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INTRODUCTION

Biodiversity is fundamental to both eukaryote and prokaryote ecology
(Hughes et al, 2001; Ward, 2002). Coral reefs are tropical, shallow water
ecosystems known for its exceptionally diverse flora and fauna, complex
food web and trophic organization. It occupies 0.2% of the ocean area
(Kleypas, 1997). They are the most biologically productive and diverse of all
natural ecosystems, the high productivity stemming from their efficient
biological recycling, high retention of nutrients, protection of coastlines from
erosion and their structure which provides habitat for a vast array of other
organisms. The greatest significance of reefs lies in the fact that they
generate and maintain a substantial proportion of tropical marine
biodiversity. Thus their influence is global and multifaceted (Opdyke, 1992).
India has a wide geographical distribution of oceanic atolls and fringing coral
reefs. Lakshadweep island reefs and Andaman and Nicobar Islands are
oceanic while that of Gulf of Kutch, Gulf of Mannar, and Palk Bay are fringing
shelf reefs. Coral reefs form the habitat of a vast array of animal phyla
including porifera, coelenterates, helminthes, annelids, arthropods, molluscs,
echinoderms and chordates (Roberts, 2002). Among the different phyla,
Porifera (sponges) represent a significant component of the coral reef
ecosystem. About 486 species of sponges have been described in the
Indian waters (Thomas, 1998). The Gulf of Mannar and Palk Bay have the
highest diversity (319 species) followed by Andaman and Nicobar islands
(95 species), Lakshadweep (82 species) and Gulf of Kutch (25 species)
(Venkataraman and Wafar, 2005). The distribution of the sponges in the
Indian coral reefs is given in Figure 1.
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Sponge (phylum Porifera), a sessile benthic invertebrate, represent a
significant component of the deep water and shallow water communities
especially of coral reefs (Dayton, 1974; 1989). They are the simplest and
evolutionarily ancient metazoans lacking specialized tissues and organs that
had first appeared in the Precambrian (Li et al, 1998). They are called as the
"pore bearers" and include three extant classes or sublineages namely,
Hexactinellida, Demospongiae and Calcarea and one completely extinct
class, Archaeocyatha (Borchiellini et al, 2001). The phylum encompasses
6000 taxonomically validated species. Sponges have been excellent source
for natural products that are bioactive compounds and have been reviewed
by Faulkner (2001). Sponges are active filter feeders. About 24,000 liters of
water can be pumped through a one kilogram sponge in a single day (Vogel,
1977). This remarkable filter feeding ability enables it to efficiently take up
nutrients like organic particles and microorganisms from the sea water
(Reiswig, 1974; Pile, 1997; Wehrl et al, 2007). The plasticity of sponge
trophic ecology and intimate associations of the sponges with the symbiotic
microbes may be among the few factors contributing to the worldwide
ecological success despite large spatial and temporal variations in food
sources (Taylor et al, 2007).
Sponges represent an ecological niche that harbours a largely
uncharacterized microbial diversity which includes heterotrophic bacteria,
archaea, cyanobacteria, green algae, red algae, diatoms and dinoflagellates
(Garson et al, 1998; Cerrano et al, 2003; Hentschel et al, 2006). Earliest
studies of sponge-bacterial associations date back to the 1970s where
bacterial populations were observed using electron microscopy (Vacelet and
Donadey, 1977; Wilkinson, 1978; Friedrich et al, 2001; Webster and Hill,
2001). These studies recognized three broad types of microbial associates in
the sponges namely (i) abundant populations of sponge-specific microbes in
the sponge mesohyl (ii) small populations of specific bacteria occurring
intracellularly and (iii) populations of non-specific bacteria resembling those
It_y :Associated with Sponges in Cora( Re
on its Thripoml and Geographic .1''ariat.(
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in the surrounding sea water. Bacteria form about 40-60% (10 8 to 10 10
-1 ) of sponge biomass. The advent of molecular techniques overbacterig
the past decades has revolutionized our understanding of microbial diversity
and function. It is apparent that sponge-associated communities are highly
diverse, with a range of different microorganisms consistently associated
with the same host species and can be evolutionarily ancient or recently
initiated relationship involving microorganisms which are present in the
surrounding sea water. Several bacteria belonging to Actinobacteria,
Bacteroidetes, Cyanobacteria, Firmicutes, Planctomycetes, Proteobacteria
and Verrucomicrobia have been isolated in pure culture from marine
sponges (Burja and Hill, 2001; Hentschel et al, 2001; Pimental Elardo et al,
2003; Kim et al, 2005; Sfanos et al, 2005). Studies based on 16S rRNA
gene sequence analysis revealed information on the enormous phylogenetic
diversity of the sponge-associated bacteria (Hentschel et al, 2001, 2002,
2006; Webster et al, 2001; Olson and McCarthy, 2005). Several studies
reported that the sponge-associated bacteria were assigned to different
bacterial phyla (Althoff et al, 1998; Lopez et al, 1999; Hentschel et al, 2003,
2006; Taylor et al, 2005; Enticknap et al, 2006; Thiel et al, 2007). Hostassociated bacterial communities are potentially critical components of
marine microbial diversity, yet our understanding of bacterial distribution on
living surfaces lags behind that of planktonic communities.
Although bacteria are a food source for sponges, not all bacteria are
broken down for food and some bacteria form symbiotic relationships. These
relationships are involved in nutrient acquisition, stabilization of the skeleton,
metabolic waste processing and production of secondary metabolites. Also
there is increasing evidence that these microorganisms might be involved in
the secondary metabolism which was originally attributed to the host
(Haygood et al, 1999). Numerous studies have been carried out on the
antimicrobial activity of sponge and sponge-associated bacteria from
different regions (Kelman et al, 2001; Pabel et al, 2003; Kelly et al, 2005) for
biotechnological applications.
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This close association of the sponges with microorganisms has been
one of the rationales for these primitive metazoans being the focus of recent
interest in addition to being an excellent resource of biologically active
metabolites (Taylor et al, 2007). However, limited studies have been carried
out on functional aspects of the associated microbes. Hence an attempt was
made to study the role of hydrolytic enzymes in the nutrition of the host
(Feby and Nair, 2010). Despite, the importance of sponges in a number of
ecosystems and the vast array of novel bioactive compounds that have been
isolated from them, we still lack a clear picture of the microbial diversity and
the factors which influence its hosts.
Of all the described classes of sponges, the Class Demospongiae is
the most abundant, forming 85% of the sponges (Hooper and van Soest,
2002) and their association with large microbial consortia is well recognized
(Hentschel et al, 2003, 2006; Hill, 2004; Imhoff and Stohr, 2003). Similarly,
Demosponges are reported as the most abundant sponges in the Indian
waters (Venkataraman and Wafar, 2005). Most of the studies were to
explore microbes for bioactive compounds and enzymes (Thakur and Anil,
2000; Mohapatra et al; 2003; Selvin et al, 2004, 2009a; Thakur et al, 2005;
Anand et al, 2006, Feby and Nair, 2010). Studies on the diversity of spongeassociated microbes from Indian waters are very limited (Selvin et al,
2009b). Besides, very little is known about the spatial and temporal
variations in diversity and functional aspects of sponge-associated
microorganisms.
Therefore, a study was carried out to estimate the bacterial diversity
associated with two species of Demosponges - Sigmadocia fibulata and

Dysidea granulosa, common and widely distributed tropical sponges of the
shallow waters in the coral reef ecosystems of Lakshadweep and Gulf of
Mannar. In the present study, a combination of traditional cultivation and
molecular approaches has been used to emphasize similarities and
differences in the composition of the bacterial community of the two
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sponges. In addition, the metabolic versatility and antimicrobial activities of
the sponge-associated bacteria were also studied to understand the
functional role of these bacteria. This study is the first to incorporate both the
culture-dependent and culture—independent investigation of the bacterial
assemblages associated with sponges in Indian waters.
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2.1. Coral Reef Ecosystems
e

2.2. Sponges

1

2.3. Microbial Association with Sponges

2.1. Coral Reef Ecosystems
Coral reefs are tropical, shallow water ecosystems, largely restricted
to the area between the Tropics of Cancer and Capricorn. Lying between
latitudes 30°N and 30°S and they form only about 0.2% of earth's ocean
area (Kleypas, 1997). These carbonate structures are found mostly in warm,
shallow (2-70 m), well-lighted zone of tropical seas with salinity of 32-35 and
temperature above 20°C. The reefs are classified based on the location and
form. The table below lists the different types of reefs.
The term 'coral' refers to coelenterates secreting a massive
calcareous skeleton, particularly of the order Scleractinia (Class: Anthozoa).
Many groups of extinct and extant organisms have aggregated to form reefs
for over 3.5 billion years (Wood, 1998). They rank as among the most
biologically productive and diverse of all natural ecosystems, their high
productivity stemming from their efficient biological recycling, high retention
of nutrients and their structure which provides habitat for a vast array of
other organisms. Also, as substantial topographic structures, coral reefs
protect coastlines from erosion and help create sheltered harbors. Reefs and
their associated carbonate sediments are also important as storehouses of
organic carbon and as regulators of atmospheric carbon dioxide, which in
turn could influence climate and sea-level fluctuations (Opdyke. 1992). Thus,
their influence is global and multifaceted.

Types of Coral Reefs
Oceans

Pacific
Ocean

Atlantic
Ocean

Indian
Ocean

Fringing Reefs

Atoll

Barrier Reef -

American Samoa, China, Cooks, Fed.
St. Micronesia, Fiji, French Polynesia,
Hawaii & other U.S. is., Kiribati,
Marshalls, New Caledonia, Palau,
Papua New Guinea, U.K. (Pitcairn),
Solomons, Taiwan, Tokelaus, Tuvalu,
Vanuatu

American Samoa, E. Australia, Cooks, Fed. St.
Micronesia, Fiji, French Polynesia, Guam,
Hawaii & other U.S. Is., New Caledonia,
N. Marianas, Palau, Papua New Guinea,
Solomons, Tokelaus, Tonga, Wallis & Futuna

Bahamas, Belize, Brazil, E. Columbia,

Bahamas,
Anguilla, Antigua & Barbuda,
Barbados, Belize, Bermuda, British Virgins,
Dominican
Republic,
E.Columbia,
Cuba,
Haiti,
Honduras,
Grenada,
Guadeloupe,
Jamaica, Martinique, Mexico, Monterrat & St.
Kins Nervis, Netherlands Antilles, Nicaragua,
Puerto Rico, St. Martin & St. Barthelemy,
St. Vincint, Trinidad & Tobago, Turks & Caicos,
U.S.A. Atlantic/Gulf Coast, U.S. Virgins,
Venezuela.

Anguilla, Antigua & Barbuda, Bahamas, Barbados,

Qatar,
Madagascar,
Mauritius,
Bahrain,
Reunion, Saudi Arabia, Somalia, Sudan,
W. Australia, Comoros, India, Indonesia.

Bahrain, Djibouti, Egypt, Ethiopia, Iran, Israel,
Jordan, Kenya, Kuwait, Madagascar, Mauritius,
Mozambique, N. Yemen, Oman, Qatar, Reunion,
Saudi Arabia, Somalia, Sudan, W. Australia,
Burma, Comoros, India, Indonesia, Sri Lanka.

Cuba, Mexico, Venezuela

Reunion,
Saudi Arabia,
Bahrain,
Sudan, W. Australia, Chagos, India,
Indonesia Maldives, Seychelles

Table 1: Coral reefs of the world

E. Australia, China, W. Columbia, Cooks,
W. Costa Rica, Ecuador, Fed. St. Micronesia, Fiji
French Polynesia, Guam, Hawaii & other U.S. Is.
Japan, New Caledonia, Niue, N. Marianas, Palau,
Papua New Guinea, U.K. (Pitcairn), Solomons,
Taiwan, Tonga, Vanuatu, Wallis & Futuna,
W. Samoa

Belize, Bermuda, Brazil, British Virgins, Caymans,
E. Columbia, E. Costa Rica, Cuba, Dominica,
Dominican Republic, Grenada, Guadeloupe, Haiti,
Honduras, Jamaica, Martinique, Mexico, Monterrat
& St. Kins Nervis,Netherlands Antilles, Nicaragua,
E. Panama, Puerto Rico, St. Lucia, St. Martin &
St. Barthelemy, St. Vincint, Trinidad & Tobago,
Turks & Caicos, U.S. Virgins, Venezuela
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2.2. Sponges
Sponges originated in the Pre-cambrian era, represent the very base
of metazoan evolution and can be regarded as the oldest animal phylum still
alive (Wilkinson, 1984). These multi-cellular animals belong to phylum
Porifera (pore bearers) and possess relatively little in the way of
differentiation and coordination of tissues. They are classified into three
taxonomic classes namely Calcarea (calcareous sponges), Hexactinellida
(glass sponges) and Demospongiae (demosponges). An estimate of 15000
species (Hooper and van Soest, 2002) inhabit a wide variety of marine and
fresh water habitats and are found throughout the tropical, temperate and
polar regions (Figure 1). Of all the described classes of sponges, the Class
Demospongiae is the most abundant, forming 85% of the sponges (Hooper
and van Soest, 2002).

Figure 2: World distribution of sponges associated with coral reefs (Dots in black)
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Sponges are sedentary filter-feeding organisms, characterized by an
unusual body plan built around a system of water canals and chambers.
They possess an elaborate aquiferous system comprising of the inhalant
openings called the ostia and the exhalant openings called the osculum. The
basic body plan consists of three different layers namely pinacoderm,
mesohyl and choanoderm. The outer pinacoderm is made of epithelial cells
known as pinacocytes. The middle mesohyl, which is the extensive layer of
connective tissue consisting of phagocytic cells called the amoebocytes. The
inner most layer called the choanoderm consists of the flagellated cells
called the choanocytes which line the canals. Thus, despite such simple
body plan, the sponges are remarkable in pumping large volumes of water
(upto 24 m 3 kg-1 sponge day-1 ) through their aquiferous system. They ingest
particles of sizes between 5 and 50 pm through the cells of mesohyl and the
pinacoderm and microparticles of size 0.3 to 1 pm via the cells of the
choanocyte chambers (Vogel, 1977) (Figure 2).
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Figure 2.2: Schematic diagram of a partially sectioned sponge

Sponges play key functional roles that influence the coral survival and
coral reef geology and ecology. Sponges can increase coral survival by
binding live corals to the reef frame (Wulff and Buss, 1979; Wulff, 1984).
Sponges also shelter juvenile spiny lobsters (Butler et al, 1995) and
numerous invertebrate and algal symbionts (Beebe, 1928; Ribeiro et al,
2003; Cerrano et al. 2000, 2004). Among marine invertebrates, sponges are
the most prolific phylum, with regard to presence of novel pharmacologically
active compounds (Thomas et al, 2010). Recently, the spicules of the
sponges have been discovered as effective light—collecting optical fibers
Muller et al, (2009). Sponges have been the focus of much recent interest
due to two other reasons namely production of biologically active secondary
metabolites and their close association with a wide array of microorganisms
(Taylor et al, 2007).

2.3. Microbial Association with Sponges
2.3.1. International Scenario:
2.3.1 .1 . Introduction
Sponge-associated microorganisms were first observed using light
microscopy in sections of sponge tissues by Feldmann (1933). The advent of
electron microscopy and its application opened up a new avenue in sponge
microbiology. Studies on sponge associated bacteria date backs to the
seventies. The pioneering work of Vacelet and colleagues (1977), shed light
on the presence of bacteria using electron microscopy, though it was known
that microorganisms are ingested by the sponges for nutrition (Reiswig,
1971, 1975; Bergquist, 1978). This was followed by examination of bacterial
cells in the sponge tissue using microscopic, immunological and
autoradiographic techniques (Wilkinson, 1978a, b, c; 1984; Wilkinson et al,
1984; Simpson, 1984). Based on these studies, it was established beyond
doubt that many sponges harbour abundant bacteria. Their efficiency in
clearing bacteria (at least 95% removed) and other small plankton from the
erial Oive
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water column (Reiswig, 1971; Pile, 1997), with increased water clarity has an
obvious advantage of filtering out the pathogens. Further, the filter feeding
properties of the sponges help in the transfer of microorganisms to the
mesohyl region of the sponges, which may either be ingested by the
phagocytic cells or become established as sponge-specific microbiota
(Kennedy et al, 2007) which thrive both, extracellularly and intracellularly
(Haygood et al, 1999; Sumich, 1992; Althoff et al, 1998; Friedrich et al,
1999). Host organisms such as sponges provide a unique set of
environmental conditions for microbial colonization that is very much
different from the surrounding sea water. Thus marine organisms function as
habitat islands allowing allopatric speciation of microbes living in physically
separated hosts (Begon et al, 1996; Powledge, 2003). The surfaces or
internal spaces of the sponges are more nutrient-rich than sea water and
therefore sponges offer nourishment and a safe habitat to their associated
microorganisms (Bultel-Ponce et al, 1999). About 50-60% of the biomass of
the sponges is composed of bacteria (Vacelet and Donadey, 1977; Usher et
al, 2004) that is equivalent to 10 8-1010 bacteria per gram wet weight of
sponge (Hentschel et al, 2006). All the sponges may not contain the same
levels of microorganisms (Hentschel et al, 2006). Three types of bacterial
association have been proposed based on the studies carried out (i)
Abundant populations of sponge-specific microbes in the sponge mesohyl (ii)
Small populations of specific bacteria occurring intracellularly (iii)
Populations of non-specific bacteria resembling those in the surrounding
seawater. Among the sponges, the association of many demosponges with
microorganisms is well recognized (Hentschel et al, 2003, 2006; Hill, 2004;
Imhoff and Stohr, 2003).
Diversity

Sponge associated microbial diversity may in part be explained by the
varying physical, chemical, and biological conditions within the sponge host,
which may affect microbial ecology (e.g., number of species supported in the
system; relative abundance) and evolution (e.g., specialization through niche
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partitioning). These are obligate mutual associations which may exist since
the Precambrian, before the evolution of the extant sponge orders and
classes took place.
Culture-Dependent Studies

Since 1970s, majority of studies investigating the bacterial
communities associated with corals have focused on the culturable bacteria.
Earliest studies based on culturing techniques concluded that spongeassociated bacteria were similar to that of the ambient water (Bertrand and
Vacelet 1971; Madri et al, 1971). It was only a decade later that the idea of
bacteria being specifically associated with members of the phylum Porifera
understood and was first given by the isolation of a unique bacterium from
the sponge Verongia aerophoba by Wilkinson et al, (1981). A community of
morphologically diverse bacteria has been found to be associated with
various marine sponges through cultivation (Santavy et al, 1990; Olson et al,
2000; Hentschel et al, 2001; Webster and Hill, 2001). This was followed by
other studies which reiterated the presence of sponge-specific bacteria
which were not obtained from the surrounding seawater (Wilkinson, 1978a,
b; Wilkinson et al, 1981, 1984; Santavy and Colwell, 1990; Althoff et al,
1998). Also, immunological and microscopic studies of Wilkinson and
colleagues (1981; 1984) suggested the symbiotic relationship between
bacteria and sponges. Each of the three domains of life, Bacteria, Archaea
and Eukarya are known to inhabit in the sponges (Santavy and Colwell,
1990; Duglas, 1994; Preston, 1996; Larkum et al, 1987). The advent of
molecular techniques made possible the characterization and confirmation of
sponge-specific clusters or sponge-derived bacterial groups (Hentschel et al,
2002). Sponges belonging to different orders, occupying highly dissimilar
habitats, harbour similar members of microbial communities (Fiesler et al,
2004; Lafi et al, 2005; Hill et al, 2006; Thiel et al, 2007). Marine
Actinomycetes related to the Salinospora group previously reported only
from marine sediments were isolated from the Great Barrier Reef marine
sponge

Pseudoceratina clavata
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Hymeniacidon perleve (Sun et al, 2010; Kim et al, 2005). Novel
Actinobacteria was obtained from the sponge Xestospongia muta from the
Pacific and Atlantic Oceans suggesting that these bacteria could be true
symbionts of the sponges (Montalvo et al, 2005). However, the diversity of
the culturable microbial communities examined in two sponge speciesPseudoceratina clavata

and

Rhabdastrella globostellata

showed the

presence of Firmicutes and Alphaproteobacteria (Lafi et al, 2005).
Interestingly, Pimentel-Elardo, (2003), reported the presence of culturable
Planctomycetes from marine sponges which grew slowly on oligotrophic
media and failed to grow on nutrient-rich media.
Culture-Independent Studies

Culture-based techniques are inadequate for studying bacterial
diversity owing to the fact that in many environmental samples about 99% of
the bacteria cannot be cultured using traditional techniques (Rappe and
Giovannoni, 2003). More recent studies on association of bacteria, archaea,
and cyanobacteria with sponges were based mainly on culture-independent
molecular methods, especially 16S rRNA approach (Preston et al, 1996;
Hentschel et al, 2002; Fieseler et al, 2004; Thiel et al, 2007). This molecular
approach has revealed a high diversity of environmental and symbiotic
bacteria undiscovered by cultivation methods. The 16S rRNA clone libraries
obtained from sponges of different phylogenetic and geographical origin
have revealed complex and sponge-specific bacterial communities
(Hentschel et al, 2002; Hill et al, 2006). Fourteen monophyletic spongespecific clusters belonging to Acidobacteria, Actinobacteria, Bacteriodetes,
Chloroflexi, Cyanobacteria, Nitrospira and Proteobacteria were obtained
(Hentschel et al, 2002). Taylor et al, (2004) identified three types of spongeassociated bacteria by DGGE analysis of three sponges,

Cymbastela

concentrica, Callyspongia sp. and Stylinos sp.: 'specialists'- found on only

one host species, 'sponge associates'- found on multiple hosts but not in
seawater, and 'generalists' from multiple hosts and seawater. Recently a
great diversity of unique and previously unrecognized microorganisms
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associated with sponges has been revealed using culture- independent
molecular methods such as 16S rRNA clone library analysis, DGGE and
FISH. These techniques have been used in investigating the bacterial
diversity in different geographic regions such as Western Australia, China
Sea, Mediterranean, Caribbean, Red Sea and Antarctica (He et al, 2006; Li
et al, 2007; Li and Liu, 2006; Meyer and Kuever, 2008; Muscholl-Silberhom
et al, 2008; Taylor et al, 2004; Thiel et al, 2007; Meyer and Kuever, 2008).
Alphaproteobacteria has been identified as an important group in deep-water
sponges (Olson et al, 2002). Numerous investigations on bacterial diversity
based on culture-independent methods have been conducted widely (Hinde
et al, 1999; Althoff et al, 1998; Burja et al, 1999; Burja and Hill, 2001;
Webster and Hill, 2001; Webster et al, 2001, Thiel et al, 2007). Nested-PCR
method revealed high diversity of Actinobacteria (ten genera) associated
with the marine sponge, Hymeniacidon perleve and an unidentified sponge
from South China Sea (Xin et al, 2008). Bacterial diversity in the breadcrumb
sponge, Halichondria panacea showed the presence of specific Roseobacter
group (Wichels et al, 2006). Diversity of microbes associated with the
Antarctic sponges showed that bacterial communities clustered within the
Proteobacteria and Bacteriodetes (Webster et al, 2004). Denaturing gradient
gel electrophoresis (DGGE) analysis of Aplysina cavernicola revealed the
presence of the Alphaproteobacteria, Gammaproteobacteria and the phylum
Bacteroidetes (Thoms, 2003). Fieseler (2004) suggested the status of a new
candidate phylum, named "Poribacteria", to acknowledge the affiliation of the
new bacterium with sponges in addition to Planctomycetes, Verrucomicrobia,
and Chlamydia while studying the bacterial diversity in sponges of Bahamas
such as Aplysina fistularis, Aplysina insularis, Aplysina lacunosa, Verongula
gigantea, and Smenospongia aurea. Demospongiae have been studied by
16S rRNA clone libraries and sequencing (Turque et al, 2008). PCR-DGGE
community analysis showed the presence of Alphaproteobacteria,
Betaproteobacteria and Gammaproteobacteria in Dysidea avara and only
Gammaproteobacteria in Craniella australiensis which are sponges from the
South China Sea (Le et al, 2006). Complex nitrogen cycling has been
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reported in the sponge Geodia barrette from west coast of Norway.
Ammonia oxidizing archaea and Candidatus Scalindua brodae which are
known to be associated with the nitrogen cycle has been reported from this
sponge (Hoffmann et al, 2009).
Archaebacteria are also found to be associated with the sponges. The
presence of Archaea (group I crenarchaeotes and group II euryarchaeotes)
was reported for the first time in a sponge inhabiting the Great Barrier Reef,
Rhopaloeides odorabile using 16S ribosomal RNA community analysis
(Webster, 2001). A molecular analysis of archaeal communities in eight
sponges collected along the coast of Cheju Island, Korea using terminalrestriction fragment length polymorphism (T-RFLP) in conjunction with
sequencing analysis of 16S rDNA clones. The terminal-restriction fragment
(T-RF) profiles showed that each sponge had a simple archaeal community
represented by a single major peak of the same size except for one
unidentified sponge (Lee, 2003).
Temporal variability in the composition of sponge-associated bacterial
communities by several investigators is minor suggesting a seemingly stable
relationship between sponge and the bacteria (Friedrich et al, 2001; Webster
and Hill, 2001; Taylor et al, 2004). It was shown that bacterial community
composition in the marine sponge Cymbastela concentrica from Australia
was reported to be different between temperate and tropical environments
while very similar over 500 km separated temperate regions (Taylor et al,
2007). As information on normal microbiota is important to understanding the
significance of microbes in structuring healthy aquatic ecosystems a study of
the comparison of bacterial communities of the wild and captive sponge
Clathria prolifera from Chesapeake Bay was carried out by Isaacs et al,
(2009). The study showed that the bacterial communities differed
significantly in the two thus restating the significant effect of aquaculture on
bacterial community composition. As the sponge-microbe association can
also be pathogenic numerous work has been carried out on diseased
sponges (Vacelet and Gallissian, 1978; Webster et al, 2002, 2008; Olson et
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al, 2006; Cervino et al, 2006). Such studies showed that the microbial
community associated with diseased and healthy sponges had distinct
differences at all taxonomic levels which are significant information as
sponges have ecologically significant role.
Biotechnological Relevance

Bacteria associated with sponges are a rich source of antimicrobial
compounds (Stierle et al, 1988; Shigemori et al, 1992). Even though spongeassociated prokaryotes are difficult to culture (Amman et al, 1995; Schmidt
et al, 2000) many researchers have reported the isolation and structural
elucidation of antimicrobial metabolites from sponge-associated bacteria
(Bultel-Ponce et al, 1998; Elyakov et al, 1991; Unson et al, 1994).
Pseudoalteromonas maricaloris isolated from Great Barrier Reef sponge
Fascaplysinopsis reticulata was a source of two brominated chromopeptides

which showed moderate toxicity to the eggs of sea urchin (Blunt et al, 2009;
Speitling et al, 2007). Vibrio sp., isolated from marine sponge produced a
new antibiotic trisindole which showed potential antibacterial activity against
E. coli, Bacillus subtilis and Staphylococcus aureus (Kobayashi and

Kitagawa, 1994, Kobayashi et al, 1994, Braekman and Daloze, 2004).
Potential bacterial strains from Haliclona sp. exhibited antibacterial activity
against the pathogenic bacteria. The active strains showed similarity to
Vibrio parahaemolyticus, Pseudoalteromonas

and Alphaproteobacteria

(Radjasa et al, 2007). Wide range of chemical classes of compounds (eg.
Terpenoid, alkaloid, peptides and polyketides) were isolated from spongeassociated microbes with an equally wide range of biotechnological
applications (eg; anticancer, antibacterial, antifungal, antiviral, antiinflammatory and antifouling) (Blunt et al, 2005; Blunt et al, 2006; Fusetani
2004; Keyzers et al, 2005; Matsunaga and Fusetani, 2003; Moore, 2006;
Piel, 2004, 2006). More novel bioactive metabolites are obtained from
sponges each year than any other marine taxon (Blunt et al, 2006; Munro et
al, 1999). The occurrence of important metabolites within the sponge-
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associated bacteria opens up the possibility of continuous supply of
biologically active compounds by laboratory cultivation of the producer.
Function

Sponge-microbe interactions appear to be relatively stable, with little
variation in time and space (Hentschel et al, 2006). Sponge microbial
associations have long been documented, but relatively little is known about
the nature of their interactions. Sponges and the microorganisms living
within and around them display an array of interactions, from microbial
pathogenesis and parasitism to microbes as the major food source for
heterotrophic sponges and to mutualistic associations where both partners
are benefited (Taylor et al, 2007). These diverse microbial symbionts
contribute to primary productivity and nutrient regeneration (Wilkinson and
Fay, 1979; Wilkinson, 1983b, 1992; Diaz and Ward, 1997). The
microorganisms help in the nutritional processes of the sponge either by
intracellular digestion or by translocation of metabolites including nitrogen
fixation, nitrification and photosynthesis (Wilkinson and Fay, 1979; Wilkinson
and Garrone, 1980). The study on the presence of nifh genes affiliated with
Proteobacteria and Cyanobacteria detected in the sponges, lrcinia strobilina
and Mycale laxissima emphasizes the role of bacteria in the nutrition of the
host in nutrient—limited reef environment (Mohamed et al, 2008). Microbes
also help in the stabilization of sponge skeleton and chemical defense
against predation and biofouling (Wilkinson et al, 1981; Proksch, 1994;
Unson et al, 1994). The overall knowledge on the nutritional requirements of
bacteria associated with marine sedentary organisms is poorly understood
(Fencel, 1993) and warrants further investigation.
Bacterial associates interact with hosts in many ways. For example,
they clean channels from decomposing extraneous organic matter and
products of sponge metabolism, and aid in maintaining the filtering capacity
of the sponge (Wilkinson and Garrone, 1980; Beer and Ilan, 1998). Bacteria
living on the surface of marine invertebrates have been found to produce
43acieriai
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chemicals that are having potential antibacterial and antifouling activities.
The bacteria associated with marine invertebrates are a rich source of
bioactive metabolites. Twenty-nine marine bacterial strains were isolated
from the sponge Hymeniacidon perleve at Nanji island, and antimicrobial
screening showed that eight strains inhibited the growth of terrestrial
microorganisms (Zheng, 2005). Antimicrobial activity was found in several
isolates, two of which were identified as

Rhodococcus

sp. and

Pseudomonas sp. by partial 16S rRNA gene sequencing. The recovery of
strains with antimicrobial activity suggests that marine sponges represent an
ecological niche which harbours a largely uncharacterized microbial diversity
and a yet unexploited potential in the search for new secondary metabolites
(Chelossi, 2004). The antimicrobial activity of three sponge species was
tested against marine benthic bacteria and the presence of epibiotic bacteria
on their surfaces was investigated to determine whether there is a
correlation between antimicrobial activities and the presence of a bacterial
film. Gram-positive and Gram-negative bacteria were equally affected by all
the sponge extracts. The encrusting sponge Crambe crambe featured the
strongest antimicrobial activity in the assays and no bacteria were found on
its surface (Becerro, 1994). Antimicrobial compounds of sponge-associated
bacteria suggested that microbial symbionts play a critical role in the defense
of their host sponge (Bultel et al, 1997; Jensen et al, 1994).
Sponges swirl in large volumes of seawater containing organic
particles. As filter feeders, sponges are exposed to pollutants present in
waters and accumulated impurities from phytoplankton or other suspended
matters. Hence, it is reasonable to believe that some microbes in sponges
and/or sponges themselves produce hydrolytic enzymes to convert these
organic matters into nutrients. Studies using FISH have shown that bacteria
within sponges are metabolically active. The results of previous studies on
enzymatic activities of microorganisms isolated from sponges showed that
many of them can digest proteins, carbohydrates, and organophosphates,
with the activity of alkaline phosphatase being especially notable (Efremova
et al, 2002). Species of genus Cytophaga were isolated from Halichondria
I A(ef 'Ecosystems- i .t)iscourse
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that hydrolyze agar (Imhoff and Truper, 1976). Several

Desulfovibrio with ability to dehalogenate and degrade brominated
compounds were isolated from Aplysina aerophoba (Ahn et al, 2003).
Metagenomic approaches have also identified several novel enzymes.
Compared to studies on natural compounds, studies on enzymes with
biotechnological potential from microbes associated with sponges are rare.
This increasing interest in this research has improved our knowledge of
sponge-microbe interaction. Such studies have revealed only a glimpse of
the biodiversity of these microbial communities. Many gaps such as, an
indepth understanding of microbial diversity, factors that determine the hosts'
specificity and physiology of the association still remain unexplored.
National Scenario

Studies on the diversity of sponge-associated microbes from Indian
waters are limited and most of them deal with bioactive compounds
produced by bacteria (Thakur and Anil, 2000; Selvin et al, 2004, 2009).
Thakur and Anil (2000) explored the antibacterial activity of the sponge
Ircinia ramosa and discussed the importance of surface associated bacteria
in this function. This study showed an inverse relationship between
epibacterial abundance over the sponge surface in nature and antibacterial
activity displayed by the sponge extracts in laboratory bioassays. Thakur et
al, 2003 investigated the antibacterial activity of the sponge Suberites
domuncula and the potential basis for epibacterial chemical defence (2003).
Further, the antiangiogenic, antimicrobial and cytotoxic potential of the above
sponge, Suberites domuncula associated bacteria was investigated (Thakur
et al, 2005). Selvin and Lipton (2004) studied the secondary metabolites of
three sponges namely, Dendrilla nigra, Axinella donnani and Clatharia
gorgonoides and found that the former was a potential candidate for
harnessing bioactive drugs. This was followed by the evaluation of synthesis
of antibacterial agents by the antagonistic Streptomyces sp. isolated from
marine sponge Dendrilla nigra (Selvin et al, 2004). The role of Dendrilla nigra
associated Actinomycetes in the production of novel antibiotics is well
43,ic
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documented (Selvin et al, 2009). Recently, an attempt has been made by
Thomas et al (2010) on the review of marine drugs produced by spongemicrobe association. The production of industrially important enzymes such
as amylase, carboxymethylcellulase and protease by bacteria associated
from sponges has been reported (Mohapatra and Bapuji, 1998; Mohapatra
et al, 2003). Alkalophilic amylase produced by sponge-associated marine
bacterium Halobacterium salinarum from sponge Fasciospongia cavemosa
collected from Vizhinjam, peninsular coast was studied in detail by
Shanmughapriya et al, (2009). In addition, fungal amylase from Mucor sp.
associated with marine sponge Spirastrella sp. was also characterized
(Mohapatra et al, 1998). The functional role of these Actinobacteria in the
phosphate accumulation and solubilization was also investigated
(Sabaratnam et al, 2010). Feby and Nair (2010) reported the presence of
hydrolytic enzymes from bacteria associated from Lakshadweep sponges
such as Sigmadocia fibulata and Dysidea granulosa. Selvin et al, (2007) also
probed into the possibility of sponge associated bacteria as potential
indicators for heavy metal pollution. Most of the studies conducted in India
are on the biotechnological potential of sponge-associated bacteria and
studies on the diversity of the sponge associated bacteria are very meager.
Recently, Selvin et al, (2009) studied the diversity of culturable heterotrophic
bacteria with special emphasis on the Actinobacteria and found that
Micromonospora-Saccharospora-Streptomyces was the major culturable
actinobacterial group.
A central objective of sponge microbiology is to gain a better
understanding of the diversity and predictability of sponge-prokaryote
associations in addition to its being a treasure trove of bioactive compounds.
Hence studies on the diversity of microbes associated and symbiotic with
sponges and development of methods to culture them are therefore
important to contribute to the future production of new pharmaceuticals.
Systematic studies on the temporal and geographical variation of culture
dependant and independent diversity of sponge associated bacteria would
contribute to augment the existing knowledge on their ecology.
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Therefore, a study was carried out on the bacterial diversity of
sponges in the coral reef ecosystems of Kavaratti, with the following
objectives:
•

To study the temporal and geographical variation in bacterial
abundance and diversity associated with sponges in coral reefs of
Lakshadweep and Gulf of Mannar.

