2010). Several studies have reported the discovery

of new bioactive compounds from marine

organisms, focusing primarily on chemistry of

secondary metabolites, which include more than

15,000 structurally diverse bioactive compounds

isolated during the last 30 years (Salomon et al.

2004). In spite of the wide industrial applications

on marine sponge-associated microbial

metabolites, the ecological and symbiotic

associations occurring between the micro-

organisms and the marine substrates have been

greatly neglected (Kurtboke 2005). Therefore,

the investigations on the secondary metabolites

of marine-derived microorganisms have geared

up rapidly (Petchi et al. 2013). These symbiotic

bacteria may also facilitate the sponges in diges-

tion, in waste removal, and in nutritional process

either by intracellular digestion or by translocation

of metabolites including photosynthesis, nitrifica-

tion, and nitrogen fixation. They also stabilize the

sponge skeleton and participate in the host’s

chemical defense. Marine sponges are usually

sessile; they need defense system to overcome

its predators in its surrounding environment. Gen-

erally they produce chemicals to defend its

enemies and competitors. The physiological

behavior of accumulating microorganisms and

metabolite production has drawn special attention

to sponges as a source of novel marine metabolites

and as systems for studying microbial host

interactions. More and more novel compounds

are explored from marine sponges every year

than any other taxon, and its pharmaceutical

applications are well demonstrated (Blunt et al.

2006; Munro et al. 1999). Some of the research

findings evidenced that these compounds are pro-

duced by associated microbes rather than sponges

(Bewley and Faulkner 1998; Piel et al. 2004a, b;

Schmidt et al. 2000). These investigations created

specific interest in the sponge–microbe association

in the production of pharmacologically active

compounds. Interestingly the bacteria are deter-

mined to be the major source of natural products

that provide rich opportunities for both biochemical

investigations. Sponges are one of the richest

sources of biologically active secondary

metabolites with vast chemical diversity. Although

the majority of the known bacterial metabolites

derived from free-living organisms, increasing evi-

dence supports the widespread existence of chemi-

cally prolific bacteria living in symbioses.

The assessment of sponge–microbe specificity

and the diversity of sponge-associated bacterial

communities have recently attainedmore attention

to better understand the global marine biodiversity

(Taylor et al. 2004; Steinberg and Kjelleberg

2010). The diversity of microorganisms living

inside sponges covers most bacterial phyla, and

a current paradigm is that certain bacterial clades

are exclusively found in marine sponges. The

presence of a very diverse microbial community

inside sponges aroused suspicion that many of

the cytotoxic compounds discovered in sponges

were actually produced by their associated

microorganisms, and for a number of compounds

previously ascribed to sponges, this has indeed

been established in numerous sponge species.

Sponges show specificity towards the kind of

bacteria with symbiotic association, even if

there is no possibility of finding those bacteria

in the surrounding water of that particular sponge

(Hentschel et al. 2002; Mehbub et al.

2014; Taylor et al. 2007). Recently, the concept

of sponge-specific microbes was meticulously

studied by performing molecular phylogenetic

analyses of all existing 16S and 18S rRNA

gene sequence databases that originated from
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Table 6.2 Bioactive metabolites produced from Marine sponge and Fungi association

Sponge name Fungi Bioactive metabolites Effect References

Halichondria
Japonica

Phoma sp.

Q60596

Antifungal antibiotic

(YM-202204)

Against Aspergillus
fumigates, Candida
albicans, and
Cryptococcus
neoformans

Nagai et al. (2002)

Jaspis aff.
Johnstoni

Fungal class

hyphomycetes

Coriolin B,

dihydrocoriolin C, and

chloriolines A, B, and C

Inhibitory effect on

human breast cell lines

and CNS cell lines

Bernan et al. (1997),

Zhang et al. (2009),

Biabani and Laatsch

(1998), and Cheng

et al. (1994)

Hyrtios sponge Aspergillus niger Asperazine

(diketopiperazine

alkaloid family)

Antileukemic Varoglu et al. (1997)

Mycale plumose Penicillium
aurantiogriseum

Quinazoline alkaloids

(aurantiomides B and C)

Moderate cytotoxic

effect

Xin et al. (2007)

Chondrosia
reniformis

Penicillium
rugulosum

Polyketides (prugosenes

A1–A3, B2, C1, and C2)

Templates for anti-

infective compounds

Sufrin et al (2009),

Lang et al. (2007), and

Blunt et al. (2009)

Zyzzya sp. Penicillium
brocae

Polyketides (brocaenols

A–C)

Cytotoxic polyketides Bugni et al. (2003)

and Ebel (2006)

Haliclona
valliculata

Emericella
variecolor

Evariquinone and

anthraquinone

Antiproliferative

agents on ATCC

CCL17, human cervix

carcinoma (KB), and

NCI 503473, non-small

cell lung cancer

(NCI-H460) cells

Bringmann et al.

(2003a, b)

Niphates
olemda

Curvularia lunata Two anthraquinones

(lunatin and cytoskyrin

A)

Active against Bacillus
subtilis,
Staphylococcus
aureus, and
Escherichia coli

Bhadury et al. (2006)

and Jadulco et al.

(2002)

Ircinia
fasciculata

Penicillium
chrysogenum

Sorbicillactone A Cytostatic effect on

murine leukemic

lymphoblasts and also

saves human T cells

from HIV-1 cytopathic

effects

Bringmann et al.

(2003a, b) and

Bringmann et al.

(2007)

Xestospongia
exigua

Penicillium cf.
montanense

Xestodecalactones A, B,

and C

Xestodecalactone B is

active against Candida
albicans

Thakur et al. (2003)

Axinella sp. Myrothecium
sp. JS9

Roridin A and D Antimicrobial,

cytotoxic, phytotoxic,

antimalarial, and

antileukemic

properties

Xie et al. (2008)

Halichondria
okadai

Trichoderma
harzianum
OUPSN115

Trichodenone A, B, and

C

Leukemia cell lines Thakur et al. (2003),

Amagata et al. (1998a,

b), and Usami et al.

(2000)

Callyspongia
aerizusa

Cladosporium
herbarum

Acetyl Sumiki’s acid Active against

Staphylococcus aureus
and Bacillus subtilis

Jadulco et al. (2001)

(continued)
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Table 6.2 (continued)

Sponge name Fungi Bioactive metabolites Effect References

Petrosia sp. Aspergillus
versicolor

Polyketides

(decumbenones A, B, and

versiol) and lipopeptide

fellutamide C

Decubenone A acts a

potent inhibitor of

melanin synthesis

Lee et al. (2007)

(2010)

Aplysina
aerophoba

Microsphaeropsis 10-Hydroxy-18-

methoxylbetaenone

Inhibitor of protein

kinase C

Brauers et al. (2000)

Callyspongia
cf. C. flammea

Stachylidium sp. Derivatives of

phthalimidine such as

marilines

Potent inhibitors of

elastase of human

leukocytes

Almeida et al. (2012)

Melophlus sp. Penicillium
sp. FF001

Citrinin Antibiotic activity on

multidrug-resistant

strains

Subramani et al.

(2013)

Axinella sp. Acremonium
sp. 021172C

Octapeptides (RHM1,

RHM2, RHM3, and

RHM4)

RHM1 showing

antibacterial activity as

well as cytotoxic effect

on cancer cell lines

Boot et al. (2006)

(2007)

Pseudoceratina
purpurea

Metarhizium
sp. 001103

Desmethyl B;

destruxins A, B2, and E;

and chlorohydrins

Inhibition of cell lines

of human tumor

Boot et al. (2007)

Halichondria
japonica

Gymnascella
dankaliensis
OUPS-N134

Dankastatins A and B and

gymnastatins A, B, C,

F, G, Q, and R

Cytotoxic and growth-

inhibiting agent on

P388 stem cell lines of

leukemia

Bugni and Ireland

(2004), Numata et al.

(1997), Amagata et al.

(1998a, b, 1999, 2006,

2008), and Mayer

(1999)

Ectyoplasia
ferox

Phoma Epoxyphomalin A and B Antagonistic effect on

different tumor cell

lines

Mohamed et al. (2009)

Ectyoplasia
ferox

Spicellum roseum
193H15

8-Deoxytrichothecin and

trichodermol

Inhibiting LacCer

synthase

Kralj et al. (2007) and

Chatterjee and

Kolmakova (2004)

Axinella sp. Penicillium
citrinum

Isocyclocitrinols A and

22-acetylisocyclocitrinol

A

Antibacterial activity

against Staphylococcus
epidermidis and
Enterococcus durans

Amagata et al. (2003)

Axinella
verrucosa

Penicillium sp. Communesins B, C,

and D, oxaline,

griseofulvin and

dechlorogriseofulvin

Communesins and

oxaline exhibited an

antiproliferative

activity. Griseofulvin is

an antifungal agent

Koizumi et al. (2004),

Kolachana and Smith

(1994), and Jadulco

et al. (2004)

Xestospongia
exigua

Aspergillus
versicolor

Aspergillitine Antibacterial activity

against Bacillus
subtilis

Bhadury et al. (2006)

and Lin et al. (2002)

Ectyoplasia
ferox

Coniothyrium
sp. 193477

(3S)-
(30,50-Dihydroxyphenyl)
butan-2-one and 2-(10

(E)-propenyl)-octa-4
(E),6(Z )-diene-1,2-diol,
(3R)-6-methoxymellein,

(3R)-6-methoxy-7-

chloromellein and

cryptosporiopsinol

Cryptosporiopsinol

exhibited noteworthy

antimicrobial activity

Höller et al. (1999a, b)

(continued)
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sponges. Overall, 27 % of all the sponge-derived

sequences fall into monophyletic, sponge-

specific sequence clusters within the bacteria,

archaea, and fungi (Simister et al. 2012). It is

well established that particular sponge species

can host stable microbial populations that are

different to the communities in other species

(Schmitt et al. 2012), and a recent molecular

evidence also supports the potential for host–

symbiont coevolution (Fan et al. 2012). Addi-

tional examples include a metagenomic sequence

analysis that recently highlighted how core sym-

biont functions can be provided in different

sponge species by functionally equivalent

microbes and analogous enzymes or biosynthetic

pathways (Fan et al. 2012).

This chapter compiles the most relevant stud-

ies performed in order to comply with the devel-

opment of peptides and depsipeptides derived

from marine animals as anticancer drugs. With

the latest increase in peptide research, the pur-

pose of this review is to facilitate discussion on

this issue since marine peptides are one of the

recent perspectives in the development of new

compounds for further drugs and therapeutic use

in the treatment of cancer. Bioactive peptides

and depsipeptides, most currently studied from

animal marine species with anticancer potential

and which reached clinical trials, have therefore

been examined. Continued investigations of

sponge-derived metabolites and their biotechno-

logical implications should guarantee vital

Table 6.2 (continued)

Sponge name Fungi Bioactive metabolites Effect References

Myxilla
incrustans

Microsphaeropsis
sp. H5-50

Microsphaeropsisin and

(R)-mellein, (3R,4S)-
hydroxymellein,

(3R,4R)-hydroxymellein

and 4,8-dihydroxy-3,4-

dihydro-2H-naphthalen-

1-one

Microsphaeropsin and

its derivative exhibited

antifungal activity

Thakur et al. (2003)

Callyspongia
vaginalis

Ulocladium
botrytis 193A4

1-Hydroxy-6-methyl-8-

(hydroxyl methyl)

xanthone

Antifungal agent Höller et al. (1999a, b)

and König et al.

(2005)

Axinella
verrucosa

Penicillium sp. Communesin B, C,

and D, oxaline,

griseofulvin, and

dechlorogriseofulvin

Antifungal and

antiproliferative

activity

Jadulco et al. (2004)

Petrosia
ficiformis

Penicillium
brevicompactum

Petrosifungins A and B,

brevianamide A,

mycophenolic acid, and

asperphenamate

Mycophenolic acid is

immunosuppressive

agent

Bringmann et al.

(2004)

Petrosia
ficiformis

Aspergillus
insuetus

Terretonins E and F Inhibitors of

mammalian

mitochondrial

respiratory chain

Lopez Gresa et al.

(2009)

Axinella
damicornis

Aspergillus niger Bicoumanigrin A,

aspernigrin B

Bicoumanigrin A

exhibited cytotoxicity

against human cancer

cell lines, aspernigrin B

showed

neuroprotective effect

Hiort et al. (2004)

Marine sponge Aspergillus
versicolor
Hmp-F48

Cytotoxic polyphenols,

dibenzo[1,4]dioxin

1, prenylated diphenyl

ethers, 2 and 3, together

with six known

compounds, 4–9

Cytotoxicity Wang et al. (1998)
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interest in sponge-associated symbiotic micro-

bial interactions. Recent data analysed by

Mehbub et al. (2014) addressed significant

future trends and opportunities in the search

for novel leads either from marine sponges or

their symbionts.

6.2 Bioactive Compounds from
Marine Sponge-Associated
Microbes

6.2.1 Antibiotics

Many bacteria developed resistance to antibiotics,

especially strains belonging to Staphylococcus

aureus, and few other bacterial strains developed

resistances to existing antibiotics (Rice 2006).

Obviously, there is a need for the rapid develop-

ment of novel antibiotics to these resistant strains.

In addition to that, marine sponges were consid-

ered for years as a rich source of natural products

and metabolites for antibiotics with strong inhibi-

tory activity against bacteria, fungi, and microbes.

Research showed that many bioactive compounds

from various sponge species can be useful for

the development of novel antibiotics and antimi-

crobial drugs. Symbiotic bacteria associated

with sponges produce potential antimicrobial

compounds and bioactive compounds. Many bio-

active compounds extracted from the marine

sponges Dendrilla nigra (Ivanova et al. 1999),

Axinella donnani, and Clathria gorgonoides

(Aishwarya et al. 2013) have demonstrated signif-

icant antimicrobial activities against various

Gram-positive pathogenic bacteria. In a similar

report, Venkateswarlu and Biabani (1995) also

exhibited antibacterial activity from

dichloromethane-methanol (1:1) extract of sponge

Phycopsis sp. collected from Tuticorin coast of

India. Several bacterial metabolites have been

isolated from the marine sponges: cryptophycin I

and chondramide were isolated from Dysidea spp.
and Jaspis spp., respectively (Sabdono and

Radjasa 2008). In addition to therapeutic

applications of bioactive compounds from marine

sponges against various bacteria, there are many

reports which reveal that antitumor drugs such as

Kendarimide A, isolated from sponge Haliclona
sp., have been shown to reverse multidrug resis-

tance in tumor cells (Roser et al. 2005). Several

bacterial species Bacillus megaterium, Pseudoal-
teromonas aurantia, Pseudoalteromonas

piscicida, and Pseudoalteromonas rubra isolated

from the sponges Euplexaura curvata and

Hymeniacidon perleve were shown to produce

bioactive compounds with wide range of antimi-

crobial spectrum, respectively (Zheng et al.

2005a, b). Similarly, Bacillus atrophaeus, isolated

Table 6.3 Bioactive metabolites produced from Marine sponge and Algae association

Sponge name Algae Bioactive metabolites Effect References

Lamellodysidea
herbacea

Oscillatoria
spongeliae

Polybrominated biphenyl ether

(2-(20,40-dibromophenyl)-4,6-

dibromophenol

Antibacterial activity

on Staphylococcus
aureus, Escherichia
coli, Bacillus subtilis,
etc.

Hentschel et al. (2001)

Lamellodysidea
herbacea

Oscillatoria
spongeliae

Dihydrodysamide C,

didechlorodihydrodysamide C,

and piperazines (DKPs)

Receptor probes as

well as therapeutic

agents

Haygood et al. (1999),

Flowers et al. (1998),

Unson and Faulkner

(1993), and Besada et al.

(2005)

Ptilocaulis
trachys

Lyngbya
majuscula

Majusculamide C Antifungal activity

against pathogens

of commercially

important plants

Williams et al. (1993)

and Dunlap et al. (2007)

Halichondria
okadai and
Halichondria
melanodocia

Dinoflagellate

Prorocentrum
lima

Okadaic acid Protein phosphatase

inhibitor

Kobayashi and Ishibashi

(1993) and Wang (2006)
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from the marine sponge Dysidea avara in the

South China Sea, produced two dif-

ferent antibiotics, viz., Bacillamide C and

Neobacillamide A (Liu et al. 2012). However,

Dysidea sponge (Eastern Samoa), harboring Vib-

rio sp., was shown to produce tetrabromodiphenyl

ethers which have antibacterial and cytotoxic

activities (Elyakov et al. 1991). Many antibiotics

including cyclic peptides, cyclic lipopeptides, and

novel thiopeptides have been reported from

marine Bacillus spp. (Nagai et al. 2003; Suzumura

et al. 2003). It is exciting to note that a novel

antibiotic trisindole, a derivative of trisindoline,

was characterized from a marine Okinawan

sponge Hyrtios altum associated with Vibrio
sp. and was shown to exhibit potential antibiotic

activity against Escherichia coli, Bacillus

subtilis, and Staphylococcus aureus (Kobayashi

et al. 1994; Braekman and Daloze 2004). Strik-

ingly two novel antibiotics, YM-266183 and

YM-266184, were discovered in the culture

broth of Bacillus cereus QN03323, which was

symbiotically associated with the marine sponge

Halichondria japonica (Laatsch 2006).

Micrococcus luteus R-1588-10, associated

with marine sponge Xestospongia sp. of New

Caledonia, Southwest Pacific, synthesized two

active antimicrobial agents such as acyl-1-(acyl-

60-mannobiosyl)-3-glycerol (lutoside) and

2,4,40-trichloro-20-hydroxydiphenylether (triclo-

san) (Bultel-Poncé et al. 1998). Extracts of Pseu-

domonas species harbored on marine sponge

Suberites domuncula exhibited cytotoxic, hemo-

lytic, antiangiogenic, and antimicrobial activity

against multidrug-resistant strains, such as

Staphylococcus epidermidis and Staphylococcus
aureus (Thakur et al. 2003, 2005). Interestingly,

two metabolites known as Roridin A and D

isolated from Myrothecium sp. JS9 were

associated with Axinella sp. of South China Sea

and exhibited antimicrobial, cytotoxic, phyto-

toxic, antimalarial, and antileukemic properties

(Xie et al. 2008).

The sponge Dendrilla nigra is a rich source of

cultivable marine actinomycetes. Investigations

on a sponge specimen collected from the

Vizhinjam coast (west coast of India) revealed

that Micromonospora–Saccharomonospora–
Streptomyces group was the major cultivable

actinobacteria found in the sponge (Selvin et al.

2009). The species Streptomyces dendra sp. nov.

MSI051 isolated from the sponge Dendrilla
nigra exhibited a broad spectrum of antibacterial

activity. The host sponge, as well as the

associated bacterial symbiont MSI051, contained

high levels of PLA2 (phospholipase A2) which

acts as an antibacterial protein in the defense

system of higher animals (Selvin 2009). Another

strain, Streptomyces sp. BLT7 isolated from

Dendrilla nigra obtained from Kanyakumari

(south east coast of India) also showed potential

antibacterial activity in their extracellular

products (Selvin et al. 2004). In a recent report,

an interesting bioactive compound was also

characterized from a marine sponge Dendrilla

nigra associated with Nocardiopsis dassonvillei

MAD08 and was shown to exhibit a potential

antibacterial and anticandidal activity against

the multidrug-resistant pathogenic microbial

strains (Selvin et al. 2009).

A fungal species Trichoderma harzianum

OUPSN115 associated with Halichondria okadai

that exists in Japanese water is responsible for the

production of novel bioactive cytotoxic

compounds (trichodenone A, B, and C); these

compounds are active against leukemia cell lines

(P388) (Thakur et al. 2003; Amagata et al. 1998a,

b; Usami et al. 2000). A fungal species Clado-

sporium herbarum isolated from Callyspongia
aerizusa from Indonesia synthesizes an antimicro-

bial compound, acetyl Sumiki’s acid. This com-

pound is active against Staphylococcus aureus
and Bacillus subtilis (Jadulco et al. 2001). A fun-

gal strain Phoma sp. Q60596, obtained from the

symbiotic association of marine sponge Hali-
chondria Japonica, resulted a novel antifungal

antibiotic, YM-202204, and exhibited potent

activity against Candida albicans, Cryptococcus
neoformans, and Aspergillus fumigatus (Nagai

et al. 2002). Species belongs to genus Salinospora

associated with Suberea clavata (the Great Barrier
Reef sponge) and synthesizes rifamycins

(rifamycin SV and rifamycin B) and polyketides

(Kim et al. 2006). A Penicillium sp. FF001

associated with Fijian marine sponge Melophlus

sp. synthesizes a crystalline compound; its struc-

tural formula is C13H14O5. Database search

(AntiBase) related to natural products and

6 Novel Insights on the Symbiotic Interactions of Marine Sponge-Associated. . . 79



spectroscopy analysis revealed that this com-

pound closely matched with citrinin. Apparently

these compounds have broad spectrum of antibi-

otic activity on multidrug-resistant strains of

pathogens, such as Staphylococcus aureus,

which is resistant to methicillin, rifampin, and

vancomycin resistant Cryptococcus neoformans

(yeast) and E. faecium (Subramani et al. 2013).

The sponge Callyspongia vaginalis, isolated

from the Caribbean Sea, yielded a new tyrosine

kinase inhibitor and the antimicrobial compound

ulocladol together with the antifungal agent

1-hydroxy-6-methyl-8-(hydroxyl methyl) xan-

thone. These compounds have been extracted

from sponge-associated fungiUlocladium botrytis
193A4 (Höller et al. 1999a, b; König et al. 2005).

The ethyl acetate extracts of Penicillium sp.,

derived from the Mediterranean sponge Axinella
verrucosa, yielded a group of bioactive

compounds, viz., communesin B, C, and D,

oxaline, griseofulvin, and dechlorogriseofulvin

which sequentially exhibited antifungal activity

and antiproliferative activity (Jadulco et al.

2004). Aspergillitine was also isolated from the

sponge Xestospongia exigua in symbiotic associ-

ation with the fungus Aspergillus versicolor and

exhibited antibacterial activity against Bacillus
subtilis (Jadulco et al. 2002; Bhadury et al.

2006). A fungal strain Coniothyrium sp. 193477,

isolated from the sponge Ectyoplasia ferox from

the Caribbean Islands of Dominica, yielded novel

antimicrobial compounds such as (3S)-(30,5-
0-dihydroxyphenyl)butan-2-one and 2-(10(E)-
propenyl)-octa-4(E),6(Z)-diene-1,2-diol. Among

these, cryptosporiopsinol demonstrated significant

antimicrobial activity (Höller et al. 1999a, b).

Additionally the same research group also discov-

ered a novel antifungal metabolite known as

microsphaeropsisin obtained from the fungal

strain Microsphaeropsis sp. H5-50 that was sym-

biotically associated with the marine sponge

Myxilla incrustans. A fungal species,

Stachylidium, associated with marine sponge

Callyspongia cf. C. flammea produces derivatives

of phthalimidine such as marilines A (1) (1a), A

(2) (1b), B (2), and C (3). They are potent

inhibitors of elastase of human leukocytes

(Almeida et al. 2012). Dankastatins A and B and

gymnastatins A, B, C, F, G, Q, and R purified

from Gymnascella dankaliensis OUPS-N134,

which associates with Halichondria japonica, act
as cytotoxic and growth-inhibiting agent on P388

stem cell lines of leukemia. Human and breast cell

lines are also equally affected by gymnastatin Q

(Bugni and Ireland 2004; Numata et al. 1997;

Amagata et al. 1998a, b, 1999, 2006, 2008;

Mayer 1999).

The Oscillatoria spongeliae (cyanobacterium),

which is an endosymbiont of Dysidea herbacea

(marine sponge), was shown to produce a

polybrominated biphenyl ether antibiotic (Newman

andHill 2006;Hentschel et al. 2001).A specimenof

cyanobacteria Oscillatoria spongeliae that was

symbiotically associated with the marine sponge

Lamellodysideaherbaceayieldedapolybrominated

biphenyl ether such as 2-(20,40-dibromophenyl)-4,6-

dibromophenol. However, Oscillatoria spongeliae

was also observed as an endosymbiont in different

sponge mesohyl. Polybrominated biphenyl ethers

from Lamellodysidea herbacea were shown with

antibacterial activity against both Gram-negative

and Gram-positive bacteria and unicellular marine

cyanobacteria. The compound 2-(20,40-dibromo-

phenyl)-4,6-dibromophenol also showed

antibacterial activity against Staphylococcus
aureus, Escherichia coli, Bacillus subtilis, etc.

Andrimid, a peptide antibiotic, act against bacillus,

obtained from Vibrio species associated with

Hyatella sp. (Oclarit et al. 1994).

6.2.2 Quinone and Quinolone
Derivatives

Muller and group reported that α-Proteobacteria
associated with Dysidea avara was found to

secrete a quinolone compound 2-methylthio-

1,4-naphthoquinone(M€uller et al. 2004a, b).

This compound distinctively possessed both

antibacterial and antiangiogenic activity (Thakur

and M€uller 2005). Additional example includes a

Pseudomonas species associated with marine

sponge Homophymia sp. which produced five

different active quinolones. Among these

2-undecyl-4-quinolone is active against malarial

parasite Plasmodium falciparum and HIV-1. And
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the second molecule 2-nonyl-4-hydroxy-

quinoline N-oxide exhibited antibacterial activity

against Staphylococcus aureus (Bultel-Ponce

et al. 1999). Another interesting antibiotic qui-

nine, 2-n-heptylquinol-4-one, was purified from

Pseudomonas sp. associated with marine sponge

Suberea creba which exhibited antibacterial

activity against S. aureus (Debitus et al. 1998).

A fungal strain Emericella variecolor obtained

from Haliclona valliculata synthesized two

novel compounds such as evariquinone and

anthraquinone, and these compounds exhibited

strong antiproliferative activity against

(KB) human cervix carcinoma ATCC CCL17

and NCI 503473 and non-small cell lung cancer

(NCI-H460) cells (Bringmann et al. 2003a, b). In

another study a fungal species Curvularia lunata

symbiotically associated with marine sponge

Niphates olemda of Indonesian marine water

synthesized two anthraquinones (lunatin and

cytoskyrin A), which are active against Bacillus
subtilis, Staphylococcus aureus, and Escherichia

coli (Bhadury et al. 2006; Jadulco et al. 2002).

6.2.3 Peptides and Non-ribosomal
Peptides

Marine sponges are excellent resource for unique

peptides and most of them are bioactive. Some of

them are cyclic and a few are linear, consisting of

unique amino acids, which are very rare in ter-

restrial organisms, and most of them are novel

peptide molecules (Aneiros and Garateix 2004).

Many bioactive peptides and depsipeptides with

anticancer potential have been extracted from

various marine invertebrates like tunicates,

sponges, soft corals, sea hares, nudibranchs,

bryozoans, sea slugs, and other marine organisms

(Haefner 2003; Naqash and Nazeer 2010). An

extensive group of peptides and depsipeptides

are extracted from marine organisms (Holzinger

and Meindl 1997). Biologically all the active

peptides obtained from marine invertebrate spe-

cies are considered to have diverse activities,

including opioid agonistic, mineral binding,

immunomodulatory, antimicrobial, antioxidant,

antithrombotic, hypocholesterolemic, and anti-

hypertensive actions (Kim and Wijesekara

2010). By modulating and improving physiolog-

ical functions, bioactive peptides may provide

new therapeutic applications for the prevention

and/or treatment of chronic diseases.

Alcaligenes faecalis strain A72 which was

reported to be symbiotically associated with

Stelletta tenuis (South China Sea sponge) pro-

duced L,L-diketopiperazine which evidenced

antimicrobial activity (Li 2009). Similarly Pseu-
domonas aeruginosa, isolated from the Antarctic

marine symbiont sponge Isodictya setifera,

synthesized a cyclo-(L-proline-L-methionine),

which was active against various microbial

pathogens Micrococcus luteus, Staphylococcus

aureus, and Bacillus subtilis (Jayatilake et al.

1996). Similarly Bacillus atrophaeus strain c89,

obtained from a marine sponge Dysidea avara,

synthesized two different peptide derivatives,

such as bacillamide C and neobacillamide A

(Liu et al. 2012) by using non-ribosomal peptide

synthetases (NRPs) (Liangjie et al. 2011). Inter-

estingly a Micrococcus sp. isolated from the

marine sponge Tedania ignis was reported to

synthesize three different diketopiperazines,

cyclo-(L-Pro-L-Val), cyclo-(L-Pro-L-Ala), and

cyclo (L-Pro-L-Leu) (Stierle et al. 1988). This

work clearly depicted that these dipeptides pos-

sessed antitumor, antibiotic, and antiviral

activities (Rhee 2004; Scopel et al. 2013). In a

recent investigation by Fan et al. (2012), the

genomes of bacterial sponge symbionts carry a

large number of proteins that are similar to

eukaryotic proteins controlling phagocytosis

and cytoskeletal formation. An antifungal glyco-

peptide known as theonegramide was previously

isolated from Theonella swinhoei, collected from

the Philippines (Bewley and Faulkner 1994).

Interestingly, filamentous δ-proteobacterium was

detected in their symbiotic partners Entotheonella
palauensis and Theonella swinhoei and yielded

two interesting glycopeptide metabolites

theonegramide and theonellamide F (Piel 2004a,

b). A Pseudoalteromonas sp. associated with the

spongeHalisarca ectofibrosa has been isolated for

its ability to inhibit S. aureus, Micrococcus luteus,
Bacillus subtilis, Escherichia coli, and

V. anguillarum (Rungprom et al. 2008). A fila-

mentous bacterial symbiont associated with

marine lithistid sponge Theonella swinhoei
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produced a cyclic glycopeptide molecule theo-

palauamide and displayed numerous biological

activities (Schmidt et al. 1998; Bewley and

Faulkner 1998). In 1996, Bewley and Faulkner

extracted and identified two new antifungal

molecules, microsclerodermin A and B, from a

lithistid sponge Microscleroderma sp. (Bewley

et al. 1996).

A fungal strain Acremonium sp. 021172Cwhich

is associated with marine sponge Axinella

sp. isolated from Papua New Guinea resulted in

four novel octapeptides (RHM1, RHM2, RHM3,

and RHM4). Interestingly these RHM peptides

along with few other efrapeptins exhibited potent

antibacterial activity and cytotoxic effect on cancer

cell lines (Boot et al. 2007). In another report, the

same research group explored that a fungal strain,

Metarhizium sp. 001103, that was symbiotically

associated with Fijian marine sponge Pseudo-

ceratina purpurea synthesized a N-methylated

cyclic destruxin family depsipeptides. The follow-

ing metabolites desmethyl B; destruxins A, B2, and

E; and chlorohydrins exhibited specific inhibition

of cell lines of human tumor. E chlorohydrins

inhibited growth of tumor cells and also showed

cytotoxic effect on cell lines of murine c38

(Boot et al. 2007). A strain of Penicillium
brevicompactum derived from the specimen of

Petrosia ficiformis provided two new cyclopenta-

depsipeptides, petrosifungins A and B, along with

the known fungal metabolites brevianamide A,

mycophenolic acid (a well-known immunosup-

pressive agent), and asperphenamate (Bringmann

et al. 2004). Interestingly a strain of Aspergillus

insuetus obtained from the surface of Petrosia

ficiformis also yielded two new compounds,

terretonins E and F. They are potent inhibitors of

mammalian mitochondrial respiratory chain

(Lopez Gresa et al. 2009). Kralj and colleagues

reported that a fungus Spicellum roseum 193H15,

derived from Ectyoplasia ferox, was found to pro-

duce trichothecenes such as trichodermol and

8-deoxytrichothecin (Kralj et al. 2007). These

molecules considerably inhibited the activity of

LacCer synthase (role in oncogene expression and

cell proliferation) in neuroblastoma cells. The fun-

gus also yielded two cyclohexadepsipeptides,

spicellamides A and B (Kralj et al. 2007).

Shallow water marine sponge Lamellodysidea
herbacea of Indo-Pacific region was reported to be

symbiotically associated with non-heterocystous

cyanobacteria Oscillatoria spongeliae (Haygood

et al. 1999). These cyanobacteria induces host to

produce wide range of secondary metabolites

(Arillo et al. 1993). Structural studies revealed

that symbiotic association of Lamellodysidea

herbacea and Oscillatoria spongeliae of Great

Barrier Reef, Australia, was shown to produce

chlorinated dihydrodysamide C, didechlorodihydr

odysamide C, and diketopiperazines (DKPs)

(Unson and Faulkner 1993; Flowers et al. 1998).

Since DKPs are general motifs in different biolog-

ically active products, they are used in making of

receptor probes as well as therapeutic agents

(Besada et al. 2005). A species of cyanobacteria

associated with Leucetta microraphis of the Great
Barrier Reef ofAustralia can synthesize leucamide

A (non-ribosomal cyclic peptide), which was

known to be a potent inhibitor of the growth of

tumor cell lineswith amutation in p53 gene (König

et al. 2005). A cyclic depsipeptide,

majusculamide C, isolated from the metabolites

of the sponge Ptilocaulis trachys symbiotically

associated with toxic blue-green alga Lyngbya

majuscula exhibited antifungal activity against

pathogens of commercially important plants

derived (Williams et al. 1993; Dunlap et al. 2007).

6.2.4 Enzymes

An antifungal chitinase extracted from Strepto-
myces Sp. DA11 growing as symbiont on

marine sponge Craniella australiensis exhibited

unique physical properties with high pH and

salinity tolerance (Han et al. 2009). A species

of fungal genus Microsphaeropsis associated

with Mediterranean sponge Aplysina aerophoba
synthesized a protein kinase C inhibitor

(10-hydroxy-18-methoxylbetaenone) (Brauers

et al. 2000) and is potentially used in cancer

therapies (Mackay and Twelves 2003).

In the earlier days, many researchers felt

that Marinobacter litoralis associated with

Xestospongia testudinaria produced urease to

metabolize urea. Later, they found that few of
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the ureC genes expressed in Xestospongia
testudinaria are very similar to α-subunit of

urease from the members of Proteobacteria,

Cyanobacteria, Actinobacteria, and

Magnetococcus. This is the first example for

symbiotic production and utilization of metabo-

lite by sponges and its associates (Su et al. 2013).

Marine sponges Halichondria okadai and

Halichondria melanodocia provide good

examples for the importance of microalgal asso-

ciation in the production of natural compounds

recovered from these invertebrates. Both species

of Halichondria contain the protein phosphatase

inhibitor okadaic acid (Wang 2006). It was first

isolated from the sponge Halichondria okadai,
but, later, it was found out that a dinoflagellate

Prorocentrum lima produced the inhibitor

okadaic acid (Kobayashi and Ishibashi 1993).

Apparently Halichondria okadai and

Halichondria melanodocia was shown to act as

reservoirs for associate symbiotic bacteria Pseu-
domonas and Alteromonas and produces okadaic

acid (Wang 2006), which is a well-known exam-

ple for protein phosphatase inhibitor.

6.2.5 Polyketides

Polyketides are a large family of natural products

found in microbes and include many clinically

vital drugs such as tetracycline, daunorubicin,

erythromycin, rapamycin, and lovastatin. They

are biosynthesized from acyl CoA precursors by

polyketide synthases (PKSs). Firstly, much of the

contemporary research on polyketide biosynthe-

sis is determined by unparalleled biological

activities and colossal commercial value of

these natural products, which remain as success-

ful candidate molecules for novel drug discov-

ery; secondly, the extraordinary structure,

mechanism, and catalytic reactivity of PKSs pro-

vide an exceptional opportunity to explore the

molecular mechanisms of enzyme catalysis,

molecular recognition, and protein–protein inter-

action; and thirdly, the significant versatility and

amenability of PKSs allow the exploration of

novel compounds, by using combinatorial

methods in biosynthesis. Polyketides and

non-ribosomal peptides are often evoked as

examples of metabolites found in sponges with

a likely (bacterial) symbiont origin. These

molecules, synthesized by large multifunctional

enzymes called polyketide synthases (PKS) and

non-ribosomal peptide synthetases (NRPS),

encompass substance classes that are typical for

microorganisms (Piel 2004a, b). Many marine

microbial metabolites possess both potent bioac-

tivity and interesting polyketide and/or peptide

structures and are therefore attractive targets for

molecular genetic studies.

The marine sponge Theonella swinhoei from

Palau contains a cytotoxic polyketide, swinholide

A and the bicyclic glycopeptide antifungal com-

pound theopalauamide and symbiotically

associated bacteria within this sponge include uni-

cellular cyanobacteria, unicellular bacteria and

filamentous bacteria (Bewley and Faulkner

1998). Penicillium rugulosum associated with

marine sponge Chondrosia reniformis was

shown to produce seven polyketides (prugosenes

A1–A3, B2, C1, and C2) having potential to act as

template for anti-infective compounds (Lang et al.

2007; Sufrin et al. 2009; Blunt et al. 2009). Peni-

cillium brocae isolated from the marine sponge

Zyzzya sp. of Fiji was reported to synthesize three

polyketides (Brocaenols A–C), having a func-

tional property of cytotoxicity when tested on

HCT-116 (Bugni et al. 2003; Ebel 2006). In

another research study, a fungal species Aspergil-

lus versicolor was shown to be symbiotically

associated with marine sponge Petrosia
sp. which synthesized three different polyketides

(decumbenones A and B and versiol) and a cyto-

toxic lipopeptide fellutamide C, respectively.

Interestingly the molecule Decubenone A acts as

a potent inhibitor of melanin synthesis (Lee et al.

2007, 2010). Few other studies have reported on

the isolation of fungi from three Hawaiian

sponges (Li and Wang 2009), Mediterranean

sponges Psammocinia sp. (Paz et al. 2010) and

Tethya aurantium (Wiese et al. 2011), and China

Sea sponges (Zhou et al. 2011) and on the second-

ary metabolite genes in the obtained isolates and

found 15 PKS genes and 4 NRPS genes (Zhou

et al. 2011). However, despite the numerous

associations documented by marine sponges, two
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potent cytotoxic compounds, epoxyphomalin A

and B, were discovered from Phoma sp. and

showed activity against various human tumor

cell lines (Mohamed et al. 2009).

An interesting group of microorganisms

are the Actinobacteria because of the fact

that they are known to possess a wide diversity

of secondary metabolite genes, particularly

NRPS and PKS (Goodfellow and Fiedler 2010;

Schneemann et al. 2010). A Rhodococcus

sp. has been shown to harbor 24 NRPS and

7 PKS genes (McLeod et al. 2006), while the

genome of the industrial-scale erythromycin pro-

ducer Saccharopolyspora erythraea contains at

least 25 secondary metabolite genes for the pro-

duction of terpenes, polyketides, and

non-ribosomal peptides (Oliynyk et al. 2007).

The genome of Salinispora tropica, the source

of the proteasome inhibitor salinosporamide A

(Feling et al. 2003), harbors 17 PKS, NRPS, or

hybrid gene clusters (Udwary et al. 2007).

Actinobacteria, especially Streptomyces spp.

have been shown to host a wide range of second-

ary metabolite genes. Thirty such gene clusters

have been identified in the genome of the

avermectin producer Streptomyces avermitilis

(Ikeda et al. 2003), and one of the most medically

important bacterium, Streptomyces coelicolor, is

known to harbor at least 20 such genes (Bentley

et al. 2002). Cell separation experiments inferred

a cyanobacterial sponge associate to be the actual

producer of the peptide (Flowers et al. 1998), and

closely related compounds, e.g., pseudosysidenin

(Jiménez and Ribes 2007), were also found in

free-living Cyanobacteria. It could be envisaged,

therefore, that by comparison of PKS genes of a

Beetle’s Pseudomonas symbiont (Piel 2002),

which produces pederin, a compound related to

the Theonella swinhoei’s derived onnamide A

(Piel et al. 2004a, b).

Species belonging to Vibrio and Pseudovibrio

associated with marine sponge Irciniidae family

have genes for polyketides synthase (Esteves

et al. 2013). Andrimid, a polyketide peptide com-

pound derived from Vibrio sp. associated with

marine sponge Hyatella sp., shows anti-bacillus

properties (Oclarit et al. 1994). The discovery

of onn genes encoding the biosynthesis of

onnamide A in the microbial metagenome of

the sponge Theonella swinhoei was made by

Piel et al. (2004a, b). This polyketide exhibited

extremely potent antitumor activities. This

provides the first experimental proof for bacterial

origin of marine sponge-derived natural

compounds (Grozdanov and Hentschel 2007).

6.2.6 Alkaloids

Alkaloids are a class of secondary metabolites

and exhibit interesting structural complexity and

progressively more studied biological activities;

thus, these compounds are attracting the atten-

tion of upcoming researchers from numerous

disciplines worldwide (Forte et al. 2009). The

alkaloids are relatively simple and are thus suit-

able candidate molecules for optimization using

established medicinal chemistry strategies.

Because of its relatively low molecular mass

and simple structure, alkaloids offer several

possibilities for chemical optimization through

addition of side chains or functional groups.

Marine alkaloids from Agelas sponges and their

synthetic analogues have been extensively stud-

ied as inhibitors of bacterial biofilm formation

and antibacterial, antifungal (Rogers et al. 2010),

and antiprotozoal agents (Scala et al. 2010).

Hyphomycetes associated with Jaspis aff.

Johnstoni (Indo-Pacific sponge) can synthesize

tricyclic sesquiterpenes coriolin B, dihydro-

coriolin C, and chloriolines A, B, and C; among

these, coriolin B showed efficient inhibitory

effect on human breast cell lines and CNS cell

lines (Bernan et al. 1997; Zhang et al. 2009;

Biabani and Laatsch 1998; Cheng et al. 1994).

Asperazine (diketopiperazine alkaloid family),

an antileukemic compound, was extracted from

Aspergillus niger which are harbored on Hyrtios
sponge (Varoglu et al. 1997). Quinazoline

alkaloids (aurantiomides B and C) purified from

Penicillium aurantiogriseum associated with

Mycale plumose sponge (China) exhibit moderate

cytotoxic effect (Xin et al. 2007). From a static

culture of the fungal strain Aspergillus niger

isolated from the Mediterranean sponge Axinella

damicornis, eight secondary metabolites
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belonging to four entirely different structural clas-

ses were obtained. Among these, the new com-

pound 3,30-bicoumarin (bicoumanigrin A) showed

moderate cytotoxicity against human cancer cell

lines in vitro. Another compound, aspernigrin B,

displayed a strong neuroprotective effect by sig-

nificantly reducing the increase of intracellular

calcium concentration in rat cortical neurons

stimulated with glutamic acid or quisqualic acid

(Hiort et al. 2004).

In a recent report, Pseudoalteromonas was

shown to have isolated from marine sponge

species Aplysina aerophoba, and Aplysina

cavernicola produced brominated alkaloids with

cytotoxic activities, repellent properties against

predators, and antimicrobial activities (Zheng

et al. 2000; Proksch et al. 2002). A tetracyclic

alkaloid alteramide A, purified from

Alteromonas sp. which is symbiotically

associated with Halichondria Okadai, showed

cytotoxic effect on various cancer cell lines

(Bhalla et al. 2008). In a similar report, Pseudo-

monas aeruginosa which was shown to have

associated with Antarctic marine sponge

Isodictya setifera produced different types of

diketopiperazine (DKPs) and phenazine

alkaloids (Thornton 1995); among these phena-

zine alkaloids exhibited antibacterial activity

against Bacillus cereus, M. luteus, and

S. aureus (Liu Giddens and Bean 2007). Another
striking example is Pseudomonas aeruginosa

which was shown to colonize K. variolosa and

produced diketopiperazines and phenazine alka-

loid antibiotics (McClintock et al. 2005). An

actinobacterium, Micromonospora, isolated

from the marine sponge Acanthostrongylophora
sp. of Indonesia was shown to synthesize an anti-

infective manzamine A alkaloid (Dunlap et al.

2007). Manzamine A possesses antitumor (Sakai

et al. 1986) as well as antimalarial activity (Ang

et al. 2000).

6.2.7 Lactones

A bicyclic lactone derivative known as

sorbicillactone A was extracted from Penicillium

chrysogenum associated with Mediterranean

sponge Ircinia fasciculata and exhibited selec-

tive cytostatic effect on murine leukemic

lymphoblasts and also protected human T cells

from HIV-1 cytopathic effects (Bringmann et al.

2003a, b, 2007). However, in a similar study, a

fungal strain Penicillium cf. montanense isolated
from marine sponge Xestospongia exigua of Bali

Sea, Indonesia, synthesized three decalactone

novel metabolites (xestodecalactones A, B, and

C). Out of these, only xestodecalactone B

showed activity against Candida albicans

(Thakur et al. 2003). In another study

Alteromonas sp. associated with marine sponge,

Halichondria Okadai, produced macrolactam

and amide esters which are responsible for anti-

microbial and cytotoxic activity (Kelecom 2002;

Shigemori et al. 1992; Bhalla et al. 2008).

6.2.8 Steroids

Structurally unique steroids, isocyclocitrinols A

and 22- cetylisocyclocitrinol A, were isolated

from the extract of a saltwater culture of

sponge-derived fungus Penicillium citrinum,
separated from the sponge Axinella sp., collected

in Papua New Guinea. Both the steroid

compounds exhibited weak antibacterial activity

against Staphylococcus epidermidis and Entero-

coccus durans (Amagata et al. 2003).

6.2.9 Lipids

Microbacterium sp. obtained from the marine

sponge Halichondria panacea in Adriatic coast,

Croatia, which synthesized a glycoglycerolipid

derivative molecule 2(1-O-acyl-3-(R-

glucopyranosyl-(1-3)-(6-O-acyl-R-

mannopyranosyl)) glycerol), was shown to be an

antitumor agent (Wicke et al. 2000). An interest-

ing lipid derivative molecule diglucosyl–

glycerolipid, GGL11 extracted from Bacillus
pumilus AAS3, which was shown to be

associated with Mediterranean sponge

Acanthella acuta, strongly inhibited the growth

of tumor cell lines HM02 and Hep G2 (Ramm

et al. 2004). Strains of Bacillus subtilis A184,
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A190, and A202, associated with Aplysina
aerophoba of Mediterranean coast of France,

synthesized different antimicrobial compounds.

A184 strain synthesizes fengycins, iturins, and

surfactins; these compounds have integrated

effect on multidrug-resistant pathogens such as

Staphylococcus aureus and Staphylococcus

epidermidis (Pabel et al. 2003). Another bacterial

strain Bacillus pumilus A586 isolated from

Aplysina aerophoba synthesizes surfactin-like

compound (plumilacidin containing β-hydroxy
fatty acid), which have high potency to act on

Staphylococcus aureus (Pabel et al. 2003).

6.2.10 Pigments

Pseudomonas sp. KK10206C associated with

Halichondria Okadai produced two potential

oxygen quenchers such as okadaxanthine and

C50 carotenoid (Thakur and M€uller 2005; Miki

et al. 1994; Kelecom 2002). Gram-negative bac-

teria, Rubritalea squalenifasciens HOact23T,

isolated from Halichondria okadai is a good

source for diapolycopenedioic acid xylosyl

esters A, B, and C (acyl glycol-carotenoic acids),

which act as antioxidant (Kasai et al. 2007; Blunt

et al. 2009; Shindo et al. 2008). Interestingly

novel strain of actinobacterium, Saccharo-

polyspora sp., isolated from Qingdao coast

spongeMycale plumose which produced two pyr-
role pigments such as undecylprodigiosin and

metacycloprodigiosin, was shown to exhibit

cytotoxic effect on cell lines of cancer such as

SPCA4, P388, BEL-7402, HL60, and A-549 (Liu

et al. 2005). Two bacterial strains Sphingomonas

phyllosphaerae FA2 (T) and Sphingomonas
natatoria DSM 3183 (T) associated with marine

sponge T. seychellensis synthesized a pigment

zeaxanthin having potential pharmacological

applications, macular degeneration (Beatty et al.

1999; Sajilata et al. 2008) and cancer (Nishino

et al. 2002), and additives for fish and

poultry feed.

6.3 Conclusions

These sponge-derived compounds include a wide

variety of different chemical classes such as

alkaloids, polyketides, and terpenoids among

others. The occurrence of structural similarities

between some of these compounds from sponges

and those from the sponge microbiota has led

to the hypothesis that at least some of these

bioactive compounds may in fact be of microbial

origin (Wang 2006). Thus, it is clear that the

sponge–microbe association makes sponges an

ideal source for biologically active micro-

organisms producing potentially novel

chemicals.

Recent advances in our understanding of

sponge–microorganism symbiotic associations

were meticulously highlighted in this chapter. It

is startling to study the fundamental aspects of

sponge symbiont biology, particularly in the

areas of symbiont metabolism and evolution.

Conversely, the escalating research interest in

this topic promises a bright future for the marine

biotechnology. Detailed studies of symbiont

transmission, sponge-specific microorganisms,

sponge–microbe associations, and improved

host phylogenies will greatly facilitate our under-

standing of the evolution of these systems.

Enhanced understanding of the ecological and

evolutionary implications of sponge-bacterial

symbioses gained over the past decade has

prompted considerable new research in this

field. The function and physiology of sponge-

associated microbes are increasingly important

research topics, reflecting our current paucity

of knowledge about many of the microbial

associates of sponges. Chemical synthesis of

sponge-derived compounds or their simpler

derivatives offers the most reliable option for

sustainable, long-term drug supply if the said

compounds can be produced cost effectively.

Emerging technologies such as metagenomics

and high-throughput microbial cultivation

approaches put forward exciting potential for

accessing those compounds which are produced
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by microorganisms. Despite of the various

efforts made using molecular phylogenetics and

metagenomic analyses, a solid framework was

developed by many researchers for the applica-

tion of ecophysiological analyses of uncultivated

microbes Mohamed (2007).

Cracking the codes of communication

between sponge and symbiont remains the key

to unlocking the surreptitious of symbiosis func-

tion and will greatly benefit all areas of research

from biodiversity and biotechnology. The meta-

bolic options offered by symbiotic associations

provide exciting potential for drug development

and highlight the need for new discovery

strategies applicable to these complexes systems.

It is increasingly being recognized that biosyn-

thetic pathways leading to the synthesis of

specialized metabolites may play key roles in

the biology of symbiosis. However, additional

research is required to reveal the cellular and

molecular interactions of sponge–microbe symbi-

otic relationships. Moreover, future combinations

of metagenomic data warrants further attention on

the molecular and biochemical bases of sponge–

microbe symbiotic interactions. Even though

many aspects of sponge–microbe associations

are fascinating and important from a basic

research point of view, we concede that it is

largely biotechnological interest that will sustain

this field into the future. The biotechnological

potential of sponge–microbe associations has

been widely customary, yet the transition from

laboratory discovery to large-scale commercial

production remains exceptionally intricate.

Looking to the future, it is apparent that even

greater integration among biotechnologists,

microbiologists, chemists, geneticists, zoologists,

and aquaculture experts will be crucial in com-

mercialization of the bioactive metabolites

derived from sponges and their microbial partners.

Among marine invertebrates, marine sponges

from phylum Porifera is the most dominant

group responsible for discovering a large number

of natural products that have been used as tem-

plate to develop therapeutic drugs. These natural

products have a wide range of therapeutic

properties, including antimicrobial, antioxidant,

antihypertensive, anticoagulant, anticancer, anti-

inflammatory, wound healing and immune

modulator, and other medicinal effects. There-

fore, marine sponges are considered a rich source

of chemical diversity and health benefits for

developing drug candidates, cosmetics,

nutritional supplements, and molecular probes

that can be supported to increase the healthy

life span of humans.

The metagenomic libraries from sponge-

associated microbial consortia serve as “genomic

store houses” that are probed for metabolic

and/or other functional genes of interest. These

efforts have revealed microbial nitrification as a

major pathway in sponges, and we are currently

investigating other key pathways of the nitrogen

and carbon cycle. These results will provide

information about symbiont diversity and meta-

bolic fluxes in the sponge–microbe association

which are key themes in symbiosis research.

In summary, the application of high-

throughput sequencing has contributed signifi-

cantly to our understanding of sponge–microbe

associations. Even though the main groups of

microbes present in marine sponges have not

changed, the approach that has to date been

employed has helped to describe the rare micro-

bial biosphere in marine sponges. It also

demonstrated the presence of sponges with an

extraordinarily high diversity of associated

microorganisms and sponges which do not

appear to have such highly diverse symbiont

communities. Especially interesting, and novel,

is the observation of a large amount of sponge

species-specific microbial organisms which is in

stark contrast to a previously widely held theory

of global, sponge-specific community. Thus, the

main contribution the application of high-

throughput sequencing studies has had to date is

to increase our understanding of sponge microbi-

ology through the provision of a more compre-

hensive view of the community structures within

various sponges and to provide initial insights

into the subsets of these populations which may

be playing metabolic roles within the sponge

ecosystem. In addition it has enabled us to com-

pare many sponge samples in a more exhaustive

way than before, thereby making it possible to

infer more robust conclusions with respect to

sponge–microbe associations. In the future the

use of metatranscriptomics holds much promise
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in providing further insights into sponge symbi-

ont function.

Acknowledgments The authors are thankful to

(DST-SERB), for providing financial assistance under

the GRANT NO: SR/FT/LS-129/2011, Govt. of India,

New Delhi.

References

Abbamondi GR, De Rosa S, Iodice C, Tommonaro G

(2014) Cyclic dipeptides produced by marine

spongeassociated bacteria as quorum sensing signals.

Nat Prod Commun 9(2):229–232

Aishwarya MS, Lipton AP, Sarika AR (2013) Phyloge-

netic appraisal of the drug bearing marine sponge

Callyspongia subarmigera (Ridley, 1884) from

South India. Indian J Geol Mar Sci 42:139–145

Almeida C, Hemberger Y, Schmitt SM, Bouhired S,

Natesan L, Kehraus S, König GM (2012) Marilines

A–C: novel phthalimidines from the sponge-derived

fungus Stachylidium sp. Chemistry-A Eur J 18

(28):8827–8834

Amagata T, Doi M, Ohta T, Minoura K, Numata A

(1998a) Absolute stereostructures of novel cytotoxic

metabolites, gymnastatins A–E, from a Gymnascella
species separated from a Halichondria sponge. J

Chem Soc Perkin Trans 1(1):3585–3599

Amagata T, Usami Y, Minoura K, Ito T, Numata A

(1998b) Cytotoxic substances produced by a fungal

strain from a sponge: physico-chemical properties and

structures. J Antibiot 51:33–40

Amagata T, Doi M, Tohgo M, Minoura K, Numata A

(1999) Dankasterone, a new class of cytotoxic steroid

produced by a Gymnascella species from a marine

sponge. Chem Commun 14:1321–1322

Amagata T, Amagata A, Tenney K, Valeriote FA,

Lobkovsky E, Clardy J, Crews P (2003) Unusual

C25 steroids produced by a sponge-derived Penicil-
lium citrinum. Org Lett 5:4393–4396

Amagata T, Minoura K, Numata A (2006) Gymnastatins

F-H, cytostatic metabolites from the sponge-derived

fungus Gymnascella dankaliensis. J Nat Prod

69:1384–1388

Amagata T, Tanaka M, Yamada T, Minoura K, Numata A

(2008) Gymnastatins and Dankastatins, growth inhib-

itory metabolites of a Gymnascella species from a

Halichondria sponge. J Nat Prod 71:340–345

Aneiros A, Garateix A (2004) Bioactive peptides from

marine sources: pharmacological properties and isola-

tion procedures. J Chromatogr B 803(1):41–53

Ang KKH, Holmes MJ, Higa T, Hamann MT, Kara UAK

(2000) In vivo antimalarial activity of the beta-

carboline alkaloid manzamine A. Antimicrob Agents

Chemother 44:1645–1649

Arillo A, Bavestrello G, Burlando B, Sara M (1993) Met-

abolic integration between symbiotic cyanobacteria

and sponges: a possible mechanism. Mar Biol

117:159–162

Bavestrello G, Arillo A, Calcinai B, Cattaneo-Vietti R,

Cerrano C, Gaino E, Sara M (2000) Parasitic diatoms

inside Antarctic sponges. Biol Bull 198(1):29–33

Bayer K, Schmitt S, Hentschel U (2008) Physiology,

phylogeny and in situ evidence for bacterial and

archaeal nitrifiers in the marine sponge Aplysina
aerophoba. Environ Microbiol 10:2942–2955

Beatty S, Boulton M, Henson D, Koh HH, Murray IJ

(1999) Macular pigment and age-related macular

degeneration. Br J Ophthalmol 83:867–877

Bentley SD, Chater KF, Cerdeno-Tarraga AM, Challis

GL, Thomson NR, James KD, Harris DE, Quail MA,

Kieser H, Harper D, Bateman A, Brown S, Chandra G,

Chen CW, Collins M, Cronin A, Fraser A, Goble A,

Hidalgo J, Hornsby T, Howarth S, Huang CH,

Kieser T, Larke L, Murphy L, Oliver K, O’Neil S,

Rabbinowitsch E, Rajandream MA, Rutherford K,

Rutter S, Seeger K, Saunders D, Sharp S, Squares R,

Squares S, Taylor K, Warren T, Wietzorrek A,

Woodward J, Barrell BG, Parkhill J, Hopwood DA

(2002) Complete genome sequence of the model acti-

nomycete Streptomyces coelicolor A3 (2). Nature

417:141–147

Bernan VS, Greenstein M, Maiese WM (1997) Marine

microorganisms as a source of new natural products.

Adv Appl Microbiol 43:57–90

Besada P, Mamedova L, Thomas CJ, Costanzi S,

Jacobson KA (2005) Design and synthesis of new

bicyclic diketopiperazines as scaffolds for receptor

probes of structurally diverse functionality. Org

Biomol Chem 3:2016–2025

Bewley CA, Faulkner DJ (1994) Theonegramide, an anti-

fungal glycopeptide from the Philippine lithistid

sponge Theonella swinhoei. J Org Chem 59

(17):4849–4852

Bewley CA, Faulkner DJ (1998) Lithistid sponges: star

performers or hosts to the stars. Angew Chem Int Ed

37:2162–2178

Bewley CA, Faulkner DJ (1994) Theonegramide, an anti-

fungal glycopeptide from the Philippine lithistid

sponge Theonella swinhoei. J Org Chem 59

(17):4849–4852

Bhadury P, Mohammad BT, Wright PC (2006) The cur-

rent status of natural products from marine fungi and

their potential as anti-infective agents. J Ind Microbiol

Biotechnol 33:325–337

Bhalla TC, Sharma M, Sharma NN (2008) Microbial

production of flavours and fragrances; fats and oils;

dyes; bioplastics (PHAS); polysaccharides; pharmaco-

logically active substances from marine microbes;

anticancer agents and microbial transformation. In:

Satyanarayana T, Chand S (eds) Applied microbiol-

ogy, vol 7. National Science Digital Library

NISCAIR, New Delhi, pp 1–34

Biabani MAF, Laatsch H (1998) Advances in chemical

studies on low-molecular weight metabolites of

marine fungi. J Prakt Chem/Chemiker Ztg 340

(7):589–607

88 P.V. Bramhachari et al.



Blunt JW, Copp BR, Munro MH, Northcote PT, Prinsep

MR (2006) Marine natural products. Nat Prod Rep

23:26–78

Blunt JW, Copp BR, Hu W, Munro MHG, Northcote PT,

Prinsep MR (2009) Marine natural products. Nat Prod

Rep 26:170–244

Boopathy NS, Kathiresan K (2010) Anticancer drugs

from marine flora: an overview. J Oncol 2010:1–18,

214186

Boot CM, Tenney K, Valeriote FA, Crews P (2006)

Highly N-methylated linear peptides produced by an

atypical sponge-derived Acremonium sp. J Nat Prod

69:83–92

Boot CM, Amagata T, Tenney K, Compton JE,

Pietraszkiewicz H, Valeriote FA, Crews P (2007)

Four classes of structurally unusual peptides from

two marine-derived fungi: structures and bioactivities.