•

To understand the phylogeny of sponge-associated bacteria.

•

To comprehend the nature of sponge-bacterial association.
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MATERIALS AND METHODS
3.1. Sampling Site
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3.2. Sample Collection
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3.3. Water Analysis
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3.4. Sponge Processing and Analysis
3.5. Bacterial Diversity
3.6. Culture Independent Method
3.7. Functional Aspect
3.8. Statistical Analysis

3.1. Sampling Site
3.1.1. Kavaratti Island, Lakshadweep Sea, West Coast of
India
The Lakshadweep archipelago comprises 36 islands with 12 atolls
and lays between10-12° N and 71-74° E. Kavaratti is a coral reef island in
the Lakshadweep archipelago situated in the Arabian Sea, off south west
coast of India. A shallow lagoon encircles the island, which spreads vastly in
some areas, but in other areas it narrows down. The substratum is
prominently sandy. Both inside and outside of the lagoon is an abode for
sponges and other marine invertebrates and vertebrates. Water and sponge
samples were collected from two sampling sites one from inside of the
lagoon (KL- 10 ° 34' 51" N; 72 ° 38' 07" E) and the other from the oceanic side
i.e outside the lagoon (KO- 10 ° 34' 83" N; 72 ° 38' 49" E) at Kavaratti (Figure
1).
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Figure 1: Sampling sites in the lagoon (KL) and oceanic (KO) region off
Kavaratti (KI)

3.1.2. Off Tuticorin, Gulf of Mannar, East Coast of India
The Gulf of Mannar Marine Bioreserve is an inlet to the Indian Ocean
between south-eastern India and western Sri Lanka, and is bounded on the
north-east by the island of Rameswaram, Adam's Bridge, Palk Bay and Gulf
of Mannar. In the Gulf of Mannar, there are 21 islands which are distributed
in 4 groups namely Mandapam, Keezhakarai, Vembar and Tuticorin group.
The coral reef of Tuticorin is fringing type arising from shallow seafloor of not
more than 5 m in depth (GOM- 8 ° 50' 40" N; 78 ° 12' 10" E). At the sampling
site the substratum was sandy in nature. Altogether 77 sponges have been
recorded in Tuticorin area. Upreti and Shanmugaraj (1997) recorded 275
species of sponges inhabiting the Palk Bay and Gulf of Mannar region.
Water and sponge were collected from Tuticorin group Island (Figure 2).
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Figure 2: Location of the sampling station off Tuticorin, Gulf of Mannar (GOM)

3.2. Sample collection
3.2.1. Water collection
Ambient seawater within a radius of 1 m of the sponge was collected
prior to collection of sponges. Niskin sampler was rinsed well with ambient
seawater before the collection. Sub samples were taken for different
analyses on board. Water was siphoned out carefully in a 125 ml glass
stopper bottle washed (10% HCI) without the formation of air bubbles for
dissolved oxygen (DO) analysis. For microbiological analysis, water was
transferred aseptically to Whirlpak sterile sampling bags and for nutrient
analysis; water was stored in a 500 ml plastic bottle. The samples were
transported to the field laboratory in icebox.
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3.2.2. Sponge collection
After the collection of water samples, sponges were sampled from the
same location (Plate 1). The collection was conducted as aseptically as
possible under water by wearing sterile gloves to reduce handling
contamination. The collected sponges were immediately transferred to
Whirlpak sterile sampling bags and sealed underwater to ensure the
prevention of contact with air and possible oxidation and contamination. The
sponge samples were processed immediately in the field laboratory. Flow
chart of the analysis is given in Figure 3.
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Plate 1: In-situ photographs of (A) Dysidea granulosa from Kavaratii oceanic
region, (B) & (C) Sigmadocia fibulata from Kavaratti lagoon and Gulf of
Mannar respectively.
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Figure 3: Row chart of sample analysis (A) water and (B) sponge

3.3. Water Analysis
3.3.1. Environmental parameters
3.3.1.1. Temperature

Water temperature was recorded at the site using underwater
thermometer during SCUBA dives.
3.3.1.2. Salinity

Salinity was recorded using AutoSAL
3.3.1.3. pH

Water pH was measured in the field laboratory using a digital pH
meter (Thermoelectron Corporation, USA).
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3.3.1.4. Dissolved Oxygen (DO)
Dissolved oxygen concentration was estimated using Winkler's
titrimetric method (Carpenter, 1965). Winkler A (1 ml of 3 M manganous
chloride) and Winkler B (1 ml of 8 M alkaline iodide) were added to the
sample. The precipitate formed was dissolved using 1 ml of 10 N H2SO4 and
was titrated with 0.01 N sodium thiosulphate using starch as indicator.
Concentration of oxygen is expressed as m11: 1 .
3.3.1.5. Nutrients
The protocols given in Strickland and Parson, (1968) and (Grasshoff
et al, (1983) were followed for nutrients analysis.

i. Nitrite
Nitrite in the sample was allowed to react with sulphanilamide in an
acid solution. The resulting diazo compound reacted with N-(1-naphthyl)ethylenediamine, forming a highly coloured azo dye. The extinction was read
in a spectrophotometer (Shimadzu, Japan) at 543 nm). Values are
expressed in pM. Standards were run with analytical reagent quality sodium
nitrite (Standard curve in Appendix section).
ii. Nitrate
Water sample was passed through cadmium-copper column, where
the nitrate chemically gets reduced to nitrite. Nitrite estimation was carried
out as above. Values are expressed in pM. Potassium nitrate was used for
standardization (Standard curve in Appendix section).
iii. Phosphate
Phosphate was estimated using the procedure described in practical
handbook for seawater analysis. Phosphate and ammonium molybdate were
allowed to react in acid solution to give phosphomolybdic acid, which was
reduced by ascorbic acid. After 10 minutes of incubation, the optical density
43acterial-Diverszty Associated with Sponges vi Coral . Vel Ecosystems- Discour e
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was measured at 882 nm using a spectrophotometer (Shimadzu, Japan).
Potassium dihydrogen orthophospate was used as standard (Standard curve
in Appendix section) and the concentration is expressed in pM.
iv. Silicate
Sample was allowed to react with ammonium molybdate resulting in
the formation of silicomolybdate complex and oxalic acid was added to
reduce the above to silicomolybdous acid and the absorbance of blue colour
was measured at 810 nm The concentration is expressed in pM (Standard
curve in Appendix section).

3.3.2. Bacterial abundance of water
3.3.2.1. Total Count (TC)
Total count of bacteria was enumerated using Acridine Orange Direct
Count (AODC) method (Hobble et al, 1977). Water was fixed with hexamine
buffered formalin to a final concentration of 2% in a clean dried vial. The
fixed samples were incubated for 5 minutes in the dark with 0.1% of Acridine
Orange (AO) dye. The final concentration of AO was 0.01 %. The samples
were filtered applying vacuum through black Nuclepore ® polycarbonate
membrane filter black (Whatman, USA) having 0.22 pm pore size. At least
10 to 20 different fields were counted and also a total of 200 bacteria were
counted per sample using Olympus epifluorescence microscope (Olympus
Corporation, Japan) equipped with HbO lamp and U-MWB2 mirror unit
having excitation filter of 460-490 nm and emission filter of 520 nm. Total
bacterial count was expressed as numbers per ml.
3.3.2.2. Total Viable Count (TVC)
Total viable count was enumerated based on Kogure et al, (1987).
Autoclaved yeast extract was added to the water sample to a final
concentration of 0.01% (wt/vol) followed by addition of filter sterilized
antibiotic cocktail containing nalidixic acid of final concentration 0.002%
43acte dal Dfuersity Associated with Spoyes in Coral 9(cej Ecos sterns <Thscoune
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(wt/vol), piromedic acid, final concentration of 0.001% (wt/vol) and
pipemedic acid to a final concentration of 0.001% (wt/vol). The samples were
incubated at room temperature (28 °C+2) in dark for 8 hours and followed by
fixation with formalin to a final concentration of 2%. Filtration and counting
was done as mentioned above for TC. Large and elongated cells were
counted as viable and the results were expressed as numbers per ml.
3.3.2.3. Colony Forming Unit (CFU)

Colony forming units were enumerated by plate method. Water
samples were spread plated in triplicates on 6 different pre-dried media viz.
Zobell marine agar in distilled water, Nutrient agar in varying strength —
(100% , 50%, 25% and 10% NA), OLIGO media (Santavy et al, 1990). Apart
from the above media, specialized media such as Thiosulphate citrate bile
sucrose (TCBS), Phenylethanol agar and Mac Conkey agar were used for
enumeration of Vibrio, Gram positive and Enterobacteraceae group bacteria
(See appendix for details of media). All plates were incubated at 28 ± 2 °C
for 7 days before the counts were taken and expressed as colony forming
units per ml (CFU).

3.4. Sponge processing and analysis
Sponge samples were taken out of the Whirlpak sterile sampling bags
and washed thoroughly with jets of autoclaved, filter sterilized (0.22 pm- pore
size filter) sea water until the sponges were visibly free of debris and
sediments. Macro fauna like brittle stars, crustaceans and encrusted
molluscan shells present on the sponges were removed using sterile
forceps. The pre-washed samples were used for electron microscopy, DNA
extraction and for microbiological analysis. Sponge samples for DNA
extraction were labeled and snap frozen by dipping in Liquid Nitrogen (LN2)
and transferred to the laboratory. The samples were further stored in deep
freezer at -80 °C until extraction. Bacterial diversity associated with the
respective part of a sponge was not involved in this study, because this
study attempted to investigate the all-round bacterial community associated
43acteria(Divetsity Associated with Sponges in Coral Vet Ecosystems- (1)iscourse
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with a sponge and compare the difference of bacterial diversity among the
two sponges.

3.4.1. Scanning electron microscopy
Sponge samples were cut into small pieces of 4 mm 2 and immediately
fixed in 2.5% glutaraldehyde in 0.2 M phosphate buffer (pH 8) at 4 °C for 8
hours. After the recommended period of preservation, samples were
washed with 0.2 M phosphate buffer for 15 minutes at 4 °C. After the washing
step samples were dehydrated in 10% ethanol for 15 minutes followed by
30%, 50%, 70%, and 90% ethanol for 15 minutes and followed by three
consecutive dehydration steps in 100% ethanol for a period of 15 minutes
each (Fischer and Lerman, 1983). Dehydrated samples were frozen in deep
freezer at -20 ° C for 6 hours. Frozen samples were freeze dried in Heto Dry
winner (Heto Technologies). Pre-cooled the freeze dryer at -20 °C and
transferred the frozen samples into freeze drying chamber. Primary drying
was carried out at -20 ° C for 3 hours followed by another three primary drying
cycles of -15 °C for 3 hours, -10 °C for 3 hours and -5°C for 3 hours.
Secondary drying was carried out at 0 °C for 3 hours followed by 5°C for 1
hour, 10°C for 1 hour, 15°C for 1 hour and finally 20 °C for 3 hours. Freeze
dried samples were sputter coated with platinum (Pt) in a Jeol JFC 1600
auto fine coater. Observation was done using a Jeol JSM 6390 LA analytical
scanning electron microscope and photomicrographs were taken to show the
presence of microbes.

3.4.2. Bacterial abundance of sponge
3.4.2.1. Colony Forming Unit (CFU)

Ten gram of sponge tissue was used for the preparation of serial
dilution. Sponge tissue was finely chopped on a sterile porcelain tile using
sterile surgical blade and homogenized using autoclaved mortar and pestle.
The homogenate was serially diluted and suitable aliquots from dilution 10-1
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to 10- 5 were surface plated in triplicates. Media employed were the same as
for water samples. The numbers are expressed per ml.

3.5. Bacterial Diversity
Sponge bacterial diversity was estimated using cultivation-dependant
and cultivation-independent methods. For culture-dependant method
biochemical methods were adopted. The identification of the isolates was
further confirmed using 16S rDNA sequencing. Restriction Fragment Length
Polymorphism (RFLF) finger printing was also carried to differentiate the
phylotypes and for comparative studies. The cultivation-independent method
or environment genomics of the sponges using DGGE was carried out to get
a holistic bacterial diversity.

3.5.1. Culture-dependent method
3.5.1.1. Bacterial Isolation and purification
After enumeration, 555 bacterial colonies from water and sponge
samples were isolated for further studies. Single well-isolated colonies of
different morphotypes were chosen for sub-culturing from one type of media.
All the three plates for a particular medium and for a particular dilution were
compared and representative of every morphotypes were streaked onto
respective isolation media. Bacterial colonies were purified by quadrant
streaking on agar plate in a series of parallel streaks (Stolp and Starr 1981).
These isolates were identified using polyphasic approach ie., identification
by both biochemical and molecular methods. The cultures were identified
based on Oliver, (1982). All the reagents, media and buffers used for
biochemical and molecular characterization are listed in Appendix.
3.5.1.2. Phenotypic Characterization.
Pure culture of bacteria was streaked onto nutrient agar plates.
Various features of colony morphology such as colonial pigmentation,
surface, size, shape, production of slime, elevation, opacity, swarming
q3acterial-Dversity Associated: with Sponges in Coral RfejEcosysterns- 1 ibsc Ise
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behaviour, and changing colour of the medium were recorded. For various
biochemical tests, actively growing culture was used. For all biochemical
methods the protocols outlined by Gerhardt et al, (1981) were used.
A) Gram staining
A smear of bacterial culture was prepared in physiological saline, air
dried and heat fixed. Primary staining was done with crystal violet for 1
minute and washed off with distilled water followed by application of Gram's
iodine (mordant) for one minute and washed off. Decolourized for 15
seconds and secondary staining was done with safranin for 30 seconds and
washed off, air dried and observed under Olympus light microscope. Violet
or purple colour indicates Gram positive bacteria and pink colour indicates
Gram negative bacteria.
B) KOH test (string test)
Bacterial culture was emulsified with 3% KOH solution formed a string
which indicated positive reaction for Gram negative bacteria. No string was
formed in Gram positive bacteria.
C) Motility test
Bacterial cultures were stabbed onto the mannitol motility agar
medium in a test tube and incubated for 24 hours. Motile bacteria showed a
spreading growth from the stabbed line.
D) Oxidase test
Dipped a strip of filter paper in oxidase reagent and to the moist
paper, culture was smeared. Blue colouration within 10 seconds indicated
positive reaction.
E) Catalase test
Bacterial culture mixed with 30% hydrogen peroxide resulted in
effervescence regarded as positive reaction.
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F) Oxidative/ Fermentative test (OF test)
Bacterial culture was inoculated into the OF medium in the test tube
till the end of the tube. Change of green colour of the medium to yellow
colour only on top of the tube indicated oxidative reaction and only in bottom
of the tube indicated fermentative reaction. Change of colour in the entire
length of tube was recorded as oxidative and fermentative reaction. Blue
colouration on the top of the tube indicated alkaline reaction.
G) Citrate test
Bacterial culture was inoculated by stab and streak method. Change
of colouration from green to blue indicated citrate utilization.
H) Triple sugar Iron test
This is used to test the ability of bacteria to ferment glucose, lactose,
sucrose and produce hydrogen sulphide. TSI slant contained 1% lactose and
sucrose and 0.1% glucose. Phenol red, the acid-base indicator was
incorporated in the medium to detect carbohydrate fermentation. Bacterial
culture was inoculated by stabbing the center of butt and streaking the slope.
The tubes were incubated for 24 hours at 22-23 °C. The colour of both slant
and butt were observed.
I) Methyl red test
Glucose utilization was assessed by the production of acid in MR VP
broth. Methyl red was added and positive isolates produced red colour and
negative reaction was marked by yellow colouration to the media.
J) Voges — Proskauer test
VP medium was inoculated and incubated and Baritt reagent A and B
were added. Formation of dark red colour was recorded as positive reaction.
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K) Indole test

Peptone broth was inoculated and incubated and indole reagent was
added, and formation of cherry red coloured ring in the interface regarded as
positive reaction.

3.5.2. Molecular Characterization
3.5.2.1. DNA extraction of bacterial isolates

Based on the source, period of sampling and location, 555 bacterial
isolates were subjected to DNA extraction using CTAB method (Ausubel et
al, 2003). In short, overnight grown bacterial culture was harvested into a 2
ml centrifugation tube (Axygen, India) and 567 pl of TE buffer containing 10
mM Tris HCI, 1 mM EDTA (pH 8.0) were added. About 3 pl of proteinase K
of 20 mg/ml (final concentration-100 pg/ml) was added. 30 pl of 10%
sodium dodecyl sulfate (SDS) solution were also added to give a final
concentration of 0.5% SDS. Vortexed (Cyclomixer, India) for 10 seconds
and proper mixing of the contents were ensured and incubated for 1 hour at
37°C in a precision water bath (Haeke, Singapore). After the incubation 5 M
NaCI were added and mixed vigorously by vortexing for 15 seconds. 80 pl of
CTAB/NaCI were added and subsequently vortexed for 15 seconds followed
by incubated at 60°C for 10 minutes. 800 pl of chloroform: isoamyl alcohol in
a ratio 24: 1 were added and mixed by gentle inversion for 15 minutes
followed by centrifugation at 12000 rpm for 15 minutes resulting in the
separation of two layers by an interface. The upper layer contains DNA in
solution and lower layer has the solvents. Interface contained protein
polysaccharide complexes. Supernatant was carefully transferred to a fresh
centrifugation tube and 0.6 volumes of isopropanol were added to the
supernatant and gently inverted twice or thrice. DNA was visible as threadlike structure and was pelleted out by centrifuging at 14000 rpm for 30
minutes at 4°C. About 1 ml of ice cold 70% ethanol was used in ethanol
wash at 10000 rpm for 10 minutes at 4° C. Supematant was discarded and
resulting pellet was air dried and finally reconstituted in 30 pl of autoclaved
1.3acte riaiDiver4ty Associated with Sponges th Coral <I of Ecosystems
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Milli Q water. DNA content and purity was analyzed using Nanodrop
Spectrophotometer (Nanodrop Inc), using distilled water as blank, and
A260/A280 ratio was calculated. DNA was stored at -20 °C until used as the
template for PCR reaction.
3.5.2.2. Polymerase Chain Reaction (PCR)
The purified DNA was subjected to Polymerase Chain Reaction
(PCR) for the amplification of 16S rRNA genes using the primer pairs: 27FAGA GTT TGA TCC TGG CTC AG and 1492R- TAC GGY TAC CTT GTT
ACG ACTT (Lane, 1991) in a thermal cycler (Eppendorf, Germany).
Amplification was carried out in a 50 pl reaction mixture containing 50 ng of
purified DNA, 3 mM concentration of MgCl2, 2.5 mM of each
deoxynucleotide triphosphate (dNTP), 10 pM of each primer and 3 U/pl of
taq polymerase in 1X taq buffer (Bangalore Genei, India). The PCR
conditions for the first set of primers were: initial denaturation at 94 °C for 5
minutes, 30 cycles consisting of denaturation at 94 °C for 30 seconds,
annealing at 60°C for 30 seconds and elongation at 72 °C for 90 seconds and
final extension at 72 °C for 5 minutes. Two reactions, a positive control with
DNA template known to be successfully amplified and a negative control
lacking template DNA was set up in each PCR run.
3.5.2.3. Gel electrophoresis
The amplified PCR products were separated through agarose gel
electrophoresis. 1.5% agarose (Banglore Genei, India) gel was prepared in
1X TAE buffer (pH 8) stained with ethidium bromide (final concentration - 0.5
pg/ml). Submerged horizontal slab gel electrophoresis was employed for
nucleic acid separation. PCR products mixed with a tracking dye containing
bromophenol blue and xylene cyanol were electrophoresed in a Wide Mini—
Sub Cell GT® (Bio-Rad Laboratories Inc, USA) at 90 V for 45 minutes. After
electrophoretic separation agarose gel was visualized in a Kodak Gel Logic
1500 (Kodak) with UV transillumination with 365 nm excitation. Gel was
exposed for 0.48 seconds without any lens correction and without any XBacterial-Diversity :Associated
on its q-imtpo
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binning and Y- binning. Gel picture was captured by a cooled Charge
Coupled Device (CCD) camera equipped at 0 °C.
3.5.2.4. Restriction digestion and electrophoresis analysis

Restriction Fragment Length Polymorphism (RFLP) of the cultivable
bacterial isolates (555) was carried out. For all reactions 10 pl of the PCR
product showing single band in 1.5% agarose gel was digested with 1 pl of
Hae III (GG CC) enzyme and 2 pl of diluent buffer (Bangalore Genie, India)

and made up to a total volume of 20 pl with autoclaved Milli Q water. It was
incubated at 37°C for 3 hours and subsequent incubation at 65 °C for 10
minutes in Eppendorf master cycler. The samples were electrophoresed on
a 2% agarose gel and stained with 0.5 pg of ethidium bromide and
visualized by Kodak Gel Logic 1500 as explained in Section 3.7.3. Obtained
gel pictures were analysed using Bionumerics software (Applied Maths,
Belgium) and phylotypes were grouped based on the banding pattern.
3.5.2.5. Sequencing of PCR products

PCR amplification was carried out in a 50 pl reaction mixture
containing 50 ng of purified DNA, 3 mM concentration of MgCl2, 2.5 mM of
each dNTP, 10 pM of each primer and 3 U/pl of taq polymerase in 1X of taq
buffer (Bangalore Genei, India). The PCR conditions used were: initial
denaturation at 95°C for 5 minutes, 30 cycles consisting of denaturation at
95°C for 1 minute, annealing at 55 °C for 1 minute and elongation at 72 °C for
1 minute and final extension at 72 °C for 5 minutes. Two reactions, a positive

control with DNA template known to be successfully amplified and a negative
control lacking template DNA was set up in each PCR run. Sequencing of
the PCR products were carried out by a commercial company (Bioserve
Biotechnologies Pvt. ltd., Hyderabad).
3.5.2.6. Sequence editing, BLAST analysis and GenBank submission

The sequences obtained were edited using DNA Baser and compared
with sequences in GenBank using Basic Local Alignment Search Tool
cre ity Associated.with s5porwes in (brat ,10cf Ecos).;steit
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(BLAST) (www.ncbi.nih.nlm.gov ). The partial 16S rRNA gene sequences of
the bacterial cultures obtained were deposited in the GenBank database.
The GenBank accession numbers are given in appendix.

3.6. Culture Independent Method
3.6.1. Genomic DNA extraction from sponge
Sponge DNA was extracted by a method using high urea
concentration (Asahida et al, 1996). Sponge samples stored in deep freezer
at -80° C were used to extract total genomic DNA. Mortar and pestle were
autoclaved and frozen in deep freezer at -80 °C were used for crushing the
frozen sponge. About 100 to 200 mg of crushed sponge was mixed with 1 ml
of TNESU buffer in a 2 ml centrifugation tube (Axygen, India) with 50 pl of 20
mg/ml proteinase K (final concentration-1 mg of proteinase K) and incubated
for 12 hours at 55° C in a precision water bath (Haeke, Singapore). The
contents were centrifuged and 1 ml of supernatant was transferred to a fresh
centrifugation tube to which 1 ml of chloroform: isoamyl alcohol in a ratio 24 :
1 were added and mixed by gentle inversion for 15 minutes followed by
centrifugation at 12000 rpm for 15 minutes resulting in the separation of two
layers by an interface. The upper layer contained DNA in solution and lower
layer had the solvents. Interface contained protein polysaccharide
complexes. Chloroform: isoamyl alcohol extraction was repeated if
necessary. Supernatant was carefully transferred into a fresh centrifugation
tube. About 0.6 volumes of isopropanol were added to the supernatant and
gently inverted twice or thrice and incubated for overnight at room
temperature. DNA was pelleted out by centrifuging at 14000 rpm for 30
minutes at 4° C. 1 ml of ice cold 70% ethanol was used in ethanol wash at
10000 rpm for 10 minutes at 4 °C. Supernatant was discarded and resulting
pellet was air dried and finally reconstituted in 30 pl of autoclaved Milli Q
water. DNA content and purity was analyzed using Nanodrop
Spectrophotometer, (Nanodrop Inc) using distilled water as blank, and
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A260/A280 ratio was calculated. DNA was stored at -20 °C until used as the
template for PCR reaction.

3.6.2. PCR amplification
Amplification of 16S rRNA gene (16S rDNA) of the bacteria
associated with sponges was done by PCR as in Section 3.5.2.2.-3.7.2.3.
After gel electrophoresis to confirm the presence of band, PCR products
were used as template for nested PCR to amplify the V3 region of 16S rRNA
gene. In a 50 pl scale, 5 pl of 10X buffer containing 3 mM magnesium
chloride and 2.5 mM of deoxyribonucleotide triphosphate mix containing
each (dATP, dCTP, dGTP, dTTP) and 10 picomoles of primers and 0.5 pl of
Taq polymerase and 1 pl of template DNA with 50 ng/pl concentration.
Thermal cycling program consisted of an initial denaturation at 94 °C for 5
minutes followed by touchdown reaction with initial 10 cycles with
denaturation at 94°C for 1 minute and primer annealing at 65°C — 55°C for 1
minute followed by extension towards 5' end at 72 °C for 1 minute 30
seconds and 19 cycles with denaturation at 94 °C for 1 minute and primer
annealing at 55°C for 1 minute followed by extension towards 5' end at 72 °C
for 1 minute 30 seconds terminating the reaction with a final extension at
72°C for ten minutes. Amplified PCR products were separated by
electrophoresis in 1.5% agarose gel and visualized by Kodak Gel Logic
1500. The oligonucleotides used in the study are summarized in the Table 1.

27F

1

2

F:AGAGTTTGATCCTGGCTCAG

1492R R:TACGGYTACCTTGTTACGACTT
F:CGCCCGCCGCGCGCGGCGGGC
341F GGGGCGGGGGCACGGGGGGCC
TACGGGAGGCAGCAG
R:ATTACCGCGGCTGCTGG
907R

60°C

55°C

Ml3F F:GTAAAACGACGGCCAG
3

Ml3R R:CAGGAAACAGCTATGAC

55°C

Lane, 1991

Muyzer et al,
1993

Messing et
al, 1993

Table 1. Oligonucleotides used in the study
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3.6.3. Denaturing Gradient Gel Electrophoresis (DGGE)
Denaturing Gradient Gel Electrophoresis (DGGE) is essentially an
electrophoretic technique that separates DNA of same length depending on
the nucleotide difference in its sequence. DGGE was performed in a DCode
universal mutation detection system (Bio-Rad Laboratories Inc, USA). DGGE
analysis was carried out by method described by Muyzer et al, (1993).
3.6.3.1. Preparation of Acrylamide Gel
A) Perpendicular Gel

A perpendicular gel was casted and run for the unknown samples to
define the range of denaturant concentration that allows the best separation
possible. Perpendicular gel of 1 mm thickness was prepared with 10%
polyacrylamide gel (ratio of 40% acrylamide/bisacrylamide 37.5:1), using gel
sandwich sizes of 16x16 cm. A denaturant gradient was made ranging from
0% to 100% (100% denaturant is a mixture of 7 M urea and 40% (vol/vol)
formamide). The perpendicular gel was casted as given in the
manufacturer's instructions. The gel was allowed to set for one hour at room
temperature. The electrophoresis tank filled with 7 L of 1X TAE buffer was
preheated at a temperature of 60 °C. The samples were loaded (1-3 pg) after
mixing with equal volume of 2X loading dye. Electrophoresis was carried out
at a temperature of 60°C and voltage of 100 V for 17 hours. (Gel picture in
Appendix section).
B) Parallel Gel
Optimization of runtime in parallel gel
A parallel gel was prepared as above with slight differences as given

in the Biorad DCode instruction manual. In order to optimize the run time, a
'time travel' experiment was carried out with samples loaded at hourly
intervals and electrophoresed at 100 V at a buffer temperature of 60 °C (Gel
picture in Appendix section).
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Sample analysis
A denaturant gradient ranging from 20-80% was made for 16S rRNA
genes as determined from perpendicular gel electrophoresis. The
electrophoresis was carried out at buffer temperature of 60 °C at 100 V for 17
hours as optimized by the time travel experiment (Gel pictures in Appendix
section).
3.6.3.2. Viewing the gel

After electrophoresis run was completed, the core sandwich assembly
was removed from the buffer tank. The gel sandwiches were carefully
detached and the gel removed and stained with 0.01% SybrGold (Tuma,
1999) in 1X TAE buffer for 15 minutes. The gel was viewed in a gel
documentation system (Kodak) and photographed.
3.6.3.3. Excision of bands and re-amplification

The documentation of the DGGE gel was followed by printing of the
gel picture and careful marking and labeling of bands. The bands were
excised with a sterile surgical blade. Exposure of the bands to UV radiation
was kept at a minimum in order to minimize the damage to the DNA in the
gel. The gel was transferred to the labeled tube with 10 pl of deionized
water. The tubes were incubated at 4 °C for 12 hours followed by a spin for
about 15 seconds. The supernatant was aspirated. About 0.5 pl of the
supernatant was used as a template for reamplification using the primers
341 F and 907R (Table 1). The PCR products were run on 1.5% agarose gel.
Further they were electrophoresed on a parallel gel along with the
environmental sample in order to make sure of its position and distinction.
The eluted products were also amplified using PCR primer without GC
clamp. The resulting PCR products were run on 1.5% agarose gel for
assessment of quality and quantity.
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3.6.3.4. Cloning of the PCR product
The cloning reaction was performed using TOPO TA Cloning kit
(Invitrogen, USA). To 3 pl of fresh PCR product, 1 pl salt solution and 1 pl
TOPO vector was added and made up to a final volume of 6 pl with the
water provided in the kit. The above mixture was incubated at 22-23 °C.
TOPO cloning reaction mixture (2 pl) was added to a vial of chemically
competent Escheilchia coli that was previously thawed on ice and mixed
gently followed by incubation on ice for 5-30 minutes.
The cells were given heat shock at 42 °C for 30 seconds without
shaking and immediately transferred to ice. Thawed SOC (Super Optimal
Broth with catabolite repression) medium of 250 pl was added to the tubes.
The tubes were capped tightly and shaken horizontally (200 rpm) at 37 °C for
one hour. After shaking, 10-50 pl of the transformation mixture was spread
on prewarmed selective plates (LB medium amended with ampicillin) and
incubated at 37°C. The colonies were counted and picked for further
analysis after 8-12 hours. The bacterial colonies were streaked for single
colony isolation on Luria Bertani (LB) plates containing 100 pg/ml ampicillin
and incubated at 37°C.
Well-isolated colonies were inoculated into 1-2 ml of LB broth
containing 100 pg/ml ampicillin and incubated overnight with shaking at 37 °C
until the culture was saturated. The culture (0.85 ml) was mixed with 0.15 ml
of sterile glycerol and transferred to a cryovial and stored at -80 °C for long
term storage.
3.6.3.5. Screening of clones
A few clones were selected at random and their plasmid DNA was
extracted using Qiagen Miniprep Kit (Qiagen, USA), following manufacturer's
instructions. The plasmids were subjected to PCR amplification using
primers, M13F and M13R for screening the positive clones (clones with
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inserts), the characteristics of which are given in Table 1. The plasmids of
the five positive clones were further processed for sequencing.
3.6.3.6. Sequencing of PCR products

Amplification of plasmid DNA was carried out in a 50 pl reaction
mixture containing 50 ng of purified DNA, 3 mM concentration of MgCl2, 2.5
mM of each dNTP, 10 pM of each primer (M13F and M13R-details given in
Table 1 and 3 U/pl of taq polymerase in 1X of taq buffer (Bangalore Genei,
India). The PCR conditions used were: initial denaturation at 95 °C for 5
minutes, 30 cycles consisting of denaturation at 95°C for 1 minute, annealing
at 55°C for 1 minute and elongation at 72 °C for 1 minute and final extension
at 72°C for 5 min. Two reactions, a positive control with DNA template
known to be successfully amplified and a negative control lacking template
DNA was set up in each PCR run. Sequencing of the gene was carried out

by Bioserve Biotechnologies Pvt. Ltd., Hyderabad.
3.6.3.7. Identification of DGGE bands

Near complete 16S rRNA gene sequences were first analyzed using
BLAST at NCBI web site http:// www.ncbi.nlm.nih.gov to aid selection of
most closely related reference sequences (Altschul et al, 1997). Sequences
were checked for chimeras using the Pintail Software (Ashelford et al, 2005).
The sequences obtained were submitted in the GenBank (See Appendix
section).

3.7. Functional Aspect
3.7.1. Nutrition
3.7.1.1 Degradation of Complex molecules

All the bacterial isolates obtained were subjected to screening for the
production of various complex molecule degrading enzymes. Twenty four
hour old bacterial cultures were spot inoculated onto respective media plates
and incubated for 24 hr to 72 hr depending on the growth rate of the bacteria
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at room temperature. After incubation the plates were checked for the
production of various enzymes and results were recorded.
A) Starch

Nutrient agar supplemented with 0.2% soluble starch were used to
screen for amylase production. After incubation the plate was flooded with
Lugol's iodine solution. Presence of clear zone around the culture in the blue
background was taken as positive result.
B) Protein
Casein

Skim milk (5%, final concentration) incorporated in nutrient agar were
used as the screening medium. Clear zone around the bacterial colony after
incubation indicated hydrolysis of casein.
Gelatin

Incorporated 0.4% gelatin (wt/wt) in nutrient agar and flooded with
15% mercuric chloride solution (wt/vol) after incubation. Gelatinase positive
isolates exhibited a clear zone around the colony.
C) Nucleic acid
DNA

DNase test agar base (Himedia, India) contains 0.2% DNA in final
concentration (wt/wt). After the incubation DNase plate was flooded with
0.1% toluidine blue solution. A characteristic blue precipitate forming on
bacterial colony was registered as positive reaction.
D) Lipid
Tween 80

Nutrient agar was supplemented with 0.01% of calcium chloride and
1% of Tween 80 (Oleic acid). After incubation presence of halo around the
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colony was regarded as positive reaction by the formation of calcium soaps
with oleic acid.
3.7.1.2. Utilization of simple molecules
A) Sugar utilization

Bromo cresol purple broth supplemented with 1.5% agar were used
as the basal medium devoid of carbohydrate. A spectrum of carbohydrate
sources such as monosaccharides, disaccharides, trisaccharides and
polysaccharides like adonitol, arabinose, cellobiose, dextrose, ducitol,
fructose, galactose, inositol, inulin, maltose, mannitol, mellibiose, mannose,
raffinose, rhamnose, salicin, sorbitol, sucrose, trehalose and xylose were
employed. Change of colour from purple to yellow indicated positive reaction
and negative reaction was indicated no colour change.
B) Amino acid utilization

Amino acid utilization was tested using marine media supplemented
with Arginine hydrochloride; Lysine hydrochloride and Ornithine
hydrochloride.
C) Urea

Christensen agar base (Himedia) was supplemented with 40% urea
solution was used. A change in colour of the yellowish medium to a pink
colouration around the bacterial culture was regarded as positive reaction.
D) Phosphorus

Phenolphthalein phosphate agar (Himedia) were inoculated and
exposed to ammonia vapour after incubation period. Positive isolates turned
into pink coloured colonies after exposure. Negative isolates has no change
of colony colouration.
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3.7.2. Defense
To understand the defense mechanism of the associated bacteria two
approaches were adopted:
1. Against pathogenic bacteria, 225 cultures were assayed and tested
for antibacterial activity against 5 multiple resistance reference
bacteria (Bacillus subtilis, Escherichia coli, Pseudomonas aeruginosa,
Salmonella typhi and Staphylococcus aureus). These strains were
obtained from the Marine Microbial Reference facility (MMRF) at
National Institute of Oceanography — Regional Centre, Kochi, India.
Based on disc assay method, these 5 strains were tested for multiple
resistance (list of 24 antibiotics and their resistance pattern is given in
Appendix).
2. Infra and inter inhibition of planktonic and associated bacteria
3.7.2.1. Antimicrobial assay
For multiple resistance bacteria, antibacterial assay was done using
standard (agar plug) method. Mueller Hinton Agar (MHA) plates were
seeded with overnight grown bacteria and as lawn culture. Agar plugs having
a diameter of 9 mm were cored out using sterile cork borer from the lawn
culture. The plugs were placed with the bacterial side down on seeded agar
plates. After overnight incubation, the plates were observed for zones of
inhibition. Zone diameter was recorded in millimeter using zone recorder
(Himedia). All tests were repeated three times with one single test in
replicates. Zone diameter was an average of all the six results. Agar plugs
without bacteria were used as control. The same method was adopted for
inter and intra interaction for planktonic and associated bacteria.
3.7.2.2. Identification of bacterial isolates
The antibacterial cultures were identified based on 16S rRNA gene
sequencing as was carried out as in sections 3.5.2.1-3.5.2.4, 3.5.2.6.
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3.8. Statistical Analysis
The environmental parameters like temperature, salinity, pH,
dissolved oxygen and nutrients were square root transformed and
resemblance analysis between the variables was carried out with Bray-Curtis
similarity measure and at 5% significance level dendrogram was plotted.
Principal Component Analysis (PCA) was carried out for bacterial
abundance using Primer 6 software. Analysis of the fingerprint data was
performed using the Bionumerics software Version 4.6 (Applied Maths,
Belgium) (Rademaker et al, 1999). The digitized gel images were converted,
normalized and analyzed. The DGGE bands were detected and transformed
into a presence/absence binary matrix. The binary matrix was converted into
a similarity matrix by Bray-Curtis measure, using Primer 6 software (Clarke
et al, 2005). Hierarchical cluster analysis of the DGGE profiles was done by
the group average method. Diversity indices such as Shannon-Weiner and
Simpson diversity indices, species richness and evenness were calculated
using Primer 6 software. The clustering of the antibacterial cultures based on
antibacterial activity was done using Primer 6 software.
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RESULTS
4.1. Environmental Parameters
4.2. Bacterial Abundance
4.3. Diversity
4.4. Function

4.1. Environmental Parameters
The variation in water characteristics of lagoon (KL) and oceanic (KO)
regions of Kavaratti Island is given in Table 1. Average temperature of the
ambient water in the lagoon was 24.3 ± 3.4°C, which was higher than the
oceanic location (22.5 ± 4.2°C) during the collection periods. Nitrate
concentrations were 1.42 (± 0.26) and 1.57 (± 0.28) pM in the KL and KO
sites respectively. Most of the variables including nutrients did not show a
significant difference between the two sites.
The temporal variation in the water characteristics of the lagoon and
oceanic sites are presented in Table 2. During monsoon, the temperature
observed in the oceanic and lagoon regions of Kavaratti Island (KI) was
below 20°C, whereas it was above 25°C during premonsoon, which clearly
showed a temporal variation in the water temperature of that region (Table
2). Likewise, there was temporal variation in salinity at both the locations of
Kavaratti Island. Salinity varied from 30.4 to 36.7 in both sites of Kavaratti.
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Salinity was high in oceanic region during the dry seasons (34.3 - 36.7).

Average (±SD)
Water characteristics
KO

KL

Temperature (°C)

22.5 (± 4.2)

24.3 (± 3.4)

Salinity

33.9 (± 3.0)

32.9 (± 3.2)

pH

8.19 (+ 0.05)

8.06 (± 0.22)

Dissolved Oxygen (mIL -1 )

5.46 (± 0.67)

4.41 (± 0.84)

Nitrite (pM)

0.5 (+ 0.16)

0.54 (± 0.2)

Nitrate (pM)

1.57 (± 0.28)

1.42 (± 0.26)

Phosphate (pM)

0.42 (± 0.09)

0.45 (± 0.04)

Silicate (pM)

1.62 (+ 0.51)

1.86 (+ 0.21)

Table 1: Water characteristics of Kavaratti Island (KL - Lagoon; KO - Oceanic
region)

The pH of the ambient waters at the two sites varied from 7.98 to
8.27. In the oceanic region (KO) of Kavaratti, pH remained nearly constant,
ie 8.20 ± 0.05 during the entire study period. Ambient water pH of the lagoon
showed temporal variation. Dissolved oxygen (DO) concentration was the
highest during monsoon period with 5.3 m11: 1 and 6.2 m11: 1 in lagoon and
oceanic regions respectively. DO concentration in the lagoon was 3.8 mIL -1
-1 during premonsoon and postmonsoon. Oceanic region showed and4.2m1L
higher DO concentration of 4.8 (±0.06) - 6.2 (±0.06) mIL -1 compared to the
lagoon. The nutrient levels also exhibited temporal variation. In the lagoon,
lower phosphate concentration occurred during the postmonsoon followed
by monsoon. Same trend was observed in oceanic region. Although, there
was difference between the two sites, it was not significant.
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KAVARATTI ISLAND ((CI)
KO
Water
characteristics

Temperature (°C)

Salinity

pH
Dissolved Oxygen
(mIL-1 )
Nitrite (NM)

Nitrate (NM)

Phosphate (NM)

Silicate (NM)

0
0

0

8
0

0_

26.4

18.1

23.1

27.1

20.6

25.2

(± 0.4)

(± 0.1)

(± 0.1)

(± 0.3)

(± 0.5)

(± 0.2)

36.7

30.8

34.3

36.4

30.2

32.2

(± 0.2)

(± 0.1)

(± 0.1)

(± 0.3)

(± 0.2)

(± 0.1)

8.2

8.2

8.2

8.3

7.8

8.1

(± 0.06)

(± 0.05)

(± 0.05)

(± 0.05)

(± 0.14)

(± 0.1)

5.4

6.2

4.8

3.7

5.3

4.2

(± 0.15)

(± 0.06)

(± 0.06)

(± 0.1)

(± 0.06)

(± 0.1)

0.5

0.6

0.3

0.8

0.4

0.4

(± 0.06)

(± 0.1)

(± 0.03)

(± 0.01)

(± 0.02)

(± 0.01)

1.9

1.5

1.3

1.3

1.2

1.7

(± 0.06)

(± 0.02)

(± 0.02)

(± 0.01)

(± 0.03)

(± 0.03)

0.5

0.4

0.3

0.5

1.2

0.4

(± 0.01)

(± 0.02)

(± 0.06)

(± 0.05)

(± 0.03)

(± 0.02)

1.9

2.0

1.6

1.5

2.2

1.2

(± 0.03)

(± 0.05)

(± 0.03)

(± 0.03)

(± 0.04)

(± 0.04)

Table 2: Temporal variation in environmental parameters at Kavaratti Island

Geographically separate locations showed variation in the
environmental parameters. Water temperature of Gulf of Mannar (GOM) on
the east coast recorded higher temperature than Kavaratti Island (KI) on the
west coast. GOM also recorded higher salinity compared to KI.
Geographically there was no difference in pH and DO of ambient water
between KI and GOM. Phosphate concentration was high in Kavaratti Island
compared to GOM. The lowest silicate concentration was observed in GOM.
In general, nutrient levels of the ambient water in the Gulf of Mannar were
lower than that of Kavaratti (Table 3).
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Average (+ SD)
Water characteristics
GOM

Kt

Temperature (°C)

31.4 (± 0.3)

26.7 (± 0.5)

Salinity

38.2 (± 0.1)

36.5 (± 0.2)

pH

8.2 (± 0.1)

8.2 (± 0.1)

Dissolved Oxygen (mIL-1 )

4.1 (± 0.8)

4.5 (± 1.2)

Nitrite (pM)

0.8 (± 0.1)

0.6 (± 0.1)

Nitrate (pM)

1.0 (± 0.4)

1.5 (± 0.4)

0.2 (± 0.06)

0.5 (± 0.01)

0.8 (± 0.1)

1.7 (± 0.27)

Phosphate (pM)
Silicate (pM)

Table 3: Geographical variation in environmental parameters at GOM (Gulf of
Mannar) and KI (Kavaratti Island)

4.1.1. Statistical Analysis
The environmental parameters were subjected to hierarchical
clustering using Bray-Curtis similarity and the resultant dendrogram is given
in Figure 1. Interestingly, there was temporal clustering (based on the
season) irrespective of sampling sites from Kavaratti Island. Non-monsoon
and monsoon samples clustered separately at 95.5%. Premonsoon and
monsoon parameters at KO and KL grouped at 98.12% and 98.22%
respectively. Geographic variation in the environmental parameters was
clearly seen from the distinct clusters of KI and GOM parameters at 94%
similarity.
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Figure 1: Hierarchical cluster analysis of ambient water parameters (Abbreviations

as in Table 1 & 2)

4.2. Bacterial Abundance
4.2.1. Water - temporal variation
4.2.1.1. Total Count (TC)
TC of the ambient water of two sampling sites from Kavaratti Island
was estimated as 107-8 cells m1-1 (Figure 2). In KO, TC was in the order of
107 cells m1-1 . Maximum abundance occurred during postmonsoon period
with 6.82 ± 0.6 x 107 cells m1-1 . There was no significant difference in
abundance during the monsoon and premonsoon periods. In KL, TC was
107-8 cells m1-1 , recording an order higher than the oceanic waters at
Kavaratti Island. As in KO, maximum abundance was recorded during the
postmonsoon season (2.55 ± 2.03 x 10 8 cells m1-1 ), followed by 2.36 ± 0.99 x
108 cells m1-1 during premonsoon period in KL. During monsoon season,
total count of ambient water in KL was one order lesser (4.64 ± 0.58 x 10 7
celsm1-).
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Figure 2: Temporal variation in TC of ambient water at KO and KL

4.2.1.2. Total Viable Count (TVC)

TVC of the ambient water was two orders lesser than TC (10 5 cells
m1-1 ). In KO, the highest TVC was recorded during monsoon (1.87 ± 0.2 x 10 5
-1 ) followed by premonsoon and postmonsoon with 1.42 ± 0.13 x 10 5celsm1
-1 and 1.31 ± 0.46 x 105 cells m1-1 respectively. The highest TVC celsm1
recorded was in KL during premonsoon period with 5.19 ± 0.81 x 10 5 cells m1-1
5 cells m1-1 during monsoon (Figure 3).
❑ KO

o KL

0

PRE

MON

POST

Seasons

Figure 3: Temporal variation in NC of ambient water at KO and KL
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4.2.1.3. Heterotrophic Count (CFU)
4.2.1.3.1. Marine Agar (MA)

CFU of the ambient water ranged from 10 3 to 104 cells m1-1 in marine
agar. In KO, CFU was in the order of 10 3 cells m1-1 . The highest retrievability
was during postmonsoon (8.13 ± 0.49 x 10 3 cells m1-1 ) followed by
premonsoon and monsoon (Figure 4). At KL, high abundance of 1.12 ± 0.2 x
104 cells m1-1 was obtained during postmonsoon period, which was one order
higher than rest of the retrievable counts in the other two seasons, followed
by premonsoon and monsoon.
❑ KO

14 -

o KL

CFU x 10 3 m 1 1

12 10
86420
PRE

MON

POST

Seasons

Figure 4: Temporal variation in CFU of ambient water in MA at KO and KL

4.2.1.3.2. Oligotrophic and Copiotrophic Media

The bacterial abundance in five different media of varying nutrient
composition and concentration was of magnitude 10 3 m1-1 in KO and was
constant throughout the study period, whereas in KL it ranged from 10 3 to
104 m1-1 (Figure 5A & B). OLIGO, 10% nutrient agar (10% NA), 25% nutrient
agar (25% NA) were considered as oligotrophic media due to their lower
nutrient concentration, whereas 50% nutrient agar (50% NA), 100% nutrient
agar (100% NA) and marine agar (MA) are considered as copiotrophic
media. In KO, CFU did not show remarkable seasonal variation in the

rai
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different media. During the dry seasons, the counts were slightly higher in
low concentration (10 and 25% NA) compared to the high concentration
medium. During monsoon, the highest retrievable count was obtained in
50% NA. In KL, CFU was lower during monsoon compared to premonsoon
and postmonsoon. 10% NA showed higher abundance compared to all other
media. However, during the premonsoon period high count of 1.77 ± 0.25 x
104 cells m1-1 was obtained in 25% NA (low concentration) and the
abundance decreased with increase in nutrient concentration (6.70 ± 0.44 x
103 cells m1-1 in 100% NA). Similar trend was seen during the postmonsoon
period except that the highest number was retrieved in 10% NA (3.24 ± 2.97
x 104 cells m1-1 ).

Figure 5 A: Temporal variation in bacterial cultivability of water in different media at
KO
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Figure 5 B: Temporal variation in bacterial cultivability of water in different media at
KL

Comparison of the CFU in different media with marine agar is given in
Figure 6A & B. As seen from the figure there was variation in cultivability
based on nutrient concentrations. In the oceanic region MA gave higher
abundance than all other media during the premonsoon. However, in
monsoon, lower concentration had higher abundance compared to marine
agar and retrievability gradually increased from OLIGO to 50% NA. As the
system shifts to postmonsoon, maximum retrievability was at 25% NA.
During the postmonsoon, abundance in 10, 25 and 50% NA was higher than
MA. During the premonsoon, wide range of concentrations from OLIGO to
50% NA gave steady populations which were higher than MA.
In KL, lower nutrient concentration had higher abundance compared
to marine agar except for NA and 25% NA gave maximum abundance in
terms of retrievability during premonsoon. In monsoon period, lower nutrient
concentrations of 10% and 25% NA recorded higher abundance than MA.
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However, in OLIGO, 50% and 100% NA, the CFU was lower than that in MA.
Postmonsoon season was marked by increase in retrievability in 10% NA.
Based on this data, it can be postulated that 10% NA and 25% NA were the
preferred media for enumerating bacteria from the coral reefs as oligotrophic
bacteria were the indigenous population of the system.
PRE

0

-1 -2 -3 -4 OLIGO

10% NA

25% NA

50% NA

100% NA

MON
1.5
1.0
0.5
0.0
-0.5
-1.0
OLIGO

10% NA

25% NA

50% NA

100% NA

POST
30
25
20
15
10
5
0
OLIGO

10% NA

25% NA

50% NA

100% NA

Figure 6 A: Temporal variation in abundance of culturable heterotrophic bacteria of
water in oligotrophic and copiotrophic media with respect to MA at KO
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Figure 6 B: Temporal variation in abundance of culturable heterotrophic bacteria of
water in oligotrophic and copiotrophic media with respect to MA at KL
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4.2.1.3.3. Selective Groups of Bacteria
4.2.1.3.3.1. Gram Positive Bacteria

Abundance of Gram positive bacteria in the ambient water of KO was
in the order of 10 2 cells mrl . Maximum number was observed during
postmonsoon (6.67 ± 3.2 x 10 2 cells mr1 ) followed by monsoon and
premonsoon (Figure 7A). In KL also CFU in selective media was in the order
of 102 cells mr 1 . The highest count was obtained during premonsoon period
(2.23 ± 0.97 x 10 2 cells mr1 ), followed by postmonsoon and monsoon
(Figure 7A). The population of Gram positive bacteria was one order lesser
than the total heterotrophic population throughout the study period at both
the stations. In KO, Gram positive bacteria constituted 5.7% of total
heterotrophic population and in KL it was 1.96%.
4.2.1.3.3.2. Facultative Anaerobic Bacteria

-

Enterobacteriaceae

The population of this group was of magnitude 10 2 cells mrl . In KO,
the population ranged from 10 2 to 103 cells mr 1 . The highest density was
during postmonsoon (3.66 ± 1.5 x 10 3 cells mr 1 ) followed by premonsoon
and monsoon (Figure 7A). In KL, the highest count obtained during
premonsoon period was 3.83 ± 2.02 x 10 2 cells mrl , followed by
postmonsoon and monsoon (Figure 7B). The population of
Enterobacteriaceae was one to two orders lesser than the heterotrophic
abundance.
4.2.1.3.3.3. Facultative Anaerobic Bacteria

-

Vibrios

Vibrios of the ambient water ranged from 10 2 to 103 cells mr 1 (Figure
7A & B). In KO, the highest number of vibrios was recorded during
premonsoon (1.16 ± 0.28 x 10 3 cells mr 1 ) followed by postmonsoon and
monsoon. In KL, the highest count obtained during premonsoon period was
2.1 ± 0.62 x 10 2 cells mr 1 , followed by monsoon and postmonsoon. The
population of Vibrios in KL and KO was one order lesser than the total
heterotrophic bacteria except during the premonsoon. In general, the
retrievability of bacterial counts in the different selective media was lesser
60
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than that of the total heterotrophic bacteria by an order throughout the study
period.
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Figure 7 A: Temporal variation in different bacterial groups at KO
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Figure 7 B: Temporal variation in different bacterial groups at KL
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4.2.2. Water- Geographical Variation
4.2.2.1. TC, TVC, CFU

The spatial variation in bacterial abundance based on the two
geographical locations, the east coast and the west coast is given in Figure 8.
In the ambient waters of GOM, the average value of TC value recorded was
2.15 ± 0.14 x 108 cells ml-' while TVC was 5.63 ± 1.25 x 10 5 cells m1-1 . The
culturable heterotrophic population was in the order of 104 cells ml-'
(1.5 ± 0.84 x 104 m1-1 ) in marine agar. In Kavaratti (KI), TC and TVC counts
were 1.43 ± 1.90 x 10 8 and 3.3 ± 0.79 x 105 cells m1-1 respectively. The
heterotrophic population at the two locations was in the order of 10 4 cells
m1-1 . TC, TVC and heterotrophic population at GOM was higher than KI.

Figure 8: Geographical variation in bacterial abundance of water at GOM and KI

4.2.2.2. Oligotrophic and Copiotrophic Media

In GOM, the bacterial cultivability from ambient water in all the media
was 104 cells m1-1 . In OLIGO medium the population was 2.34 ± 0.11 x
104cells ml -' whereas in 25% NA it was 2.48 ± 0.27 x 10 4 cells m1-1 . There
was a decrease in bacterial abundance with increase in nutrient
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concentration. Similar trend was observed for KI (Figure 9). In both the
regions, though geographically apart, maximum count was obtained in 10%
NA.

GOM

o KI

100% NA

50% NA

ea
1:3

25% NA

10% NA

OLIGO
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Figure 9: Geographical variation in bacterial abundance of water in different media

at GOM and KI

Comparison of the different media with reference to MA showed that
all media gave higher recoverability of bacteria except in 100% NA in both
GOM and KI. Percentage of retrievability with respect to MA varied from 0.01
to 0.10%. Though geographically separated by Indian subcontinent, the
maximum retrievability was in 10% NA in both locations (Figure 10).
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Figure 10: Geographical variation in abundance of culturable heterotrophic bacteria
of water in oligotrophic and copiotrophic media with respect to MA at
GOM and KI

4.2.2.3. Selective Groups of Bacteria
In GOM, the population of Gram positive bacteria was 7.87 ± 2.31 x
102 cells m1-1 whereas at KI it was 1.8 ± 0.19 x 10 2 cells m1-1 (Table 4).
Vibrios were in order of 102 cells ml-' in both the regions with GOM recording
2.0 ± 0.4 x 102 cells m1-1 . Enterobacteriaceae density was one order higher
in GOM. Gram positive bacteria were lesser than 5% of the total
heterotrophic bacteria at the two locations. Vibrios accounted for more than
1% of the total heterotrophic population (Table 4).
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Me8alts,

Groups

GOM

KI

Gram positive bacteria

1.96

5.19

Enterobacteriaceae

1.8

0.34

Vibrio

1.32

1.12

Table 4: Percentage of different bacterial groups with reference to heterotrophic
population of water at GOM and KI

4.2.3. Statistical Analysis
nMDS analysis of all the 8 environmental parameters and 8
abundance variables including TC, TVC and heterotrophic bacterial counts
in 6 different media is given in the Figure 11. At 97% similarity, 3 different
clusters were formed. Generally, monsoon profoundly influences the
environmental parameters of tropical regions. In the present study also it
acted as the major determining factor discerning different clusters. The
impact of monsoon on bacterial abundance was clearly evident from the
formation of clusters in KI. The monsoonal clusters of Kavaratti (KO MON
and KL MON) were dissimilar from both non-monsoonal clusters of KI and
GOM. A marked spatio-temporal variation was observed. It clearly showed
that season and location are good discriminators of one group from another.
Trantionn: Square root
Resemblance: 617 Bray Cu rase milanOi
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Figure 11: nMDS plot of environmental parameters and abundance variables of
water in temporal and spatial scale
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4.2.4. Sponge - Temporal Variation
4.2.4.1. Heterotrophic Counts (CFU)
4.2.4.1.1. Marine Agar

The total heterotrophic bacteria retrieved in MA from the sponge
D. granulosa were 106 to 107 g-1 (w/w) of tissue. Premonsoon recorded the

highest count of 2.87 ± 0.33 x 10 7 cells g-1 (w/w). Minimum population of
7.9 ± 0.85 x 106 cells g-1 (w/w) was observed during monsoon (Figure 12).
During postmonsoon the population was 1.6 ± 0.16 x 10 7 cells g-1 (w/w).
There was difference in abundance between the two sponges. In the sponge
S. fibulata, the population was of the same order. However, there was

difference in temporal trend with premonsoon ranking high followed by
monsoon and postmonsoon, 3.22 ± 0.68 x 10 7, 3.73 ± 0. 36 x 10 6, 2 .17 ±
0.06 x 106 cells g-1 (w/w) respectively. The abundance in both the species
were in similar order and a temporal variation was observed in both

D.

granulosa and S. fibulata.
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35
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Figure 12: Temporal variation in heterotrophic bacterial population associated with

D. granulosa (DG) and S. fibulata (SF)
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4.2.4.1.2. Oligotrophic and Copiotrophic Media

The temporal variation in bacterial population of sponge D.

granulosa

is shown in Figure 13A. Temporal variation was observed in bacterial
abundance in all media with premonsoon showing maximum retrievability.
Though bacterial abundance was high in all media, oligotrophic medium was
more favourable for bacterial growth especially during the premonsoon. In
low concentration media viz, 10% and 25% NA, the bacterial abundance
gradually increased from 4.43 ± 0.14 x 10 7 to 4.8 ± 0.16 x 107 cells g-1 (w/w)
where as such trend was not observed during the monsoon and
postmonsoon period. During the monsoon and postmonsoon, 50% NA gave
the highest population of 6.4 ± 0.49 x 10 6 and 2.78 ± 0.49 x 10 7cells
g -1 (w/w) respectively.

0 POST
III MON

100% NA

0 PRE
50% NA

13
4)

811121111
-

I-I

25% NA

I-'
10% NA

OLIGO

0

20

40

60

CFU x 106 g-1 (wlw)
Figure 13 A: Temporal variation in bacterial cultivability of sponge D. granulosa in
different media

In sponge S. fibulata, during monsoon and postmonsoon periods the
overall population was low irrespective of the media (Figure 13B). Like D.
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granulosa, the population was high during the premonsoon period. In OLIGO

medium, the population was 4.95 ± 0.66 x 10 7 cells g-1 (w/w) whereas in
100% NA it was 5.63 ± 0.64 x 107 cells g-1 (w/w). Bacterial abundance was
high in 10% NA irrespective of seasons. However, there was no significant
difference in population between different media.
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Figure 13 B: Temporal variation in bacterial cultivability of sponge S. fibulata in
different media

Comparison of the bacterial retrievability in different media with
respect to MA of D. granulosa and S. fibulata are given in Figure 14 A&B. In
the sponge, D. granulosa 25% NA gave maximum cultivability when
compared to all other media during premonsoon and postmonsoon. During
monsoon the highest retrievability was obtained with MA. In S. fibulata,
highest cultivability was in 10% NA during non-monsoon. Similar trend was
observed in D. granulosa during the monsoon.
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Figure 14 A: Temporal variation in abundance of culturable heterotrophic bacteria
of D. granulosa in oligotrophic and copiotrophic media with respect to
MA
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Figurel4 B: Temporal variation in abundance of culturable heterotrophic bacteria
of S. fibulata in oligotrophic and copiotrophic media with respect to MA
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4.2.4.1.3. Selective Groups of Bacteria
4.2.4.1.3.1. Gram Positive Bacteria

In sponge D. granulosa, Gram positive bacteria were in the order of
103 g-1 (w/w) of sponge tissue. The highest population was observed during
monsoon period (4.4 ± 0.82 x 10 3 cells g-1 (w/w) and the lowest population
was during postmonsoon (1.6 ± 0.01 x 10 3 cells g-1 (w/w) (Figure 15A). In the
sponge S. fibulata,

population was one order higher than that of

D. granulosa (104 g-1 (w/w) of sponge tissue). The highest count obtained
during premonsoon period was 1.66 ± 0.17 x 10 4 cells g-1 (w/w). Lowest
population was during monsoon (1.28 ± 0.9 x 10 4 cells g-1 (w/w) (Figure 15B).
4.2.4.1.3.2. Facultative Anaerobic Bacteria - Enterobacteriaceae

The Enterobacteriaceae population ranged from 10 2 to 103 g-1 (w/w) in

D. granulosa (Figure15A). Postmonsoon recorded the highest density of 4.4
± 0.04x 10 3 cells g-1 (w/w), followed by monsoon with 8.1 ± 1.12 x 10 2 cells
g-1 (w/w) whereas in premonsoon it was 4.6 ± 0.73 x 10 2 cells g-1 (w/w). In the
sponge S. fibulata, the population ranged from 10 3 to 104 g-1 (w/w) of sponge
tissue (Figure 15B). The highest count obtained during premonsoon period
was 1.6 ± 0.14 x 10 4 cells g-1 (w/w). The lowest population was obtained
during postmonsoon (1.4 ± 0.64 x 10 3 cells g-1 (w/w)). However, during
monsoon it was 3.2 ± 0.12 x 103 cells g-1 (w/w).
4.2.4.1.3.3. Facultative Anaerobic Bacteria - Vibrios

Vibrios of the sponge D. granulosa varied between 10 3 and 104 g-1
4 cells g-1 (w/w)(w/)ofspngetiu.Th scontf1.08±4x
was observed during postmonsoon period followed by premonsoon, (8 ±
1.28 x 103 cells g-1 (w/w)) and monsoon (2.0 ± 0.09x 10 3 cells g-1 (w/w)). In
the sponge S. fibulata, maximum population was during premonsoon period
(2.12 ± 0.41 x 104 cells g-1 (w/w)). Vibrio associated with the sponge
S. fibulata was the lowest during postmonsoon 7.4 ± 0.04 x 10 3 cells g-1 (w/w)

(Figure 15B).
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Figure 15 A: Temporal variation of different bacterial groups associated with D.
granulosa
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Figure 15 B: Temporal variation of different bacterial groups associated with S.
fibulata
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4.2.5. Sponge - Geographical Variation
4.2.5.1. Heterotrophic Counts (CFU)
4.2.5.1.1. Marine Agar

Heterotrophic bacterial population associated with the sponge S.
fibulata from two geographically well separated locations, the east coast and

the west coast of India is given in Figure 16. The population in GOM was
1.42 ± 0.42 x 10 7 g-1 (w/w) whereas at KI it was 3.22 ± 0.42 x 10 7 g-1 (w/w) of
sponge tissue.