Tetrahedon 63:9903–9914

Braekman J, Daloze D (2004) Chemical and biological

aspects of sponge secondary metabolites. Phytochem

Rev 3:275–283

Brauers G, Edrada RA, Ebel R, Proksch P, Wray V,

Berg A, Grafe U, Schachtele C, Totzke F,

Finkenzeller G, Marme D, Kraus J, Munchbach M,

Michel M, Bringmann G, Schaumann K (2000)

Anthraquinones and betaenone derivatives from the

sponge-associated fungus Microsphaeropsis species:

novel inhibitors of protein kinases. J Nat Prod

63:739–745

Bringmann G, Lang G, Muhlbacher J, Schaumann K,

Steffens S, Rytik PG, Hentschel U, Morschhauser J,

M€uller WEG, Sorbicillactone A (2003a) A structurally

unprecedented bioactive novel-type alkaloid from a

sponge-derived fungus. Prog Mol Subcell Biol

37:231–253

Bringmann G, Lang G, Steffens S, Gunther E, Schaumann

K (2003b) Evariquinone, isoemericellin, and strom-

emycin from a sponge derived strain of the fungus

Emericella variecolor. Phytochemistry 63:437–443

Bringmann G, Lang G, Steffens S, Schaumann K (2004)

Petrosifungins A and B, novel cyclodepsipeptides

from a sponge-derived strain of Penicillium

brevicompactum. J Nat Prod 67:311–315

Bringmann G, Gulder TAM, Lang G, Schmitt S, Stöhr R,
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Remarks on the Chemo Biological
Applications of Marine Sponges 7
P. Sunil Kumar

Abstract

Sincemany years, marine sponges have been ranked at the topwith respect to

the discovery of bioactive compounds of potential pharmaceutical appli-

cations. The diversity in chemical structures of sponge-derivedmetabolites is

related to an equally diverse pattern of activities ranging from antifouling to

anti-HIV properties. These discoveries have attracted the attention of scien-

tists to develop feasible strategies for obtaining sponge-derived metabolites

on commercial scale. Sponges have the potential to provide future drugs

against important diseases, such as cancer, a range of viral diseases, malaria

and inflammations. Themolecular mode of action ofmost metabolites is still

unclear. However, theway bywhich they interfere with the pathogenesis of a

wide range of diseases has been reported by many workers. This chapter

majorly focuses the important chemo-activemolecules frommarine sponges

and their applications in various disease therapies.

Keywords

Sponge • Biological properties • Secondary metabolites • Bioactive

compounds

7.1 Introduction

Marine organisms are a rich source of natural

products differing from those of terrestrial organ-

isms in both chemical structures and peculiarities

of biological actions including antibacterial, anti-

viral, antifungal and antiparasitic substances. So

far about 8200 new marine natural products of low

molecular weight have been isolated from marine

organisms. The compounds isolated from these

organisms have unique chemical structures, unusu-

ally high biological activity and participation in

intra- and interspecific relationships in under

water communities that focus attention on bio-

active substances.

More than 5300 different products from

marine sponges and their associated micro-

organisms have now been described, and more

than 200 new metabolites from these organisms
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are reported each year (Faulkner 1992). Marine

sponges are a gold mine with respect to the diver-

sity of their secondary metabolites and can pro-

vide potential drugs against a variety of diseases

(Jain and Tiwari 2007). Some substances have the

potential for clinically effective treatments. These

include ara-A (vidarabine), an antiviral drug used

against the herpes simplex encephalitis virus;

manzamine, with activity against malaria, tuber-

culosis, and HIV; lasonolides, with antifungal

activity; psammaplin A, with antibacterial activity;

spongistatins, with anticancer effects; mycal-

amides A and B, which inhibit protein synthesis

causing apoptosis; pateamines, which harbour

immunosuppressive and apoptotic properties;

peloruside, with potential antibiotic activity;

manolide and luffariellolide with anti-inflam-

matory effects; chondropsin class, which inhibited

the growth of tumours; and halichondrin and geo-

diamolides A, B and Hwith antiproliferative activ-

ity. The natural products spongouridine and

spongothymidine from Cryptotheca served as a

template for the synthesis of the antiviral drug

ara-A (vidarabine) that led to the development of

acyclovir, which has effects against herpes virus

and is used as medicinal drug (azidothymidine)

for AIDS.

Scientists and pharmaceutical manufacturers

have moved on to synthetic organic molecules

over natural products. Sponges contain many

peculiar chemical compounds that are not seen in

other animals, but their biotechnological potentials

have not yet been fully assessed or documented.

7.2 Properties of Sponges

Sponges occupy a unique position in the evolu-

tionary ladder, and hence they exhibit unique

physical and physiological properties.

7.2.1 Cell Aggregation
and Regeneration

Cell aggregation is a unique property of sponges.

Squeezed-out individual cells of sponge when

kept in fresh sea water may aggregate and form

a new individual with all features of the original

sponge. This property of sponges is species spe-

cific. This crucial and exciting property of sponge

will one day provide some clue to fight the dread-

ful diseases like AIDS. The regeneration capacity

of sponge is well known for the last several years.

The information gathered in this line can be

utilized in culturing sponge with drug potential.

7.2.2 Sponge: A Group with Only
Functional Systems

In sponges, true germ layers are absent. Histo-

logical systems are absent and are represented

by functional systems like myocytes, the cells

for local contraction, sclerocytes for secreting

spicules, amoebocytes for budding and choano-

cytes for water circulation. Archaeocytes, a spe-

cific type of cells, are totipotent in nature i.e.,

they are capable of undergoing any change to suit

the structure or function of any other type of

cells. These properties of sponges enable them

to serve as an efficient tool in cytological studies.

7.2.3 Microsymbiont Involvement
in Drug Production

The association of sponge with higher inverte-

brates is well documented, but their association

with uni- and multicellular algae and bacteria is

poorly studied. In sponges about 3–40 % of their

total volume is occupied by bacteria. It is studied

that sponge phagocytoses the bacteria when scar-

city of food occurs. But it is difficult to culture

the bacteria that harbour sponge. Zoochlorella is

a common symbiotic bacterium seen inside

sponge. They release photosynthetic products

and other metabolites on receiving signals from

the host sponge.

7.2.4 Episymbiont Isolation
and Enzyme Production

Sponges are a good source of epibiotic bacteria

and fungi. One hundred three aerobic hetero-

philic bacteria and 21 fungi were isolated from

sponges. Protease endoglucanase, amylase and
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asparaginase occur in association with sponges

and are capable of producing enzymes with

pharmaceutical applications.

7.3 Classification of Bioactive
Compounds from Marine
Sponges

Bioactivity in marine organisms is now a field

of great interest to scientists all over the world,

and this has emanated with the discovery of arab-

inose nucleosides from marine sponge Tethya
crypta (de Laubenfels). A group of natural pro-

ducts including steroids, glycosides, quinoid

compounds, alkaloids, peptides, etc. were iso-

lated from sponges. Some of these compounds

possess antimicrobial, antitumour and antifungal

properties, and even some act as immuno-

stimulants and inhibitors of enzymes (Belarbi

et al. 2003). Many sponges have evolved bio-

chemical and physiological mechanisms that

include the production of bioactive compounds

for purposes such as reproduction, communi-

cation, protection against predation, infection

and competition.

7.3.1 Halichondrin Compounds

Halichondrin B and halichondrin B12 are the

common halichondrin compounds so far isolated

from marine sponge Halichondria (Fig. 7.1).

Halichondrin B12 is more active over its counter-

parts like halichondrin B. Halichondrin B12 has

reached preclinical stage as anticancer com-

pound. Okadaic acid, another compound, was

isolated from H. okadai. It exhibits marked

in vitro cytotoxicity. Glycookadaic acid obtained

exhibits anticachexia activity. Discoderm A, the

first antimicrobial peptide isolated from the

sponge Discodermia dissoluta, inhibits the

growth of Bacillus subtilis, S. aureus, E. coli

and P. aeruginosa.

7.3.2 Discodermolides

Discodermolides (Fig. 7.2), a powerful immuno-

suppressive agent, might have a future role in

suppressing rejection after transplant surgery.

Discodermolide was isolated from rare deep-

water sponges, which are found only in the

Bahamas. Discodermolide has immunosuppres-

sive effects. However, trials using this substance

were discontinued due to lack of efficacy and

toxicity problems. The potential remains for its

use in combination drug therapy. Five novel cyclic

depsipeptides were isolated from Theonella spp.

7.3.3 Other Compounds

Sponge products ara-A (vidarabine), the antiviral

drug, manzamine A (activity against malaria,

tuberculosis, HIV and others), lasonolides
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(antifungal activity) and psammaplin A (anti-

bacterial activity) are considered as promising

leads (Fig. 7.3).

Jaspamide, another compound, was isolated

from Jaspis spp. (Fig. 7.4). This compound

exhibited potential insecticidal activity and

inhibits the growth of the fungus Candida

albicans. Geodia sp. is a good source of

geodiamolides A and B. Clionamide extracted

from Cliona celata yields clionamide which
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dimethyl-6-oxooxan-2-yl]-5,7,9,11,13,15-hexamethylnonadeca-1,3,11,16-tetraen-6-yl] carbamate

Fig. 7.2 Discodermolide (Source: (Gunasekara et al. 1991))
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exhibits antimicrobial activity against Staphylo-

coccus aureus. Sesquiterpenes have been

isolated from Chondrosida, Halichondria spp.

and Strongylophora spp. Tetracyclic terpenes

have been reported from Siphonochalina
siphonella, Axinella spp. and Raspaciona

aculeata.

Later, ara-A and spongouridine were discov-

ered as natural metabolites from the

Mediterranean gorgonian Eunicella cavolini

(Dunlap et al. 2007). Cytarabine from

Cryptotheca crypta is routinely used in the treat-

ment of leukaemia and lymphoma. Its fluorinated

derivative, gemcitabine, has been approved for

use in patients with pancreatic, breast, bladder

and non-small cell lung cancer. Isocyano

terpenes kalihinol A and kalihinol F extracted

from the sponge Acanthella cavernosa inhibit

the growth of the bacteria Bacillus subtilis,

Staphylococcus aureus and Candida albicans.

Manoalide from the Palauan sponge Luffariella
variabilis has antibiotic effects against Strepto-

myces pyogenes and Staphylococcus aureus
(Ebada et al. 2010) (Figs. 7.5 and 7.6).
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The growth of Bacillus subtilis and Staphylo-

coccus aureus is inhibited by 3-formamido-1(10)-

cadinene from the Paulan sponge Axinyssa
aplysinoides. The isocyano terpenes kalihine A

and B from Acanthella klethra have antifungal

effects againstMortierella ramannianus and Pen-
icillium chrysogenum (Paul et al. 2007) (Fig. 7.7).

Mycalamides A and B, which inhibit protein

synthesis causing apoptosis; pateamines, which

harbour immunosuppressive and apoptotic

properties; peloruside, with potential antibiotic

activity; manolide (Dunlap et al. 2007) and

luffariellolide (Ebada et al. 2010), with anti-

inflammatory effects; chondropsin class, which

inhibited the growth of tumours (Dunlap

et al. 2007); and halichondrin (Molinski et al.

2009) and geodiamolides A, B and H

(Mayer and Gustafson 2008), with antiproli-

ferative activity have promising applications.

7.4 Conclusion

Chemistry of bioactive compounds is relatively a

new branch of modern pharmacology. The anti-

viral and antitumour activity of these compounds

necessitates bulk production of these species by

cell culture (Donia and Hamann 2003). Further

research in this area focuses on isolating and

identifying organisms that are new to science

for the production of useful new compounds,

determining their chemical structures, the bio-

chemical pathways by which they are produced

and the environmental and physiological mech-

anisms that trigger their production. The iso-

lation of a pure compound from crude extract

of sponges is a laborious process. This branch

of pharmacology involves isolation of lure

compounds and in vitro screening to ascertain

their bioactive potential which requires coordi-

nated research work among different groups

consisting of chemists and biologists. It is diffi-

cult to cultivate sponges and their microbial

fauna. Valuable compounds must be extracted

and purified from samples. The samples are

collected by hand using scuba diving or with

the aid of submersibles equipped with robotic

arms. The awkwardness of both these methods

complicates their use in the modern pharma-

ceutical industry (Molinski et al. 2009). Much

research in the field of natural products has

focused on sponges (Table 7.1).
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Table 7.1 Compounds of bioactive potential from marine sponges

Compound Source Property

Diterpenes Spongia officinalis Antifungal

Adociaquinone B Xestospongia sp. Antitumour

Bistratamide D Lissoclinum bistratum Antitumour

Makaluvamine N Zyzzya fuliginosa Anti-catalytic

Tubercidin Didemnum voettzkowi Adenosine kinase inhibitors

Euryspongiols Euryspongia sp. Antihistamine

Daytronic acid Dactylospongia elegans Terpenoid

Didemnum B Tridemnum sp. Antitumour

Arabinosides Tethya crypta Anticancer and antiviral

Bryostatins Bugula neritina Antitumour lactones

Echinosulphonic acid Echinodactylum sp. Bromondole sulphonic acids

Euryspongiols Euryspongia sp. Antihistaminic

Discodermolide Discodermia dissoluta Immunosuppressive agent

Pseudopterosin E Pseudopterogorgia elisabethae Anti-inflammatory agent

Dolastatin Dolabella auricularia Anticancer

Halichondrin B Lissodendoryx spp. Anticancer

Makaluvamine Zyzzia sp. Neurotoxin

Aerothionine Verongia aerophoba Antibiotic

Onnamide A Theonella spp. Antitumour
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Sponges as Biomonitors of Metal Toxicity
in the Aquatic Systems 8
Koigoora Srikanth and Janapala Venkateswara Rao

Abstract

Aquatic ecosystems around the world are subjected to unrelenting stress

caused by urban sprawl, discharge of effluents from domestic and other

ecological impacts such as infrastructure, land reclamation for port and

industrial development and habitat destruction. Sponges are efficient to

accumulate the metals in their tissues if the concentration of these metals

is low in the ambient environment. Difference in the accumulation of

metals was observed in different species of sponges collected from the

studied areas. Their strong capacity to accumulate metals and the diversity

of sponges in the different coastal regions of the world make them ideal

biomonitors of metal contamination of the confined region.

Keywords

Bioindicators • Metal accumulation • Sponges • Biomonitoring

8.1 Introduction

These days there is a lot of awareness on

the complexity of aquatic environment and the

delicate balance which is seen maintained with

the existing ecosystem. Measures should be

undertaken to understand the complex interactions

of the nature so as to prevent or minimise its

future degradation. Monitoring of contaminants

in the aquatic ecosystem has been paid much

attention due to the high risk involved upon

exposure to different organisms confined to that

area/coast. The existing contaminants get

transformed into more toxic form upon exposure

to suitable environmental conditions such as pH,

salinity and temperature and are bioaccumulated

in the organisms, magnified in the food chain and

causing deleterious effects on human health.

Every year a new chemical is introduced in the

market and is finding its way into the aquatic

environment (Srikanth and Rao 2014). There
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are an increased number of contaminants enter-

ing into the aquatic environment which usually

include heavy metals, hydrocarbons both ali-

phatic and aromatic, radionuclides, polyaromatic

hydrocarbons, etc. Among all these

contaminants, the pollution by heavy metals is

considered potentially hazardous to all the

aquatic biota and humans (Cachada et al. 2012).

The contamination of the aquatic environment by

heavy metals has become a global phenomenon

due to their persistence and accumulation of the

inhabiting organisms (Gochfeld 2003). The

heavy metals belong to the priority of

contaminants according to the European Water

Framework Directive 2000/60/EC (Arsene

et al. 2009; Srikanth and Rao 2014). Heavy

metals are the results of both natural and anthro-

pogenic process. Heavy metal pollution usually

results from atmospheric deposition, geological

weathering and disposal from agricultural,

municipal, industrial or residential products

(Demirak et al. 2006). The heavy metals entering

the aquatic environment can be absorbed from

the water column onto the surface of the fine

particles of sediment and are moving along with

it. Heavy metals are precipitated in different bio-

geochemical mechanisms and are effecting the

aquatic ecosystem through bioaccumulation and

biomagnification process (Onen et al. 2011). The

current trend is the use of various indicator

organisms in environmental research studies for

biomonitoring. The organism selected for moni-

toring of heavy metals in coastal water facilitates

spatial and temporal comparison (Rainbow and

Blackmore 2001; Onen et al. 2011). The use of

indicator organisms to assess levels of

contaminants particularly heavy metals in

aquatic ecosystem is very common these days.

There are a number of biomonitors in aquatic

environments for which the kinetic and accumu-

lation processes are well known. Those aquatic

organisms which take up particulate and

dissolved contaminants may be used as the

indicators of the bioavailability, over time, of a

specific pollutant (Desideri et al. 2010).

Recently, much attention is paid on the risk

involved to human health while considering the

environment itself; hence, biomonitors are used

to evaluate the impact of different contaminants

on the human health. There are feasible problems

linked with biomonitoring research that can

assist in mitigating the misunderstanding and

mistakes before the investigation is being

conducted. Invertebrates which are sessile and

benthic are said to be the ideal tools for

evaluating the local pollution monitoring since

they cannot avoid from the waterborne

contaminants released in that particular region

(Cebrian et al. 2007). Among them sponges are

the Preffered biomonitors because of their most

ideal features which satisfy the ideal

biomonitors. The main aim of this chapter is to

present the use of sponges as ideal biomonitors

for monitoring contamination in different coastal

regions of the world. This study provides how

appropriate sponges are for knowing the contam-

ination status of a particular environment.

8.2 Biomonitoring

The use of various organisms and biomaterials to

test its feasibility for monitoring various

contaminants under different exposure conditions

downstream from the discharge is defined as a

biomonitor. This is typically performed to obtain

information on the environmental characteristics of

the inhabiting environment. This is usually done to

obtain relevant information in the biomonitoring of

chemical analysis of the environmental matrix such

as water, sediment and tissues which is frequently

performed to reveal the contamination status of the

environment; however, it does not provide any

relevant information relating to the toxicity of

such pollutants on the organisms. The organisms

used for biomonitoring should follow few of the

criteria of which the prime most important thing is

their permanent and widespread distribution of the

organism even in the remote areas. Biomonitoring

is a scientific approach for monitoring the environ-

ment along with the human exposure to both natu-

ral and synthetic chemicals, which is relied on the

individual organism’s different tissues and their

fluids. This is seen evident by the increase in the

levels of the marker chemicals which usually

include enzymes or some other breakdown product
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of the chemicals or some other changes occurring

in the organism reflecting their exposure. The anal-

ysis of these chemicals provides the evidence of the

contaminants that are bioconcentrated or

bioaccumulated in the tissues of the organisms

and the corresponding effects induced. The

obtained results from the measurements of the

above-mentioned chemicals are due to the cumula-

tive effects of both natural and man-made

chemicals that have entered and got accumulated

in the organisms and have induced the

corresponding changes. The cosmopolitan distribu-

tion of the selected organism and their inhabiting

space for biomonitoring provide the data on the

potential effects and actual integrated toxicities of

contaminants, indicating the corresponding delete-

rious effects on the environment.

The available literature states that most of the

publications or review articles on bioindicators

are about the metal contamination, and the most

extensively used organisms for these studies are

invertebrates, fish and mammal species (Burger);

similarly in the case of aquatic pollution moni-

toring, the most commonly used biomonitors are

insect, molluscs, fish, plankton, plant and birds.

Each of the species used has its own advantages

for biomonitoring of metal pollution in aquatic

environment when compared to others, but the

use of sponges is very limited or scanty hence in

the current chapter the task of using marine

sponges as biomonitors because of its unique

features which satisfy most of the characters

required for biomonitoring studies. During the

recent past some of the researchers have shown

interest on using the marine sponges for

biomonitoring studies. Sponges do show some

of the unique characters which make them con-

venient tools for characterising the state of the

aquatic ecosystem (Rao et al. 2006, 2007, 2009;

Pan et al. 2011; de Mestre et al. 2012; Srikanth

and Rao 2014). The environmental crises in tem-

perate and tropical ecosystem are usually

evaluated by using sponge communities (Perez

et al. 2005); the body of sponge is seen

surrounded by a number of inhalant pores

through which they are seen actively pumping

the water through their porous body, and during

this process they are seen trapping the food

material which is seen present in both suspended

and dissolved phases; hence, these are consid-

ered as “biological particle traps”. In this man-

ner, these organisms can accumulate and

concentrate the contaminants from both suspen-

sion and dissolved phases. High concentration

of different contaminants has been reported

in different species of sponges: metals (Patel

et al. 1985; Verdenal et al. 1990; Richelle-

Maurer et al. 2003; Hansen et al. 1995; Perez

et al. 2005; Cebrian et al. 2006; Rao et al. 2006,

2007, 2009; Pan et al. 2011; de Mestre et al. 2012;

Genta-Jouve et al. 2012), hydrocarbons (Zahn

et al. 1981) and organochlorinated compounds

(Verdenal et al. 1990; Arnoux et al. 1992; Perez

et al. 2003). Biomonitoring studies performed

indicate that accumulation is a function of the

quantity present in the environment and that

bioconcentration factors may be very high

(Richelle-Maurer et al. 1993; Hansen

et al. 1995; Cebrian et al. 2003; Perez

et al. 2003). Biomonitoring studies have used a

number of aquatic organisms including mussels.

“Mussel Watch Programme” is seen practised in

the Columbia River Basin, but a similar type of

proposal “Sponge Watch Programme” was pro-

posed by Patel et al. (1985) and Hansen

et al. (1995); surprisingly, these organisms have

been used little in the estimation of contamination

levels.

8.3 Marine Animals as Biomonitors

Algae are recognised as one of the important

primary producers in the aquatic ecosystems

which have an important role in cycling of

dissolved oxygen in the water through the pro-

cess of photosynthesis. Algae mostly satisfy the

basic requirements of biomonitor: sedentary,

easy to collect, cosmopolitan distribution and

the concentration of metals up to a satisfactory

degree (Conti et al. 2002). Recently, the focus

has turned on the use of algae for biomonitoring

of metal contaminants in the aquatic ecosystem

(Nouri et al. 2009; Girgin et al. 2010). Although

biomonitoring of algae has provided significant

results, limited usage of such species is expected
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in the actual investigations due to some of their

biological characters. The complexity of algae

makes the analysis more difficult, and still more

information about the physiology and further

studies are necessary to clarify the accumulation

patterns. Moreover, the high tolerance, ease

of sampling and sedentary nature of the

macrophytes make them ideal for monitoring

aquatic contamination. The changes in the pho-

tosynthesis, respiration and growth all are the

indicators of plants exposed to model pollutants

(Kumar et al. 2006). The biomonitoring ability of

macrophytes is weakened by the existence of

different species in different environmental

conditions. However, zooplankton play an

important role in the biogeochemical cycling of

metals in the aquatic system (Stewart

et al. 2005); for this reason in several studies,

zooplankton organisms have been specifically

used for biomonitoring purpose of the bioavail-

ability of elements in the aquatic systems (Kahle

and Zauke 2003). These include protozoa, crus-

tacean, amphipod, copepod, etc., of the aquatic

ecosystem; these species are seen accumulating

and metabolising a reasonable amount of

contaminants from the surrounding ambient

environment and offer as the most feasible

organism for biomonitoring. Different zooplank-

ton species are seen widely employed in the

biomonitoring process in spite of their limitations

because of their validity as biomonitors is

very low.

Protozoa constitute an important component

of the food chain among the aquatic ecosystems;

it does reflect the characters of function and

structure of the entire aquatic ecosystem. Many

protozoan species are very sensitive to pollutants

and seen responding towards the variation in the

environment (Xu et al. 2002). Protozoans are

easy to handle, convenient for sampling and suit-

able for performing the various bioassays; these

organisms serve as the perfect bioindicators

because of their diversity, configuration and dis-

tribution characters; they are the ideal choice for

biomonitoring. Because of their lower level of

organisation, biomonitoring studies have been

limited using protozoans. However, crustaceans

are seen typically living in the strandlines of

shores, which are seen absorbing the metals

from both solution and food (Weeks and Rain-

bow 1993); these crustaceans are usually con-

suming their food from the plant material which

is usually macrophytes. These macrophytes

receive the metals from the surrounding ambient

environment, and the most predominant

organisms of this particular area are crustaceans

(Rainbow et al. 2006).

The representative organisms for

biomonitoring among crustaceans are Daphnia

magna and Artemia salina which are most sen-

sitive to the environmental pollutants such as

metals, pesticides and other contaminants. The

most predominant features observed in the

exposed organism usually include morphology,

behaviour, growth and fertilisation (Adema

1978). This species has also its own limitations

such as generation time and weakness; the lack

of development markers would prevent this from

using them as the possible biomonitoring

organisms to some extent. Moreover, the use of

aquatic organisms especially macrobenthic

invertebrates as the biomonitoring organisms

has gained much significance. Amphipods and

crustaceans are among the organisms widely

studied in this respect (Fialkowski et al. 2003),

and the accumulation of metals by these

organisms is well known. Amphipods are impor-

tant components of freshwater, estuarine and

eulittoral ecosystem and are widespread and are

thus interesting candidates for biomonitoring

studies (Rinderhagen et al. 2000). These

organisms show a net accumulation which is

one of the prerequisites for using them as

biomonitors (Clason et al. 2004); however,

when compared to bivalves, their usage as

biomonitors is quite less. Different species of

amphipods from different locations have shown

exponential relationships between different

metals and their body lengths, while in some

other species, no length dependency was

required. There is seen difference in between

the juveniles and adults in response to the toxic

metals, but these are not prominent as that of

amphipods for biomonitoring purpose.

Biomonitors provide integrated measures of

the ecotoxicologically significant fraction of
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ambient metal in those waters (Rainbow 1995);

these offer the most direct measure of metal

pollution as concerned with the existing environ-

ment. Mussels do have a number of characters

which make them one of the ideal biomonitoring

organisms: they have cosmopolitan distribution,

are sedentary and stable for different environ-

mental contaminants, have high bioaccumulation

factors of pollutants, can live long, have slow

metabolising enzyme activities and have the abil-

ity to survive in both laboratory and field

conditions. Different bivalve molluscs such

asclams, oyster and mussels are extensively

used in the monitoring of the environmental

concentration of metals. In biomonitoring

bioaccumulation is the key factor using this spe-

cies. Biomonitoring of Cu, Zn, Fe, Cd, Pb, Mn

and Ni is monitored using M. trossulus from the

Baltic Sea (Rainbow et al. 2000). Most of the

bivalve molluscs live along shoreline which

limits their use as the biomonitoring organism.

However, similar to bivalve molluscs, gastropods

are often employed as biomonitoring organisms

to metals, organotin compounds and also

endocrine-disrupting chemicals because they

are available round the year and easy to collect

(Bayen et al. 2004). The monitoring of

contaminants using gastropods is preferred

because these take up the contaminants from all

the environmental compartments such as the

medium in which they are surviving; through

ingestion of food materials, it is able to concen-

trate the contaminants in their body. The two

most common gastropods of the genera

Monodonta (snails) and Patelloida (limpets) are

among the most commonly used organisms for

biomonitoring (Cubadda et al. 2001). Most of the

studies indicated that in the Mediterranean Basin,

the gastropods are seen extensively used for

biomonitoring of contaminants. The accumula-

tion of various contaminants varies among dif-

ferent species of gastropods which offer them as

the most feasible organisms for monitoring pol-

lution (Liang et al. 2004). The different species

of gastropods based on their age are being used

for monitoring the contaminants which include

M. turbinate, M. mutabilis, P. caerulea and

P. lusitanica (Cubadda et al. 2001). Heavy

metals (Cd, Cu, Zn, Fe, Pb, Ni and Co) using

P. caerulea from both polluted and nonpolluted

waters from the Iskenderun of Gulf of Turkey are

monitored (Yuzereroglu et al. 2010). Similar

kind of studies using three species of gastropods

R. rapiformis, C. virgineus and H. pugilinus is

seen used for monitoring the metal contamina-

tion in the coastal regions of Pondicherry, India

(Kaviarasan et al. 2012). Alteration in the mor-

phology of the gastropods exposed to organotin

compounds is now the matter of considerable

research; the size of the penis and the vas

deferens index exposed to TBT are monitored

in the species of T. clavigera. All the above

features mentioned make them one of the useful

biomonitoring organisms for monitoring pollu-

tion in the aquatic ecosystem (Horiguchi

et al. 1997).

Fish are seen extensively used in the

biomonitoring studies because of its large size,

long life cycle, easy to rare, etc. However, the

fish species are at the topmost position in the

aquatic food chain and may directly affect the

humans as it is the major food source. The

change in the behavioural response when

exposed to different contaminants is also consid-

ered as one of the important factors in

biomonitoring studies (Rao et al. 2006); the

other parameters which are seen used for the

biomonitoring purpose include growth, repro-

duction, metabolism and fecundity. A number

of fish species are seen involved in the

biomonitoring programme which usually include

zebra fish, medaka, rainbow trout, Catla catla

and rohu (Svecevicius and Kazlauskiene 2011;

Momoshima et al. 2007; Garg et al. 2009; Malik

et al. 2010). The long duration, its mobility and

high experimental cost limit the use of the fish

species in biomonitoring studies.

8.4 Sponges as Biomonitors

Sponges are primitive poriferans still existing on

the planet earth. All the sponges are aquatic and

usually found in both fresh and marine waters.

These sponges are adherent to the substratum

filtering large quantity of waters through their
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inherent pores. They take up their food through

this filtering mechanism during this process, and

they take up microscopic food particles and also

the dissolved organic matter present in the

surrounding environment (Srikanth and Rao

2014). Sponges are primitive multicellular

animals which do have basic level of cellular

organisation. Sponges constitute a number of

cells and the outer layer of sponge is covered

by specialised cells called pinacocytes. Sponges

internally constitute canals and chambers

through which water is circulated continuously.

The chambers constitute flagellated cells called

choanocytes which are also involved in the cir-

culation of water and food capture. Sponges con-

stitute a collagenous matrix called mesohyl

which is filled in the spaces between the canals

and chambers, and this matrix has a number of

cells supporting the spicules and fibres. Sponges

are seen growing in different sizes and shape, and

these are based on the spicules and internal

minerals secreted by the specialised cells.

Skeletons of sponges usually constitute siliceous

or calcareous spicules and organic collagenous

fibres called spongin. Based on these materials

the sponges are usually soft, hard, fragile, crispy

or compressible. Sponges are occurring in differ-

ent shapes: ramose, flat, branched, bulbous and

cushion type. The entire body of sponges contain

numerous openings called the incurrent pores

and larger pores called excurrent pores. Sponges

exist in different shapes among different species

and genera which is based on the number of

environmental factors such as hydrodynamics,

light and turbidity.

Sponges are among the major benthic and

sedentary groups with prominent role in many

coral reef communities around the world (Ilan

et al. 2004); these sponges act as biogenic

habitats that support abundant and highly diverse

epifaunal and infaunal microbial communities

which make up significant biomass of their

host. Despite the huge potential of sponges as

biomonitors, their study is still limited till date.

Sponges do have some of the unique characters

of a biomonitor like its cosmopolitan distribu-

tion, typical multicellular animal, filter feeding,

sedentary nature, long life span, tolerance to both

physical and chemical fluctuations and ability to

remain stable for longer period. Sponges filter

large quantities of water per hour (Vogel 1977),

and during this process, they accumulate a num-

ber of contaminants in their tissues which makes

them a potential biomonitor, and also because of

their adaptability to a variety of ecological niches

both freshwater and marine ecosystems, it makes

them ideal for biomonitoring (Barnes 2009).

Sedentary nature of sponges helps to monitor

the quality of that particular environment where

they are inhabiting when compared to a mobile

organism, and because of their sessile nature,

they are readily transplanted, and many will

grow successfully from fragments (Roberts

et al. 2006).

The aquatic ecosystem is continuously

flooded with different contaminants such as

metals and PAH, originated from the anthropo-

genic activities which are usually released from

the urban communities and industries which are

released via the riverine inputs. The effects and

the fate of these contaminants on the existing

aquatic organisms have to be extensively studied

by the aquatic toxicologist (Rao et al. 2006,

2007, 2009). To monitor the level of

contaminants, a large array of biomonitoring

methods are followed that allow time and

biological integrated measures of the level of

contaminants and their potential effects on the

existing organisms (Rainbow and Phillips 1993).

Usually the most preferred biomonitors for

evaluating the environmental crisis need the fol-

lowing characters: cosmopolitan distribution,

high tissue content, able to sustain under varying

environmental conditions, easy identification,

long life span, sedentary nature, etc. The survival

or the absence of a monitoring organism is first

used as the clue for monitoring long-term effects

of contamination on communities and popula-

tion. The monitoring of biochemical changes at

the infra-individual scale can also be used as a

biomarker of exposure effects on a short-term

basis (Lyons et al. 2010). Those organisms

which are seen accumulating the contaminants

and reflecting the same in their tissues are used

to monitor the bioavailable fraction of

contaminants in the ambient environment (Zhou
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et al. 2008). The evaluation of the contamination

state of the aquatic ecosystem is dependent on

several species which exactly reflect the major

sources of pollutants (waterborne, particular,

sediments). As said above a number of organism

are being used for monitoring the contaminants

such as protozoans, crustacean, amphipod and

copepod; bivalve molluscs, gastropods and fish

have been commonly used as biomonitors of

metal contamination in the aquatic ecosystem

(Roberts et al. 2006). Considering the above-

renowned characteristics of appropriate

biomonitors, marine sponges of the phylum

Porifera have been recommended as undoubtedly

suitable candidates for more detailed

investigations. Sponges are sessile invertebrates

found in both freshwater and marine water

systems and are seen available along the shore

and in deep oceans; they are widely distributed in

the sublittoral area, and they can dominate in

both diversity and biomass in temperate rocky

bottoms to polar continental shelf. These are seen

filtering large volumes of water through their

inhalant pores and canal system, which is seen

favouring metal accumulation from the dissolved

and suspended phases (Vogel 1977; Rao

et al. 2006, 2007, 2009; Pallela et al. 2011;

Srikanth and Rao 2014). Earlier studies already

indicated them as good biomonitors (Patel

et al. 1985; Perez et al. 2005; Cebrian

et al. 2007; Rao et al. 2006, 2007, 2009; Pan

et al. 2011; de Mestre et al. 2012; Genta-Jouve

Table 8.1 Marine sponge species studied as environmental biomonitors and bioindicators

Sponge species Contaminant References

T. lyncurium Benzopyrene Zahn et al. (1981)

S. and P. foetida Cd, Cr, Sn, Co, Zn, Ti, Cu, Mn Patel et al. (1985)

T. charcoti Cd, Zn Capon et al. (1993)

H. panacea Pallas Cd Olesen and Weeks (1994)

H. panacea Pallas Cu, Zn, Cd, Cr Hansen et al. (1995)

T. charcoti Cd Bargagli et al. (1996)

L. fusifera and L. abietina Pb, Cu and Zn Efremova et al. (2002)

Heteromyenia sp., E. fragilis Ethylbenzene, nonylphenol,

bisphenol A

Hill et al. (2002)

C. crambe Cu, Pb Cebrian et al. (2003)

S. officinalis Polychlorobiphenyls Perez et al. (2003)

H. bowerbanki, D. camera, H. panicea Cd, Hg, Pb, Cu, Zn, As Philip et al. (2003)

Several Mediterranean sponges Heavy metals Perez et al. (2004)

S. officinalis Fe, Pb, Cr Perez et al. (2005)

S. officinalis Cu, Zn, Ag Berthet et al. (2005)

P. testudinaria Al, Fe, Mn, As, Ni, Co, Cu, Se Rao et al. (2006)

H. balfourensis, M. acerata, S. antarcticus Cu, Zn, Cd, Pb, Hg, As Negri et al. (2006)

C. reniformis Cu Cebrian et al. (2006)

C. crambe, C. reniformis, P. tenacior, D. avara Pb, Cu Cebrian et al. (2007)

S. fibulata Fe, Al, Ni, Mn, Cu, Cr, Co, Ba,

Zn, V, Pb, Cd

Rao et al. (2007)

H. tenuiramosa As, Cd, Co, Cu, Fe, Mn, Ni Rao et al. (2009)

C. clathrus Cd Ledda et al. (2011)

H. erectus, Hyrtios sp., S. carteri, Chalinula sp.,

X. testudinaria, P. papyracea, Amphimedon sp.,

S. arabica, S. incontans

Cd, Zn, Ag, Cu, Pb, As, Hg Pan et al. (2011)

Mycale sp. S. cf. diversicolor Cd, Zn, Cu, Pb, Hg, Se de Mestre et al. (2012)

C. reniformis, A. oroides, I. variabilis, A. acuta,
C. damicornis, C. verrucosa

110mAg, 241Am,109 Cd,60 Co, 134

Cs, 54Mn, 75 Se, 65 Zn

Genta-Jouve et al. (2012)

H. heliophila PAH Batista et al. (2013)

A. pigmentifera Cd, Cu, Pb, Zn Srikanth and Rao (2014)
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et al. 2012; Srikanth and Rao 2014). The ability

of sponges to tolerate fluctuations in the environ-

ment due to contamination in most cases has

helped them to have been proposed for a “Sponge

Watch Programme” (Patel et al. 1985; Hansen

et al. 1995). Use of sessile organisms such as

sponges for biomonitoring metal contamination

in the aquatic environment is a suitable tool to

monitor the influence of contaminants in aquatic

ecosystem (Batista et al. 2013). The study

conducted by many researchers clearly revealed

that sponges seem to be good biomonitors in

aquatic ecosystems since their contaminant

levels reflect the local contamination (Table 8.1).

8.5 Conclusion and Environmental
Constraints

We conclude that selection of a proper

biomonitoring organism for assessing the envi-

ronmental damage is essential for monitoring the

health status of the aquatic ecosystem and accu-

rately reflects environmental levels. The nature

of PTEs concentration in sponge species is very

important in response to nature management and

to find the most ideal species of sponges which

actually reflect the environment levels. The rapid

industrialisation, urban sprawl and unplanned

tourism have caused a negative impact on the

positive health of aquatic ecosystem. The con-

tamination of water with PTEs is also transferred

through the biological compartment and is seen

affecting the food chain. Sponge species show

considerable proof for using them as

biomonitoring organism. These are benthic and

sessile and provide enough tissue for analysis of

metals which are accumulated. Sponges which

are very massive are much easy to work because

there is less risk of contamination with other

organisms.
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Biologically Active Metabolites from
Sponges and Their Activities 9
A. Shanmugam and S. Vairamani

Abstract

Sponges are mostly marine found distributed right from the intertidal

region to the deeper waters of the oceans. Its spatial and temporal distri-

bution is found ubiquitous. Though the sponges have simple morphology

and anatomy, they show symbiotic association with several

microorganisms, which are the main source of secondary metabolites

and are capable of producing many biologically active compounds. So

there is a good debate going on among the researchers that the source of

such biologically active compounds/substances is either the sponge itself

or the microorganism residing in the sponges. But unfortunately most of

these symbiotic microorganisms are non-culturable. Anyhow the sponges

as a whole are the good source of several substances covering the

polyketides, alkaloids, terpenes, etc. This chapter deals with the variety

of such chemical substances present in the sponges and their biological

activities.

Keywords

Marine sponges • Metabolites • Biological activities

9.1 Introduction

Sponges are simple invertebrates with loose

organization. Generally, they have spicules of

silica or calcium carbonate embedded in their

bodies for support and fibrous skeletons made

of a horny substance called spongin; however,

either or both of these may be lacking. Because

sponges lack a distinct enteron and the germ

layers are not well established, the phylum

Porifera is sometimes classed in a separate sub-

kingdom, the Parazoa, or the Metazoa.

There are approximately 4000 species of

sponges. About 1 % (all members of a single

family) inhabits freshwater, 10 % are intertidal,

and the remaining is marine or benthic. Sponges

A. Shanmugam (*) • S. Vairamani

Faculty of Marine Sciences, Centre of Advanced Study in

Marine Biology, Annamalai University, Parangipettai 608

502, India

e-mail: shanpappu48@gmail.com;

babavairamani@gmail.com

# Springer India 2016

R. Pallela, H. Ehrlich (eds.), Marine Sponges: Chemicobiological and Biomedical Applications,
DOI 10.1007/978-81-322-2794-6_9

115

mailto:shanpappu48@gmail.com
mailto:babavairamani@gmail.com


obtain feed by propelling water through tiny

pores in the body wall, thus capturing

microorganisms and organic detritus that may

be present in their body. Further the sponges

inhabit several millions of symbiotic organisms,

particularly microorganisms which are produc-

ing many biologically active substances for their

successful survival in sponges which are also

taking part in it. Because of this reason, there is

a debate among the researchers about the source

of these biological substances. Thus the sponge

as a whole contributes to show a variety of

biological activities, including antimicrobial,

anticancer, and also reported to have toxic

materials (Table 9.1).

9.2 Biologically Active Metabolites
from Sponges

9.2.1 Polyketides

9.2.1.1 Fatty Acid Metabolites
The azacyclopropene, dysidazirine (Fig. 9.1) was

isolated from the grey sponge Dysidea fragilis
that lacks a spicule skeleton; instead it has a

network of fibers loaded with sand grains, broken

spicules, and other foreign material. It is strongly

conulose and forming lobate or digitate cushions

and elastic when compressed. It is a common

sponge along most coasts of Western Europe.

The dysidazirine reported an IC50 value of

0.27 μg/ml against L1210, the mouse lympho-

cytic leukemia cells (Molinski and Ireland 1988).

Ficulinic acids A (Fig. 9.2) and B (Fig. 9.3)

from the sponge Ficulina ficus (¼ Suberites

ficus Linnaeus 1767) reported inhibition on the

growth of the mouse lymphocytic leukemia cells

(L1210) with an ID50 value of 10–12 μg/ml

(Guyot et al. 1986). It is an orange sponge

with big massive lobate, occasionally cylindrical,

with one or more conspicuous, large oscules. It

has a velvety smooth appearance. It enjoys its

distributed in North East Atlantic coast mostly in

places with tidal currents.

9.2.1.2 Long-Chain Acetylenes
Numerous aliphatic compounds have been

isolated from sponges, and a number of these

have been reported to be cytotoxic. Five

monoacetylenic alcohols with different reactive

groups (Fig. 9.4) from the sponge Cribrochalina

vasculum collected in Belize were toxic to the

mouse P388 cell line (IC50 1.0,1.3, 1.1, 0.2,

0.1 μg/ml, respectively), and they also showed

in vitro immunosuppressive activity in lympho-

cyte reaction tests (Gunasekera and Faircloth

1990). This appears to be the first report of

branched-chain aliphatic acetylenic compounds

from marine organisms. C. vasculum is also

called Cribrochalina infundibulum (Schmidt

1870). Smooth inverted cones, to ear-shaped or

fan-shaped, sometimes torn or crooked by waves

or predators; color tan to vinaceous. The skeleton

of Cribrochalina is made of thick multispicular

tracts cemented by spongin and is found

distributed in Santa Marta, Colombia (Hallock

et al. 1995).

Duryne (Fig. 9.5) that was isolated from the

Caribbean sponge Cribrochalina dura, was

found toxic to murine leukemia cells (IC50

0.07 μg/ml) and also colon, lung and mammary

cell lines, with MIC (Minimum Inhibitory Con-

centration) of 0.1 μg/ml (Wright et al. 1987a).

Petrosia ficiformis is one of the sponges found

producing more acetylenes, that have different

purposes in industry. One among them is

Petrosynol (Fig. 9.6), a polyacetylene of

30 atoms, showed antibiotic activity and was

also active in the starfish egg assay at 1 μg/ml

(Fusetani et al. 1987). Cimino et al. (1990) have

described a number of C46 polyacetylenes that

were active in the brine shrimp assay (IC50

0.002–0.12 μg/ml) and also the sea urchin egg

assay (IC50 1–50 μg/ml).

P. ficiformis has a compact, hard texture, with

spherical oscula irregularly spread over the sur-

face. It is found on the underside of rocks, on

overhangs and in caves between 5 m and 70 m

depth. The species has been reported at Adriatic

Sea, Aegean Sea, Azores, Canaries, Madeira,
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Table 9.1 Details of the compound, source and its potential biological activity

S. No Compound with structure Source Bioactivity Reference

1 Dysidazirine (Fig. 9.1) Dysidea fragilis Showed inhibition on the

growth of the mouse

lymphocytic leukemia cells

(L1210)

Molinski and Ireland

(1988)

2 Ficulinic acid A: n ¼ 7

(Fig. 9.2); Ficulinic acid B:

n ¼ 9 (Fig. 9.3)

Ficulina ficus . - Do - Guyot et al. (1986)

3 Monoacetylenic alcohols

(Fig. 9.4)

Cribrochalina
vasculum

In vitro immunosuppressive

activity

Gunasekera and

Faircloth (1990)

4 Duryne (Molecular Formula

– C30H48O2) (Fig. 9.5)

Cribrochalina
dura

Toxic to murine leukemia

cells and also colon, lung

and mammary cell lines

Wright et al. (1987a)

5 Petrosynol (Fig. 9.6) Petrosia ficiformis Antibiotic activity and

active in the starfish egg

assay

Fusetani et al. (1987)

Active in the brine shrimp

assay and also the sea urchin

egg assay

Cimino et al. (1990)

6 Xestin A (Fig. 9.7) Xestospongia sp. Toxic against P388 cells Quinoa et al. (1986)

Xestin B (Fig. 9.8)

7 Cyclic peroxide acids

(Fig. 9.9)

Plakortis
angulospiculatis

Inhibiting the growth of

P388 cells

Gunasekera et al.

(1990a)

8 Acanthifolicin (Fig. 9.10) Pandaros
acanthifolium

strong cytotoxic activity

against P388 cells

Schmitz et al. (1981)

9 Okadaic acid (Fig. 9.11) Halichondria
okadai

- Do - Tachibana et al. (1981)

10 Discodermolide (Fig. 9.12) Discodermia
dissoluta

Potent inhibitor of tumor

cell growth in several MDR

cancer cell lines.

Gunasekara et al.

(1990b).

Most potent natural

promoters of tubulin

assembly.

11 Fijianolides A (Fig. 9.13)

Fijianolides B (Fig. 9.14)

Spongin
mycofijiensis (¼
Leiosella lavis).

Active against P388 and

HT-29 human colon tumor

cells

Quinoa et al. (1988)

12 Mycalolides A-C (Figs. 9.15

(1), Fig. 9.16 (2) and

Fig. 9.17 (3))

Mycale Highly cytotoxic against

B16

Fusetani et al. (1898b)

13 Halichondrins B (R ¼ H)

(Fig. 9.18) and C (R ¼ OH)

(Fig. 9.19),

Halichondria
kadai

In vitro activity against B16

melanoma cell lines

Hirata and Uemura

(1986)

Norhalichondrins A

(Fig. 9.20) (R1 ¼ R2 ¼ H,

R3 ¼ R4 ¼ OH), B

(R1 ¼ R2 ¼ H,

R3 ¼ R4 ¼ H) (Fig. 9.21)

and C (R1 ¼ R2 ¼ R3 ¼ H,

R4 ¼ OH) (Fig. 9.22)

Homohalichondrins A

(R1 ¼ R2 ¼ OH, R3 ¼ H)

(Fig. 9.23), B

(R1 ¼ R2 ¼ R3 ¼ H)

(Fig. 9.24) and C

(R1 ¼ R3 ¼ H, R2 ¼ OH)

(Fig. 9.25)

(continued)
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Table 9.1 (continued)

S. No Compound with structure Source Bioactivity Reference

14 Misakinolide A (Fig. 9.26) Theonella
swinhoei

In vitro antiviral and

antifungal activity

Sakai et al. (1986)

15 Latrunculin A (Fig. 9.27) Latrunculia
magnifica

Disturbing microfilament

organization in the cell and

thus affects normal

functioning of the cell

Amiram Groweiss et al.

(1983)

16 Hennoxazoles A (R1 ¼ OH,

R2 ¼ CH3), B (R1 ¼ OH,

R2 ¼ CH2 CH3), C

(R1 ¼ OH, R2 ¼ CH2 CH2

CH2 CH3) and D (R1 ¼ H,

R2 ¼ CH3) (Figs. 9.28, 9.29

and0 9.30)

Polyfibrospongia
sp

Displaying analgesic

activity

Ichiba et al. (1991)

Strong activity against

HSV-1

17 Curcuphenol (Fig. 9.31) Didiscus flavus Inhibited the growth of

several cell lines such as

P388, A549 (lung), HCT-8

(colon) and MDAMB

(mammary)

Wright et al. (1987b)

18 Metachromin A (Fig.9.32)

Metachromin B (Fig. 9.33)

Hippospongia
cf. metachromia

Toxic to L1210 cells Ishibashi et al. (1988)

Showed coronary

vasodilating effects and

inhibited potassium

chloride-induced

contraction of the rabbit

isolated coronary artery

19 Avarol (Fig. 9.34) Dysidea avara Interferes with the mitotic

processes, thus preventing

telophase formation

Mueller et al. (1985)

20 Puupehenone (Fig. 9.35)

(Molecular formula –

C21H28O3)

Strongylophora
hartmani

Inhibits the growth of a

number of tumor cell lines

such as P388, A549 human

lung, HCT-8 human colon

and MCF-7 human

mammary

Kohmoto et al. (1987a)

21 Amorphane sesquiterpenes

(Figs. 9.36)

Axinyssa
fenestratus

Anthelmintic activity Alvi et al. (1991)

22 Axisonitrile-3 (Fig. 9.37) Topsentia sp. - Do - Alvi et al. (1991)

23 Manoalide (Fig. 9.38) Luffariella
variabilis

Irreversibly inhibits PLA2 Glaser and Jacobs

(1986), Jacobson et al.

(1990)

Inhibits arachidonic acid

release

De Vries et al. (1988)

Inhibits 5-lipoxygenase

24 Luffariellolide (Fig. 9.39)

(Molecular formula –

C25H38O3)

- Do - Anti-inflammatory activity Albizati et al. (1987)

Partially reversible PLA2

inhibitor

25 Variabilin (Fig. 9.40) Ircinia sp. Cytotoxic to host BSC cells

in an antiviral assay

Barrow et al. (1988)

(continued)
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Table 9.1 (continued)

S. No Compound with structure Source Bioactivity Reference

26 Okinonellin A (Fig. 9.41)

Okinonellin B (Fig. 9.42)

Spongionella sp. Inhibit division of fertilized

starfish eggs

Kato et al. (1986)

27 Phyllofoliaspongin

(Fig. 9.43)

Phyllospongia
foliascens

Inhibited P388 cell growth. Kitagawa et al. (1989)

Showed anti- thrombocytic

inhibitory effect on

ADP-induced and collagen-

induced aggregation of

rabbit platelets in vitro

28 Heteronemin (Fig. 9.44)

12-episcalarin (Fig. 9.45)

Hyrtios erecta In vitro anthelmintic activity Kazlauskas et al. (1976),

Kashman and Rudi

(1977), Cimino et al.

(1977), Crews and

Bescansa (1986)

29 Isocyanine (Fig. 9.46) Bubaris Antitumor, antiviral and

antifungal activities

Wright et al. (1988)

30 Kalihinol Y (Fig. 9.47)

Kalihinol J (Fig. 9.48)

Acanthella
cavernosa

Potent in vitro anthelmintic

activity

Omar et al. (1988)

31 Spongiadiol (Fig. 9.49) Spongia sp. Antiviral activity Kohmoto et al. (1987a),

(1987b)

32 Reiswigin A (R ¼ CH CH

(CH3)2) (Fig. 9.50)

Reiswigin B

(R ¼ �CH ¼ C(CH3)2)

Epipolasis reiswigi Antiviral activity Kashman et al. (1989b)

Inhibiting HSV-1

completely and A59 virus

partially

33 Pouoside A (Fig. 9.51) Asteropus sp., Inhibited P388 cell growth Ksebati et al. (1988),

(1989)

34 Penasterol (Fig. 9.52) Penares sp. Active against L1210 cells Cheng et al. (1988a)

35 Sarasinoside A1 (Fig. 9.53) Asteropus sp. Active against P388 cells Schmitz et al. (1988)

36 Eryloside A (Fig. 9.54) Erylus lendenfeldi Showed cytotoxic activity

against P388 and antifungal

activity

Carmely et al. (1989a)

37 2,6 – dibromo – 4 –

acetamido – 4 –

hydroxycyclohexadienone

(Fig.9.55)

Verongia
cauliformis

Antibacterial activity Sharma and Burkholder

(1967)

38 Aerothionin (Fig. 9.56) Aplysia aerophoba
and Verongia
thiona

Antibiotic activity Encarnacion et al.

(2000); Thoms et al.

(2004)

39 Bastadin series of cyclic

amides (Fig. 9.57)

Iarthella basta Inhibit P388 cell growth Pordesimo and Schmitz

(1990)

40 Mycalamide A (R ¼ 4) and

B (R ¼ Me) (Fig. 9.58)

Mycale sp. Showed antiviral and

cytotoxic activity

Perry et al. (1988a);

(1990)

41 Calyculin A (R1 ¼ CN,

R2 – R3 ¼ H); Calyculin B

(R1 ¼ R 3 ¼ H, R2 ¼ CN);

Calyculin C (R1 ¼ CN,

R2 ¼ H, R3 ¼ CH3);

Calyculin D (R1 ¼ H,

R2 ¼ CN, R3 ¼ CH3)

(Fig. 9.59)

Discodermia calyx Active against L1210 cells Kato et al. (1986a, b),

(1988b)

(continued)

9 Biologically Active Metabolites from Sponges and Their Activities 119



Table 9.1 (continued)

S. No Compound with structure Source Bioactivity Reference

Inhibited cell division of

both starfish and sea urchin

eggs

Kato et al. (1988a, b)

Exhibited in vivo activity

against Erlich and P388

leukemia in mice (Calyculin

A)

Inhibited uptake of [3H]

thymidine, [3H] uridine and [
3H] leucine in L1210 murine

leukemia cells (Calyculin

A)

42 Alkaloid (Fig. 9.60) Teichaxinella
morchella and

Ptilocaulis
walpersi

Showed mild cytotoxicity to

L1210 cells

Wright and Thompson

(1987)

43 Girolline (Fig. 9.61) Pseudaxinyssa
cantharella

Active against P388 Ahond et al. (1989)

44 Pyronaamide (Fig. 9.62) Leucetta Toxic to KB cells Akee et al. (1990)

45 Series of 2-amino imidazole

alkaloids Naamidines

(e.g. Fig. 9.63)

Leucetia
chagosensis

Showed cytotoxicity against

P388 cells

Carmely et al. (1989b)

46 Horbindole A (R ¼ Me);

Horbindole B (R ¼ Et);

Horbindole C

(R ¼ CH ¼ CH-Et)

(Fig. 9.64)

Axinella sp Showed cytotoxicity against

KB and found to have fish

anti- feedant activity

Herb et al. (1990)

47 Dragmacidin (Fig. 9.65) Dragmacidian sp. Toxic to P388 cells and also

to A549 human-8 human

colon and MDAMB human

mammary cells

Kohmoto et al. (1988)

48 Dragmacidon A (Fig. 9.66) Dragmacidian sp. Showed cytotoxicity against

L1210 cells

Morris and Andersen

(1989)

49 Fascaplysin (Fig. 9.67) Fascaplysinopsis
sp.,

killed L1210 cells (LD50

0.2 ug/ml) and also showed

antibiotic activity

Roll et al. (1988)

50 Eudistomin K (Fig. 9.68) Riterella
sigillinoides

Described in a patent as

being “very effective in

inhibiting growth of L1210,

P388, A549 and HCT-8

cells at varying

concentrations”

Blunt et al. (1988)

51 Manzamine A (Fig. 9.69) Haliclona sp. Active against P388 cells

in vitro

Sakai et al. (1986)

52 Theonelladins A (R ¼ H);

Theonelladin B (R ¼ CH3-

D); Theonelladin C

(R ¼ H); Theonelladin D

(R ¼ CH3) (Fig. 9.70)

Theonella
swinhoei

Showed the cytotoxicity

against L1210 cell lines and

KB cells

Kobayashi et al. (1989)

Reported to be 20 times

more than caffeine in

causing release of Ca2+ from

sarcoplasmic reticulum

(continued)
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Table 9.1 (continued)

S. No Compound with structure Source Bioactivity Reference

53 Niphatyne A (Fig. 9.71) Niphates sp. Cytotoxic to P388 cells Quinoa and Crews

(1987)

Niphatyne B (Fig. 9.72)

54 5-(methoxycarbonyl)

tubercidin (R1 ¼ CO2Me,

R2 ¼ ribose) and

Toyocamycin (R1 ¼ CN,

R2 ¼ ribose) (Fig. 9.73)

Jaspis Showed activity against

L1210

Zabriskie and Ireland

(1989)

In vivo activity against

L1210, increasing lifetimes

by up to 39 %

(5-(methoxycarbonyl)

tubercidin)

55 Arabinosides (Fig. 9.74) Cryptotethia
crypta

Antiviral and antitumor

activities

De Clercq et al. (1977),

Gosselin et al. (1986)

Ara-A Ara-C Ara-T Ara-U

56 Doridosine (Fig. 9.75) Tedania digitala Causes reduced arterial

pressure and reduced heart

rate in mammalians in a

manner that is qualitatively

similar to adenosine

Quinu et al. (1980)

Acts as muscle relaxant and

showed hypothermic

activity

57 1-Methylisoguanosine

(Fig. 9.76)

Tedania digitata Shows potent muscle

relaxant, blood pressure

lowering, cardiovascular

and anti-inflammatory

activity

Jamieson and Davis

(1980), Bartlett et al.

(1981)

58 Aaptamine (R1 ¼ CH3,

R2 ¼ H) (Fig. 9.77) and

some of its derivatives

(R1 ¼ H, R2 ¼ H; 163.

R1 ¼ H, R2 ¼ CH3)

Suberites sp Reported to have some

in vitro and in vivo cell

inhibitory activity when

tested for antitumor activity

against Ehrlich ascites

tumor in mice

Fedoreov et al. (1988)

59 Isobatzellines (Fig. 9.78) Batzella sp. Showed antifungal activity

against C. albicans
Sun et al. (1990)

60 Renierol (Fig. 9.79) Xestospongia
caycedoi

Inhibited the growth of

L1210 cells

McKee and Ireland

(1987)

61 Indolizidine stellenamide A

(Fig. 9.80)

Stella sp. Antifungal activity and also

inhibited K562 epithelium

cell growth

Hirota et al. (1990b)

62 Discorhabdin A (Fig. 9.81)

Discorhabdin – B (Fig. 9.82)

Latrunculia brevis
and Prianos sp.

Reported the cytotoxicity

against P388 cells

Perry et al. (1988b, c)

Discorhabdin – C (Fig. 9.83)

Discorhabdin – D (Fig. 9.84)

63 Prianosin A (Fig. 9.85)

Prianosin B (Fig. 9.86)

Prianos melanos Active against L5178Y cells

and KB cells

Kobayashi et al. (1987)

Prianosin C (R ¼ OH) and

D (R ¼ H) (Fig. 9.87)

64 Dysemenin (Fig. 9.88) Dysidea herbacea Inhibited iodide transfer in

thyroid cells

Van Sande et al. (1990)

(continued)
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Table 9.1 (continued)

S. No Compound with structure Source Bioactivity Reference

65 Amphimedine (Fig. 9.89) Amphimedon sp. Active against P388 in vitro Schmitz et al. (1983)

66 Dercitin (Fig. 9.90) Descitus sp. Showed in vitro and in vivo

activity in the P388 model

Gunawardana et al.

(1988)

Immunosuppressive and

antiviral activity

Burres et al. (1989)

67 Plakinidine A (R ¼ H);

Plakinidine B (R ¼ CH3);

Plakinidine C (R ¼ HΔ9)

(Fig. 9.91)

Plakortis sp. Active against L1210 cells West et al. (1990)

Inhibited reverse

transcriptase activity

(Plakinidine A).

Inman et al. (1990)

68 Latrunculin A (Fig.9.92) Spongia
mycofijiensis

Showed excellent in vitro

activity at 50ug/ml against

N. brasiliensis

Kashman et al. (1980)

69 Ptilomycalin A

(R1 ¼ R2 ¼ H, n ¼ 13)

Ptilocaulis
spiculifer and
Hemimycale sp.

Activity against HSV and

antitumor and antifungal

activities (Ptilomycalin A)

Kashman et al. (1989a)

Crambescidins

(Crambescidin 816:

R1 ¼ R2 ¼ OH, n ¼ 13;

Crambescidin 830:

R1 ¼ R2 ¼ OH, n ¼ 14;

Crambescidin 844:

R1 ¼ R2 ¼ OH, n ¼ 15;

Crambescidin 800: R1 ¼ H,

R2 ¼ OH, n ¼ 13

(Fig. 9.93)

Activity against HSV-1 and

exhibited 98 % inhibition of

L1210 cell growth

(Crambescidins)

70 Sceptrin (Fig. 9.94),

Ageliferin (Fig. 9.95) and

oxysceptrin (Fig. 9.96)

Agelas conifer Active against HSV-1 and

VSV Sceptrin and

Ageliferin)

Keifer et al. (1991)

Less active Oxysceptrin

71 Acarnidine l a (R ¼ CO

(CH2)10CH3); Acarnidine –

1 b (R ¼ CO

(CH2)3CH ¼ CH

(CH2)5CH3(z)); Acarnidine

– 1 c (R ¼ COC13H21)

(Figs. 9.97 and 9.98)

Acarnus erithacus Antiviral property Carter and Rinehurt

(1978a)

72 Discobahamin A (Fig. 9.99) Discodermia sp. Antifungal activity

73 Papuamides A and B

(Fig. 9.100)

Theonella sp. Inhibited the infection of

human T-lymphoblastoid

cells

Ford et al. (1999)

74 Microspinosamide

(Fig. 9.101)

Sidonops
microspinosa

Anti-HIV activity Rashid et al. (2001)

75 Keramamide (Fig. 9.102 and

9.103),

Theonella sp. Reported cytotoxic effect

against P388 murine

leukemia cells

Fusetani et al. (1991)

76 Cyclotheonamide

(Fig. 9.104)

Theonella sp. Reported as a potent

antithrombin cyclic peptide

which strongly inhibited

various proteinases,

particularly thrombin

Fusetani et al. (1990)

(continued)
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Cape Verde, Ionian Sea, Levantine Sea, Mediter-

ranean Sea, North Atlantic, Tunisian Plateau/

Gulf of Sidra, West Africa and Western

Mediterranean.