0 GOM
0 KI
GOM

KI

0

10

20

30

40

CFU x 106 g:1 (w/w)

Figure 16: Geographical variation in the abundance of culturable heterotrophic
bacteria associated with S. fibulata at GOM and KI

4.2.5.1.2. Oligotrophic and Copiotrophic Media

In GOM, the retrievability of bacteria associated with S. fibulata in all
the media was 10 7 g-1 (w/w) whereas in KI it was one order lesser except for
25% NA. Abundance of bacteria associated with the sponge S. fibulata in
OLIGO media was 1.81 ± 0.78 x 107g-1 (w/w) of sponge tissue whereas in
100% NA it was 2.01 ± 0.1 x 10 7 g-1 (w/w) of sponge tissue at GOM (Figure
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17). The highest bacterial abundance was in 10% NA at GOM, whereas at
KI it was in MA followed by 25% NA. Lower nutrient concentration of either
10% or 25% NA gave maximum abundance at both the locations.
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Figure 17: Geographical variation in bacterial abundance of S. fibulata in different
media at GOM and KI

When comparing the retrievability of bacteria associated with the
sponge S. fibulata from GOM and KI, higher nutrient concentration gave
higher abundance in GOM; whereas low nutrient concentration was coupled
with higher abundance in KI (Figure 18). Prominent variation was observed
in the abundance of bacteria associated with the sponge S. fibulata due to
geographical differences.
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Figure 18: Geographical variation in the abundance of culturable heterotrophic
bacteria of S. fibulata in oligotrophic and copiotrophic media with
respect to MA at GOM and KI

4.2.5.1.3. Selective Groups of Bacteria

The population of Gram positive bacteria associated with S. fibulata at
GOM was 1.48 ± 0.23 x 10 4 g-1 (w/w), whereas at KI it was 1.49 ± 0.19 x 10 4
-1 (w/w) cells m1 -1 (Figure 19). Vibrios were in the order of 10 4 g-1 (w/w) in g
both the locations with GOM recording 1.84 ± 0.17 x 10 4 g-1 (w/w).
Enterobacteriaceae density was one order lower compared to other groups
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with higher abundance in KI. Gram positive bacteria were lesser than 5% of
the total heterotrophic bacteria at the two locations. The Vibrios were high
and accounted for more than 1°/0 of the total heterotrophic population.

MGOM

CFU x 104 g-1 (w/w)

OKI

Gram positive bacteria

Enterobacteriacea

Vibrios

Groups

Figure 19: Geographical variation of different bacterial groups associated with
S. fibulata at GOM and KI

4.2.6. Sponge - Abundance - Direct Count Methods
Attempts to enumerate the bacteria associated with sponges using
epifluorescence microscopy yield no conclusive results. Fluorochromes that
were used for enumeration bound with DNA and on exposure to UV
illumination fluorescence was produced in both the sponge as well as
bacterial DNA making the enumeration of bacteria associated with sponges
unreliable. However, by examination through scanning electron microscope
(SEM) bacterial cells were observed and are depicted in the
photomicrograph of D. granulosa and S. fibulata in Plate 1.
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Al. 100 x magnification with 100 p.m
scale bar

A2. 8000 x magnification with 4 p.m scale
bar

B1. 2000 x magnification with 10 p.m
scale bar

B2. 8000 x magnification with 2 p.m scale
bar

Plate 1: Scanning electron photomicrograph showing bacteria in (A) D. granulosa
and (B) S. fibulata (magnified view is shown on the right side with arrow
marking bacteria)
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4.3. Diversity
4.3.1. Cultivation Dependent - Water
4.3.1.1. Temporal Variation - Kavaratti Oceanic Region (KO)
4.3.1.1.1. Phenotypic Characterization
Bacterial isolates were subjected to biochemical tests and were
grouped into different genera based on the phenotypic characterization.
Vibrio was the predominant genus constituting about 10 - 70% of the isolates
in different seasons. Firmicutes was the second most abundant group with
Bacillus and Staphylococcus forming 8 - 59% of the culturable bacteria from
KO.

Photobacterium

and

Acinetobacter

were the other

Gammaproteobacteria present during monsoon and postmonsoon period.
Micrococcus was the only Actinobacteria obtained at KO. About 8 - 31 % of
bacteria isolated from the oceanic water of Kavaratti were unable to be
identified using the traditional biochemical tests and were classified as
unidentified group (Figure 20).

100%

C3 Vibrio
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90% -
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80% -

I9 Bacillus

70%

■ Mcrococcus
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PRE
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Figure 20: Temporal variation in distribution of bacteria at KO based on phenotypic
characterization
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4.3.1.1.2. Genotypic Characterization

In this study, the restriction digestion pattern of a bacterial isolate with
a characteristic number and position of bands was termed as a phylotype
and this terminology has been followed henceforth. Phylotypes were
grouped into different clusters based on UPGMA tree using the Bionumerics
software (Applied Maths, Belgium). Frequency of occurrence of a particular
fingerprinting pattern was recorded. Total number of different fingerprinting
patterns thus recorded was determined as the total number of phylotypes.
Unique or non-shared phylotypes had only one representative for that
particular banding pattern. Representative bacteria from each phylotype
were sequenced. Partial sequences were assembled in Sequencher
software (Genecode, USA) and the resultant contigs were checked for
chimera formation using Pintail algorithm. The sequences were then
compared in the GenBank database by using the BLAST algorithm.
Similarity to the nearest culturable bacterial type strain were determined in
the Ez Taxon Server and the appropriate phylogenetic positions were
assigned.
The 97 planktonic bacteria isolated from oceanic region of KI
exhibited temporal variation in the number of total and unique phylotypes.
During premonsoon, the number of phylotypes were 19 and 58% of these
were unique. The number of phylotypes decreased to 14 during monsoon
but unique phylotypes constituted 64% of total phylotypes. During
postmonsoon, 5 different phylotypes were obtained and only one unique
finger printing pattern was present. The clustering of RFLP patterns of
representative bacteria is shown in Figure 21. Identification, phylogenetic
affiliation and similarity to the nearest culturable neighbour of representative
bacteria at KO is given in Table 5. Bacteria isolated from ambient water at
KO showed 97.2 to 100% similarity with sequences from NCB! as well as Ez
taxon database.
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Figure 21: Clustering of RFLP patterns of representative bacteria from water at KO
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F71001

Vibrio rotiferianus

99.424

H0908725

Proteobacteria

Gamma

Vibrionales

F71003

Bacillus oceanisediminis

99.705

H0908726

Firmicutes

Bacilli

Bacillales

F71005

Acinetobacter radioresistens

97.210

H0908727

Proteobacteria

Gamma

Pseudomonadales

F71006

Staphylococcus epidermidis

99.927

H0908728

Firmicutes

Bacilli

Bacillales

F71019

Acinetobacter radioresistens

97.626

H0908729

Proteobacteria

Gamma

Pseudomonadales

F71020

Staphylococcus hominis

98.960

H0908730

Firmicutes

Bacilli

Bacillales

F71021

Photobacterium damselae

98.875

H0908731

Proteobacteria

Gamma

Vibrionales

F75029

Staphylococcus epidermidis

99.928

H0908732

Firmicutes

Bacilli

Bacillales

F75031

Kocuria kristinae

99.688

H0908734

Actinobacteria

Actinobacteria

Actinomycetales

F75073

Gordonia bronchialis

97.011

H0908735

Actinobacteria

Actinobacteria

Actinomycetales

F75121

Vibrio campbellii

99.779

H0908736

Proteobacteria

Gamma

Vibrionales

F75144

Vibrio owensii

100

H0908737

Proteobacteria

Gamma

Vibrionales

F75157

Vibrio coralliilyticus

98.494

H0908738

Proteobacteria

Gamma

Vibrionales

F77007

Vibrio owensii

99.505

H0908739

Proteobacteria

Gamma

Vibrionales

F77022

Photobacterium damselae

100

H0908740

Proteobacteria

Gamma

Vibrionales

F77029

Staphylococcus pasteuri

100

H0908741

Firmicutes

Bacilli

Bacillales

F77032

Staphylococcus pasteuri

99.928

H0908742

Firmicutes

Bacilli

Bacillales

F77052

Rothia terrae

99.784

H0908743

Actinobacteria

Actinobacteria

Actinomycetales

F77054

Pontibacter niistensis

99.749

H0908744

Bacteroidetes

Cytophaga

Cytophagales

F77059

Salinicola salarius

98.563

H0908745

Proteobacteria

Gamma

Oceanospirillales

F77067

Chromohalobacter salexigens

100

H0908746

Proteobacteria

Gamma

Oceanospirillales

F77071

Vibrio neptunius

98.099

H0908747

Proteobacteria

Gamma

Vibrionales

F71004

Bac0uxhmrikoohii

99.012

JF281753

Firmicutes

Bacilli

Bacillales

F75164

Micrococcus fiavus

99.257

JF281754

Actinobacteria

Actinobacteria

Actinomycetales

F77028

Vibrio nigripulchritudo

99.927

JF 281755

Proteobacteria

Gamma

Vibrionales

F77068

Photobacterium damselae

100

JF281756

Proteobacteria

Gamma

Vibrionales

F77070

Halommnaoventooae

100

JF281757

Proteobacteria

Gamma

Oceanospirillales

F75032

Vibrio caribbenthicus

99.641

H0161747

Proteobacteria

Gamma

Vibrionales

F75039

Vibrio campbellii

99.856

H0161748

Proteobacteria

Gamma

Vibrionales

Table 5: Phylogenetic affiliation of bacteria of water at KO
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The bacterial isolates belonged to Alpha and Gamma class of
Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes. The common
phylogenetic groups of bacteria seen during the entire study period in the
oceanic region were Gammaproteobacteria and Firmicutes (Table 6).

Premonsoon

72

8

8

11

0

Monsoon

29

0

47

20

4

Postmonsoon

33

8

58

0

0

Table 6: Temporal variation in the percentage of bacteria at phylum level at KO

There was a temporal variation in the number of genera in each
phylum and their percentage distribution in each season is given in Figure
22 A, B & C. The culturable bacteria of the ambient water at KO was
dominated by Gammaproteobacteria (72%), followed by Actinobacteria
(12%) comprising Micrococcus, Gordonia and Kocuria. Phylum Firmicutes
(Staphylococcus) and class Alphaproteobacteria (Labrenzia) comprised 8%
each of the culturable community from Kavaratti oceanic region in the
premonsoon. There was an inversion in bacterial diversity during the
monsoon compared to other seasons at KO. Firmicutes were the
predominant phyla present in the water comprising Staphylococcus (46%)
and Oceanobacillus (2%). In Gammaproteobacteria, Vibrio contributed to
about 16%,

Photobacterium

(6%)

Salinicola, Chromohalobacter

and

Halomonas contributed 2% each. Kocuria (16%), Micrococcus (2%) and
Rothia (2%) were the Actinobacteria present in the water during monsoon.
Pontibacter (4%) of class Cytophaga of phylum Bacteroidetes were also
present. In postmonsoon period, phylum Firmicutes dominated in culturable
heterotrophic bacteria isolated from water. Nearly 60% of the bacteria
belonged to Staphylococcus and Bacillus. Acinetobacter (17%), Vibrio and
Photobacterium (8% each) represented Gammaproteobacteria. Paracoccus of
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class Alphaproteobacteria formed 8% of the total culturable bacterial
community.

Figure 22 A: Diversity of bacteria isolated from water at KO during premonsoon
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Figure 22 B: Diversity of bacteria isolated from water at KO during monsoon
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Figure 22 C: Diversity of bacteria isolated from water at KO during postmonsoon

4.3.1.1.3. Diversity Indices: Temporal Variation

Diversity Indices were calculated to understand the temporal variation
in diversity of bacteria isolated from water at KO. Shannon - Weiner diversity
index was high during monsoon, followed by postmonsoon and premonsoon.
Margalef index (d) for species richness followed a similar trend. Species
evenness was estimated as Pielou's index for evenness (J') and was the
highest during postmonsoon followed by monsoon and premonsoon.
Diversity indices of KO are given in Table 7.
KO
Diversity Indices

Premonsoon

Monsoon

Postmonsoon

Richness (d)

1.395

2.569

2.012

Evenness (J')

0.563

0.721

0.884

Shannon (H log e)

1.009

1.729

1.583

Table 7: Temporal variation in the diversity indices at KO
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4.3.1.1.4. Diversity Indices: Media Variation
Diversity indices were calculated to find out the most suitable media
for obtaining maximum culturable bacterial diversity from water at KO.
Shannon — Weiner index for bacterial diversity was the highest in 50% NA
and the lowest was recorded in OLIGO medium. Species richness (d) of the
water isolates of Kavaratti lagoon was the highest in 50% NA medium.
Pielou's index for species evenness was recorded the highest in 10% NA.
As seen from the Figure 23, the most suitable medium for studying diversity
of oceanic water was 50% NA when compared to the other media used in
this study.

El Richness
DEvenness
13Shannon

OLIGO 10% NA 25% NA 50% NA 100% NA MA
Media

Figure 23: Diversity indices for different media at KO

4.3.1.2. Temporal Variation - Kavaratti Lagoon (KL)
4.3.1.2.1. Phenotypic Characterization
The bacterial isolates from the Kavaratti lagoon water samples were
grouped into different genera based on the results of their phenotypic
characterization. In the culturable bacterial population from the ambient
water of Kavaratti lagoon,

Vibrio was recorded the highest during

premonsoon, followed by monsoon and postmonsoon. Micrococcus was

tsi
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present during premonsoon. Staphylococcus, Photobacterium and Bacillus
were the other genera identified from ambient water at KL. About 13 - 53%
of the bacterial isolates were classified as unidentified (Figure 24).

100% -

Vibrio
Photobacterium

90% -

E2 Staphylococcus
80% -

Est Bacillus
Micrococcus

70% -

ci Unidentified
60% co
C
0

50% -

a.

a.

40% 30% 20% 10% 0%

PRE

MON

POST

Seasons

Figure 24: Temporal variation in distribution of bacteria at KL based on phenotypic
characterization
4.3.1.2.2. Genotypic Characterization

Bacteria isolated from KL showed variation in the total and unique
phylotypes. During premonsoon, 22 different phylotypes were obtained
during premonsoon of which 50% was unique. In monsoon, total phylotypes
obtained was 11 and among those 63% were unique ones. During
postmonsoon, 6 different phylotypes were obtained and among them three
of were non-sharing. The fingerprinting pattern of representative bacteria
from the lagoon site is shown in Figure 25. Identification of representative
bacteria at KL was given in Table 8. Bacteria isolated from ambient water at
KL showed 97.7 to 100% similarity with sequences from NCBI as well as Ez
taxon database.
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F75201
F75088
F75149
F75186
F75133
F75224
F75219
F75132
F75202

11

F75036
F75065
F77012
F71018
F77014
F71025
F75200
F75037
F75124
F75147
F75208
F75105
F75155
F75079
F75090
F75119

Figure 25: Clustering of RFLP pattern of representative bacterial isolates from KL
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L
ISOLATE

ORGANISM

SIM
INDEX

Accession
no

Phylum

Class

Order

F71013

Kocuria rhizophila

97.853

H0908748

Actinobacteria

Actinobacteria

Actinomycetales

F71024

Vibrio owensii

99.925

H0908749

Proteobacteria

Gamma

Vibrionales

F75065

Vibrio tubiashii

98.288

H0908750

Proteobacteria

Gamma

Vibrionales

F75079

Exiguobacterium aurantiacum

99.780

H0908751

Firmicutes

Bacilli

Bacillales

F75090

Bacillus megaterium

99.855

H0908752

Firmicutes

Bacilli

Bacillales

F75105

Micrococcus flavus

98.788

H0908753

Actinobacteria

Actinobacteria

Actinomycetales

F75124

Micrococcus terreus

97.978

H0908754

Actinobacteria

Actinobacteria

Actinomycetales

F75132

Vibrio owensii

99.435

H0908755

Proteobacteria

Gamma

Vibrionales

F75141

Labrenzia aggregata

97.557

H0908756

Proteobacteria

Alpha

Rhodobacterales

F75200

Ruegeria atlantica

98.722

H0908757

Proteobacteria

Alpha

Rhodobacterales

F75201

Vibrio coralliilyticus

99.755

H0908758

Proteobacteria

Gamma

Vibrionales

F75208

Arthrobacter creatinolyticus

99.039

H0908759

Actinobacteria

Actinobacteria

Actinomycetales

F77002

Photobacterium damselae

99.523

H0908760

Proteobacteria

Gamma

Vibrionales

F71010

Paracoccus seriniphilus

97.975

JF281758

Proteobacteria

Alpha

Rhodobacterales

F71023

Vibrio gazogenes

99.305

JF281759

Proteobacteria

Gamma

Vibrionales

F71025

Paracoccus zeaxanthinifaciens

99.598

JF281760

Proteobacteria

Alpha

Rhodobacterales

F75064

Pseudoalteromonas rubra

99.240

JF281761

Proteobacteria

Gamma

Alteromonadales

F75127

Salinisphaera shabanensis

98.810

JF281762

Proteobacteria

Gamma

Salinisphaerales

F75119

Paracoccus marinus

95.820

JF281763

Proteobacteria

Alpha

Rhodobacterales

F75147

Microbulbifer variabilis

99.006

JF281764

Proteobacteria

Gamma

Alteromonadales

F75155

Microbulbifer variabilis

99.143

JF281765

Proteobacteria

Gamma

Alteromonadales

F75198

Aquimarina spongiae

99.267

JF281766

Bacteroidetes

Flavobacteria

Flavobacteriales

F75212

I diomarina fontislapidosi

99.875

JF281767

Proteobacteria

Gamma

Alteromonadales

F75219

Vibrio diabolicus

100

JF281768

Proteobacteria

Gamma

Vibrionales

F75084

Vibrio tubiashii

98.399

H0161749

Proteobacteria

Gamma

Vibrionales

F75087

Vibrio tubiashii

98.399

110161750

Proteobacteria

Gamma

Vibrionales

F75224

Vibrio campbellii

99.364

H0161751

Proteobacteria

Gamma

Vibrionales

F75225

Vibrio communis

99.789

H0161752

Proteobacteria

Gamma

Vibrionales

Table 8: Phylogenetic affiliation of bacteria from water at KL

88

Chapter 4

Resttlts,

The bacterial isolates obtained from KL belonged to the same
phylogenetic groups as in KO. Interestingly, the common Actinobacteria
present during monsoon at KO was absent in lagoon. Premonsoon had
representatives from all 4 phyla followed by postmonsoon with 3 phyla.
Bacterial isolates of KL during monsoon grouped into Firmicutes and
Proteobacteria (Table 9).
Phylogenetic groups
Seasons

Premonsoon

64

13

7

14

2

Monsoon

50

0

50

0

0

Postmonsoon

36

50

7

7

0

Table 9: Temporal variation in the percentage distribution of bacteria at phylum

level at KL

Temporal variation in the number of different bacterial genera was
observed in KL. During premonsoo, Gammaproteobacteria was the most
predominant phylogenetic group among the cultivable bacteria comprising
Vibrio (48%), ldiomarina (7%), Microbulbifer (5%), Salinisphaera (2%) and
Pseudoalteromonas (2%). Phylum Actinobacteria was the second most
dominant group comprising Micrococcus (12%) and Arthrobacter (2%).
Bacillus (4%),

Staphylococcus (2%) and Exiguobacterium (2%) were

obtained in Firmicutes. Aquimarina, a member of class Flavobacteria of
Phylum Bacteroidetes was also present in culturable community of water
(Figure 26A). During monsoon, 37% of the culturable bacterial community
was composed of Staphylococcus. Vibrio and Photobacterium belonging to
Gammaproteobacteria represented 25% each of the culturable population.
Oceanobacillus (Firmicutes) was also present during monsoon in the lagoon
water (Figure 26B). During postmonsoon, the culturable community of water
in Kavaratti lagoon was dominated by Paracoccus (50%), a member of Class
Alphaproteobacteria. Photobacterium (22%) and Vibrio (7%) represented the
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Class Gammaproteobacteria. Both Firmicutes and Actinobacteria were
present 7% each (Figure 26C).
O Vibrio
• ldiomarina

12%
4%

O Paracoccus

5%

OBacillus
O Micrococcus

2%

O Microbulbifer

2%

• Labrezia
0Aquimarina

2%

OArthrobacter

2%

OStaphylococcus

2%
2%

InSalinisphaera
0Pseudoalteromonas
O Exiguobacterium

48%

Figure 26 A: Diversity of bacteria isolated from water at KL during premonsoon

o Photobacterium
O Staphylococcus
O Vibrio
00ceanobacillus

25%

Figure 26 B: Diversity of bacteria isolated from water at KL during monsoon
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OStaphylococcus
OParacoccus
D Photobacterium
RI Kocuria

OVibrio

Figure 26 C: Diversity of bacteria isolated from water at KL during postmonsoon

4.3.1.2.3. Diversity Indices: Temporal Variation
Shannon - Weiner diversity index was recorded the highest during
premonsoon followed by postmonsoon and the lowest was obtained during
monsoon in KL. Species richness was the highest during premonsoon
followed by postmonsoon and the lowest species richness was recorded
during monsoon period. However, the highest species evenness was
recorded during monsoon, followed by postmonsoon and premonsoon,
which showed a reverse trend of Shannon index and Margalef richness
index (Table 10).
KL
Diversity Indices
Premonsoon

Monsoon

Postmonsoon

Richness (d)

2.981

1.443

1.516

Evenness (J')

0.718

0.953

0.827

Shannon Weiner (H)

1.842

1.321

1.332

Table 10: Temporal variation in the diversity indices at KL
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4.3.1.2.4. Diversity Indices: Media Variation
Shannon - Weiner index for bacterial diversity was the highest in
100% NA at KL. Lowest was recorded in OLIGO medium and increased
towards 100% NA and slightly lowered in MA. Margalef index for species
richness of the water isolates of Kavaratti lagoon were also higher in NA
medium. Pielou's species evenness index was recorded the highest in MA
(Figure 27).

OLIGO 10% NA 25% NA 50% NA 100% NA MA

Figure 27: Diversity indices for different media at KL

4.3.1.3. Geographical Variation
4.3.1.3.1. Phenotypic Characterization
In both GOM and KI, Vibrio was the dominant group. Vibrio, Bacillus
and Micrococcus were the bacterial genera present in GOM, whereas in KI,
in addition to these genera, Photobacterium and Staphylococcus were also
obtained. About 20% of culturable bacteria from the ambient water of GOM
were not affiliated to any phyla. In KI, 36% of the bacterial isolates were not
identified using phenotypic characterization (Figure 28).

as

jhroci

4
100% -

©V ibrio
■ Fhotobacterium

90%

0 Staphylococcus
80% -

O Bacillus
■ lvicrococcus

70%

0 Unidentified
60%
50% 40% 30%
20%
10% 0% -

KI

GOM

Seasons

Figure 28: Geographical variation in distribution of bacteria at GOM and KI based
on phenotypic characterization

4.3.1.3.2. Genotypic Characterization

Bacteria isolated from the ambient water of GOM exhibited a total of
12 different restriction digestion patterns, 41% of which were unique
patterns. However, in the ambient water isolates of KI, though 13 phylotypes
were present and 54% of these were unique. The clustering of RFLP pattern
of representative bacteria from water of GOM is given in Figure 29.

F84030
F84074
F84044
F84037
F84059
F84083
F84042
F84021
F84057
F84036

S
r
Figure 29: RFLP pattern of representative bacterial isolates from GOM

F84065
F84052
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Culturable bacteria from water in GOM belonged to Phylum
Proteobacteria, Firmicutes and Actinobacteria. Gammaproteobacteria and
Firmicutes were the most dominant groups constituting 45% and 25% of the
culturable community, respectively. A comparison between percentage
distributions of different phylogenetic groups of bacteria from geographically
well separated locations, ie, GOM and KI is given in Table 11.
Phylogenetic groups
Locations

Proteobacteria
Firmicutes

Actinobacteria

Bacteroidetes

Gamma Alpha
GOM

45

20

25

10

KI

50

21

21

7

1

Table 11: Geographic variation in the percentage distribution of bacteria at phylum

level at GOM and KI

Vibrio dominated the culturable heterotrophic bacteria in GOM

followed by Bacillus (25%) and Micrococcus (10%). Labrenzia (15%) and
Nautella (5%) were the other bacteria present in the ambient water from

GOM (Figure 30).

o Labrenzia
Micrococcus
si Bacillus

o Vibrio
Nautella

Figure 30: Diversity of bacteria isolated from ambient water at GOM
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4.3.1.3.3. Diversity Indices: Geographical Variation

A well distinguished geographic variation was observed. ShannonWeiner diversity index of bacteria was higher in KI than in GOM. Species
evenness was higher in GOM. As species evenness and species dominance
are inversely proportional, species dominance was higher in KI than in GOM.
Species richness was higher in KI compared to GOM (Table 12).
Locatio

Richness (d)

2.248

1.335

Evenness (J')

0.773

0.852

Shannon Weiner (H)

1.587

1.371

Table 12: Geographical variation in diversity indices at GOM and KI

4.3.2. Cultivation Dependent - Sponge
4.3.2.1. Temporal Variation - Dysidea granulosa
4.3.2.1.1. Phenotypic Characterization

Temporal variation was observed in the distribution of the culturable
heterotrophic bacteria associated with D. granulosa. Gammaproteobacteria
constituted 43 - 66% (Vibrio, Photobacterium and Acinetobacter) and
Firmicutes (Bacillus and Staphylococcus) formed 8 - 18% of the bacterial
isolates. About 16 - 31 % of the culturable heterotrophic bacteria were
grouped as unidentified bacteria due to the inherent limitation of the
biochemical characterization (Figure 31).

Chapter 4

g?estt

❑ Vibrio
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Figure 31: Temporal variation in distribution of D. granulosa associated bacteria
based on phenotypic characterization

4.3.2.1.2. Genotypic Characterization

A total of 164 bacterial isolates from D. granulosa were subjected to
restriction digestion analysis of 16S rRNA gene. The highest number of
phylotypes was obtained during premonsoon period and 31 different
phylotypes were obtained out of which 48% were unique phylotypes. During
monsoon, the number of phylotypes was reduced to 14 and 7 phylotypes
were unique ones. In postmonsoon, 16 different restriction digestion patterns
were obtained with 43.7% being unique. In D. granulosa, 50% of total
phylotypes were present in premonsoon whereas only 26% were present in
postmonsoon. The number of phylotypes was higher in both the dry periods
when compared to 23% during monsoon. The representative RFLP patterns
of the culturable bacteria associated with D. granulosa is given in Figure 32.
GenBank accession numbers, similarity index and phylogenetic affiliation of
the bacteria associated with D. granulosa are given in Table 13. Bacteria
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isolated from the D. granulosa showed 97.03 to 100% similarity with
sequences from NCBI as well as Ez taxon database.
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F75135
F75215
F75170
F75177
F75173
F75182
F75016
F75205
F75027
F75159
F75220
F75060
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F75102
F75187
F75017
F75067
F75014
F75004
F75011
F75002
F75018
F75010
F75180
F75103
F75028
F75168
F75167
F75196
F75211
F75023
F75057
F75114
F75025
F75176
F75026
F75174
F75061
F75203
F75206
F75094
F75071
F75072
F75080
F75115
F75108
F75183

Figure 32: Clustering of ,FLPpattern of bacteria associated with D. granulosa
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F71028
F71043
F71044
F71047
F71049
F71050
F71056
F71058
F71062
F71065
F71076
F71078
F75023
F75025
F75028
F75061
F75080
F75108
F75167
F75168
F75170
F75174
F75190
F75197
F75203
F75206
F77040
F77082
F77083
F77116
F75030
F71048
F71083
F75067
F75102
F75115
F75180
F77098
F77112
F75001
F75010
F75020
F75027
F75060
F75183
F75184
F75194
F75205
F75214
F75215
F75216
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ORGANISM
Staphylococcus epidermidis
Acinetobacter radioresistens
Staphylococcus pasteuri
Paracoccus zeaxanthinifaciens
Oceanobacillus iheyensis
Erythrobacter flavus
Sulfitobacter dubius
Pseudovibrio denitrificans
Vibrio owensii
Vibrio owensii
Microbulbifer agarilyticus
Ruegeria lacuscaerulensis
Ruegeria atlantica
Ruegeria lacuscaerulensis
Vibrio owensii
Bacillus flexus
Aquimarina litoralis
Corynebacterium minutissimum
Ruegeria atlantica
Ruegeria lacuscaerulensis
Vibrio owensii
Ruegeria atlantica
Vibrio owensii
Ruegeria lacuscaerulensis
Exiguobacterium mexicanum
Exiguobacterium mexicanum
Vibrio alginolyticus
Bacillus stratosphericus
Halomonas hydrothermalis
Bacillus stratosphericus
Ruegeria lacuscaerulensis
Erythrobacter flavus
Microbulbifer variabilis
Salinisphaera shabanensis
Vibrio diabolicus
Oceanobacillus iheyensis
Roseomonas cervicalis
Vibrio brasiliensis
Microbulbifer variabilis
Vibrio azureus
Vibrio owensii
Vibrio owensii
Vibrio owensii
Vibrio communis
Vibrio fortis
Vibrio owensii
Vibrio azureus
Vibrio owensii
Vibrio communis
Vibrio communis
Vibrio communis

SIM
INDEX

Accession
no

99.435
98.951
100
99.839
99.858

H0908659
H0908660
H0908661
H0908662
H0908663
H 0908664
H0908665
H0908666
H0908667
H0908668
H0908669
H0908670
H0908671
H0908672
H0908673
H0908674
H0908675
H0908676
H0908677
H0908678
H0908679
H0908680
H0908681
H0908682
H0908683
H0908684
H0908685
H0908686
H0908687
H0908688
H0908733
JF281732
JF281733
JF281734
JF281735
JF281736
JF281737
JF281738
JF281739
H0161732
H0161733
H0161734
H0161735
H0161736
H0161737
H0161738
H0161739
H0161740
H0161741
H0161742
H0161743

99.771
98.500
100
99.778
100
98.690
98.836
98.583
98.584
99.788
100
99.857
99.359
97.091
97.033
99.409
98.568
99.559
97.170
99.778
99.840
99.228
100
100
99.927
98.734
99.693
98.209
98.911
99.883
98.732
97.414
99.604
98.740
99.307
99.646
99.929
99.365
99.714
99.929
99.647
99.461
99.362
99.930
99.718
99.718

Phylum

Class

Order

Firmicutes
Proteobacteria
Firmicutes
Proteobacteria
Firmicutes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Firmicutes
Bacteroidetes
Actinobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Firmicutes
Firmicutes
Proteobacteria
Firmicutes
Proteobacteria
Firmicutes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Firmicutes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Bacilli
Gamma
Bacilli
Alpha
Bacilli
Alpha
Alpha
Alpha
Gamma
Gamma
Gamma
Alpha
Alpha
Alpha
Gamma
Bacilli
Flavobacteria
Actinobacteria
Alpha
Alpha
Gamma
Alpha
Gamma
Alpha
Bacilli
Bacilli
Gamma
Bacilli
Gamma
Bacilli
Alpha
Alpha
Gamma
Gamma
Gamma
Bacilli
Alpha
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma
Gamma

Bacillales
Pseudomonadales
Bacillales
Sphingomonadales
Bacillales
Sphingomonadales
Rhodobacterales
Rhodobacterales
Vibrionales
Vibrionales
Alteromonadales
Rhodobacterales
Rhodobacterales
Rhodobacterales
Vibrionales
Bacillales
Flavobacteriales
Actinomycetales
Rhodobacterales
Rhodobacterales
Vibrionales
Rhodobacterales
Vibrionales
Rhodobacterales
Bacillales
Bacillales
Vibrionales
Bacillales
Oceanospirillales
Bacillales
Rhodobacterales
Sphingomonadales
Alteromonadales
Salinisphaerales
Vibrionales
Bacillales
Rhodospirillales
Vibrionales
Alteromonadales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales
Vibrionales

Table 13: Phylogenetic affiliation with accession numbers of bacteria associated
with D. granulosa
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Two bacterial phyla were consistently retrieved through the traditional
cultivation method viz. Firmicutes and Proteobacteria. Class
Gammaproteobacteria was the predominant bacteria associated with
sponge throughout the study period. During premonsoon, in addition to the
other phyla Actinobacteria and Bacteroidetes were also present (Table 14).
Phylogenetic groups
Seasons

Proteobactena
Actinobacteria

Bacteroidetes

13

1

1

3

13

0

0

29

21

0

0

rm)cutes
Gamma

Alpha

Premonsoon

68

17

Monsoon

84

Postmonsoon

50

Table 14: Temporal variation in the percentage distribution of bacteria associated
with D. granulosa at phylum level

Vibrio was the most predominant genera in all three seasons and 7

different species of vibrios were isolated from D. granulosa. Postmonsoon
season was marked with a lowering in the percentage of Vibrio associated
with D.granulosa. During premonsoon, Ruegeria (Family Rhodobacterales;
Class Alphaproteobacteria) was second only to Vibrio. Bacillus (Family
Bacillales) was the third dominant group. Microbulbifer and Acinetobacter
were the other two Gammaproteobacteria associated with D. granulosa.
Paracoccus, Erythrobacter, Ruegeria, Sulfltobacter, Pseudovibrio were the

Alphaproteobacteria associated with

D. granulosa. Ruegeria was

consistently associated with D. granulosa throughout the sampling period.
The temporal variation of the different genera is given in Figure 33 A, B &C.
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Figure 33 A: Generic diversity of bacteria associated with the sponge D. granulosa
during the premonsoon
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Figure 33 B: Diversity of bacteria associated with the sponge D. granulosa during
monsoon
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O Paracoccus
Erythrobacter
■ Ruegeria

3%

MSulfitobacter
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Figure 33 C: Diversity of bacteria associated with the sponge D. granulosa during
postmonsoon •

43.2.1.3. Diversity Indices: Temporal Variation in

D. granulosa

Shannon - Weiner index for bacterial diversity associated with the
sponge D. granulosa was the highest during postmonsoon followed by
monsoon and premonsoon. Margalef index (d) for species richness was also
recorded the highest in the postmonsoon period followed by premonsoon
and the lowest species diversity was observed during monsoon. Species
evenness was estimated as Pielou's index for evenness and was the highest
during postmonsoon followed by monsoon and premonsoon. Diversity
indices for D. granulosa are given in Table 15.
D. granulosa
Diversity Indices
Prernonsoon

Monsoon

Postmonsoon

Richness (d)

2.716

1.649

2.749

Evenness (J')

0.575

0.776

0.813

Shannon (H log e)

1.474

1.511

1.949

Table 15: Temporal variation in the diversity indices of bacteria associated with

D. granulosa
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4.3.2.1.4. Diversity Indices: Media Variation in D. granulosa

The effect of various culture media with varying chemical composition
and nutrient concentration on the diversity of heterotrophic bacteria
associated with the sponge D. granulosa was evaluated. All the diversity
indices were higher in 25% NA. Shannon - Weiner diversity index was the
highest in 25% NA followed by 50% NA. Lowest diversity occurred in 100%
NA. However, species richness also was recorded the highest in the 25%
NA, followed by 10% NA. However, species evenness was the highest in MA
and the lowest in 100% NA medium. In D. granulosa, 25% NA gave
maximum diversity at genus level (Figure 34).
ffi Richness

4.0

0 Evenness
El Shannon

0.5
0.0
OLIGO

10% NA

25% NA

50% NA

100%

NA

MA

Media
Figure 34: Diversity indices for different media

4.3.2.2. Temporal Variation - Sigmadocia fibulata
4.3.2.2.1. Phenotypic Characterization

Majority of the culturable heterotrophic bacteria associated with S.
fibulata

from Kavaratti were identified as

Vibrio

by phenotypic

characterization. Staphylococcus and Bacillus formed the culturable fraction
of Firmicutes and were present throughout the study period. Photobacterium
and Micrococcus were present at least in two seasons. Unidentified bacteria
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constituted 14 to 26% of the culturable bacteria associated with S. fibulata in
different seasons (Figure 35).

Vibrio
Photobacterium

ei Staphylococcus
Bacillus
e Mcrococcus
Unidentified

PRE

MON

POST

Seasons

Figure 35: Temporal variation in distribution of S. fibulata associated bacteria
based on phenotypic characterization

4.3.2.2.2. Genotypic Characterization

A total of 132 bacterial isolates associated with the sponge S. fibulata,
when subjected to restriction digestion analysis of amplified 16S rRNA gene
gave diverse phylotypes. During premonsoon 18 different fingerprinting
patterns were obtained, out of which 72% accounted for unique phylotypes.
Monsoon had the maximum number of phylotypes (20) and 45% of which
were found to be unique ones. During postmonsoon, 12 phylotypes were
present and 41% of which were not shared. In culturable bacteria associated
with S. fibulata, 40% of the total fingerprinting patterns were obtained in
monsoon, 36% during premonsoon and 24% in the postmonsoon. Cluster
analysis of the representative RFLP patterns of culturable bacteria
associated with S. fibulata is shown below (Figure 36) and phylogenetic
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affiliation with similarity index and NCBI accession number of bacteria
sequenced is given in Table 16. Bacteria isolated from the sponge S. fibulata
showed 91.05 to 100% similarity with sequences from NCBI as well as Ez
taxon database. Isolate F77096 showed 91.051% similarity to Kiloniella
laminariae (Family : Kiloniellacea, Class : Alphapreoteobacteria) and isolate

F75058 showed 93.5% similarity to

Formosa spongicola (Family :

Flavobacteriacea, Phylum : Bacteroidetes). These two bacteria have not
been previously reported and were classified as novel bacteria.

F75056

It

F75044
F75117
F75043
F75038
F75140
F75109
F75207
F75062
F75151
F75172

F
II

It

F75195
F75171
F75189
F75052
F75053

I II

F75058
F75120

I II

F75113
F75059

III

III
I I

I II

F75075
F75078
F75063
F75112
F75204

3 I

F75049

Figure 36: Clustering of RFLP pattern of bacteria isolated from S. fibulata
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ISOLATE
F71053
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ORGANISM
Staphylococcus pasteuri

INDEX

SIM

Accession
no

99.856

H0908689

Phylum

Class

Order

Firmicutes

Bacilli

Bacillales
Bacillales

F71055

Staphylococcus epidermidis

98.621

H0908690

Firmicutes

Bacilli

F71059

Pseudovibrio denitrificans

100

H0908691

Proteobacteria

Alpha

Rhodobacterales

F71066

Vibrio owensii

99.685

H0908692

Proteobacteria

Gamma

Vibrionales

F75048

Vibrio owensii

99.397

H0908693

Proteobacteria

Gamma

Vibrionales
Vibrionales

F75051

Vibrio owensii

99.789

H0908694

Proteobacteria

Gamma

F75056

Vibrio brasiliensis

97.289

H0908695

Proteobacteria

Gamma

Vibrionales

F75058

Formosa spongicola

93.463

H0908696

Bacteroidetes

Flavobacteria

Flavobacteriales

F75062

Vibrio owensii

99.859

H0908697

Proteobacteria

Gamma

Vibrionales

Proteobacteria

Gamma

Vibrionales

F75109

Vibrio azureus

99.307

H0908698

F75112

Erythrobacter nanhaisediminis

97.249

H0908699

Proteobacteria

Alpha

Sphingomonadales

F75113

Erythrobacter citreus

98.624

H0908700

Proteobacteria

Alpha

Sphingomonadales
Oceanospirillales

F75120

Hahella chejuensis

99.207

H0908701

Proteobacteria

Gamma

F75150

Vibrio owensii

99.415

H0908702

Proteobacteria

Gamma

Vibrionales

F75189

Vibrio owensii

99.926

H0908703

Proteobacteria

Gamma

Vibrionales

F75204

Exiguobacterium mexicanum

98.112

H0908704

Firmicutes

Bacilli

Bacillales

F77045

Ruegeria lacuscaerulensis

98.528

H0908705

Proteobacteria

Alpha

Rhodobacterales

F77046

Ruegeria lacuscaerulensis

98.835

H0908706

Proteobacteria

Alpha

Rhodobacterales

F77050

Ruegeria atlantica

98.808

H0908707

Proteobacteria

Alpha

Rhodobacterales

Bacilli

Bacillales

F77063

Bacillus aryabhattai

99.117

H0908708

Firmicutes

F77064

Vibrio communis

99.927

H0908709

Proteobacteria

Gamma

Vibrionales

F77084

Rothia terrae

100

H0908710

Actinobacteria

Actinobacteria

Actinomycetales

F77090

Aurantimonas altamirensis

99.321

H0908711

Proteobacteria

Alpha

Rhizobiales

F77096

Kiloniella laminariae

91.051

H0908712

Proteobacteria

Alpha

Kiloniellales

F77105

Vibrio alginolyticus

98.944

H0908713

Proteobacteria

Gamma

Vibrionales

F77109

Photobacterium Ieiognathi

99.560

H0908714

Proteobacteria

Gamma

Vibrionales

Proteobacteria

Gamma

Vibrionales

F77111

Vibrio diabolicus

100

H0908715

F77118

Vibrio azureus

99.481

H0908716

Proteobacteria

Gamma

Vibrionales

F77142

Vibrio owensii

99.506

H0908717

Proteobacteria

Gamma

Vibrionales

F84002

Bacillus safensis

99.092

H0908718

Firmicutes

Bacilli

Bacillales

F84013

Thalassobius aestuarii

97.208

H0908719

Proteobacteria

Alpha

Rhodobacterales

F84035

Labrenzia marina

97.926

H0908720

Proteobacteria

Alpha

Rhodobacterales

F84055

Ruegeria lacuscaerulensis

97.410

H0908721

Proteobacteria

Alpha

Rhodobacterales

F84058

Nautella italica

98.234

H0908722

Proteobacteria

Alpha

Rhodobacterales

F84062

Ruegeria lacuscaerulensis

97.271

H0908723

Proteobacteria

Alpha

Rhodobacterales

F84072

Marinicella litoralis

97.099

H0908724

Proteobacteria

Gamma

Unclassified

F84006

Labrenzia alba

98.764

H0908761

Proteobacteria

Alpha

Rhodobacterales

F84009

Bacillus selenatarsenatis

98.648

H0908762

Firmicutes

Bacilli

Bacillales

F84034

Labrenzia marina

97.707

H0908763

Proteobacteria

Alpha

Rhodobacterales

F84036

Nautella italica

98.751

H0908764

Proteobacteria

Alpha

Rhodobacterales
Vibrionales
Actinomycetales

F84039

Vibrio diabolicus

100

H0908765

Proteobacteria

Gamma

F84045

Micrococcus yunnanensis

99.405

H0908766

Actinobacteria

Actinobacteria

91esellts,
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ISOLATE

ORGANISM

MO
INDEX

Accession
no

Phylum

Order

Class

F75038

Vibrio owensii

99.607

110908767

Proteobacteria

Gamma

Vibrionales

F71039

Vibrio owensii

100

JF281740

Proteobacteria

Gamma

Vibrionales

F71040

Vibrio brasiliensis

98.582

JF281741

Proteobacteria

Gamma

Vibrionales

F75050

Staphylococcus simiae

99.884

JF281742

Firmicutes

Bacilli

Bacillales

F75075

Pseudovibrio denitrificans

98.908

JF281743

Proteobacteria

Alpha

Rhodobacterales

F84075

Ornithinimicrobium pekingense

99.482

JF281744

Actinobacteria

Actinobacteria

Actinomycetales

F75117

Vibrio harveyi

99.334

JF281745

Proteobacteria

Gamma

Vibrionales

F84069

Serinicoccus prof undi

98.543

JF281746

Actinobacteria

Actinobacteria

Actinomycetales

F77073

Vibrio alginolyticus

99.550

JF281747

Proteobacteria

Gamma

Vibrionales

Gamma

Vibrionales

F77109

Photobacterium Ieiognathi

98.768

JF281748

Proteobacteria

F84063

Isoptericola chiayiensis

99.480

JF281749

Actinobacteria

Actinobacteria

Actinomycetales

F84053

Kangiella spongicola

96.047

JF281750

Proteobacteria

Gamma

Oceanospirillales

F84065

Nautella italica

100

JF281751

Proteobacteria

Alpha

Rhodobacterales

F84066

Microbacterium aquimaris

98.852

JF281752

Actinobacteria

Actinobacteridae

Actinomycetales

F75044

Vibrio owensii

99.859

H0161744

Proteobacteria

Gamma

Vibrionales

F75047

Vibrio owensii

99.434

H0161745

Proteobacteria

Gamma

Vibrionales

F75053

Vibrio neptunius

97.924

110161746

Proteobacteria

Gamma

Vibrionales

Table 16: Phylogenetic affiliation with accession numbers of bacteria associated
with S. fibulata

Species richness was recorded the highest in monsoon for the
bacterial community associated with S. fibulata. Gammaproteobacteria
(70%), Alphaproteobacteria (16%), Actinobacteria (8%) and Firmicutes (6%)
constituted the culturable community. Phylum Bacteroidetes was present in
premonsoon. During postmonsoon, Gammaproteobacteria formed 52% and
Firmicutes formed 18% of the culturable bacteria associated with S. fibulata
during postmonsoon (Table 17)
Phylogenetic groups
Seasons

Proteobacteria

F rmicutes

Actinobacteria

Bacteroidetes

12

12

0

2

71

15

6

8

0

53

26

18

3

0

Gamma

Alpha

Premonsoon

74

Monsoon
Postmonsoon

Table 17: Temporal variation in the percentage distribution of bacterial phyla
associated with S. fibulata
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Vibrio constituted more than half of the culturable heterotrophic

bacteria associated with the sponge S. fibulata. A variation in percentage
was observed in different seasons. Together with Vibrio, Photobacterium
and Hahella formed 74% of the culturable community during premonsoon.
Bacillus, Staphylococcus and Exiguobacterium formed 12% of firmicutes.

and

Ruegeria, Erythrobacter

Pseudovibrio

together formed 7% of

Alphaproteobacteria group. Formosa of phylum Bacteroidetes was present
in culturable bacterial community associated with S. fibulata during pre
monsoon. Gammaproteobacteria formed 70% of the culturable bacteria with
Vibrio, Photobacterium, Halomonas and Marinicella. Alphaproteobacteria

associated with S. fibulata comprised 16% of the culturable bacteria with
Ruegeria, Kiloniella and Aurantimonas. Actinobacteria (8%) and Firmicutes

(6%) were the other phyla that constituted the culturable community in
monsoon. During postmonsoon, Gammaproteobacteria (Vibrio) formed 52%
of the culturable heterotrophic fraction. Pseudovibrio (15%), Ruegeria (9%)
and Erythrobacter (3%) formed the Alphaproteobacterial component of the
culturable community. Firmicutes formed 18% with Staphylococcus and
Bacillus. Micrococcus (3%) formed the Actinobacteria fraction of culturable

community of the bacteria associated with S. fibulata during postmonsoon
(Figure 37 A, B & C).
OVibrio
■Staphylococcus

5%
■Ruegeria
OPseudovibrio
1,We
fre.loWehf4V
NA 0M/IMA 0.0
Aw..••••••••
//NN

▪ Exiguoba cteri u m
0 Formosa

lePhotobacterium
0Hahella

Figure 37 A: Diversity of bacteria associated with the sponge S. fibulata during pre
monsoon
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Figure 37 B: Diversity of bacteria associated with the sponge S. fibulata during
monsoon
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Figure 37 C: Diversity of bacteria associated with the sponge S. fibulata during
postmonsoon
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4.3.2.2.3. Diversity Indices: Temporal Variation
Shannon - Weiner index for bacterial diversity associated with the
sponge

S. fibulata was the highest during monsoon followed by

postmonsoon. Lowest species diversity was found in premonsoon. Margalef
index (d) for species richness was also recorded the highest in the monsoon
followed by premonsoon while the lowest species richness was observed
during postmonsoon. Species evenness was highest during postmonsoon
followed by monsoon and premonsoon. Diversity indices for S. fibulata are
given in Tablel8.

S. fOulata

'versify Indices

postmonsoon

Premonsoon

Monsoon

Richness (d)

2.408

2.784

1.701

Evenness (J')

0.556

0.644

0.733

Shannon (H log e)

1.281

1.600

1.426

Table 18: Temporal variation in the diversity indices of bacteria associated with

S. fibulata
4.3.2.2.4. Diversity Indices: Media Variation
The highest Shannon - Weiner index for the culturable bacteria
associated with the sponge S. fibulata was in 25% NA, followed by 50% NA
and 100% NA. The lowest diversity index was found in OLIGO medium.
Highest species richness was associated with NA followed by 25% NA. The
lowest richness index was found to be in OLIGO medium. Evenness was the
highest in 25% NA and the lowest for the culturable bacteria was in MA
(Figure 38)
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3.5
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O Evenness

3.0

EIShannon

2.5
2.0
1.5

t 1.0

a

0.5
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OLIGO 10% NA 25% NA 50% NA 100% NA MA

Media
Figure 38: Diversity Indices in different media
4.3.2.3. Geographical Variation- S. fibulata from GOM and KI
4.3.2.3.1. Phenotypic Characterization
Vibrio was the predominant culturable bacteria associated with the

sponge S. fibulata at GOM, forming 22% of the total culturable bacterial
fraction, whereas at KI, it was 60%.

Bacillus and Micrococcus were the

other culturable bacteria. However, 72% of the culturable bacteria
associated with S. fibulata from GOM were not identified using traditional
biochemical test and were grouped as unidentified bacteria (Figure 39).
o Vibrio

100%

Photobacterium
to Staphylococcus

ea Bacillus

80%

Micrococcus
O Unidentified

60%

40%

20%

0%
GOM

SF KI
Seasons

Figure 39: Geographical variation in the distribution of S. fibulata associated
bacteria based on phenotypic characterization
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4.3.2.3.2. Genotypic Characterization

Fingerprinting pattern obtained by restriction digestion of the 16S
rRNA gene from culturable bacteria associated with the sponge S. fibulata
from GOM gave 21 different restriction patterns and 13 were unique
restriction patterns. The clustering of RFLP pattern of bacteria associated
with S. fibulata from GOM is shown below (Figure 40)

•

F84029
F84080
F84047

I I
I I
II
II
III
1

F84015
F84034
F84035
F84040
F84058
F84055
F84068
F84069
F84053
F84050
F84082
F84039
F84066
F84067
F84009
F84016
F84002
F84046

Figure 40: Clustering of RFLP pattern of bacteria isolated from S. fibulata at GOM

In GOM, Alphaproteobacteria (63%) was the major culturable
bacterial group associated with S. fibulata followed by Gammaproteobacteria
(27%), Actinobacteria (6%) and Firmicutes. Gammaproteobacteria (66%)
was the predominant phylogenetic group of bacteria associated with

S.

fibulata from KI. Alphaproteobacteria and Firmicutes were the other major

groups. Both Actinobacteria and Bacteroidetes were also present in
culturable bacterial community associated with S. fibulata from KI (Table 19).

Chapter 4

.Westilt&

Phylogenetic groups
Locations

Proteobacteria

Firmicutes

Actinobacteria

Bacteroidetes

63

5

6

0

18

12

4

1

Gamma

Alpha

SF GOM

27

SF KI

66

Table 19: Geographical variation in the percentage distribution of bacterial phyla
associated with S. fibulata at GOM and KI

Alphaproteobacteria (63%) was the major group in culturable bacterial
community associated with S. fibulata from GOM. Ruegeria (31 %), Labrenzia
(20%), Kiloniella (6%), Nautella (3%) and Thalassobius (2%) represented the
Alphaproteobacteria. Gammaproteobacteria was the second most dominant
group forming 25% of the culturable bacteria represented by Vibrio (23%) of
Vibrionales and Kangiella (2%) of Kangiellales and Marinicella (2%) an
unclassified Gammaproteobacteria. Culturable Firmicutes community was
composed of Bacillus (3%) and Staphylococcus (2%). Actinobacteria formed
the third dominant group with different genera like

Serinicoccus,

Omithinmicrobium, lsoptericola and Microbacterium (Figure 41).

o Ruegeria
LILabrenzia
I.Kiloniella
• Nautella
0Vibrio

1%
1%
2%
2%
2%
2%
2%
2%

■ Bacillus
BStaphylococcus
■ Serinicoccus
DOmithinimicrobium
■ lsoptericola
0Microbacteriunn
IIThalassobius
O Marinicella

31%

eiKangiella

Figure 41: Diversity of bacteria associated with the sponge S. fibulata at GOM
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4.3.2.3.3. Diversity Indices: Geographical Variation
All the diversity indices were higher in GOM compared to KI. Species
richness of associated bacteria was markedly higher in S. fibulata from GOM
than in KI (Table 20).
Location
Diversity indices
KI

GOM

Richness (d)

2.055

3.138

Evenness (J')

0.644

0.737

Shannon (H log e)

1.353

1.944

Table 20: Geographic variation in the diversity indices of bacteria associated with

S. fibulata at GOM and KI

Bacterial diversity comparison
Among all the phylotypes, 35 phylotypes were the most frequent and
was present in atleast two sponges in atleast one season or present in more
than one season in any given sponge. 29 phylotypes were present in D.
granulosa and 27 in S. fibulata. Among these 18 were found in both sponges
but not in water and hence could be considered as sponge specific groups.
Two phylotypes were present in both sponges in all seasons. These were
alsoencountered in the sponge from but completely absent from ambient
water. This strongly indicates the presence of sponge specific bacteria
spanning wide geographic locations.
Bacterial diversity associated with sponge was higher in all media
except in OLIGO, where both water and sponge shared equal number of
bacterial genera. In sponge the maximum diversity occurred in 25% NA,
whereas in water it was in 100% NA (Figure 42). Among the sponges D.
granulosa gave maximum number of bacterial genera in 25% NA, while S.
fibulata gave maximum diversity in 100% NA (Figure 43).
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Figure 42: Comparison of culturable bacterial diversity of water and sponge.
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Figure 43: Comparison of culturable bacterial diversity associated with

D.

granulosa and S. fibulata
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Figure 44: Phylogenetic tree of culturable bacteria from the sponges
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4.3.3. Cultivation Independent - Sponge
4.3.3.1. DGGE Band Profile Analysis

The diversity and temporal variability of bacterial communities
associated with the marine sponges D. granulosa and S. fibulata as well as
the geographic variation in bacterial diversity in S. fibulata were investigated.
The image of the DGGE gel is given in Figure 44. DGGE gel was extracted
by image analysis which resulted in a binary matrix (presence or absence of
bands in different samples). DGGE profile consisted of a total of 53 band
classes based on the band position. A total of 26 bands were excised and
identity of sequenced DGGE bands is given in Table 21.

Figure 45:

DGGE profiles 16S rRNA gene fragments from D. granulosa (DG) and
S. fibulata

(SF). Lanes 1-3 (DG Postmonsoon, Premonsoon,

Monsoon); Lanes 4-6 (SF- Postmonsoon, Premonsoon, Monsoon);
Lane 7 (SF GOM); Excised bands are numbered in the DGGE gel.
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Band Id

‘Westtits,

Acc. Number ow

Nearest neighbour

SIM (%)

Affiliation

Band 1

HQ992829

Rhizobium sp.

96.8

Alphaproteobacteria

Band 2

HQ992830

Prochlorococccus marinus

97.8

Cyanobacteria

Band 3

HQ992831

Halochromatium salexigens

90.6

Gammaproteobacteria

Band 4

HQ992833

Sporanaerobacter acetigenes

83.0

Firmicutes

Band 5

HQ992839

Fervidobacterium pennivorans

89.1

Thermotogae

Band 6

HQ992845

Clostridium tepidiprofundi

83.0

Firmicutes

Band 7

HQ992870

Rubrobacter xylanophilus

89.8

Actinobacteria

Band 8

HQ992873

Micropruina glycogenica

88.1

Actinobacteria

Band 9

HQ992878

Desulfovibrio aminophilus

88.3

Deltaproteobacteria

Band 10

HQ992882

Spirochaeta americana

86.0

Spirochaetes

Band 11

HQ992884

Dehalogenimonas lykanthroporepellens

90.4

Chloroflexi

Band 12

HQ992889

Holophaga foetida

86.9

Acidobacteria

Band 13

HQ992895

Ruegeria Iacuscaerulensis

100.0

Alphaproteobacteria

Band 14

HQ992899

Clostridium clariflavum

87.4

Firmicutes

Band 15

HQ992906

Euzebya tangerina

91.2

Actinobacteria

Band 16

HQ992907

Hippea maritima

83.1

Deltaproteobacteria

Band 17

HQ992910

Caminibacter mediatlanticus

88.9

Epsilonproteobacteria

Band 18

HQ992915

Dethiosulfatibacter aminovorans

83.0

Firmicutes

Band 19

HQ992918

Desulfotomaculum aeronauticum

88.2

Firmicutes

Band 20

HQ992923

Caldilinea aerophila

87.3

Chloroflexi

Band 21

HQ992928

Sporanaerobacter acetigenes

83.0

Firmicutes

Band 22

HQ992932

Fervidobacterium pennivorans

89.1

Thermotogae

Band 23

HQ992935

Peptoniphilus gorbachii

84.4

Firmicutes

Band 24

HQ992941

Sporanaerobacter acetigenes

83.7

Firmicutes

Band 25

HQ992935

Peptoniphilus gorbachii

84.4

Firmicutes

Band 26

HQ992941

Sporanaerobacter acetigenes

83.7

Firmicutes

Table 21: Identity of excised and sequenced DGGE bands from BLAST search in

GenBank

The 26 prominent bands which were excised represented the
structure of the most numerically dominant bacterial population at that point
of time. Their positions are also shown in the same Figure 44. The 26 bands
belonging to different band classes were eluted and sequenced. Sequencing
analysis showed that sequence similarity of the excised bands ranged from
82-100% to that of the nearest culturable bacteria in the Ez Taxon Server.
About 0.7% of the sequenced bands were closely related (>98% similarity) to
the sequences deposited in the Ez Taxon Server while the remaining
exhibited lower sequence similarity (<97% similarity). The sequences
belonged to various bacterial phyla such as Acidobacteria, Actinobacteria,
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Chloroflexi, Cyanobacteria, Firmicutes, Proteobacteria, Spirochaetes and
Thermotogae. In Proteobacteria, Alphaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria and Epsilonproteobacteria were obtained.
4.3.3.2. Temporal Variation
The number of bands obtained in D.

granulosa during the three

seasons was 26 and was the maximum among all samples though they
were in different positions. Twenty two bands were specific for D. granulosa
and 7 bands were specific for S. fibulata. Three bands were observed
exclusively in the premonsoon, while in the monsoon and postmonsoon 7
and 2 bands were found respectively. However, eight bands were present in
all the three seasons (Figure 45). In S. fibulata four bands were present in all
the three seasons. In the premonsoon three bands were observed while in
the monsoon it was seven and in postmonsoon it was five.
o DG
o SF

30
25
20
15
10

POST

PRE

Seasons

Figure 46: Temporal variation in the number of bands obtained in the two sponges

Of the sequenced bands in D.

granulosa, maximum number of

phylogenetic groups (7 groups) was obtained during the monsoon. The table
showing the eluted bands during the three seasons is shown below
(Table 22).
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Sponge

Premonsoon
Proteobacteria: 9, 13, 16
Firrnicutes:6,14, 18, 19, 23, 24, 25
Thermatoga: 5, 22

D.granulosa

Chloroflexi: 11, 20
Acidobacteria: 12
Actinobacteria: 15

Monsoon
Proteobacteria:1,3, 13, 17
Firmicutes:14, 18, 19, 21,23,
24,26
Thermatoga: 5, 22
Actinobacteria:7
Acidobacteria:12
Chloroflexi:11, 20

S.fibu/ata

Firmicutes: 4, 14, 19

Proteobacteria:9,13

Proteobacteria:9, 13

Firmicutes:4, 6

Actinobacteria:7

Actinobacteria:8, 15

Acidobacteria: 12

Postmonsoon
Proteobacteria:16, 17
Firmicutes: 6, 14, 18,
21, 23, 24, 25
Thermatoga: 5, 22
Acidobacteria: 12
Actinobacteria:15

Proteobacteria:1, 3, 9,
16
Firmicutes: 4, 14, 19
Cyanobacteria: 2
Actinobacteria:7, 8
Acidobacteria:12

Table 22: List of eluted bands from D. granulosa during the three seasons

The different groups obtained were Proteobacteria, Actinobacteria,
Acidobacteria, Chloroflexi, Firmicutes, Spirochetes and Themiotogae. This
was followed by the premonsoon with six phylogenetic groups and
postmonsoon with five phylogenetic groups. In the premonsoon, all the
above groups were obtained except Spirochetes. However, in the
postmonsoon Chloroflexi and Thermotogae phyla were absent Firmictites
was the major group in all the seasons with 58% of the sequenced bands in
postmonsoon, 38% in monsoon and 46% in premonsoon. In the monsoon
and postmonsoon this was followed by Proteobacteria (22%) and
Thermotogae (16%) respectively. Interestingly, Cyanobacteria was
completely absent during all the seasons. The percentage of phylogenetic
groups during the three seasons in D. granulosa is given in Figure 46.
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Figure 47: Percentage of phylogenetic groups in three seasons in D. granulosa

In S. fibulata, the maximum number of phylogenetic groups (five
groups) was observed during postmonsoon. The groups were
Proteobacteria, Actinobacteria, Acidobacteria, Firmicutes and
Cyanobacteria. However, in the premonsoon four phylogenetic groups were
obtained namely, Proteobacteria, Actinobacteria, Acidobacteria and
Firmicutes. Monsoon had the lowest number of groups (3 groups) which
were Proteobacteria, Actinobacteria and Spirochaetes. In the premonsoon,
about 42% of the sequenced bands were Firmicutes which formed a
majority. However, in monsoon, in addition to Firmicutes, Proteobacteria also
formed a major group (40% each). In postmonsoon, three groups were
obtained such as Firmicutes, Proteobacteria and Actinobacteria (27% each).
Cyanobacteria (9%) were present only in the postmonsoon. Figure 47 shows
the percentage of phylogenetic groups during the three seasons in S.
fibulata.
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Figure 48: Percentage of phylogenetic groups in three seasons in S. fibulata

Comparing the two sponges about four bands were observed in all
seasons of S. fibulata but not in all seasons of D. granulosa. Also four bands
were observed in all seasons of D. granulosa but not in all seasons of S.
fibulata. Seven bands were completely absent from D. granulosa but present
in at least one season in S. fibulata, However twenty two bands were absent
from the profile of S. fibulata but present in at least one season in D.

granulosa. Bacterial diversity in D. granulosa and S. fibulata showed that
there was much variation (Figure 48 A&B). Seven phylogenetic groups were
obtained in D. granulosa, while only five groups were obtained in S. fibulata.
The major group obtained in the two sponges was Firmicutes (46% and 34%
respectively for D.

granulosa and S. fibulata).
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Actinobacteria
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Figure 49: Percentage of phylogenetic groups in (A) D. granulosa B) S. fibulata
4.3.3.3. Geographical Variation

Total number of bands obtained for GOM was higher than that of KI
with 18 and 16 bands respectively (Figure 49). KI had an exclusive of 11
bands while GOM had 13. About four bands were present in both the
regions.
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Figure 50: Geographical variation in the number of bands in S. fibulata

About 12 of the eluted bands (2,3,4,8,9,10,11,12,16,18,19,21) were
observed in GOM the identity of which is given in Table 21. The list of the
eluted bands from KI is listed in Table 22. Variation in diversity was
observed in S. fibulata in the two geographical locations (Figure 50) with
higher diversity in GOM compared to KI. A total of seven groups such as
Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi, Firmicutes,
Spirochaetes and Cyanobacteria were present in GOM. However, in KI only
five groups were obtained such as Proteobacteria, Actinobacteria,
Acidobacteria, Firmicutes and Cyanobacteria. Firmicutes was the major
group in GOM and KI with 27% and 35% respectively. Cyanobacteria were
present in both the locations.
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Figure 51:

Percentage of phylogenetic groups S. fibulata in locations Gulf of
Mannar (GOM) and Kavaratti Island (KI)

4.3.3.4. Diversity Indices
All the indices showed slight variation between sponges temporally
and spatially (Table 23). Interestingly, almost all of the indices estimated
were higher for D. granulosa compared to S. fibulata during all the seasons.
The Shannon-Weiner index (H') ranged from 2.6 to 2.8 for S. fibulata and 3.2
for D. granulosa

both spatially and temporally (Figure 51). The Shannon-

Weiner diversity index (H') recorded the highest value of 3.2 in D. granulosa
irrespective of seasons. The Fisher's index was also higher in the above
samples. Species richness (J') was above 2500 and evenness 3.1
respectively in D. granulosa. The lowest Shannon-Weiner index was
observed for S. fibulata during the premonsoon season. The lowest species
richness of 684.5 and species evenness of 1.9 was recorded in the monsoon
and premonsoon respectively for S. fibulata.
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Samples

Abundance

Richness

Evenness

Brillouin

Fisher

Shannon

Simpson

DG PRE

26.0

2971.5

3.1

3.2

3.9

3.2

1.0

DG MON

26.0

3173.2

3.1

3.1

3.9

3.2

1.0

DG POST

26.0

2901.6

3.1

3.2

3.9

3.2

1.0

SF PRE

15.0

1463.8

1.9

2.6

2.3

2.6

0.9

SF MON

16.0

684.5

2.3

2.7

2.9

2.7

0.9

SF POST

17.0

1576.7

2.2

2.7

2.7

2.7

0.9

SF GOM

18.0

1580.5

2.3

2.8

2.8

2.8

0.9

Table 23: Diversity indices of two sponges in varied space and time
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Figure 52: Temporal variation in Shannon-Weiner diversity index in two sponges
during seasons

The 16S rRNA gene based DGGE fingerprinting provided a general
insight into the bacterial community of the sponges temporally and spatially.
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4.3.3.5. Statistical Analysis
DGGE band profiles of the sponge D. granulosa in premonsoon and
postmonsoon (DG PRE AND DG POST) clustered at 64.5% of similarity.
Monsoon sample (DG MON) of D. granulosa showed smilarity to nonmonsoon and clustered at 46.8% (Figure 52). SF PRE and SF POST
clustered at 58%. SF MON has 34.9% similarity with non-monsoon duster of

S. fibulata. SF GOM has 25% similarity to S. fibulata duster of Kavaratti.
DGGE profiles of all sponges have a similarity of 21.4%.