9.2.1.3 Aliphatic Ester Peroxides
Xestins A and B (Figs. 9.7 and 9.8), isolated from

Xestospongia sp., were found toxic against P388

cells (ID50 0.3 and 3 μg/ml, respectively) (Qui-

noa et al. 1986). P. lita is maroon to pink, with

the opening of the barrel pale white. In the inter-

tidal zones, this species ranges from 10 to 20 cm

in diameter, and are about 10–20 cm tall. This

species is found in the Philippines, Australia,

western and central Indian Ocean, Indonesia,

Malaya, and New Caledonia.

The cyclic peroxide acids (Fig. 9.9) isolated

from the sponge Plakortis angulospiculatis,

which are much more highly branched were col-

lected in Venezuela, and the esters derived from

Table 9.1 (continued)

S. No Compound with structure Source Bioactivity Reference

77 Theonellamide F

(Fig. 9.105)

Theonella sp. Showed activity against

L1210 and P388 cells

Matsunaga et al. (1989)

78 Hymenistatin 1 (Fig. 9.106) Hymeniacidon sp., Showed both in vitro and

in vivo activity against P388

murine leukemia cells

Petit and Zeghloul

(1990)

79 Microsclerodermin A

(R ¼ OH)-

Microsclerodermin B

(R ¼ H) (Fig. 9.107)

Theonella sp. and

Microscleroderma
sp.

Antifungal activity Schmidt and Faulkner

(1998)

80 Theonegramide (Fig. 9.108) Theonella sp. and

Microscleroderma
sp.

Antifungal activity Bewley and Faulkner

(1994)
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O O
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Fig. 9.2 Ficulinic acid A: n ¼ 7
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Fig. 9.3 Ficulinic acid B: n ¼ 9
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Fig. 9.6 Petrosynol

Fig. 9.7 Xestin A

Fig. 9.8 Xestin B

Fig. 9.9 Cyclic peroxide acids
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the sponge were found inhibiting the growth of

P388 cells (IC50 0.2–0.9 μg/ml) (Gunasekera

et al. 1990b).

9.2.1.4 Complex Polyketides
The polyether carboxylic acids acanthifolicin

(Fig. 9.10) and okadaic acid (Fig. 9.11) were

initially isolated from sponges – acanthifolicin

from the Caribbean sponge Pandaros

acanthifolium and okadaic acid from

Halichondria okadai collected in Japan and also

from H. melaodocia from the Florida Keys,

reported strong cytotoxic activity (Schmitz

et al. 1981; Tachibana et al. 1981). The ED50

value of 0.0002 and 0.0017 μg/ml against P388

cells were reported by acanthifolicin and okadaic

acid, respectively.

The sponge, P. acanthifolium (Duchassaing

and Michelotti 1864) is erect, dark bushy with

flattened branches. Branches up to 25 cm long,

4 cm wide. Oscules inconspicuous. It is a reef

dweller and it is found distributed in Florida and

the Caribbean.

The polyketide natural product, dis-

codermolide (Fig. 9.12), was isolated from the

deep-sea marine sponge Discodermia dissoluta

in 1990 by Gunasekara et al. (1990a). It was

found to be a potent inhibitor of tumor cell

growth in several MDR cancer cell lines. Further,

it was identified as one of the most potent natural

promoters of tubulin assembly.

9.2.1.5 Macrolides

9.2.1.5.1 Assorted Macrolides

Fijianolides A and B (Figs. 9.13 and 9.14) were

isolated from the Vanuatuan sponge Spongin

mycofijiensis (¼ Leiosella lavis) (Quinoa et al.

1988). This sponge is massive, lobate, or tubular,

sometimes with a short stalk (2–3 cm). The size

varies from 3 to 20 cm in height, and 2–10 cm in

diameter. The surface is microconulose, and the

texture is compressible and flexible. This species

is dark brown/black, in colour, externally and tan

inside and is generally found in sheltered reef

habitats, under ledges or in caves. It is fairly

rare despite its broad range of distribution in the

South and Indo Pacific.

Fijianolide A reported the IC50 of 9 μg/ml

against P388 and 11 μg/ml vs HT-29 human

colon tumor cells. When the diacetate of

fijianolide B was tested against the same cells,

it reported the IC50 as 6 μg/ml vs P388 and

0.5 μg/ml vs HT-29.

The three other tris-isoxazole containing

macrolides, mycalolides A–C (Figs. 9.15, 9.16

and 9.17), were isolated from Mycale. Although

the above were highly cytotoxic (IC50

0.0005–0.001 μg/ml vs. B16), they have not

shown promising results in vivo (Fusetani et al.

1988).

Apart from okadaic acid, the Japanese sponge

H. kadai was a good source of a group of very

Fig. 9.10 Acanthifolicin

Fig. 9.11 Okadaic acid

Fig. 9.12 Discodermolide

Fig. 9.13 Fijianolides A

HO

H

H

HH

H
OH

O

O O

O

O

Fig. 9.14 Fijianolides B
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complex and biologically active macrolides,

halichondrins B (Fig. 9.18) and C (Fig. 9.19);

norhalichondrins A (Fig. 9.20), B (Fig. 9.21),

and C (Fig. 9.22) and homohalichondrins A

(Fig. 9.23), B (Fig. 9.24), and C (Fig. 9.25)

(Hirata and Uemura 1986). The above

macrolides showed the following in vitro

activity against B16 melanoma cell lines:

norhalichondrin A – 0.0052 μg/ml; halichondrin
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B – 0.000093 μg/ml; homohalichondrin A –

0.00026 μg/ml; halichondrin C – 0.00035 μg/ml

and homohalichondrin B – 0.0001 μg/ml.

Halichondrin B showed good in vivo activity

against B16 melanoma in mice (T/C values of

203–244 %, depending on dose (5–20 μg/kg) and
regimen), against P388 leukemia in mice (T/C

323 % @ 10 μg/kg), and against L1210 in mice

(T/C 207–375 % with doses of 50–100 μg/kg
under various injection schedules). From the

results, it was concluded that it is important for

antitumor activity that the tricyclic ring be rela-

tively lipophilic and that the terminal group have

two or more hydroxyls, but not a carboxylate.

Halichondria are massive, amorphous sponges

with clearly separated inner and outer skeletons

consisting of bundles of spicules arranged in a

seemingly random pattern.

Misakinolide A (Fig. 9.26) isolated from

Theonella sp. was collected in Okinawas (Sakai

et al. 1986), and it showed in vitro antiviral and

antifungal activities. Theonella sp. is a coral reef

sponge (Theonella swinhoei), found distributed

in the Red Sea and Indian Ocean.

The macrolide latrunculin A (Fig. 9.27) was

isolated from the red sea sponge Latrunculia

magnifica. It binds and stabilizes the globular

G-actin in a 1:1 complex, preventing the

conversion of globular (monomeric) G-actin

into filamentous (polymeric) F-actin, disturbing

microfilament organization in the cell. Latruculin

A affects normal functioning of the cell by

disrupting the polymerization of G-actin and

microfilament organization which is essential

for the cellular mechanical processes including

motility and cytoskeleton scaffolding (Groweiss

et al. 1980).

9.2.1.6 Miscellaneous
The sponge, Polyfibrospongia sp., collected on

the island of Miyako in Okinawa was the source

for hennoxazoles A–D (Figs. 9.28, 9.29 and 9.30)

(Ichiba et al. 1991). Apart from displaying
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analgesic activity, hennoxazole A, the major

component (0.01 % of wet weight) showed

strong activity against HSV-1 (IC50 0.6 μg/ml).

9.3 Terpenes

9.3.1 Sesquiterpenes

Curcuphenol (Fig. 9.31) extracted from the

sponge Didiscus flavus collected in both shallow

and deep waters in the Bahamas and Belize was

found inhibiting the growth of several cell lines

[IC50 7 μg/ml vs. P388; MIC for human cell

lines: A549 (lung) 10 μg/ml; HCT-8 (colon)

0.1 μg/ml; MDAMB (mammary) 0.1 μg/ml]

(Wright et al. 1987b).

Metachromins A (Fig. 9.32) and B (Fig. 9.33),

isolated from the sponge Hippospongia

cf. metachromia, were reported to be toxic to

L1210 cells (IC50 2.4 and 1.62 μg/ml, respec-

tively) (Ishibashi et al. 1988). Further they also

showed coronary vasodilating effects and

inhibited potassium chloride-induced contraction

of the rabbit isolated coronary artery.

Avarol (Fig. 9.34) from the sponge Dysidea

avara interferes with the mitotic processes, thus

preventing telophase formation which may be

due to changes of the intracellular pools and/or

alterations of the permeability properties of the

cell membranes for the precursors (Mueller et al.

1985).

Puupehenone (Fig. 9.35) was isolated from a

deep water sponge, Strongylophora hartmani by
Kohmoto et al. (1987a). It was found to inhibit

the growth of a number of tumour cell lines

(IC50; P388, 1 μg/ml; A549 human lung,

0.1–1 μg/ml; HCT-8 human colon, 1–10 μg/ml;

MCF-7 human mammary, 0.1–1 μg/ml). Besides

the above, it also showed very modest in vivo

effects on p388 cell lines (19 % increase in life-

time @ 25 mg/kg for 9 days).

Isonitrile, isothiocyanate, and related

functionalized terpenes are characteristic

metabolites of sponges belonging to the order

Halichondida. Four amorphane sesquiterpenes

(Fig. 9.36) were isolated from the Fijian sponge

Axinyssa fenestratus (Alvi et al. 1991) and tested

for their anthelmintic activity.

Another sesquiterpene, axisonitrile-3

(Fig. 9.37) (D’ Blassio et al. 1976) extracted

from Topsentia sp. from Thailand (Alvi et al.

1991). Though it reported superior anthelmintic

activity in vitro at 50 μg/ml, it was not active

in vivo.

9.3.2 Sesterterpenes

A nonsteroidal sesterterpene, manoalide

(Fig. 9.38), isolated from the sponge Luffariella

Fig. 9.31 Curcuphenol

Fig. 9.32 Metachromin A

Fig. 9.33 Metachromin B
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variabilis (De Silva and Scheuer 1980) has

emerged as a potent tool for studying inflamma-

tion. It irreversibly inhibited PLA2 (Glaser and

Jacobs 1986; Jacobson et al. 1990).

In addition to inhibiting PLA2, manoalide

inhibited 5-lipoxygenase (de Vries et al. 1988),

leading to speculation that its anti-inflammatory

activity of manoalide was attributed to its inhibi-

tory effect on Ca2+ channels (Wheeler et al.

1988). Interestingly at low concentrations,

manoalide inhibited calcium channels with no

effect on phosphor-inositide metabolism. The

ability of manoalide to dissect these two

components of the inflammation process may

prove to be its most useful attribute in studying

the role of Ca2+ signaling in inflammation and

proliferation (Barzaghi et al. 1989).

Another analog of manoalide, luffariellolide

(Fig. 9.39), isolated from the same organism,

also exhibited anti-inflammatory activity, but it

was slightly less potent than manoalide and was a

partially reversible PLA2 inhibitor (Albizati

et al. 1987).

A number of cytotoxic furanosesterpenes

have been obtained from a variety of sponges.

Variabilin (Fig. 9.40) and the related sesterpene

tetronic acids from a Caribbean Ircinia
sp. sponge were all described as being cytotoxic

to host BSC cells at 2 μg/ml in an antiviral assay

(Barrow et al. 1988).

Okinonellins A and B (Figs. 9.41 and 9.42),

from Spongionella sp., were reported to inhibit

division of fertilized starfish eggs at 5 μg/ml

(Kato et al. 1986a).

The bishomo scalarene sesterpene phyllofo-

liaspongin (Fig. 9.43) from Phyllospongia
foliascens inhibited P388 cell growth at 5 μg/ml

(Kitagawa et al. 1989). Another activity noted for

this compound was its antithrombocytic inhibi-

tory effect on ADP-induced and collagen-

induced aggregation of rabbit platelets in vitro.

Sesterterpenes extracted from the sponge

Hyrtios erecta showed in vitro anthelmintic

activity. Heteronemin (Fig. 9.44) (Kazlauskas

et al. 1976; Kashman and Rudi 1977) showed

in vitro activity with varying results. Another

compound 12-episcalarin (Fig. 9.45) (Cimino

Fig. 9.39 Luffariellolide (Molecular formula –
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et al. 1977; Crews and Bescansa 1986) exhibited

moderate in vitro anthelmintic activity.

9.3.3 Sesquiterpenoid Isocyanide

Wright et al. (1988) reported the antitumor,

antiviral, and antifungal activities for a

sesquiterpenoid isocyanine (Fig. 9.46) isolated

from the marine sponge Bubaris sp.. At 20 μg/
0.5 ml, the A59 coronavirus in mouse liver cells

was partially inhibited, indicating that the

sesquiterpenoid compound is only weakly

virucidal.

9.3.4 Diterpenes

Among the various kalihinols extracted from the

sponge Acanthella cavernosa, Kalihinols Y

(Fig. 9.47) and J (Fig. 9.48) reported potent

in vitro anthelmintic activity (Chang et al.

1987; Omar et al. 1988; Alvi et al. 1991).

Kohmoto et al. (1987b) isolated spongiadiol

(Fig. 9.49), epispongiadiol (R1 + R2 ¼ O,

R3 ¼ OH, R4 ¼ H), and the new isospongiadiol

[21, 19-dihydroxyspongia – 13(16), 14-dien-3-

one] (R1 ¼ H, R2 ¼ OH, R3 + R4 ¼ O) from

the deep-water Caribbean sponge Spongia sp..

Both antiviral activity and cytotoxicity were

reported for all the three spongiodiols. In vitro

assays against HSV-1 revealed a spectrum of

activities ranging from the very active

spongiadiol (IC50 ¼ 0.25 μg/ml) to the modestly

active epispongiadiol (IC50 ¼ 12.5 μg/ml), with

isospongiadiol exhibiting intermediate activity

(IC50 ¼ 2.0 μg/ml). Further the studies on

antitumour and antiviral activities of these

three furanoditerpenoids, spongidiol and

isospongiadiol gave 100 % inhibition on HSV-1

plaque formation at 20 and 0.5 μg/(6 mm disk),

and epispongiadiol gave partial inhibition at

12.5 μg/ml (Kohmoto et al. 1987b).

Kashman et al. (1987) isolated reiswigins A

(R ¼ CH CH(CH3)2) and B (R ¼ �CH ¼ C

(CH3)2) (Fig. 9.50), bioactive terpenes from the

sponge Epipolasis reiswigi. Both reiswigins A

and B were found reporting the inhibition of

HSV-1 completely at 2 μg and A59 virus partially
at 20 μg (+ +). Particularly reiswigin A completely

inhibited VSV at 2 μg without accompanying

cytotoxicity (Kashman et al. 1989a).

9.3.5 Triterpenes

Pouoside A (Fig. 9.51) from Asteropus sp., col-

lected in Truk Lagoon, inhibited P388 cell

growth with an ED50 of 1.5 μg/ml (Ksebati

et al. 1988, 1989). The Okinawan sponge

Penares sp. was the source of penasterol

(Fig. 9.52), which was active against L1210

NC

Fig. 9.46 Isocyanine

Fig. 9.47 Kalihinol Y

Fig. 9.48 Kalihinol J
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R2
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R4

HO

H

H
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Fig. 9.50 Reiswigin A

Fig. 9.51 Pouoside A
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cells with an ED50 of 3.6 μg/ml (Cheng et al.

1988a).

9.3.6 Sterols

Several polyoxygenated sterols and glycosylated

sterols showed cytotoxicity. Sarasinoside A1

(Fig. 9.53), a saponin containing amino sugar,

exhibited an ED50 of 2.8 μg/ml against P388

cells. This saponin was isolated by Schmitz

et al. (1988) from Asteropus sp. from Truk and

Guam Islands.

Eryloside A (Fig. 9.54) from the red sea

sponge Erylus lendenfeldi reported to have both

cytotoxic (IC50 4.2 μg/ml vs. P388) and antifun-

gal activity against Candida albicans (MIC

15.6 μg/ml) (Carmely et al. 1989a).

9.4 Brominated Compounds

The compound isolated from the marine sponge

Verongia cauliformis (Sharma and Burkholder

1967) has been characterized as 2,6-dibromo-4-

acetamido-4-hydroxycyclohexadienone

(Fig. 9.55) showed antibacterial activity (Sharma

et al. 1970).

Aerothionin (Fig. 9.56) having a spiro-

cyclohexadienylisoxazole skeleton was isolated

from two sponges namely Aplysia aerophoba
and Verongia thiona showed antibiotic activity

(Encarnacion et al. 2000; Thoms et al. 2004).

9.5 Nitrogen-Containing
Compounds

9.5.1 Tyrosine-Based Metabolites

Several members of the bastadin series of cyclic

amides (Figs. 9.57) isolated from the sponge

Iarthella basta were found to inhibit P388 cell

growth (ED50 2–4 μg/ml) (Pordesimo and

Schmitz 1990).

9.5.2 Other Amines

Mycalamides A (R ¼ 4) and B (R ¼ Me)

(Fig. 9.58) obtained from a New Zealand sponge

Mycale sp. (Perry et al. 1988a, 1990) showed

antiviral and cytotoxic activity.

Calyculins A–D (Fig. 9.59) are unusual

amines isolated from Discodermia calyx (Kato

et al. 1986b, c, 1988a, b) that showed the IC50

value of 7.4 � 10�4, 8.8 � 10�4, 8.6 � 10�4,

and 1.5 � 10�3 μg/ml respectively against

L1210 cells. They also inhibited cell division of

both starfish and sea urchin eggs in the 10�2 μg/
ml range. Further, the calyculin A (Fig. 9.59)

exhibited in vivo activity against Erlich and

P388 leukemia in mice (T/C 245 and 144 %,

HO H
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respectively) apart from inhibiting the uptake of

[3H] thymidine, [3H] uridine and [3H] leucine in

L1210murine leukemia cells (Kato et al. 1988a, b).

9.5.3 Pyrroles

The alkaloid 300 (Fig. 9.60) isolated from the

sponges Teichaxinella morchella and Ptilocaulis

walpersi reported mild cytotoxicity to L1210

cells (IC50 19 μg/ml) (Wright and Thompson

1987).

9.5.4 Imidazoles

The girolline (Fig. 9.61) extracted from the

sponge Pseudaxinyssa cantharella was found

active against P388 at 0.001–1 μg/ml, and this

activity was confirmed in vivo also in mice

models (P388 at 1 mg/kg doses (Ahond et al.

1989).

Pyronaamide (Fig. 9.62), obtained from

Leucetta sponge from Saipan and Guam, was

toxic to KB cells (MIC 5 μg/ml) (Akee

et al. 1990). A series of 2-amino imidazole

alkaloids called naamidines (e.g. Fig. 9.63)

were obtained by Carmely et al. (1989b) from

the marine sponge Leucetia chagosensis that

showed cytotoxicity at 2–10 μg/ml against

P388 cells.

9.5.5 Indoles

Horbindoles A–C (Fig. 9.64) extracted from

Axinella sp. from western Australia showed cyto-

toxicity (KB; MIC 5, >10, and 10 μg/ml, respec-

tively) and were also found to have fish

antifeedant activity (Herb et al. 1990).

A deep water sponge, Dragmacidian sp. was

the source for dragmacidin (Fig. 9.65) that was

found to be toxic to P388 cells (IC50 15 μg/ml)
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and also to A549 human-8 human colon, and

MDAMB human mammary cells, all with IC50

of 1–10 μg/ml (Kohmoto et al. 1988). Morris and

Anderson (1990) isolated the closely related

dragmacidon A (Fig. 9.66) which showed cyto-

toxicity against L1210 cells (ED50 10 μg/ml)

similar to that of dragmacidin.

An antimicrobial pigment, fascaplysin

(Fig. 9.67), obtained from a Fijian sponge,

Fascaplysinopsis sp., killed L1210 cells (LD50

0.2 μg/ml) and also showed antibiotic activity

against four different microorganisms (Roll

et al. 1988).

The other group of indoles, eudistomins

were initially reported as antiviral agents, but

Eudistomin K (Fig. 9.68), obtained from

Riterella sigillinoides, is described in a patent

as being “very effective in inhibiting growth of

L1210, P388, A549 and HCT-8 cells at varying

concentrations” (Blunt et al. 1988).

Manzamine A, an alkaloid (Fig. 9.69) was

reported as its hydrochloride salt from a

Haliclona sp. of sponge from Okinawa with as

IC50 of 0.07 μg/ml against P388 cells in vitro

(Sakai et al. 1986b).

9.5.6 Pyridines

The pyridine alkaloids theonelladins A–D

(Fig. 9.70) isolated from the sponge Theonella

swinhoei (Kobayashi et al. 1989) showed the

cytotoxicities of 4.7, 1.0, 3.6, and 1.6 μg/ml

(IC50) against L1210 cell lines and 10.0, 3.6,

10.0, and 5.2 μg/ml (ED50) against KB cells.

These compounds were also reported to be

20 times more than caffeine in causing release

of Ca2+ from sarcoplasmic reticulum.

The related pyridine alkaloids niphatynes A

(Fig. 9.71) and B (Fig. 9.72), from Niphates

sp. collected in Fiji, were found cytotoxic to

P388 cells (IC50 0.5 μg/ml) (Quinoa and Crews

1987).

9.5.7 Nucleosides

Nucleosides are vital components of all living

cells and are involved in several biological

processes.

The two cytotoxic nucleosides

5-(methoxycarbonyl) tubercidin (Fig. 9.73) and

toyocamycin (Fig. 9.73) isolated from the Fijian

sponge Jaspis (Zabriskie and Ireland 1989)

showed IC50 values of 0.0026 and 0.27 μg/ml,
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respectively, against L1210. The

5-(methoxycarbonyl) tubercidin (Fig. 9.73) also

reported earlier to have in vivo activity against

L1210, increasing lifetimes by up to 39 %.

The two antiviral and antitumor compounds

presently in clinical use as antiviral or antitumor

agents (i.e., ara-A, 9-β-D-arabinofuranosy-
ladenine, Fig. 9.74; ara-C, 1-β-D-arabinosyl-
cytosine, Fig. 9.74) were isolated from the

marine sponge Cryptotethia crypta in the early

1950s (Bergmann and Feeney 1950, 1951).

Bergmann collected C. crypta in 1945, within

next few years he reported the presence of

spongothymidine (ara-T, 1-β-D-arabinofurano-
sylthymidine, Fig. 9.74), spongouridine (ara-U,

1-β-D-arabinofuranosyluracil, Fig. 9.74), and

spongosine (1-β-D-arabinofuranosyl-2-
methoxyadenine) (Cohen 1966).

The in vitro studies of the arabinosides

(Fig. 9.74) showed varying antiviral activity

against HSV-1 or HSV-2. Using rabbit kidney

and human skin fibroblast cultures, De Clercq

et al. (1977) reported MICs (minimum inhibitory

concentration) as low as 0.02 and 1 μg/ml for

ara-C and ara-A, respectively, against HSV-1;

and 200 and 10 μg/ml, respectively, against

HSV-2. Besides the above, a significant in vitro

activity was also observed for a number of

xylofuranonucleosides against three DNA

viruses (HSV-1, HSV-2, and vaccinia) and one

RNA virus (thinovirus-9) (Gosselin et al. 1986).

Doridosine (Fig. 9.75) (Quinu et al. 1980) was

isolated from marine sponge Tedania digitala
from Australia. It causes reduced arterial

pressure and reduced heart rate in mammalians

in a manner that is qualitatively similar to aden-

osine. It also acts as muscle relaxant and showed

hypothermic activity.

1-Methylisoguanosine (Fig. 9.76) was

isolated from the sponge Tedania digitata
(Quinu et al. 1980). This nucleoside showed

potent muscle relaxant, blood pressure lowering,

cardiovascular, and anti-inflammatory activity

(Jamieson and Davis 1980).

9.5.8 Quinolines and Isoquinolines

The aaptamine (Fig. 9.77) and some of its

derivatives (R1 ¼ H, R2 ¼ H; 163. R1 ¼ H,

R2 ¼ CH3) were isolated from the sponge

Suberites sp., which were reported to have

some in vitro and in vivo cell inhibitory activity

when tested for antitumor activity against

Ehrlich ascites tumor in mice. A 95 % inhibition

was reported in the case of mice inoculated with

Ehrlich ascites tumor cells pretreated with the

derivative with R1 ¼ H, R2 ¼ H or R1 ¼ H,

and R2 ¼ CH3 at 25 μg/ml (Fedoreov et al.

1988).

A series of pyrroloquinoline alkaloids namely

isobatzellines A–D (Figs. 9.78) were found in
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extracts of the Caribbean sponge Batzella
sp. (Sun et al. 1990). These compounds showed

antifungal activity against C. albicans. Renierol
(Fig. 9.79), obtained from the Fijian sponge

Xestospongia caycedoi, inhibited the growth of

L1210 cells (IC50 3 μg/ml) (McKee and Ireland

1987).

9.5.9 Quinilizidines and Indolizidines

The indolizidine stellenamide A (Fig. 9.80) from

the sponge Stella sp. showed antifungal activity

and also inhibited K562 epithelium cell growth

(IC50 of 5.1 μg/ml) (Hirota et al. 1990a).

9.5.10 Prianosins/Discorhabdins

The prianosins and discorhabdins, the two

closely related sulfur-containing alkaloids, were

extracted from Latrunculia sp. and Prianos

sp. The first of these to be reported was

discorhabdin C (Fig. 9.83) (Perry et al. 1988a).

The remaining discorhabdins (Figs. 9.81, 9.82,

9.83 and 9.84 ¼ discorhabdins A,B,C,D, respec-

tively) were described subsequently (Perry et al.

1988a,b). The discorhabdins A–D isolated from

the sponges Latrunculia brevis and Prianos

sp. reported the cytotoxicity (IC50) of 0.05, 0.1,

0.03, and 6.0 μg/ml, respectively, against P388

cells. Only discohabdin D (Fig. 9.84) showed any

in vivo activity in the P388 model and that was

modest (T/C 132 at 20 mg/kg).

Prianosin A (Fig. 9.85), from the Okinawan

sponge Prianos melanos (Kobayashi et al. 1987),
is the nonprotonated form of discorhabdin A

(Fig. 9.81). The remaining prianosins B–C

(Figs. 9.86 and 9.87) were reported in 1988

(Cheng et al. 1988b). Prianosin D (Fig. 9.87)

and discorhabdin D (Fig. 9.84) are a hydroqui-

none/quinine pair. The prianosins A–D reported

the IC50 of 0.037, 2.0, 0.15, and 0.18 μg/ml

against L1210 cells, 0.014, 1.8, 0.024 and 0.048

μg/ml against L5178Y cells and 0.073, >5, 0.57
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and 0.46 μg/ml against KB cells respectively. In

addition to these activities, the prianosin D

(Fig. 9.87), but not the others, induced Ca2+

release from sarcoplasmic reticulum, with

potency ten times than that of caffeine.

9.5.11 Marine Alkaloids

Dysemenin (Fig. 9.88) a hexachlorinated alka-

loid isolated from the sponge Dysidea herbacea
(Charles et al. 1978, 1980; Biskupiak and Ireland

1984) was found inhibiting iodide transfer in

thyroid cells. This molecule might provide

insight into the mechanism of the elusive “iodide

pump” as it inhibits iodine transport by a differ-

ent mechanism than ouabain (Van Sande et al.

1990).

The polycyclic aromatic alkaloid,

amphimedine (Fig. 9.89), isolated from

Amphimedon sp. was found active against P388

in vitro with an ED50 value of 0.4 μg/ml, but

proved inactive in vivo (Schmitz et al. 1983).

Dercitin (Fig. 9.90), from a deepwater sponge

Descitus sp., showed in vitro and in vivo activity

(T/C 170 at 5 mg/kg) in the P388 model

(Gunawardana et al. 1988). In addition, dercitin

was described as having immunosuppressive and

antiviral activity. The dercitin was found

disrupting the macromolecular synthesis (DNA,

RNA, and protein) in the P388 system by binding

to DNA and inhibiting nucleic acid synthesis

(Burres et al. 1989).

Inman et al. (1990) isolated plakinidines A

(Fig. 9.91) and B (Fig. 9.91), using an

antiparasite bioassay, from the fijian sponge

Plakortis sp. The planinidine A inhibited reverse

transcriptase activity at 1 μg/ml. Thereafter West

et al. (1990) described plakinidines A, B, and C

(Fig. 9.91) from the same Fijian sponge species

and reported the IC50 values of 0.1, 0.3 and

0.7 μg/ml, respectively, for these compounds

against L1210 cells.

Other anthelmintic-active alkaloids were

isolated from a Fijian sponge of the family

Spongiidae, originally identified as Spongia
mycofijiensis (Kakou et al. 1987). This sponge

yielded latrunculin A (Fig. 9.92) (Kashman et al.

1980), which showed excellent in vitro activity at

50 μg/ml against N. brasiliensis.

9.5.12 Guanidines

Kashman et al. (1989b) isolated ptilomycalin A

(Fig. 9.93) from the Caribbean sponge

Ptilocaulis spiculifer and a red sea sponge

Hemimycale sp. that reported activity against

HSV at a concentration of 0.2 μg/ml (Kashman

et al. 1989a). In addition to the high antiviral
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activity, this compound exhibited antitumor and

antifungal activities also.

In later years, Janes Erijman et al. (1991)

isolated a series of compounds related to

ptilomycalin A from the Mediterranean sponge

Crambe crambe. The new compounds, the

crambescidins (Fig. 9.93) showed activity against

HSV-1 at 1.25 μg/ml and exhibited 98 % inhibi-

tion of L1210 cell growth at 0.1 μg/ml.

The diacetate salts of the series of

bromopyrroles were extracted from the Carib-

bean sponge Agelas conifer (Rinehart 1988;

Keifer et al. 1991). Based on spectroscopic

comparisons to the known sceptrin (Fig. 9.94)

(Walker et al. 1981), as well as on FABMS

and NMR data, the structures assigned included

the oxysceptrins (Fig. 9.96) and ageliferins

(Fig. 9.95). The compounds of the sceptrin and

ageliferin groups were found active against

HSV-1 at 20 μg/disk and VSV at 100 μg/disk,
while the oxysceptrins were less active (Keifer

et al. 1991).

Acarnidines la–1c (Figs. 9.97 and 9.98) were

isolated from Acarnus erithacus, collected from

Gulf of California, and were reported to show

antiviral property (Carter and Rinehart 1978).

The homospermidine skeleton common to these

three guanidine compounds was assigned based

on GC/MS data, and the compounds were distin-

guished from one another by their fatty acid

constituents. In addition to some antibacterial

activity, the activity against HSV-1 was also

obtained at 100 μg/disk.

9.5.13 Peptides and Depsipeptides

Sponges are a large and diverse group of colonial

organisms that constitute the phylum Porifera

with thousands of different species extensively

distributed from superficial waters near the sea

shores up to deep waters of the ocean. Active

peptides from sponges most of them with unique

unprecedent structures in comparison with these

kind of compounds from other sources are often

cyclic or linear peptides containing unusual

amino acids which are either rare in terrestrial

and microbial systems or even totally novel, and

also frequently containing uncommon condensa-

tion between amino acids (Aneiros and Garateix

2004).

Discobahamin A (Fig. 9.99) was a bioactive

antifungal peptide evaluated as inhibitor of

the growth of Candida albicans isolated from the

Bahamian deepwatermarine spongeDiscodermia
sp. (Gunasekera et al. 1994; Tohma et al. 2003).

The cyclic depsipeptides papuamides A and

B (Fig. 9.100) isolated from sponges of the
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genus Theonella, containing a number of unusual

amino acids are also the first marine-derived

peptides reported to contain 3-hydroxyleucine

and homoproline residues (Ford et al. 1999).

They inhibited the infection of human

T-lymphoblastoid cells be HIV-1 sub (RF)

in vitro with an EC50 of approximately 4 ng/ml.

Microspinosamide a new cyclic depsipeptide

incorporating 12 amino acid residues (Fig. 9.101)

from the sponge Sidonops microspinosa reported
anti-HIV activity (Rashid et al. 2001). It also

inhibited the cytopathic effect of HIV-1 infection

in an XTT-based in vitro assay.

Another novel peptide, keramamide

(Fig. 9.102) (Kobayashi et al. 1991) as well

as orbiculamide A (Fig. 9.103) (Fusetani et al.

1991) isolated from the marine sponge Theonella

sp. reported cytotoxic effect against P388

murine leukemia cells (IC50 ¼ 4.7 ng/ml).

The other active peptide Cyclotheonamide

(Fig. 9.104) (Fusetani et al. 1990) isolated from

the species of the same genus was reported as

a potent antithrombin cyclic peptide which

strongly inhibited various proteinases, particu-

larly thrombin.

Theonellamide F (Fig. 9.105) an antifungal

peptide isolated from Theonella sp. from Japan

also showed activity against L1210 and P388

cells (IC50 3.2 and 2.7 μg/ml, respectively)

(Matsunaga et al. 1989).

From a western Pacific sponge, Hymeniacidon
sp., collected at Palau, Pettit et al. (1990) isolated

the cyclic octopeptide, hymenistatin 1 (Fig. 9.106)
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in which all amino acids therein having the

schirality. It showed both in vitro (ED50 3.5 μg/
ml) and in vivo activity (T/C 130) against P388

murine leukemia cells.

Three new antifungal cyclic peptides with

unprecedented amino acids, microsclerodermins

A-B (Figs. 9.107) were isolated from two species

of sponges, Theonella sp. and Microscleroderma
sp. from the Philippines (Schmidt and Faulkner

1998). Another antifungal cyclic peptide isolated

from the same sponges was the Theonegramide

(Fig. 9.108) (Bewley and Faulkner 1994).

9.6 Conclusion

The researchers studying the marine natural

products report several substances with interest-

ing pharmacological properties. But only very

few of them are available as potent drugs in the

market which are being superseded by the syn-

thetic ones. This may be because of the

non-availability of source materials for the

continuous supply of such biologically active

compounds. Further this acts as a limiting factor

for the pharmaceutical companies to go for

patenting. So the pharmaceutical companies pre-

fer the synthetic compounds to get continuous

supply after launching their product in the mar-

ket. However, it is not that much easy to synthe-

size, economically, some of the natural products,

since they have more complex structure. Hence,

further research is needed to find out the ways

and means to synthesize the more complex

marine natural products.

Above all, the research in the field of marine

natural products needs to be encouraged by the

funding agencies to get fruitful results in future

which need not be immediate as that of synthetic

chemistry outcomes.
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Bioactive Potential of Sponge
Secondary Metabolites 10
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Abstract

The advent of spongothymidine and spongouridine from the Caribbean

sponge Tethya crypta turned the attraction of chemists toward sponges for

their unique and novel compounds which have a broad spectrum of

biological activity and anticancer property in particular. They find the

candidates for the development of new drug analogues with the expected

biological activity. The sponge compounds are having a series of bioac-

tivity broadly classified into three groups, viz., pharmacological activity,

antagonizing activities, and antifouling activity. Each group is dealt with

the allied bioactivities which were observed on the range of sponge

compounds during evaluation studies. The biological activities are

grouped depending on their similarity and type of testing. The structural

groups of the compounds include terpenoids, alkaloids, heterocycles,

acetylenic compounds, steroids, and nucleosides. The uniqueness of the

selected compounds derived from sponges with the observed bioactivity is

discussed.

Keywords

Marine natural products • Secondary metabolites • Sponge extracts •

Bioprospecting • Pharmacological screening

10.1 Introduction

The oceans and seas constitute more than 70 %

of the earth’s surface. Marine ecosystem covers

34 of the total 36 phyla out of which 13 are

exclusive of marine origin. Thus, such biologi-

cally diverse and ecologically complex marine

ecosystem comprising both flora and fauna may,

therefore, be considered as the largest scope for

bioprospecting on the earth. But this rich source

has become the subject of systematic investiga-

tion for the benefit of human race only around the

beginning of the twentieth century. This is in

contrast to the terrestrial natural products,

which have been exploited almost. With the
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help of underwater exploration facilities like

self-contained underwater breathing apparatus

(SCUBA), deep sea laboratory, research

submarines, etc., it has become possible to go

down deep into the sea of the production-rich

continental shelf. Eventually it has been felt

that the marine organisms have been found to

be the storehouse of compounds of significant

bioactivity. They are microorganisms and phyto-

plankton; green, brown, and red algae; sponges,

corals; cnidarians; bryozoans; mollusks;

tunicates; echinoderms; mangroves; and other

intertidal plants including minor sedentary

organisms. Of these, sponges contribute to

about one third of the compounds explored. The

compounds present in the bycatches of fisheries

may be attributed to have been evolved from

dietary, commensalic, or endosymbiotic bacteria,

fungi, cyanobacteria, etc. (McConnell et al.

1994; Hentschel et al. 2002; Moore 2006; Taylor

et al. 2007; Thomas et al. 2010).

10.2 Marine Natural Products

Marine natural products’ (MNPs) chemistry

has been proliferating, since the pioneering

work of Bergmann about 60 years ago with his

isolation of spongothymidine and spongouridine

(Fig. 10.1) from the Caribbean sponge Tethya

crypta paved way to the development of new

pharmacologically important compounds

(Bergmann and Burke 1955). Good accumula-

tion of literature on MNP based on the compound

types and the phylum as well started evolving

since 1970, as the chemists have been unraveling

the fine structures of these organic compounds

often termed as the secondary metabolites pro-

duced by marine organisms, and the published

reports have been regularly reviewed (Munro

et al. 1999; Blunt et al. 2010). It has been the

subject of increased interest to unravel the mys-

tery behind the role of these chemicals in the

marine ecosystem.

It is intriguing to find new compounds arising

out of dramatically different marine environment

by biosynthetic pathway with new building

blocks incorporating unprecedented enzymatic

reactions. The novelty of these molecules has

attracted synthetic chemists to target new

analogues and new synthetic methodologies

(Albizati et al. 1990). Though they appear for

chemist as a series of new organic compounds,

they serve in the effective communication sys-

tem among marine organisms in the marine eco-

system, in the form of allomones (chemicals

benefiting the producing organism, e.g.,

repellents), kairomones (benefiting the receiving

organism, e.g., toxin-producing bacteria), and

pheromones (used for intraspecific communica-

tion) for their mutual benefits (Brown 1975;

Pawlik et al. 1995). They are group specific,

coexistent, and coevolution species (Luckner

1983). There has been increased interest in this

new field of multidisciplinary nature by

chemists, biologists, and pharmacologists as

evidenced by the appearance of increased num-

ber of patents on methods of isolation and appli-

cation of natural products and periodic review of

the publications in the past few decades. With

more than 20,000 compounds reported so far,

new compounds are being added up every year

showing the pace at which new explorations of

marine natural products are going on globally

(Sipkema et al. 2005; Blunt et al. 2014). Marine

environment accommodates more than 80 % of

the earth’s phyla. Marine plants, animals, and

microorganisms exhibit processes and produce

substances unknown in terrestrial organisms.

Unique chemical structures, unusually high

biological activity, and participation in intra-

and interspecific relationships in underwater
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Fig. 10.1 R¼H,
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spongothymidine
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communities are the reasons for great attention to

these substances.

Though the potential of economic and public

health benefits of pharmaceuticals, pesticides,

hormones, enzymes, and polymers derived from

marine organisms is high, this prospective sector

is yet to be further exploited. The development of

novel products from the sea has the potential to

greatly contribute for the treatment of dreaded

human diseases such as cancer, AIDS, inflamma-

tion diseases, etc. by eliminating drug resistance.

Some of the compounds of significant impor-

tance in terms of their antitumor, cytotoxic,

antiviral, antiparasitic, antimicrobial, receptor-

antagonistic, anticancer, antibiotic, and enzyme

inhibition activities are on clinical trials. With

the development and update of taxonomy of

marine organisms in general and sponges in par-

ticular (Pattanayak and Buddadeb 2001; Hooper

and Van Soest 2002), modern powerful spectro-

scopic techniques like 1H and 13C NMR, 2D

NMR, HRMS, TOF-MALDI, and single-crystal

X-ray diffraction (XRD) analysis find it very

useful for characterization of compounds of

nanoscale yields. As a result, amazing parade of

novel structures has been published in the core

journals. This situation hardly relies on the older

methods of chemical degradations or correlations

on this minute quantity of compounds isolated

from marine organisms. These compounds with

novel structures and pharmacological importance

(e.g., prostaglandins) further increased the curi-

osity of the scientists to explore more marine

organisms (Okuda et al. 1982). MNPs have

been the continued attraction for drug develop-

ment and neurophysiological probes, and the

marine biomedical research has now become

the popular subject as inferred from many recent

reviews (Schwartsmann et al. 2003; Tziveleka

et al. 2003). The compounds, like tetrodotoxin,

however command the field of pharmacology

(French et al. 2010).

The main sources of MNPs are marine

microorganisms and phytoplankton, green

algae, brown algae, red algae, sponges,

coelenterates, bryozoans, mollusks, tunicates

(ascidians), echinoderms, polychaete worms, fin

fishes, and crustaceans. Sponges and

coelenterates continue to dominate as source

phyla for new compounds. The inheritance of

the latest drugs obviously has the origin of the

explorations of marine fauna and flora as has

been seen in the case of some of the antiviral

drug like acyclovir and AZT (Moore 2006;

Thomas et al. 2010; Taylor et al. 2007;

McConnell et al. 1994). Few others to quote are

Yondelis better known as ecteinascidin 743 and

conus toxin ziconotide or Prialt in Phase II/III

trials against soft tissue sarcoma and Phase III

trials for intractable pain, respectively (Newman

and Cragg 2004).

10.3 Sponge Metabolites

Sponges are sessile (sedentary) animals and

are the storehouse of extraneous marine biota

(Moore 2006). As sponges are the filter feeders,

they accumulate an array of microorganisms

which are in symbiotic relationship on inter-

and intracellular mode for nutrition and other

mutual benefits as well. Some natural products

seem to have originated from sponge since they

are located within sponge cells (Uriz et al. 1996).

Other compounds are associated with microbial

symbionts, suggesting that microbes are the true

producers (Farkašovský 2013). The abundance

of the source of MNPs from the organisms is

approximately in the following order:

Sponge > Coelenterates > Microorganisms and

Phytoplankton> Echinoderms¼ Tunicates>
Red algae > Mollusks � Brown algae �
Green algae > Bryozoans

From the order it is obvious that sponges

are the major contributors. The order of

abundance in the type of compounds reported

may be given as:
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Terpenoid > Polyketide > Alkaloid > Peptide

> Shikimate

Terpenoids are prevalent among sponges and

coelenterates. The symbiotic relation that existed

between marine organisms in the marine envi-

ronment was correlated to the terrestrial insect

chemical ecology by the MNP chemists as this

association to every organism was inevitable in

terms of the organism’s defense, camouflage,

etc., to protect them from their enemies. Initially

MNP chemistry was widely developed in three

tracks, viz., marine toxins, marine biomedicines,

and marine chemical ecology. Now they have

been integrated to give more vigor to this field

as they are interdisciplinary in nature. It is diffi-

cult to refer to any single compendium for the

details of MNP research. The identification of the

species and phylum during the chemical work is

the integral part enabling one to correlate the

result of the work of the significance and status

of the particular compound with respect to other

members of the family and the marine

ecosystem.

Invoking the above sequence it is obvious that

sponges are the largest storehouse of novel

compounds being explored every year and nearly

one third of the reports emerging from marine

resources are from sponges. Even though the

quantity of the compounds isolated from sponges

is very low, they give the gateway for the devel-

opment of novel compounds with their unique

structural features typical of marine origin and

also drug candidates (Butler 2004).

As mentioned earlier, sponges are one of the

major contributors of novel MNPs. Many of the

compounds derived from sponges now have

become the precursor for the development of

new drugs.

Sponges are one of the sources of potential

anticancer compounds. Various screening pro-

cesses of the extracts/pure compounds are to be

conducted to confirm the activity. More studies

are being carried out on the extracts/pure

compounds for anticancer and antimicrobial

properties. Various parameters of the pharmaco-

logical activities are used to detect particular

biological activity. The most cited tests for

sponge products are divided into like-groups,

albeit there are overlaps of testing between the

bioactivity types to confirm the activity of com-

pound tested. The range of sponge products

reported for each group is discussed under each

group of biological activity. Only products with

significant to potent activity are taken. Though

there are various types of pharmacological and

other bioactivity experiments, the experiments

used for MNPs as reported earlier are

summarized here.

10.4 Bioactivity Tests Used
for Screening the Spongean
Products

10.4.1 Pharmacological Activity Tests

10.4.1.1 Antitumor (AT) and Anticancer
(AC) Tests

Protein kinase C (PKC) inhibitor,

3-fucosyltransferase (FTase) inhibitor, kinesin

motor protein (KMP) inhibitor, stabilization of

microtubules (MTS), tubulin polymerization

(TP) inhibitor, actin depolymerization (actin

DP), topoisomerase (TI) II inhibitor, nitric oxide

synthase (NOS) inhibitor, NKT cell activator,

reverses drug resistance of cancer cells,

v-ATPase inhibitor, Ca2+ channel blocker,

immunosuppressive (IS), cytotoxic (CTX), P-388

leukemia (P-388L) cells, inhibitor of T-cell prolif-

eration, IL-2 inhibitor, IL-8 inhibitor, histamine

release (HR) inhibitor, inhibitors of proton pump

activity (PPAI), inhibition of DNA replication

(DNAR), lipoxygenase (LP) inhibitor, cysteine

protease (CP) inhibitor, phosphatase activity

(PA) inhibitor, ovarian human tumor (OHT) cell,

inhibitors of serine/threonine (STI)

10.4.1.2 Neurosuppressives
(NS) and Muscle Relaxants (MR)

Glutamate receptor antagonist, serotonergic

receptor (SR) antagonist, IP3-inhibitor, adrener-

gic receptor antagonist, actomyosin ATPase

inhibitor (antiasthmatic, uterine relaxation), glu-

tamate receptor antagonist (GRA)
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10.4.1.3 Anti-inflammatory (AI)
Phospholipase A2 (PLA2) inhibitor

10.4.1.4 Antiviral (AV)
AV (HIV-1 integrase inhibitor), AV (herpes and

polio), AV (feline leukemia, mouse influenza,

mouse corona), UAG suppressor glutamine

tRNA inhibitor, interferon mediator, herpes sim-

plex virus type 1 (HSV-1), HIV reverse tran-

scriptase (HIV RT)

10.4.1.5 Blood-Related Diseases
Serine protease inhibitor (SPI), thrombin recep-

tor antagonist (TRA), VCAM-1 inhibitor, α-glu-
cosidase inhibitor

10.4.1.6 Antibacterial (AB), Antifungal
(AF), Antimalarial (AM),
Antibiotic (ATB)

Gram-positive: Bacillus subtilis, Staphylococcus

aureus, Candida albicans; fungus, Cladosporium
cucumerinum; malarial parasite, Plasmodium

falciparum

10.4.1.7 Toxic Activities

(i) Antifouling (AFL) – repellent

(ii) Inhibition (INB) – fertilized sea urchin egg
cell division

(iii) Ichthyotoxic (ITX) – artemia, fish, feed

deterrent
(iv) Nematocidal

10.5 Compounds Derived
from Sponges

(i) Terpenoids

(ii) Alkaloids and heterocycles

(iii) Polyacetylenes, polyethers, polyketides,

peptides, macrolides

(iv) Glycosides and nucleosides

(v) Steroids

10.5.1 Spongean Terpenoids

The compounds (Table 10.1) include

sesterterpenes (STTPN), triterpenes (TTPN),

sesquiterpenes (SQTPN), and diterpenes

(DTPN) as per the abundance and their hydro-

quinone (HQ) derivatives. They inhibit enzymes

responsible for cell proliferation, thus controlling

tumor or cancer cell formation as tested both for

murine and human cell lines. Some directly act

on tumor/cancer cells arresting further develop-

ment of cells. Scalarane and drimane class

terpenoids are having more activity as cytotoxic.

Muqubilone (Fig. 10.2) (El Sayed et al. 2001b)

inhibits herpes simplex virus (HSV) showing

importance as antiviral agent. Okinonellin B

(Kato et al. 1986) finds extensive screening for

human tumor cell line growth inhibition assay.

10.5.2 Spongean Alkaloids
and Heterocycles

Spongean alkaloids and heterocycles (Table 10.2)

are unique in structural features typical of marine

origin. In this way, manzamines are unique

marine alkaloids possessing an intricate

nitrogen-containing ring system at C-1 of the

β-carboline (indole alkaloid with pyridine ring

fusion) ring. By the virtue of this structural fea-

ture, manzamine derivatives and isomers (Sakai

and Higa 1986) (Fig. 10.3) are having a broad

spectrum of biological activity like antimalarial,

cytotoxicity, insecticidal, and antibacterial

including in the control of AIDS opportunistic

infections. Plakortamine A (Sandler et al. 2002)

(Fig. 10.4) is an indole alkaloid derivative having

the range of cytotoxic activity on different cell

lines.

Fascaplysin A (JimBnez et al. 1991), an

indole alkaloid derivative, has the effect on

HIV reverse transcriptase and inhibits cyclin-

dependent kinases (CDKs) with surprising selec-

tivity (Shafiq et al. 2012). Batzellines (Chang

et al. 2002) and batzelladines (Patil et al. 1996)

are pyrroloquinoline (PQ) group having

promising activity on HIV-related disease.
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Hennoxazole (Ichiba et al. 1991) is a bisoxazole

derivative having antiviral activity on HSV.

Topsentin (Tsujii et al. 1988) is a bis(indolyl)

imidazole compound inhibitory to both human

and murine tumor cell proliferation apart from

being a potent antiviral compound. Isoaaptamine

(Fedoreev et al. 1989) is having significant

antitumor activity against murine P-388 and

human tumor cells including KB16, A549, and

HT-29 cell lines. Other sponge alkaloids having

imidazole, thiazole, guanidine moieties are hav-

ing cytotoxicity against the screened cell lines.

10.5.3 Spongean Polyacetylenes,
Polyethers, Polyketides,
Peptides, Macrolides, etc.

This group comprises macromolecules

(Table 10.3) with toxic activities over a range

of pathogens, cell lines, and potent antitumor;

stabilization of microtubules; and inhibition of

enzymes responsible for cell proliferation,

inflammation, and HIV. Polyketides are natural

products consisting of two principal fatty acid

chains with various functionalities such as a
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Table 10.1 Spongean terpenoids useful in pharmacological activities

Compounds Compound type Antagonist activity Source Reference

Adociasulfate 1 TTPN HQ PPA inhibitor Adocia sp. Kalaitzis et al.

(1999)

Agelasidines B and

C

Hypotaurocyamine Na,K-ATPase inhibitor Agelas nakamurai Nakamura et al.

(1985)

Sodwanone M TTPN CTX to (P-388L) cells Axinella weltneri Rudi et al. (1997)

Yardenone A TTPN CTX to NSCLC cells Axinella cf. bidderi Carletti et al. (2003)

18-epi-scalaradial Scalarane CTX to tumor cells Cacospongia scalaris Rueda et al. (1997)

Metachromin A SQTPN HQ CTX to COLO-205 and

KB

Hippospongia
metachromia

Shen et al. (2001)

Sesterstatin 1 Cyclic STTPN CTX to (P-388L) cells Hyrtios erecta Pettit et al. (1998)

Honulactone A Homoscalarane -do- Strepsichordaia aliena Jiménez et al. (2000)

Polyfibrospongol A SQTPN HQ CTX to human KB-16 Polyfibrospongia
australis

Shen and Hsieh

(1997)

Furan STTPN – Inhibition of DNAR Psammocinia sp. Choi et al. (2004)

Bolinaquinone Furano STTPN Inhibited human PLA2 Dysidea sp. Giannini et al.

(2001)

Stellettin A TRTPN CTX to leukemia Stelletta sp. McCormick et al.

(1996)

Manoalide Cyclohexane STTPN A2 inhibitor Luffariella variabilis Bennet et al. (1987)

Dysidotronic acid Drimane SQTPN PLA2

inhibitor

Dysidea sp. Giannini et al.

(2000)

Cacospongionolide BSTTPN lactone -do- Fasciospongia
cavernosa

Garcia et al. (1999)

Ircinins 1 and 2 Acyclic STTPN PLA2 inhibitor Ircinia oros Cimino et al. (1972)

Petrosaspongiolides Cheilantane

STTPN

-do- Petrosaspongia nigra Randazzo et al.

(1998)

Jaspaquinol Benzenoid DTPN LP inhibitor Jaspis splendens Carroll et al. (2001)

Subersic acid -do- -do- Suberea sp. [- do -]

Muqubilone STTPN (HSV-1) Diacarnus
erythraeanus

El Sayed et al.

(2001b)

Okinonellin B Furano STTPN Muscle relaxant Spongionella sp. Kato et al. (1986)
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Table 10.2 Spongean alkaloids and heterocycles useful in pharmacological activities

Compounds Compound type

Specific

activity Source Reference

1-Carboxymethyl

nicotinic acid

– CP inhibitor Anthosigmella
cf. raromicrosclera

Matsunaga et al.

(1998b)

Discorhabdin S Pyrroloiminoquinone CTX Batzella Gunasekera et al.

(2003)

Plakortamine A β-Carbolines HCT-116

inhibitor

Plakortis nigra Sandler et al. (2002)

Discorhabdin L Quinoline deriv. CTX Latrunculia brevis Reyes et al. (2004)

Topsentin Bis(indoly1)imidazoles AV Halichondriidae Tsujii et al. (1988)

Secobatzelline A Batzellines (PA) inhibitor Batzella Gunasekera et al.

(1999)

Manzamine A – P-388

inhibition

– Sakai and Higa

(1986)

Mimosamycin Isoquinoline OHT Haliclona sp. Rashid et al. (2001)

8-Hydroxymanzamine

A

– AIDS

infections

Petrosiidae El Sayed et al.

(2001a)

Renieramycin J Isoquinoline CTX Neopetrosia sp. Oku et al. (2003)

Dragmacidin E Bisindole STI Spongosorites sp. Capon et al. (1998)

Plakinamine G Steroidal pyrrole CTX Corticium sp. Borbone et al. (2002)

Spongidines A–D Pyridinium alkaloid PLA2 inhibitor Spongia sp. De Marino et al.

(2000)

Isoaaptamine Benzonaphthyridine PKC inhibitor Aaptos aaptos Fedoreev et al. (1989)

Debromohymenialdisine Pyrrole-guanidine -do- Hymeniacidon
aldis

Kitagawa et al.

(1983)

Neoamphimedine Pyridoacridine alkaloid TI-II inhibitor Xestospongia cf

carbonaria
De Guzman et al.

(1999)

Elenic acid Alkylphenol -do- Plakinastrella sp. Juagdan et al. (1995)

Naamine D Imidazole alkaloid NOS inhibitor Leucetta
cf. chagosensis

Dunbar et al. (2000)

Agelasphin α-Galactosylceramide NKT cell

activator

Agelas mauritianus Shimosaka (2002)

Taurodispacamide A Pyrrole-imidazole IL-2 inhibitor Agelas oroides Fattorusso and

Taglialatela-Scafati

(2000)

Pateamine A Thiazole macrolide -do- Mycale sp. Northcote et al.

(1991)

Keramadine Pyrrole-guanidine SR antagonist Agelas sp. Nakamura et al.

(1984)

Penaresidin A Azetidine Actomyosin

ATPase

inhibitor

Penares sp. Kobayashi et al.

(1991)

Variolin B Pyridopyrrolopyrimidine AV Kirkpatrickia
varialosa

Perry et al. (1994)

Avarol Hydroquinone Glutamine Dysidea avara Muller et al. (1987)

tRNA inhibitor

Hennoxazole A Bisoxazole AV to HSV Polyfibrospongia
sp.

Ichiba et al. (1991)

Crambescidin 816 Polycyclic guanidine (HSV-1) Crambe crambe Erijman et al. (1993)

Isobatzelline E PQ alkaloids HIV-1 cell

fusion

Zyzzya fuliginosa Chang et al. (2002)

(continued)
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sulfate ester, an oxazole, and a thiazole group,

constituting a macrocyclic lactone ring bearing a

long side chain attached through an amide link-

age. Though it is difficult to attribute the correct

structure-activity relationship, the stereochemis-

try of the molecular constituents may be respon-

sible for the activity exhibited by these

macromolecules.

The calyculins (Kato et al. 1988) are the

unique polyketides bearing nitrogen and phos-

phorus functions. They are having spiroketal of

an unprecedented skeleton bearing phosphate,

oxazole, nitrile, and amide functionalities. They

are potent antitumor agents inhibiting protein

phosphatases 1 and 2A.

Okadaic acid (Tachibana et al. (1981)

(Fig. 10.5) is a complex derivative of a C38

fatty acid. Though the origin of this compound

is indeed dinoflagellate, Prorocentrum

concavum, it was first isolated from

Halichondria (Murakami et al. 1982). It is

responsible for diarrheal shellfish poisoning

(DSP) accumulated in bivalves. It is a potent

and selective inhibitor of protein phosphatases.

Discodermolide (Gunasekera et al. 1990)

(Fig. 10.6) is a polyketide and potent inhibitor

of tumor cell growth. It is having broad spectrum

of activity as antiproliferative, neuroprotective,

etc.

Plakortide M (Jiménez et al. (2003) is having

potent cytotoxicity in human cancer cell lines in

addition to its antimalarial activity. Plakosides A

and B (Costantino et al. 1997) are unique

glycosphingolipids (prenylated glycolipid) with

strong immunosuppressive activity on activated

T cells. Fulvinol is a long-chain acetylene with

cytotoxicity against four tumor cell lines (Ortega

et al. 1996). Distinctive feature of dysinosin A

(Carroll et al. 2002) is the presence of a

5,6-dihydroxy-octahydroindole-2-carboxylic

acid, 3-amino-ethyl 1-N-amidino-Δ-3-pyrroline,
sulfated glyceric acid, and D-leucine, assembled

through three peptidic linkages.