Transform: Presence/absence
Resemblance: S17 Bray Curtis similarity
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Figure 53: nMDS plot of the 16S rRNA DGGE band profiles of two sponges

spatially and temporally
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4.4 Function
4.4.1. Nutrition
4.4.1.1. Water

The ability of the bacteria isolated from ambient water to degrade
complex molecule was studied. Starch was degraded by 68% and 65% of
planktonic bacteria from KO and KL respectively. Marked difference was
observed in the degradation of nitrogenous compounds-urea and gelatin.
The breakdown of phosphate was highest in both the locations (Table 19).
Location

ubstrates
Carbon
Nitrogen

Phosphorus

68

65.4

Tween 80

46.4

47.4

Gelatin

24.7

42.3

Casein

16.5

19.2

Starch

Urea

14.4

6.4

DNA

27.8

30.8

Organic phosphate

71.1

70.5

Table 24: Percentage of degradation of complex molecules by water isolates from
KO and KL

4.4.1.1.1. Temporal Variation

The ability to degrade complex molecules varied between the
bacterial isolates from ambient water at KO and KL. During premonsoon,
amylase (A) was the most expressed enzyme in both KO and KL with 83.3%
and 75% respectively. Phosphatase (P) was the second most abundant
enzyme with 63.9% at KO and 73.2% at KL. Among the Protein hydrolyzing
enzymes, gelatinase (G) was predominant in KL (41.1%) but only 11% of
bacterial isolates from KO could produce gelatinase. Similarly, caseinase(C)
was present in KL (21.4%), but only 16.7% of isolates produced caseinase in
KO. DNase (D) was higher in the oceanic region (44.4%) than the lagoon
(32.1%). Lipase (L) was expressed in more than 50% of isolates from lagoon
and oceanic region of Kavaratti during premonsoon (Figure 49A).
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Figure 54 A: Percentage of bacteria producing hydrolytic enzymes in KO and KL
during premonsoon

During monsoon season, phosphatase (73.5%) was the most
abundant enzyme at KO followed by amylase (53.1%). Phosphatase and
lipase were the most expressed enzyme at KL (44.4% each) (Figure 49B).
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Figure 54 B: Percentage of bacteria producing hydrolytic enzymes in KO and KL
during monsoon
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During post monsoon, both amylase and phosphatase were higher
(83.3% each) in KO. In KL even though phosphatase was the abundant
enzyme, the percentage lowered to 71.4%. Gelatinase degrading bacteria
constituted 50% of the culturable bacteria in both KL and KO, which was
highest when compared to monsoon and pre monsoon. There was a
temporal variation in the expression of hydrolytic enzymes by the bacterial
isolates obtained from ambient water at KO and KL. In general, the overall
potentiality of planktonic bacteria to degrade various macromolecules was
high in the coral reef of Kavaratti.
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Figure 54 C: Percentage of bacteria producing hydrolytic enzymes in KO and KL
during postmonsoon

4.4.1.1.2. Geographic Variation
Phosphatase was the most abundant enzyme expressed in culturable
bacteria isolated from both KI and GOM. About 94% of the culturable
bacteria could produce this enzyme in GOM and 72% in KI (Figure 50).
Urease activity was very high in GOM (47.1%) and only 3.6% in KI. About
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one third of the total isolates were capable of lipolytic activity in GOM and KI,
ie 35.3% and 34.8% respectively. About 17.6% of bacteria showed
gelatinase activity in GOM whereas in KI it was 45.5%. Caseinase was
present in 21.4% of isolates from KI, but in GOM only 5.9% of isolates
exhibited caseinase activity. Comparison of the hydrolytic activity of amylase
showed that 17.6% were positive in GOM and 62.5% in KI. DNase activity in
GOM was 23.5% and in KI it was 30.4%.

Figure 55: Geographic variation in hydrolytic enzyme activity at GOM and KI
4.4.1.1.3. Substrate Utilization
4.4.1.1.3.1. Carbon

Ability of different bacterial phyla to utilize various carbon sources was
assessed. The percentage of planktonic bacterial phyla utilizing amylase and
lipase is depicted in the Figure 51. Among bacteria hydrolyzing starch, 55%
were Gammaproteobacteria and 22% were Firmicutes. These two bacterial
groups were the major amylase producers in the planktonic
community.About 11%, 9% and 2% of the starch hydrolyzing bacteria were
Actinobacteria, Al phaproteobacteria and Bacteriodetes repectively.
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Gammaproteobacteria formed 71% of lipase producing bacteria that
could degrade tween 80. About 18% of the lipase producing planktonic
bacteria was Firmicutes. Actinobacteria and Alphaproteobacteria formed 6
and 5% respectively of lipase producers.

AMYLASE

11%

23%

eiActinobacteria
11Bacteroidetes
CIFirmicutes
Oa Proteobacteria
Cly Proteobacteria

LIPASE

6%

Figure 56: Percentage of phylogenetic groups expressing amylase and lipase
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4.4.1.1.3.2. Nitrogen

Among nitrogenous compound degraders, Gammaproteobacteria was
the predominant group in hydrolyzing gelatin, whereas Firmicutes degraded
casein and urea more efficiently. In the gelatin hydrolyzing bacteria, 56%
were Gammaproteobacteria, 24% Firmicutes and 10% Actinobacteria. Also
about 6% and 4% of the gelatinase producers in planktonic bacteria were
Alphaproteobacteria and Bacteroidetes repectively. Firmicutes formed 44%
of the caseinase producing bacteria, followed by Gammaproteobacteria
(43%). Actinobacteria comprised 10% of caseinase producers and 3% were
Bacteroidetes. About 37% of the urease producers were Firmicutes while
29% were Gammaproteobacteria. Actinobacteria, Alphaproteobacteria and
Bacteroidetes constituted 17, 13 and 4% of urea degraders respectively.

CASEINASE
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Figure 57: Percentage of phylogenetic groups expressing gelatinase, caseinase

and urease
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4.4.1.1.3.3. Phosphorous

More than half of the DNA and phosphate hydrolyzing bacteria was
Gammaproteobacteria with 56 and 51% respectively. Firmicutes formed 18%
of the DNA degraders in the planktonic bacteria. Alphaproteobacteria (15%),
Actinobacteria (9%) and Bacteroidetes (2%) formed the remaining of the
DNA hydrolyzing bacteria. Among phosphatase producing bacteria,
Firmicutes were the second dominant group forming 24% of the positive
planktonic bacterial isolates. Actinobacteria, Alphaproteobacteria and
Bacteroidetes formed 13, 11 and 1% of phosphate degraders respectively
(Figure 52).
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Figure 58: Percentage of phylogenetic groups expressing DNase and phosphatase
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4.4.1.2. Sponge-associated bacteria

Degradation of complex molecules by the sponge associated bacteria
was assessed to understand their role in sponge nutrition as well as in waste
removal. Utilization of carbon sources by the associated bacteria exhibited
no significant difference in both sponges. Marked difference was observed in
the degradation of DNA and Phosphorus (Table 21).
Substrates

D. granulosa

S. fibulata

Starch

73.2

74.2

64

65.9

Gelatin

43.9

40.2

Casein

11

6.8

Urea

10.4

12.1

DNA

29.3

34.8

Organic phosphate

86.6

79.5

Carbon

Tween 80
Nitrogen

Phosphorus

Table 25: Percentage of degradation of substrates by sponge associated bacteria
4.4.1.2.1. Temporal variation

More than 50% of culturable bacteria from both the sponges could
produce amylase in all seasons. However, starch degradation was more
during pre monsoon in bacteria associated

D. granulosa and S. fibulata, with

79.3% and 84.8%, respectively. More than 50% of the bacteria associated
with both sponges exhibited lipolytic activity during premonsoon. Among
proteolytic enzymes, gelatinase was abundant in bacteria associated
sponges. About 41.4% of bacteria associated with D. granulosa and 39.1 %
in S. fibulata were gelatinase positive. Caseinase was the least expressed
enzyme during premonsoon with bacteria associated with

D. granulosa

showing 9.2% and that of S. fibulata with only 4.3%. DNase activity was
higher in bacteria associated with S. fibulata (47.8%) than in bacteria
associated with

D. granulosa (29.9%). Phosphatase was the most abundant

enzyme present in bacteria associated with both sponges during
premonsoon (Figure 54A).
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Figure 59 A: Percentage of bacteria producing hydrolytic enzymes in D. granulosa
and S. fibulata during premonsoon

During monsoon, phosphatase was the most expressed enzyme with
97.5% of the culturable bacteria associated with the sponge D. granulosa
showing activity. About 85% of bacteria associated with S. fibulata also
expressed phosphatase. Nearly 78% of the bacteria associated with D.
granulosa could degrade starch and about 67.3% of bacteria associated with
S. fibulata produced amylase. Amylase was the second dominant hydrolytic
enzyme produced by the bacteria associated with the sponges (Figure 54B).
Lipase was produced by 65% of bacteria residing in D. granulosa and 63.5%
of bacteria associated with S. fibulata. Nearly half of the culturable
population of sponge associated bacteria produced gelatinase. About one
third of the bacteria associated with sponges could produce DNase enzyme.
Degradation of urea was more in monsoon than in the dry seasons with 20%
of bacteria associated with D. granulosa and 23.1% of bacteria associated

cea
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with S. fibulata producing the enzyme urease. Caseinase was the least
expressed enzyme during monsoon in associated bacteria of both sponges.

Figure 59 B: Percentage of bacteria producing hydrolytic enzymes in D. granulosa

and S.

fibulata during monsoon

In postmonsoon period, 73% of bacteria associated with

D. granulosa exhibited phosphatase activity whereas in S. fibulata only
55.9% of bacteria were phosphatase positive. Amylase activity was the
highest bacteria associated with S. fibulata than in D. granulosa (Figure
54C). About 80% of the bacteria associated with S. fibulata were capable of
hydrolyzing complex lipids where as only 62.2% of bacteria associated with

D. granulosa produced lipase. DNase activity was higher in bacteria
associated with D. granulosa than in bacteria associated with S. fibulata.
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Figure 59 C: Percentage of bacteria producing hydrolytic enzymes in D. granulosa
and S. fibulata during postmonsoon

4.4.1.2.2. Geographic Variation

Amylase activity was higher in bacteria associated with S. fibulata at
KI (77.7%) when compared to that of GOM (31.3%). Phosphatase activity of
bacteria associated with S. fibulata at GOM was higher (94%) than at KI
(72.5%). Lipase producing bacteria associated with S. fibulata were more at
KI with 69.1% than at GOM (40.3%). About half of the culturable bacteria
associated with S. fibulata at GOM produced gelatinase. DNase producing
bacteria associated with S. fibulata were higher at KI (31.3%) than at GOM
(19.4%).
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Figure 60: Geographic variation of hydrolytic enzyme activity in bacteria associated
with S. fibulata at GOM and KI.

Comparison of substrate utilization in planktonic and sponge
associated bacteria
Sponge associated bacteria produced more amylase and lipase than
planktonic bacteria. Both phosphatase and DNase activity was higher in
sponge associated bacteria. However, caseinase and urease activity was
higher in planktonic bacteria than in sponge associated bacteria.
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Figure 61: Comparison of the substrate utilization in planktonic bacteria and
sponge associated bacteria
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4.4.1.2.3. Substrate Utilization
4.4.1.2.3.1. Carbon

Ability of different culturable heterotrophic bacterial phyla associated
with sponges to utilize various carbon sources was assessed.
Gammaproteobacteria (y P) associated with both sponges were the major
amylase producers. Alphaproteobacteria (a P) associated with S. fibulata
comprised 19% of the amylase producers, whereas only 10% of
Alphaproteobacteria associated with D. granulosa showed amylase activity.
Firmicutes (F) associated with D. granulosa could hydrolyse starch than that
of S. fibulata. More than 70% of the lipase producing bacteria associated
with both the sponges was Gammaproteobacteria. About 20% of
Alphaproteobacteria associated with S. fibulata showed lipolytic activity. All
other remaining groups formed the lipase producing bacteria associated with
sponges.

Figure 62

Carbon utilization of the isolates from sponge D.granulusa and

S.fibulata
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4.4.1.2.3.2. Nitrogen

More than 70% of the gelatin hydrolyzing bacteria associated with

D.

granulosa

and S.

fibulata

bacteria associated with

were Gammaproteobacteria. About 20% of

S. fibulata showed gelatinase activity were

Alphaproteobacteria. About 15% of gelatin degrading bacteria from

D.

granulosa

were Firmicutes. Gelatinase activity was not exhibited by

Bacteroidetes (B) associated both sponges. Caseinase producing bacteria
associated with D.

granulosa

belonged to Gammaproteobacteria and

Alphaproteobacteria, and Firmicutes. Majority of the caseinase producing
bacteria associated with S. fibulata was Gammaproteobacteria. Urease
producing bacteria associated with

D.

granulosa

Gammaproteobacteria and Firmicutes, whereas in

belonged to

S. fibulata

were

Gammaproteobacteria, Alphaproteobacteria, Actinobacteria (A) and
Firmicutes produced urease.

140
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Figure 63: Nitrogen utilization by the isolates from D. granulosa and S. fibulata
4.4.1.2.3.3. Phosphorous

Gammaproteobacteria associated with D. granulosa and S. fibulata
were the major class of bacteria hydrolyzing the alkaline phosphate. DNase
activity also showed the same trend. Firmicutes and Actinobacteria were the
other groups with phosphatase activity. Comparatively Alphaproteobacteria
associated with S. fibulata showed more DNase activity than that of

D. granulosa. Firmicutes associated with D. granulosa showed higher DNase
activity than Firmicutes associated with S. fibulata (Figure 56).

Figure 64: Phosphorus utilization by isolates from D. granulosa and S. fibulata
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Utilization of Sugar

Among the different carbohydrates, the bacterial isolates preferred
mono and disaccharides irrespective of the isolation source. Among the
sponge there was significant difference in the utilization of sugars
(Figure 58)

Ea Polysachharides

■ Disaccharides
o Monosaccharides

Figure 65:

Sugar utilization of bacteria from ambient water, S.fibulata (SF) and
D.granulosa (DG)

ii. Utilization of Amino acids

The percentage of bacteria utilizing simple amino acids in water was
the same (— 60%). SF isolates scavenged amino acid better than
D. granulosa DG. There was difference in the percentage of utilization of
amino acids within the same species and between the species. The
percentage of bacteria using lysine was high in both the species of sponge
(D. granulosa -90% and SF- 84 %) (Figure 59).
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Figure 66: Percentage of amino acid utilizers

4.4.2. Defence
The inhibitory action of culturable bacteria associated with
D. granulosa and S. fibulata as well as planktonic bacteria against multi-

antibiotic resistant pathogenic bacteria were studied. Bacterial — bacterial
antagonism was also studied to elucidate the potential role of these bacteria
in sponge defense mechanism.
4.4.2.1. Antibacterial Activity against Pathogenic Bacteria

A collection of 225 bacteria isolated from D. granulosa, S. fibulata as
well as planktonic bacteria were assessed for the production of growth
inhibitory substances against multi-antibiotic resistant pathogenic bacteria
(Table 25). Out of 92 planktonic bacteria isolates 14.1% inhibited one or
more pathogen. Sponge associated bacteria had higher antibacterial activity
(17.3%) compared to water, Inhibitory pattern against pathogens are given in
Table 26. About 71% of bacteria isolated from D. granulosa with antibacterial
activity in habited B. subtilis. Among the Gram positive bacteria, B. subtilis
was inhibited by 71% of and S. aureus was inhibited by 20% of the sponge
associated bacteria. In the case of Gram negative bacteria the zone of
inhibition was E. coli (22%), S. typhi (17%) and P. aeruginosa (14%).
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Antibiotics

B.subtilis

E.coli

P.aeruginosa

S.aureus

S.typhi

Amoxycillin

R

S

R

S

S

Ampicillin

R

R

S

S

R

Azithromycin

S

S

S

S

S

Bacitracin

R

R

R

S

R

Cefpodoxime

S

S

R

S

S

Cephalothin

R

R

R

S

S

Chloramphenicol

S

S

R

S

S

Ciprofloxacin

S

S

S

S

S

Erythromycin

R

R

R

S

R

Gentamicin

S

S

S

S

S

Kanamycin

S

R

S

R

S

Methicillin

R

R

R

R

R

Nalidixic acid

S

S

S

R

S

Neomycin

S

S

R

S

S

Nitrofurantoin

S

S

R

S

S

Norfloxacin

S

S

S

S

S

Novobiocin

R

R

R

S

R

Penicillin

R

R

R

S

R

Rifampicin

S

R

R

S

S

Streptomycin

S

S

S

R

S

Tetracycline

S

S

R

S

S

Tobramycin

S

S

S

S

S

Trimethoprim

R

S

S

S

S

Vancomycin

S

R

R

S

R

Table 26: Antibiogram of pathogenic bacteria
Pattern

Multi drug resistant bacteria

A

only B. subtilis

B

only E. coli

C

only P. aeruginosa

D

only S. typhi

E

only S. aureus

F

B. subtilis and E. coli

G

B. subtilis and S. aureus

H

S. typhi and S. aureus
B. subtilis, E. coli, S. typhi and S. aureus

J

B. subtilis, E. coli, P. aeruginosa, S. typhi and S. aureus

Table 27: Inhibitory pattern exhibited by bacteria with antibacterial activity
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4.4.2.1.1. Bacteria associated with D. granulosa

Among the bacteria isolated from D. granulosa showing antibacterial
activity, all were Vibrio except one Exiguobacterium. Activity pattern of the
bacteria associated with D. granulosa is given in figure 71. About 58% of
bacteria showed exclusive activity against B. subtilis and 7% each of
bacteria showed exclusive activity against P. aeruginosa and S. typhi.
Multiple antagonistic activities were exhibited by 7% of active bacteria
against B. subtilis and E.coli. About 14% of bacteria showed multiple
activities against S. aureus and S. typhi. The strain F75205 exhibited
versatile activity against all pathogenic bacteria tested, that strain was
identified as Vibrio owensii. V. azureus, V. communis, V. fortis were the
other different species of Vibrio associated with D. granulosa which showed
antibacterial activity.

Figure 67 A: Antibacterial activity pattern of bacteria associated with D. granulosa
against pathogenic bacteria
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4.4.2.1.2. Bacteria associated with S. fibulata
Bacteria associated with S. fibulata showing antibacterial activity
against pathogens were Vibrios. They showed one to one inhibitory activity
against pathogens. About 62% of bacteria showed antibacterial activity
against B. subtilis and 13% showed exclusive activity against E. coli and
25% of bacteria inhibited P. aeruginosa. Active bacteria were identified as
Vibrio owensii, V. fortis and V. neptunis.

Figure 67 B: Antibacterial activity pattern of bacteria associated with S. fibulata
against pathogenic bacteria

4.4.2.2. Planktonic Bacteria
Planktonic bacteria showed more diversity in species composition as well as
activity pattern against pathogens. In addition to

Vibrio, Pseudoalteromonas,

ldiomarina, Salinisphaera (Gammaproteobacteria), Ruegeria (Alphaproteobacteria)
and Staphylococcus (Firmicutes) were the other planktonic bacteria bestowed with
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antibacterial activity. About 45% of active planktonic bacteria showed exclusive
activity against B. subtilis. Inhibitory action against S. aureus was exhibited by 8%
of bacteria. About 23% of planktonic bacteria were active against B. subtilis and E.

coil. Planktonic bacteria showed multiple inhibitory activities against Gram positive
bacteria and constituted 8% of the active isolates belonging to

Vibrio

caribbenthicus. About 16% of the bacteria showed activity against more than 4
pathogens.

Figure 67 C: Antibacterial activity pattern of planktonic bacteria against pathogenic
bacteria

4.4.2.2.1. Statistical Analysis
Activity profiles were grouped into 10 different clusters, with 2 clusters
exclusively for sponge associated bacteria. However, no cluster was formed with
planktonic bacteria exclusively. Remaining clusters had both sponge associated
bacteria and planktonic bacteria and was represented with the maximum number of
isolates (Figure 65).
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Figure 68: Hierarchical clustering of isolates showing antimicrobial activity,
Abbreviation of source in parenthesis (D -

D. granulosa, S - S. fibulata,

W - ambient water)

4.4.3. Bacterial-Bacterial Antagonism
Antagonistic nature of sponge associated bacteria as well as planktonic
bacteria were tested. Water isolates showed higher activity against tested 225
marine bacteria (80%) whereas water against water was only 35%. About 48% of
sponge isolates inhibited sponge isolates. Individually bacteria associated with D.
granulosa inhibited 51% of bacteria associated with S. fibulata. Whereas bacteria
associated with S.

fibulata inhibited 35% of bacteria associated with D. granulosa

(Figure 62). In case of inhibition studies, bacteria associated with D. granulosa
inhibited 35% of the ambient water isolates, whereas isolates of S. fibulata inhibited
only 18% showing that the composition and density may be regulated by interaction
between bacteria.
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Figure 69: Interaction between indigenous marine bacteria

Vibrios constituted the largest fraction (65%) of total active cultures. Vibrios
associated with sponge D. granulosa constituted 55% of active strains while the
ambient water isolates showed only 15%. Vibrios associated with the sponge S.
fibulata constituted only 10% of the active strains but its ambient water isolates

showed 20% of the active strains (Figure 61).
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Figure 70:

Percentage of active Vibrios from sponges and respective ambient
waters.
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DISCUSSION
C
0

5.1.

Abundance

5.2.

Diversity

5.3.

Function

This study examined the over all sponge-associated bacteria in lieu
with the ambient waters from the coral reefs of India. Attempts have been
made to study the temporal and spatial variation in abundance and diversity
of associated bacteria in two species of phylum Porifera and also the
planktonic bacteria from ambient water. Diversity of the sponge-associated
bacteria was studied using cultivation-dependent and cultivationindependent methods. In addition to diversity, the functional aspects of this
association are delved.
5.1. ABUNDANCE
Microorganisms are ingested by marine sponges for nutrition at the
same time these sponges may contain large populations of associated
microorganisms (Reiswig, 1971; Bergquist, 1978). Based on electron
microscopic studies it was established that sponges harbor abundant
bacteria (Sara, 1971; Vacelet and Donaday, 1977). Bacteria are estimated to
constitute up to 40% of the mesohyl volume in parts of endosome, far in
excess of sponge cytoplasm (Wilkinson, 1978a, b, c; 1984; Simpson, 1984).
Analyzes of microbial abundance has been hindered by the inability to
cultivate most of the organisms (Amman et a1,1995) as retrievability was as
low as 0.01-12.5% of the total bacteria present in system, termed as great
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plate count anomaly (Staley and Konopka, 1985). Though, direct counts
(DAPI /AO) estimate the total abundance, this method is not effective for
microbial communities associated with living host .The stain does not
differentiate the bacteria and host cells as it detects nucleic acids. The
abundance of sponge associated bacteria in this study is based on the
culture dependent method. Different media were also used to reduce the
inherent limitation of culture methods (Olson et al, 2000). The abundance of
culturable heterotrophic bacteria in the two species of Demospongiae D.
granulosa and S. fibulata from KI was 106-7 g-1 (w/w). Abundance of
culturable heterotrophic bacteria in S. fibulata from GOM was 106-7 g-1 (w/w).
Bacterial abundance of both the sponges was also confirmed by electron
microscopy. There is lack of microbial abundance data for most host
sponges when compared to diversity data (Taylor et al, 2007). Being
reported for the first time on these two species of sponges, the discussion on
abundance is limited to not only other species but also regions. However,
the bacterioplankton density from the study area was earlier reported
(Chandramohan and Ramaiah, 1987). The retrievability was one order
higher in the present study (10 3 mr1 ). As it can be seen from the results, the
bacterial load was higher in the lagoon compared to the oceanic site and
such unequal distribution was also reported by Chandramohan and Ramaiah
(1987). Wilkinson (1978 a) reported heterotrophic bacterial counts of
Pericharax heteroraphis (2.07 x 105 g-1 (w/w)) and Ircinia wistarii (9.75 x 105
g- 1 (w/w)) and in Jaspis stellifera and Neofibularia irata has CFU counts in
the order of 10 6 g-1 (w/w) (8.13 and1.52) respectively and surrounding water
has CFU of 10 3 mr1 from Great Barrier Reef using pour plate method in OZR
medium. In Spongia officinalis, from Aegean Sea bacterial counts in nutrient
agar ranged from 1.3 - 4 x 10 6 g-1 (w/w) and ambient seawater bacterial
count was 2.2 x 10 3 m1-1 (Kefalas et al, 2003). In Rhopaloeides odorabile
from Great Barrier Reef, total cultivable bacteria ranged from 1.9 x 10 4 to 5.2
x 106 g-1 (w/w) (Webster and Hill, 2001) which was in congruence with the
results of this study.
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Bacteria isolated from 10 sponge species from Mediterranean Sea
were in the order of 10 5 to 106 g 1 (w/w) (Muscholl et al, 2008). Deep Sea
sponge Discodermia collected from Bahamas, culturable bacterial
abundance ranged from 3.2 x 10 3 to 1.28 x 107 g' (w/w) using different
media and media supplementation (Olson et al, 2000). However, in the
sponge Geodia barretti from North Atlantic Ocean CFU of 2.9 x 10 11 cells per
g -1(w/w) of tissue was reported (Hoffmann, 2005).
Temporal and Geographic Variation

Very limited studies were conducted on the temporal variation in the
culturable bacterial abundance of sponges. Ircinia ramosa collected from the
intertidal rocky pools of Ratnagiri, in west coast of India showed a temporal
variation in bacterial abundance with postmonsoon showing an abundance
of 9 x 106 CFU cm -2 and premonsoon with higher abundance of 1.5 x 10 7
-2 (Thakur and Anil, 2000). In the present study D. granulosa (5.6 xCFUcm
107 g-1 (w/w)) and S. fibulata (5.6 x 107 g-1 (w/w)) showed a temporal
variation in abundance with premonsoon having greater abundance. Anand
et al (2006) reported the abundance of bacteria associated with 4 sponges
from GOM and it ranged 3 x 10 3 to 3 x 105 CFU g-1 (w/w). Mohapatra et al
(2003) have reported mean viable bacterial abundance in six different
species of Demospongiae collected from different locations (Orissa coast
and Andaman & Nicobar Island in the Bay of Bengal) and ranged from 1.0 x
103 to 2.04 x 105 CFU g-1 (w/w) from the East coast of India, which was 2 -3
orders less that of the present study. This difference may be due to
difference in methodology.
The filter feeding properties of the sponges helped in the transferring
of microorganisms to the mesohyl region of the sponges, Some tropical
marine demosponges filter bacteria with 96% efficiency (Reiswig, 1971)
which may either be ingested by the phagocytic cells or become established
as sponge-specific microbiota (Kennedy et al, 2007) which thrive both
extracellularly and intracellularly (Haygood et al, 1999; Althoff et al, 1998;
Friedrich et al, 1999).
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All the sponges may not contain the same levels of microorganisms
(Hentschel et al, 2006). The amount of bacteria residing in sponges varies
between host species. Sponge

Xestospongia muta has a bacterial

population density of 8 x 10 9 g-1 (w/w) (Montalvo et al, 2005) compared to D.

granulosa and S. fibulata which has two order lesser abundance. D.
granulosa and S. fibulata from the same location did not show difference in
the mean abundance. Based on SEM, deciphering the difference in
abundance between the two sponges was not possible. In the present study,
there was difference in the bacterial abundance associated with sponges
from different location (GOM and KI). Interestingly, there was also temporal
variation between the two sponges from the same location based culture
enumeration. Friedrich et al (2001) have also demonstrated a variation of
microbial community associated with the Mediterranean sponge Aplysina

aerophobia within a time scale of 11 days. They found that the total number
remained unchanged but the culturable bacterial counts increased or
decreased depending on the in situ condition. The temporal variation in
abundance for species of the same class from the same location may be due
the cosmopolitan bacteria living in sponges and in the water (Santavy and
Colwell 1990; Webster et al, 2001; Hentschel, et al, 2002; Fieseler et al,
2004).