Clavosines A, B, and C are closely related to

calyculins and calyculinamides. They are potent

cytotoxins for tumor cell lines, potent inhibitors

of type 1 and 2A serine/threonine protein

phosphatases (Fu et al. 1998a). Salicylihalamides

A and B (Erickson et al. 1997) are the macrolides

with a 12-membered lactone ring with the

incorporation of salicylic acid and an enamide

side chain. They are highly potent and cytotoxic
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Fig. 10.4 Plakortamine A

Table 10.2 (continued)

Compounds Compound type

Specific

activity Source Reference

Batzelladine A -do- Binding of

HIVgp

Batzella sp. Patil et al. (1996)

-120 to CD4

Fascaplysin A – HIV RT Fascaplysinopis
reticulate

JimBnez et al. (1991),

Shafiq et al. (2012)

Dragmacidin d Bisindole alkaloids P-388 and

A549 cells

Spongosorites Wright et al. (1992)]
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Table 10.3 Spongean polyacetylenes, polyethers, polyketides, peptides, macrolides, etc., testified in pharmacological

assays

Compounds Activity and type Source Reference

Calyculins B Potent AT Discodermia calyx Kato et al. (1988)

Okadaic acid CTX, polyether Halichondria Tachibana et al. (1981), Murakami

(1982)

Discodermolide IS and CTX Discodermia
dissoluta

Gunasekera et al. (1990)

Polyacetylenic

alcohols

CTX Petrosia Lim et al. (1999)

Clavosines A and

B

CTX to 60 tumor cells Myriastra clavosa Fu et al. (1998a)

Plakortide M CTX, polyketide Plakortis
halichondrioides

Jiménez et al. (2003)

Andavadoic acid CTX to 13 tumor cells Plakortis aff simplex Rudi et al. (2003)

Plakosides IS on T cells Plakortis simplex Costantino et al. (1997)

Fulvinol CTX to tumor cells Reniera fulva Ortega et al. (1996)

Scleritodermin A CTX to tumor cells Scleritoderma
nodosum

Schmidt et al. (2004)

Cyclotheonamide

E4

Inhibition on human tryptase Ircinia sp. Murakami et al. (2002)

Cinachyrolide A CTX on L1210 leukemia Cinachyra sp. Fusetani et al. (1993)

Dysinosin A Anticoagulant Dysideidae Carroll et al. (2002)

Laulimalide CTX on the KB cell line Hyattella sp. Corley et al. (1988), Mooberry

et al. (1999)MTS Cacospongia
mycofljiensis

Theopederin A CTX against P-388 Theonella sp. Fusetani et al. (1992)

Peloruside A -do- Mycale hentscheli Hood et al. (2002)

Latrunculin A Actin DP, macrolide Latrunculia
magnifica

Kashman et al. (1980)

Thiomycalolide A CTX against P-388 Mycale sp. Matsunaga et al. (1998a)

Spongistatin 1 Activity against HT Spongia Pettit et al. (1993)

Cyclotheonamides

E

Active against thrombin Theonella Nakao et al. (1998)

Taurospongin A HIV RT Hippospongia sp. Ishiyama et al. (1997)

Mycalamide A HSV-1 and polio viruses Mycale Perry et al. (1988)

Hemiasterlin MTS Auletta sp. Anderson et al. (1997)

Dictyostatin -do- Corallistidae sp. Isbrucker et al. (2003)

Halichondrin B TP inhibitor Halichondria okadai Hirata and Uemura (1986)

Arenastatin A -do- Dysidea arenaria Koiso et al. (1996)

Swinholide A Actin DP Theonella swinhoei Bubb et al. (1995)

Salicylihalamide v-ATPase inhibitor Haliclona sp. Erickson et al. (1997)

Chondropsins A

and B

-do- Chondropsis sp. Cantrell et al. (2000)

Simplexides Inhibitor of T cell, glycolipid Plakortis simplex Costantino et al. (1999)

Pateamine A IL-2 inhibitor, thiazole Mycale sp. Northcote et al. (1991)

Eryloside F TRA, penasterol Erylus formosus Stead et al. (2000)

Callyspongynic

acid

α-Glucosidase inhibitor,
polyacetylene

Callyspongia
truncata

Nakao et al. (2002)

Dysiherbaine GRA, amino acid Dysidea herbacea Sakai et al. (1997)

Xestospongin C IP3-inhibitor,

bis-oxaquinolizidine

Xestospongia sp. De et al. (1999)

(continued)
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and also represent a potentially important new

class for antitumor lead optimization.

Cyclotheonamides E4 and E5 (Nakao et al.

1998) are cyclic pentapeptides obtainable from

Theonella. They are potent inhibitors for throm-

bin, serine protease, and human tryptase and are

also useful as a therapeutic agent in the treatment

of allergic diseases including asthma.

Taurospongin A is an acetylene-containing natu-

ral product consisting of taurine and two fatty

acid residues. It is a potent inhibitor for DNA

polymerase â and HIV reverse transcriptase

(Ishiyama et al. 1997). Spongistatin 1 is a macro-

cyclic lactone having extremely potent activity

against selected human tumor cell.

Scleritodermin A (Schmidt et al. 2004) is a cyclic

peptide, inhibited tubulin polymerization and

showed significant in vitro cytotoxicity against

human tumor cell lines. Cinachyrolide A

(Fusetani et al. (1993)), laulimalide, and

isolaulimalide (Corley et al. 1988; Mooberry

et al. 1999) are macrolides with potent

cytotoxicity.

10.5.4 Spongean Sterols

Spongian sterols (Table 10.4) are distinct from

the normal sterols with functional groups of sul-

fate, hydroxyls, unsaturation, etc. Clathriol is a

highly oxygenated steroid with unusual 14β con-
figuration, and it has in vitro anti-inflammatory

activity against human neutrophil and rat mast

cells (Keyzers et al. 2002). Clathsterol is a sul-

fated sterol (Fig. 10.7), and it is an inhibitor of
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Table 10.3 (continued)

Compounds Activity and type Source Reference

Papuamides C and

D

Cyclic peptide, AV (HIV-1) Theonella mirabilis Ford et al. (1999)

Mololipids Tyramine lipid Verongida Ross et al. (2000)

Hamigeran B AV (herpes and polio), phenolic

macrolide

Hamigera
tarangaensis

Wellington et al. (2000)
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human deficiency virus type 1 (HIV-1) reverse

transcriptase (RT) (Rudi et al. 2001).

Plakinamines I–K (Fig. 10.8) are steroidal

alkaloids that exhibited significant in vitro cyto-

toxicity (Ridley and Faulkner 2003). Potent

antitumor category sterols include aragusterol A

(Iguchi et al. 1994); 5α,6α-epoxy-24R*-
ethylcholest-8(14)-en-3β,7α-diol [Santafe’

et al. 2002); 3-O-deacetylluffasterol B; and

9,11-secosterol sesterterpenoids (Rueda et al.

1998) with cell lines A-549, HT-29, H-116,

MS-1, and PC-3 tested. Xestobergsterol A

(Shoji et al. 1992) is a potent inhibitor of

histamine release from rat mast cells induced by

anti-IgE.

10.6 Anti(bacterial)microbial,
Antifungal, Antimalarial,
Antibiotic Products

The products obtained from sponges are also

having properties against pathogens harmful to

humans. Both simple and complex molecules

were found to have this property when tested.

Some compounds were having broad-spectrum

activity with their unique structural features typ-

ical to MNP.

Table 10.4 Spongean sterols useful in pharmacological assays

Compounds Activity and type Source Reference

Clathriol AI activity Clathria lissosclera Keyzers et al. (2002)

Plakinamine I CTX Corticium niger Ridley and Faulkner

(2003)

Crellastatin A CTX Crella sp. D’Auria et al. (1998)

Aragusterol A Potent AT Xestospongia Iguchi et al. (1994)

Oxygenated C29

sterols

AT activity Polymastia tenax Santafe’ et al. (2002)

9,11-secosterols AT activity Spongia agaricina Rueda et al. (1998)

Clathsterol HIV-1 RT Clathria sp. Rudi et al. (2001)

Callipeltin A Protect HIV infected cells, cyclic

depsidecapeptide

Callipelta Zampella et al. (1996)

Agosterol A Reverses drug resistancy of cancer cells Spongia sp. Aoki et al. (1998)

Contignasterol HR inhibitor Petrosia contignata Takei et al. (1994)

Xestobergsterols A

and B

-do-, pentacyclic steroids Xestospongia
berquistia

Shoji et al. (1992)

Haplosamates A and

B

AV (HIV-1), sulfamated steroid Xestospongia sp. Qureshi and Faulkner

(1999)

Weinbersterols A and

B

AV feline leukemia, sulfated sterol Petrosia weinbergi Sun et al. (1991)
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10.6.1 Spongean Terpenoids
(Table 10.5)

Agelasine (Fu et al. 1998b) is a diterpene

possessing a 9-methyladeninium substituent

with antimicrobial activity. Kalihinols

(Fig. 10.9) are the diterpene with functional

groups of formamide (kalihipyran derivatives)

and triisocyano groups obtainable from

Acanthella spp. They have been found to have

antibiotic activity (Patra et al. 1984) and also

antifouling activity (Chang et al. 1984) against

larvae of the barnacle Balanus amphitrite.
Halisulfates are the sulfated sesterterpene

hydroquinones with inhibition activity over the

growth of Staphylococcus aureus and Candida
albicans (Satitpatipan and Suwanborirux 2004).

Methanol adduct of puupehenone (Fig. 10.10) is

both antimicrobial and antifungal active (Nasu

et al. 1995; Kondracki et al. 1999).

Table 10.5 Sponge products useful as antibacterial, antifungal, antimalarial, antibiotic, etc.

Compounds

Compound

type

Specific

activity Source Reference

Terpenes

Agelasine DTPN AB Agelas Fu et al. (1998b)

Membranolide C DTPN Gram-negative

AB

Dendrilla
membranosa

Ankisetty et al. (2004)

Kalihinols DTPN Gram-positive

AB

Acanthella sp., Patra et al. (1984)

Acanthella
cavernosa

Chang et al. (1984)

Cacospongionolide

F

STTPN AB and IT Fasciospongia
cavernosa

De Rosa et al. (1999)

Nitrogenous

Germacranes

SQTPN AB Axinyssa n. sp. Satitpatipan and Suwanborirux

(2004)

Halisulfate 1 STTPN AB l Halichondriidae Kernan and Faulkner (1988)

Puupehenones – AB and AF Hyrtios sp. Nasu et al. (1995), Kondracki

et al. (1999)

Homofascaplysin STTPN AB Hyrtios cf. erecta Kirsch et al. (2000)

Sigmosceptrellin B Nor STTPN AM Diacarnus
erythraeanus

El Sayed et al. (2001b)

Diterpenes – AM Cymbastela hooperi König et al. (1996)

Axisonitrile-3 STTPN AM Acanthella klethra Angerhofer et al. (1992)

Arenosclerins A Alkylpiperidine AB Arenosclera
brasiliensis

Torres et al. (2002)
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Homofascaplysin A is potently active in vitro

against the malarial parasite, Plasmodium

falciparum (Kirsch et al. 2000). Hyrtios sp. is a
good source of these two types of compounds.

The presence of isocyanate, isothiocyanate and

isonitrile functional groups in the compounds

isolated from Cymbastela hooperi makes them

significant and selective for in vitro antimalarial

activity test (König et al. (1996).

10.6.2 Spongean Alkaloids
and Heterocycles (Table 10.6)

Papuamine is a pentacyclic alkaloid having anti-

fungal property (Baker et al. 1988). Chelonin A

is an aromatic alkaloid with tryptophan and tyro-

sine unit and found to have multifunctional anti-

microbial activity against Bacillus subtilis and

anti-inflammatory (Bobzi and Faulkner 1991).

A range of bioactive compounds were isolated

from Smenospongia sp. with indole, pyrroloimi-

noquinone, and tryptamine units having signifi-

cant antimalarial and antimycobacterial activity

(Djura et al. 1980; Hu et al. 2002). Stellettazole B

is a geranylgeranyl derivative with antibacterial

activity against Escherichia coli (Matsunaga

et al. 1999).

Palau’amine (Fig. 10.11) is a hexacyclic

bisguanidine derivative having broad-spectrum

activity against both gram-negative and gram-

positive organisms and also resistant to fungal

growth (Kinnel et al. 1993), and an isoquinoline

quinine derivative, obtained from Xestospongia

sp., 6-dimethyl-7-methoxy-5,8-dihydroiso-

quinoline-5,8-dione, was found to be active

against the gram-positive bacteria Bacillus

subtilis and Staphylococcus aureus and fungus

Cladosporium cucumerinum (Edrada et al.

1996a, b). Manzamine class of alkaloids is

important compounds with complex pentacyclic

diamine linked to C-1 of a β-carboline moiety.

The derivatives obtained from Xestospongia

Table 10.6 Spongean alkaloid products useful as antibacterial, antifungal, antimalarial, antibiotic, etc.

Compounds Compound type Specific activity Source Reference

Sceptrin Bromopyrrole ATB Agelas
nakamurai

Eder et al. (1999)

Papuamine Pentacyclic AF Haliclona sp. Baker et al. (1988)

Chelonin A Aromatic

alkaloid

AB Chelonaplysilla
sp.

Bobzin and Faulkner

(1991)

Manzamine A Cyclic

β-carboline
AM Petrosiidae El Sayed et al. (2001a)

6-Bromoaplysinopsin Indole alkaloid AM Smenospongia
aurea

Djura et al. (1980), Hu

et al. (2002)

Plakortide M Polyketide AM Plakortis
halichondrioides

Jiménez et al. (2003)

Naamine A Imidazole

alkaloids

AF Leucetta
chagosensis

Hassan et al. (2004)

3-Bromomaleimide Pyrrole alkaloids AF Axinella
brevistyla

Tsukamoto et al. (2001)

Aureol N,N-dimethyl-

thiocarbamate

– AF and AM Smenospongia
aurea

Hu et al. (2002)

Stellettazole B – AB Stelletta sp. Matsunaga et al. (1999)

Palau’amine Bisguanidine Gram-negative and

gram-positive

Stylotella
agminata

Kinnel et al. (1993)

Isoquinoline quinone – Gram-positive Xestospongia Edrada et al. (1996a)

Manzamine congeners – Insecticidal and gram-

positive

Xestospongia
ashmorica

Edrada et al. (1996b)

Axinellamines B–D Imidazo-azolo-

imidazole

AB Axinella sp. Urban et al. (1999)
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ashmorica are both insecticidal as well as

cytotoxic when studied in vitro against

L1578 mouse lymphoma cells (Edrada et al.

1996a, b).

10.6.3 Spongean Acetylenes,
Polyethers, Polyketides,
Macrolides

These groups include complex molecules having

antimicrobial properties when tested against var-

ious pathogens (Table 10.7). Melophlin C

(Fig. 10.12) is a tetramic acid derivative isolated

from the sponge, Melophlus sarassinorum
(Wang et al. 2003). It has pronounced

antibacterial activity against gram-positive

pathogens of Bacillus subtilis, Staphylococcus
aureus, and Candida albicans. Aciculitins A–C

are bicyclic peptides with unusual histidino-

tyrosine bridge attached to a bicyclic peptide

along with C13-C15 2,3-dihydroxy-4,6-dienoic

acids bearing D-lyxose at the 3-position,

obtained from Aciculites orientalis. They

inhibited the growth of Candida albicans and
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Table 10.7 Spongean acetylenes, polyethers, polyketides, macrolides, glycosides, nucleosides, hydroquinone

derivatives, and sterols useful as antibacterial, antifungal, antimalarial, antibiotic, etc.

Compounds Compound type

Specific

activity Source Reference

Acetylenes, polyethers, polyketides, macrolides

Melophlin C Tetramic acid AB Melophlus
sarassinorum

Wang et al. (2003)

Celenamide E Tripeptide alkaloid ATB Cliona chilensis Palermo et al. (1998)

Aciculitins 1–3 Cyclic peptides Gram-

positive

Aciculites orientalis Bewley et al. (1996)

Phorboxazoles A and

B

Macrolides AF Phorbas sp. Searle and Molinski

(1995)

Jaspamide Peptide AF Jaspis Zabriskie et al. (1986)

Swinhoeiamide A Calyculin derivative AF Theonella swinhoei Edrada et al. (2002)

Discodermins B, C,

and D

Cyclic peptide AB Discodermia kiiensis Matsunaga et al.

(1985)

Spongistatin Polyether macrolide AF Hyrtios erecta Pettit et al. (1998)

Leucascandrolide A Polyether macrolide AF Leucascandra
caveolata

D’Ambrosio et al.

(1996)

Glycosides, nucleosides, hydroquinone derivatives

Oceanapiside Bis-α,ω-amino alcohol

glycoside

AF Oceanapia
phillipensis

Nicholas et al. (1999)

Aurantosides Tetramic acid glycosides AF Siliquariaspongia
japonica

Sata et al. (1999)

Isoquinoline

quinones

– Gram-

positive

Xestospongia Edrada et al. (1996a,

b)

Sterols

Topsentiasterol

sulfate A

Sulfated sterol AB and AF Topsentia sp. Fusetani et al. (1994)

Acanthosterols I and

J

Sulfated sterol AF Acanthodendrilla sp. Tsukamoto et al.

(1998)
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were cytotoxic toward the HCT-116 cell line

(Bewley et al. 1996). Jaspamide is a mixed pep-

tide with potent insecticidal activity against

Heliothis virescens and antifungal activity against

Candida albicans (Zabriskie et al. 1986). Macro-

cyclic lactone polyether, Spongistatin, isolated

from Hyrtios erecta, was a broad spectrum anti-

fungal compound (Petit et al. 1997).

Swinhoeiamide A is a calyculinamide-related

congener with insecticidal activity toward neonate

larvae of the polyphagous pest Spodoptera
littoralis when incorporated in an artificial diet

and also fungicidal against Candida albicans and

Aspergillus fumigates (Edrada et al. 2002).

10.6.4 Spongean Glycosides,
Nucleosides, Hydroquinone,
Sterols

Oceanapiside is an α,ω-bis-aminohydroxylipid

glycoside having significant antifungal activity

against the pathogenic, fluconazole-resistant

yeast, Candida glabrata (Nicholas et al. 1999)

and was obtained from Oceanapia phillipensis.

10.7 Antifouling, Inhibition of Sea
Urchin Egg Cell Division,
Toxicity for Artemia, Feed
Deterrent, Repellent,
Ichthyotoxic, Nematocidal
Products

10.7.1 Spongean Terpenes (Table 10.8)

Apart from the range of bioactivities we have

seen so far, sponge compounds are also having

deterrent activity to marine macroorganisms

paving the way to develop the probable products

which may find similar uses under controlled

conditions. The toxicity of these compounds

present in sponges saves them from their

predators leaving them unharmed and better sur-

vival in the competitive marine environment.

Cacospongionolide F is a diterpenoid having

lethal activity on brine shrimp, Artemia salina,

and fish (De Rosa et al. 1999). Puupehenone

derivative, 15-oxopuupehenone obtained from

Hyrtios spp., is having both antitumor and anti-

malarial activity (Nasu et al. 1995; Kondracki

et al. 1999). Strongylophorine dimer obtained

from Strongylophora sp. is a meroditerpenoid

having activity against Micrococcus luteus, Sal-

monella typhi, and phytopathogenic fungus

Cladosporium cucumerinum and also against

the neonate larvae of the polyphagous pest insect

Spodoptera littoralis (Oliveros et al. 1998).

10.7.2 Spongean Alkaloids
and Heterocycles (Table 10.9)

Bengazole A (Fig. 10.13) is a bisoxazole that has

anthelmintic activity (Adamczeski et al. 1988).

Mauritiamine is an oroidin dimer found to inhibit

larval metamorphosis of the barnacle Balanus
amphitrite but promoted larval metamorphosis

of the ascidian Ciona savignyi (Tsukamoto

et al. 1996b).

10.7.3 Spongean Acetylenes,
Polyethers, Polyketides,
Macrolides

Callytriols are polyacetylenic compounds with

potent metamorphosis inducing activity on the

ascidian Halocynthia roretzi larvae and antifoul-

ing activity against the barnacle Balanus
amphitrite larvae (Tsukamoto et al. 1997).

Spongiadioxin C and its methyl ether are

polybrominated diphenyl ethers that inhibited

the cell division of fertilized sea urchin eggs

(Utkina et al. 2002). Amphilactams A–D are

macrocyclic lactone/lactams having potent

in vitro nematocidal properties, obtained from

Amphimedon spp. (Ovenden et al. 1999).

Cyclotheonamide (Fig. 10.14) is having potent

MeN

O OH

O

1

3

5

6

18

17

Melophlins C

Fig. 10.12 Melophlin C

10 Bioactive Potential of Sponge Secondary Metabolites 157



Table 10.8 Sponge terpene and alkaloid products useful as antifouling, repellent, etc.

Compounds Compound type Specific activity Source Reference

Terpenes

Kalihinene X IsocyanoTPN AFL Acanthella
cavernosa

Okino et al. (1995)

Kalihipyrans DTPN

formamides

AFL to Balanus
amphitrite

Acanthella
cavernosa

Okino et al. (1996)

Cacofurans 1 and 2 Labdane-class

DTPN

INB Cacospongia sp. Tanaka et al. (2001)

Furanosesquiterpene – AFL Mytilus edulis
galloprovincialis

Dysidea herbacea Sera et al. (1999a)

Cavernosolide STTPN ITX Fasciospongia
cavernosa

De et al. (1997)

Cacospongionolide F STTPN ITX Fasciospongia
cavernosa

De Rosa et al. (1997)

15-Oxopuupehenol – AT and AM Hyrtios spp. Nasu et al. (1995)

Strongylophorine

dimer

mero DTPN ITX Strongylophora Oliveros et al. (1998)

Alkaloids

E/Z bromoindole ethyl

esters

– nematocidal Hymeniacidon sp. Capon et al. (2002)

Sventrin Bromopyrrole

alkaloid

ITX Agelas sventres Assmann et al. (2001)

Bengazole A Oxazoles Anthelmintic Jaspidae Adamczeski et al. (1988)

Table 10.9 Sponge heterocycles, acetylenes, polyethers, and steroids useful as antifouling, repellent, etc.

Compounds Compound type

Specific

activity Source Reference

Heterocycles

Mauritiamine Oroidin dimer AF Agelas
mauritiana

Tsukamoto et al. (1996b)

Pseudoceratidine 2 Dibromopyrrolo

spermidine

AF Pseudoceratina
purpurea

Tsukamoto

et al. (1996c)

Ceratinamides A and B Bromotyrosine deriv AF Pseudoceratina
purpurea

Tsukamoto et al. (1996d)

Acetylenes, polyethers, etc

Callytriols Polyacetylene AF Callyspongia
truncata

Tsukamoto et al. (1997)

Spongiadioxins Polybrominated

dibenzo-p-dioxins
INB Dysidea dendyi Utkina et al. (2002)

Geodin A Mg salt Macrocyclic

polyketide

Larval

nematocidal

Geodia Capon et al. (1999)

Callyspongins A and B Polyacetylene

Sulfates

INB starfish

gametes

Callyspongia
truncata

Uno et al. (1996)

Ceratinamine Cyanoformamide AF Pseudoceratina
purpurea

Tsukamoto et al. (Tsukamoto

et al. 1996a, b, c, d)

Amphilactams A–D Macrocyclic lactone Larval

nematocidal

Amphimedon Ovenden et al. (1999)

Cyclotheonamide E4 Cyclic peptide Treatment

of asthma

Ircinia sp. Murakami et al. (2002)

Waiakeamide Hexapeptide AFL Haliclona sp. Sera et al. (2003)

Steroids

Epidioxy sterols – AFL Lendenfeldia
chondrodes

Sera et al. (1999b)

Mycalosides A Steroidal

oligoglycosides
INB Mycale

laxissima
Antonov et al. (2003)
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inhibitory activity against human tryptase and

also useful as a therapeutic agent in the treatment

of allergic diseases including asthma (Murakami

et al. 2002).

10.7.4 Spongean Steroids

Epidioxy sterols showed repellent activity

against the blue mussel Mytilus edulis gallopro-

vincialis (Sera et al. 1999a). Steroidal

oligoglycosides, mycalosides B–I, inhibit the fer-

tilization of eggs by sperm of the sea urchin

Strongylocentrotus nudus preincubated with

these compounds (Antonov et al. 2003).

10.8 Conclusion

The biotechnology revolution has impacted the

diverse fields of science and many sectors of the

economy. In the environmental arena, applica-

tion of molecular technologies has brought new

ways to identify and mitigate ecological stresses

and may hold the keys to remediation. Sales of

products developed through biotechnology have

been increased by 17 % in 1998 to $13 billion – a

figure with the potential to reach about $30 bil-

lion in the coming years. Remarkably, these

developments have been largely based upon the

molecular genetic characterization of terrestrial

organisms, even though more than 80 % of all

the earth’s phyla are found only in the sea. Stud-

ies show that the extension of biotechnology to

the marine environment is few despite numerous,

compelling incentives. Marine plants, animals,

and microorganisms exhibit processes and pro-

duce substances unknown in terrestrial

organisms. The potential economic and public

health benefits of pharmaceuticals, pesticides,

hormones, enzymes, and polymers derived from

marine organisms are high and yet to be

exploited further. If the mankind is to realize
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the benefits to be derived from marine organisms

including myriads of beneficial microorganisms

as sources of new products and processes and

develop viable strategies to conserve them, an

increased investment and attention in marine

biotechnology is essential.

Recent advances in molecular genetics, sensor

biology, environmental remediation, and bioengi-

neering have greatly expanded the ability to find,

manipulate, and utilize marine organisms in a

sustainable manner. Recognizing the potential of

marine biotechnology as the “greatest remaining

technology and industrial frontier,” it is expected

in the future to unravel the seas with more invest-

ment to have the sustainability of the nature and to

realize the benefits of nature for the mankind.
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Adamczeski M, Quiñoá E, Crews P (1988) Unusual

anthelminthic oxazoles from a marine sponge. J Am

Chem Soc 110:1598–1602

Albizati KF, Martin VA, Agharahimi MR, Stolze DA

(1990) In: Scheuer PJ (ed) Bioorganic marine chemis-

try, vol 5. Springer, Berlin/Heidelberg

Anderson HJ, Coleman JE, Andersen RJ, Roberge M

(1997) Cytotoxic peptides hemiasterlin, hemiasterlin

A and hemiasterlin B induce mitotic arrest and abnor-

mal spindle formation. Cancer Chemother Pharmacol

39:223–226

Angerhofer CK, Pezzuto JM, Konig GM, Wright AD,

Sticher O (1992) Antimalarial activity of

sesquiterpenes from the marine sponge Acanthella

klethra. J Nat Prod 55:1787–1789

Ankisetty S, Amsler CD, McClintock JB, Baker BJ (2004)

Further membranolide diterpenes from the Antarctic

sponge Dendrilla membranosa. J Nat Prod

67:1172–1174

Antonov AS, Afiyatullov SS, Kalinovsky AI,

Ponomarenko LP, Dmitrenok PS, Aminin DL,

Agafonova IG, Stonik VA (2003) Mycalosides B-I,

eight New spermostatic steroid oligoglycosides from

the sponge Mycale laxissima. J Nat Prod

66:1082–1088

Aoki S, Yoshioka Y, Miyamoto Y, Higuchi K,

Setiawan A, Murakami N, Chen ZS, Sumizawa T,

Akiyama S, Kobayashi M (1998) Agosterol A, a

novel polyhydroxylated sterol acetate reversing

multidrug resistance from a marine sponge Spongia
sp. Tetrahedron Lett 39:6303–6306
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Kirsch G, Köng GM, Wright AD, Kaminsky R (2000) A

new bioactive sesterterpene and antiplasmodial

alkaloids from the marine sponge Hyrtios cf. erecta.
J Nat Prod 63:825–829

Kitagawa I, Kobayashi M, Kitanaka K, Kido M, Kyogoku

Y (1983) Marine natural products, XII: on the chemi-

cal constituents of the Okinawan marine sponge

Hymeniacidon aldis. Chem Pharm Bull 31:2321–2328

Kobayashi J, Cheng JF, Ishibashi M, Walchli MR,

Yamamura S, Ohizumi Y (1991) Penaresidin A

and B, two novel azetidine alkaloids with potent acto-

myosin ATPase activating activity from the Okinawan

marine sponge Penares sp. J Chem Soc Perkin Trans

1:1135–1138

Koiso Y, Morita K, Kobayashi M, Wang W, Ohyabu N,

Iwasaki S (1996) Effects of arenastatin A and its

synthetic analogs on microtubule assembly.

Chemico-Biol Interact 102:183–191

Kondracki MLB, Lacombe F, Guyot M (1999) Methanol

adduct of puupehenone, a biologically active deriva-

tive from the marine sponge Hyrtios species. J Nat

Prod 62:1304–1305

König GM, Wright AD, Angerhofer CK (1996) Novel

potent antimalarial diterpene isocyanates,

isothiocyanates, and isonitriles from the tropical

marine sponge Cymbastela hooperi. J Org Chem

61:3259–3267

Lim YJ, Kim JS, Im KS, Jung JH, Lee CO, Hong J, Kim

DK (1999) New cytotoxic polyacetylenes from

the marine sponge Petrosia. J Nat Prod 62

(9):1215–1217

Luckner M (1983) Secondary metabolites in

microorganisms, plants and animals. Berlin, Springer.

In: Torssell KBG (ed) (1984) Natural product chemis-

try. A mechanistic and biosynthetic approach to sec-

ondary metabolism, 2nd edn. John Wiley, New York

Matsunaga S, Fusetani N, Konosu S (1985) Bioactive

marine metabolites, VII: structures of

discodermins B, C, and D, antimicrobial peptides

from the marine sponge Discodermia kiiensis. Tetra-
hedron Lett 26:855–856

Matsunaga S, Nogata Y, Fusetani N (1998a)

Thiomycalolides: new cytotoxic trisoxazole-

containing macrolides isolated from a marine sponge

Mycale sp. J Nat Prod 61:663–666

Matsunaga S, Kamimura T, Fusetani N (1998b) Isolation

of 1-carboxymethylnicotinic acid from the marine

sponge Anthosigmella cf. raromicrosclera as a cyste-

ine protease inhibitor. J Nat Prod 61:671–672

Matsunaga S, Yamashita T, Tsukamoto S, Fusetani N

(1999) Three new antibacterial alkaloids from a marine

sponge Stelletta species. J Nat Prod 62:1202–1204

McConnell O, Longley RE, Koehn FE (1994) In: Gullo

VP (ed) In the discovery of natural products with

therapeutic potential. Butterworth-Heinemann, Bos-

ton, pp 109–174

McCormick JL, McKee TC, Cardellina JH, Leid M, Boyd

MR (1996) Cytotoxic triterpenes from a marine

sponge, Stelletta sp. J Nat Prod 59:1047–1050

Mooberry SL, Tien G, Hernandez AH, Plubrukarn A,

Davidson BS (1999) Laulimalide and isolaulimalide,

new paclitaxel-like microtubule-stabilizing agents.

Cancer Res 59:653–660

Moore BS (2006) Biosynthesis of marine natural

products: macroorganisms (Part B). Nat Prod Rep

23:615–629

Muller WEG, Sobel C, Diehl-Seifert B, Maidhof A,

Schroder HC (1987) Influence of the antileukemic

and anti-human immunodeficiency virus agent avarol

on selected immune responses in vitro and in vivo.

Biochem Pharmacol 36:1489–1494

Munro MHG, Blunt JW, Dumdei EJ, Hickford SJH, Lill

RE, Li S, Battershill CN, Duckworth AR (1999) The

10 Bioactive Potential of Sponge Secondary Metabolites 163



discovery and development of marine compounds

with pharmaceutical potential. J Biotechnol 70:15–25

Murakami Y, Oshima Y, Yasumoto T (1982) Identifica-

tion of okadaic acid as a toxic component of a marine

dinoflagellate Prorocentrum lima. Bull Jpn Soc Sci

Fish 48:69–72

Murakami Y, Takei M, Shindo K, Kitazume C, Tanaka J,

Higa T, Fukamachi H (2002) Cyclotheonamide E4

and E5, New Potent Tryptase Inhibitors from an

Ircinia species of sponge. J Nat Prod 65:259–261

Nakamura H, Ohizumi Y, Kaboyashi J (1984)

Keramadine, a novel antagonist of serotonergic

receptors isolated from the Okinawan sea sponge

Agelas sp. Tetrahedron Lett 25:2475–2478

Nakamura H, Wu H, Kobayashi J, Kobayashi M,

Ohizumi Y, Hirata Y (1985) Agelasidines. Novel

hypotaurocyamine derivatives from the Okinawan

Sea sponge Agelas nakamurai Hoshino. J Org Chem

50(14):2494–2497

Nakao Y, Oku N, Matsunaga S, Fusetani N (1998)

Cyclotheonamides E2 and E3, new potent serine pro-

tease inhibitors from the marine sponge of the genus

Theonella. J Nat Prod 61:667–670

Nakao Y, Uehara T, Matsunaga S, Fusetani N, Van Soest

RWM (2002) Callyspongynic acid, a polyacetylenic

acid which inhibits a-glucosidase, from the

marine sponge Callyspongia truncata. J Nat Prod

65:922–924

Nasu SS, Yeung BKS, Hamann MT, Scheuer PJ, Kelly-

Borges M, Goins K (1995) Puupehenone-related

metabolites from two Hawaiian sponges, Hyrtios
spp. J Org Chem 60:7290–7292

Newman DJ, Cragg GM (2004) Marine natural products

and related compounds in clinical and advanced pre-

clinical trials. J Nat Prod 67(8):1216–1238

Nicholas GM, Hong TW, Molinski TF, Lerch ML,

Cancilla MT, Lebrilla CB (1999) Oceanapiside, an

antifungal Bis-α, ω-amino alcohol glycoside from the

marine sponge Oceanapia phillipensis. J Nat Prod

62:1678–1681

Northcote PT, Blunt JW, Munro MHG (1991) Pateamine:

a potent cytotoxin from the New Zealand marine

sponge, Mycale sp. Tetrahedron Lett 32:6411–6414

Okino T, Yoshimura E, Hirota H, Fusetani N (1995) Anti-

fouling kalihinenes from the marine sponge Acanthella

cavernosa. Tetrahedron Lett 36:8637–8640

Okino T, Yoshimura E, Hirota H (1996) New antifouling

Kalihipyrans from the marine sponge Acanthella
cavernosa. J Nat Prod 59:1081–1083

Oku N, Matsunaga S, van Soest RWM, Fusetani N (2003)

Renieramycin J, a highly cytotoxic tetrahydroiso-

quinoline alkaloid, from a marine sponge Neopetrosia
sp. J Nat Prod 66:1136–1139

Okuda RK, Klein D, Kinnel RB, Li M, Scheuer PJ (1982)

Marine natural products: the past twenty years and

beyond. Pure Appl Chem 54(10):1907–1914

Oliveros MB, Edrada RA, Proksch P, Wray V, Witte

Nad L, Van Soest RW (1998) A new meroditerpenoid

dimer from an undescribed Philippine marine sponge

of the genus Strongylophora. J Nat Prod 61:948–952

Ortega MJ, Zubı́a E, Carballo JL, Salva J (1996) Fulvinol,

a new long-chain diacetylenic metabolite from the

sponge Reniera fulva. J Nat Prod 59:1069–1071

Ovenden SPB, Capon RJ, Lacey E, Gill JH, Friedel T,

Wadsworth D (1999) Amphilactams A–D: novel

nematocides from southern Australian marine sponges

of the genus Amphimedon. J Org Chem 64:1140–1144

Palermo JA, Brasco MFR, Cabezas E, Balzaretti V,

Seldes AM (1998) Celenamide E, a tripeptide alkaloid

from the Patagonian sponge Cliona chilensis. J Nat

Prod 61:488–490

Patil AD, Kumar NV, Kokke WC, Bean MF, Freyer AJ,

De Brosse C, Mai S, Truneh A, Faulkner DJ, Carte B,

Breen AL, Hertzberg RP, Johnson RK, Westley JW,

Potts BCM (1996) Novel alkaloids from the Sponge

Batzella sp.: inhibitors of HIV gpl2O-Human CD4
Binding. J Org Chem 60:1182–1188

Patra A, Chang CWJ, Scheuer PJ, Van Duyne GD,

Matsumoto GK, Clardy J (1984) An unprecedented

triisocyano diterpenoid antibiotic from a sponge. J Am

Chem Soc 106:7981–7983

Pattanayak JG, Buddadeb M (2001) Distribution of

marine sponges (Porifera) in India. Proc Zool Soc

Calcutta 54:73–101

Pawlik JR, Chanas B, Toonen RJ, Fenical W (1995)

Defenses of Caribbean sponges against predatory

reef fish.1. Chemical deterrency. Mar Ecol Prog Ser

127:183–194

Perry NB, Blunt JW, Munro MHG, Pannell LK (1988)

Mycalamide a, an antiviral compound from a

New Zealand sponge of the genus Mycale. J Am

Chem Soc 110:4850–4851

Perry NB, Ettouati L, Litaudon M, Blunt JW, Munro

MHG, Parkin S, Hope H (1994) Alkaloids from the

antarctic sponge Kirkpatrickia varialosa, part 1:

variolin B, a new antitumour and antiviral compound.

Tetrahedron 50:3987–3992

Pettit GR, Cichacz ZA, Gao F, Herald CL, Boyd MR,

Schmidt JM, Hooper JNA (1993) Isolation and struc-

ture of spongistatin 1. J Org Chem 58:1302–1304

Pettit RK, McAllister SC, Pettit GR, Herald CL, Johnson

JM, Cichacz ZA (1997) A broad-spectrum antifungal

from the marine sponge Hyrtios erecta. Int J

Antimicrob Agents 9:147–152

Pettit GR, Cichacz ZA, Tan R, Hoard MS, Melody N,

Pettit RK (1998) Antineoplastic agents. 386. Isolation

of sesterstatins 1–3 from the marine sponge Hyrtios
erecta. J Nat Prod 61:13–16

Qureshi A, Faulkner DJ (1999) Haplosamates A and B:

new steroidal sulfamate esters from two haplosclerid

sponges. Tetrahedron 55:8323–8330

Randazzo A, Debitus C, Minale L, Pastor PG, Alcaraz
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Typification of Chemical Compounds
of Marine Sponge Metabolites 11
Irudayaraj Rajendran

Abstract

Sponges are the storehouse of extraneous marine biota paving way for the

formation of unique structured organic compounds with interesting

biological activities either by themselves or by their symbionts in the

form of secondary metabolites for their defense from their enemies. Some

compounds are specific to the genus and some are dependent on the

location. The range of compounds includes major classes viz., terpenoids,
alkaloids, heterocycles, steroids, polyacetylenes, peptides, polyethers,

polyketides, macrolides, glycosides, and nucleosides. Major compounds

under each class with reported biological activities are discussed.

Compounds with unique structural features and chemical interest are

taken into account.

Keywords

Marine natural products • Sponge extracts • Bioprospecting • Bioactive

compounds

11.1 Introduction

Sponges are wealthy reservoirs of compounds

with novel structural features found typical of

marine origin. Many are having definite

biological activity with unique structural features

mainly of chemical interest. Any report of the

new product from a sponge is followed by its

synthesis reported by another group elsewhere.

The compounds are the result of either sponge

metabolism or of the symbiotic microbiota pres-

ent in inter- or intraspecific mode in the cells of

the sponge (Schmitz et al. 1984; Ishibashi et al.

1986; Kobayashi et al. 1988). Some compounds

are indeed specific to particular genus useful for

chemotaxonomical classification. However the

incidence of the products is location specific

with the presence of type of microbes present in

them as have been ascertained from the reports.

On the basis of novelty in the structures, they

are classified under the major groups of:
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1. Terpenoids

2. Alkaloids

3. Heterocycles

4. Steroids

5. Polyacetylenes, peptides, polyethers, poly-

ketides, and macrolides

6. Glycosides and nucleosides

Major compounds under each group with the

reported biological activities are taken primarily

for discussion. Compounds with unique struc-

tural features and chemical interest are discussed.

Various types of compounds reported under each

group in this chapter.

11.2 Terpenoids

Terpenes are the major class of compounds

found among the sponge secondary metabolites.

Natural compounds, artifacts, analogues, and

functional derivatives are among the range of

the terpenoids identified from sponge extracts.

The terpenes isolated and characterized from

sponges generally include sesquiterpenes (C15),

diterpenes (C20), sesterterpenes (C25), and

triterpenes (C30), with functional groups com-

prising formamide, hydroquinone, epoxy,

halogen-substituted carbonimides, peroxides,

isocyano, furan, sulfate, keto, aldehyde,

hydroxyl, acetoxy, aromatic, isonitrile, pyrrole,

amino, guanidine, adenine, pyran etc. Devoid of

one or two carbons result in the norterpenes.

Stereo isomers include either enantiomers or

diastereoisomers. The compounds are cyclic

and/or acyclic and rearranged form. The vernac-

ular names of the compounds are arrived at with

the incorporation of the genus of sponge source

or person or place of the sponge source. The

major terpenoids and their derivatives with

reported biological activity are discussed. The

repeated structural features are omitted among

the compounds identified, for the knowledge of

novel structures.

11.2.1 Sesquiterpenes

The sesquiterpenes having unusual carbocyclic

skeleton, are present inCymbastela hooperi. The

compounds are (1R*,2S*,5R*,6R*,7S*,8R*)-1,5-

dimethyl-7-(10-methylethenyl)-tricyclo [6.2.0.3]

decane (kelsoene, Fig. 11.1),

(1R*,2S*,5R*,6R*,7R*,8S*)-1,5-dimethyl-8-(10-
methylethenyl)-tricyclo [5.3.0.2] decane

(prespatane, Fig. 11.2), (1R*,4R*,7S*,10S*)-

4,10-dimethyl -7-(10-methylethenyl)-bicyclo

[5.3.0]dec-5-ene (epi-γ- gurjunene, Fig. 11.3),

H

H
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and (1R*,6R*,7S*,10S*)-4,10-dimethyl-7-(10-
methylethyl)-10-mercaptobicyclo [4.4.0]-dec-4-

ene (T-cadinthiol, Fig. 11.4) (König and

Wright 1997). Sesquiterpenes and 12- norsesqui-

terpenoids with drimane skeleton are found in

Dysidea sp. (Paul et al. 1997). Sesquiterpene

with incorporated furanone moiety has been

reported from sponge, Dysidea herbacea (Sera

et al. 1999a, Fig. 11.5).

The compounds melemeleone A, an

18-methoxyavarone derivative (Fig. 11.6), and

popolohuanone-C (Fig. 11.7) having quinone

moieties with additional heteroatoms were

isolated from Dysidea avara. Bilosespens A and

B (Fig. 11.8), Dysidea cinerea (Alvi et al. 1992;

Rudi et al. 1999) respectively.

Eudesm-11-en-4-ylamine hydrochloride,

axinyssamine hydrochloride, 4-isocyana-

toeudesm-11-ene, and formamidoeudesm-11-

ene, Axinyssa ambrosia (Petrichtcheva et al.

2002, Fig. 11.9).

Germacrane sesquiterpenes (Fig. 11.10):

(1Z,4Z)-7RH-11-aminogermacra-1(10),4-diene, N,

N-11-bis[(1Z,4Z )-7αH-germacra-1(10),4-dienyl]

urea, Axinyssa n. sp. (Satitpatipan and

Suwanborirux 2004); sesquiterpene hydro-

quinones (Fig. 11.11), metachromins A and B

and hippochromins A and B, Hippospongia

metachromia (Ishibashi et al. 1988; Shen et al.

2001).

Puupehenones (a unique class of merosesqui-

terpenes, Fig. 11.12), 21-chloropuupehenol,

16-oxopuupehenol, and molokinenone were

isolated from Hyrtios sp. (Nasu et al. 1995). Sim-

ilar structural analogues were also isolated along

SHH
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with these compounds. The formation of the

artifacts from the parent compound puupehenone

by methanol adduct is discussed (Kondracki

et al. 1999). Hyrtios sp. (puupehenone

congeners), (+)-(5S,8S,9R,10S)-20-methoxy

puupehenone and (+)-(5S,8S,9R,10S)-15,20-
dimethoxy-puupehenol (Fig. 11.13, Piña

et al. 2003). Ilimaquinone derivatives (sesquiter-

pene hydroquinones, Fig. 11.14):

polyfibrospongols A and B, dictyoceratin A,

and ilimaquinone analogues, Polyfibrospongia

australis (Shen and Hsieh 1997); ilimaquinone

and 5-epi-ilimaquinone, Fenestraspongia

(Salmoun et al. 2000; Goclik et al. 2000).

Parahigginols A–D and parahigginic acid,

Parahigginsia sp. (Chen et al. 1999);

5-isothiocyanatopupukeanane, Axinyssa (Marcus

et al. 1989).

Sesquiterpene cyclopentenones, sesquiter-

pene aminoquinone (rearranged drimane skele-

ton, Fig. 11.15): Dysidenones A and B and

dysidine, bolinaquinone, Dysidea sp. (Giannini

et al. 2001). Sesquiterpene amide of

1,4-diguanidinobutane and bistellettadines A

and B, Stelletta sp. (Tsukamoto et al. 1999).
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11.2.2 Diterpenes

They include agelasine, kalihinane, nakamurol,

cacofurans, dendrillolides, muqubilin,

dolabellanes, polones, ambliols, spongines,

phorbasins, and strongylophorines. Only novel

structures have been depicted omitting the

repeated structural feature with different func-

tional groups.

Agelasins They were isolated from Agelas

sp. and the extract contained both diterpene

and sesquiterpenes. They are quaternary

9-methyladenine salt of diterpenes (Capon and

Faulkner 1984; Fu et al. 1998a, Fig. 11.16).

Agelasidines A and B (Fig. 11.17): they are

hypotaurocyamine derivative from a Pacific

sponge Agelas sp. (Capon and Faulkner 1984):

Agelas nakamurai (Nakamura et al. 1985).

Kalihinenes Diterpene formamides and

kalihipyran derivatives were isolated to charac-
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terize the compounds as kalihinenes X–Z,

kalihipyrans A and B, kalihinol A,

10-formamidokalihinene, 15-formamidoka-

lihinene, and biflora-4,9,15-triene, Acanthella

cavernosa (Okino et al. 1996) (Fig. 11.18).

Kalihinols (Triisocyano Diterpenoid)

Kalihinols A, E, and F, unprecedented

triisocyano diterpenoid, Acanthella sp. (Chang

et al. 1984; Patra et al. 1984). Seven new

diterpene isonitriles and isothiocyanates were

isolated from the sponge Phakellia pulcherrima

along with eight known ones. Six of the new

O
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compounds, 9–14, and the eight known ones,

1–8, belong to the kalihinol family of diterpenes

(Wolf and Schmitz 1998) (Fig. 11.19).

Nakamurols A–D (Fig. 11.20), Agelas
nakamurai (Shoji et al. 1996); cacofurans A and

B (Fig. 11.21): They are labdane-class

diterpenes, Cacospongia sp. (Tanaka et al.

2001). Membranolides B–D (Fig. 11.22),

Dendrilla membranosa (Ankisetty et al. 2004).

Nuapapuins A and B (norditerpene peroxides)

(Fig. 11.23), Diacarnus cf. spinopoculum

[Sperry et al. (1998)]; aikupikoxide A,

aikupikoxides B–D (Fig. 11.24), muqubilin,

nuapapuin A methyl ester, and O-methyl

guaianediol, Diacarnus erythraenus (Youssef

et al. 2001).

Strongylophorines (Fig. 11.25): They are

meroditerpenoids possessing a hydroquinone

situated on an isocopalane-type diterpene skele-

ton, strongylophorines 3, 4, 5, 6, and

8, strongylophorine dimer, Strongylophora

durissima, Petrosia (Strongylophora) corticata

(Salvlf and Faulkner 1990; Oliveros et al. 1998;

Hoshino et al. 2003).

11.2.3 Sesterterpenes

Cavernosolide, Fasciospongia cavernosa
(De Rosa et al. 1997); cacospongionolide E,

Fasciospongia cavernosa (De Rosa et al. 1998,

1999); furospongins, furospongin-5, cyclofur-

ospongin-2, and demethylfurospongin-4, Spongia

officinalis (Garrido et al. 1997) (Fig. 11.26).

Sesterterpene sulfates: Halisulfates 1–3 sul-

fated sesterterpene hydroquinone, family

Halichondriidae (Kernan and Faulkner 1988);

hipposulfates A and B, Hippospongia
cf. metachromia (Musman et al. 2001)

(Fig. 11.27); sesterstatins 1–3, Hyrtios erecta
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(Pettit et al. 1998); Hyrtios cf. erectus,
16-O-deacetyl-16-epi-scalarolbutenolide, 12-O-

acetyl- 16-O-deacetyl-16-epi-scalarolbutenolide,

and 12-deacetoxy-21acetoxyscalarin (Ryu

et al. 1996a); isodehydroluffariellolide,

homofascaplysin A, and fascaplysin

(Fig. 11.28), Hyrtios cf. erecta (Kirsch et al.

2000); hyrtiolide, 16-hydroxyscalarolide, and

12-deacetyl-Δ17-hyrtial, Hyrtios erectus
(Miyaoka et al. 2000); furanosesterterpenes
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containing a tetronic acid, norsesterterpenes,

hippospongin 1, and untenic acid, Ircinia

sp. (Issa et al. 2003) (Fig. 11.29).

Dysidiolide: Sesterterpene γ-hydroxybu-
tenolide (C25 isoprenoid), Dysidea etheria

(Gunasekera et al. 1996a); honulactones A–L

(20,24-bishomoscalarane sesterterpenes),

Strepsichordaia aliena (Jiménez et al. 2000a);

hyrtiolides, hyrtiosal, Hyrtios erectus (Iguchi

et al. 1992) (Fig. 11.30).

Scalarane Group

New scalarane sestertepenes (Fig. 11.31)

together with three uncommon norscalaranes

are reported from sponge Cacospongia scalaris
(Rueda et al. 1997). The structures a–d are

correlated with aragusterols A, Hyrtios erecta

(Tsuchiya et al. 1998; Kobayashi et al. 1996);

Spongia (Tsukamoto et al. 2003a).

Six new 20,24-bishomoscalarane

sesterterpenes, honu’enone, phyllofolactones

H–K, and phyllofenone C., Phyllospongia

foliascens; phyllofolactone C (homoscalarane

sesterterpenes), Strepsichordaia aliena (Jiménez

et al. 2000b; Fu et al. 1999) (Fig. 11.32).

Suberitenones A and B, Suberites sp. (Shin

et al. 1996); luffariolides A–E, Luffariella

variabilis (Tsuda et al. 1992); mycaperoxide H,

cyclic norsesterterpene peroxide, Mycale

sp. (Phuwapraisirisan et al. 2003) (Fig. 11.33).

Muqubilone (norsesterterpene acid), Diacarnus

erythraeanus (El Sayed et al. 2001a); tasnemoxides

A (cyclic norsestertepene peroxides), Diacarnus
erythraenus (Youssef 2004); petro-

saspongiolides M, N, and R, Petrosaspongia

nigra (Randazzo et al. 1998) (Fig. 11.34).
Salmahyrtisols A, B, and C, 3-acetyl

sesterstatin 1, 19-acetyl sesterstatin 3, hyrtiosal,

and scalarolide, Hyrtios erecta (Youssef

et al. 2002); 12-O-desacetylfuroscalar-16-one,

Cacospongia sp. (Cambie et al. 1998) (Fig. 11.35).

Furanosesterterpenes Strobilinin, felixinin

furanosesterterpenes, Psammocinia sp. (mixture

of compounds 7 and 8 displayed significant

inhibition ofDNA replication andmoderate antiox-

idant profile (Choi et al. 2004); furanosesterterpene

tetronic acids, sarcotins B and D; ircinin-1,

Sarcotragus sp. (Liu et al. 2001) (Fig. 11.36).

Pyrrolo- and Furanosesterterpenoids

Sarcotrins A–C, including two trinorsester-

terpenes, two diterpenes, Sarcotragus sp. (Liu

et al. 2002, 2003) (Fig. 11.37).
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11.2.4 Triterpenes

Sodwanones K and L, Axinella weltneri (Rudi

et al. 1997); yardenone, yardenone A, Axinella

cf. bidderi (Carletti et al. 2003) (Fig. 11.38);

stellettins, isomalabaricane triterpenes,

stellettins A, C, E, H, and I and rhabdastrellic

acid A, Rhabdastrella globostellata (Tasdemir

et al. 2002a) (Fig. 11.39); 29-hydroxystelliferins

A and E, Jaspis sp. (Meragelman et al. 2001);

globostellatic acids A and B, Stelletta

globostellata, Stelletta sp. (Ryu et al. 1996b;

McCormick et al. 1996) (Fig. 11.40).
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Adociasulfates Novel hexaprenoid hydroqui-

none sulfates, Adociasulfates, Adocia aculeate,
Adocia sp., Haliclona (aka Adocia) sp. (Kalaitzis

et al. 1999a, b; Blackburn et al. 1999) (Fig. 11.41)

11.3 Spongean Alkaloids

Spongean alkaloids are having unique structures

different from that of terrestrial origins. They

have heterocyclic structural units of

bromopyrrole, pyrroloquinoline, pyrroloimi-

noquinone, bromoindole, cyclic amine linked to

a β-carboline, imidazole, oxazoles, tryptophan,

tyrosine, guanidine, isoquinoline, pyridine,

purine, etc. The biologically active and structur-

ally novel alkaloids have been taken for

discussion.

11.3.1 Pyrroles and Bromopyrroles

Longamide B: Clathramides C and D

(Fig. 11.42) were isolated from Agelas dispar

(Cafieri et al. 1998). Debromosceptrin, Agelas
conifera (Shen et al. 1998); nakamuric acid,

5-bromopyrrole-2-carboamide, 5-bromopyrrole-

2-(N-methoxymethyl) carboxamide, isomer of

R2
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agelasine B, Agelas nakamurai (Eder et al. 1999;
Iwagawa et al. 1998) (Fig. 11.43);

3-bromomaleimide, 3,4-dibromomaleimide,

12-chloro-11-hydroxydibromoisophakellin, and

N-methylmanzacidin C, Axinella brevistyla
(Tsukamoto et al. 2001); sventrin, Agelas

sventres (Assmann et al. 2001) (Fig. 11.44).
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11.3.2 Pyrroloquinoline
and Pyrroloiminoquinone
Alkaloids

Pyrroloquinoline alkaloids: Isobatzellines A, B,

and C, Zyzzya fuliginosa (Venables et al. 1997);

Batzella sp. (Gunasekera et al. 2003; Sun et al.

1990); batzellines C and D (Chang et al. 2002)

(Fig. 11.45); discorhabdins L, P, and Q (spiro-

cyclohexadienone skeleton) (Fig. 11.46) Batzella

(Gunasekera et al. 1999a); Latrunculia purpurea,
Zyzzya massalis, and Zyzzya spp. (Dijoux et al.

1999); Negombata and Latrunculia (Ford and

Capon 2000; Copp et al. 1994); Latrunculia
brevis (Reyes et al. 2004); secobatzellines A

and B, Batzella (Gunasekera et al. 1999b).

Pyrroloiminoquinone alkaloids: Maka-

luvamines (Fig. 11.47), Zyzzya cf. fuliginosa

(Casapullo et al. 2001); makaluvamine O,

Smenospongia sp. (Tasdemir et al. 2002b);

makaluvamines D, J, K, N, O, and P (Chang

et al. 2002).
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11.3.3 Bromoindoles

E/Z bromoindole esters, hymeniacidin (seco-

xanthine formamides), Hymeniacidon
sp. (Capon et al. 2002); bromoindole sulfonic

acids, echinosulfonic acids A–C (Fig. 11.48),

Echinodictyum sp. (Ovenden and Capon 1999);

bis(indoly1)imidazoles, topsentin, bro-

motopsentin, Spongosorites sp. (Tsujii et al.

1988), Rhaphisia lacazei (Casapullo et al.

2000), nortopsentins A, B, and C, Spongosorites

ruetzleri (Shinichi Sakemit et al. 1991; Carletti

et al. 2000); brominooxindole alkaloid,

Iotrochota purpurea (Hassan et al. 2004);

Spongosorites genitrix (Shin et al. 1999)

(Fig. 11.49).

Indole and pyrroloiminoquinone alkaloid:

5-bromo-l-tryptophan, 5-bromoabrine (5-bromo-

N-methyl-l-tryptophan), and 5,6-dibromoabrine

(5-bromo-N-methyl-l-tryptophan (Tasdemir et al.

2002b), Smenospongia aurea and Smenospongia
echina (Djura et al. 1980); bis(indole) alkaloids,

dragmacidin d, Spongosorites sp. (Wright et al.

1992); 6-bromo-20-de-N-methylaplysinopsin,

6-bromoaplysinopsin and N-30-ethylaplysinopsin,
Smenospongia aurea (Hu et al. 2002);

dragmacidins D and E, indole alkaloids,

Spongosorites sp. (Capon et al. 1998);

plakortamines A–D (Sandler et al. 2002);

(Figs. 11.50 and 11.51).

11.3.4 Cyclic Amine Linked
to b-Carbolines

This group includes important biopotent

manzamine group of compounds which are the

complex pentacyclic diamine linked to C-1 of a

β-carboline moiety. Manzamine A hydrochloride,

32,33-dihydro-31-hydroxymanzamine A, 32,33-
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dihydro-6-hydroxymanzamine A-35-one, des-N-
methylxestomanzamine A, Haliclona, Prianos,

Pachypellina; Xestospongia ashmorica (Sakai

and Higa 1986; Edrada et al. 1996a; El Sayed

et al. 2001b; Rao et al. 2003); ircinal A, precursors

of the manzamine alkaloids, Ircinia sp. (Kazuhiko
Kondo et al. 1992); (Figs. 11.52 and 11.53).

11.3.5 Imidazoles and Oxazoles

Pyrroloaminopropylimidazole: Agelastatin A,

Cymbastela sp. (Hong et al. 1998); acridine

Alkaloid, dercitin (fused pentacyclic aromatic),

Dercitus sp. (Gunawardana et al. 1988);

bis-oxazoles, bengazole A, Jaspidae

(Adamczeski et al. 1988); (Fig. 11.54).

11.3.5.1 Imidazole Alkaloids
Isonaamidine E, 5-{[4-(3,4-dimethoxybenzyl)-1-

(4-methoxybenzyl)-1H-imidazol-2-yl]imino}-3-

methyl-2,4-imidazolidinedione, naamine E,

5-{[2-imino-4-(4-methoxybenzyl)-1-methyl-1,2-

dihydro-1H-imidazol -5-yl]methyl}-2-methoxy-

1,3-benzenediol (Gross et al. 2002); (+)-

calcaridine A, (�)-spirocalcaridine A

(Fig. 11.55), Leucetta sp. (Edrada et al. 2003);

kealiinine A, Leucetta chagosensis (Hassan et al.

2004); (2E,9E)-pyronaamidine 9-(N-

methylimine), Leucetta sp. cf. chagosensis
(Plubrukarn et al. 1997); pyronaamidine,

kealiiquinone, Leucetta sp. (Akee et al. 1990)

(Fig. 11.56).

11.3.6 Tryptophan and Tyrosine
Alkaloids

Chelonins A and C, bromochelonin B,

Chelonaplysilla sp. [Bobzin and Faulkner

(1991)]; purealidin S, purpuramine J, Druinella

sp. (Tabudravu and Jaspars 2002) (Fig. 11.57).

11.3.7 Isoquinoline Alkaloids

N-Formyl-1,2-dihydro-5-hydroxy-7-methoxyi-

soquinoline derivative, O-demethyl renierol
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acetate, Petrosia similis (Ramesh et al. 1999);

Haliclona sp. (Rashid et al. 2001);

renieramycin J, tetrahydroisoquinoline alkaloid,

potent cytotoxin, Neopetrosia sp. (Oku

et al. 2003); isoquinoline quinines, renierone,

N-ethylene methyl ketone derivative of

renierone, 1,6-dimethyl-7-methoxy-5,8-dihy-

droisoquinoline-5,8-dione, mimosamycin,

Xestospongia (Edrada et al. 1996b); 4.2

isoquinoline derivatives, cribrostatins 3, 4,

5, and 6 in 10�5–10�7 % of the wet weight,

Cribrochalina sp. (Pettit et al. 2000, 2003)

(Figs. 11.58 and 11.59).
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3-acetyl sesterstatin 1, R1=H,R2=OAc
19-acetyl sesterstatin 3, R1=OAc,R2=H
Scalarolide, R1=H,R2=H
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11.3.8 Guanidine Alkaloids

13,14,15-Isocrambescidin800 (pentacyclic gua-

nidine), Crambe crambe (Jares-Erijman et al.

1993); batzelladines A, Batzella sp. (Patil et al.

1995); mirabilin G, Clathria sp. (Capon et al.

2001) (Fig. 11.60); hexacyclic bisguanidine,

palau’amine, 4-bromo, and 4,5-dibromo

derivatives of palau’amine, Stylotella agminata
(Kinnel et al. 1993); styloguanidine which also

has similar structural feature of palau’amine and

its bromo derivatives, Stylotella aurantium
(Kinnel et al. 1998); batzelladines F–I, Batzella

sp. (Patil et al. 1997) (Fig. 11.61).

11.3.9 Sulfamate Indoles

Ancorinolates A–C, Ancorina sp. (Meragelman

et al. 2002); 1-carboxymethylnicotinic acid,

Anthosigmella cf. raromicrosclera (Matsunaga

et al. 1998a); pyridoacridine alkaloids and

kuanoniamines C and D, Oceanapia sp. Eder

et al. 1998) (Fig. 11.62).

11.3.10 Indolizidine Alkaloid

Stellettamide B, stellettadine A, Stelletta sp. (Shin

et al. 1997); geranylgeranylmoiety, stellettazole B,

Stelletta (Matsunaga et al. 1999) (Fig. 11.63).

11.3.11 Steroidal Alkaloids

Plakinamines G and H, Corticium sp. (Borbone

et al. 2002); lokysterolamine A, plakinamine E

(Lee et al. 2001); motuporamines A and C,

saturated 15-membered cyclic amine,

Xestospongia exigua (Williams et al. 2002);

spermidine, motuporamines A and C, petrosin,

and xestospongin/araguspongine class of

3-alkylpiperidine alkaloids, Xestospongia exigua

(Williams et al. 1998) (Fig. 11.64).

O

O

O

OH

Strobilinin, 8,10-dehydro
Felixinin, 7,8-dehydro

O O

O

OH

1

4 9

14

19

21

Sarcotin B

O O O

OH

O

20

Ircinin-1
Sarcotin D, (20E)

Fig. 11.36 Furanosesterterpenes

192 I. Rajendran



N

O

O

OH

Sarcotrine A, (21S), R=

R
O

epi-Sarcotrine A (21R), R=

Sarcotrine B, (21S), R= epi-Sarcotrine B (21R), R=

Sarcotrine C, (21S), R= epi-Sarcotrine B (21R), R=

O

OH

Sarcotin M O

O

OCH3

HO

O

O

O

OH

Sarcotin F

MeO

O

O O O

O

OH

O

OCH3

Sarcotin G

O O

Sarcotin K

O

O

OR

OHSarcotin I, R=Na
Sarcotin J, R=CH3

Fig. 11.37 Pyrrolo- and

furanosesterterpenoids

11 Typification of Chemical Compounds of Marine Sponge Metabolites 193



11.3.12 3-Alkylpyridine Alkaloids

Hachijodines C, E, and G, Xestospongia and

Amphimedon (Tsukamoto et al. 2000);

amphimedine, pyridoacridines, Xestospongia

sp., Xestospongia cf. carbonaria (de Guzman

et al. 1999) (Fig. 11.65).

11.4 Heterocycles

11.4.1 Pyrrole Derivatives

Mauritiamine, oroidin, and 4,5-dibromopyrrole-

2-carbamide, Agelas mauritiana (Tsukamoto

et al. 1996).

11.4.2 Bengamides

Bengamide L, Pachastrissa sp. [146];

bengamides Y and Z, Jaspis sp. (Groweiss et al.
1999); (Fig. 11.66).

11.4.3 Purine and Nucleoside
Metabolites

Erinacea and p-hydroxybenzaldehyde, Isodictya
erinacea (Moon et al. 1998).

11.4.4 Aaptamines

Demethyloxyaaptamine and aaptamine,

Hymeniacidon sp. (Pettit et al. 2004)

(Fig. 11.67).

11.4.5 Asmarines

A–F, methyl 3-oxo-cholan-24-oate, Raspailia

sp. (Yosief et al. 2000); fijianolides A and B,

heterocyclic macrocyclic lactones (polyketide),

Spongia mycofijiensis, 10 (Quiñoá et al. 1988);
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fascaplysin, Fascaplysinopsis sp. (Roll et al.

1988) (Fig. 11.68).

11.4.6 Bengazoles

Bengazoles are homologous fatty acid esters of a

heterocyclic nucleus comprised of a bis(oxazolyl)-

methanol further substituted with a hexanetetrol

side chain, reminiscent of a carbohydrate ana-

logue. Bengazoles (C–G), known bengazoles A

and B, comprise a homologous series of n, iso,
and anteiso fatty acid esters (C13–C16) of the

same heterocyclic bis-(oxazolyl)-methanol parent,

Jaspis sp., 11 (Searle et al. 1996); bengazoles

(1–6), bengamide L, Pachastrissa sp. (Fernández

et al. 1999) Microxine, purine derivative,

Microxina sp., 12 (Killday et al. 2001) (Fig. 11.69).
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11.4.7 Nitrogen Heterocyclic
Constituents

Dibromophakellstatin, dibromophakellin, thymi-

dine, debromohymenialosine, deoxyuridine, and

thymine. Phakellia mauritiana, 13 (Pettit et al.

1997) (Fig. 11.70).

11.5 Polyacetylenes, Polyethers,
Polyketides, Peptides,
and Macrolides

This group includes long-chain polyacetylenes,

polyethers, macrolides, peptides, and polyketides

with multiple functional group substitutions.
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Only compounds with tested activity are cov-

ered. Representative compounds with novel

structural feature under each type are given

with the sponge sources.

11.5.1 Polyacetylenes

Polyacetylenes include long-chain fatty

compounds with alcohol functional group.

Callyspongenol A, C22-polyacetylenic alco-

hol, Callyspongia sp. [Youssef et al. (2003)];

callypentayne, Callyspongia truncata (Sachiko

Tsukamoto et al. 1997); vasculyne, C43 acetyle-

nic alcohol, Cribrochalina vasculum (Dai et al.

1996) (Fig. 11.71).

Diplynes A and B, diplyne A 1-sulfate,

Diplastrella sp. (Lerch 2003); durissimol B,

Strongylophora durissima (Shen and Prakash

2000); C46 polyacetylenic alcohols,

petrocortyne A, Petrosia sp. (Kim et al. 1999)

(Fig. 11.72).

C14 acetylenic acid, Oceanapia

sp. (Matsunaga et al. 2000); brominated acetyle-

nic fatty acid, sterol esters, Xestospongia

testudinaria (Pham et al. 1999); polyacetylene

sulfates, callyspongins A and B, Callyspongia
truncata (Uno et al. 1996); fulvinol, Reniera

fulva (Ortega et al. 1996) (Fig. 11.73).

11.5.2 Calyculinamide-Related
Compounds

Geometricin A, Luffariella geometrica [Kehraus

et al. (2002a)]; 1-methylherbipoline salts of

halisulfate-1 and of suvanine, Coscinoderma
mathewsi (Kimura et al. 1998) (Fig. 11.74).

11.5.3 Polybrominated Diphenyl Ethers

Phyllospongia dendyi (Liu et al. 2004). The

effect of polybrominated ethers on cell division

of the fertilized eggs of marine organisms was

studied. Some of the organisms are sea urchins

and star fish (Fig. 11.75).

11.5.4 Calyculins

Calyculin J: It is a spiroketal of an unprecedented

skeleton bearing phosphate, oxazole, nitrile,

and amide functionalities, Discodermia calyx

(Matsunaga et al. 1997); Hamigera tarangaensis

(Wellington et al. 2000) (Fig. 11.76).

11.5.5 Taurospongin A

It is an acetylene-containing natural product

consisting of a taurine and two fatty acid

residues, Hippospongia sp. (Ishiyama et al.

1997).

11.5.6 Butenolides

It is a cyclopentenone derivative, Homaxinella

sp. (Mansoor et al. 2004) (Fig. 11.77).
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11.5.7 Dysiherbaine

It is a cis-fused hexahydrofuro[3,2-b]pyran ring

substituted with a 3-[2-aminopropanoic acid] side

chain, Dysidea herbacea (Sakai et al. 1997);

halenaquinone, pentacyclic polyketide,

Xestospongia exigua (Roll et al. 1983) (Fig. 11.78).

11.5.8 Discodermolide

It is a polyhydroxylated lactone, Discodermia

dissoluta (Gunasekera et al. 1990); acetylenic

enol ethers of glycerols of the yne-diene series,

linear acetylenic alcohol, Petrosia (Seo et al.

1999) (Fig. 11.79).
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11.5.9 Polyether Macrolide

Homohalichondrin B, axinastatin 1 (Fig. 11.80),

cycloheptapeptides, Axinella sp. (Pettit et al.

1994); geodin A Mg salt, macrocyclic polyketide

lactam tetramic acid magnesium salt, Geodia

(Capon et al. 1999); mycalamide D, Stylinos

n. sp. (Simpson et al. 2000; West et al. 2000)

(Fig. 11.81).

Homo-plakotenin, Plakortis lita (Qureshi

et al. 1999); tridecanoate and pentadecanoate

analogues of bengamides A and B, Jaspis carteri

(D’Auria et al. 1997); melophlins C, tetramic

acid derivatives, Melophlus sarassinorum
(Wang et al. 2003) (Fig. 11.82).
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11.5.10 Clavosines

Clavosines A and B are closely related to

calyculins and calyculinamides, Myriastra

clavosa (Fu et al. 1998b); plakortides N, polyke-

tide endoperoxides, Plakortis halichondrioides
(Jiménez et al. 2003) (Fig. 11.83).

Andavadoic acid, Plakortis aff simplex (Rudi

et al. 2003); plakoside B: It is a unique

glycosphingolipid (prenylated glycolipid),

Plakortis simplex (Costantino et al. 1997). Ethyl

didehydroplakortide Z, Plakortis lita (Blaine

Harrison and Phillip Crews 1998);

spongiadioxins A, tetrabromodibenzo-p-dioxins,

Dysidea dendyi (Utkina et al. 2001); (Fig. 11.84).
Bitungolides A–D, polyketides, Theonella

cf. swinhoei (Sirirath et al. 2002).

11.5.11 Macrocyclic Lactone/Lactams

Celenamide E, Amphimedon spp. (Ovenden et al.
1999); scleritodermin A, cyclic peptide,

Scleritoderma nodosum (Schmidt et al. 2004)

(Figs. 11.85 and 11.86).

11.5.12 Bicyclic Peptides

Aciculitins A–C contain an unusual histidino-

tyrosine bridge with attachment to the bicyclic

peptide. They are C13-C15 2,3-dihydroxy-4,6-

dienoic acids bearing D-lyxose at the

3-position, Aciculites orientalis (Bewley et al.

1996); cyclotheonamides E4 and E5, Ircinia

(Murakami et al. 2002); dysinosin A: Distinctive
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features of dysinosin A are the presence of a

5,6-dihydroxyoctahydro-indole -2-carboxylic

acid, 3-amino-ethyl 1-N-amidino-Δ-3-pyrroline,
a sulfated glyceric acid, and D-leucine, assem-

bled through three peptidic linkages (Carroll

et al. 2002); geodiamolides A and B (Fig. 11.87).

They are cyclodepsipeptides, Geodia sp. They
contain tripeptide unit of two (S)-alanines and a

(R)-3-halotyrosine joined to a polypropionate

unit in an 18-membered ring (Chan et al. 1987)

(Fig. 11.88).

Halicylindramides D is a tridecapeptide with

the N-terminus blocked by a formyl group and

H
N

N
H

N

H
N

O

R1

R2

1'

2'

4'

1

3

2"

8"

1"

4"

Topsentin A, R1=H, R2=H
Topsentin B1, R1=H, R2=OH
TopsentinB2, R 1=Br, R2=H

N
H

N
H

N

NH

X2 X1

1

2

3

4

5

1'

3' 3a'

7a'
6'

2"

3"3a"

7a"
6"

Nortopsentin A,X 1=X2=Br
Nortopsentin B, X1 =Br, X2=H
Nortopsentin C,X 1=H, X2=Br

N
H

NH

N
O

N
H R2

R1

2"

8"2
4

5

2'

Bromodeoxytopsentin, R1=Br, R2=H
Isobromodeoxytopsentin, R1=H, R2=Br
Deoxytopsentin, R1= R2=H
Bromotopsentin, R1=Br, R2=OH

Fig. 11.49 Topsentin,

bromotopsentin,

nortopsentins

11 Typification of Chemical Compounds of Marine Sponge Metabolites 203



the C-terminus lactonized with a threonine resi-

due, Halichondria cylindrata (Li et al. 1996)

(Fig. 11.89).

11.5.13 Macrolide

Salicylihalamides A (Fig. 11.90) has salicylic

acid to a 12-membered lactone ring and an

enamide side chain, Haliclona sp. (Erickson

et al. 1997).

11.5.14 Macrolactone

5-desacetylaltohyrtin A, 42-membered ring, two

spiroketals, two tetrahydro-pyranes, and a halo-

gen atom, Hyrtios altum (Aoki et al. 2001;

Kobayashi et al. 1993) (Fig. 11.91).

Phorboxazoles A and B and laulimalide

(Fig. 11.92): They are macrolides, isolated from

Phorbas sp. (Searle and Molinski 1995) and

Hyattella sp. (Corley et al. 1988), respectively.

Cyclotheonamides A and B: Cyclic peptides,
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Theonella (Fusetani and Matsunaga 1990).

Stylopeptide 1: Cycloheptapeptide, with

Pro-Leu-Ile-Phe-Ser-Pro-Ile amino acid units,

Stylotella sp. and Phakellia costata (Pettit et al.

1995); theopederins A and B: Pederins are highly

cytotoxic against P388 murine leukemia cells

with promising antitumor activity, Theonella

sp. (Fusemi et al. 1992) (Fig. 11.93).

Keramamide F: It is a thiazole-containing

peptide, Theonella. It contains unusual amino

acids such as (O-methylseryl) thiazole, α,-
β-dehydrotryptophan, isoserine, 2,3-

diaminopropionic acid, and 3-amino-4-methyl-

2-oxohexanoic acid (Itagaki et al. 1992).

Leucamide A (Fig. 11.94), cyclic heptapeptide,

Leucetta microraphis. It contains a unique mixed
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4,2-bisheterocycle tandem pair consisting of a

methyloxazole and thiazole subunit (Kehraus

et al. 2002b).

Thiomycalolides A and B: Trisoxazole

macrolides, Mycale sp. (Matsunaga et al.

1998b); spongistatin 1 (Fig. 11.95), macrocyclic

lactone, Spongia (Pettit et al. 1993);

cyclotheonamides E2 and E3 (Fig. 11.96): They

are cyclic pentapeptide containing unusual

amino acid residues, i.e., vinylogous tyrosine

(VTyr), α-ketohomoarginine (K-Arg), and
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β-linked diaminopropionic acid (Dpr), Theonella
(Nakao et al. 1998).

11.6 Spongean Sterols, Glycosides,
and Nucleoside Derivatives

11.6.1 Spongean Sterols

Agosterol C and acanthosterol sulfate J

(Fig. 11.97), polyhydroxylated sterol,

Acanthodendrilla sp. (Tsukamoto et al. 2003b,

1998).

Clathriol is a highly oxygenated steroid with

the unusual cis C/D ring fusion with 14β config-

uration, Clathria lissosclera (Keyzers et al.

2002). Clathsterol, sterol sulfate, Clathria

sp. (Rudi et al. 2001); plakinamines I and J,

steroidal alkaloids, Corticium niger (Ridley and

Faulkner 2003) (Fig. 11.98).

Crellastatin A: Nonsymmetric dimeric ste-

roid, Crella sp. (D’Auria et al. 1998); aragusterol

D (Fig. 11.99), Xestospongia (Iguchi et al. 1994);
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Fig. 11.67 Erinacea, demethyloxyaaptamine, aaptamine
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polyoxygenated sterols, Dysidea (Leone et al.

2000); epidioxy sterols 1a and 1b, 2,

Lendenfeldia chondrodes (Sera et al. 1999b)

(Fig. 11.100).

11.6.2 Steroidal Oligoglycosides

Mycaloside A (Fig. 11.101), Mycale laxissima

(Antonov et al. 2003); 5α,6α-epoxy-24R*-
ethylcholest-8(14)-en-3β,7α-diol, Polymastia
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tenax (Santafé et al. 2002); 24(R)-methyl-5-

α-cholest-7-enyl 3β-methoxymethyl ether (sterol

ether), Scleritoderma sp. cf. paccardi

(Gunasekera et al. 1996b); 3-O-deacetylluf-
fasterol B and 3-O-deacetyl-22,23-dihydro-

24,28-dehydroluffasterol B, 9,11-secosterols,

Spongia agaricina (Rueda et al. 1998)

(Fig. 11.102).

Phorbasterones A–D: Ring A-contracted

steroids, Phorbas amaranthus (Masuno et al.
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Fig. 11.70 Dibromophakellstatin, debromohymenialosine, dibromophakellin

HO
1 7 8

13 14

Callyspongenol A
22

Callypentayne

H

(CH2)m (CH2)n

H

HO HH OHm + n = 31

1

4

5
39

40

43

R R

Vasculyne

Fig. 11.71 Callyspongenol, callypentayne, vasculyne
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2004; Shoji et al. 1992); xestobergsterol A

(Fig. 11.103) (23S-16β,23-cyclo-3α,6α,7β,
23-tetrahydroxy-5α,l4β-cholestan-15-one and B

(2) (23S-16β,23-cyclo-lβ,2β,3α, 6α, 7β,23-
hexahydroxy-5α,l4β-cholestan -15-one),

Xestospongia bergquistia (Nicholas et al. 1999).

11.6.3 Glycosides and Nucleoside
Derivatives

Oceanapiside: It is a α,ω-bis-aminohydroxylipid

glycoside and highly polar, Oceanapia

philippensis (Mitchell et al. 1997);
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Fig. 11.72 Durissimol,

diplynes, petrocortyne
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1,3-dimethylisoguanine, Amphimedon viridis

(Ohta et al. 1997); ancorinoside A

(Fig. 11.104), tetramic acid glycoside, Ancorina
sp. (Sata et al. 1999a); rubrosides A, tetramic

acid glycoside, Siliquariaspongia japonica

(Sata et al. 1999b); aurantosides E and F, polyene

tetramic acids comprising an N-trisaccharide

unit, Siliquariaspongia japonica (Sata et al.

1999a) (Fig. 11.105).
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11.7 Conclusion

Sponges harbouring microbiota, have been the

fascinating animals for researchers to have

unique molecules. The associated microbes are

a prime role in the formation of these secondary

metabolites. The recovery of the sponge products

is not easily reproducible from the cultured

sponges unlike that of wild ones. So this requires

attention by the multidisciplinary work involving

marine biologists, chemists, pharmacologists,

and statisticians to arrive at a holistic view

about the product retrieval in an economical

way when culture of sponges is taken in captiv-

ity. Modern techniques of biotechnology are

increasingly essential for genetically modified

organisms to get the desired product.
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Bioactive Alkaloids from Marine
Sponges 12
Keisham S. Singh and Mahesh S. Majik

Abstract

Marine sponges are considered to be a rich source of biologically active

secondary metabolites with unique and diverse chemical structures. They

constitute nearly one third of the secondary metabolites isolated from

marine organisms. Chemicals obtained from marine sponges find a wide

range of pharmaceutical values, and as a result of these properties, isola-

tion and identification of lead molecules from marine sponges continued

to play a leading role in drug discovery research. Some of the molecules

obtained from marine sponges have entered in market, while many are

under clinical and preclinical trials. There is convincing report about the

role of ecology on the production of these valuable secondary metabolites

by marine organisms including sponges. The unique body structure of

marine sponges which can filter and absorb nutrients from surrounding

environment and unique adaptation to variable conditions lead sponges as

a major source of bioactive metabolites among the marine organisms.

Alkaloids constitute one of the main classes of secondary metabolites

isolated from marine sponges. They have wide range of chemical

structures and exist in derivatives of several heterocyclic rings. Alkaloids

were found almost in all marine sponges and exhibited a wide range of

biological activities. This chapter reviews on the various alkaloids, viz.,

pyridoacridine, indole, isoquinoline, pyridine, piperidine, quinolizidine,

steroidal, and bromotyrosine alkaloid isolated from various marine

sponges. A brief review on these alkaloids with their diverse structures

available in each class along with their biological significance has been
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presented. The class of alkaloid along with the name of sponge from

which the alkaloids were isolated and chemical structures of these

alkaloids are presented.

Keywords

Marine sponges • Pyridoacridine • Bioactive alkaloids • Quinolizidine

alkaloids • Alkyl pyridine alkaloids • Bromotyrosine alkaloids

12.1 Alkaloids in Marine Sponges

Marine life represents a uniquely adapted reser-

voir of bioactive secondary metabolites due to

their special environmental and oceanographic

condition. Combination of knowledge of multi-

disciplinary sciences such as natural product

chemistry, ecology, biology, and medicinal

chemistry has inspired researchers for the devel-

opment of many of the most successful

medicines in particular from marine resources.

In ocean, water pressure, temperature, light salt

contents, etc., play an important role in adapta-

tion of flora and fauna. As a result, species

inhabiting these depths adapt their biochemical

machinery to cope such varying pressures. The-

ses adaptations of marine organisms to deep-sea

life and their effect on gene regulation and pri-

mary and secondary metabolic pathways gave

rise to a wealth of interesting new marine natural

products. Among the marine invertebrates,

sponges have been considered as the most pro-

lific phylum and prolific source of natural

products with more novel compounds isolated

from this taxon than from any other marine

taxon (Blunt et al. 2011).

Many sponge-derived secondary metabolites

possess a unique structural motif and pharmaco-

logical activities, thus making them highly desir-

able drug candidates for the treatment of a wide

range of diseases. It has been known from the

very early time that marine sponges contain bio-

active compounds that are of potential medicinal

value. Sponges are simple, multicellular sessile

animals with no true tissue layers or organs and

habitat every type of marine environment, from

polar seas to temperate and tropical waters. Some

species of sponges has the capacity of filtering

out several tons of water to get nutrition. As a

consequence of this, marine sponges are exposed

to vast number of pathogenic and nonpathogenic

microorganisms. In order to cope up with these

microorganisms, sponges have developed strong

immune system and they have possessed efficient

chemical defense mechanism against the

predators. There are more than 5000

(Whitehead 1999) species of marine sponges

and many of these organisms have been

investigated for their chemical and biological

activities.

It is estimated that more than 10,000 bioactive

molecules have been discovered from marine

sources. In marine environment, this leading

source has been taken by invertebrates such as

sponges, tunicates, and bryozoans, mostly

lacking morphological defense structure. They

have developed the largest number of marine-

derived secondary metabolites including some

of most promising drug candidates (Newman

and Cragg 2004). Indeed, out of 13 marine natu-

ral products that are currently under clinical trials

as new drug candidates, 12 are derived from

marine invertebrates (Proksch et al. 2003). As

per review of literature on marine natural

products, Blunt et al. (2004) described that

sponges constitute nearly 40 % of the total sec-

ondary metabolites so far discovered from

marine organisms. In the early 1950,

spongouridine and spongothymidine, the first

bioactive compounds from marine organisms,

were isolated from the Caribbean sponge,

Cryptotethya crypta (Bergmann and Feeney
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1950, 1951). They were approved as anticancer

(cytosine arabinoside Ara-C) and antiviral

compounds (adenine arabinoside Ara-A), respec-

tively, 15 years later (Jimino et al. 2004). Sponge

chemistry is dominated by the presence of nitrog-

enous metabolites which could be basically

divided into two structural type-based groups,

peptides and polycyclic aromatic alkaloids.

Alkaloid class isolated from sponge indeed

includes a large variety of structures, ranging

from very complex pyridoacridines and

tyrosine-derived alkaloids to simple

protoalkaloids. Alkaloids isolated from marine

sponges comprise a vast structural diversity and

possess several biological properties. Some of

the alkaloids isolated from marine sponges

along with their biological properties are

presented in Table 12.1. This chapter reviews a

brief discussion on alkaloids isolated from

marine sponges and discussed in terms of their

occurrence, structural type, and reported pharma-

cological activity. The chapter summarizes the

recent development in the area of marine

alkaloids, viz., pyridoacridine, indole,

isoquinoline, alkyl pyridine, piperidine,

quinolizidine, steroidal, and bromotyrosine

alkaloids with few selected examples.

12.2 Pyridoacridine Alkaloids

Pyridoacridines are highly colored marine natu-

ral products having polycyclic planar

heteroaromatic 11H-pyrido [4,3,2, mn] acridine

systems (Patterson et al. 1960). Pyridoacridines

are the largest group of marine alkaloids mostly

isolated from sponges and tunicates. A first

review on marine pyridoacridines has been

published by Molinski (1993) and in later years,

by Ding et al. (1999). Schmitz and Shoolery

Table 12.1 Different alkaloids with their biological activities obtained from various marine sponges

Class of

alkaloids Compound name Biological activities Name of sponge References

Alkyl piperidine Arenosclerins A, B, and

C

Antibacterial Arenosclera
brasiliensis/
Haplosclerida

Torres et al. (2002)

Fused pyrrolo-

phenanthroline

Discorhabdin D Antitumor Latrunculia brevis/
Prianos sp.

Perry et al. (1988)

Pyrrole

guanidine

Isoaaptamine Antitumor Aaptos aaptos Kitagawa et al. (1983)

Debromohymenialdisine Hymeniacidon aldis

Pyrrole

guanidine

Keramadine Neurosuppressives Agelas sp. Nakamura et al. (1984)

Pyrrole

imidazole

Taurodispacamide A Immunosuppressive Agelas oroides Fattorusso and

Taglialatela-Scafati

(2000)

Indole Dragmacidin F Antiviral Halicortex sp. Cutignan et al. (2000)

Bisindole Bromotopsentin Neurosuppressives Spongosorites sp./
Halichondria

Phife et al. (1996)

Pyridoacridine Neoamphimedine Antitumor Xestospongia
cf. carbonaris

Guzman et al. (1999)

Imidazole Naamine D Antitumor Leucetta
cf. chagosensis

Dunbar et al. (2000)

Azetidine Penaresidin A Neurosuppressives Penares sp. Kobayashi et al. (1991)

Bis-oxa-

quinolizidine

Xestospongin-C Neurosuppressives Xestospongia sp. De Smet et al. (1999)

Pyridopyrrolo

pyrimidine

Variolin B Antiviral Kirkpatrickia
varialosa

Perry et al. (1994)

Manzamine Manzamine A Antimalarial Haliclona sp. Ang et al. (2000)

Imidazo-azolo-

imidazole

Axinellamines B–D Antibacterial and

antifungal

Axinella sp. Urban et al. (1999)
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research groups reported the structure of first

marine pyridoacridine alkaloids, amphimedine

(1) (Schmitz et al. 1983); since then over

40 additional examples have been published.

Although similar alkaloids containing isomeric

ring systems have been found in terrestrial plants,

namely, eupomatidine from angiosperm

Eupomatia bennettii, the pyridoacridines [4,3,2-

mnn], carbon skeleton is exclusive to marine

invertebrates. Pyridoacridine alkaloids show var-

ious biological properties including cytotoxicity

and certain other specific biological properties,

viz., fungicidal and bactericidal properties, inhi-

bition of topoisomerase II, anti-HIV, intercala-

tion of DNA property, Ca+2-releasing activity,

and production of reactive oxygen species

(Taraporewala et al. 1992). Pyridoacridines are

pH indicator, and the indicator property is

correlated with the presence of at least two

basic electronic perturbations and extended chro-

mophore with charge-transfer properties. Some

other quaternary alkaline solution of

pyridoacridine free base generally appeared

orange or red, while, in acid solution, they are

green to purple. However, simple indicator

properties are absent in the less basic

iminoquinones, such as cystodytin and

diplamine. Pyridoacridine alkaloids have been

isolated from several marine sponges, viz.,

Oceanapia sp., Xestospongia cf. carbonaria
(Guzman et al. 1999), Petrosia sp. (Molinski

et al. 1988), Dercitus sp. (Gunawardana et al.

1988), Stelleta sp. (Gunawardana et al.

1992), etc.

Hooper and coworkers isolated petrosamine B

(2) alkaloids from the Australian sponge

Oceanapia sp. (Carroll et al. 2005). The

methanolic solution of the sponge sample

imparted green-blue color, but when extract was

diluted with water, the color changed to purple.

Correlation of solvent-dependent changes in the

UV spectrum and NMR spectra suggested that

the remarkable color changes observed by vary-

ing solvent polarity were associated with shifts in

the position of keto-enol equilibrium favoring the

enol form. Petrosamine B alkaloid was found to

be an inhibitor of theHelicobacter pylori enzyme

aspartyl semialdehyde dehydrogenase (Carroll

et al. 2005). Petrosamine B (2) was obtained as

optically inactive blue solid and it is isomeric

with petrosamine (3), isolated from the marine

sponge Petrosia sp. with the only difference the

position of bromine atom (Molinski et al. 1988).

Notably, pyridoacridine alkaloids are grouped by

total ring counts, viz., tetracyclic, pentacyclic,

hexacyclic, heptacyclic, and octacyclic alkaloids.

Soest’s group isolated bioactive pyridoacridine

alkaloids, kuanoniamine C (4), kuanoniamine D

(5), and deacyl kuanoniamine derivative (6) from

Micronesian sponge Oceanapia sp. (Eder et al.

1998). Kuanoniamines C and D isolated from the

Marine sponge Oceanapia sagittaria were stud-

ied for anticancer activities, and it was found that

kuanoniamine A is a potent growth inhibitor of

all the tumor and nontumor cell lines, while

kuanoniamine C was less potent but showed

high selectivity toward the estrogen-dependent

breast cancer cell line (Kijjoa et al. 2007).

Recently, Davis and coworkers reported two

new cytotoxicity pyridoacridine alkaloids, viz.,

ecionines A and B from the Australian marine

sponge Ecionemia geodides (Barnes et al. 2010).

Ecionines A and B (7–8) are imine-substituted

pyridoacridine alkaloids, a very uncommon

pyridoacridine family, and so far there are only

three alkaloids of these classes available in liter-

ature. Wei et al. isolated

1-hydroxydeoxyamphimedine (10), 3-hydroxy-

deoxyamphimedine (11), and debromope-

trosamine (12) along with the known

neoamphimedine (9) and amphimedine (1) from

the sponge Xestospongia cf. carbonaria (Wei

et al. 2010) (Fig. 12.1).

In general, pyridoacridine alkaloids show sig-

nificant biological activity such as cytotoxic,

potent antiviral, antifungal, antibacterial,

antitumor, and antiparasitic activity (Marshall

and Barrows 2004). In fact, the crucial structural

features of these alkaloids are the core of a planar

iminoquinone moiety which can intercalate into

DNA and cleave the DNA double helix or inhibit

the action of TOPO II. As a consequence, there
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have been considerable demands for these

compounds as antitumor agents (Delfourne and

Bastide 2003). Many of these compounds have

generated interest as challenging problems both

for structure elucidation and synthetic target and

for their biological activities (Schmitz et al. 1983;

Gunawardana et al. 1992). The red sponge

Plakortis, collected by Inman and coworkers

from different marine sources, led to the isolation

of two novel alkaloids, namely, plakinidine-A

(13) and plakinidine-B (14) (Inman et al. 1990),

which contain a pyrrolo [2,3,4-kl] acridine fused-

ring skeleton representing a new structural varia-

tion within polycyclic aromatic alkaloids from

marine organisms. The discorhabdin C (15) was
isolated from both Latrunculia brevis, from

New Zealand, and Prianos sp. from Okinawa

(Perry et al. 1988). Cheng et al. have isolated

sulfur-containing alkaloids, prianosins A–D

(16–19), from the green sponge Prianos melanos

which showed cytotoxicity against L1210 murine

leukemia cells (Cheng et al. 1988). The sponge

Bratzella sp. has also furnished four additional

pyrroloacridine alkaloids, namely, isobatzellines

Fig. 12.1 All compounds are cited (figure is just for reference)
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A–D (20–23) (Sun et al. 1990). In 1975,

hexacyclic alkaloids, cyclodercitin (24), have

been reported from the deep-water sponges

Dercitus sp. and in Stelleta sp. (Gray 1975)

(Fig. 12.2).

Pyridoacridines is vast class of alkaloid which

varies from each other structurally by attachment

of different side chains or fusion of different

rings to ring C of the basic structure and some-

times to the acridine nitrogen. Based on the

structure, pyridoacridines are divided into

tetracyclic, pentacyclic, hexacyclic, heptacyclic,

and octacyclic alkaloids (Kumar and Rawat

2011). They show significant biological activity

primarily cytotoxicity and certain specific

biological properties like fungicidal and bacteri-

cidal properties, inhibition of topoisomerase II,

anti-HIV, and intercalation of DNA (McCarthy

et al. 1992; Kobayashi et al. 1988). A few

selected pyridoacridines (25–33) showing inter-

esting biological activities along with their

source have been depicted in Table 12.2.

12.3 Indole Alkaloids

Indole-containing alkaloids have frequently been

isolated from diverse marine invertebrates

including bryozoans, coelenterates, sponges,

Fig. 12.2 All compounds are cited (figure is just for reference). NB: Compounds 25–33 are cited in Table 12.1
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Table 12.2 Some pyridoacridines: source of bioactive alkaloids

Pyridoacridines Source Structures References

Labuanine A (25) Biemna fortis sponge

(Indonesia)

N

N
N

O OH

Aoki et al. (2003)

Sagitol (26) Oceanapia sagittaria
sponge (Palau)

H
N

HO
N

S

O

N

CH3

N Salomon and Faulkner (1996)

Biemnadin (27) Biemna fortis sponge
(Indonesia)

N

N
N
H

NNH

O Kumar and Rawat (2011)

Neoamphimedine

(28)
Xestospongia sp. sponge
(Philippines)

O
N

O

N

N

H3C

Rodriguez et al. (1993), Kong

et al. (1994), and Tasdemir

et al. (2001)Xestospongia
cf. carbonaria
(Micronesia)

Xestospongia c

carbonaria, X. cf.
exigua (Indo-Pacific)

Neoamphimedine

Y (29)
Xestospongia c

carbonaria, X. cf.
exigua (Indo-Pacific)

OH
N

O

N

HNOH

H3C

HO

Tsotinis et al. (1996)

(continued)
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tunicates, algae, symbiotic bacteria, and fungi

(Moriarty et al. 1987; Tanaka et al. 1988). More-

over, they show interesting biological activities

such as cytotoxic, antitumor, antiviral, antimi-

crobial, etc. Corresponding to their unique struc-

tural features and impressive biological

activities, the indole series have become attrac-

tive targets for the development of new pharma-

cological lead compounds. Indole alkaloids are

distributed in many marine sponges, viz., sponge

Smenospongia sp., Topsentia genitrix,
Dictyodendrilla sp., Spongosorites sp., and

Hyrtios sp. (Sauleau et al. 2006). Kazlauskas

et al. isolated for the first time a novel indole

alkaloid, aplysinopsin (34), from Indo-Pacific

sponge species (Kazlauskas et al. 1977) which

are the representatives of the genus Thorecta
(later assigned as the separate Aplysinopsis

genus). Since that time, aplysinopsin and its

derivatives have been reported in many

Table 12.2 (continued)

Pyridoacridines Source Structures References

Neoamphimedine

Z (30)
Xestospongia
cf. carbonaria, X. cf.
exigua (Indo-Pacific)

OH
N

O

N

HNO

H3C

H3C

O
H3C

Schmitz et al. (1983)

Nordercitin (31) Stelletta sp. sponge

Derdtus sp. sponge
(Bahamas)

H
N

N
H

S

CH3

O

N
N Gunawardana et al. (1992)

Stellettamine (32) Stelletta sp. sponge

N
CH3

CH3

N
S

N
N

Shin et al. (1997)

Dercitamine (33) Stelleta sp. sponge,

Dercitus sp. sponge
(Bahamas)

O

H
N

N

N
O

O

Djura and Faulkner (1980)
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other marine organisms. Aplysinopsin-type

compounds have been found in sponges of the

Caribbean, Verongia spengelli (Hollenbeak and

Schmitz 1977), Dercitus sp. (Djura and Faulkner

1980), Smenospongia aurea (Djura et al. 1980),

and Verongula rigida (Kochanowska et al.

2008); the Mediterranean Sea, Dictyoceratida

sp. (Bergquist and Wells 1983); as well as in

the Indo-Pacific region, Aplysinopsis reticulata

(Kazlauskas et al. 1977; Baker and Wells 1981),

Aplysina sp. (Kondo et al. 1994), Hyrtios erecta
(Aoki et al. 2001), Smenospongia sp., and

Thorectandra sp. (Segrave and Crews 2005). In

2008, Capon et al. (2008) have reported the cyto-

toxic agent trachycladindoles A–G (35–41) from

southern Australian marine sponge,

Trachycladus laevispirulifer. Excitingly, it

displayed promising selective cytotoxicity

against a panel of human cancer cell lines

(Fig. 12.3).

12.3.1 Bisindole Alkaloids

Bisindole alkaloids, consisting of two indole

moieties connected to each other via heterocyclic

units, have been particularly abundant within

marine sponges. Isolation of bis(indolyl)imidaz-

ole, topsentin A (42) or topsentin B1 (43), was

reported from the sponge Topsentia genitrix

(Spongosorites genitrix) (Blunt et al. 2004).

Metabolites containing bis(indole) moiety have

Fig. 12.3 All compounds are cited (figure is just for reference)
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been found with various carbon skeletons and

functionalities (Shin et al. 1999; Casapullo et al.

2000). These compounds exhibited a wide spec-

trum of pharmacological activities such as cyto-

toxic, antiviral, antimicrobial, and anti-

inflammatory activities. As consequence, bis

(indole) alkaloids is considered as an attractive

targets for biomedical and synthetic studies (Bao

et al. 2005). Topsentins A (42), B1 (43), and B2

(44) were isolated from marine sponge Rhaphisia

lacazei and showed antiproliferative activity

against human bronchopulmonary cancer cells

(NSCLC-N6) (Casapullo et al. 2000). In 1992,

Wright et al. collected the Pacific sponge

Hexadella sp. from the coast of British Columbia

which led to the identification of dragmacidin A

(45) as potent cytotoxic compound (Fig. 12.4).

Related bis-(indole)-alkaloid, dragmacidin D

(46), has been isolated from another marine

sponge of the genus Spongosorites (Wright

et al. 1992). This compound inhibited the growth

of the feline leukemia virus, the opportunistic

fungal pathogens Candida albicans and Crypto-

coccus neoformans, and the growth of P388 and

A549 tumor cell lines (Wright et al. 1992).

Dragmacidins, member of a bis(indole)

alkaloids, were isolated from a variety of marine

sponges. This alkaloid family showed a wide

range of biological activities such as inhibitors

of protein phosphatase and anticancer. Two types

of sponges, Coscinoderm lanuga and Ircinia

felix, have proved as the major source of various

new dragmacidins or other bis(indole) alkaloids

(Crook et al. 2009; Davis-McGibony and

Pletcher 2006).

A dipyrroloquinone, zyzzyanone A (47) (hav-
ing a pyrrolo [3,2-f] indole-4,8(1H,7H)-dione

skeleton), was isolated from the Australian

marine sponge Zyzzya fuliginosa, exhibiting

moderate cytotoxic activity against mouse

Ehrlich carcinoma cells (Utkina et al. 2005).

Hyrtimomines A–E (48–52) were isolated from

an Okinawan marine sponge Hyrtios sp. (Tanaka

et al. 2013). Later they isolated other

hyrtimomines F–K (53–58) from the same

marine sponge (Tanaka et al. 2014).

Hyrtimomines A (48) and B (49) are

heteroaromatic alkaloids possessing a fused

hexacyclic 6/5/6/6/7/5 ring system, while

hyrtimomine C (50) is an alkaloid consisting of

hydroxyindole and azepino-hydroxyindole

moieties (Fig. 12.5).

Hyrtimomines A–C (48–50) and

hyrtimomines F–K (53–58) were studied for

Fig. 12.4 All compounds are cited (figure is just for reference)
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antimicrobial activities. Hyrtimomines F (53), G

(54), and I (56) exhibited inhibitory effects

against Aspergillus niger, while hyrtimomine I

(56) showed inhibitory effect against Cryptococ-

cus neoformans. Hyrtimomines A (48) and B

(49) showed antimicrobial activities against Can-
dida albicans and C. neoformans, while

hyrtimomine A (48) exhibited an inhibitory

activity against A. niger (Tanaka et al. 2014).

Recently, Kobayashi’s groups have shown cyto-

toxicity activity of hyrtimomine A (48) against
KB and L1210 cells (Momose et al. 2013)

(Figs. 12.5).

12.3.2 Trisindole Alkaloids

Trisindole alkaloids were rarely found in

sponges. Bifulco et al. (1994) isolated trisindole

alkaloids gelliusines A (59) and B (60) from

deep-water Caledonian sponge Gellius or Orina
sp. possessing cytotoxicity against KB, P-388,

P-388/dox, HT-29, and NSCLC-N6 cell lines.

The structural feature of gelliusines A and B

(59, 60) is that the two 6-bromo tryptamine

units are linked through their aliphatic chains to

the C-2 and C-6 position of a central serotonin

moiety, whereas the coupling of the indole unit

Fig. 12.5 All compounds are cited (figure is just for reference)
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appears to be non-stereoselective giving two

enantiomeric pairs (Fig. 12.6).

12.4 Isoquinoline Alkaloids

Marine sponges of genera Reniera and

Xestospongia are rich in isoquinoline alkaloids.

Several isoquinolinequinones have been isolated

from blue species of the sponge. Mimosamycin

(Kobayashi et al. 1994) and renierol (Mckee and

Ireland 1987) are frequently isolated

isoquinoline alkaloids and they have been

reported from various marine sponges.

Mimosamycin (61), 4-hydroxymimosamycin

(62), 1,4-dihydroxymimosamycin (63), and

O-demethylrenierone (64) were isolated from

Haliclona cribricutis (Parameswaran et al.

1998). They isolated renieramycins H–I (65–

66), a novel isoquinolinequinone alkaloid from

the same sponge (Parameswaran et al. 1998).

Isolation of renieramycin M, a bis-tetrahydroiso-

quinoline quinine alkaloid from the Thailand

blue sponge Xestospongia sp., was reported by

Saito and coworkers (Suwanborirux et al. 2013).

Renieramycin M exhibited anticancer activity,

and it induces human non-small cell lung cancer

H460 cells apoptosis. The anticancer activity of

renieramycin M against human lung carcinoma

H460 cells was investigated by incubating the

cells in the presence of renieramycin M

(0–40 μM) for 24 h, and cell viability was

analyzed using MTT assay (Halmi et al. 2011).

Isoquinolinequinones alkaloids, cribrostatins

1 (68) and 2 (69), were isolated from a deep

blue-colored sponge Cribrochalina sp. (Pettit

et al. 1992) and were found to be active against

lymphocytic leukemia cell line (P-388). In 2000,

Pettit et al. explored the same sponge

Cribrochalina sp. which was found to contain

other members of this family such as

cribrostatins 3 (70), 4 (71) and 5 (72) (Pettit

et al. 2000). These compounds (70–71) were

active against mouse leukemia P-388 cell line.

Structurally related alkaloid, cribrostatin 6 (73),

was also isolated from the same marine sponge

Cribrochalina sp. (Pettit et al. 2003) and was

found to inhibit the growth of murine P-388

lymphocytic leukemia and a panel of human

cancer cell lines (Fig. 12.7).

12.5 Pyridine Alkaloids

The sponge of order Haplosclerida are considered

the richest source of pyridine alkaloids with

diverse carbon skeleton. Several 3-alkyl pyridine

alkaloids have been isolated from marine sponges

(Faukner 1999). Cytotoxic bis-pyridine alkaloids,

pyrinadine A and cribochalines A and B, were

isolated from the marine sponge Cribrochalina

sp. (Kariya et al. 2006). Cribochaline A displayed

antifungal activity against both antibiotic-sensitive

Fig. 12.6 All compounds

are cited (figures are not

cited; instead compound’s

number are cited; it is just

for reference)
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Fig. 12.7 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for reference)
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and antibiotic-resistant strains of Candida

sp. (Nicholas and Molinski 2000). Kobayashi’s

group have isolated pyrinodemins A–D (74–77)

(Fig. 12.8) potent cytotoxic bis-pyridine alkaloids

with a cis-cyclopent[c]isoxazolidine moiety, from

the Okinawan marine sponge Amphimedon

sp. (Tsuda et al. 1999; Hirano et al. 2000). In the

later years, they have isolated several other

pyrinodemins, viz., pyrinodemins G–I (78–80),

bis-3-alkyl pyridine from the same sponge (Kubota

et al. 2013) (Fig. 12.8).

Fig. 12.8 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for reference)
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Niphatesine F (81) was isolated from the

Okinawan marine sponge Niphates

sp. (Kobayashi et al. 1992), while untenines A–

C (82–84) (Fig. 12.9) were isolated from the

Okinawan marine sponge Callyspongia

sp. (Wang et al. 1996). Cyclic bis-pyridine
alkaloids, cyclostellettamine alkaloids (85–93),

were obtained from the sponge Pachychalina

sp. and the alkaloids exhibited antimicrobial

and antimycobacterial activity (De Oliveira

et al. 2006). Cytotoxic tripyridine alkaloids,

niphatoxins A and B (94–95), have been isolated

by Kobayashi’s group from the Red Sea sponge

Niphates sp. (Talpira et al. 1992), while

nitroalkyl pyridine alkaloids with

antimicrofouling properties were isolated from

the Okinawan marine sponge Callyspongia

sp. (Wang et al. 1996). Theonelladins A–D (96–
99), antineoplastic pyridine alkaloids, were

isolated from the marine sponges Theonella

swinhoei (Kobayashi et al. 1989a). Kitamura

et al. isolated echinoclathrines A–C (100–102),

a new class of pyridine alkaloids having 4-aryl-2-

methylpyridine unit from an Okinawan sponge,

Echinoclathria sp. (Kitamura et al. 1999).

Echinoclathrine A (100) exhibited a weak cyto-

toxicity (IC50 ¼ 10 μg/mL) against P-388,

A-549, and HT-29 cell lines, while other

alkaloids were found to be inactive (Fig. 12.9).

12.6 Piperidine Alkaloids

Piperidines are heterocyclic amines consisting of

a six-membered ring containing five methylene

bridges (-CH2-) and one amine bridge (-NH-).

Marine sponges belonging to the order

Haplosclerida are considered the richest source

of alkyl piperidine alkaloids. 3-Alkyl piperidine

alkaloid which is a very common piperidine alka-

loid includes a variety of metabolites ranging

from monomeric 3-alkyl pyridines to condensed

bis-alkyl piperidines of the manzamine class.

These alkaloids show a wide range of biological

activities, viz., antimicrobial, antiviral, and cyto-

toxic (Schmitz et al. 1978), antimalarial (Ang

et al. 2000), and antifouling (Faimali et al.

2003). Unusual oligomeric pyridinium alkaloids,

namely, cyclohaliclonamines (Teruya et al.

2006) and viscosamine (Volk et al. 2004), were

isolated from Haliclona sp. and Haliclona
viscosa, respectively. A macrocyclic dimeric

haliclamines and the linear trimeric viscosaline

were also isolated from H. viscosa (Volk and

Köck 2004).

Fusetani and coworkers have reported piperi-

dine alkaloids, namely, halicyclamine A (103),
tetradehydrohalicyclamine A (104), and

22-hydroxyhalicyclamine A (105) from a marine

sponge Amphimedon sp. (Takekawa, et al. 2006).
These halicyclamine piperidine alkaloids (103–

105) exhibited cytotoxicity against P388 cells

with IC50 values of 0.45, 2.2, and 0.45 μg/mL,

respectively. A new piperidine alkaloid

plakoridine C (106) has been isolated by

Kobayashi’s group from an Okinawan marine

sponge Plakortis sp., and the structure was

elucidated from spectroscopic data (Ishiguro

et al. 2009). Plakoridine C (106) is a new alkaloid

possessing a piperidine ring connected to a

β-keto-γ-lactone through a double bond.

Bis-piperidine alkaloids, madangamine F (107),
haliclonacyclamine F (108), and arenosclerins D

(109) and E (110), have been isolated from the

marine sponge Pachychalina alcaloidifera and

the structures were identified by the analysis of

spectroscopic data. The alkaloids displayed cyto-

toxic activity against different cancer cell lines

(Fig. 12.10).

12.7 Quinolizidine Alkaloids

Quinolizidine alkaloids are distinct from other

alkaloids in that they contained at least one

quinolizidine ring system. They exhibited signif-

icant coronary vasodilative effects as well as

modest murine leukemia cell growth inhibition

and antimicrobial activity (Quirion et al. 1992).

Quinolizidine family, namely, 1-oxa-quino-

lizidine and bis-1-oxa-quinolizidines, is common

in marine sponges. The first four “l-oxa-

quinolizidines” were isolated from the

Australian sponge Xestospongia exigua,

designated as xestospongins A–D (111–114)

with the structure of (-)-xestospongin-C (113)
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Fig. 12.9 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for reference)
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determined by X-ray techniques (Nakagawa

et al. 1984). Later these oxa-quinolizidine and

bis-quinolizidine families have also been isolated

from several other marine sponges, viz.,

Oceanapia sp. (Singh et al. 2011), Petrosia
similis (Goud et al. 2003), and Haliclona exigua

(Venkateswarlu et al. 1994). The family of

xestospongin/araguspongine alkaloids comprises

Fig. 12.10 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for

reference)
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of 13 members (Moon et al. 2002; Reddy and

Faulkner 1997), and chemically, they are dimeric

2,9-disubstituted 1-oxa-quinolizidines. Braekman

et al. reported petrosin (115), a bis-quinolizidine

alkaloid from the sponge Petrosia seriata

(Braekman et al. 1982). They have established

that petrosin might exist in two isomers in solu-

tion; the structure of petrosin was characterized by

spectroscopic data and solid-state structure was

determined by X-ray diffraction analysis

(Braekman et al. 1982). A racemic xestospongin

alkaloid (�) xestospongin D (114) was isolated

from the Singapore marine sponge Niphates
sp. (Pettit et al. 1996). The absolute stereochemis-

try at the six chiral centers for this enantiomer was

assigned by X-ray analysis. This racemic (�)

xestospongin D (114) showed several activities

including antimicrobial and modest growth inhib-

itory against a number of tumor cell lines (Pettit

et al. 1996). Petrosin A (116) vasodilative macro-

cyclic quinolizidine alkaloid, aragupetrosine A

(117), and several araguspongin alkaloids have

been reported by Kobayashi’s group from an

Okinawan marine sponge, Xestospongia

sp. (Kobayashi et al. 1989b). Unique bis-1-oxa-

quinolizidine N-oxide alkaloids, araguspongins K

(118) and L (119), were also reported by Orabi

et al. from red sponge Xestospongia exigua (Orabi

et al. 2002) (Fig. 12.11).

12.8 Steroidal Alkaloids

In 2002, Borbone et al. demonstrated the isola-

tion of four steroidal alkaloids, plakinamines G

(120), H (121), and L (122) and tetrahydropla-

kinamine A (123) from the marine sponge

Corticium sp. (Borbone et al. 2002). Among

Fig. 12.11 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for

reference)
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these series, plakinamine G (120) and tetrahydro-
plakinamine A (123) were most active against C6

cells, whereas plakinamine H (121) and

plakinamine L (122) were cytotoxic against C6

cells and RAW-264 cell lines. In 2007, three

more steroidal alkaloids, cortistatins J–L (124–
126), were isolated from the Indonesian marine

sponge Corticium simplex (Aoki et al. 2007).

Cortistatin J (124) demonstrated potent cytostatic

antiproliferative activity against human umbili-

cal vein endothelial cells (HUVEC) and also

inhibited migration and tubular formation of

HUVEC induced by VEGF or bFGF, whereas

cortistatins K (125) and L (126) were less potent

than cortistatin J (124). Steroidal alkaloids

plakinamine I–K (127–129) and dihydropla-

kinamine K (130) were isolated from sponge

Corticium niger (Ridley and Faulkner 2003)

and were tested for cytotoxicity against the

human colon tumor cell line (HCT-116).

Compounds plakinamine K (129) and

dihydroplakinamine K (130) were found to be

the most active in terms of potency, while

plakinamines I and J (127 & 128) were moder-

ately active (Fig. 12.12).

12.9 Bromotyrosine Alkaloids

Marine sponges from the order Verongida are

rich source of bromotyrosine-derived alkaloids

(Bergquist 1983; Gribble 1998). Sponges in this

order have been reported to show unusual bio-

chemical profiles characterized by the absence of

terpenes and the production of sterols and

brominated compounds biogenetically tyrosine

(Kochanowska et al. 2008). Several

bromotyrosine alkaloids, viz., purealin (Tsuda

et al. 1992), lipopurealins A–E (Wu et al. 1986;

Kobayashi et al. 1995), purealidins A–S

(Ishibashi et al. 1991; Kobayashi et al. 1991),

psammaplysins A–B (Roll et al. 1985),

purpuramines A–J (Tabudravu and Jaspars

2002; Yagi et al. 1993), aplysamines 2–5 (Jurek

et al. 1993), and macrocyclic peptides bastadins

(Carney et al. 1993; Aoki et al. 2006), have been

isolated from this marine sponge order of

Verongida. Due to the occurrence of

bromotyrosine alkaloids in practically all

Verongida marine sponges so far chemically

investigated, these alkaloids and their derivatives

have been considered as chemotaxonomic

markers for sponges of this order (Harper et al.

2001). However, the recent isolation of

bromotyrosine-derived compounds from sponges

belonging to other distinct taxa, such as Agelas

oroides (König and Wright 1993), Oceanapia
sp. (Nicholas et al. 2001), and Poecillastra

wondoensis (Park et al. 2003), indicated that

these compounds are not specific chemotaxo-

nomic markers for marine sponges of Verongida

(Erpenbeck and van Soest 2007). Bromotyrosine

alkaloids exhibited potent antibacterial

(Tsukamoto et al. 1996a, 1996b; Matsunaga

et al. 2005), anti-HIV (Ross et al. 2000), antima-

larial (Xu et al. 2011), and cytotoxic (Tabudravu

and Jaspars 2002) activities.

Purealidin S and purpuramine J were isolated

from the Fijian marine sponge Druinella
sp. (Tabudravu and Jaspars 2002). Fujiwara

et al. isolated a new bromotyrosine alkaloid

JBIR-44 (131) from Psammaplysilla purpurea.
JBIR-44 (131) showed cytotoxic effects against

human cervical carcinoma HeLa cells (Fujiwara

et al. 2009). Bromotyrosine-derived metabolites

purpuramines A–I were isolated from the marine

sponge Psammaplysilla purpurea (Jurek et al.

1993). Purpuramines A (132) and C (133) differ
only at amine substituent at the aromatic ring.

A novel dibromotyrosine derivative, Aplysfis-

tularine (134), was isolated from the marine

sponge Aplysina fistularis (Lira et al. 2012).

This species have been well documented for the

presence of a large number of brominated

metabolites including fistularines, aerothionines,

ceratinamines, aplysamines, anamonianes, and

psammaplysines (Ciminiello et al. 1994; Thoms

et al. 2005; Saeki et al. 2002). Purealidins B–C

(135–136) (Kobayashi et al. 1991) and

lipopurealins D–E (137–138) (Kobayashi et al.,
1995) were isolated from the Okinawan marine

sponge Psammaplysilla purea (Fig. 12.13).

Yin et al. isolated pseudoceramines A–D

(139–142), a series of antibacterial

bromotyrosine alkaloids from the marine sponge

Pseudoceratina sp. of Erskine Is., Great Barrier

12 Bioactive Alkaloids from Marine Sponges 275



Fig. 12.12 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for
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Reef (Yin et al. 2011). They have reported that

pseudoceramine C (141) was a cleavage deriva-

tive of spermatinamine (143). Pseudoceramine B

(140) inhibits secretion of the virulence factor

Yersinia outer protein E (Yin et al. 2011).

Bromotyrosine-derived alkaloids, purealidin-L

(144), aerophobin-1 (145) and aerophobin-

2 (146) (Cimino et al. 1983), and isofistularin-3

(147), were isolated from several marine sponges

(Gopichand and Schmitz 1979) (Fig. 12.14).

Kobayashi’s group isolated purealidin-L

(144) (Kobayashi et al. 1995) from

Psammaplysilla purea, and tyrokeradines A and

B (148–149) were isolated from Okinawan

marine sponge of order Verongida (Mukai et al.

2009). In later years, they isolated other related

bromotyrosine alkaloids tyrokeradines C (150)
from the same sponge (Kubota et al. 2012). His

group also isolated ceratinadins A–C (151–153)

from Okinawan marine sponge Pseudoceratina
sp. (Kona et al. 2010). Aplysamine-4 (154), a

bromotyrosine-derived alkaloid, was isolated

from the sponge Psammaplysilla purpurea
(Jurek et al. 1993). Proksch’s group has isolated

a new bromotyrosine alkaloid N-methyl-

aerophobin-2 (155) along with known

bromotyrosine alkaloids, purealidin-L (144),

aerophobin-1(145), and aerophobin-2 (146),

Fig. 12.13 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for

reference)
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Fig. 12.14 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for

reference)
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Fig. 12.15 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for

reference)
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from the Caribbean marine sponge Aiolochroia

crassa (Assmann et al. 1998). A series of

purpurealidins A–D (156–159) were isolated by

Tilvi et al., from the Indian marine sponge

Psammaplysilla purpurea (Tilvi et al. 2004)

(Fig. 12.15).

Bromotyrosine alkaloids with antifouling

activities were reported from P. purpurea col-

lected in various locations of Japan, among

which the most interesting is ceratinamine (160)

which contains a cyanoformamide functionality,

unprecedented in natural products (Tsukamoto

et al. 1996a). Ceratinamine showed potent anti-

fouling activities against barnacle larvae with an

EC50 value of 5.0 μg mL�1. Other

bromotyrosine-derived alkaloids such as

ceratinamides A (161) and B (162) and

psammaplysin A (163) exhibited potent activity

with EC50 values of 0.10, 2.40, and 0.27 μg mL�1,

respectively (Tsukamoto et al. 1996b).

Fig. 12.16 All compounds are cited (figures are not cited; instead compound’s number are cited; it is just for

reference)
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Bewley’s research group isolated a novel

bromotyrosine alkaloid (164), which inhibits

mycothiol S-conjugate amidase (MCA) from

marine sponge Oceanapia species (Nicholas

et al. 2001). Macrocyclic bromotyrosine

alkaloids, bastadins, were isolated from several

marine sponges, such as Psammaplysilla

purpurea (Carney et al. 1993) and Ianthella

basta (Aoki et al. 2006). Bastadin-6 (165)
exhibited antiproliferative activities against

endothelial cells (Aoki et al. 2006) (Fig. 12.16).

12.10 Conclusion

This chapter presents the various alkaloids

isolated from marine sponges and discusses

their biological properties. In order to simplify

to general readers, the chapter presents different

class of alkaloids isolated from various marine

sponges with their selected chemical structures in

each separate section. The source of sponge from

which they are isolated and their bioactivities

have been discussed. The chapter reviews on

alkaloids, viz., pyridoacridines, alkyl pyridine,

piperidine, indole, quinolizidine, isoquinoline,

steroidal, and bromotyrosine alkaloids and their

derivatives isolated from various marine

sponges. Since there are several alkaloids of

marine sponge origin, it is not possible to include

all alkaloids isolated from them. We highlighted

only selected alkaloids of marine sponge and

discussed their potential biological properties.

We believe that this chapter may find interest to

general readers and researchers working in natu-

ral product sciences both from the academic and

industries. We also acknowledged that several

published works on the topic which deserved to

be cited have been excluded due to page

limitation.
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Proteoglycans from Marine Sponges
and Their Biomedical Applications 13
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Abstract

Marine sponges are the simplest and earliest multicellular organisms,

proteoglycans originating from the extracellular milieu fastened to the

cell membrane. The extracellular space in the tissues of multicellular

creatures is blocked through a gel-like substance, called the extracellular

matrix, or the ground substance, which grasps the cells collectively and

affords a permeable pathway for the dissemination of nutrients and oxy-

gen to individual cells. The extracellular matrix is compiled of an

intermingling network of heteropolysaccharides and fibrous connective

tissue proteins such as collagen, elastin, fibronectin, and laminin. The

glycosaminoglycans (GAG) are a family of linear polymeric heteropoly-

saccharides composed of duplicating disaccharide units. To investigate

the isolation of proteoglycans and their structure has been intended, by

means of chromatography, to mimic the function of proteoglycans in the

multicellular adhesion of the marine sponge. The interaction of

proteoglycans with GAG is not based on electrostatic communication.

In addition, the interaction of proteins with GAG may have potential

significant implications for biomedical roles including anticoagulant,

antibacterial, antiviral, anti-inflammatory, and so on, and as an alternative

therapeutic agent in the field of biochemical/pharmacological/microbial/

molecular biology.
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13.1 Introduction

Sponges are animals of unusual nature and are of

ancient heritage. They are filter-feeding ben-

thonic animals that have endured almost morpho-

logically impassive since the greater Cambrian

(509 million years ago; Hooper and Van Soest

2002). Sponges are the simplest multicellular

lifeform present nowadays in our world, similar,

in evolutionary terms, to prehistoric multicellular

organisms (Misevic et al. 2007). Sponges are the

mainly primordial animal form living today and

hence are considered living fossils

(Li et al. 1998) for newer energy in drug produc-

tion. These animals are so peculiar that, in the

Metazoa kingdom, an entire phylum is devoted

to them, viz. Phylum Porifera (Hooper 1995).

There are 8365 well-known sponge species

(Van Soest et al. 2008) and, of these, around

98 % live in marine environments. They remain

fastened to the marine substratum in many dif-

ferent rocky bottoms, shores, temperatures,

salinities, and light conditions (Rutzler

et al. 2004) and continue living in a massive

amount of colors and silhouettes.