D. granulosa from oceanic region of KI showed an order of higher

abundance depending on the period of sampling. This difference was not as
marked as reported for other species of sponge from Pacific, Mediterranean
and Atlantic waters. High abundance have been reported for different
species of sponges from different geographically different locations (Hoffman
et al, 2005). Numerous attributes have been put forward for the high
abundances in sponges. Being sessile filter feeders, it swirls in large volume
of seawater (upto 24 m3 kg' sponge day-1 ) containing microbes and organic
particles of varying size (Vogel, 1977). Thus the abundance of bacteria
associated with sponge depends on the water characteristics and the
abundance of planktonic microbes. In the present study, the concentration of
nutrients in the water was low (oligotrophic) in lagoon as well as oceanic
regions of KI and GOM (Table 1 and 3 in results). Nutrient values of the
43acteriar Diversi Associated 'with Sponges in Coral' cKeef 'Ecosystems- .A.Discour5e
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present study are within the previously reported range (Gopinath et al,
2004). Earlier studies have reported high concentration near the landmass
within the lagoon and decreased towards the oceanic region. In KI, the
difference was not significant as the sampling site within the lagoon was
away from the land mass. The nutrient level at a geographically separate site
- GOM, on the east coast was higher than KI, on the west coast. Cluster
analysis corroborated this finding as lagoon and oceanic sites separated
based on season not location. The surrounding sea water is nutrient
depleted compared to the nutrient-rich sponge. This is corroborated by the
fact more recoverability was found at lower concentration of nutrients ie. 1025% NA than the standard MA. Earlier findings from different regions have
also emphasized that the surfaces or internal spaces of the sponges are
more nutrient-rich than sea water and therefore sponges offer nourishment
and a safe habitat to their associated microorganisms (Bultel-Ponce et al,
1999; reviewed in Lee et al, 2001). Thus marine organisms function as
habitat islands allowing allopatric speciation of microbes living in physically
separated hosts. Though the host provides a safe nourished habitat for the
bacteria, the variability in abundance depends of the planktonic abundance.
Three decades of extensive studies have been carried out on the
geographical distribution and factors responsible for the variation of
planktonic bacteria. Based on these studies it is universally established that
direct bacteria abundance of the seawater is 10 8 m1-1 . The culturable
population is 4-6 order less and has a wide geographical variation. The
planktonic abundance was 102-4 m1-1 in KI and GOM with GOM recording an
order of higher abundance. As planktonic bacterial abundance and nutrient
were high in GOM compared to KI it can be inferred that environmental
parameters influenced the planktonic abundance in the study area. Since
abundance depends on multiple and complex factors such the sponge
species, irrigation status of the sponge (Wilkinson, 1978; Thomas, 2003)
etc., the factors responsible for the high abundance and its variability could
not be established. Despite, the fact that the densities of bacteria from
marine sedentary organisms were different among the organisms and —0.1%
c13acteriaCq)iversity A.ssociated wan Sponges in Coral (elf Eco.gst erns,A (Discourse
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of the total bacterial community were cultivable under standard cultivation
techniques (Webster and Hill, 2001), this study clearly reiterated that
sponges harbored 3-4 orders higher population than the ambient water and
the abundance in the sponge depends on the planktonic abundance.
Though, the differences in collection site locations, environment conditions,
bacterial associations of individual host sponges may explain the variability
noted in abundance of bacteria, a direct correlation could not be confirmed
between planktonic and sponge-microbes. Nonetheless, this study will be
the basis for further extensive study on sponge associated and planktonic
bacteria on temporal and spatial scale.
5.2. DIVERSITY
It is apparent that sponge- associated microbial communities are
highly diverse, with a range of different microorganisms consistently
associated with the same host species (Wilkinson 1981; Hentschel et al,
2002; Hill et al, 2006; Taylor et al, 2007).
Culture Dependent
The culturable community of sponges, D. granulosa and S. fibulata
encompassed a phylogenetic diversity of identical scope, including isolates
belonging to Phylum Actinobacteria, Bacteroidetes, Firmicutes and
Proteobacteria (class Alphaproteobacteria and Gammaproteobacteria).
Employment of cultivation dependant techniques has showed that bacterial
communities can be different and diverse in the sponges than ambient water
bacterial community (Santavy and Colwell, 1990; Webster and Hill, 2001;
Wilkinson, 1978, 1981, 1984). Similar observation was seen as there was
difference in diversity between the sponges. The difference was seen both
temporally and spatially (Table 6 and 10 in results). Gammaproteobacteria
was the most predominant group followed by Alphaproteobacteria,
Firmicutes and Actinobacteria. Alpha, Gamma and Delta class of phylum
Proteobacteria, Bacteroidetes and Firmicutes were cultured from four South
China Sea sponges. Alpha and Gammaproteobacteria was the most
43actelia Diversity Associated with ,Sponges in Coral Wcef
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dominant in all sponges (Li et al, 2007). The occurrence of the
Alphaproteobacteria in sponges of various geographical regions including
the Mediterranean Sea, Caribbean Sea, South China Sea and Pacific Ocean
have been recorded earlier (Thiel et al, 2007; Webster et al, 2001; Taylor et
al, 2005), however an extensive comparative data in Indian waters is not
available. Similarly the culturable community of two sponges,
Pseudoceratina c/avata and Rhabdastrella globoste/lata from Great Barrier

Reef included isolates belonging to phylum Actinobacteria, Bacteroidetes,
Firmicutes and Alpha and Gamma class of Proteobacteria (Lafi et al, 2005).
The predominant groups that were obtained from Great Barrier Reef sponge
Candidospongis flabellata were Alphaproteobacteria, Gammaproteobacteria,

Firmicutes and High G+C (Burja and Hill, 2001). The presence of significant
numbers of bacteria related to Actinobacteria, Gammaproteobacteria,
Cytophaga-Flavobacterium group, the green nonsulfur bacteria, and
Firmicutes associated with sponges were confirmed by clone analysis and
FISH (Webster et al, 2001). A consistent association of
Gammaproteobacteria associated with Aplysina cavernicola has been
detected by FISH and representatives of the Bacteroidetes cluster were also
found in low numbers in the mesohyl tissue (Friedrich et al, 1999). A typical
microbial distribution pattern exists in different oceans, with the Alpha and
Gammaproteobacteria being most abundant followed by representatives of
the Cytophaga/ Flavobacterium/ Bacteroidetes cluster and the Gram-positive
bacteria (Fuhrman et al, 1993). Gammaproteobacteria has been reported
comprising 10% of the clone library created from Hymeniacidon heliophila
and Polymastia janeirensis from south western Atlantic (Turque et al, 2008).
In the present study, culturable bacteria belonging to these phyla were
consistently isolated over temporal and spatial scale.
Wilkinson (1981) in his pioneering work to compare the sponge
associated bacterial diversity of two different geographical areas ie, from
Mediterranean and Great Barrier Reef, isolated phenotypically similar
bacteria from 9 sponges and identified using diagnostic tables.
Pseudomonas, Acinetobacter, Micrococcus and Cytophaga which belonged
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to Proteobacteria, Actinobacteria and Bacteroidetes respectively were
obtianed. Alpha and Gammaproteobacteria were the dominant cultivable
bacterial communities of Stelletta tenuis, Halichondria rugosa, Dysidea avara

and Craniella australiensis from South China Sea (Li et al, 2007). Phylum
Actinobacteria, Firmicutes and Proteobacteria were associated with 10
sponge species (Chondrosia reniformis, Axinella polypoides, Chondrilla

nucula, Tetya aurantium, Clathrina clathris, Agelas oroides, Ircinia sp.
Petrosia ficiformis, Suberites domuncula

and Acanthella acuta) from

Mediterranean Sea (Muscholl et al, 2008). Among Gammaproteobacteria,

Alteromonas, Pseudoalteromonas, Pseudomonas, Vibrio and Microbulbifer
were present. Pseudovibrio, Roseobacter, Ruegeria and Sphingomonas
constituted the Alpha class of Proteobacteria.

Microbacterium

and

Kytococcus of Actinobacteria and Bacillus of Firmicutes were the different
genera isolated.
Vibrios, Enterobacteriaceae and Gram positive bacteria were present
in the order of 10 2-3 g-1 (w/w) in both D. granulosa and S. fibualta which was
higher than that of the ambient water, though much less than the total
bacteria. Most of the studies have been conducted in shallow water sponges
and previous reports showed that many mid- to deep-water spongeassociated microbial communities were dominated by Gram negative
organisms (Olson et al, 2002).

Bacillus, Pseudomonas, Flavobacterium and

Micrococcus were numerically abundant in all the sponges studied in Orissa
coast of India (Mohapatra et al, 2003). Enterobacteriaceae, Aeromonas,
Actinomycetes and Streptomycetes were recovered from Petrocia ficiforomis
(Chelossi et al, 2004). In this study, Vibrio was the most predominant sponge
associated bacteria present in all three seasons. Several Vibrio sp. have
also been isolated from marine sponges, such as Aplysina aerophoba
(Hentschel et al, 2001) and Hyatella sp. (Oclarit et al, 1994). Biochemical
characterization of culturable sponge-associated microorganisms from

Ceratoporella nicholsoni revealed that at least 78% of these bacteria were
members of the Gammaproteobacteria genera

Vibrio and Aeromonas

(Santavy and Colwell, 1990). Culturable bacteria associated with the
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Hawaiian sponge,

Suberites zeteki

belonged to

Firmicutes,

Gammaproteobacteria and Actinobacteria and Vibrio constituted 54% of the
Gammaproteobacteria (Zhu et al, 2008). Natural paraben producing
Microbulbifer was isolated from Leuconia nivea in Mediterranean Sea

(Quevrain et al, 2009
Hahella

and

Kangiella

(family Oceanospirillales),

Salinisphaera

(Salinisphaerales) and Marinicella (unclassified Gammaproteobacteria) were
the other Gammaproteobacteria isolated from both D. granulosa and S.
fibulata and not from water. ldiomarina and Pseudoalteromonas (family

Alteromonadales) and Chromohalobacter (family Oceanospirillales) were
found only in water from this study.
The association of sponges with Alphaproteobacteria is well
documented. Webster and Hill (2001) demonstrated that over four
consecutive seasons, Alphaproteobacteria identified as

Pseudovibrio

denitrificans dominated the culturable community of the Great Barrier Reef

sponge,

Rhopaloeidea odorabile.

Alphaproteobacteria identified as

Pseudovibrio denitrificans has been isolated from both the sponges but not

from water in this study, but it was not the dominant morphotype retrieved.
Another Alphaproteobacteria, Ruegeria sp. was the second most dominant
bacteria associated with sponges present in all seasons and geographic
location, but not isolated from water. Kiloniella of the family Kiloniellaceae
was found exclusively in the sponge S. fibulata. Aurantimonas (family
Rhizobiales), Nautella, Pseudovibrio, Ruegeria, Sulfitobacter, Thalassobius
(family Rhodobacterales),

Roseomonas

(family Rhodospirillales) and

Erythrobacter (family Sphingomonadales) were exclusively associated with

sponges. Enticknap et al, 2006 studied the culturable Alphaproteobacterial
symbionts common to many marine sponges, Axinella corrugate, Mycale
laxissima, Monanchora unguifera and Niphates digitalis.

sponge specific

Rhodobacter

Closely related

sp. (Alphaproteobacteria) occurred in

Halichondria panicea from different geographic location like North, Baltic, or

Adriatic Seas (Althoff et al, 1998). However, Alphaproteobacteria cannot be
Bacterial

)

r c'icepEcosystems- ,4 Discourse
ed u itl.Six} njje.s in
(
on its npora( and geograph ( Variation

Cfiapter 5

018cusNion/

regarded as sponge exclusive phylogenetic group since Labrenzia (family
Rhodobacterales) and Paracoccus (family Sphingomonadales) were isolated
from both sponges and ambient seawater
In Firmicutes, several Bacillus species like, Bacillus flexus and B.
stratosphericus were isolated from D. granulosa. B. aryabhattai and B.
safensis were obtained from S. fibulata in KI while B. selenatarsenatis was
isolated from S. fibulata from GOM. Bacillus megatherium (Firmicutes) was
isolated from the Great Barrier Reef sponge Rhopaleoides odorabile
(Webster et al, 2001).

Bacillus and Halobacillus were retrieved from

Pseudoceratina clavata and Rhabdastrella globostellata (Lafi et al, 2005). In
this study Bacillus, Oceanobacillus, Exiguobacteium and Staphylococcus
were the Firmicutes isolated from D. granulosa and S. fibulata. Bacteria
associated with four species of sponges (Echinodictyum sp., Spongia sp.,
Sigmadocia fibulata and Mycale mannarensis) isolated from the Tuticorin
coast, Gulf of Mannar region were included Bacillus and Staphylococcus
(Firmicutes) (Anand et al, 2006). Low G+C gram positive bacteria like,
Bacillus were isolated from the Mediterranean sponges, Aplysina cavernicola
and Aplysina aerophoba (Hentschel et al, 2001).
In this study,

Corynebacterium, Isoptericola, Microbacterium,

Ornithinimicrobium and Sericoccus of phylum Actinobacteria were isolated
from sponge. Arthobacter, Gordonia of phylum Actinobacteria were present
only in the ambient water. Culturable diversity of Actinobacteria isolated from
the marine sponge lotrochota sp. collected in the South China Sea belonged
to genera Streptomyces, Cellulosimicrobium, and Nocardiopsis (Jiang et al,
2008). Culturable Actinobacteria from marine sponge Hymeniacidon perleve
revealed the presence of seven genera such as

Actinoalloteichus,

Micromonospora, Nocardia, Nocardiopsis, Pseudonocardia, Rhodococcus,
and Streptomyces (Zhang et al, 2006). While a comparative study of
Actinobacteria isolated for five marine sponges were

Streptomycetes,

Pseudonocardia and Nocardia (Zhang et al, 2008). Cultivable Actinobacteria
associated with Hymeniacidon perleve from South China Sea were
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on its 'T;wyora I and ceograpnicar Variation

Cfiapter 5

g68C1188/0/1,

Salinispora, Nocardia, Rhodococcus, Mycobacterium, Gordonia

and

Streptomyces (Sun et al, 2010)
In the phylum Bacteroidetes, Flavobacteria group, Formosa was
found only in sponges. Aquimarina was found in the sponge D. granulosa
and Formosa was isolated from the sponge S. fibulata. Pontibacter of
phylum Bacteroidetes were present only in the ambient water.
Olson et at (2005) opined that sponges appear to be the reservoirs of
elusive microorganisms. Previously uncultured bacteria closely related to
Kiloniella

(Alphaproteobacteia) and

Formosa

(Flavobacteria, phylum

Bacteroidetes) and supposedly novel bacteria were isolated from the sponge
S. fibulata during premonsoon and monsoon from this study.
Culture Independent
In culture independent approaches, genetic diversity of the microbial
population from natural environment is analyzed. The sequence variation in
ribosomal RNA (rRNA) has been exploited for inferring phylogenetic
relationships among microorganisms. Among the different molecular
methods, DGGE was opted for bacterial diversity analysis. DGGE as a
technique for studying microbial diversity is superior to cloning as it provides
an immediate display of the constituents of a population in both a qualitative
and semi quantitative way. The major advantage of DGGE fingerprinting is
that it is a rapid and efficient approach for the qualitative comparison of
many samples (Muyzer et al, 1993). This is the first study wherein temporal
and geographical variation in bacterial diversity associated with the sponges
has been attempted in the Indian waters.
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Band profile analysis
The abundance of bacteria/number of phylotypes/bands in the
sponge samples were evaluated by number of DGGE bands. The average
number of bands obtained in D. granulosa was 26 while that of S. fibulata
was 16. D. granulosa had a higher number of phylotypes than S. fibulata. A
definite difference in the banding pattern itself was obtained for the two
sponge species as can be observed from the gel image, though temporally
this difference was not very obvious. This suggests the presence of spongespecific bacterial strains. The number of bands obtained in this study was
consistent with the other studies carried out. One such study is by Lee et al,
(2009) where five different sponge genera were collected from San Juan
Island. The number of bands obtained from the sponge samples ranged from
5 -15 which is much lower than that of what has been obtained in this study.
Studies conducted by Wichel et al, (2006) in Halichondraia panacea on the
diversity associated with the aquiferous system and tissue showed that
banding patterns differed in the two. Distinct banding patterns were also
observed for three sponges (Ircinia felix, Aplysina cauliformis, Niphates
erecta) collected from two different sites in Key Largo, one a inshore patch
reef and the other in outer reef tract (Weisz et al, 2007).
There was no variation in the number of bands in the three seasons
for D. granulosa, but the positions and intensities were different. This
suggests that there may not be much variation in diversity, but the
abundance and dominant groups may vary. Hierarchical clustering of the
DGGE profiles clearly shows the variation with seasonal profiles of D.
granulosa forming one cluster (46.8% similarity). In S. fibulata, temporal
variation in the number of bands was observed during the three seasons.
Geographical variation in the number of bands was not very distinct with 18
bands in S. fibulata from GOM. The banding patterns observed for S. fibulata
in two geographical locations were not dissimilar, though the position of the
bands and band intensities varied. Hierarchical clustering of the DGGE
profiles clearly shows the variation with seasonal profiles of S. fibulata
43acteriaC fart zrsztN t,ssociatedwitfi Sponges in Co-nd ckref (Ecosystems-A Discourse
on its ',Temporal and: geograptikar Variation

Oiscemsioft

Chapter 5

forming a separate cluster (25% similarity) while geographically (GOM) it
clustered at 34.9% similarity with the temporal cluster. This is consistent with
results of the hierarchical clustering of environmental parameters thus
suggesting that the environmental parameters had an influence on the
bacterial community structure. Such variation in bacterial community
structures of various sponges has been well documented. Andersen et al,
(2010) studied the spatial and temporal variation in bacterial diversity in the
sponge Mycale hentscheli, and found that there was detectable difference in
the profile geographically, but was conserved over time. The DGGE profile
analysis of two sponges, Hyrtios erectus and Amphimedon sp. from Red Sea
showed that the bacterial communities associated with the two sponges had
statistically different banding patterns from each other (Radwan et al, 2010).
DGGE - Diversity
Surveys of sponges from Meditterranean Sea, Red Sea, Sea of
Japan, and the Pacific by Hentschel et al, (2002) reported 14 different
monophyletic sponge-specific bacterial clusters belonging to seven bacterial
divisions. Phylogenetic diversity of sponge associated bacteria are
Alphaproteobacteria, Betaproteo bacteria, Gammaproteobacteria,
Acidobacteria, Actinobacteria, Nitrospira, Bacteroidetes, Cytophaga/
Flavobacterium, Chloroflexi, Chlorobi and Planctomycetes (Webster et al,
2001; Hentschel et al, 2002). The novel sponge - specific group,
Poribacteria, which was identified recently, has a large degree of homology
(75%) with other phylogenetic groups of bacteria (Fieseler et al, 2004). In
this study, uniform bacterial community of the sponges was observed in the
two sponges of D. granulosa and S. fibulata. The common bacterial groups
encountered in both the sponges were Proteobacteria, Firmicutes,
Chloroflexi, Acidobacteria, Actinobacteria and Spirochaetes, however,
members of phylum Cyanobacteria and Thermotogae were associated with
either one of the sponges. DGGE-based community fingerprints revealed the
existence of apparently highly stable bacterial communities in the
demosponges, Callyspongia sp., Cymbastela concentrica and Stylinos sp.
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over the course of one year. In addition, variability on a short timescale was
shown to be minimal for Cymbastela concentrica (Taylor et al, 2004). Also
low levels of variability among conspecific hosts at a single location were
reported for several Antarctic sponges using DGGE (Webster et al, 2004).
Hentschel et al, (2002) studied the variation in bacterial diversity of distantly
related sponges such as Theonella swinhoei and Aplysina aerophoba from
western Pacific and Mediterranean respectively, suggesting a high degree of
uniformity among sponge associated microbial communities. DGGE based
analyses of 16S rRNA, aprA, and amoA genes demonstrated that a
phylogenetically diverse and complex microbial community was associated
with the Caribbean deep-water sponge Polymastia corticata belonging to
Actinobacteria, Acidobacteria, Nitrospira, Alpha, Beta, Gamma and
Deltaproteobacteria (Meyer and Kuever, 2008). The result of this thesis work
was also consistent with the findings from other sponge species (Li et al,
2007; Thiel et al, 2007; Turque et al, 2008; Wang et al, 2008). Taylor et al,
(2007) reported that sequences representing 16 bacterial phyla have been
recovered and that sponge associated microbial community contains a
mixture of generalist and specialist microorganisms and that these microbial
communities were generally stable in both space and time.
Proteobacteria and all classes of the phylum such as Alpha, Gamma,
Delta and Epsilon were present in this study. Proteobacteria are very
common in marine environments (Sekiguchi et al, 2002; Wagner-Dobler et
al, 2002) and always associated with marine plants and animals (Lau et al,
2002). The various genera obtained in Alphaproteobacteria were Rhizobium
sp.,

and

Ruegeria lacuscaerulensis.

One Gammaproteobacteria,

Halochromatium salexigens was observed. Desulfovibrio aminophilus and
Hippea maritima were the Deltaproteobacterial genera that were obtained.

This indicates the presence of sulphate reduction in sponges. Schonberg et
al, (2004) and Hoffman et al, (2005) were able to demonstrate the anoxic
zones in the sponge Geodia barretti. Proteobacteria including Alpha, Beta
and Gamma classes have been found in many sponges from different
marine locations, e.g. Aplysina cavernicola from the coast of Elba in the
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Mediterranean Sea (Thorns et al, 2003) and Banyuls-sur-Mer on the coast of
Marseille in France (Friedrich et al, 2001), Rhopaloeides odorabile from
Davies Reef in Australia (Webster et al, 2001; Webster and Hill, 2001),
Theonella swinhoei from the western Caroline islands in the Republic of
Palau (Schmidt et al, 2000), Halichrondria panicea from the Adriatic Sea
(Croatia), the North Sea near Helgoland (Germany), the Baltic Sea near Kiel
(Germany) (Althoff et al, 1998), and the sponges Jaspis johnstoni and
Plakortis lita (Guan et al, 2000). Alpha and Gammaproteobacteria were also
found in the sponges

Kirkpatrickia varialosa, Latrunculia apicalis,

Homaxinella balfourensis, Mycale acerata and Sphaerotylus antarcticus
(Webster et al, 2004). Firmicutes formed the dominant group in both the
sponges under investigation, D. granulosa and S. fibulata. The presence of
this group has been reported in sponges such as Craniella australiensis (He
et al, 2006). It is an abundant group found in marine organisms such as
sponges (Prokofeva et al, 1999; Hentscel, 2001) and soft corals (Kapley,
2007). DGGE analysis of certain sponges did not show a preponderance of
Firmicutes but these groups were encountered in the 16S rRNA clone library
analysis (Li and Liu, 2006; Li et al, 2006, 2007). Spirochaetes also was a
common group associated with D. granulosa and S. fibulata. Spirochaetes
are regularly been identified with the sponges, however no information is
available on the specificity of this association (Hentschel et al, 2002;
Schirmer et al, 2005; Hill et al, 2006; Taylor et al, 2007, Isaccs et al, 2009).
Neulinger et al, (2010) reported the presence of two novel sequences
related to Brachyspirceae, other families such as Spirochaetaceae, Borrelia
and Cristispira. From the earlier work it has been clear that the use of
universal primers bear the risk that whole bacterial groups remain under
represented or even undetected (Neulinger et al, 2010). The use of
spirochaete specific primers would have covered the diversity of
Spirochaetes efficiently. The ecology and physiology of the sponge derived
spirochaetes have not been addressed so far by any pertinent study.
Cyanobacteria were observed in S. fibulata. Cyanobacterial symbionts occur
abundantly in the sponges around the world which may be present
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intracellularly or extracellularly. The reported cyanobacterial symbionts of
sponges included Synechocystis, Aphanocapsa, Oscillatoria, Anabena and
Synechococcus (Sara, 1971, Larkum et al, 1988; Wilkinson et al, 1992;
Larkum et al, 1999; Usher et al, 2004). Aphanocapsa feidmanni are the most
common cyanobacterial symbionts reported in the sponges (Diaz et al,
1996). Cyanobacteria have also been reported in the sponge Clathria
prolifera

which included uncultivated representatives of the genera

Synechococcus, Pseudoanabena and Phormidium (Isaccs et al, 2009).
Chloroflexi which are anoxygenic photosynthetic bacteria were present in the
D. granulosa and S. fibulata. In this study two genera of Actinobacteria were
obtained such as Rubrobacter sp. and Euzebya sp. Rubrobacter sp was
associated with D. granulosa and S. fibulata. Though Actinobacteria are
known to be associated with terrestrial and marine habitats (Hayakawa et al,
2000; Shirokikh and Merzaeva, 2005; Terkina et al, 2002), they have been
also recovered from marine invertebrates especially the sponges (Webster
et al, 2001; Lampbert et al, 2006; Zhang et al, 2006). Acidobacteria was
present in the two sponges. The presence of this group has been reported
by Weisz and coworkers (2007). Though this phylum with a few culturable
representatives was well represented in soils, they were also encountered in
marine habitats (Delong et al 2006; Quaiser et al, 2008). However, the
significance of this group in the sponge-bacterial association is yet to be
investigated. Phylum Thermotogae was associated D. granulosa and was
not found in S. fibulata temporally and geographically. There are no reports
of the association of this group with the sponges and should be further
investigated.
Geographical Variation
DGGE analysis indicated that the sponge associated bacterial
community appeared to be relatively different in the two sponges with
representatives of several bacterial groups in D. granulosa and S. fibulata
few bacterial species were present in both the sponges but exhibited clearly
marked temporal and spatial variation in their association. In the case of
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spatial variation, Chloroflexi which are anoxygenic photosynthetic bacteria
was present in both the species in different locations. It was present in S.
fibulata from GOM but absent in that of KL, however, was present in D.
granulosa of oceanic region (KO) in Kavaratti. Absence of certain species
from oceanic region has been earlier reported in Ircinia felix sponges
(Southwell et al, 2008). The difference in the diversity pattern between the
two sponges within the same location but different sites may be attributed to
the environmental factors that may be prevailing in the two sites. KL which is
inside the lagoon would be much protected whereas KO is in the oceanic
region and would be affected by the currents and variations in temperature,
salinity and dissolved oxygen concentrations. Temperature was lower in KO
compared to KL by 2 °C. Investigations on biogeographical variability in the
community composition of the sponge-associated bacteria showed that
GOM had higher diversity with seven groups than KI which comprised only
five groups. However, some of the groups were present form both locations.
Andersen et al, (2010) studied the spatial variation in bacterial diversity in
the sponge Mycale hentscheli, and found that there was detectable
difference in the profile geographically. Bacterial community composition in
sponge C. concentricus from Australia was reported to be different between
tropical and temperate environments, but very similar over a 500 km
temperature range of the south—eastern Australia coast (Taylor et al, 2005).
Temporal Variation
Similarly, few groups showed temporal variations. The
Alphaproteobacteria included

Rhizobium

sp., and

Ruegeria

lacuscaerulensis. Rhizobium sp. was observed during the monsoon in D.
granulosa

and postmonsoon in

S. fibulata.

However,

Ruegeria

lacuscaerulensis was encountered during the premonsoon and monsoon in
both the sponges.

Desulfovibrio aminophilus was encountered during all

seasons in S. fibulata while in D. granulosa this bacterium was only
observed during premonsoon. Hippea maritima was absent in monsoon in
both sponges. Interestingly, one Epsilonproteobacteria namely,
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Caminibacter mediatlanticus was obtained. This was found only during the
monsoon and post monsoon in D. granulosa. Spirochaetes have been
observed to be associated with D. granulosa in all the seasons. However, in
S. fibulata it was observed in all seasons except the monsoon. Maximum
diversity was observed during the monsoon in D. granulosa while in S.
fibulata it was in the post monsoon. Earlier, temporal variability in marine
sponges had been examined for field based (Taylor et al, 2004) and
aquarium based (Friedrich et al, 2001) populations of sponges. It has been
reported that in natural populations of three sponges from southeastern
Australia, temporal variability was minor (Taylor et al, 2004). All the groups
such as Proteobacteria, Actinobacteria, Acidobacteria, Chloroflexi,
Firmicutes, Spirochaetes and Thermotogae were present in D. granulosa
during monsoon. Spirochaetes was completely absent during premonsoon,
while in postmonsoon in addition to Spirochaetes, Chloroflexi was also
absent. Cyanobacteria was completely absent during all the seasons. In S.
fibulata, Proteobacteria, Actinobacteria, Acidobacteria and Firmicutes were
present during the premonsoon and postmonsoon. In addition to the above
Cyanobacteria was also present during the postmonsoon. However, during
the monsoon only three groups such as Proteobacteria, Actinobacteria and
Firmicutes were encountered.
Sponge-specific groups
Micropruina belonging to Actinobacteria was found to be only
associated with S. fibulata and not detected in D. granulosa. This association
was exclusively temporal as it was detected during the monsoon. Similarly,
Prochlorococcus sp. has been encountered only in the sponge S. fibulata
from different locations (KI and GOM). Thus geographically the association
appears to be apparently stable as was present only during the post
monsoon. Prochlorococcus sp. has been reported to be associated with
sponges collected from various locations as Carribean, Mediterranean and
Indian Ocean (Steindler et al, 2005; Erwin and Thacker, 2008). Thermotogae
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which are chemoorganotrophs, was also found to be specific to one of the
sponges D. granulosa.
Hentschel et al, (2002) studied the variation in bacterial diversity of
distantly related sponges such as

Theonella swinhoei and Aplysina

aerophoba from western Pacific and Mediterranean respectively and
suggested a high degree of uniformity among sponge associated microbial
communities. Bacterial communities of Antarctic sponge species were
consistently detected within a particular species regardless of the sample
location (Webster et al, 2004). Bacterial communities in

Cymbastela

concentrica from numerous locations in the temperate waters showed that
variation was lesser compared to its counterpart in the tropical waters
(Taylor et al, 2005). The investigators attributed the variation in diversity to
the environmental factors such as light and temperature which change with
latitude. Hentschel and coworkers (2010) affirmed that sponge-associated
microbial communities are stable within individuals through time and it can
be conservatively stated that specific subsets of the overall community
occurred consistently within the same sponge species from different
locations. The presence of a diverse microbial community in sponges
exposes sponge cells to the chemical products of a wide range of metabolic
transformations of carbon, nitrogen and other elements as well as bioactive
microbial natural products. Because of this exposure, the sponges benefit
from the metabolic diversity of their associated microbes.
5.3. FUNCTION
Sponges are reservoirs of many known, unknown and certainly of
many uncultured, microbial species and harbour many specific bacterial
species that are not found in other environments (Hentschel et al, 2002).
Employment of cultivation-dependant techniques has showed that bacterial
communities can be different and diverse in the sponges. Being the oldest
metazoans still present and their presumably consistent association with
microorganisms through time and space strongly suggests a functional
relationship between the sponge and its bacteria. The bacteria may help in
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the translocation of metabolites, participation in chemical defense system
against predators and biofouling, stabilization of sponge skeleton, nutrition
by nitrogen fixation, nitrification and photosynthesis (Wilkinson, 1983, 1992;
Wilkinson and Garrone, 1980; Pile et al, 1996; Reiswig, 1971, 1975) and
even exhibit parasitism or pathogenicity (Bavestrello et al, 2000; Unson et al,
1994; Cervino et al, 2006; Webster et al, 2002). Thus to a sponge, different
microbes can represent food, pathogen/parasites or mutualistic symbionts.
Till date several microbial processes have been found in sponges:
nitrification (Bayer et al, 2008, Diaz and Ward, 1997, Jimenez and Ribes,
2007, Southwell et al, 2008), nitrogen fixation (Wilkinson and Fay 1979;
Mohamed et al, 2008), photosynthesis (Arillo et al, 1993), methane oxidation
(Vacelet, 1995) and sulfate reduction (Hoffman et al, 2005) but not fully
understood. Unfortunately the ever increasing knowledge of the taxonomic
nature of sponge associated microbes infers little about their metabolic
function, activity and benefit to the sponge. Thus microbially mediated
processes must be uncovered if the nature of the sponge—microbe
association is to be understood. To the microbes, sponge proved a safe
abode and food. Although many potential beneficial roles have been
ascribed to the microorganisms; it has been difficult to find in situ evidence
for these hypotheses due to the complexity of host-bacteria network.
Moreover, most permanently sponge-associated bacteria cannot be cultured
outside their host rendering investigations regarding their function difficult.
However, very little information exists about the actual relationship between
the host and its specially associated bacteria. In this study two, functional
aspects viz. nutrition and defense (chemical ecology) of sponge-microbes
are discussed.

NUTRITION
The ecological role of the sponge-microbes varies on the type of
association, the host species and the surroundings. Accordingly, three types
of associations of microorganisms with sponges are now recognized i)
cosmopolitan bacteria similar in composition to those in the surrounding
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seawater which serve, most likely as a food source ii) extracellular bacteria
which are probably specific to sponge mesohyl and iii) intracellular or even
intra-nuclear bacteria which permanently reside in host cells nuclei. The
functional role of sponge-microbes depends on the type of association. The
cosmopolitan bacteria are mainly food for sponges. It was shown that
seawater derived bacteria were consumed two order magnitude faster than
was a consortium of sponge derived bacteria (Wilkinson, 1983; Wehrl et al,
2007). Studies have also shown that the growth of the sponge depended on
the abundance and production and the bacterioplankton (Parfenova et al,
2008). In order to establish themselves in this environment, bacteria must
be resistant to digestion by sponge archeocytes. Transmission electron
microscopy (TEM) studies have shown that bacteria contain various
additional membranes, slime capsules and enlarged periplasms which
presumably serve as barrier to prevent digestion (Friedrich et al, 1999;
Wilkinson, 1981). Studies using FISH have shown that these bacteria within
sponges are not only present but metabolically active. Whether colonized or
in transition, microbes can contribute to the nutrition or/and cleaning of the
channels of the sponge by degrading the ingested particles. Particle uptake
by sponges appears to be highly efficient but probably largely unselective for
a given particle nature or size (Ribes et al, 1999). Microbial enzymes may
play an important role in the compound transfer to sponge host. Investigation
of enzymes from sponge associated microorganism has been rarely reported
(Graeber et al, 2008, Han et al, 2008, 2009, Karpushova et al, 2005) except
for a study on enzymatic activities of microorganisms isolated from sponges
where it was demonstrated that many microorganisms could digest proteins,
carbohydrates, and organophosphates compounds, with the activity of
alkaline phosphatase being especially notable (Efremova et al, 2002). This
versatile capacity would be an added advantage to the microbes to compete
in host by increasing its production rate so that even if few are ingested, it
could maintain a constant number, and incase not ingested it could provide
nutrients for the sponge. However, these are circumstantial hypothesis
drawn based on the results of this study.
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Carbon
Heterotrophy is a common form of carbon metabolism in sponges,
either via consumption of microbes from seawater or uptake of organic
molecules via microbial interaction. The contribution depends on the
bacterial diversity of the sponge. Phototrophic sponges utilize dissolved
carbon dioxide in addition to the energy and nutrients that they obtain from
respiring filtered organic matter. The carbon isotopic studies in the sponges
Ircinia felix and Aplysina cauliformis showed a value of 25% and appeared to
be consistent with the irradiance (Southwell et al, 2007). Occurrence of
Cyanobacteria in sponges of tropical waters have been reported (Arillo et al,
1993; Steindler et al, 2002) which contributes to the carbon metabolism by
translocation of photosynthates (mostly glycerol) which may in tum
contribute to > 50% of the sponges energy requirements (Wilkinson, 1983).
DGGE analysis showed the occurrence of Cyanobacteria in S. fibulata. This
is generally seen in thin outer tissue regions where light energy is available
for photosynthesis (Gaino and Sara, 1994). In D. granulosa, Cyanobacteria
were completely absent. Another phototrophic group Chloroflexi was found
in D. granulosa but not in S. fibulata of the same location but was present in
GOM. Such small number or lack of phototrophic bacteria in sponges has
been reported (Wilkinson, 1983). So the additional carbon requirement of
these two species of sponges may be sufficed from other nonphotoautotrophs either chemolithoautotrophic or chemoorganotrophs. These
groups can provide new carbohydrates for the host cell via microbe-sponge
exchange (Hallam et al, 2006). Though, the contribution of carbon
requirement of sponge by chemolithoautotrophic (CO2 fixation by the
nitrifying microbial community) has been hypothesized, this group was not
detected. However, the possibility of chemoorganotrophs contributing to the
carbon metabolism is possible as Thermotogae group was observed in D.
granulosa.