The liaison sandwiched between sponges and

remedies goes back to Alexandrian physicians

and is meticulously described by the Roman his-

torian Plinius. The general practitioners make

use of sponges that are saturated with iodine to

induce blood coagulation, or with bioactive tis-

sue extracts to sedate patients in clinics. Pharma-

ceutical awareness of sponges has been

awakened since the 1950s by the breakthrough

of a marine-derived anticancer agent and

antiviral drug (Sipkema et al. 2005). The sticking

together of marine sponges involves the calcium-

independent adherence of proteoglycan-like

molecules, called aggregation factors, to the cell

surface, and self-association of calcium-

dependent aggregation factors. The calcium-

dependent affair is species-specific, as

demonstrated by the hasty self-association and

categorization, on the addition of calcium ions,

of a mixture of colored (pink, yellow, and white)

proteoglycan-coated beads, each color

corresponding to a different species. Monoclonal

antibodies are raised in opposition to purified

adhesion proteoglycans of Microciona prolifera

chunked the self-relationship, for which the dis-

tinguished epitopes are identified as squat carbo-

hydrate units: the sulfated disaccharide 1 and a

pyruvylated trisaccharide (Haseley et al. 2001).

Proteoglycans are proteins with a modified

form of carbohydrate moiety such as glucose/

galactose/xylose/mannose. The fundamental pro-

teoglycan unit consists of a “core protein” with

one or more covalently attached at specific gly-

cosaminoglycan (GAG) chain(s) (Meisenberg

and Simmons 2006). The point of attachment is

a serine residue, where the GAG joins through a

tetrasaccharide bridge (e.g., heparan sulfate/

dermatan sulfate/karatan sulfate/chondroitin

sulfate-protein). The serine residue is generally

in the sequence –Ser–Gly–X–Gly– (where X can

be any amino acid residue, but proline), even

though not every protein with this sequence has

been attached to GAG. Under physiological

conditions, the chains are elongated and the lin-

ear heteropolysaccharide polymers are nega-

tively charged, because of uronic acid and

sulfate groups. Proteoglycans can be categorized

based on the nature of their GAG chains.

Proteoglycans can also be categorized by size,

typically high molecular weight heteropolysac-

charides that consist of a backbone of repeating

disaccharide units with an assimilation of amino

sugar and a uronic acid in atomic mass units or

kilo Daltons (kDa), analogous to proteins

(Table 13.1).
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Marine proteoglycans are extremely signifi-

cant natural macromolecules that are generally

present in marine organisms. Marine-sulfated

polysaccharides, principally GAG, present a

massive array of structures and are still under-

exploited, thus they should be considered as a

novel source of natural compounds for newer

drug discovery (Laurienzo 2010). Marine GAG

can be divided into three different types, such as

animal GAG, plant GAG, and microbial GAG

according to their different resources. Marine-

derived GAG have been shown to have a variety

of bioactivities such as antioxidant, anticoagu-

lant, antitumor, antiviral, immuno-inflammatory,

and other medicinal properties, which have less

adverse effect, not found in terrestrial sources. In

particular, the studies on the antiviral actions of

marine GAG and their oligosaccharide

derivatives are attracting increasing interest,

and marine GAG are the cobblestones of the

way for a new trend in antiviral drugs.

From Fig. 13.1 it is evident that marine

resources have contributed a great deal to the

recognition of lead compounds towards antiviral

research. Marine sponges and algae have been

the sources of the majority of antiviral drugs

during the specified duration (1999–2008),

contributing ~75 % of the total compounds

identified. With growing time, newer viral

mechanisms inside host systems such as viral

duplication through topoisomerase binding, rep-

lication mechanisms, HIV-1 tat-induced

Table 13.1 Various types of GAG and their proteoglycans

GAG Small proteoglycans Large proteoglycans

Heparan sulfate Testican, 44 kDa Perlecan, 400–470 kDa

Chondroitin sulfate Decorin – 36 kDa Versican –260–370 kDa, present in many adult tissues

including blood vessels and skin

Dermatan sulfate Biglycan – 38 kDa Versican –260–370 kDa, present in many adult tissues

including blood vessels and skin

Keratan sulfate Fibromodulin – 42 kDa

Lumican – 38 kDa

Fig. 13.1 A representational network of natural products extracted from various marine organisms exhibiting antiviral

activity
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angiogenesis, and so on have been studied and

looked at as possible targets of therapy and treat-

ment. The scientific community has been in search

of a wide variety of biomolecules such as flavones,

alkaloids, sulfated polysaccharides, peptides, and

terpenes, among others, which vary in their

mechanical mode of action, binding to various

cellular targets, to impart antiviral activity. The

marine bioactive compounds thus have given the

scope of unraveling novel target mechanisms such

as inhibition of viral binding and penetration,

interaction with HIV-1 glycoproteins, and so

on. Drugs such as clathsterol, crambescidin, and

dehydrofurodendin have consequently made

known potent activities against the viral agents

acting through distinct mechanisms. With the

emerging antiviral resistance against the ever-

increasing barrage of antiviral agents, sponges

with their vast diversity and complex structural

and efficient mechanisms hold immense promise

in countering one of the greatest threats facing

civilization.

13.1.1 Types of GAG

Generally GAGs are classified into five types,

which are bound to maximum and minimum

concentrations of proteoglycans (Table 13.1).

GAGs are long, linear, disaccharide repeats of

hexosamine and highly sulfated galactose or

hexuronic acids, and are usually found bound

covalently to a protein “core” to form

proteoglycans (Kjellen and Lindahl 1991; Silbert

et al. 1997). GAGs are an extremely heteroge-

neous group of molecules that can be divided

into several different general classes, such as

heparan sulphate (and its model analogue, hepa-

rin), chondroitin sulphate, dermatan sulphate,

and hyaluronic acid, depending on the composi-

tion of the sugar backbone and the degree of

sugar modification. Proteoglycans/GAGs are

expressed by all nucleated cells and several bac-

terial pathogens, such as Bordetella pertussis,

Mycobacterium spp. (Menozzi 1994), Listeria
monocytogenes (Alvarez-Dominguez

et al. 1997), and Neisseria gonorrhoeae (Putten

and Cole 1998) encode surface proteins that

recognize GAGs, that is, GAG-binding adhesins

(Rostand 1997).

Jackson et al. (1991) found the GAG, molec-

ular properties, protein interactions, and their

role in physiological processes. An overview of

low molecular weight heparin and heparinoid

(hepain-like substances) basic clinical aspects

was given by Hirsh (1992). Volpi (1993) studied

the “fast moving” and “slow moving” heparins,

dermatan sulfate, and chondroitin sulfate: quali-

tative and quantitative analysis by agarose-gel

electrophoresis. The sequence analysis of

heparan sulfate proteoglycans and the identifica-

tion of variable and constant oligosaccharide

regions in eight heparan sulfate proteoglycans

from different sources are reported by Tersariol

et al. (1994).

13.2 Structures of GAG

13.2.1 Heparin and Heparan Sulfate

The most common disaccharide unit is composed

of GlcNAc 1, 4-linked to GlcA. The structure of

heparin and heparan sulfate is very similar

(Fig. 13.2); however, heparin contains more

N-sulfate groups than N-acetyl groups, and the

concentration of O-sulfate groups exceeds that of

N-sulfate (Saravanan and Shanmugam 2011).

13.2.2 Chondroitin Sulfate

Chondroitin sulfate is another GAG holding

opposing views from hyaluronate in two

respects: in general it has greatly shorter

polymers and is covalently bonded to specific

proteins such as proteoglycans. Chondroitin sul-

fate (Greek chondros, cartilage) provides tensile

COOH

OH
O

O

O

OO

OR'

OR'

R=Ac,SO3
-

R'=H,SO3
-

CH2OR'

NHR

Fig. 13.2 Structure of

heparin (Adapted from

Falshaw et al. 1999)
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strength to the cartilage, tendons, ligaments, and

walls of the aorta. It consists of repeating

units of sulfated GlcA-GalNAc disaccharides,

polymerized into long chains (Fig. 13.3) that

can be easily identified using bacterial chondroi-

tin lyases (chondroitinases). In vertebrates,

sulfation in chondroitin sulfate is very complex,

involving several sulfo-transferases that add sul-

fate groups at carbon 4 or 6 on the GalNAc

residues, and also at carbon 2 on the IdoA

residues in dermatan sulphate. There are three

types of chondroitin sulfate, namely chondroitin

sulfate A, B, and C (Figs. 13.3, 13.4, and 13.5):

chondroitin sulfate A carbon 4 of the

N-acetylgalactosamine (GalNAc) sugar chon-

droitin-4-sulfate, chondroitin sulfate C carbon

6 of the GalNAc sugar chondroitin-6-sulfate,

chondroitin sulfate D carbon 2 of the glucuronic

acid and 6 of the GalNAc sugar chondroitin-2,

6-sulfate, and chondroitin sulfate E carbons

4 and 6 of the GalNAc sugar chondroitin-4,6-

sulfate.

COOH
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HH
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H
HH

H

H

OH

OHH
n

H

O

O

O

O
O

O

NHCOOH3

HO3S CH2OH
Fig. 13.3 Structure of

chondroitin sulfate A

(Adapted from Falshaw

et al. 1999)
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Fig. 13.4 Structure of

chondroitin sulfate B

(Adapted from Falshaw

et al. 1999)
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Fig. 13.5 Structure of

chondroitin sulfate C

(Adapted from Falshaw

et al. 1999)
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13.2.3 Dermatan Sulfate

Dermatan sulfate (Greek derma, skin)

contributes to the flexibility of skin and is also

present in blood vessels and heart valves. In this

polymer, many of the glucuronate (GlcA)

residues present in chondroitin sulfate are

replaced by their epimer, iduronate (IdoA), via

1, 3 linked to N-acetyl glucosamine. Differences

in the degree of sulfation on both hexuronic acid

(2-O-sulfated) and GalNAc (4-O- or/and 6-O-

sulfated) are responsible for the extensive hetero-

geneity of this polymer (Rudd et al. 2010). As

opposed to chondroitin sulfate, dermatan sulfate

refers to a glycan that contains one or more IdoA

disaccharides. It is also referred to as chondroitin

sulfate-B, although it is no longer classified as a

form of chondroitin sulfate, which is represented

in Fig. 13.6 (Varki et al. 1999).

13.2.4 Keratan Sulfate

Keratan sulfates (Greek keras, horn) have no

uronic acid and their sulfate content is inconsis-

tent. They are found in cornea, cartilage, bone,

and a variety of horny structures formed of dead

cells: claws, hair, horn, hoofs, and nails. Keratan

is a sulfated polylactosamine chain and contains

a mixture of nonsulfated, monosulfated, and

disulfated disaccharides (Fig. 13.7). The basic

repeating disaccharide unit is !3Gal-

β-1!4GlcNAc-β!1. It can be sulfated at carbon

6 of both Gal and GlcNAc monosaccharides.

Bacterial keratanase and chondroitinase ABC

degrade keratan sulfates at specific positions

(Cooper et al. 2002).

13.2.5 Hyaluronic Acid

Hyaluronic acid (hyaluronate at physiological

pH) contains alternating residues of D-glucuronic

acid and N-acetylglucosamine linked via

alternating β-1!4 and β-1!3 glycosidic bonds

(Fig. 13.8). Several types of hyaluronidases,

enzymes that degrade HA, are known to generate

either tetrasaccharides or disaccharides as end

products (Varki et al. 1999). Hyaluronate is also

an important component of the extracellular

matrix of cartilage and tendons, to which it

donates tensile strength and elasticity as a result

of its strong interactions with other components of

the matrix. Hyaluronidase, an enzyme produced

by some pathogenic bacteria, can hydrolyze the

glycosidic linkages of hyaluronate, rendering

tissues more susceptible to bacterial offensive

action. In many organisms, an analogous enzyme

in sperm hydrolyzes an outer GAG coat around

the ovum, allowing sperm dissemination.

13.3 Antibodies

Antibodies (immunoglobulins-Ig) are also referred

to as glycoproteins (glycoproteins are proteins that

carry covalently bonded sugar units); antibodies

are antigen-binding proteins present on the B-cell

membrane and secreted by plasma cells. Secreted

antibodies in circulation serve as effectors of

humoral immunity by searching out and

neutralizing antigens or scratching them for rid-

dance. All antibodies possess similar structural

features, bind to antigen, and take part in

associated effector functions. Antibody molecules

have a common structure of four peptide chains

(Fig. 13.9). This structure consists of two identical
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Fig. 13.6 Structure of

dermatan sulfate (Adapted

from Falshaw et al. 1999)
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light (L) chains, polypeptides of about 23 kDa

molecular weight, and two identical heavy

(H) chains, larger polypeptides of molecular

weight 50–60 kDa or more. As are the antibody

molecules they constitute, H and L chains are also

called immunoglobulins.

The H-chains and L-chains are connected by

interchain disulfide bridges. This prototype struc-

ture is common for all monomeric immunoglob-

ulin molecules. Polymeric antibodies of higher

molecular weight are formed by 2–6 four-chain

subunits, similar to the monomeric immunoglob-

ulin molecule. They possess one or two supple-

mentary peptide chains that are essential for the

formation and stabilization of antibody polymers

(Vilela-Silva et al. 2001). The immunoglobulin

molecules are found at the surface of

B-lymphocytes or soluble in the blood and

lymph. In general, antibodies are divided into

five classes, IgG, IgM, IgA, IgD, and IgE, based

on the numbers of prototype structures and the

type of heavy-chain polypeptides (Harlow and

Lane 1998).

13.3.1 Production of Antibodies

Antibodies are generated by immunization of

appropriate animals or by production of

hybridomas, using myeloma cells (plasma cell

tumor) and activated B-lymphocytes from

mouse spleen. The myeloma cells habitually pro-

duce a large amount of a single type of abnormal

antibody, which is called a para-protein or M

protein. It often reduces the production of normal

antibodies as it cannot fight infection effectively.

However, the methods used for production of

antibodies are different. An animal injected

with a suitable antigen generates multiple

antibodies against different epitopes, whereas

the hybridome produces an antibody against a

single epitope. A single clone of B-lymphocytes

produces antibodies against only a single specific

epitope. Because the B-lymphocyte can produce

only one type of antibody and a huge number of

different types are needed, it divides and gives

rise to many B-cells, all producing antibodies

against a specific epitope, called a lymphocyte

B-cell clone. The ability to stimulate the produc-

tion of antibodies varies among different

molecules. Certain parts of the same molecules

are better antigens than others (Goding 1993).

13.3.2 Production of Antibodies
Against GAGs and Proteoglycan
Epitopes

Carbohydrates are the most abundant and struc-

turally diverse organic molecules in nature that

provide energy to living cells. The location of

carbohydrates on the outer cell surface enables

them to interact effectively with the immune

system, which consists of various types of cells

and molecules that specifically interact with each

other to initiate the host defense mechanism.

Their role as cell antigenic determinants has

been firmly established and termed

glycoimmunology (Guo and Boons 2009). Nor-

mally, low molecular weight carbohydrates are

not immunogenic except combined with an

immunogenic carrier, a hapten. The antigenic

mechanism of carbohydrate antigens is some-

what similar to that of proteins. In general,

glycans activate B lymphocyte cells in a

thymus-independent type-2 response, and poly-

saccharide antigens induce a T-cell independent

response. Thus, the first signal is again the B-cell

receptor binding to the antigen. The second

Fig. 13.9 Structure of antibody
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signal in this case is either provided by a receptor

of the innate immune system, such as a toll-like

receptor or by extensive crosslinking of the sur-

face antibody by an antigen with repeating

epitopes. Because the carbohydrates typically

stimulate the B-cells in a T-cell–independent

manner, IgM is the predominant immunoglobu-

lin produced. In addition, affinity maturation and

development of memory cells are barely present

(Goding 1993; Guo and Boons 2009).

13.4 Types of GAG
and Proteoglycan Antibodies

Antibodies or immunoglobulins that are on

familiar terms with intact GAG chains or unam-

biguous epitopes produced by GAG-lyases are

commercially accessible. In general, anti-GAG

monoclonal antibodies are generated in the

experimental animal, against intact human

GAG chains, and these antibodies are made to

cross-react with homologous epitopes from other

species such as monkey, cat, rat, and mouse, but

not with other types of GAG. Some of these

antibodies categorize the integral GAG chains,

but others can only identify a disaccharide suc-

cession or “stub” of GAG. The “stub” antibodies

are recognized as a specific GAG after extensive

digestion using a defined enzyme. Generally, the

antibody specificity is according either to the

sulfated position such as 4S, 6S or unsulfated

position. This is because the self-association

surrounded by the GAGs and their interaction

with other constituents of the extracellular matrix

may be influenced by the meticulous charge on

the GAG molecule. Consequently, these

antibodies make available an important device

to learn the allocation of specific types of some

GAG chains that appear to show significant tis-

sue specificity Westerlo et al. (2011).

13.5 Extraction of GAG

13.5.1 Collection of Marine Sponges

The suitable marine sponges are collected from

the sea, brought to the laboratory, washed with

tap water, and then distilled water. Sand, debris,

and tiny particles are completely removed. The

whole body tissue is cut into small pieces,

ground, defatted with suitable organic (acetone/

petroleum ether/chloroform) solvent, and used

for further extraction. Otherwise, the mucus of

the sponge is filtered and can be considered for

separation of GAG.

13.5.2 Extraction of GAGs

The procedure of Holick et al. (1985) is adopted

for the extraction of GAGs from the marine

sponges. The defatted tissues are ground and

mixed with 0.4 M Na2 SO4. The mixture is

incubated at 55�C for 1 h and 30 min (pH 11.5)

after incubation Al2 (SO4)3 crystals are added to

reduce the pH 7.7 and again incubated to 95 �C
for 1 h and centrifuged (2500 � g) for 1 h and

30 min at 4 �C. The retentate is recovered and

cetylpyridinium chloride (CPC) is added (0.1 %

w/v) and the mixture is allowed to stand for 3 h at

4 �C; centrifugation is performed (2500 � g) at

4 �C for 15 min and the precipitate is recovered

and washed two times with 0.1 % CPC solution

and recovered each time by centrifugation.

Finally, the recovered precipitate is dissolved in

2.5 M NaCl and the crude GAG is recovered by

methanol (85 % v/v) precipitation. After stand-

ing overnight at 4 �C, the crude GAG precipitate

is recovered by centrifugation (2500 � g) at 4 �C
for 15 min.

13.6 Fractionation of GAGs

13.6.1 Ion-Exchange Chromatography

The GAGs extracted from the tissue of the

marine sponges (10 mg) is then subjected to

ion-exchange column chromatography using

DEAE-cellulose. The column is eluted with two

dissimilar molar concentrations of NaCl (1.0–2.0

M), the flow rate of the column is 8 ml/h, and the

active fractions are gathered (Pavao et al. 1998).

Both elutes are combined, dialyzed (for low

molecular weight GAG—cut off dialysis mem-

brane range is 12–14 kDa), and freeze-dried,
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which is used for molecular weight determina-

tion. Then the fractionation of GAGs (1.0 g) is

also done using anionic resin on a column of

Amberlite IRA-900 (Cl¯; Saravanan and

Shanmugam 2010). Then the sample is recovered

by stepwise elution with 0.4 M NaCl and 0.8 M

NaCl and the flow rate of the column is 1 ml/min.

Both elutes are combined, dialyzed, and freeze-

dried.

13.6.2 Conversion of GAGs as GAG
Sodium Salts

The freeze-dried GAGs are renovated into GAG

sodium salts by using a cationic resin (Amberlilte

IR-120 in Na+) column (Volpi 1994). Then the

elute is gathered by precipitation with 2.0 vol-

ume of acetone; the collected precipitate is dried

under vacuum. The recuperated white powder of

GAG complex is used for further investigation.

13.6.3 Chemical Characterization

An Azure-A assay is performed (confirmation

test) to estimate the level of sulfo group replace-

ment of the fractionated and purified GAGs. An

Azure-B assay is used for the confirmation of

nucleic acid presence. Metachromasia of the

blue dye on addition of negatively charged

GAG results in a concentration-dependent

increase in absorbance at 530 nm (Grant

et al. 1984); porcine intestinal heparan sulfate is

used as a standard.

13.6.4 Purification of GAGs by Gel
Chromatography

GAGs are purified on a suitable column of

Sephadex G-100. The activities of all the

fractions are tested through metachromatic

assay. The active fractions are pooled and expan-

sively dialyzed against distilled water and freeze-

dried (Laurent et al. 1978).

13.7 Biomedical Applications
of Proteoglycans from Marine
Sponges

The sulfated polysaccharides are an inherent part

of the sponge, characterized by species-specific

cell–cell interaction giving rise to a framework

intertwined to form the canal system, which

performs the numerous physiological functions

of the animal. The sponges are characterized by

distinct populations of sulfated polysaccharides

and with variations in degrees of sulfation. The

interactions are mediated by calcium and

facilitated in a species-specific manner.

13.7.1 Clinical Significances
of Proteoglycans and GAG

Proteoglycans in addition to GAGs act upon

copious imperative functions surrounded by the

body, several of which still remain to be studied.

One of the well-known functions of the GAG

heparin is its role in preventing coagulation of

the blood by inhibiting the activity of serine

protease. Heparin is plentiful in granules of

mast cells that line blood vessels. The discharge

of heparin from these granules, in reaction to

injury, and its consequent doorway into the

serum show the ways to an inhibition of blood

clotting in the following manner. Free heparin

composites with and stimulates antithrombin III,

which in turn restrains all the serine proteases of

the coagulation cascade. This phenomenon has

been clinically exploited in the use of heparin

injections for anticoagulation remedies.

13.7.2 Anticoagulant Activity

The anticoagulant activity of enzyme hydrolysis

heparan sulfate and chromatography purified

GAG of marine scallop are depicted in

Table 13.2. The activated partial thromboplastin

time (APTT) and prothrombin time (PT) activity

of enzyme hydrolysis heparan sulfate of a

marrine scallop sample is recorded as 135 and
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100 IU/mg, respectively. In the case of APTT

and PT activities of fractionated and purified

GAG of marine scallop samples are recorded as

72 and 41 IU/mg (DEAE-cellulose), 84 and

57 IU/mg (Amberlite IRA-900), and 95 and

63 IU/mg (Sephadex G-100), correspondingly.

The anticoagulant activity of GAG is low

when compared to the heparan sulfate of the

marine scallop; the lower anticoagulant activity

can be related to a lower degree of sulfation of

the polysaccharide and, in particular, to a

decrease of the percentage of the trisulfated

disaccharides (Volpi 2005). The sequential pre-

cipitation and purification of heparin, dermatan

sulfate, and chondroitin sulfate from mixtures

with various organic solvents are reported by

Volpi (1996). This method is routinely used for

purification of specific components from the

mixture of GAG, by selecting various

concentrations of methanol and sodium chloride

as eluants. Saravanan and Shanmugam (2010,

2011) made a slight modification in this method

for isolation of low molecular weight heparin

derivative from GAG of marine animals. They

have reported elements such as carbon, hydro-

gen, nitrogen, and sulfate contents of the marine

scallop by using the enyzyme hyrodrolysis

method and ion-exchange and gel filtration chro-

matography. According to them the carbon,

hydrogen, nitrogen, and sulfate contents of the

heparan sulfate and GAG samples showed their

values as 22.80 %, 3.08 %, 2.08 %, and 20.4 %

and 12.8 %, 1.88 %, 3.08 %, and 25.76 %,

respectively (Fig. 13.10). The increased percent-

age contents in heparan sulfate are due to the

interference of other sulfated GAGs such as

chondroitin sulfate and dermatan sulfate in the

chromatography purification method. In the

GAGs of H. pugilinus the sulfate content is

9.91 % and uronic acid 26.9 %. Whereas in the

GAGs of heparan sulfate from the snail Helix

aspersa, the uronic acid and sulfate contents are

found varying from 22–53 % to 7–10 %, respec-

tively (Hovingh and Linker 1998).

By degradation with heparitinases and

heparinase from Flavobacterium heparinum as

Table 13.2 APTT and PT activity of fractionated and purified GAG extracted from marine scallop

Source Type of purification APTT activity (IU/mg) PT activity (IU/mg)

Human blood DEAE-cellulose 72 41

Amberlite IRA-900 84 57

Sephadex G-100 95 63

Enzyme hydrolysis 135 100

Fig. 13.10 Elements

content of HS and GAG of

marine scallop (HS heparan
sulfate)
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well as electrophoretic migration in different

buffer systems of the sulfated polysaccharides

extracted from 22 species of the main classes of

invertebrates, it is suggested that heparan sulfate-

like and/or heparin-like compounds are present in

all tissue-organized species analyzed (Cassaro and

Dietrich 1977). In a more recent survey of more

than 50 invertebrates from different classes using

the same methodology, it is shown that heparan

sulfate is a ubiquitous compound. Other authors

have also reported the presence of sulfated

GAG-like compounds in some species of

invertebrates (Hovingh and Linker 1982).

Cosmi et al. (1997) found the effect of nonspe-

cific binding of unfractionated heparin to plasma

proteins most likely contributes to the variable

anticoagulant-IIa response to unfractionated hep-

arin in patients with thromboembolic disease.

Although dermatan sulfate also binds to plasma

proteins, the clinical significance of the phenom-

enon is unclear. In contrast, because low molecu-

lar weight heparin does not bind to plasma

proteins, the anticoagulant factor-IIa activity of

low molecular weight heparin should be just as

predictable as its anticoagulant factor – Xa

activity.

The mammalian matrix proteoglycans com-

prise tiny interstitial proteoglycans (biglycan,

decorin, fibromodulin), a proteoglycan form of

type IX collagen, constituents of the agrecan fam-

ily unit of proteoglycans (agrecan, brevican,

neurocan, or versican). A number of these

proteoglycans enclose only one GAG string

(e.g., decorin), whereas others have more than

100 chains (e.g., agrecan). Matrix proteoglycans

normally surround GAGs of the chondroitin and

dermatan sulfate. Nevertheless, the heparan-

sulfate–containing proteoglycans from the

perlecan and agrin families abound in basement

membranes. In addition, heparin proteoglycans

(otherwise called serglycin) are found in intracel-

lular granules of immune cells (Varki et al. 1999).

The cellular adhesion and recognition of marine

sponges are mediated by proteoglycan-like

molecules, also called aggregation factors,

spongicans, or glyconectins (Guerardel

et al. 2004). These proteoglycan-like molecules

are composed of a protein core attached to several

sulfated polysaccharide units (Jarchow et al. 2000).

The sulfated polysaccharide units of glyconectins

are responsible for the cell–cell recognition and

adhesion in sponges (Bucior and Burger 2004).

The interaction between the sulfated

polysaccharides of adjacent sponge cells is calcium

dependent and a highly species-specific event

(Bucior and Burger 2004; Misevic et al. 2004).

The species-specific interaction of the sulfated

polysaccharides from glyconectins is

demonstrated by the selective and homophilic

aggregation of beads coated with sulfated

polysaccharides from different sponges (Popescu

and Misevic 1997; Misevic et al. 2004). Other

evidence for the species-specificity of sulfated

polysaccharides from Porifera species entails

their chemical and structural diversity (Zierer

and Mourao 2000; Guerardel et al. 2004). These

sulfated polysaccharides are highly complex and

all the species previously studied showed

polymers with different structures and/or sugar

and sulfate content (Table 13.3).

Table 13.3 Chemical differences among the sulfated polysaccharides from marine sponges

Species Sulfated polysaccharides References

Aplysina fulva Hex UA, Glu (sulfated) Zierer and Mourao (2000)

Chondrilla nucula Hex UA, Ara, Gal, Fuc (sulfated) Zierer and Mourao (2000)

Cliona celata Sulfated Hex Nac, Ara, Fuc Guerardel et al. (2004)

Dysidea robusta Hex UA, Ara, Gal, Fuc 4-O-sulfated Zierer and Mourao (2000)

Halichondria panicea Gal Py (4,6), Fuc, GlcNac N-sulfated Guerardel et al. (2004)

Hymeniacidon heliophila Hex UA, Gal, Fuc (sulfated) Zierer and Mourao (2000)

Microciona prolifera Gal, Fuc, Gal Py (4,6), GlcNac N-sulfated Guerardel et al. (2004)

Myxilla rosacea Glc 4,6-disulfated, Fuc 2,4-disulfated Cimino et al. (2001)

Ophlithaspongia tenius HexUA, Glc, GlcNac N-sulfated Parrish et al. (1991)

Suberites ficus Hex UA, GlcNac, Fuc, Man, Gal (sulfated) Bucior and Burger (2004)
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Fig. 13.11 Network of biomedical importance of proteoglycans from marine sponges
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13.8 Conclusion

The meshwork (Fig. 13.11) gives a clear picture

of the biomedical potential of the diversified

applications of marine sponges from the ocean

waters around the world. With distinctly com-

plex structural and functional organization, the

sponge bioactive compounds exhibit widely

varying mechanisms towards exerting the wide

range of activities. With comparatively higher

concentrations of sulfated polysaccharides and

associated carbohydrates such as proteoglycans,

GAG, and the like, the sponges are starting to

provide a new dimension to antiviral drug

research. Novel carbohydrates including

halistanol sulfate and other heteropolysac-

charides isolated from these sponges have been

found to exert significant inhibitions against

HIV, herpes simplex virus (HSV), and herpetic

viruses among others. Higher heteropoly-

saccharide content of the sponges has been of

great interest to the scientific community towards

the development of a potential alternative source

of anticoagulant, through improved platelet

aggregation activities. Novel proteoglycans

such as pachymatismin, derived from sponges,

have been found to exhibit cytotoxicity against a

wide range of cancer cell lines, portraying

potentials of alternate sources of anticancer

agents. Sugar moieties in sponges, such as

fucans, glycans, and the like, bound to protein

molecules have been found to exert significant

inhibitory activities against a wide range of gram

positive and negative, resistant and nonresistant

strains of bacteria. They were also found to sup-

press the growth of a range of fungal strains.

Thus, these molecules from sponges exhibit

immense qualities of antimicrobial agents in

comparison to antibiotics. With widespread bio-

medical applications and therapeutic oppor-

tunities, the sponge community offers great

scope for marine biologists, scientists, and

clinicians of the future towards the discovery of

drugs for disease and infection and restoring

health to mankind and other living organisms.
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Marine Sponge-Derived Antiangiogenic
Compounds for Cancer Therapeutics 14
Kalimuthu Senthilkumar, Govindan Ramajayam,
Jayachandran Venkatesan, Se-Kwon Kim,
and Byeong-Cheol Ahn

Abstract

The biological properties of various metabolites from sponges reported

recently and marine sponges are considered as a gold mine for

past 50 years. Sponge-derived compounds and their metabolites have

different types of biological activity such as antimicrobial,

antiinflammatory, antimalarial, antioxidant, anti-HIV, and anticancer

activity. Angiogenesis is the important process in tumor progression.

The term “angiogenic switch” refers to a very important event during

the tumor progression between pro- and antiangiogenic factors. Angio-

genesis and its mechanistic pathway targeting may be useful for thera-

peutic approach for cancer. Recent times many compounds from marine

sources have proven important role against cancer. These compounds

inhibit cell proliferation and angiogenesis of cancer. In this chapter, we

discuss the antiangiogenic compounds isolated from marine sponge that

work against cancer.

Keywords

Marine Sponge • Tumor • Angiogenesis • Alkaloids • Macrocyclic

lactone • Triterpene

14.1 Introduction: Tumor
Angiogenesis

Formation of vascular network is important

for the proliferation and metastasis of cancer

cells, which inturn depends on the adequate

source of growth nutrients and oxygen (Nishida

et al. 2006). Angiogenesis in tumors will

occur by the formation of fresh blood vessels.

Tumor mass and metastasis cannot increase
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without formation of blood vessels. The well-

characterized step for tumor progression

is angiogenesis which requires vascular

endothelial cells for tumor invasion. In normal

circumstances, metabolic wastes were removed

through the developed vascular network. Vascu-

lar network once formed becomes a stable sys-

tem that could regenerate slowly. In the body

conditions, angiogenesis happens principally in

developing embryo, wound healing, and ovula-

tion. The normal tissue deficiencies have signif-

icant physiological angiogenesis between

endogenous pro- and antiangiogenic factors.

Endothelial cells (EC) acting as major factor in

angiogenesis take notable ability to separate

quickly in physiological condition, such as hyp-

oxia and inflammation for vessels of blood and

lymph (Carmeliet 2003). It is also an important

factor in many pathological progressions such as

tumor, psoriasis, rheumatoid arthritis, and dia-

betic retinopathy. In mammals embryonic

vasculogenesis, the developing embryo and

yolk sac progress by accumulation of de novo

pathway by making angioblasts into primitive

vasculogenesis, which undergoes multifaceted

remodeling process through migration,

sprouting, pruning, and growth are main in the

development of circulatory system function

(angiogenesis) (Coultas et al. 2005).

Angiogenesis and lymphangiogenesis are

activated by chemical signs from cells of

tumor for rapid growth (Folkman et al. 1971).

Development of angiogenesis largely involved

with four steps: (1) existing blood vessels of

basement membrane degradation, (2) migra-

tion of endothelial cells near to angiogenic

stimulus, (3) endothelial cell proliferation is

important for formation of endothelial cell

dense sprouts in stromal space, and (4) endothe-

lial cell organization of capillary tubes as well

as vascular loops for formation of tight

junctions and deposition of fresh basement

membrane (Klagsbrun and Moses 1999). Endo-

thelial cell proliferation is occurs initially in

angiogenesis and then forms fresh capillary

sprout elongation.

14.2 Important Factors Regulating
Angiogenesis

Angiogenic phenotype depends on alteration and

balance between stimulators and inhibitors of

angiogenesis. Various angiogenic particles pro-

duced from tumor or stromal cells of tumor can

straightly bind to these cognate receptors in endo-

thelial cells and then initiate angiogenesis. There

are a number of proteins that were recognized as

angiogenic activators, with vascular endothelial

growth factor (VEGF), angiogenin, basic fibro-

blast growth factor (bFGF), transforming growth

factor TGF-β, (TGF)-α, tumor necrosis factor

(TNF)-α, platelet-derived endothelial growth fac-

tor, placental growth factor, granulocyte colony-

stimulating factor, hepatocyte growth factor,

interleukin-8, and epidermal growth factor (Mojzis

et al. 2008; Nishida et al. 2006). Among all these

factors involved in angiogenesis, VEGF appears

to most appropriate role. The family of VEGFs

in mammals include VEGF-A, VEGF-B, VEGF-

C, VEGF-D, and placental growth factor (PlGF)

(Ferrara 2002, 2005). Among the different

isoforms ofVEGF, VEGF-A is the one that mainly

regulates tumor angiogenesis. The family of

VEGF and their receptors (VEGF-R) mainly in-

volved in vascularization. Influence of stimulators

like growth factors and cytokines, VEGF family

seems to cancerous tissue as well adjacent stroma

of neovascularization (Folkman 1990, 1995).

Among the VEGF family, VEGF-A, VEGF-B,

VEGF-C, and VEGF-E, binding their respective

receptors leads to blood vessel proliferation,

whereas VEGF-C and also VEGF-D are involved

during lymphangiogenesis (Rafii and Skobe 2003;

Wang et al. 2011). VEGF/vascular permeability

factor (VPF), a heparin-binding glycoprotein,

occurs with six isoforms, which consist of amino

acids of 121, 145, 165, 183, 189, and 206; this is

due to the alternative splicing of mRNA (Ferrara

1993; Stalmans et al. 2002). VEGF isoforms share

with regular tyrosine kinase receptors (VEGFR1

or Flt-1, VEGFR2 or KDR/Flk-1, VEGFR3 or

Flt-4). Binding of these isoforms leads to auto-

phosphorylation and receptor dimerization of
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intracytoplasmic domains of specific tyrosine

residues which are located in C-terminal side,

which activates tyrosine kinase pathway by involv-

ing different intracellular proteins, mainly phos-

phatidyl-inositol-30 kinase and extracellular signal
regulated kinase (ERK)-MAPK (Qi and Claesson-

Welsh 2001; Cross et al. 2003).

VEGF-A promotes differentiation, prolifera-

tion, survival, and migration of endothelial cells,

also activation and mechanisms of vascular per-

meability and extracellular matrix degradation.

A potent and specific mitogen for vascular endo-

thelial cells is VEGF (Leung et al. 2004) and is

overexpressed in cancers (Pan et al. 2013).

VEGF-B has two isoforms of protein, resulting

from spliced mRNA and acting specifically to

VEGFR-1, and widely expressed in vascular

cells, the heart, and the skeletal muscle (Olofsson

et al. 1996; Yonekura et al. 1999). VEGF-B

levels are increased in both during development

and later birth, closely relating with cardiac

angiogenesis (Bellomo et al. 2000). VEGF-C

has 30 % similarity amino acid sequence than

VEGF-B (Joukov et al. 1998) and also VEGF-

C; this expression looks restricted during early

development as well as certain pathological

conditions like lymphangiogenesis and tumor

angiogenesis (Mylona et al. 2007; Xu et al.

2013). The c-FOS-induced growth factor

(FIGF) or VEGF-D has 61 % similarity to

amino acid sequence of VEGF-C, both binds to

their receptors, namely, VEGFR-2 and VEGFR-

3 in human endothelial cells (Achen et al. 1998;

Baldwin et al. 2001). VEGF-E is encoded with

parapoxvirus orOrf virus (Lyttle et al. 1994), and

this interaction with this receptor induces growth

of endothelial (Ogawa et al. 1998) cells.

Hypoxia (hypoxiation) is a pathological form

of deprived oxygen supply. Hypoxia-inducible

factors (HIFs) mediate transcriptional responses

and also involved in tumor progression by chang-

ing cellular metabolism (Keith and Simon 2007).

Hypoxia induces VEGF and VEGF-R expression

via HIF-1α (Bottaro and Liotta 2003; Lee et al.

2012). Heterodimeric transcription factors of

HIF composed of alpha and beta subunits have

basic helix-loop-helix family of transcription

factors. Beta subunit of HIF is constitutively

expressed, while alpha subunit is oxygen

regulated, tightly. There are three types of HIFs,

HIF-1, HIF-2, and HIF-3, each of them is

encoded by different genes. In the absence of

oxygen, HIF-α protein stabilizes, accumulates,

and migrates to the nucleus, where they associate

with beta subunits, forming the HIF-1 and HIF-2

heterodimers. HIF binding to specific HRE (hyp-

oxia response elements) in their promoters,

these heterodimers may induce the expression

of various genes that regulate survival, motility,

metabolism, angiogenesis, hematopoiesis, and

basement membrane integrity and other

functions (Hu et al. 2013).

MMPs (matrix metalloproteinases) are the

family of zinc-dependent endopeptidases, capa-

ble to break extracellular matrix and fill the

spaces between cells, and made of protein and

polysaccharides. MMP activity is upregulated in

endothelial cells during inflammation, wound

healing, and tumor growth. The activity of

MMPs is controlled at different levels: (1) by

proteolytic activation, since they are secreted as

proenzymes; (2) by their respective endogenous

inhibitors, PAIs and TIMPs; and (3) their expres-

sion is overexpressed by angiogenic factors

and cytokines. Migrations of endothelial cells

begin to divide and migrate into the nearby

tissues. They organize into hollow tubes and

evolve gradually into mature network of blood

vessels with adhesion factor (integrin α or β)
(Mizejewski 1999; Nelson et al. 2000). The

blood vessels of new vascular growth are

stabilized by angiotensin-1 and angiotensin-

2 and their receptor Tie-2 (Maisonpierre et al.

1997; Tournaire et al. 2004).

Angiogenesis is also regulated by angiogene-

sis inhibitors; many naturally produced proteins

can inhibit angiogenesis, including interferon,

platelet factor 4, angiostatin, prolactin 16 kDa

fragment, thrombospondin, endostatin, and tissue

inhibitor of metalloproteinases 1, 2, and 3 (Stack

et al. 1999). Angiostatin induces apoptosis of

tumor and endothelial cells and also inhibits

migration and tubule formation of endothe-

lial cells (Claesson-Welsh et al. 1998; Lucas
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et al. 1998). Also, angiostatin decreased the

expression of bFGF (basic fibroblast growth fac-

tor) and VEGF mRNA (Kirsch et al. 1998). The

20 kDa C-terminal fragment of type XVIII colla-

gen endogenous inhibitor, endostatin, inhibits

angiogenesis (O’Reilly et al. 1997); this is a

component of basement membrane and binds

α5β1/αvβ3 integrin. Endostatin interfere with

pro-angiogenic growth factors like basic fibro-

blast growth factor (bFGF/FGF-2) and VEGF

(Bai et al. 2013; Olsson et al. 2004).

14.3 Angiogenesis as a Therapeutic
Target for Cancer

The process of tumor angiogenesis consists of a

sequence of interrelated steps which are rate lim-

iting and useful for cancer target therapy. The

outcome of the process depends on intrinsic

properties of tumor cells and of host response.

The efficiency of antiangiogenic compounds

varies from tumors. The more specific interven-

tion is the angiogenic pathway. If angiogenic

activity of tumor is initiated mainly by one or

two factors, then block activity of one factor

could be sufficient to inhibit growth of tumor.

The tumor angiogenesis is expected that tumor

masses of cells increase from the existing local

vasculature in response release of angiogenic

factors (Folkman et al. 1971). The benefits of

targeted therapies are with reduced toxicity

which is much better for cancer therapy. Some

tumors also contain vasculogenic effects on solid

tumors; this mimic is strongly correlated with the

advanced stage of diseases and poor outcome

(Wu et al. 2008).

14.4 Marine Sponge

Sponges are multicellular organisms of the phy-

lum Porifera; they appear to be long lived, with

very stable growth rates, and vary enormously

between other groups. Although secondary

metabolites produced from sponges are compar-

atively less in concentrations, they help to stop

predators and also compete sessile species

(Pawlik et al. 2002). Also, sponges undertake

symbiotic relationships with other micro-

organisms like bacteria and fungi; they are

likely supplying bioactive compounds (Thomas

et al. 2010; Richelle-Maurer et al. 2003). The

“gold mine” marine sponges have the diversity

of their secondary metabolites which are discov-

ered in the past years. Marine sponges have

potential agents against many diseases includ-

ing antiinflammatory, immunosuppressive, anti-

tumor, antiviral, antimalarial, and antifouling.

The development of marine-derived anti-

angiogenic compounds increased as anticancer

drugs are being successfully used for cancer,

including trabectedin (PharmaMar’s Yondelis®),

which denotes the first anticancer agent isolated

from marine. There are many components that

include bioactive terpenes, nucleosides, sterols,

alkaloids, peroxides, fatty acids, cyclic peptides,

and halogenated amino acid derivatives

(Sipkema et al. 2005). Over 30 % of compounds

are isolated from sponges and have natural

product patent registrations increased for cancer

therapy (Faulkner 2001). Greater than 10 % of

screened compounds have cytotoxic activities,

identified compounds with their analogues

which reached clinical trials. Eribulin mesylate,

an analogue of macrocyclic polyether hali-

chondrin B, reached phase I and II cancer trials

for metastatic breast cancer (Cigler and Vahdat

2010). So marine-derived compounds inhibit

proliferation of cancer by targeting tubulin poly-

merization and topoisomerases, modulate the

antiapoptotic and proapoptotic proteins, and

also able to restrain cell migration and invasion

of metastasis.

14.5 Marine Sponge-Derived
Antiangiogenic Compounds

14.5.1 Alkaloids

Bastadin 6 (Fig. 14.1a) is a brominated tyrosine

derivative of macrocyclic tetramer isolated from

Ianthella sp. Bastadin 6 inhibits human umbilical

vein endothelial cells (HUVECs) by VEGF- or

bFGF-dependentproliferation (IC50 ¼ 0.052μM).
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Bastadin 6 blocked neovascularization of mice

corneal assay and suppressed growth of A431

xenograft tumor. Antiangiogenic properties

of bastadin 6 are closely related to selective

induction activity of endothelial cells (Aoki

et al. 2006a) and also bastadins 6, 9, and

16 isolated from Ianthella basta which has

in vitro cytotoxic activities in various mouse

and human cancer cell lines and have anti-

migratory effects (Mathieu et al. 2013).

Subereamoline A (Fig. 14.1b) is a brominated

alkaloids derived from red sea sponges

Pseudoceratina arabica. Verongid sponge

extracts, Pseudoceratina arabica and Suberea
mollis, have five new alkaloids: ceratinines A–E

(2–6) also with moloka’iamine (1), hydroxymo-

loka’iamine, (7) and moloka’iakitamide (8). The

antimigratory active fraction of the compounds

subereamolline A (9), aerothionin (10), and

homoaerothionin (11) was isolated from

verongid sponge Suberea mollis. Subereamolline

A is an effectively inhibited migration and inva-

sion of MDA-MB-231 (human breast cancer

cells) at nanomolar concentrations (Shaala et al.

2012). Also, four novel steroidal alkaloids, from

Corticium simplex, a marine sponge-isolated

cortistatins A–D, exhibited selective inhibition

of endothelial cell proliferation (Aoki et al.

2006b). The unique 9 (10–19)-abeo-androstane-
type steroidal alkaloids, cortistatins, have

oxabicyclo [3.2.1]octene and isoquinoline units.

Cortistatin A (Fig. 14.1c) showed antiproli-

ferative and inhibited migration and tubular

formation of HUVECs at 2 nM concentration

(Aoki et al. 2006b). Cortistatin analogues were

synthesized from estrone, and estrone-

isoquinoline hybrid (EI-hybrid A) inhibits the

proliferation and migration of HUVEC cells

(Sato et al. 2008). The alkaloid compound

aeroplysinin-1 (Fig. 14.1d) is a brominated tyro-

sine metabolite extracted from Aplysina
aerophoba. Aeroplysinin-1 inhibits migration,

invasion, and tube formation of endothelial

cells and induces apoptosis by caspase-

dependent mechanism through activation of

caspases 2, 3, 8, and 9 and also cleavage of

apoptotic substrates, such as poly (ADP-ribose)

polymerase and lamin-A (Rodrı́guez-Nieto et al.

2002). The chick chorioallantoic membrane

assay and in subcutaneous Matrigel implants in

mice, aeroplysinin-1, inhibit angiogenesis in

both assays by inhibiting endothelial cell migra-

tion and capillary tube formation and prolifera-

tion (Martı́nez-Poveda et al. 2012).

Fig. 14.1 Structure of (a) bastadin 6, (b) subereamoline A, (c) cortistatin A, (d) aeroplysinin, (e) motuporamine C, (f)
and ageladine A
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Themacrocyclic alkaloidmotuporamines, fam-

ily of relatively containing spermidine-like sub-

structure, are isolated from the sponge

Xestospongia exigua and identified as a family of

antiangiogenic alkaloids and anti-invasive type

particularly motuporamines A, B, and C

(Roskelley et al. 2001). Motuporamines inhibited

invasion ofmany tumors cells including breast and

prostate (MDA-231 and PC-3). Motuporamine C

(Fig. 14.1e) is a very important motuporamine

among these molecules, effectively induces cyto-

skeletal changes, delays the activation of β1-
integrin, plays important role in invasion and adhe-

sion of cancer cells, and also inhibits angiogenesis

andmigration (Roskelley et al. 2001). It is possible

for therapeutic usefulness as an antiangiogenic or

antimetastatic drug.AgeladineA (Fig. 14.1f), from

Agelas nakamurai, inhibited the in vitro migration

of endothelial cells, as well as the vascular organi-

zation model on type-I collagen gel using mouse

vascular progenitor cells. Ageladine A inhibits at

micromolar concentration against various matrix

metalloproteinases, including MMPs 1, 2, 8, 9,

12, and 13 (Fujita et al. 2003). Some ageladine A

analogues were showing more potent MMP-12

inhibitory activity (Ando and Terashima 2007;

Shengule et al. 2011).

14.5.2 Triterpene

The globostellatic acid X methyl esters (1–4)

have isomarabarican-type triterpenoidal skeleton

of four novel compounds, and also other three

related compounds (5–7) were isolated from the

Rhabdastrella globostellata, a marine sponge

species which inhibits selectively as an antiproli-

ferative compounds against HUVECs (Aoki et al.

2007). This compound induced apoptosis in

endothelial cells and antiproliferative activity

but did not correlate to an inhibition of the

VEGF-induced phosphorylation of ERK1/

ERK2. Some structurally simplified model

compounds of globostellatic acid X methyl

ester have been synthesized, although their

antiproliferative activity was lower than the orig-

inal compound. The globostellatic acid X methyl

ester (4) or compound 4 (Fig. 14.2a) inhibited

VEGF-induced migration of HUVECs. HUVECs

were migrated with fibronectin-coated chamber

by stimulation of VEGF (20 ng/ml). 0.3 and

1 μM concentration of this compound were

preincubated with HUVECs for 12 h; the number

of the migrated cells decreased, and the

preincubation with 1.0 μM concentration

inhibited completely the migration of HUVECs.

Tubular formation was partly inhibited by bFGF-

induced for 12 h pretreatment with 0.1 μM con-

centration, although 1 or 10 μM concentrations

of globostellatic acid (4) acted without inhibition

of ERK1/ERK2 activation showed more than

90 % inhibition of HUVECs (Aoki et al. 2007).

The structure–activity connection studies for

chemically modified analogues and isolated

compound proposed that unfunctionalized conju-

gated penta-ene side chain with 13E-geometry

could significantly structure element for efficient

and also selective antiproliferative activity

against HUVECs (Kotoku et al. 2008).

Smenospongine (Fig. 14.2b) was isolated from

Fig. 14.2 Structure of (a) globostellatic acid 4 and (b) smenospongine
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Dactylospongia elegans; this compound is a ses-

quiterpene aminoquinone from marine sponge.

Smenospongine has favorably antiangiogenic

activity by inhibiting tube formation, prolifera-

tion, and migration of human endothelial cells.

Also this compound inhibits various cancer cell

growth (Kong et al. 2011), suggested that may be

useful for tumors as an anticancer drug

candidate.

14.5.3 Macrocyclic Lactone

Spongistatin 1, the most cytotoxic member of the

spongistatin family, a macrocyclic lactone

polyether isolated from a Spongia species, effec-

tively inhibits primary acute leukemic cells of

patient (Schyschka et al. 2008). Spongistatin

1 inhibits proliferation of endothelial cells at

100 pM concentration, by affecting cell cycle,

nor cytotoxicity or apoptosis induced. The sig-

naling processes involved by polarization and

this all process of angiogenesis depend on intra-

cellular translocation of signaling; microtubules

facilitate these translocations. PKC activity was

not affected by direct inhibition with spongistatin

1; rather the translocation of PKCα from

the cytosol to the membrane and related to this

translocation was inhibited by spongistatin

1 (Rothmeier et al. 2009) (Fig. 14.3).

14.5.4 Polyketide

Mycothiazole (Fig. 14.4) is a metabolite isolated

from a Petrosaspongia mycofijiensis sponge.

Nevertheless, the high neurotoxicity of this com-

pound that suppresses selectively at the mito-

chondrial respiration of complex I (NADH-

ubiquinone oxidoreductase) prevents its use as

an anticancer drug [82]. In the same way, the

potential therapeutical application of the

lipophilic 2,5-disubstituted pyrroles HIF

inhibitors, from the marine Mycale sp., of

sponges is limited by the high toxicity expected

from their inhibitory activity of mitochondrial

respiration [83]. Heterocyclic polyketide

mycothiazole belongs to structurally distinct

class of mixed polyketide synthase/non-

ribosomal peptide synthase (PKS-NRPS) derived

from natural products that contain a thiazole ring

embedded between two acyclic polyketide

chains (Sonnenschein et al. 2006), inhibited hyp-

oxic HIF-1 signaling in cancer cells at nanomolar

range, with the suppression of hypoxia-

stimulated VEGF secretion by angiogenesis and

tumor in vitro (Morgan et al. 2010). For tumor

angiogenesis hypoxia is an important stimulus.

The mechanisms employed by hypoxic tumor

cells to promote angiogenesis through HIF-1-

dependent induction of VEGF. The compounds

that inhibit VEGFs may be of clinical use for

cancer (Ferrara et al. 2007). The antiangiogenic

effects of mycothiazole on HUVECs based on

the tube formation assay were employed in an

in vitro model. Angiogenic factors (e.g., recom-

binant human VEGF protein) stimulated

HUVEC cells to inhibit tube formation

(interconnected tubelike structures). Hypoxic

exposure (1 % O2, 16 h) significantly enhanced

the angiogenic activity of the T47D cancer cells.

At 10 nM concentration of mycothiazole inhibits

Fig. 14.3 Structure of spongistatin 1 Fig. 14.4 Structure of mycothiazole
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hypoxia-induced HIF-1 activation and VEGF

induction (Morgan et al. 2010).

14.6 Concluding Remarks

Targeting angiogenesis is an electrifying field of

biomedicine. The chemopreventive agents that

selectively interfere tumor cells or those acting

on the highly specialized biology of endothelial

cells during neovascularization merit special

consideration. Multiple factors are secreted by

tumor cells and their surrounding host stromal

cells and modulated by extracellular matrix and

also with multiple complementary, overlapping,

and independent pathways during angiogenesis.

Increasing evidence recommends the use of

multitargeted approaches to reach as an effective

tumor angiogenesis inhibition. Increasing explo-

ration of marine organism as a source of drug

candidates has yielded a list of new natural

products able to inhibit angiogenesis in vitro

and in vivo. Understanding the basics of these

compounds from marine sponges that inhibit

angiogenesis may lead to the development of

new therapeutic approaches for cancer as

antiangiogenic agents.
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Abstract

Marine environment is a prolific source of natural products and

biomaterials of utmost importance in disease. Sponges are one of the

better-known, diverse, multicellular invertebrates and abundant members

of marine benthic communities. They are among the richest known

sources of biologically active secondary metabolites of pharmaceutical

significance. Researchers have been trying to explore the marine sponges

not only for their associated pharmaceutical potential but also for the

biomaterials including chitin/chitosan, ceramic, biosilica, and collagen

since sponges are an excellent source of biocompatible materials to be

used in biomedicine. This chapter covers an overview of sponge

biomaterials and their possible applications in biomedicine.

Keywords

Biomaterials • Sponges • Collagen • Biomedicine • Biosilica • Tissue

engineering • Drug delivery

15.1 Introduction

Marine environment harbors a wide variety of

molecularly diversified range of organisms

when compared to terrestrial regions which is

mainly attributed to their longer evolutionary

history. Sponges (phylum Porifera) are the most

basic of the multicelled animals that have existed

for 700–800 million years and are important

resources for several unique cytotoxic and anti-

cancer compounds. Of the roughly 15,000

sponge species, most available in marine

environments, only about 1 % of the species
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populates in freshwater (Belarbi et al. 2003). To

add to this statement, members of phylum

Porifera are well known, multicellular, and

diverse and characterized by a pronounced plas-

ticity in the determination of cell lineages and are

conspicuous and abundant members of marine

benthic groups ranging from the euryhaline, to

the estuarine, to the intertidal, to the deep sea

(Rao et al. 2011). Sponges can filter up to

24,000 l of seawater per kg sponge per day

(Vogel 1977), and up to 60 % of their biomass

can be made up of microorganisms. They are

among the richest known sources of biologically

active compounds and have produced more

compounds than any other group of marine

organisms (Blunt et al. 2012).

Marine biomaterials are an important new

developing area of research with noteworthy

appliance. Recently, scientists are dedicating

considerable consideration to marine-sponge

biomaterials for various biomedical implications.

Sponges are an excellent source of biocompatible

materials to be used in biomedicine and natural

products to combat various diseases of mankind.

It has been reported earlier that the chitin isolated

from arthropods (crabs, shrimps, lobsters, cray-

fish, king crabs, and insects) as well as mollusks

(e.g., squids) occurs in the form of granules,

sheets, or powders with no evidence for the pres-

ence as 3D scaffolds. The unique chitin-based

scaffolds found in sponges may therefore find

applications in biomedicine, materials science,

and bioengineering (Ehrlich et al. 2010).

Collagen, a fibrous protein kind, is the major

constituent of the skin and bone and represents

roughly 25 % of the total dry weight of

mammals. Since collagen owns a major benefit

in being biocompatible, being biodegradable is

simply obtainable and extremely versatile;

numerous innovations have occurred in the field

of collagen-based biomaterials during the past

decade. From injectable collagen matrices to

bone regeneration scaffolds, production and

cross-linking methods have evolved and

improved. Collagen is now widely used in both

research environments and medical applications

(Parenteau-Bareil et al. 2010). The use of

collagen-based biomaterials in the field of tissue

engineering applications has been intensively

growing over the past decades. Collagenous

marine sponges were already shown to be suc-

cessful templates for the formation and support

of musculoskeletal tissue in vitro and in vivo

(Ehrlich et al. 2010).

Apart from collagen and chitin, other sponge

biomaterials of utmost importance are biosilica

and hydroxyapatite. This book chapter presents

an overview of sponge biomaterials and their

specific use in biomedical sciences including tis-

sue engineering.

15.2 Sponge Biomaterials

15.2.1 Sponge Biosilica and Its
Biomedical Application

Silica is, in principle, a mechanical brittle mate-

rial. However, siliceous organisms use silica as a

composite material. The measurement of the bio-

genic silica content of sediments is a chemical

estimate of the siliceous microfossil abundance.

Briefly, sediments are leached with a weak base,

usually Na2CO3. The aliquots are then measured

for the amount of Si extracted, and a least-

squares regression is made on the increase in

concentration with time to separate the Si

extracted from amorphous Si compounds, e.g.,

diatoms, sponges, etc., from that of mineral

silicates (Conley and Schelske 2001). Biosilici-

fication is an evolutionarily long-standing type of

biomineralization both in multicellular and uni-

cellular and organisms, including diatoms,

sponges, choanoflagellates, radiolarians, and

higher plants (Mann 2001). Marine organisms

process about 6.7 gigatonnes of silicon every

year to build their silica skeletons (DeMaster

et al. 1995). Approx. 10,000 species of sponges

are capable to form an enormous variety of

biosilica structures which are species-specific

and often used as systematic characters for a

given species (Fig. 15.1).

Sponges are the oldest Metazoa that use silica

as a biomineral to form their inorganic skeleton

(M€uller 1995). However, it has been reported that

only two classes of sponges, the Hexactinellida
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and Demospongiae, have a silica skeleton, while

the evolutionary younger third class of sponges,

the Calcarea, has spicules made of calcium car-

bonate (Simpson 1984). Sponge spicules represent

the main components of the biogenic silica

(Bavestrello et al. 1996). Silica formation of

sponge spicule has attracted much attention in the

last decade since it could provide key information

to elaborate new hierarchically structured

materials and nanodevices.

Following the concept of “nature as model,”

biosilicification is a model for development of

novel fabrication material development for nano-

technology (Morse 1999). Technical production

of silica commonly requires higher pressure,

extreme temperature, and different pH range.

But living organisms are, however, able to form

silica under low temperature, ambient condition,

and neutral pH (Baeuerlein 2006). SEM and

AFM (scanning electron and atomic force micro-

scopic) analyses of the annular substructure of

demosponge biosilica spicules reveal that the

deposited material is nanoparticulate, with the

diameter range at 74 � 13 nm (Weaver

et al. 2003). These biologically produced silicas

exhibit a genetically controlled precision of

nanoscale architecture that, in many cases,

exceeds the capabilities of present-day human

engineering (Morse 1999). In the last few years,

combined efforts in molecular biology, cell biol-

ogy, and inorganic and analytical chemistry have

allowed the first insight into the molecular

Fig. 15.1 SEM analysis of (a) spicules from the marine

demosponge Suberites domuncula, (b) a spicule from

the freshwater demosponge Lubomirskia baicalensis,

(c) spheraster and (d) sterraster from the marine

demosponge Geodia cydonium (Reproduced with permis-

sion from Schröder et al. 2008)
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mechanisms by which these organisms form an

astonishing variety of siliceous structures that

cannot be achieved by chemical methods

(Schröder et al. 2008). M€uller (2003)) has

published an extensive review on biomineral-

ization which throws light on the essentialities

of sponges in this process (M€uller 2003).

It has been reported that bioinspired silicifica-

tion has become one of the promising ways in the

field of bone-repairing biomaterials. Silica is a

component of many materials used as scaffolds

in tissue engineering of the bone and cartilage,

including bioactive glasses and composite

materials (Schröder et al. 2007). Gao

et al. (2001) suggested that silica-based bioactive

glasses modulate the expression of bone morpho-

genetic protein-2 mRNA in SaOS-2 osteoblasts

and a chemical exchange of the silica gel layer

forming on the surface of bioactive glasses was

thought to be the principal reaction for bone–

bioactive glass bonding (Gao et al. 2001). Stud-

ies have also demonstrated that biosilica,

synthesized by the enzyme silicatein, induces

hydroxyapatite formation in osteoblast-like

SaOS-2 cells (Schröder et al. 2005). Moving a

step further, Wiens et al. (2010) suggested the

effect of biosilica on the expressions of

osteoprotegerin [OPG] and the receptor activator

for NF-kB ligand [RANKL] in the SaOS-2 cell

model. They found that during the growth of

SaOS-2 cells on biosiliceous matrices, hydroxy-

apatite formation is induced, while synthesis of

cartilaginous proteoglycans and sulfated

glycosaminoglycans is downregulated (Fig. 15.2)

and proposed the considerable biomedical poten-

tial of biosilica for treatment and prophylaxis of

osteoporotic disorders (Wiens et al. 2010).

Apart from bone tissue engineering, the

potential application of biosilica and silicatein

enzymes (biosilica synthesizing enzymes) lies

in the surface modification of biomaterials used

either as a bone replacement material, carrier for

tissue engineering, or coating of metal implants.

They may also be applied for the encapsulation

of biomolecules such as drugs, hormones, and

other bioactive molecules and the controlled

release of these compounds. The applications

are further extended to the synthesis of nano-

structures of amorphous silica for the synthesis

of semiconductors, biosensors, and catalysts

with unique properties. They may be in the

form of nanowires, nanotubes, or nanoparticles

Fig. 15.2 Proposed

effects of biosilica on

osteoblasts, osteoclasts,

and their progenitors.

Biosilica enhances

expression of OPG in

osteoblasts. Osteoblasts

have the potential to

differentiate to

hydroxyapatite-forming

osteocytes and lining cells.

OPG counteracts various

effects of RANKL, a

cytokine that induces

pre-osteoclast maturation

and osteoclast activation

(Reproduced with

permission from Wiens

et al. 2010)
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(Schröder et al. 2007). The finding that the

silicateins can be harnessed to produce synthetic

silsesquioxane (silicone) polymer networks

in vitro suggests the possibility of adapting

these biomolecular mechanisms to develop

new, environmentally benign routes to the syn-

thesis of high-performance materials (Morse

1999).

15.2.2 Sponge Collagens
in Biomedicine

Collagens, the major constituent of the extracel-

lular matrix of multicellular animals, are a family

of proteins endowed with specific structural

functions. Collagens are neutral macromolecules

of low immunogenicity used in many pharma-

ceutical applications, and this property spurred

intense research on a sustainable and safe source

of these proteins (Pozzolini et al. 2012). Collagen

is a natural material of low immunogenicity.

Many pharmaceutical applications are known

for collagen, e.g., shields, injectable dispersions,

sponges, and microparticles (Friess 1998). The

use of cattle as the main source for collagen has

to be reconsidered because of the risks of BSE

(bovine spongiform encephalopathy) and TSE

(transmissible spongiform encephalopathy).

One alternative is the use of porcine collagen

or, much safer, collagen from sea animals, such

as marine sponges (Swatschek et al. 2002a).

The molecular characterization of some partial

collagen sequences in sponges, the most ancient

phylum of the animal kingdom, is rendered essen-

tial to provide a clue to understand the evolution

of these molecules (Pallela 2013).Very few

reports are available on characterization of fibril-

lar and nonfibrillarmarine-sponge collagens at the

biophysical, biochemical and biomedical level

(Pallela et al. 2011, 2013). Together with chitin,

fibrillar collagen (Fig. 15.3) has been described as

universal template for biosilicification in

Hexactinellides, whose long siliceous spicules

are constituted by a composite material with

remarkable mechanical and physical properties

potentially useful for technology (Ehrlich 2010).

Recent studies sparked a high biotechno-

logical interest of collagenous extracts from

marine sponges, as witnessed by a wide pattern

of applications in biomedicine (Pallela 2013),

food science, and cosmetics (Rao et al. 2011).

About a decade ago, Swatschek et al. (2002b)

prepared and characterized the marine-sponge

collagen spherical microparticles, with a dia-

meter of 120–300 nm and a particle size range

from 126 (�2.9) to 2179 (�342) nm, targeting

the dermal delivery of all-trans retinol. The sur-

face charge was measured as a function of pH. At

pH 2.8 the particles were nearly uncharged; how-

ever, at pH 9.0 the particles showed a strong

negative charge of about �60 mV. The dermal

penetration of retinol into the skin increased sig-

nificantly by approximately twofold when

Fig. 15.3 TEM image (a) of positively stained Chondr-
osia collagen fibrils shows the directed lateral associa-

tion of the single fibrils as well as high-resolution AFM

imaging (deflection image, b). The height image in panel

c shows the unique banding pattern of five slightly

separated Chondrosia collagen fibrils (Adopted with per-

mission from Heinemann et al. 2007). Copyright # 2007

American Chemical Society)
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collagen microparticles were employed

(Swatschek et al. 2002b). Yet another group

moved a step forward and fabricated the collagen

nanoparticles for the transdermal delivery of 17-

β-estradiol-hemihydrate (Nicklas et al. 2009).

Based on a couple of reports on the ultrastruc-

ture (Heinemann et al. 2007; Pallela 2013) and

biomimetic potential of marine sponges and their

utilization for development of new biomaterials

(Ehrlich and Worch 2007), research was initiated

on the role of marine collagen in drug delivery

(Sehgal and Srinivasan 2009) and bone tissue

engineering. Green et al. (2003) have firstly

reported the fiber skeleton of natural marine

sponge and suggested its application for

tissue-engineered bone (Green et al. 2003;

Granito et al. 2016). The main important para-

meter to be considered while constructing the

artificial bone is osteoconductive, mechanical

strength, and osteoinductive (Bruder and Fox

1999). In search for a suitable scaffold matrix

which is critical for cell-based bone tissue engi-

neering, the role of marine-sponge collagen was

explored and evaluated in vitro. Lin et al. (2011)

characterized natural marine sponges as potential

bioscaffolds for osteogenesis (Fig. 15.4) and

found that alkaline phosphatase expression, a

marker of early osteoblast differentiation, was

evident at 7 days although expression decreased

steadily with long-term culture. Gene expression

of osteoblast markers, osteocalcin and osteo-

pontin, was also observed at 7, 14, and 21 days

of culture (Lin et al. 2011).

Marine-sponge collagen has also been used in

conjunction with chitosan-grafted hydroxyapatite

as a scaffold system for bone tissue engineering

Fig. 15.4 Confocal microscopy showing F-actin fluores-

cent staining of cells (red) and nucleus (purple) on

sponge skeletons (green autofluorescence) after 14-day

culture. (a) Low magnification, cells form a mat over the

ectosomal skeleton. (b) High magnification, cells form a

thin layer over the fibers of the scaffold. (c) Low magnifi-

cation, cells infiltrate pores of the ectosomal skeletal

fibers. (d) High magnification showing cellular infiltration

of a pore of the sponge skeleton. Scale bar ¼ 20 μm
(Adopted with permission from Lin et al. 2011)
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(Pallela et al. 2012). Collagen-based biomaterials

are of the utmost importance for tissue engineer-

ing and regenerative medicine. An elaborative

review on collagen-based biomaterials for tissue

engineering applications has recently been

published (Parenteau-Bareil et al. 2010). Because

of its superior biocompatibility and low immuno-

genicity, sponge collagen is still the protein of

choice for biomaterials preparation.

15.2.3 Sponge Ceramics in Biomedicine

Marine sponges are excellent sources of natural

materials such as biopolymers; however, they

harbor tremendous amount of inorganic

materials with significant relevance for tissue

replacement and regeneration. Although ample

of research work has been done in the application

area, data on their properties, sources, as well as

isolation, chemical modification, and purification

methods are still scarce (Silva et al. 2012).

Most of the marine sponges produce mineral-

ized spicular skeletons that consist either of silica

(in Hexactinellida and Demospongiae) (M€uller
et al. 2006) or of calcium carbonate (almost exclu-

sively calcite, in the Calcarea) (Uriz 2006) in order

to maintain morphological rigidity of the body

wall and aquiferous system. However, Sethmann

and Wörheide (2008) reported that some demo-

sponges, for example, the “Keratosa”

(a polyphyletic group), only produce collagenous

spongin fibers and completely lack mineralized

spicules. Another polyphyletic group of sponges

formerly known as “Sclerospongiae,” as reported

by them, produce a secondary calcareous skeleton

of aragonite or Mg-calcite, in addition to their

primary spicular skeleton. It has been suggested

that the Calcareous sponge spicules from triactines

of Pericharax heteroraphis may be used as pre-

cursor material for bioceramic coatings

(Sethmann and Wörheide 2008).

Among the inorganic materials, calcium phos-

phorous compounds such as hydroxyapatite

(HAp), Ca10(PO4)6(OH)2, have a special impor-

tance in the biomedical field due to its similar-

ities with the mineral constituents of bones

(Fig. 15.5). Apart from hydroxyapatite, another

inorganic material in abundance is calcium

carbonate (CaCO3), which is not as interesting

as calcium phosphates from the biomedical

application point of view. However, previously

published reports suggest that it can be the pre-

cursor material for obtaining different calcium

phosphates, and consequently, there is a growing

interest in finding new sources of this inorganic

material. Interestingly, calcium carbonate (ara-

gonite or calcite forms) can be found in many

marine organisms. Certain reviews summarizing

the aspects dealing with the evolution and

physiology of those organisms and looking into

their inorganic/organic composition and mecha-

nical properties are available in public academic

domains. Silva et al. (2012) have suggested that a

good example of a marine species possessing

calcium carbonates that might be used as calcium

precursors, and thus further exploited in the bio-

medical field, is sponges (Silva et al. 2012).

Currently, some authors have proposed the

use of sponges as three-dimensional biomatrices

(Cunningham et al. 2010; Green 2008). The

results confirmed that the three-dimensional

topography, the porosity, and the surface

parameters of these materials influence posi-

tively in the cell differentiation. Studies by

Green et al. (2003) reported the role of natural

marine-sponge fiber skeleton as a biomimetic

scaffold for human osteoprogenitor cell attach-

ment, growth, and cell differentiation (Green

et al. 2003), whereas Cunningham et al. (2010)

reported the development of hydroxyapatite bone

substitutes through replication of natural marine

sponges. The marine-sponge ceramics are sure

going to be the most promising material for tis-

sue engineering and biomedicine.

15.2.4 Sponge Biomaterials
in Biomedicine

As stated in earlier sections, sponges have a

proven worth in biomedicine. Thus, investi-

gations of the compositions and the micro-

structures of the sponge skeletons as examples

for natural structural biomaterials are of scien-

tific importance (Ehrlich and Worch 2007).

By investigating the internal proteinaceous

(spongin) skeleton of two demosponges
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(Aplysina sp. and Verongula gigantea), Ehrlich
et al. (2007b) demonstrated that chitin is a com-

ponent of the outermost layer (cuticle) of the

skeletal fibers of these demosponges. Study con-

sistently revealed that sponge chitin is much

closer to the α-chitin known from other animals

than to β-chitin (Ehrlich et al. 2007b). The same

group then worked on for identifying that some

glass sponges (Farrea occa) also possess chitin

as a component of their skeletons (Ehrlich

et al. 2007a). Another report suggested a unique

silica–chitin composite biomaterial found in

Euplectella aspergillum (Ehrlich and Worch

2007).

Irrespective of the source, collagen and chitin

are the most investigated materials of biological

origin with wide fields of applications in biomed-

icine because of their unique multifunctional

engineering mechanical properties and biocom-

patibility. A comprehensive understanding of

silica–chitin-based sponge skeletons with respect

to chemical composition and structure may prove

to be a novel model for the biomimetic synthesis

of sponge-like three-dimensional chitin-based

composites analogous to well-established

chitosan–silica hybrid materials with specific

optical and bioactive properties for different

modern applications (Ehrlich et al. 2008).

From the biomaterial developmental point of

view, apart from chitin in the form of

biopolymers isolated from sponges, chitin-based

fibrous skeletons recently isolated from some

Fig. 15.5 Different uses of calcium phosphate bioceramics (Adopted with permission from Salinas et al. 2013

# Royal Society of Chemistry 2014)
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keratose sponges are also of great interest for

practical use. The practical value of similar

sponge skeletons is due to their large internal

surface area, which enables considerable liquid

absorption to take place by capillary attraction.

This phenomenon is the key principle for appli-

cation of 3D chitinous networks of the sponge

origin to carry cells, bacteria, or yeast for bio-

technological applications (Ehrlich et al. 2010).

A recent study has suggested that the chitin-

based networks of sponge origin are useful for

effective uranium adsorption with a higher

adsorption capacity than many other chitinous

sorbents. It has been proposed under the light of

these observations that this renewable material

may provide an alternative to more elaborate and

expensive chitin-based sorbents. The advantage

is that marine-sponge chitin networks are porous,

mechanically stable, and flexible (can be cut or

pressed into any desired form) and can be easily

extracted (Schleuter et al. 2013).

15.3 Sponge Symbiotic
Microorganisms in Medicine

Marine environment has been a storehouse of

bioactive substances (Bhatnagar and Kim

2010a) with marine sea weeds being the most

potential candidates (Kim and Bhatnagar 2011;

Bhatnagar et al. 2013) and microorganisms being

the second (Kim et al. 2012). Sponges have been

long reported as being sessile, benthic, and most

primitive filter feeders among metazoans

(Amarendra et al. 2013). Microbial communities

associated with marine sponges are well-known

producers of novel bioactive compounds. Both

marine fungi and bacteria have been reported as

producers of these metabolites (Bhatnagar and

Kim 2010b). Isolation of marine Micrococcus
sp. from sponge Tedania ignis that produces

metabolites previously ascribed to the sponge

steepened the interest of sponge-associated

microbes for the production of biologically

active secondary metabolites (Stierle

et al. 1988). A major drawback lies in procuring

these natural products in limited quantity. Due to

limited literature on the culturing techniques and

media formulation for culturing marine

microbes, pharmaceutical industries have not

been able to fully utilize this enormous resource.

Sponge-associated microbes are known for their

tremendous activities covering a wide range of

biological functions (Thomas et al. 2010).

Recently, Baker et al. (2009) carried out a study

aimed at isolation and identification of a diverse

range of fungi from H. simulans. They used

varieties of media for identification and determi-

nation of antimicrobial activities, if any. They

isolated 19 different genotypes belonging to

Agaricomycotina, Mucoromycotina, Saccharo-

mycotina, and Pezizomycotina; some of these

isolates show antimicrobial inhibition of

Escherichia coli, Bacillus sp., Staphylococcus

aureus, and Candida glabrata (Baker

et al. 2009). The sponge-microbial association

is a potential chemical and ecological pheno-

menon, which provides sustainable resource for

developing novel pharmaceutical leads.

Studies suggest that the sponge Dendrilla

nigra is a rich source of cultivable marine

actinomycetes. It is reported that apart from

other bioactive symbionts isolated from the sur-

face of this sponge, Streptomyces sp. BLT7

isolated from Dendrilla nigra obtained from

Kanyakumari (southeast coast of India) showed

potential antibacterial activity in their extracellu-

lar products (Thomas et al. 2010). The species

Ircinia fasciculata, collected from the shallow

coastal habitats of the Mediterranean Sea

(~15 m depth), showed antimicrobial activity in

the agar media inoculated with different indi-

cator organisms such as Escherichia coli,

Staphylococcus lentus, Candida sp., Bacillus
subtilis, andMycobacterium sp. An antileukemic

marine natural product, sorbicillactone A, was

isolated from the salt water culture of the fungus

Penicillium chrysogenum obtained from another

Mediterranean specimen of Ircinia fasciculata

(Bringmann et al. 2005). This alkaloid is also

known to have antiviral and neuroprotective

properties (Bringmann et al. 2007).

Numerous sponge-derived natural products

exhibit promising activities against various

diseases, most notably cancer (Hentschel

et al. 2012). For instance, eribulin (Fig. 15.6), a
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synthetic analogue of halichondrin B from Hali-

chondria and Lissodendoryx spp. sponges, was

recently approved as a drug for the treatment of

metastatic breast cancer (Cortes et al. 2010).

15.4 Future Roadmap

Sponges can provide potential drugs against

many major worldwide occurring diseases.

Regardless of this fact, no sustainable production

method has been developed so far to ensure an

uninterrupted supply of metabolites and mainte-

nance of ecosystem at the same time. It is impor-

tant to unveil why, when, where, and how these

metabolites are produced in sponges. The fore-

most task would be to study the factors that

influence metabolite production as our knowl-

edge pertaining to the same is minimal. Focus

should be on the interrelationship of stress

factors and the production of bioactive meta-

bolites. Studies are needed of sponge nutrition

and how nutrition can influence growth and

metabolite production. It would be handy to

develop some fruitful in vitro sponge culture

system, sponge cell culture, culture methods for

symbionts, or the transfer of production routes

into another host (Koopmans et al. 2009). In the

near future, sea-based sponge culture seems to be

the best production method as the culture of

sponge cells more likely primmorphs can

become a future source of metabolites (Belarbi

et al. 2003).

As Koopmans et al. (2009) suggested, the

location of production within the sponge should

be identified in order to choose between sponge

cell culture and symbiont culture. Molecular

biological approaches for delineating the biosyn-

thetic pathway of metabolite production and

unveiling the genes involved should be employed

(Koopmans et al. 2009). An important query of

sponge biomedicine production is that whether

methods can be developed for culturing healthy

sponge without its endosymbionts. Can endo-

symbiotic bacteria be cultured in the absence of

live sponge tissue and cells, to produce meta-

bolites of interest (Belarbi et al. 2003)?

Not only the research pertaining to the under-

lying facts of sponge physiology is important; the

applicability of sponge biomaterials is equally

essential. Venkatesan et al. (2012) utilized

marine sponge, Ircinia fusca, collagen to fabri-

cate chitosan–amylopectin/hydroxyapatite and

chitosan–chondroitin sulfate/hydroxyapatite

composite scaffolds for bone tissue engineering

(Venkatesan et al. 2012). Ehrlich and Worch
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(2007) have clearly foresighted that a compre-

hensive understanding of collagen- and chitin-

based sponge skeletons with respect to chemical

composition and structure may prove to be a

novel model for biomimetic synthesis of three-

dimensional collagen- and chitin-based compo-

sites with specific mechanical, optical, and bio-

active properties for applications in different

modern technologies, including materials sci-

ence and biomedicine (Ehrlich and Worch

2007). Thus, an inclusive approach of molecular

cell biology and biomedical technology is essen-

tial for exploring the sponge potential for bio-

material production and its indispensable role in

biomedicine.
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Biomedical Potential of Marine Sponges16
Sushrut Sharma, Renesha Srivastava, Ananya Srivastava,
Pawan Kumar Maurya, and Pranjal Chandra

Abstract

Marine sponges, ubiquitously occurring invertebrates, are sources of

diverse variety and unique metabolites that indicate their potential in

therapeutics and biomedical science. They are the richest sources of

pharmacologically active compounds from marine organisms. These bio-

active compounds have the potential to become future drugs against

important diseases such as cancer and malaria. They also have a range

of biomedical applications but are yet to be commercialized to leverage

the benefits for the society. In this chapter compounds or metabolites that

had been isolated from marine sponges have been defined, followed by a

brief account of their characteristics and numerous activities that may

have potent impact on biomedical applications as they may emerge out as

convincing solutions for numerous significant diseases. The products

obtained show antiviral, antimicrobial, and antiprotozoal activity. These

compounds can also be used as immuno- and neurosuppressors and can be

implemented to an array of medical diagnostics.

Keywords

Bioactive compounds • Marine sponges • Therapeutics • Biomedical

applications

16.1 Marine Sponges

Marine sponges belonging to the phylum

Porifera are multicellular invertebrates that

attach to solid substrates in benthic habitats and

have existed for the past 700–800 million years

resulting in enormous molecular diversity as

compared to their terrestrial counterparts.

Poriferans are very simple in terms of cellular
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organization having an exceptional body design

as filter-feeders, devoid of any organs or

specialized tissue (Vacelet and Duport 2004).

Sponges are classified mainly into three classes:

Calcarea, Demospongiae, and Hexactinellida

(Thomas et al. 2010). Only 1 % of 15,000

known sponge species dwells in freshwater.

Few sponges can grow into huge sponges. How-

ever, their growth is slow because of their bio-

mass doubling time that ranges from months to

years. Apart from living independently, they can

form symbiotic associations with cyanobacteria

and microalgae (Belarbi et al. 2003).

Marine sponges are sessile invertebrates that

need silica to develop needlelike spicules

which are a significant element for their skele-

tal support. Spicules are synthesized by

sclerocytes by deposition of dissolved silica

from water on protein filaments. Therefore,

lack of silica in their environment can limit

their growth (Belarbi et al. 2003). But some

species have no spicules, thus lacking physical

defenses. These species then produce toxins

and secondary metabolites as chemical

defenses that repel and deter predators. These

secondary metabolites also help in competing

for space apart from protection and communi-

cation (Laport et al. 2009).

Comparing all metazoan phyla, sponges pro-

vide a huge number of bioactive compounds

serving as gold mine for diverse unique

metabolites that may have high medicinal and

therapeutic value. The metabolites produced

include antifouling agents, anticancer compounds,

cytotoxic, and immunomodulators accompanied

with antimicrobial agents (Muller et al. 2000).

16.2 History of Marine Products
for Biomedical Applications

During the eighteenth century, Russian and Pol-

ish treated patients with lung disease or rheuma-

tism by rubbing dry powder of a freshwater

sponge called Badiaga. Later in the twentieth

century, it was discovered by Oficjalski (1937)

that Badiaga was a mixture of several freshwater

sponges and not the sponges but the high iodine

concentration in these species was responsible

for the effect of Badiaga. In 1951, nucleosides

spongouridine and spongothymidine were dis-

covered by Bergmann and Feeney that was the

base for synthesis of the first marine-derivative

anticancer agent (Sipkema et al. 2005).

Marine flora and fauna serve as the inexhaust-

ible reserve for unique prime agents that are

beneficial for biomedical approach, among

which phylum Porifera provide the leading figure

of bioactive compounds. Various biomedical

applications of marine sponges can be seen in

Table 16.1.

16.3 Anti-inflammatory Sponge
Products

The first sesterterpenoid was isolated from

Luffariella variabilis by De Silva and Scheuer

in 1980 which was found to have antibiotic and

analgesic properties, called as manoalide. Later

studies by Bennet in 1987 suggested that

manoalide showed anti-inflammatory behavior

too. The mode of action was preventing enzyme

phospholipase A2 from binding to membranes by

irreversible inhibition of release of arachidonic

acid from membrane phospholipids (Fig. 16.1).

Few sponge-derived terpenoids have a different

mode of action against inflammatory response by

inhibiting a different enzyme (lipoxygenase)

(Sipkema et al. 2005).

Five oxygenated hexylitaconic acid derivatives

were isolated from sponge-derived fungus

Penicillium sp. The ester forms (two out of five)

of these hexylitaconates showed strong inhibition

of pro-inflammatory mediators interleukin-6 and

interleukin-1beta (Lin et al. 2011). Contignasterol

isolated from marine sponge Petrosia contignata
inhibits release of histamine from lung cells of

guinea pigs and rat mast cells (Newman and

Cragg 2004). Barettin, isolated from the marine

sponge Geodia barretti, was confirmed to have

antifouling properties caused by the serotonin-

like structure but later it was found that it also has

anti-inflammatory activity (Lind et al. 2013).
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16.4 Immunosuppressive
and Neurosuppressive
Compounds

Northern Australian spongeDysidea sp. has three

polyoxygenated sterols that display selective

immunosuppression. These sterols inhibit the

binding of the neutrophil-attracting cytokine,

interleukin 8, by noncytotoxic mechanism. Pro-

liferation of activated T-lymphocytes is also

inhibited by a group of immunosuppressive

glycolipids called simplexides. Simplexides

were isolated from Caribbean sponge Plakortis

simplex (Sipkema et al. 2005).

Contignasterol isolated from marine sponge

Petrosia contignata inhibits allergen-induced

release of histamine from lung cells of guinea

pigs and rat mast cells in vitro and the eosinophil

activation in airways of guinea pigs (Sipkema

et al. 2005). In 1990, a polyhydroxylated lactone,

discodermolide, was reported by the Harbor

Branch group as a new immunosuppressive

agent. It was isolated from Caribbean sponge

Discodermia dissoluta (Newman and Cragg

2004). A compound that is a serotonergic recep-

tor antagonist, keramidine from an Agelas sp., is

a neurosuppressive compound that blocks neural

communication which is serotonin mediated

(Sipkema et al. 2005).

Table 16.1 Few bioactive compounds from marine sponges

Compound name Species Activity References

Avarol Dysidea avara Cytotoxic, antitumor Muller et al. (2000)

Manoalide Luffariella variabilis Antibiotic Silva et al. (1980)

Barettin Geodia barretti Anti-inflammatory Lind et al. (2013)

Ara-C Cryptotethya crypta Anticancer Proksch et al. (2002)

Ara-A Cryptotethya crypta Antiviral Proksch et al. (2002)

Contignasterol Petrosia contignata Anti-inflammatory Newman and Cragg 2004

Manzamine A Haliclona sp. Antitumor Kalifatidis et al. (2013)

Haliclonayclamine E Arenosclera
brasiliensis

Antibacterial Lapor et al. (2009)

Aurantoside K Melophlus sp. Fungicide Kumar et al. (2012)

1-methylisoguanosine Tedania digitata Antiallergic Quinn et al. (1980)

Agelasine F Agelas sp. Fungicide Gordaliza (2009)

Haplosamates A and B Xestospongia sp. Antiviral (HIV-1) Qureshi and Faulkner

(1999)

Theopalauamide Theonella swinhoei Antifungal Thomas et al. (2010)

Agelasine J-L Agelas mauritiana Antiprotozoal Gordaliza (2009)

Callyspongynic acid Callyspongia
truncata

Antiviral Nakao et al. (2002)

Simplexides Plakortis simplex Inhibitor of T-cell

proliferation

Costantino et al. (1999)

Pateamine A Mycale sp. IL-2 inhibitor Northcote et al. (1991)

(Z )-17-methyl-13-octadecenoic

acid

Polymastia penicillus Antiprotozoal Carballeira et al. (2009)

Kalihinol A Acanthella sp. Antimalarial Sipkema et al. 2005)

Eribulin mesylate Halichondria okadai Anticancer drug Shin et al. (2013)

Halistanol sulfate C Petromica citrina Anti-herpes Guimarães et al. (2013)

Leucascandrolide A Leucascandra
caveolata

Fungicide Sipkema et al. (2005)

S1319 Dysidea sp. Antiasthmatic, uterine

relaxation

Suzuki et al. (1999)
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16.5 Antitumor Sponge Products

A range of bioactive compounds is available

from around 11 sponge genera. Out of these,

genera Haliclona, Petrosia, and Discodermia

produce potent anticancer agents. Decritin

isolated from Dercitus sp. is an aminoacridine

alkaloid that shows cytotoxic activity and is also

active against B16 melanoma cells and small cell

Lewis lung carcinoma (Jha and Zi-Rong 2004).

Manzamine A is an alkaloid isolated from

sponges of genera Haliclona sp., Xestospongia
sp., and Pellina sp. Manzamine A can be used for

treatment of pancreatic ductal adenocarcinoma as

it blocks the autophagic pathway in pancreatic can-

cer cells at level of autophagosome turnover or

autophagosome–lysosome fusion (Fig. 16.2). This

antitumor activity can be a promising treatment

option for tumors resistant to chemotherapy as

autophagy is essential for pancreatic tumor growth

and chemoresistance (Kallifatidis et al. 2013).

Eribulin mesylate is a simplified derivative

of halichondrin B which was isolated from the

marine sponge Halichondria okadai, is an

instance for lately accepted anticancer drug for

metastatic breast cancer (Shin et al. 2013). High

levels of protein kinase C (PKC) are observed

during pathogenesis of arthritis and tumor devel-

opment. PKC inhibitors isolated from various

sponges prevent carcinoma cells to bind to the

endothelium. Fucose residues are important for

binding of carcinoma cells to receptors in endo-

thelium, so fucosyltransferase inhibitors are good

for combating tumor growth. Few meroterpenoid

and spiro-sesquiterpene aldehyde compounds,

like corallidictyals and akadisulfates, have been

sequestered from the extracts of the marine

AA

AA

AA

PLA 2

leukotriene

Inflammation

LOX

Fig. 16.1 Inflammatory

response. Membrane bound

arachidonic acid (AA) gets

released to free arachidonic

acid by action of

phospholipase A2 (PLA2).

Free arachidonic acid gets

converted into leukotriene

by lipoxygenase (LOX).

Sponge-derived molecules

inhibit PLA2 or LOX

(Sipkema et al. 2005)
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sponge Siphonodictyon coralliphagum that

inhibits protein kinase C (Pandey et al. 2014).

Most abundant secondary metabolite,

triterpenoids, present in marine sponges shows

intense antitumor activity. Isomalabaricane-type

triterpenoids stelletins A-K are a rare group of

triterpenoids that can be isolated from marine

sponge species of the genus Jaspis, Stelleta, and

Rhabdastrella. Stellettin A showed toxicity to

P388 leukemia cells; stelletins A-D have shown

selective cytotoxicity toward p21-deficient

human colon tumor (HCT-116) cells and

stelletins J and K against the A2780 ovarian

cancer cell line (Li et al. 2013).

Lectins can serve as specific biomarkers for

tumor cell glycoconjugates and can be conju-

gated with carrier agents to act on malignant

cells. A lectin from marine sponge Cinachyrella
apion denominated as CaL works in human ade-

nocarcinoma cells inducing apoptosis through

the instigation (not exclusive) of the mitochon-

drial intrinsic pathway in both independent and

dependent manner. It stimulates mitochondrial

membrane permeability releasing protein cyto-

chrome C (Rabelo et al. 2012). Nepheliosyne B

and nepheliosyne A, oxygenated polyacetylenes

isolated from Niphates sp., display temperate

cytotoxicity against K562 (chronic myelogenous

leukemia), U266 (myeloma), SKM1

(myelodysplastic syndrome), and Kasumi (acute

myeloid leukemia) cancer cell lines (Legrave

et al. 2013).

16.6 Antiviral Sponge Products

Marine sponges produce antiviral compounds

such as haplosamates, papuamides C and D,

and avarol (Vacelet and Duport 2004).

Demosponge Dysidea avara is used for produc-

tion of avarol by establishment of primmorphs

system. Avarol displays strong cytotoxic activity

(in vitro) and antitumor activity (in vivo)

(Guimarães et al. 2013). It also inhibits progres-

sion of HIV infection by increased production of

antibodies IgG and IgM, also interfering in post-

transcriptional processes. Avarol blocks synthe-

sis of a viral protease obligatory for its

proliferation by blocking synthesis of natural

UAG suppressor glutamine transfer tRNA

(Vacelet and Duport 2004; Laport et al. 2009).

Ara-A, a semisynthetic compound (vidarabine),

Lysosome H

V-ATPase 

AutophagosomeLC3-II Autolysosome 

Manzamine 
 

Lysosome H

Fig. 16.2 Manzamine A’s potential mode of action.

Manzamine A inhibits autophagy at the level of

autophagosome–lysosome fusion and/or autophagosome

turnover by causing a hiatus with proton pump activity of

v-ATPases in pancreatic cancer cells (Kallifatidis

et al. 2013)
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isolated from Cryptotethya crypta, is based on

arabinosyl nucleosides which inhibit viral DNA

production. Mycalamides A and B are isolated

from Mycale sp. Pure mycalamide A obstructs

polio virus type 1 and herpes simplex virus

in vitro but mycalamide B showed greater cyto-

toxicity and antiviral activity (Laport et al. 2009).

High molecular weighted sulfated

polysaccharides from sponge Erylus discophorus
displayed exceptionally potent HIV-1 inhibitory

activity which seems to be species-specific. The

anti-HIV activity mechanism works by inhibition

of virus entry, prevention of HIV adsorption, and

fusion with lymphatic cell (Esteves et al. 2011).

A new Pseudomonas species isolated from the

surface of marine sponge Homophymia

sp. yielded five compounds. 2-undecyl-4-quino-

lone, which is one of the isolated compounds,

showed activity against Plasmodium falciparum

and HIV-1 (Thomas et al. 2010). The soluble

ethyl acetate extract C-29EA that was prepared

from sponge Amphimedon sp. inhibited HCV

replication in a dose-dependent manner regard-

less of cytotoxicity (Fujimoto et al. 2012).

Few sulfated steroidal compounds, halistanol

sulfate and halistanol sulfate C isolated from

sponge Petromica citrina found on the Brazilian

coast, displayed anti-herpes activity by reduction

of viral infectivity and by the impairment of

levels of ICP27 and glycoprotein D of HSV-1.

These compounds also inhibited the entry of

virus into cells (Guimarães et al. 2013).

16.7 Antibacterial Activity from
Sponge Products

Marine sponges tend to show high antibacterial

activity against terrestrial bacteria as compared

to marine bacteria producing more than 3,300

antibiotics alone and other bioactive compounds.

Psammaplin A, a symmetrical bromotyrosine-

derived disulfide compound isolated from

Psammaplysilla sponge displayed in vitro

antibacterial activity against methicillin-resistant

Staphylococcus aureus (Radic and Bratkovic

2012).

The fungus Curvularia lunata yields two

antibacterial anthraquinones, lunatin and

cytoskyrin A. This fungus is isolated from

sponge Niphates olemda. The two antibacterial

compounds showed activity against Staphylococ-

cus aureus, Escherichia coli, and Bacillus
subtilis (Thomas et al. 2010). Manoalide along

with its anti-inflammatory properties shows bac-

tericidal activity (Sipkema et al. 2005). The

axinellamines B-D isolated from Axinella sp.,

shows bactericidal activity against Gram-

negative bacterium Helicobacter pylori. Petro

amine B isolated from Oceanapia species

inhibits enzyme aspartyl semi-aldehyde dehydro-

genase in H. pylori responsible for production of

one-fourth of all amino acid residues (Laport

et al. 2009).

Three alkaloids, hyrtioerectines D–F isolated

from red sea sponge, show variable antimicrobial

activity against Gram-positive Staphylococcus

aureus (ATCC 6538) and Gram-negative E. coli
(ATCC 8739) (Youssef et al. 2013). Marine

sponges from order Haplosclerida such as

Arenosclera brasiliensis produce alkylpiperidine
alkaloids. Four types of alkylpiperidine

alkaloids, haliclonacyclamine E and

arenosclerins A, B, and C, that are generated

after fractionation of crude extract showed inhib-

itory effects on numerous antibiotic resistant bac-

teria inclusive of Staphylococcus aureus and

Pseudomonas aeruginosa (Laport et al. 2009).

Alkaloids, such as clathrodin and oroidin belong-

ing to structural class pyrrole-2-aminoimidazole

of secondary metabolites, can be isolated from

sponges of genus Agelas, Hymeniacidon,

Cymbaxinella, and Axinella. Oroidins have low

molecular mass and a simple chemical structure

and show antibacterial and anti-biofilm action by

disruption of bacterial cell membrane, targeting

the response regulator protein BfmR and

inhibiting enoyl reductases (Fig. 16.3) (Zidar

et al. 2014).

Broad-spectrum antimicrobial activity is

observed from 20 % of bacteria connected with

marine sponge and corals in a symbiotic associa-

tion in different coastal areas of the China Sea

that includes bacteria isolated from marine

sponges S. tenuis, H. rugosa, and D. avara
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(Li 2009). Broad-spectrum antibacterial activity

is associated with presence of terpenes, alkaloids,

and tannins found in sponges Biemna tubulosa
and Stylissa spp. (Govinden-Soulange

et al. 2014).

Monocyclic diterpenes agelasine F, isolated

from Pacific sea sponge Agelas sp., inhibits

drug-resistant strains ofMycobacterium tubercu-

losis in vitro accompanied with inhibition of

tuberculosis H37Rv growth, thus showing anti-

tuberculosis activity. Agelasine F, agelasidine A,

and ageline B are isolated from Agelas sp. that
shows antibacterial activity against Gram-

positive bacteria S. aureus (Gordaliza 2009).

Marine sponge species, Haliclona sp.,

P. citrina, and Cinachyrella sp., displayed

antibacterial activity alongside CNS strains that

were isolated from bovine mastitis cases. The

ethanol extract of Cinachyrella sp. is responsible

for inhibition of the poly-resistant strain

S. chromogenes 4606 plus the ethanolic extract

of Haliclona sp. showed activity against

S. chromogenes 4476, which is an oxacillin-

resistant strain (Laport et al. 2011).

16.8 Antiprotozoal Activity by
Marine Sponge Compounds

The most promising antimalarial compound

found in various sponges is manzamine.

Manzamine shows antimalarial effect with a

boosted immune reaction (Sipkema et al. 2005).

Agelasine J-L was isolated from orange marine

sponge Agelas mauritiana found in the Solomon

Islands. Agelasine D and its analogs K and L

displayed in vitro antiprotozoal activity against

Plasmodium falciparum, Leishmania infantum,

Trypanosoma brucei, and Trypanosoma cruzi
(Gordaliza 2009).

Plakortin and dihydroplakortin displayed anti-

malarial activity when evaluated in vitro. These

two simple six-membered endoperoxide

compounds were extracted from sponge

P. simplex (Fattorusso et al. 2002). The unusual

fatty acid (Z)-17-methyl-13-octadecenoic acidpres-

ent in the 0.8 % abundant phospholipid is collected

from sponge Polymastia penicillus. This unprece-

dented fatty acid is the iso methyl-branched

nonadecanoic acid. This compound shows

antiprotozoal activity againstLeishmania donovani.

It inhibits theDNA topoisomerase IBofLeishmania

and also appears to be cytotoxic to the protozoa. As

the DNA topoisomerase IB and the human DNA

topoisomerase 1 have considerable differences,

therefore there is a possibility that it may restrict

the protozoanDNA topoisomerase IBwithout dam-

aging the mammalian DNA topoisomerase I. (Z)-

14-methyl-9-pentadecenoic acid, which hinders the

human DNA topoisomerase 1 only at high

concentrations (Carballeira et al. 2009).

The crude methylene chloride extract from

sponge N. nolitangere exhibits antimalarial

activity signifying the potential applications of

marine sponge products in the health sector

(Thompson and Gallimore 2013). Selective

in vitro antiprotozoal activity is displayed against

P. falciparum by a number of terpenoid

isocyanates and isonitriles extracted from

Cymbastela hooperi. Another compound,

kalihinol A, isolated from sponge Acanthella
sp., displays the same antimalarial activity

(Sipkema et al. 2005). An array of glycosphin-

golipids is produced by sponge Axinyssa djiferi
which is found in African mangrove. They con-

tain a rare compound, namely, galactopyranose.

These lipids after downstream processing yield

axidjiferosides which displayed convincing

antiplasmodial activity (Djiferi 2013).

16.9 Antifungal Compounds

Marine Streptomyces sp. DA11 which is known

to be associated with sponge Craniella

australiensis has a protein chitinase that exhibits

Fig. 16.3 Structure of marine alkaloid, oroidin (Zidar

et al. 2014)
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antifungal activity. On comparing the terrestrial

organisms derived chitinase with marine

chitinase, the latter with higher pH and salinity

tolerance may add to exceptional biomedical

applications. The antifungal activity of chitinase

was observed against Aspergillus niger and Can-
dida albicans (Li 2009).

An antifungal compound theopalauamide,

isolated from the marine sponge Theonella
swinhoei from Palau, encompasses a cytotoxic

polyketide, swinholide A, and a bicyclic glyco-

peptide. Interestingly, another antifungal glyco-

peptide, namely, theonegramide, was earlier

isolated from the same marine sponge, but from

the Philippines (Thomas et al. 2010).

Agelasine F, agelasidine A, and ageline B are

isolated from Agelas sp. that show antifungal

activity against Candida albicans and C. utilis
(Gordaliza 2009) Roridin A and roridin D are

two antifungal trichothecenes produced by fun-

gus Myrothecium sp. isolated from the marine

sponge Axinella sp. that have the potential to

inhibit plant pathogen S. sclerotiorum (Li 2009).

Fungicides used at present, on relating with

the antimicrobials, are less diverse and thus their

use is constrained because of their toxic effects

on eukaryotic species. Macrolide

leucascandrolide A, isolated from sponge

Leucascandra caveolata, may have different

characteristics and a potential of being potent

fungicide and being less toxic than the fungicides

that are currently used, as they are produced by

the eukaryotic organism itself (Sipkema

et al. 2005). Aurantoside K, a tetramic acid gly-

coside isolated from marine sponge Melophlus

sp., showed promising antifungal activity against

a wide spectrum of fungal pathogens (Kumar

et al. 2012).

16.10 Applications of Marine
Sponges in Diagnostics

Marine sponges are attention-grabbing entities

for biomonitoring. The minimal tissue differenti-

ation in these organisms characterizes an advan-

tage of simplified usage in laboratorical

procedures (Marques et al. 2007). Several

biomarkers such as protein tyrosine phosphatases

(PTP’s) and PRL-3 associated with tumor metas-

tasis as elevated PRL-3 mRNA level are

observed in colon cancer cells, lung cancer

cells, and prostate cancer cells along with

PRL-3 overexpression in colorectal cancer-

derived metastatic lesions (Shin et al. 2013).

These biomarkers can be analyzed through use

of biosensors.

Biosensors are sensitive, simple, compact,

rapid analytical devices entailing a recognition

element that has a biological origin such as

enzymes, immunoagents, and proteins joined

with a transducer which converts the response

measured from the biological event into a mea-

surable electrical signal (Costa et al. 2014;

Chandra et al. 2013, 2014; Ye Zhu et al. 2012,

2013; Won et al. 2013; Noh et al. 2012).

Biosensors are classified on the basis of

receptors/recognition elements into biocatalytic

and bio-affinity receptors (Davis et al. 1995;

Thévenot et al. 2001; Phadke 1992).

The current biosensor technology is based on

various nanomaterials, bio-affinity receptors

(Fig. 16.4) and chemical modifiers is very

much successful. However, the real clinical

implications in implantable biosensors suffer

due to the toxic or immunogenic response of

transducer element. Therefore, it would be inter-

esting to attempt usage of substrates which may

TRANSDUCER

RECEPTOR

ANALYTE

SIGNAL

A

TRANSDUCER

ANALYTE PRODUCTBFig. 16.4 Graphical

illustration of (a)
bio-affinity receptors (b)
biocatalytic receptors
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be more biocompatible, nontoxic, and do not

elicit any immunogenic reaction. In this regard

the biomaterials based on marine sponges will be

interesting substrates. In recent years some bio-

medical devices have been developed to detect

biological molecules such as glucose

(Koschwanez and Reichert 2007), phenolic

metabolites (Diaconu et al. 2010), cholesterol

(Khan et al. 2008), ethanol (Secchi et al. 2013),

etc.

For diagnostics and other biomedical

applications, long-time reliability and biocom-

patibility should be the pinnacle (Reina

et al. 2014). These implantable devices devel-

oped are very effective and were developed

using commercially available substrates but

biomolecules from marine sponges were rarely

used for fabrication of subcutaneous or implant-

able devices. It is possible that the devices that

are developed based on the biomaterials of

marine sponges will be more biocompatible,

nontoxic, and may not elicit an immunogenic

response. Also the devices are composed of

some metal ions such as zinc (Khan

et al. 2008), platinum (Luz et al. 2013), and

titanium (Chamberlain et al. 2011) which can

catalyze some biological reaction such as

electrocatalysis and often show enhanced

biocompatibility.

For proper functioning of a biosensor, it must

have an implantable electrode, generally needle

shaped, a reference, and working electrode. In

case of subcutaneously implanted biosensors,

few elements of the sensor can be immunogenic

and elicit a response that can affect the device’s

functioning and performance by forming fibrotic

tissue which prevents movement of metabolites

(Yoo and Lee 2010). The implantable electrode

is coated with bio-inert materials to shun any

immunogenic response. Though it may still

cause an immunogenic reaction, the sensor may

function properly for few days (Wang 2001).

Thus for proper functioning and extended life

of sensor the implantable material must be coated

with natural polymer such as alginate and chitin

(Wang et al. 2007). Hydrogels having natural

polymers are challenging to alter but they show

enhanced biocompatibility and do not elicit

inflammatory reaction. Polymers such as

collagen and chitin are found in humans and

marine sponges, respectively. Chitosan, a

deacetylated form of chitin, is nontoxic, biode-

gradable, and non-immunogenic and can be

isolated from marine sponges (Muzzarelli 2000).

Chitin has wide array of importance. It is used

as a support in various biosensors, for instance, in

implantable glucose sensors; the supporting

material used is crystalline beta chitin. Also chi-

tin is coupled with acetylcholine esterase in ace-

tylcholine estimating biosensor to form rapid and

biocompatible device (Felse and Panda 1999).

The commercial synthesis of chitin is highly

expensive and technologically burdensome. A

cheap alternative is isolation of chitin and related

biomaterials from sponge scaffolds from various

marine sponges such as I. basta. (Brunner et al.

2009).

16.11 Marine Sponges in Tissue
Engineering

Tissue engineering is now developing as a con-

vincing method for wound healing. Scaffold

materials of biological origin having extracellu-

lar matrix (ECM) assist rebuilding of diverse

tissues. Collagen shows high biocompatibility

and high biological affinity (Kirk et al. 2013).

Using biomaterials for matrix development from

marine sponges may assure efficient biocompati-

bility and may provide scaffold for cell adher-

ence and cell proliferation.

For bone and cartilage regeneration, human

osteoblasts derivative of human multipotent stro-

mal cells (hMSC) are convincing candidates

because of their osteogenic differentiation ability

and their delivery is done by embedding in a

platelet lysate to desired location which is mod-

erately challenging. Scaffold established on

alginates which are supplemented with biosilica

fabricates the hydrogel delivering an active scaf-

fold. Biosilica can be obtained from sponges as

this naturally occurring inorganic polymer is

involved in spicule formation of Poriferans

(Wang et al. 2014). Silicatein assists the devel-

opment of biosilica lamellae which on immobili-

zation to matrix can synthesize nanoparticulate

biosilica from precursors (M€uller et al. 2009).
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For monitoring and controlling wound

infections, chitosan-based wound dressing

entailing silver sulfadiazine is efficacious

(Phaechamud and Charoenteeraboon 2008). Chi-

tin as observed in fungal cells surges production

of fibroblasts and serves as a matrix for fibroblast

adherence leading to granulation phase of

healing cycle. Chitin and chitosan can be used

as wound dressing material because of their high

biocompatibility and biodegradability (Felse and

Panda 1999). Chitin and chitosan that can be

isolated from marine demosponges as required

(Brunner et al. 2009) have numerous functions

such as scaffold for nerve regeneration (Mullen

et al. 2010), wound dressing material

(Phaechamud and Charoenteeraboon 2008), and

supporting aid for biosensors (Felse and Panda

1999) etc.

16.12 Conclusion

Marine sponges produce copious compounds and

metabolites that have a diverse array of biomedi-

cal applications with high commercial value. The

compounds produced belong to colossal array of

antitumor, antiviral, antiprotozoal, antimicrobial,

anti-inflammatory, and neurosuppressors that

may affect pathogenesis of various diseases by

targeting different components in different

mechanisms. In spite of their potential uses,

they are yet to be leveraged and commercialized

as advancement in this field requires multidisci-

plinary methodology. The biomaterials from

sponges can be used to fabricate biocompatible

implantable biosensors which till now use syn-

thetic, commercially produced biomaterials. In

the future, metabolites obtained from sponges

can be a promising solution to numerous diseases

and can be utilized in medical diagnostics with

other biomedical applications.
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Sponge Biomass for the Development
of Biomedical Products and Their
Applications
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Abstract

Advancements in the areas of natural biomaterials are not a new branch of

science, and it has existed from many decades. The application of natural

materials as biomaterials is recently undergoing a revival in the biomedi-

cal engineering. The major limitations of natural biomaterials are due to

the uncontrolled degradation that can occur following in vivo implanta-

tion and a lot of variabilities in molecular structure associated with animal

sourcing. The main applications of natural biomaterials as materials in

medicine are, namely, tissue engineering, wound management products,

and drug delivery systems. In recent times, a significant number of

biomaterials with biomedical significance have been discovered from

the sponges. This book chapter is going to enlighten few important

outcomes and their applications in the field of biomedical sciences.

Keywords

Biomaterials • Extracellular matrix • Natural biopolymers • Chitosan

polysaccharide

17.1 Introduction

The marine coral reef is a wealthy environment

with a variety of organisms, which could yield a

variety of biomaterials. Few of the biomaterials

like polysaccharides are already commercialized

in food and chemical industries. However, very

little is known about marine biomaterial applica-

tion in tissue engineering and regenerative medi-

cine (Radjasa et al. 2011). The definite evolution

of novel chemicals/materials from marine organ-

isms into substances of biomedical importance

started from the early 1950s at a very slow pace.

The developments in this area happened in the

form of several strategic publications. One

remarkable illustration was the 1976 article enti-

tled “Drugs from the Sea” (Ruggieri 1976). Also

during the 1970s the emphasis on marine

N.K. Mekala

Clinical Research Facility, Center for Cellular and

Molecular Biology (CSIR), Hyderabad, India

e-mail: mekalanaveenkumar@gmail.com

R.R. Baadhe • S.R. Parcha (*)

Department of Biotechnology, National Institute of

Technology, Warangal, India

e-mail: parcha@nitw.ac.in

# Springer India 2016

R. Pallela, H. Ehrlich (eds.), Marine Sponges: Chemicobiological and Biomedical Applications,
DOI 10.1007/978-81-322-2794-6_17

341

mailto:mekalanaveenkumar@gmail.com
mailto:parcha@nitw.ac.in


invertebrates like sponges, soft corals, and other

macroorganisms clearly emerged due to their

abundance in near shore and they were easy to

collect (Kijjoa and Sawangwong 2004).

When we look for the composition of sponge

extracellular matrix (ECM), majority of the poly-

peptide components include galectin, collagen,

fibronectin, etc. These polypeptides are bio-

compatible and support the cell adhesion to

ECM through integrins (Sch€utze et al. 2001).

Here in this book chapter, we discuss the above

polypeptides and their significance in the bio-

medical studies.

17.2 Galectin

Galectin is a family of proteins distinct by their

binding efficacy with β-galactoside sugars, like

N-acetyllactosamine (Galβ1-3GlcNAc or Galβ1-
4GlcNAc), which can bind to other proteins by

either O-linked or N-linked glycosylation

(Barondes et al. 1994; Iacobini et al. 2003;

Leffler et al. 2002). Members of these soluble

galectin proteins were discovered in various

amphibians, fish, mammals, sponges, and some

fungi (Liu and Rabinovich 2010). These

galectins are a large family of proteins with rela-

tively broad functionalities including mediation

of cell-matrix adhesion, cell-cell interactions,

and transmembrane signaling.

Galectins due to their variations can both

inhibit and promote integrin-mediated adhesion.

To improve integrin-mediated adhesion, they

cross-link between two glycans of different

cells, which brings the cells closer, and mutually

so integrin binding occurs (Perillo et al. 1998;

Yang et al. 2008). At the same time these

galectins can also hinder intercellular adhesion

by binding to two glycans on the same cell,

which chunk the integrin-binding site. Galectin-

8 is specific for the glycans bound to integrin and

has a direct role in adhesion as well as activating

integrin-specific signaling cascades (Zick et al.

2002) (Fig. 17.1).

17.3 Collagen

Collagen is the most abundant protein in the

connective tissue of most vertebrates and

constitutes about 30 % of total proteins. Colla-

gen is the most widely used natural biomaterial

in the last 20 years (In Jeong et al. 2007). Other

than various well-studied collagen sources, col-

lagen from marine origin is gaining much impor-

tance toward development of various cosmetic,

pharmaceutical, biomaterials, etc. Marine organ-

isms like sponges, octopus, fish, and jellyfish are

best available sources for collagen (Song et al.

2006). Cell walls of sponges belonging to

Demospongiae are typically made up of

Fig. 17.1 Role of galectin in the system of ECM. (a)
Galectin may promote or inhibit cell adhesion to extracel-

lular matrix. (b) Aggregates of cell surface glycoproteins

may concentrate on one side of the cell, resulting in

polarization of cell surface glycoproteins. This polariza-

tion may impart directionality for migrating lymphocytes

or tumor cells. (c) Galectin secreted by a tumor cell may

favor tumor cell aggregation over adhesion to ECM and

promote tumor embolization as suggested by Allen and

colleagues. By this mechanism, galectin-1 secreted by

tumors may promote tumor cell metastasis (Adapted

from Perillo et al. 1998)
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collagen/spongin. The silica- and calcium-

abundant marine environments make these

sponges biocompatible and make them suitable

for various biomedical applications. Also various

mollusks contain unique muscular arrangement

made up of different collagen types and collagen-

like proteins. On the other hand various echino-

derms also possess collagen fibrils to make their

functional tissues (Szulgit 2007; Pallela et al.

2011).

As discussed above collagen is the dominant

constituent of the skeletal matrix of the sea

sponges, and it is the chief protein constituent

of the extracellular matrix of human bone. The

use of collagen-made sponges as three-

dimensional (3D) scaffolds in tissue engineering

has a number of advantages (Exposito et al.

2002; Datta et al. 2005). Since collagen is a

“native” constituent, it is well recognized as a

cell-matrix adhesion molecule to support cell

adhesion. Furthermore, the netted orientation of

collagen fibers within the sponge skeleton is

structurally similar to the lattice work of fibers

in human trabecular bone (Blumbach et al.

1998). This study demonstrated that the collagen

fibers of the marine sponge skeleton indeed pro-

vide a suitable framework for the attachment,

migration, and proliferation of osteoblasts. The

aggregation of osteoblastic cells on spongin

fibers may be attributed by the collagenous com-

position of the sponge fibers together with the

presentation of matrix moieties at the skeleton

surface (Green et al. 2003; Lin et al. 2011).

In addition, the chemical properties of colla-

gen are also beneficial to its use in tissue

engineering scaffolds (Fromont 2003). The col-

lagen skeleton is also analogous to the connec-

tive tissue of more complex life forms and is

analogous to collagen type XIII; therefore, colla-

gen provides a natural setting for cellular attach-

ment and aggregation (Fromont et al. 2006).

Lists of few marine species with better collagen

yields were listed in Table 17.1. These collagens

are widely used in the industry but less for

research and clinical usage. Various collagen

sources are worth investigating considering that

properties of collagen vary from one animal

source to another.

The application of collagen-based 3D

biomaterials, prepared either from acellular

matrix or extracted pure collagen, has a vast

range of applications both in vitro and in vivo

(Noah et al. 2002). Biomedical engineers use

these collagen scaffolds to study cell prolifer-

ation, migration, as well as differentiation and

phenotype expression. Additionally, primary

studies on cell behavior in complex environ-

ments depend on the ability of cells to grow

in vitro in a 3D tissue scaffold. Hydrogels from

collagen sources are also pretty convenient

scaffolds when the access to cell membrane is

desirable, for example, in electrophysiological

protocols (Ma et al. 2004; Parenteau-Bareil

et al. 2010). Other collagen-based scaffolds are

used in nervous system to visualize motor neuron

myelinization by Schwann cells (Gingras et al.

2008). Currently, 3D collagen scaffolds were

also widely used for cancer studies. In this way,

the persistent quality of cancer cells and interac-

tion between cancer cells and with the healthy

Table 17.1 Marine sponges explored for collagen molecules

Name of the animal Classification References

Spongia species Demospongiae (Porifera) Green et al. (2003)

Glass sponges Hexactinellida (Porifera) Ehrlich and Worch (2007)

Hyalonema sieboldi Hyalonematidae (Porifera)

Monorhaphis chuni Monorhaphididae (Porifera) Heinemann et al. (2007)

Farrea occa Farreidae (Porifera)

Euplectella aspera Euplectellidae (Porifera) Walter et al. (2007)

Euplectella aspergillum

Several species of Ircinia Demospongiae (Porifera) Pallela et al. (2012)
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tissues in a 3D environment can be analyzed

(Shanmugasundaram et al. 2001). Collagen scaf-

fold can also be used as a 3D environment to test

anticancer drugs, in vitro. As per immunology

perspective, in vitro experiments can also be

done to evaluate 3D T cell migration studies.

Moreover, collagen-based biomaterials could

serve as anchorage material to cultivate organs

ex vivo or as 3D models for diseases like osteo-

arthritis (Stachowiak and Irvine 2008; Spencer

et al. 2008).

Collagen-based implants are also necessary

when osteochondral defects reach critical illness

or when autografts have to be evaded due to prac-

tical or pathological reasons (Ma 2008;

Athanasiou et al. 2009). In the above cases hard-

ness of bone tissue engineering scaffolds depends

on the mineralization of collagen scaffolds with

calcium phosphate and/or on cross-linking with

other substances like hydroxyapatite and TCP

(Du et al. 2000). During cartilage regeneration,

collagen biomaterials are made to bemore flexible

and ideally built with type II collagen in contrast to

the majority of other collagen-based scaffolds,

which are produced using type I collagen (Liao

et al. 2009). However, some studies exhibit that

small amounts of autologous chondrocytes can

grow in dynamic culture on type I or II collagen

scaffolds without any notable differences.

17.4 Fibronectin

Fibronectin (FN) is a high molecular weight gly-

coprotein that consists of three types of repeating

amino acid units, namely, type I, type II, and type

III repeats. FN is the most extensively utilized

ECM protein, with existing data about its struc-

ture and functions in vertebrates (Paz et al.

2002). This large dimeric glycoprotein is made

up of two nearly identical polypeptide subunits

(220–250 kDa) connected by disulfide chains.

Heterogeneity among FN subunits isolated from

different sources arises, at least in part, from

alternative splicing of the primary FN transcript.

The FN molecule contains several domains with

different binding activities specific for collagen,

heparin, as well as a cell domain (DeSimone

et al. 1985; Matranga et al. 1995). FN exists in

soluble form in body fluids, in insoluble form in

ECM, and in basal membranes.

Fibronectin-like peptides are predominantly

found in invertebrates like sponges, insects,

mollusks, and in sea urchins. It is practically

proven that these fibronectin-like polypeptides

play a role in supporting the cell adherence and

cell spreading over the biomedical devices

(Li et al. 2006). In general in marine sponges,

fibronectin does not show fibrillar structure but

show more diffused patterns when compared to

vertebrates. The list of various sponges with FN

contents was listed in Table 17.2.

Other than peptide biomaterials, sponges are

very good sources for polysaccharides. These

polysaccharides were natural, inexpensive, and

easily biodegradable. Most of these poly-

saccharides can be utilized as materials in medi-

cine including tissue engineering, drug delivery

systems, hemostatic devices, and wound

management.

17.5 Chitin

Chitin is a nitrogen-enclosed polysaccharide,

chemically resemble to cellulose, and it is not

soluble in most of the solvents due to its specific

structure which is based on hydrogen bonding

Table 17.2 Marine sponges explored for fibronectin and fibronectin-like peptides

Name of sponge Family Reference

Ephydatia fluviatilis Spongillidae Labat-Robert et al. (1981)

Geodia cydonium Geodiidae Conrad et al. (1982)

Tethya aurantia Tethyidae Labat-Robert et al. (1981)

Halisarca dujardini Halisarcidae Ereskovsky (2010)

Ircinia oros Irciniidae Ereskovsky (2010)

Hydra vulgaris Hydridae Sarras Jr et al. (1991)
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among acetamide groups, hydroxyl groups, and

carbonyl groups (Aribo 2012; Khor 2005). Con-

trolled deacetylation is used to produce chitosan

which is a derivative with approximately 50 %

free amine. Chitin is well known as the second

most abundant natural polysaccharide after cellu-

lose, and there are three possible sources of chitin

as raw materials including traditional shellfish

sources like shrimps and crabs; fungal mycelia

from bioreactor processes, a classic example is

mushrooms; and production from monomeric/

dimeric units using chemical and enzymatic

strategies (Dutta et al. 2004; Naznin 2005).

Recently, for large-scale chitin production,

studies have shifted from the traditional to excit-

ing and novel sources like marine sponges

(Ehrlich et al. 2010). Most commonly in sponges,

chitin and collagen serve as 3D supporting

matrix with crystalline or amorphous inorganic

deposits. In case of marine sponges, chitin distri-

bution is found abundant at ectodermal origin

and helps in exoskeleton synthesis (Maldonado

2006). Biochemical and physiological studies

also revealed that chitin from marine animal

and fungal origin are the same, and members of

Verongida sponges have apparently higher chitin

content in them. Table 17.3 will give us the list of

sponges with better chitin yields.

Chitins exhibit different functional roles

including immunity enhancing, hemostatic, anti-

thrombogenic, wound healing, etc. (Shelma et al.

2008). It has proven that chitin and its polymer

chitosan are nonallergenic and nonhazardous, so

our immune system does not reject these

polysaccharides as foreign particles (Honary

et al. 2009). When compared to cellulose, chitin

and its derivatives have better biocompatibility,

biodegradability, and adsorption properties.

In the broad areas of regenerative medicine,

chitosan derivatives have been effectively used

in drug delivery systems, wound dressings, and

as 3D scaffolds in tissue engineering. Chitosan

has been reported to be a promising material as

implant material for engineering human tissue

like the cartilage, bone, and skin due to its

resorbability (Aribo 2012). Chitosan implants

can also be used as an intraocular lens because

of its oxygen permeability, and it has also been

found to accelerate blood coagulation.

17.6 Conclusion

Natural biomaterials from various marine

sponges are found to have numerous applications

in the areas of biomedical engineering. The pur-

pose of this book chapter is to highlight peptide

and polysaccharide biomolecules as well as to

emphasize the applications of these natural

biomaterials. After detailed review of available

literature, here we advise that future work should

be focused on various procedures to minimize

the major drawbacks like cytocompatibility,

immunogenic responses, and the technological

processing methods. Also we should look for

better physical and chemical processing methods

by which we can alter the surface of the bio-

materials for superior bioavailability.
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Marine Sponges as Future Biomedical
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Abstract

Marine sponges are animals of the phylum Porifera and also excellent

source of various biomaterials and organic compounds. In recent years,

significant developments on marine sponges derived biomaterials have

been explored for various biological and biomedical applications (tissue

engineering, drug delivery and biosensor). Biosilica and collagen of

marine sponge are important constituents and has huge potential appli-

cation in regenerative medicine. In the present chapter, we have discussed

about isolation procedure of biosilica and collagen from marine sponge.

Furthermore, tissue engineering of biogenic silica toward bone tissue

engineering is explained in details. Finally, sponge-derived compounds

and its use in regenerative medicine and collagen in drug delivery are

discussed. As a conclusion, marine sponges are promising source of

future biomaterials for various biological and biomedical applications.

Keywords

Sponge • Marine biomaterials • Bone tissue engineering • Collagen and

biosilica

18.1 Introduction

The marine source has huge amount of mineral-

ized organisms with excellent pore structures,

which are being used for biomedical applications

(tissue engineering and drug delivery) and others

that are in initial level of development (Clarke

et al. 2011). Marine sponges are simple and

multicellular organisms of the phylum Porifera

and usually made up of spongin (a modified type

of collagen protein) and spicules of calcium
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carbonate or silica. It was estimated that approx-

imately 15,000 sponge species are available in

natural habitat (Hooper et al. 2002). From the

ancient days, sponges have been widely used in

bathing, painting, cleaning, and some medical

purpose (Gresswell 1922). The application can

be varied according to the sponge structural and

chemical features of skeletons (Ehrlich 2010;

Blunt et al. 2005). The Porifera has been divided

to three different classes as follows (Bergquist

1978):

• Hexactinellida

• Calcarea

• Demospongiae

Siliceous skeleton are commonly called spi-

cules and mainly present in Hexactinellida and

Demospongiae (M€uller et al. 2007). Demosponges

are the main group and commonly living in deeps

seas (Hooper and Van Soest 2002). The sponge

skeletons consist of tetraxonic or monaxonic spi-

cules with spongin. The molecular biology, bio-

chemistry, and the applications of demosponges

well explained (Wang et al. 2012a). The under-

water images of marine sponges are shown in

Fig. 18.1.

18.2 Isolation of Biosilica from
Marine Sponges

Spicules are structural element that is commonly

present in almost all the sponges. It usually

provides the structural support to sponges.

Sponge spicules represent the main components

of the biogenic silica (Bavestrello et al. 1996).

Silica formation of sponge spicules provides the

key information to develop novel nanostructure

materials for several applications. Identification

of biomolecules is important in silicon develop-

ment organism to know the secret of silicon

development (Lopez et al. 2005). Siliceous spi-

cules of marine sponge morphology are shown in

Fig. 18.2.

18.3 Biomedical Application
of Marine Sponge and Its
Biosilica

The biomineralization process inspired the

researchers to develop novel hierarchy materials

with “Nature as model” toward tissue engineer-

ing application. Marine sponges have significant

structures, with pores which can be used as tissue

engineering scaffolds. Recently, much develop-

ment has been focused on to developing the bio-

materials to cure the bone-related diseases

(Wang et al. 2011a). Marine sponges and its bio-

silica have become popular in biomedical appli-

cation such as tissue engineering and drug

delivery. In recent years, significant development

has been achieved in marine-derived bio-

materials for tissue regeneration (Kim 2013;

Silva et al. 2012). Silica and its biocomposite

are becoming familiar in making the artificial

scaffold for bone tissue engineering (Sowjanya

et al. 2013). Sowjanya et al. prepared the blends

of chitosan and alginate with nanosilica compo-

site scaffold for bone regeneration. The presence

of nanosilica (nSiO2) in the composite increased

the protein adsorption and controlled the

swelling. The addition of nSiO2 in the composite

scaffold significantly increases the mineral depo-

sition on the composite scaffolds. The developed

scaffold is biocompatible with osteo-lineage

cells. In another study, Ravichandran et al.

presented the fabrication procedure of gelatin

with mesoporous silica fibers for bone tissue

regeneration. The bioactivity of the developed

scaffolds initiates the viability of MG63 cells

and also increases the alkaline phosphatase activ-

ity. The expression of important genes such as

osteocalcin, osteopontin, bone sialoprotein, col-

lagen I, and alkaline phosphatase are also

increased. (Ravichandran et al. 2014).

Muller et al. found that biosilica positively

affects the SaOS-2 cells growth and mineral-

ization; further it significantly increases the osteo-

protegerin (OPG) expression. Owing to this

excellent property of biosilica, it is extensively

used in the biomedical application, especially
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Fig. 18.1 Body plan and underwater images of marine

sponges. (a) A schematic overview of a typical

demosponge. (b) An enlargement of the internal struc-

ture of a typical demosponge. (c–k) Underwater photog-
raphy of important model sponge species: Mycale

laxissima (c), Amphimedon queenslandica (d), Ancorina
alata (e), Rhopaloeides odorabile (f), Xestospongia muta
(g), Cymbastela concentrica (h), Aplysina aerophoba (i),
Theonella swinhoei (j), and Ircinia felix (k) (Reproduced
with permission from Hentschel et al. 2012)
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bone-related diseases (M€uller et al. 2009)

(Fig. 18.3).

Wang et al. reported that biosilica have shown

morphogenetic effect and differentiation effect

on osteoblast cells and stem cells. Biosilica

have a capacity to induce the and also found to

increase substantial gene expression such as bone

morphogenetic protein-2 (BMP-2) and ALP in

osteogenic cells. It was suggested that biosilica

are morphogenetically active additives for sev-

eral composites biomaterials (Wang et al. 2014).

Biosilica can be used for osteoporosis treatment,

as mentioned earlier, its huge capacity to induce

the BMP-2 directly and also inhibiting the func-

tion of osteoclast. So, it will be an excellent

candidate to treat the bone-related diseases

(Wang et al. 2012b).

Marine sponges show the interesting property

such as higher degree of swelling ability, and its

structure is mainly composed of collagen and

silica materials. From the research study, several

marine sponges (Dysidea avara, Axinella dami-
cornis, Chondrosia reniformis, Petrosia fici-

formis, Sarcotragus spinosulus, Agelas oroides,

and Psammocinia sp.) were developed as natural

scaffold for tissue engineering application using

supercritical fluid system. The scaffold was

developed in the presence of ethanol at 40 �C
and 200 bar and for 6 h. Saos-2 cells were grown

on the scaffold and it was checked by SEM;

further, cell viability was checked. The in vitro

results show excellent biocompatibility (Duarte

et al. 2012).

18.4 Marine Sponge Apatite
for Bone Tissue Engineering

Different kinds of sponge species – elephant ear

(Spongia agaricina), Dalmata Fina (Spongia

officinalis Linnaeus), and Fina Silk (Spongia

zimocca) – were used to develop the scaffold

materials. First, the sponge scaffold was infil-

trated and sintered. It produces excellent scaffold

with proper pore structure with interconnected.

The scaffold developed from Spongia Agaricina

was promising with overall porosity of 56–61 %

Fig. 18.2 Different microscopic techniques reveal the morphology of S. domuncula spicules: (a) light microscopy,

(b–g) scanning electron microscopy (Reproduced with permission from Wang et al. 2011b)
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and interconnectivity of 99.92 % (Cunningham

et al. 2010).

The properties and composition of the marine

sponge (Verongula gigantea) and octocorals

(Isidella sp.) were investigated. It was shown

that the demosponge V. gigantea has much

potential as a biomaterial due to the multilayered

structure of its rigid fibrous skeletons. Nano-

crystalline aragonite was isolated and identified

in V. gigantea, a sponge usually described as

lacking a mineral skeleton (Born et al. 2010).

Sponges as natural composites: from biomimetic

potential to development of new biomaterials

also explained by Ehrlich (Ehrlich and Worch

2007).

The main aspect of tissue engineering is the

use of scaffold metrics in proper way (Vats et al.

2003). Scanning electron microscopy was used to

check Callyspongiidae sponge morphology and

checked its bioactivity with osteoblast cells. The

morphology of the sponge skeleton is inter-

connected with a pore size 100–300 um in dia-

meter. At 21 days of cell culture on the marine

sponge scaffolds, mineralization was seen. The

important gene expressions OCN and OPN were

also observed at different days (Lin et al. 2011).

18.5 Marine-Sponge-Derived
Compounds

In the last five decades, marine-sponge-related

compounds are promising in terms of drugs

against various diseases, including cancer, viral,

inflammatory diseases, and malaria. It has the

capacity to produce different kinds of chemical

compounds with widely varied carbon skeletons

(Sipkema et al. 2005). Around 7,000 sponge spe-

cies are alive both in marine and freshwater envi-

ronment. Interesting fact is that sponge can live

Fig. 18.3 (A) Spatial
relationship between

silicon accumulation and

calcium composition

during early stages of

boneformation in rats.

Biomedical application of

biosilica and silicatein.

(B) Schematic

representation of the effect

of silica-based components

on the expression of the

three marker genes

(amelogenin, ameloblastin,

enamelin) in ameloblasts.

(C, D) Formation of

biosilica layers on pig

molars. (D) Of recombinant

silicatein (4 μg/ml PBS) for

12 h at 20 �C. (E, F) In
parallel, biosilica formation

on femur bone samples was

examined: untreated

control (E) or silicatein
treated (F) (Reproduced
with permission from

M€uller et al. 2009)
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all around the world at any region. Around 99 %

of sponges are present in marine environment.

The chemical constituent varies depending on

the region. Different bioactivity compounds

have been isolated from marine sponge source

and checked for antimicrobial test, and results

are promising to develop the drugs (Fusetani

et al. 1981). The isolation, structure, biological

activities, and synthetic studies of marine sec-

ondary metabolites, symbioimine and hateruma-

lide, are explored well and inhibited the

differentiation of RAW 264.7 cells into osteo-

clasts. Haterumalides (Fig. 18.4), 14-membered

cytotoxic macrolides from the Okinawan sponge

Ircinia sp., show potent cytotoxicity (Kita et al.

2006).

18.6 Role of Marine Sponge
Biomaterials in Tissue
Engineering

The abundance and structural variety of natural

marine sponge frameworks and their potential as

multifunctional, cell conductive and inductive

frameworks indicate a promising new source of

scaffold for tissue regeneration (Green et al.

2003). Marine sponge (Ircinia fusca)-produced

collagen with chitosan/hydroxyapatite has been

developed for bone tissue engineering in vitro.

Cell proliferation in chitosan/hydroxyapatite/

marine sponge collagen scaffolds is higher than

pure chitosan scaffold (Pallela et al. 2012). The

physicochemical characterization has been done

with various marine sponges such as (Verongula
gigantea) and octocorals (Isidella sp.) suggests

huge resource for bone replacement (Born et al.

2010).

Marine-sponge-derived collagenous fiber

framework provides a suitable architecture as

bioscaffold for tissue regeneration, as it supports

the proliferation, migration, and adhesion of

osteoblasts in vitro (Zheng et al. 2007). Sulfate

poly-N-acetyl glucosamine seed on sponge

shows promising bone healing of both bone and

cartilage when compared to the control group

(Kang et al. 2005). The collagenous structure of

marine sponge is shown as an excellent candidate

to support the wide range of cells for tissue

regeneration, specifically bone tissue regenera-

tion (Green et al. 2003; Lin et al. 2011). The

collagen fiber in the marine sponges is fully

bonded (Pallela et al. 2011; Ehrlich 2010;

Heinemann et al. 2007a). Zheng et al. marine

sponges from the genus, Hippospongia used for

tissue regeneration in terms of osteoblast proli-

feration and cell adhesion (Zheng et al. 2007).

There is another way to develop tissue engineer-

ing scaffolds using marine-sponge-derived silica

and collagen (Heinemann et al. 2007b; Ehrlich

et al. 2010; Green et al. 2014).

18.7 Marine Sponges for Drug
Delivery

Biogenic inorganic ceramic materials are exten-

sively used for drug delivery purpose, for exam-

ple, biogenic apatite and biogenic silica.

Biogenic silica from sponges has advantages

over the synthetic silica materials in drug deliv-

ery purpose (Roveri et al. 2008). Spicules are

constituted of concentric layers of hydrated sil-

ica. They exhibit low elastic modulus, which

leads to flexibilities of material for which there

is no equivalent man-made synthetic silica-based

material. Spicules are multifunctional materials

and carry light-showing optical properties very

close to those of modern optics fiber. A growing

spicule is embedded in a membrane called silica-

lemma, and silica polycondensation takes place

on poly protein fibers which catalyze the hydro-

lysis, orienting the tetraethoxysilane polymer-

ization parallel to the proteases’ lineament (Cha

Fig. 18.4 Structure of haterumalides

354 J. Venkatesan et al.



et al. 1999, 2000; Levi et al. 1989; Aizenberg

et al. 2005; Sundar et al. 2003; Meyers et al.

2008; Shimizu et al. 1998; Krasko et al. 2000).

Nicklas et al. prepared the nanoparticles of

Chondrosia reniformis sponge collagen in hor-

mone therapy. Estradiol hemihydrate was used as

a drug model. The loading efficiency of the estra-

diol hemihydrate in nanoparticles is 13.1 %.

Comparative study was performed between

marine-sponge-derived nanoparticles with

hydrogel with commercial gel without drugs

(Nicklas et al. 2009).

Collagen microparticles were developed

using marine sponge. Retinol was used as a

drug model and incorporated into the nano-

particle, and drug stability was also investigated.

The dermal penetration of drug into the skin

increases approximately twofold (Swatschek

et al. 2002). Release properties from marine

sponge collagen coated formulations are also

studied (Pergament et al. 2011).

18.8 Conclusion

Marine-sponge-derived biomaterials show prom-

ising direction in artificial organ development.

Marine sponge biogenic silica aids in differen-

tiating stem cells into osteogenic cell. This will

be a promising approach to develop bone tissue

construction. Furthermore, marine sponge colla-

gen can be used for nano-biotechnological

applications.
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Abstract

Collagens are the proteins found in the extracellular matrix of multi-

cellular organisms, from primitive sponges (parazoans) to highly

advanced mammals (metazoans). These proteins, classified as the “colla-

gen superfamily,” comprise about 28 members each with at least one

triple-helical domain. Collagens deposited in the extracellular matrix

(ECM) and connective tissues form supramolecular assemblies and func-

tion as structural proteins contributing to mechanical properties, organi-

zation, and shape of tissues. They regulate cell proliferation, migration,

and differentiation by binding to cognate receptors on the cell surface and

triggering signal transduction cascades. Collagens with restricted tissue

distribution perform specific biological functions. This chapter envisages

the structural and functional characteristics of both invertebrate and ver-

tebrate collagens with a special account of sponge collagens and their

significance in tissue engineering.

Keywords

Collagen structure • Tissue engineering • Marine sponges • Types of

collagen

19.1 Introduction

The term collagen derives from the Greek word

glue and is defined as that constituent of connec-

tive tissue which yields gelatin on boiling. With

the advancements in protein sequence determi-

nation, collagens are defined as the proteins that

assemble into fibrous supramolecular aggregates

in the extracellular space and which comprise

three polypeptide chains (Figs. 19.1 and 19.2)
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with a large number of repeat sequences Gly-X-

Y where X is often proline and Y is often

hydroxyproline (Fig. 19.3). Hydroxyproline is

derived from proline during posttranslational

modifications by a specific enzyme called prolyl-

hydroxylase. Hydroxyproline is rarely found in

other proteins. Each polypeptide chain of colla-

gen contains about 1000 amino acid residues and

the entire triple chain molecule is about 3000 Å

(Branden and Tooze 1999).

Collagen is a long chain fibrous protein and

serves as structural material. The individual long

chain molecules obtain bulk properties by cross-

linking, interleaving, and intertwining the proper

combination of individual chain molecules and

these properties enable multiple different func-

tions of the molecule. Depending on the second-

ary structure of the individual molecules,

fibrous proteins are classified as coiled coil

α-helices (e.g., keratin and myosin), the triple

helix (e.g., collagen), and β sheet (e.g., amyloid

fibers and silks) (Branden and Tooze 1999). Col-

lagen fibers are strong, resistant to stretching, and

relatively rigid. Fibrous proteins like collagen

often form protofilaments or protofibrils that

assemble into structurally specific, higher-

ordered filaments and fibrils. These filaments

cannot be crystallized because they can be

Fig. 19.1 Collagen triple-helical structure

Fig. 19.2 A segment of human collagen

Fig. 19.3 A special amino acid sequence
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ordered only in two dimensions. However,

ordered fibers give two-dimensional diffraction

patterns which could be used for overall structure

determination.

19.2 Synthesis of Collagens

Collagens are synthesized as longer precursors

called procollagens with globular extensions

called propeptides (about 200 residues) at the

ends. When the procollagen polypeptides get

transported from ribosomes into the lumen of

the endoplasmic reticulum, they undergo hydroxy-

lation and other chemical modifications before

assembling into triple chain molecules. The func-

tion of the terminal propeptides is to form proper

triple chains in register through interchain disul-

fide bonds. Propeptides are cleaved off only after

the precursor proteins get released by exocytosis.

Excision of both propeptides allows the triple

chain molecules to polymerize into fibrils several

micrometers long and 50–200 nm in diameter.

The fibrils then pack side by side into parallel

bundles, the collagen fibers, which are stronger

than steel of same size. When mature collagen

devoid of propeptides is denatured, the poly-

peptides associate at many different places other

than their ends, forming triple chains that are out

of register. These “out of register” triple chains

polymerize to form a gel called gelatin (Branden

and Tooze 1999).

From fiber diffraction studies of collagen by

Linus Pauling, Francis Crick, and others, it is

established that each of the three polypeptide

chains is folded into an extended left-handed

helix with 3.3 residues per turn and a rise per

residue along the helical axis of 2.9 Å. This is in

contrast to the normal right-handed α helix with

3.6 residues per turn and a rise per residue of

1.5 Å. Accordingly, the rise per turn in the colla-

gen helix is 9.6 Å, compared with 5.4 Å for the α
helix and this gives such an extended chain that it

must aggregate to form a stable structure. Syn-

thetic polymers of proline or glycine fold into

similar extended, left-handed helices and so the

helix is called a polyproline type II helix. The

three polyproline type II helices in collagen form

a trimeric molecule by coiling about a central

axis to form a right-handed superhelix with a

repeat distance of about 100 Å. The side chain

of every third residue in the super helix is very

close to the central axis that no space is available

for a side chain and hence every third residue

must be a glycine. If this glycine is substituted by

any other residue, the super helix undergoes

deformation (Branden and Tooze 1999). Certain

genetic diseases of connective tissue occur due to

mutations in codons for these glycine residues.

This sequence requirement is a hall mark of triple

helix collagen-like domains and is used in

sequence analyses of proteins of unknown struc-

ture. Varieties of supramolecular aggregates con-

tain the triple-helical domains ranging from the

collagen fibrils in tendons and cartilage to reti-

culate forms of basement membranes and to the

parallel clusters of short triple helices seen in

the complement component C1q of blood and

in the sugar-binding collectins. Some collagens

have interruptions and imperfections in the

triple helix and the resulting conformational

changes are visualized in crystal structures of

model peptides (Bella et al. 2006).

Helen Berman et al. at Rutgers University

determined the crystal structure of collagen triple

helix to 1.9 Å resolution of a synthetic collagen-

like peptide (Pro-hydroxyproline-Gly)10 with

one glycine substituted by alanine (Bella

et al. 1994). This collagen-like peptide formed

single crystals but not fibers. When the details of

the regular collagen triple helix structures were

compared with the structure obtained by the

effect of mutation at a glycine position, the

importance of direct as well as water-mediated

hydrogen bonds in stabilizing the triple helix

structure became obvious. It further showed that

the alanine side chain can be accommodated

inside the triple helix by a local small change of

the helix geometry which in turn allows the

incorporation of interstitial water molecules to

link the chains. These kinds of conformational

shifts help to accommodate the sequence vari-

ations that deviate from the consensus. In the

regular triple helix structure of collagen, the

three chains are held close together by direct

hydrogen bonds between proline C ¼ O groups
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of one chain and the glycine N-H groups of

another. In the region around the alanine

residues, the three polypeptide chains are forced

apart by the alanine side chains and four water

molecules are incorporated between the chains;

this allows the direct hydrogen bonds to be

replaced by water-mediated hydrogen bonds.

All side chains as well as the C¼O group of

glycines in all three chains are on outside of the

triple helix molecule and in contact with water

molecules. These water molecules mediate

hydrogen bonds between the hydroxyl groups of

hydroxyproline and the peptide C¼O and N-H

groups both within each chain and between dif-

ferent chains. These water-mediated hydrogen

bonds are essential for the stability of the triple

helix and are presumably the reason for the pres-

ence of hydroxyproline in collagen.

19.3 Extracellular Matrix (ECM)
and Collagen

Extracellular matrix (ECM) is the dynamic struc-

tural environment of cells in tissues and organs

and is constantly remodeled for maintaining tis-

sue integrity and mechanical properties. ECM is

essential for maintaining tissue homeostasis,

morphogenesis, and differentiation through

specific interactions with cells. The various

macromolecular components of ECM are

collagens, proteoglycans, elastic proteins, and

non-collagenous adhesive glycoproteins

(Lu et al. 2011). Collagens are distinguishable

from other ECM components by their relative

abundance and their capacity to self-assemble

into supramolecular organized structures. Thus,

collagen is a common and major component of

the extracellular matrices of all multicellular life

beginning from Parazoa (sponges) to connective

tissues of invertebrates and vertebrates (bone and

tendon) (Silver 2009). The metazoan develop-

ment is closely correlated with the evolution of

collagens and only two types of collagen have

been conserved from the whole of multicellular

animals. These are the fibrillar and the basement

membrane collagens. There are more than one

lakh research papers on collagens, and of late,

collagen research has renewed due to the identi-

fication of transmembrane collagens on the

surfaces of a wide variety of cells and the

collagens that are precursors of bioactive

peptides with paracrine functions.

19.4 Collagen Superfamily

The superfamily comprises of 28 members with

considerable complexity and diversity in struc-

ture, assembly, and function (Table 19.1). How-

ever, there are certain common features shared

by all of them like modular nature with colla-

genous domains flanked by non-collagenous

domains (linker regions), homo- or hetero-

trimeric nature with a characteristic amino acid

signature of Gly-X-Y, assembly into supramo-

lecular aggregates, posttranslational modifi-

cations including proteolytic processing, fibril

formation, reticulation, production of functional

domains, and shedding of transmembrane colla-

gens (Ricard-Blum and Ruggiero 2005).

19.5 Polymorphism in Collagens

There is a large degree of polymorphism in

collagens as they form a variety of different

structures. In humans, in addition to the normal

type I collagen, 27 different other collagenous

polypeptides of varied ultrastructure are known

with different functions, and for some of them,

the functions are yet to be explored. Each colla-

gen type consists of a triple-stranded subunit

called tropocollagen made of either identical

(homotrimeric) or genetically diverse

(heterotrimeric) alpha chains. However, all

alpha chains contain at least one collagenous

domain comprising of a repeating “signature”

triplet, Gly-X-Y, in which X and Y are often

the amino acids proline and hydroxyproline,

respectively. Fibrillar collagens display specific

lateral assembly of the units induced by specific

conditions, sometimes showing alternating

regions of diverse density (D-period) along the

longitudinal axis.
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Fibrillar collagens are present from sponges to

humans and are involved in the formation of the

well-known striated fibrils.Among the 28 different

types identified in vertebrates (Heino 2007;

Söderhäll et al. 2007), basement membrane type

IV and the fibrillar collagens are the only ones to

have been hitherto described from sponges to

humans (Boute et al. 1996; Exposito and Garrone

1990). Types of fibrillar collagens are summarized

in Table 19.1.

Most collagen types are recognized by cog-

nate receptors like ECM integrin receptors,

collagen-specific discoidin domain receptors

(DDR), and the transmembrane proteoglycan

syndecans. Collagen receptor binding induces

appropriate cellular pathways and regulates

migration, proliferation, and differentiation of

cells. Certain collagens like cartilage collagen II

can also bind to growth factors and control their

bioavailability by acting as reservoirs.

19.6 Basement Membranes

These are sheet-like complexes of extracellular

matrix structures found beneath the epithelial

and endothelial tissues and surrounding cells

like those of muscle tissue, peripheral nerves,

and adipocytes. They serve as selective barriers

for macromolecules and scaffold support for

cells and in cell behavior (Erickson and

Couchman 2000). For example, basement mem-

brane found in kidney glomerulus helps in

molecular filtration.

One of the major collagen constituents of

basement membranes is type IV collagen. Each

Table 19.1 Types of collagens based on their structure and supramolecular organization

Collagen

type Collagen subfamily Function Characteristics

I, II, III, V,

XI, XXIV,

and XVII

Fibril-forming collagens Assemble into organized fibrils Long central COL domain with

about 1000 amino acids (330 G-x-y

tripeptide repeats), flanked by small

terminal globular extensions

(NC domains)

IV, VIII, X

and dogfish

egg case

collagen

Network-forming

collagens

Reticulation-intertwining of

different collagen molecules

Help reduce the stiffness of the

collagen molecule, allowing more

spatial freedom for the molecule,

and also promoting supercoiling

IX, XII,

XIV, XVI,

XIX, XX,

XI, and XXII

Fibril-associated

collagen with

interrupted triple helix

(FACIT) collagens

Mediate protein-protein

interactions

NC domains are predominant

XV and

XVIII

Basement membrane

multiplexin (multiple

triple helix domains and

interruptions)

Cell adhesion, growth and

differentiation, tissue repair,

molecular ultrafiltration, cancer cell

invasion, and metastasis

COL domains are shorter and/or

contain interruptions

XXV

(neuronal

collagen),

XIII, XVII,

XXIII

Transmembrane

collagens

Dynamic bidirectional links

between the extracellular matrix

and the cytoskeleton

Pass information across the cell

membranes to regulate extracellular

matrix assembly, cell proliferation,

differentiation, and death

VII Anchoring fibrils Extend from the basal lamina of

epithelial cells and attach to the

lamina reticularis

Essential to the functional integrity

of the dermoepidermal junction

VI Ubiquitous collagen Form extensive microfibrillar

arrays and often seen in association

with hyaluronan

Growth and remodeling of

connective tissue

Modified from Myllyharju and Kivirikko (2001)
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molecule has a globular head at one end and an

extra tail at the other. Four such collagen

molecules associate through their tails and form

an X-shaped complex while their heads bind

strongly together in a “head-on” pattern

(Fig. 19.4). In humans, six units of type IV colla-

gen chains (α1–α6) have been identified. These

are involved in the formation of heterotrimeric

molecules with (α1)2 α2 being the most abundant

and ubiquitous isoform (Hudson et al. 1993).

Each type IV chain contains a long triple-helical

or “collagenous domain” of approximately 1400

amino acids flanked by the 7S region at

N-terminus and non-collagenous (NC1) domain

at the C-terminus. The hexameric network

assembly of type IV collagen molecules is

mediated through NC1 domain. This domain

plays a vital role in the selection and association

of the three type IV α chains and the initiation of

triple helix formation (Borza et al. 2001;

Boutaud et al. 2000; Khoshnoodi et al. 2006;

Söder and Pöschl 2004). Triple-helical type IV

molecules, also called “protomers,” assemble

into a complex network, mediated through the

NC1 regions from two protomers associating to

form dimmers and 7S domains aiding in the

formation of tetramers (Timpl et al. 1981).

X-ray structures revealed a characteristic 3D

fold in the NC1 monomer composed predomi-

nantly of β-sheets, which interact through a

domain swapping mechanism. Both hydrophobic

and hydrophilic interactions at the interface favor

the association of two NC1 protomers and,

in addition, the association is stabilized by a

covalent cross-link, termed S-hydroxylysyl

methionine. This link is made by methionine

and lysine residues contributed by both NC1

trimers. NC1 monomers have attracted the atten-

tion of researchers as they are the targets of

pathogenic antibodies in Goodpasture’s syn-

drome and Alport’s syndrome (Hudson et al.

2003). Further, research findings suggest that

NC1 proteolytic fragments from type IV collagen

chains have potent anti-angiogenic and antitumor

activities in vivo (Hamano and Kalluri 2005;

Ortega and Werb 2002).

Type IV collagen which is characteristic of

vertebrates is also widely distributed in

invertebrates and more particularly in sponges.

Homoscleromorpha, earlier included in the class

Demospongiae, is now one of the four main

sponge taxa, and the common characteristic

between homoscleromorpha and eumetazoa is

the presence of a basal membrane with type IV

collagen. Other types of collagen are reported in

Demospongiae sps. A family of collagens com-

prising a collagenous domain of about 120 Gly-

Xaa-Yaa triplets and a carboxy-terminal region

sharing some similarities with cuticular and

fibril-associated collagens of nematodes and

vertebrates, respectively, with interrupted triple

helices, has been reported in the sponge

Microciona prolifera (Aho et al. 1993). In addi-

tion, a fibrillar collagen chain and a short-chain

collagen family have been described in the fresh-

water sponge Ephydatia muelleri (Figs. 19.5 and

19.6) (Exposito and Garrone 1990; Exposito

et al. 1991). High expression levels of the genes

encoding these two collagen families were

reported during the early development of

sponges from the asexual buds. During the devel-

opmental process, striated fibrils and the fibrillar

collagens are found to be involved in the forma-

tion of striated fibrils while spongins are made by

the short-term collagens. Genes encoding the

sponge short-chain collagens are highly

expressed in cells located in the epithelial layer

and around the inorganic skeleton. At molecular

level, the short-chain collagens of spongin

Fig. 19.4 Type IV collagen of basement membrane
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contain two collagenous domains encompassing

79 Gly-Xaa-Yaa triplets and three

non-collagenous domains. The presence of

non-collagenous C-terminal domain in two

proteins of the sponge Suberites domuncula

with one of them including a short collagenous

Fig. 19.5 A prototypal protein consisting of different

regions and structural motifs is depicted at the top. Arabic
numbers in bold represent the length in amino acids of

different regions. Arabic numbers in parentheses indicate

the number of interruptions within the collagenous domain.

The critical cysteine residues are represented by black
triangles and labeled according to their position in multiple

sequence alignments (Reproduced with permission from

Aouacheria et al. 2006)
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Fig. 19.6 Homology derivedmodel ofEphydatiamuelleri
spongin short-chain collagen NC1 domain. (a, c) Repre-
sentE. muelleri spongin short-chain collagen. (b, d) Repre-
sent human α1 collagen NC1 domains: conserved residues

within the spongin short-chain collagen-related family are

indicated as yellow balls (c), and blue balls in type IV

collagen NC1 domains (d). Conserved residues

common for both the families are marked as green balls.
(e) Constructed using Pymol depicts the type IV collagen

NC1 hexamer down the twofold pseudo-exact axis

(Reproduced with permission from Aouacheria et al. 2006)

366 K. Sobha and D.S. Kumar



domain of 24 Gly-Xaa-Yaa triplets is of

significance.

19.7 Sponge Collagen

Sponges, belonging to Parazoa, have the simplest

anatomical organization with their body contain-

ing an internal tissue called mesohyl surrounded

by an outer layer of pinacoderm cells. Mesohyl

is composed of cells and a structured matrix

of collagen fibrils. In horny sponges

(Demospongiae), the siliceous spicules are

glued together by collagenous microfibrillar

cement. In glass sponges (Hexactinnelidae),

fibrillar collagen is also present within the

spicules and acts like a template for biosilicifi-

cation process. The occurrence of fibrillar colla-

gen in glass sponges which evolved during the

Cambrian period of the Palaeozoic era reflects

the significance of collagen in the evolution of

the earliest metazoans and their skeletons.

Collagen-controlled highly structured silica net-

works of the primitive metazoans must have

evolved over ages to form the skeletal elements

(bones and teeth) of higher vertebrates. Data on

sponge collagens, available at NCBI, is summar-

ized in Table 19.2.

19.8 Collagen Immunogenicity

Natural collagens isolated from calf skin have

applications in the fields of medicine, surgery,

and cosmetics. They are used as shields,

injectable dispersions, sponges, and micro-

particles. However, bovine collagens are

reported to elicit immunogenicity as is the case

in bovine spongiform encephalopathy (BSE) and

transmissible spongiform encephalopathy (TSE)

Table 19.2 Summarized data on sponge collagens as taken from NCBI

S. no. Source Phylum/class

No. of

amino

acids

Accession

number Publication

1 Aphrocallistes vastus (cloud sponge) Porifera;

Hexactinellida

784 CAL69616 M€uller et al. (2007)

2 Clathria prolifera Porifera;

Demospongiae

380 AAA29291 Aho et al. (1993)

3 Chondrosia reniformis (nonfibrillar
collagen)

Porifera;

Demospongiae

743 ABI79457 Biologia, University

of Genova (source)

4 Ephydatia muelleri (partial short
chain)

Porifera;

Demospongiae;

366 CAA36831 Exposito et al. (1990)

5 Amphimedon queenslandica (fibrillar

collagen COL1alpha, partial)

Porifera;

Demospongiae

111 CAQ63559 Exposito et al. (2008)

6 Amphimedon queenslandica Porifera;

Demospongiae

114 CAQ63560 Exposito et al. (2008)

7 Amphimedon queenslandica (fibrillar

collagen COL7alpha, partial)

Porifera;

Demospongiae

268 CAQ63563 Exposito et al. (2008)

8 Amphimedon queenslandica (fibrillar

collagen COL6alpha, partial)

Porifera;

Demospongiae

268 CAQ63562 Exposito et al. (2008)

9 Amphimedon queenslandica (fibrillar

collagen COL5alpha, partial)

Porifera;

Demospongiae

211 CAQ63561 Exposito et al. (2008)

10 Suberites domuncula Porifera;

Demospongiae

295 CAC03736 Krasko et al. (2000)

11 Suberites domuncula Porifera;

Demospongiae

282 CAC81019 Unpublished

12 Suberites domuncula Porifera;

Demospongiae

120 CAC38782 Schröder et al. (2000)

13 Suberites domuncula Porifera;

Demospongiae

330 CAC03737 Krasko et al. (2000)
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and hence sponge collagens may be considered

as alternatives. In such a case, thorough investi-

gations on the ultrastructure and biochemical

properties of sponge collagens need to be carried

out. The major drawbacks that hamper these

studies are the insolubility and the mineralization

of the sponge collagens. Swatschek et al. (2002)

demonstrated the marine demosponge, Chon-

drosia reniformis Nardo, as a potential candidate
and developed a standard protocol for the isola-

tion of collagen. With the study, it became evi-

dent that the conventional collagen can be

substituted by the collagen of marine origin.

Pioneering investigations on the fine structure

and physicochemical properties of the collagen

of the marine sponge Chondrosia reniformis

Nardo were made by Garrone et al. (1975). The

amino acid composition of sponge collagen was

similar to that of vertebrate collagen, but the

infrared spectra obtained from the whole cortex

of the sponge showed variations in some typical

peaks when compared to pure collagen. X-ray

investigation data indicated the classical helical

structure of the Chondrosia sponge collagen with
an apparent period of about 22 nm and a diameter

of about 20 nm. Transmission electron micro-

scopy of stained fibrils exposed a periodic

banding pattern of one dark and two light

segments alternating with one another. For the

first time, topographical details of the segments

were elucidated by using atomic force micro-

scopy (AFM) and an advanced model of the

collagen’s ultrastructure and organization was

provided by Heinemann et al. (2007). The cortex

of Chondrosia reniformis is demonstrated to be

composed of interlacing collagen fibers. Studies

of Garrone et al. (1975) via TEM showed that

single fibrils are intertwined into bundles by

minute filamentous connections. However, the

collagen isolated by Heinemann et al. (2007) by

acid supported solubilization occurred as thick

and long bundles. On treatment with acid, fibrils

of soluble collagen type I degrade into the mono-

mer tropocollagen but neutral buffers induce the

self-assembly of the tropocollagen into fibrils.

Corroborative results from the studies of Imhoff

and Garrone (1983) and Heinemann et al. (2007)

suggest that the strong fibrillar cross-links in the

native sponge collagen are functionally similar to

the covalent cross-links that stabilize the fibrillar

aggregates in vertebrates; yet the chemistry of

the cross-links remains to be established. The

isolated Chondrosia reniformis sponge collagen

showed no separation of fibers from the bundles

even after prolonged suspension with stirring for

7 days in acetic acid medium. On the contrary,

the use of neutral buffer solutions like 0.1M Tris/

Hcl (pH 7.4) facilitated formation of homo-

geneous milk-like suspensions within a few

hours of stirring. After 7 days, the solvent accom-

plished the plain separation of the fibers into

single collagen fibrils. Unlike collagen type I,

these fibrils were quite flexible and exhibited no

breaks or kinks. Hence, it is assumed that the

solvent unstitches the interfibrillar filaments,

responsible for the aggregation of the fibrils to

form fibers. The observed length of single fibrils

runs up to several hundred micrometers, and

considering the measured average diameter of

about 20 nm, aspect ratios of about 1:5000 have

been reported and these observations correlate

with the reported data of other invertebrate colla-

gen fibrils as exemplified in the cases of spine

ligaments of Eucidaris tribuloides (1:2500), sea

urchin (1:5000), and dermis of sea cucumber

Cucumaria frondosa (1:2000). Extraction of col-

lagen from connective tissue is normally done by

alkali treatment. This type of collagen I is gener-

ally found to lose the ability to form fibrils at

neutral pH although the triple-helical conforma-

tion of the collagen molecule was maintained

through the period of treatment. In the case of

Chondrosia collagen treated in 0.1M NaOH,

hydrolysis led to the formation of clear solutions

in a few days and the AFM imaging showed

unequal fragments ranging from nanoparticles

to short fibrils or huge aggregates. A comparison

of the amino acid compositions of Chondrosia

collagen with that of bovine type I collagen and

the collagen of Hyalonema sieboldi reveals cer-
tain differences like reduced values for glycine

and hydroxyproline in Chondrosia collagens,

and this could be attributed to either the impur-

ities of glycoproteins or non-triple-helical

portions in the analyzed collagens. However,

the deviations are restricted to only certain
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amino acids and hence the overall composition

remains more or less the same.

Based on the results of solubilization

experiments, single fibrils were favored for fur-

ther purification and analysis. Preprocessing pro-

cedure includes suspension of fibrils in 0.1M

Tris/HCl buffer pH 7.4 solution for 7 days at

4 �C. Then the suspensions filtered to remove

insoluble constituents before lyophilization.

Dialysis and lyophilization are done several

times and the final lyophilizate was analyzed by

Fourier transform-infrared reflection absorption

spectroscopy (FT-IRAS). This is a method used

to study changes in the secondary structure of

collagen and collagen denaturation, cross-

linking, thermal self-assembly, and comparison

with gelatin. A comparison of the FT-IRAS spec-

tra of the Chondrosia collagen with that of calf

skin collagen indicated that the two collagens are

very similar. The wide scan infrared spectra

showed the typical bands such as N-H stretching

for the amide A (3330 cm�1), C-H stretching for

the amide B (3070 cm�1), C¼O stretching for the

amide I (1660 cm�1, 1634 cm�1), N-H deforma-

tion for the amide II (1555 cm�1, 1537 cm�1), and

N-H deformation for the amide III (1341 cm�1,

1281 cm�1, 1239 cm�1, 1205 cm�1). The clear

correlation of nearly all peak positions and

band intensities is suggestive of homology

despite phylogenetic differences. A clear distinc-

tion, hitherto, has not been established between

sponge collagen and bovine type I collagen.

Transversal and longitudinal height profiles of

AFM images were measured to understand the

morphological details, especially the banding

pattern of the separated Chondrosia reniformis
sponge collagen fibrils. Accordingly, two groups

of peaks were identified corresponding to the

course of the observed height level. Along the

fibril, one characteristically thick protrusion-like

segment of about 28 nm in diameter is followed

by two equal thinner and closer conjoined inter-

band segments of about 20 nm in diameter,

respectively. The average distance between the

protrusion is about 67–69 nm. Between two fol-

lowing peaks of the inter-band regions or

between a protrusion and adjoined inter-band

region about 21–23 nm was measured and the

average step height between the protrusions and

the inter-band regions was calculated to be about

4 nm. Thus the new model proposed by

Heinemann et al. (2007) envisages the combina-

tion of the prime topographical data obtained by

AFM and the results of TEM investigations and

hence stands as a refined model of what has been

proposed by Garrone et al. (1975).

19.9 Sponge Collagen
Nanoparticles and Drug
Delivery

The use of nanoparticulate drug delivery systems

confers many advantages such as sustained

release, improved bioavailability, reduced side

effects, and drug protection against enzymatic

and chemical degradation. Collagen, a bio-

degradable biomaterial, has till date been used for

drug delivery, as shields in ophthalmology,

injectable dispersions for local tumor treatment,

as a scaffold, or for transdermal drug delivery

(Aishwarya et al. 2008; Friess 1998; Kleinmann

et al. 2007; Rössler et al. 1994; Swatschek et al.

2002; Takezawa et al. 2007). Collagen isolated

from the marine sponge Chondrosia reniformis

Nardo does not bear the risk of bovine

spongiform encephalopathy (BSE) and transmis-

sible spongiform encephalopathy (TSE).

Transdermal administration of estradiol is

found to be advantageous over oral formulations

and earlier studies established that the collagen

from the marine sponge Chondrosia reniformis
Nardo (Demospongiae, Hadromerida,

Chondrosiidae) could be used for the dermal

delivery of trans retinol. This prompted the

preparation and characterization of marine

sponge collagen nanoparticles and their employ-

ment for the transdermal delivery of 17-

β-estradiol-hemihydrate by Nicklas et al.

(2009). The results of the study showed that

these particles could be used as penetration

enhancers in hormone replacement therapy.

For the study, collagen nanoparticles were

prepared by controlled alkaline hydrolysis and

characterized using atomic force microscopy

and photon correlation spectroscopy.
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One of the key aspects of tissue engineering is

the use of scaffold matrices with properties that

closely match the properties of the tissue it would

replace. An ideal scaffold for tissue engineering,

viz., bone, must possess suitable biocompatibil-

ity and osteoconductive and osteoinductive

capacities in addition to the structure that mimics

the trabecular network of bone tissue. Studies on

synthetic and natural biomaterials suggest that

natural scaffolds display highly optimized

structures and comprise extracellular matrix

components that offer a foundation for cell

attachment, migration, and proliferation. Marine

sponges belonging to phylum Porifera are impor-

tant components of the ecosystem with economi-

cal and scientific importance (Lin et al. 2011).

More recently marine sponges are identified as

potential sources of therapeutic drugs and anti-

biotic substances. They are shown to display a

structure which is very similar to the architecture

of bone tissue. The complex canal system in

sponges creates a porous environment which is

ideal for cellular integration when combined

with cells for tissue engineering.

The sponges collected from the Fremantle

coast of Western Australia are a member of the

sponge family Callyspongiidae (belonging to the

order Haplosleridia). The sponge is irregular in

shape and cushion-like and scattered with

oscules at regular intervals over its surface. The

microstructure of the sponge, as examined by

SEM, is composed of choanosomal skeleton

and a rectangular meshed network, made of regu-

larly interconnected spongin fibers which differ-

entiate into the primary, secondary, and

occasional tertiary fibers. Primary fibers are gen-

erally ramified to form secondary and tertiary

fibers. The spongin fibers range from 30 to

50 μm in diameter and create pores ranging

from 100 to 300 μm in diameter. The fibers of

the scaffold contain occasional siliceous spicules

which are attached or embedded within the

fibrous network in a random orientation. The

spicules are 20–40 μm in length and align longi-

tudinally along the fiber axis (Lin et al. 2011).

Collagens are considered to represent the

most important molecular innovations in the

metazoan evolution. All eumetazoa contain base-

ment membrane type IV collagen and was also

found in the sponge group Homoscleromorpha

with a well-organized epithelium. In contrast,

spongin appears to be a demosponge-specific

collagenous protein which can effectively substi-

tute an inorganic skeleton, as known in bath

sponge. A family of short-chain collagens that

are likely to be the main components of spongins

were characterized from the freshwater sponge

Ephydatia muelleri (Aouacheria et al. 2006).

Further, evidence of remote homology between

the carboxy-terminal non-collagenous NC1

domain of spongin short-chain collagens and

type IV collagen was presented using a combina-

tion of sequence and structure homology

methods. Retrieval of spongin short-chain colla-

gen-related proteins from non-sponge animals

suggests that a sponging-related family

constitutes an evolutionary sister to the type IV

collagen family.

19.10 Conclusions

From the extensive research over the past four

decades, 28 types of collagens’ molecular and

functional properties were deciphered and this

knowledge paved way for understanding both

the genetic and the nongenetic collagen-

associated diseases and their treatment by cell

therapy. Spongin short-chain and type IV

collagens are the members of the oldest modular

proteins that were revealed to be unique to

metazoa. Both spongin and collagen give flexi-

bility and support to the tissues. Research studies

indicate that the natural marine sponge skeleton

could be favored as a bioscaffold for the repair of

bone defects and hence could be effectively

employed in bone tissue engineering.
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Abstract

Collagens are the most abundant protein present in vertebrates and

invertebrate organisms and play major roles in their structural organi-

zations, body flexibility, and elastic properties. The major sources of

collagen production are porcine and bovine origin, which are widely

used for nutraceutical, pharmaceutical, and cosmeceutical developments

for humankind. However, problems exist in transmissible diseases from

bovine and porcine source like bovine spongiform encephalopathy dis-

ease. Thus, there is need to search some alternative source for collagen,

likely fish and sponges. Marine sponge is a significant and unexplored

source for collagen productions until now. Only few reports have been

suggested that marine sponge collagen can be used for biological and

biomedical applications (tissue engineering and drug delivery). Marine

sponge collagens have a capacity for cell adhesion, ability to form pores,

and capability to induce the osteogenic differentiation, which makes

marine sponge collagen suitable for tissue engineering purpose. In the

present chapter, we have discussed about isolation and use of marine

sponge collagen in the form of bioscaffolds and nanoparticles in the

areas of regenerative medicine and drug delivery, respectively. Recent

technological methods have been provided for marine sponge collagen

with biomedical applications, which makes marine sponge collagen an

alternative source for industrial developments for the commercial usage.
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20.1 Introduction

In the previous chapters, extensive information

on the chemicobiological and biomedical

properties of molecules/materials from marine

sponges and their symbionts has been covered

(Sipkema et al. 2005; Rao et al. 2011). Past two

to three decades of marine sponge research,

although presumably, focused on the importance

of sponge-derived molecules in biological and

pharmaceutical fields and also in biomedicine

with prior information on the real applications

of these molecules and materials. Still, even with

that vast treasure chest of natural compounds,

researchers say finding something promising is

rare. According to David Newman, who heads

the Natural Products branch at the National Can-

cer Institute (NCI, Maryland), “Mother Nature
has been doing her chemistry for three billion

years, while chemists have been at work for less

than 300” (Shapiro 2014). Although sponges are

uniquely referred for their vast diversity in their

species level and chemical molecules, the hall-

mark protein, collagen, should not be avoided

when referring these marvelous organisms.

Among the sponges, Demospongiae is the

largest and most diverse class, which unites

sponges with siliceous spicules (either mon-

axonic or tetraxonic, never triaxonic) and/or

with a skeleton of organic fibers or fibrillar col-

lagen (Van Soest et al. 2012; Heinemann et al.

2007). Although numerous collagen families

have been phylogenetically characterized in

metazoans, only two of them are present from

marine sponges corresponding to human colla-

gens, i.e., the fibrillar (type I) and the basement

membrane (type IV) collagens (Aouacheria et al.

2006; Pallela et al. 2011; Addad et al. 2011). In

earlier days of sponge collagen research, Gross

and colleagues isolated two distinct forms of

collagens, named as spongin A and spongin

B. The collagen lineages discovered in these

species became a landmark for identifying poten-

tial sponge candidates for their possible impli-

cations in current biomedical applications.

Exposito and Garrone have characterized cDNA

and genomic clone coding for a sponge collagen.

Their previous studies showed the existence of a

nonfibrillar collagen in the same sponge species,

which demonstrates that at least two collagen

gene families are represented in the most primi-

tive metazoan (Exposito and Garrone 1990).

However, studies on the comparative signifi-

cance of collagen genes from sponge with

humans remain far behind for expediting the

sponge collagen research towards the notion of

applying them in biology and biomedicine.

Five different types of collagen are available in

animal tissues. Type I, type II, type III, type IV,

and type V are the most abundant ones present in

invertebrates and vertebrates (Deyl et al. 2003).

Collagens are formed by polypeptide chain

mainly based on Gly-X-Y, X, and Y designated

as proline and hydroxyproline amino acids

(Gómez-Guillén et al. 2002; Kołodziejska et al.

1999; Mendis et al. 2005). But, in the case of

sponges, particularly H. sieboldi glass sponge, -

X-Y position can engage with isomer

of hydroxyproline (3-hydroxyaproline and

4-hydroxyaproline), which is responsible for bio-

mineralization process (Ehrlich et al. 2010;

Ehrlich 2010; Silva et al. 2014). Complete

cDNA sequence of a nonfibrillar collagen has

been isolated from the marine sponge Chondrosia

reniformis, Nardo 1847, using a PCR approach.

The phylogenetic analysis on the deduced amino

acid sequence of C-terminal end shows that the

isolated sequence belongs to the short-chain spon-

gin-like collagen subfamily, a nonfibrillar group

of invertebrate collagens similar to type IV colla-

gen (Pozzolini et al. 2012).

Collagen has advantages of biodegradability,

low toxicity, and immunogenicity. Collagen can

be derived from several sources including bovine

(Francis and Thomas 1975; Quereshi et al. 2010),

but often collagen from bovine origin associates

the risk of bovine spongiform encephalopathy

(BSE) disease. Therefore, collagen from other

sources is an attractive alternative, especially jelly-

fish (Kimura et al. 1983; Miura and Kimura 1985;

Song et al. 2006; Nagai et al. 2000) and sponges

(Garrone 1985; Heinemann et al. 2007; Swatschek

et al. 2002a; Gruner et al. 1993). Jellyfish-derived

collagen scaffold has been prepared using

1-ethyl-(3-3-dimethylaminopropyl)carbodiimide

hydrochloride/N-hydroxysuccinimide for tissue
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engineering purpose. These are highly porous

non-cytotoxic with higher cell proliferation than

other collagen materials (bovine) (Song et al.

2006).

Collagens from invertebrate sources

(sponges) are considered for biocompatible stud-

ies comparably with vertebrate collagens. Till

now very few reports of sponge research high-

light the ultrastructure, biochemical properties,

and applications of collagen derived from the

marine sponges (Heinemann et al. 2007; Pallela

et al. 2011, 2012). State-of-the-art description of

spongins and collagens has well been presented

in the recent narrations of monograph by Prof.

Hermann Ehrlich to describe the chemico-

biological and biophysical analyses of these

biomedically important materials (Ehrlich

2010). Because of difficulties in isolation and

purification of marine sponge collagens, the real

application of these collagens did not gain exten-

sive pace of implication in biological and bio-

medical applications. Few decades of earlier

research on sponge collagen purification though

formed a basis of extracting pure collagens; the

limited availability of sponge biomass restricted

researchers not to move further to launch real

marine sponge collagen products in mass.

Hence, developing sustainable sponge culti-

vation methodologies is very necessary to meet

the requirements of producing sponge materials

like collagen to implement them in biology and

medicine. KliniPharm scientists, through the

sponsorship of European Community, screened

hundreds of marine sponges from the deep

waters of the Aegean Sea to identify biologically

important marine sponges. As part of their study,

KliniPharm cultivates sponges in underwater

farms to generate sufficient raw material (poten-

tial production methods: mariculture, ex situ cul-

ture, and cell culture) for the pharmacologically

as well as biomedically important products with-

out disturbing the marine habitat (Sipkema et al.

2005). Collagen can be extracted from the

marine sponge Chondrosia reniformis using dif-

ferent extraction methods as follows:

1. 0.5 M acetic acid with 10 % pepsin

2. 50 mM Tris-HCl with 1 M NaCl

3. 100 mM Tris-HCl, 10 mM EDTA, 8 M urea

and 100 mM 2-mercaptoethanol

Collagen extracted from C. reniformis is not

cytotoxic and promotes proliferation.

C. reniformis collagen has been characterized

and identified as mainly of type IV, and thus

has promising application in epidermal regener-

ation strategies (Moreira-Silva et al. 2013).

In the current chapter, a brief application of

marine sponge collagens in biomedicine and the

prospects of implementing these collagens for

various allied biological and biomedical fields

are discussed.

20.2 Biomedical Applications
of Sponge Collagens

20.2.1 Tissue Engineering

Tissue engineering is an interdisciplinary and

emerging field of research to construct and/or

prepare the artificial organs with the use of

materials, cells, and growth factors (Nerem and

Sambanis 1995; Langer and Vacanti 1993). The

basic principle of tissue engineering is shown in

the Fig. 20.1.

The availability of suitable scaffolds for the

treatment of bone-related defects is limited. Scaf-

folds play a major role in the construction of

artificial organs; scaffolds are often made from

synthetic and natural materials. Marine sponge

collagens possess a unique structure that mimics

the cancellous architecture of bone tissue. The

complex canal system within the sponges creates

a porous environment ideal for infiltration, attach-

ment, and growth of cells, thereby facilitating

these structures suitable for tissue engineering

(Lin et al. 2011). Marine sponge collagen has

effective structure to support wide range of cell

and tissues (Green et al. 2003). According to

Aouacheria et al. (2006), collagen provides flexi-

bility and support in sponge, whereas spicules and

extracellular matrix both integrate cells into 3D

structures (Aouacheria et al. 2006). Identifying

the potential of marine sponges as a bioscaffold
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is very challenging, however, promoting these

sponges for osteogenesis has a great advantage in

tissue engineering. Silva et al. reported marine-

based collagens and their potential applications

towards tissue regeneration. Recently, much atten-

tion is being paid on marine-based collagen when

compared to normal collagen; as shown by Silva

et al. (2014) in his publication (Silva et al. 2014).

Marine sponge collagen has 3D structure which

consists of micrometer pore structure that is suit-

able for tissue growth and nutrient supplement;

optimum pore size for cell migration is around

80–500 um (O’Brien et al. 2005; Griffith 2002).

Green et al. (2003) reported a natural marine

sponge skeleton as a potential scaffold for tissue

regeneration. Marine sponge skeleton often

consists of collagen fiber (Pallela et al. 2011);

commonly called spongin, this skeleton has been

used for human osteoprogenitor cell attachment,

growth, and differentiation. The important gene

parameter for bone tissue engineering, alkaline

phosphatase in sponge skeleton with osteo-

progenitor cells, was significantly greater than

in control (cell culture plastic) (Green et al.

2003; Granito et al. 2016).

Zheng et al. (2007) presented the marine

sponge collagen bioscaffolds for bone and carti-

lage tissue regeneration. Marine sponge

skeletons (Hippospongia (1), the genus Cally-

spongia (3), and the family Chalinidae (1))

were used as scaffolds for bone tissue repair on

the basis of their collagen fiber extracellular

matrix, interconnecting canal systems forming

porosity, ability to hydrate to a high degree, and

the diverse skeletal architecture within the phy-

lum Porifera (Zheng et al. 2007) (Fig. 20.2).

On the other hand, apart from collagen, some

other marine skeletal proteins have also been

used for bone tissue regeneration (Green et al.

2013). Green et al. (2014) reported the usage of

Fig. 20.1 The basic principle of tissue engineering
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Fig. 20.2 SEM micrographs of sponge-cell constructs

after 7 days of culture. (a, b) Species 1, showing cells

with globular and spindle-like morphology; Species 2 at

low (c) and high (d) magnification showing heterologous

cell coverage; (e) Species 3, showing cells forming layers

over the fibers of the sponge skeleton; (f) Species

4, showing sporadic cell growth over fibers and spicules;

Species 5 at low (g) and high (h) magnification, showing

limited filling-in of large pores by cells (Reproduced with

permission from Zheng et al. 2007# 2010 by the authors.

This article is an open-access article distributed under

the terms and conditions of the Creative Commons Attri-

bution license (http://creativecommons.org/licenses/by/

3.0/))
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marine sponge collagen in dentistry (Green et al.

2014). The two marine inorganic polymers,

biosilica and poly phosphate, have been shown

to display a morphogenetic effect on osteoblasts

(Wang et al. 2014) (Fig. 20.3).

20.2.2 Drug Delivery

Marine sponge collagen can be used as drug

delivery vehicles due to its adsorbing capacity,

nonantigenic nature, nontoxicity, and biocompat-

ibility (Chak et al. 2013). After years of research

and development, many of the compounds from

the explored marine sponge species by

KliniPharm have found their way into the product

market including the eleana™ skin care. Collagen

for dermatological applications and drug delivery

technologies has been initiated by KliniPharm

scientists, who have engineered a complex

precipitation process to create pharmaceutically

important collagen nanoparticles from organic

marine sponge collagen. The developed collagen

nanoparticles are capable of penetrating the

skin’s deeper tissues that show tremendous anti-

aging effects (Swatschek et al. 2002a). Sterili-

zation of the marine sponge collagens is very

important to be considered for their application

in biomedicine and health care (Palmer et al.

2012).

Swatschek et al. (2002b) prepared micro-

particles derived from marine sponge collagen

for dermal delivery of all-trans retinol. Scanning

electron microscopy results confirmed spherical

size of 120–130 nm, and photon correlation spec-

troscopic measurement indicated particle size

from 126 to 2,179 nm. Retinol-loaded sponge

collagen microparticles were investigated into

hairless mice skin and it was observed that the

dermal penetration of retinol into the skin

Fig. 20.3 Collagenous marine sponge comprises of a

fibrous framework of bonded fibers and this could be an

ideal substitute for a periodontal ligament and bone tissue.

(a–d) Confocal fluorescence image of osteoblast cell

sheets attached and suspended in marine sponge frame-

work at 14 days. (e) SEM image of osteoblast cell aggre-

gation on Hippospongia fiber
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increases significantly (Swatschek et al. 2002b).

Nicklas et al. (2009b) developed nanoparticles of

Chondrosia reniformis sponge collagen as pene-

tration enhancers for the transdermal drug deliv-

ery of 17β-estradiol-hemihydrate in hormone

replacement therapy. Traditional alkaline hydro-

lysis method was used to prepare collagen

nanoparticles and subsequently characterized by

several spectroscopic techniques. Drug loading

up to 13.1 % of sponge collagen particle mass

was found (Nicklas et al. 2009b). No absorbance

was noticed in samples with sponge collagen

nanoparticles without drug. At estradiol-hemi-

hydrate concentrations between 1.25 and 5 mg/

mL, an increasing drug loading up to 13.1 % of

sponge collagen particle mass was found

(Fig. 20.4).

The hydrogel with estradiol-loaded collagen

nanoparticles enabled a prolonged estradiol

release compared to a commercial gel and

yielded a considerably enhanced estradiol

absorption. Consequently, sponge collagen nano-

particles represent promising carriers for trans-

dermal drug delivery (Nicklas et al. 2009b). The

novel coating based on the marine sponge colla-

gen (using 12.9 mg/cm2 coating material) com-

plied with the requirements of Ph. Eur. for

gastroresistant tablets. This coating material

also meets the regulatory requirements for die-

tary supplements (Nicklas et al. 2009a).

20.3 Conclusion and Future
Perspectives

Collagen has several advantages as a biomaterial

in tissue engineering and drug delivery. The

usage of marine sponge collagen has been

described in this chapter briefly. Marine sponge

collagen architecture has been found usefull for

cell attachment and proliferation, which renders

marine collagen biomaterials suitable for tissue

construction. In addition, the tools for genetic

characterization have not been considered for

quick assessment and analysis of sponge

genome. The next-generation sequencing tech-

nologies have to be put forward for the appli-

cation in sponge collagen gene targeting to

express such important collagen protein in

microbes and plants in order to meet the

human demands rather than destroying sponge

habitat to isolate bulk proteins or other bio-

medical molecules.
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