Organotrophs were present in high abundance but also had

wide array of diversity. Since the growth and activity of heterotrophic
bacteria are largely dependent on supply of easily degradable organic
compounds, their concentrations in the water and sponge play a significant
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role. The ability to degrade complex molecules by this group is well
established. It is obvious that this group can contribute significantly in the
carbon metabolism of the sponge as well as its own nutrition. The
percentage of isolates that degraded molecules like starch was high among
both the species of the sponges than the ambient water irrespective of the
site and location. Such high percentage (79%) was also reported for six
different species of Demospongiae from the east coast (Mohapatra et al,
2003).

Halobacterium salinarum, isolated from Fasciospongia cavermosa

from GOM produced high yield of amylase enzyme (Shanmughapriya et al,
2009). In D. granulosa, the percent of bacteria that could degrade lipid was
lesser than that of the planktonic bacteria but in S. fibulata, it was 1.4 times
higher than the planktonic bacteria. This may be because

S. fibulata

recognized lipolytic bacteria and deliberately had not ingested them (Fiesler
et al, 2004). Zhang et al (2009) was the first to report the presence of lipase
from marine sponge associated microorganism followed by Feby and Nair
(2010) who reported occurrence high percentage of lipase among sponge
associated bacteria.
The overall knowledge on the nutritional requirements of bacteria
associated with marine sedentary organisms is poorly understood (Fence!,
1993). Being filter feeder, quantity and quality of the DOM of the water is
very crucial. Wafar (1977) had reported high dissolved carbohydrate in this
lagoon water and it ranged from 20 to 50 mgL-1 . Since growth and activity
are largely dependent on the supply of easily degradable organic
compounds, their concentration in natural waters play a significant role. The
percentage of bacteria that utilized simple sugars was uniform between the
sources. Bacteria from both water and sponges (D. granulosa

and S.

fibulata) had preference for mono and disaccharides The percentage was
more in the sponges compared to the water as sponge provide an ambient
efficient platform to scavenge the dissolved organic matter from the water
and also the carbohydrates available as a result of extensive phagocytosis
of the host.
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The main players of carbon metabolism were Vibrio from both water
and sponges. Alcaligenes Alteromonas, Bacillus (10-35%) and Microoccus
(Mohapatra et al, 2003). Flavobacteria are known to produce lipases
(Labuschagne et al, 1997). The extent to which phototrophic and
heterotrophic groups contributed to the carbon requirement of the sponge is
not clear. However, this study postulates that sponge microbes breakdown
carbon compounds for the nutrition of the sponge or /and for its own growth.
Spirochaetes are known to be associated with the molluscs and utilize
the extracellular enzymes by the concomitant bacteria and the organism
itself (Margulis and Hinkle, 1992). Such function may be found in the
sponge-associated spirochaetes.
Though Actinobacteria are known to be associated with terrestrial and
marine habitats (Hayakawa et al, 2000; Terkina et al, 2002), they have been
also recovered from marine invertebrates especially the sponges (Webster
et al, 2001; Lampbert et al, 2006; Zhang et al, 2006). They are important
contributors of enzymes (Lazzarini et al, 2000; Kim et al, 2005; Williams et
al, 2005; Oh et al, 2006)
Nitrogen
Bioavailable nitrogen concentration is very low in the coral reef
environment, biological nitrogen fixation by host symbionts would provide a
competitive advantage to the host sponges in nitrogen stressed ecosystem
and such relationships (commensalism and mutualism) could prove to be a
qualitatively important source of fixed nitrogen for reef ecosystems.
Cyanobacteria are also nitrogen fixers. Since they occurred in S. fibulata
there is a possibility to contribute to nitrogen metabolism of the sponge.
Sponges have also been found both to assimilate and release dissolved
inorganic nitrogen (ammonia, nitrate and nitrite) as well as dissolved and
particulate organic nitrogen (both dissolved and particulate organic nitrogen)
(Pile et al, 1997). In a study by Diaz and Ward (1997), the nitrification
capacity was investigated in tropical sponges and was related to the
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association between sponges and bacteria. The process of nitrification and
denitrification depends of the occurrence of the group and whether the
sponge is HMA or LMA (Schlappy et al, 2010). It is also possible that the
presence of autotrophic nitrifiers and heterotrophic denitrifiers provide the
sponge with an optimized system for food utilization and storage under both
aerobic and anaerobic conditions, in case it actually does feed on the
associated microbes. Since the diversity studied did not recover any group
with this activity, their contribution cannot be inferred, bearing the limitation
of diversity studies.
Since sponges release both inorganic and organic nitrogen
compounds (reflects the overall availability of nitrogenous host waste
products - ammonia, urea) in the sponge body, it is likely to be available as
nitrogen source for a guild of residing microbes. As discussed earlier these
microbes may serve dual role of removing the toxic waste and serve as a
food for the sponge. Enzymatic studies showed the presence of proteolytic
activity associated with both the sponges, with sponge exhibiting higher
percentage than water. In Petrosia ficiformis, 14% of the isolates produced
extracellular protease (Chelossi et al, 2004) while 63% of isolates was
reported (Mohapatra et al, 2003). Such variation may be due to difference in
sponge species and location. Another enzyme that contributed to the
nitrogen pool was urease and 10% of the isolates were positive for urease.
The urease activity in the water was high compared to the sponge isolates.
The reported number of urea hydrolyzing bacteria (by MPN) in the reef was
2.43x 10 m1 1 which is equivalent to 32-96% of the heterotrophic bacteria
(Chandramohan and Ramaiah (1987). High concentration of amino acid was
reported in the skeletal organic material of the corals indicating that the biota
of the reef may be adding considerable quantities of amino acids to the
lagoon waters (KL) and close vicinity of the outer reef area ( KO-oceanic).
High perentage of amino acid utilization by sponge reflects its preference for
organic nitrogenous compounds as it will be available within the host as a
result of extensive phagocytosis and from the water. In the case of the
nitrogen metabolism it can be inferred that the sponge-microbe association
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on its '7emporaf and ceograpnicat Variation

OiNcetssion/

Cfiapter 5

seems to be commensalism /symbiosis (mutual sharing and not true
symbiosis) as most of the species were the cosmopolitans.
Phosphorus and Sulphur
Phosphorus is nutritionally very important to all organisms. No work
has been carried out on phosphorous metabolism in sponge or its
associated microbes. Though >25 % of the isolates were positive for DNase
and > 70% exhibiting phosphatase, there was no difference between the
percentage of DNA degraders in the water and sponge reflecting minimal
role of microbes in the phosphorous metabolism. The presence of
Desulfovibrio aminophilus and Hippea maritime indicates sulphate reduction
in sponges. Hoffman et al, (2005) were able to demonstrate the anoxic
zones in the sponge particularly during the periods of pumping inactivity. The
estimated sulphate reduction rates in sponge Geodia barretti of upto 1200
nanomoles SO42cm3sponge day-1 have been reported and which is the
highest recorded in natural systems.
In the natural environment, antibiotics and other secondary
metabolites serve multiple functions related to the survival of
microorganisms. Antimicrobials thought to confer a selective advantage
when in competition with other bacteria populating the same ecological niche
(Hentschel et al, 2001). In this study, bacteria isolated from D. granulosa and
S. fibulata showing antibacterial activity, all were

Vibrio except one

Exiguobacterium in D. granulosa. Even though phylogenetically they
belonged to the same group, antibacterial activity pattern of the bacteria
associated with sponges were entirely different. Arthrobacter, Micrococcus
(Actinobacteria),

Paracoccus

Pseudoalteromonas

(Alphaproteobacteria),

(Gammaproteobacteria) and

Vibrio and

Bacillus

(Firmicutes)

associated with the Mediterranean sponges, Aplysina aerophoba and
Aplysina cavernicola showed antimicrobial activity (Mohamed et al, 2008).
Vibrio, Pseudomonas, Marinobacter and Bacillus have been isolated from 4
sponges from south east of India and showed antimicrobial activity (Anand et
al, 2006). Bacteria living on the surface of marine invertebrates have been
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found to produce chemicals that are having potential antibacterial and
antifouling activities. The bacteria associated with marine invertebrates are a
rich source of bioactive metabolites. Twenty-nine marine bacterial strains
were isolated from the sponge Hymeniacidon perleve at Nanji island, and
antimicrobial screening showed that eight strains inhibited the growth of
terrestrial microorganisms (Zheng et al, 2005).
Butanol extract of Bacillus and Pseudomonas associated with lrcinia
ramosa showed strong and broad spectrum activity (Thakur and Anil, 2000).
In Indian sponge Pseudoceratina purpurea,

4 antibacterial producing

bacteria were isolated (Kanagasabhapathy and Nagata, 2007).
Proteobacteria and Firmicutes isolated from Stelletta tenui, Halichondria
rugosa and Dysidea avara from South China Sea showed antibacterial
activity (Li et al, 2007).
Many of the marine Actinomycetes showed antibacterial activity.
Streptomyces isolated from Dendrilla nigra showed inhibitory activity against
Micrococcus luteus (Selvin et al, 2004). Abdelmohsen et al (2010) isolated
Actinomycetes with broad spectrum antibacterial activity from 11 sponges
from Egypt and Croatia. However, in this study no Actinomycetes showed
antibacterial activity even though many of them were isolated from both
sponges. The antimicrobial activity of three sponge species was tested
against marine benthic bacteria and the presence of epibiotic bacteria on
their surfaces was investigated to determine whether there is a correlation
between antimicrobial activities and the presence of a bacterial film. Grampositive and Gram-negative bacteria were equally affected by all the sponge
extracts. The encrusting sponge Crambe crambe featured the strongest
antimicrobial activity in the assays and no bacteria were found on its surface
(Becerro et al, 1994). Sponge associated bacteria are hypothesized to
contribute to the health and nutrition of sponges in a variety of ways
including production of protective antibiotics and the acquisition of limited
nutrients. Marine sponges provide a protected and nutrient rich niche in
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which extensive interaction among the dense and diverse bacterial
population is fostered (Mohamed et al, 2008).
It is evident from the present study that coral reef sponges harbor
microbial populations which are highly active and are capable of mineralizing
a wide variety of compounds. There was temporal and spatial variation
brought about by availability of the substrates, bacterial abundance and
diversity of water and sponge.
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SUMMARY AND CONCLUSION

Sponges belong to the phylum Porifera that has been estimated to
comprise at least 15,000 extant species with 85% belonging to class
Demospongiae. These sessile metazoans are filter feeders capable of
turning over many thousands of litres of water per day. Prokaryotic
microorganisms, as well as nano and pico-eukaryotes, are the most
important diet of these sponges (Pile et al, 1997; Ribes et al, 1999). Spongemicrobe association involves a diverse range of heterotrophic bacteria,
cyanobacteria, dinoflagellates, diatoms etc. These microbes colonize all the
three cell layers of the sponges (intercellular and intracellular matrix) and
occupy up to 60% of the sponge volume and this underlines the ecological
relevance of sponge-associated microbiota for tropical coral reef
ecosystems. Three types of bacterial association have been proposed based
on the studies carried out: (i) abundant populations of sponge-specific
microbes in the sponge mesohyl (Type I) (ii) small populations of specific
bacteria occurring intracellularly (Type II) and (iii) populations of non-specific
bacteria resembling those in the surrounding seawater (Type HI). With the
advent of molecular tools, few precise and general insights into the microbial
composition could be gained. Among the sponges, the association of
demosponges with microorganisms is explored the most and few basic
questions have been answered (Hentschel et al, 2002, 2006; Webster and
Hill, 2002). Congruent results of these studies are 1) the presence of
sponge-specific clusters or sponge-derived bacterial groups (Hentschel et al,
2002) and 2) sponges belonging to different orders, occupying highly
dissimilar habitats, harbouring similar members of microbial communities.
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Molecular techniques revealed a common microbial signature in many
sponges that is phylogenetically complex yet highly sponge-specific and
distantly different from marine planktonic bacteria. Fourteen monophyletic
sponge-specific clusters belonging to Acidobacteria, Actinobacteria,
Bacteroidetes, Chloroflexi, Cyanobacteria, Nitrospira and Proteobacteria
were obtained (Hentschel et al, 2002). As common patterns are beginning to
emerge, so are the exceptions.
Collectively the microbes confer upon their hosts the potential to
exploit an impressive metabolic repertoire including photosynthetic carbon
fixation, nitrification, anaerobic metabolism, bioluminescence and secondary
metabolite production.
India has 486 species of sponges distributed in vast coral reefs. In
spite of the vast diversity, studies on sponge-associated microbes are
recent and are restricted to biotechnological aspects - as a source for drug
discovery (Thakur and Anil, 2000; Anand et al, 2006; Selvin et al, 2004,
2009). Also, studies on the diversity and function of sponge-associated
microbes from Indian waters are very limited (Selvin et al, 2009).
Diversity is a key issue within both eukaryote and prokaryote ecology.
In spite of India having vast marine biodiversity, studies on
interaction/relationship between eukaryote and prokaryote are limited. In this
thesis, an attempt has been made to explore this relationship between
microbial diversity and host specificity using marine sponge-bacterial
association. This study represents the first comprehensive analysis of
bacteria associated with two species of sponges viz. Dysidea granulosa and
Sigmadocia fibulata

(Class: Demospongiae) inhabiting the coral reefs of

Kavaratti (Lakshadweep) and Gulf of Mannar, both regions are known for
the most prolific sponge populations with respect to diversity and biomass.
Salient findings of this study are listed below:
• Bacterial abundance in the two species of sponges was in the order of
107-8 CFU g-1 of sponge tissue (w/w) which was 2-3 order higher than
<BacteriaRDive
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that of ambient water, irrespective of the media and methods used.
This high abundance of associated bacteria indicates their overall
importance.
•

Abundance of bacteria showed both spatial and temporal variations in
both sponge species. High recoverability of sponge-associated
bacteria was in 10-25% nutrient agar media.

•

Gammaproteobacteria was the most predominant group in both
species of sponges and ambient water. In the sponges, Vibrio was
the dominant genus present. Other associated bacteria were,
Bacillus, Micrococcus and Staphylococcus. These groups showed

spatial and temporal variability in occurrence and abundance and can
be grouped as type III (Cosmopolitan).
•

Type II bacteria were Pseudovibrio denitrificans and Ruegeria sp.
(Alphaproteobacteria).

•

Two novel species have been isolated from the sponge S. fibulata
from Kavaratti
1. Formosa

sp. (93% similarity with the nearest culturable

neighbour)
Phylum: Bacteroidetes; Class: Flavobacteriales
2. Kiloniella laminariae (91% similarity with the nearest culturable

neighbour)
Phylum:Proteobacteria; Class: Alphaproteobacteria;
Family : Kiloniellales
•

16S rDNA PCR - RFLP analysis revealed 48 different phylotypes in
sponge. Culturable bacteria belonged to 4 different phyla ie, Phylum
Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria. In
Proteobacteria, both Alpha and Gamma groups were present.

•

Denaturing Gradient Gel Electrophoresis (DGGE) finger print-based
analysis revealed statistically different banding patterns of bacterial
43acteriaN)ive
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communities in both the species of sponges with D. granulosa having
the greater diversity (Shannon-Wiener diversity index- 3.1).
•

PCR-16S rDNA analysis of both sponges revealed diverse and
complex bacterial assemblages represented by 8 phyla Acidobacteria, Actinobacteria, Chloroflexi, Cyanobacteria, Firmicutes,
Proteobacteria, Spirochaetes and Thermotogae.

•

In Proteobacteria, Alpha, Gamma, Delta and Epsilon classes were
present.

•

Type I bacteria - Cyanobacteria was recorded only in sponge S.
fibulata

•

Proteobacteria, Chloroflexi and Firmicutes were the major phyla
associated with both the sponges. However, some

sponge

associates could be considered as transient fauna due to variation
observed.
•

The temporal and spatial variability in abundance of sponge bacteria
and Type III diversity depended on availability of the substrates in
water and host as well as bacterial abundance and diversity of water.
Selective elimination of the host also should be considered.

•

Ecological aspects of sponge—microbes were delved for the first time.
Metabolic function, activity and benefit to the sponge were inferred
with the knowledge of the taxonomic nature of sponge-associated
microbes.

•

Although the exact relationship between sponge and bacterial
association could not be established due to the complexity of live host
association, the following circumstantial hypothesis could be drawn
on nutrition and defense mechanisms, based on the results obtained:
1. To the coral reef sponge, the harboured microbial populations are
highly active and capable of mineralizing a wide variety of
compounds which provide nutrition to the hosts. Amylase and
phosphatase were the most expressed enzymes.
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2. Sponges or the associated bacteria are capable of producing
bioactive compounds to deter pathogenic microbial attack and at
the same time would support beneficial microbes and rely heavily
on the production of chemicals as a form of defense. Defense was
associated with the antibacterial activity. Majority of spongeassociated bacteria exhibited defense mechanism against gram
negative and gram positive bacteria.
3. To the bacteria, sponge proved a safe abode and food. The
versatile capacity (hydrolytic activity and utilization of simple
molecules) of the sponge would have added advantage to the
microbes to compete in host by increasing its production rate so
that even if a few get ingested, a constant number can be
maintained, and in case not ingested, it can provide nutrients for
the sponge by hydrolysis of complex molecules.
4. Sponge-microbe association seems to be more of
commensalism/mutualism (mutual sharing and not true symbiosis)
as most of the species were cosmopolitan with a few phyla being
host associated or host specific.

Conclusions and Future Directions
•

The two sponge species are conducive platform for the enrichment of
bacteria. 16S rDNA based molecular and culture-based approaches
used for describing the community associated with D. granulosa and
S. fibulata were valuable in revealing the large diversity of bacteria
associated with these sponges. This work provides an excellent
resource of several candidate bacteria for production of novel
pharmaceutically important compounds.

•

Currently very little information exits on the spatial distribution of
associated bacteria within the sponge. Different microbial profiles are
likely to exist between exterior and interior tissue samples. Hence,
knowledge of the location of associated species in the sponge may
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provide information about the preferred microenvironment of a
particular strain, which can be used to design cultivation experiments
as these organisms are still regarded as mostly uncultivable and
underrepresented.
•

Understanding the variability and specificity of sponge-bacterial
association will help to understand the bacterial population dynamics.

•

The presence of Archaea in sponges has been reported lately and
the diversity and functional aspects are yet to be studied. Similarly,
the potential role of phages and protozoa in regulating microbial
communities within the sponge is a new area to be investigated.

•

Sponge-bacteria contributed to their nutrient cycling and defense.
Many fundamental aspects of metabolism and evolution of symbionts
are yet to be understood. The application of metagenomics would
provide access to sponge microbiota as a rich source for novel
enzymes and metabolites. It would also open new avenues for
sustainable production of biotechnologically relevant compounds and
lay the ground work for future studies on the role of these diverse
microbes in ecology, evolution, and development of marine sponges.

•

However, construction and handling of even larger libraries will be
necessary to cover the complex microbial diversity and function. The
improvement in high throughput sequencing capacities will make
environmental genomics analyses of sponge micro-biota a
manageable task.

•

The single cell genomic approach reveal link between function and
phylogeny of bacteria associated with sponges by cloning the entire
gene clusters from single bacterial cell of known phylogenetic origin.
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APPENDIX
MEDIA COMPOSITION
•

Marine Agar 2216
Peptone

5g
1g

Yeast extract
Ferric citrate
Sodium chloride

0.1 g

Magnesium chloride

8.8 g
3.24 g

19.45 g

Sodium sulphate
Calcium chloride

1.8 g

Potassium chloride

0.55 g
0.16 g

Sodium bicarbonate
Potassium bromide
Strontium chloride

0.08 g
0.034 g
0.022 g

Boric acid
Sodium silicate

•

•

0.04 g
0.024 g

Sodium fluoride
Ammonium nitrate
Disodium phosphate

-

Agar

-

0.08 g
15.g

Nutrient Agar
Peptone

5.g

Beef extract
Sodium chloride

3g
5g

Agar

15 g

Nutrient Broth
Peptone

5g
1.5 g

Beef extract
Yeast extract
Sodium chloride

•

0.016 g

1.5 g
5g

Bromo Cresol Purple Broth Base
Peptone
Beef extract
Sodium chloride
Bromo cresol purple

-

10 g
3g
5g
0.04 g

._/ippencike

•

Nitrate Broth

•

•

•

•

•

•

Peptone

5g

Beef extract

3g

Potassium nitrate

1g

Alkaline Peptone Water
Peptone

10 g

Sodium chloride

10 g

Hugh Leifson Medium
Peptone

2g

Sodium chloride

5g

Dipotassium phosphate

0.3g

Glucose

5g

Bromo thymol blue

0.05 g

Agar

2g

Phenolphthalein Phosphate Agar
Peptone

5g

Beef extract

3g

Sodium chloride

5g

Sodium phenolphthalein phosphate

0.012 g

Buffered Glucose Broth (MR VP Medium)
-

Peptone

5g

Dextrose

5g

Dipotassium phosphate

5g

Moeller Decarboxylase Broth with Arginine Hydrochloride
Peptone

5g

Beef extract

5g

Dextrose

0.5 g

Bromo cresol purple

0.01 g

Cresol red

0.005 g

Pyridoxal

0.005 g

L-Arginine hydrochloride

10g

Moeller Decarboxylase Broth with Lysine Hydrochloride
Peptone

5g

Beef extract

5g

Dextrose

0.5 g

._/(pperte&r

Bromo cresol purple

0.01 g

Cresol red

0.005 g
0.005 g
10 g

Pyridoxal
L-Lysine hydrochloride

•

Moeller Decarboxylase Broth with Ornithine Hydrochloride
Peptone

5g

Beef extract

5g

Dextrose
Bromo cresol purple

0.5 g
0.01 g
0.005 g

Cresol red

0.005 g

Pyridoxal
L-Ornithine hydrochloride

•

•

10 g

Mueller Hinton Agar
Beef infusion
Casein acid hydrolysate

300 g
17.5 g

Starch
Agar

1.5 g
17 g

Mac Conkey Agar
Peptone
Lactose

20 g
10 g

Bile salts
Sodium chloride
Neutral red

5g
5g
0.07 g
15 g

Agar

•

DNase Test Agar
20 g

Tryptose
Deoxyribonucleic acid

2g
5g

Sodium chloride
Toluidine blue
Agar

•

0.1 g
15 g

Mannitol Motility Test Medium
Peptone

20 g

Mannitol

2g

Potassium nitrate

1g

Phenol red

0.04 g

Agar

3g

•

TCBS Agar
Proteose peptone

10 g

Yeast extract

5g

Sodium thiosulphate

10 g

Sodium citrate

10 g
8g

Oxgall
Sucrose

20 g
10 g

Sodium chloride

•

0.04 g

Thymol blue

0.04 g

Agar

15 g

Christensen Urea agar base — Urease
Peptone
Dextrose
Sodium chloride
Disodium phosphate
Monopotassium phosphate
Phenol red
Agar

•

1g

Ferric citrate
Bromo thymol blue

1g
1g
1.2 g
0.8 g
-

0.012 g
15 g

Triple Sugar Iron Agar
20 g

Peptone
Beef extract

3g
3g

Yeast extract
Lactose

10 g

Sucrose
Dextrose

10 g
1g

Sodium chloride
Ferrous sulphite, heptahydrate
Sodium thiosulphate, pentahydrate -

5g
-

Phenol red

-

0.2 g

0.3 g
0.024 g
12 g

Agar

•

5g

Simmons Citrate Agar
0.2 g

Magnesium sulphite
Ammonium dihydrogen phosphate
Dipotassium phosphate

1g

Sodium citrate

2g

Sodium chloride

1g
5g

✓ opendiv
0.08 g
15g

Bromo thymol blue
Agar

REAGENTS
•

Yeast Extract
0.1g

Yeast extract

10m1
Distilled water
Dissolve and dispense in different vials, sterilize by autoclaving at 121 °C
(15Ibs) for 15 minutes and store at 4 ° C in a refrigerator.

•

Antibiotic Cocktail
Nalidixic acid

8mg

Piromedic acid

4mg

Pipemedic acid

4mg

Saturated NaOH solution

50p1

Distilled water

10m1

Dissolve the antibiotics separately in saturated sodium hydroxide solution
and mix with water. Sterilize by filtration through 0.22pm pore size filter and
store in autoclaved vials at 4° C in a refrigerator.

•

Buffered formalin
40'Yo Formalin
Hexamine

100 ml
to saturation

Filter through O.22pm pore size filter and store at room temperature.

•

TNESU buffer
Tris

1.211g
1.826g

NaCI
EDTA- Na

3.72g

SDS

lOg

480.48g
Urea
pH
7.5
Make up with 1 L of Milli Q water and sterilize by filtration through
0.45pm filter paper

•

Proteinase K storage buffer
Tris HCI

6g

50mM

CaCl2

0.29g

5mM

Glycerol

50m1

50%

,i;openctiv

•

50X TAE buffer
Tris base

242.2g 2M

Glacial acetic acid

57.1m11M

0.5M EDTA, pH 8.0

100m1

0.05M

Mixed and made up with 1 L of Milli Q water. Sterilized by autoclaving 121 °C
for 20 minutes and stored at room temperature.

•

1X TAE buffer
50X TAE buffer (pH 8)
Distilled water

20m1
980m1

Mix well. Stored at room temperature

•

•

TE buffer
Tris HCl

0.12 g

EDTA

0.037 g

Milli Q Water

100 ml

pH

8.0

CTAB/NaCI solution (Cetyltrimethylammonium bromide)/NaCI
(10% CTAB in 0.7M NaCI)
NaCI

41g

CTAB

100g

Milli Q water

to 1 L

Dissolve 41 g NaCI in 800m1 Milli Q water and slowly add 100g CTAB while
heating and stirring. If necessary, heat to 65 °C to dissolve. Final volume
adjusted to 1 L. Store at room temperature (above 15 °C).

•

•

5M NaCI
NaCI

14.60 g

Milli Q water

100 ml

pH

8.0

10% SDS
SDS

100g

Autoclaved Milli Q water

to 1L

Dissolve SDS completely, if necessary, heat in water bath to dissolve.

j6i6enctir
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•

40% Acrylamide/ Bis
Acrylamide

38.93g

Bis — acrylamide

1.07g

Milli Q water

to 100 ml

0% denaturing solution (10% gel)
40% Acrylamide/ Bis

25m1

50X TAE buffer

2m1

Autoclaved Milli Q water

73m1

Total volume

100m1

Degas for about 10 minutes. Store at 4 °C in an amber coloured bottle for
approximately 1 month.
•

100% denaturing solution (10% gel)
40% Acrylamide/ Bis

25m1

50X TAE buffer

2m1

Deionized formamide

40m1

Urea

42g

Autoclaved Milli Q water

to 100m1

Degas for about 10 minutes. Store at 4 °C in an amber coloured bottle for
approximately 1 month. 100% denaturant solution redissolved in a water
bath after storage.
•

10% Ammonium Persulfate
Ammonium persulfate
Autoclaved Milli Q water
Store at -20°C for about a week, protect from light.

•

Dcode dye solution
Bromophenol blue

0.05g

Xylene cyanol

0.05g
10m1

1X TAE buffer
Store at room temperature
•

0.1g
1 ml

2X gel loading dye
2% Bromophenol blue

0.25m1

2% Xylene cyanol
100% glycerol

0.25m1

Milli Q water
Store at room temperature

7m1
2.5m1

.4;6/tent/ix

• 6X gel loading dye
Bromophenol blue

0.025g

Xylene cyanol

0.025g

100% glycerol

3m1

Milli Q water
Store at room temperature

10m1

• 1X TAE running buffer
140m1

50X TAE buffer
Autoclaved Milli Q water

6860m1
7000 ml

Total volume

STANDARD GRAPHS
Nitrate

0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Standard Curve for nitrate estimation using potassium nitrate as standard

Nitrite

Standard Curve for nitrite estimation using sodium nitrite as standard

Phosphate

Otieten(fix'
R2 = 0.997
0.06
0.05
10.04 0.03 0.02
0.01 0.00
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Concentration

Standard Curve for phosphate estimation using potassium dihydrogen
orthophosphate as standardSilicate
R2 = 0.99971
0.90 0.80 0.70 I 0.60 0.50 0.400.30 0.20
0.10
0.00
00
Concentration

Standard Curve for silicate estimation using silicate as standard
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Figure : Time travel experiment to standardize the restriction digestion gel.
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RFLP gel pattern
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FIGURE: RFLP pattern of representative bacteria isolated from D. granulosa
during monsoon
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FIGURE: RFLP pattern of representative bacteria isolated from D. granulosa
during post monsoon
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FIGURE: RFLP pattern of bacteria isolated from S. fibulata during monsoon
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FIGURE:

RFLP pattern of bacteria isolated from S. fibulata during
postmonsoon
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FIGURE: RFLP pattern of bacteria isolated from S. fibulata in GOM

Water
Phylum
Actinobacteria

Actinobacteria

A ctin omycetales

Arthrobacter
Gordonia
Kocuria
Micrococcus
Rothia

Bacteroidetes

Cytophagia

Cyto pha gales

Pon tib acter

Firmicutes

Bacilli

Bacillales

Bacillus
Oceanobacillus
Exiguobacterium
Staphylococcus

Proteobacteria

Alphaproteo bacteria

Gammaproteobacteria

Rhodobacterales

La brenzia

Sp hingomonadales

Paracoccus

Alteromonadales

Idiomarina
Microbulbifer
Pseudoalteromonas

Oceanospirillales

Chromohalobacter
Halomonas
Salinicola

Pseudomonadales

Acinetobacter

Vibrion ales

Photobacterium
Vibrio

Table St Culturable bacterial genera isolated from water in different media

D. granulosa

Media,- 4,
,50% NA 100% N
Actinobacteria

Actinobacteria

Actinomycetales

Bacteroidetes

Flavobacteria

Flavobacteriales

Firmicutes

Bacilli

Bacillales

Proteobacteria

Alphaproteobacteria

Rhodobacterales

Rhodospirillales
Sphingomonadales
Gammaproteobacteria Alter omonadales
Oceanospirillales
Pseudomonadales
Salinisphaerales
Vibrionales

Corynebacterium
lsoptericola
Micrococcus
Aquimarina
Bacillus
Oceanobacillus
Exiguobacterium
Staphylococcus
Labrenzia
Pseudovibrio
Ruegeria
Sulfitobacter
Roseomonas
Erythrobacter
Paracoccus
Microbulbifer
Halomonas
Acinetobacter
Salinisphaera
Photobacterium
Vibrio

Table S2 : Culturable bacterial genera isolated from D.granulosa in different media

S. fibulata
Media

Actinobacteria

r

Class

Phylum

Actinobacteria

Sphingomonadales

Isoptericola
Kocuria
Microhacteriurn
Ailicrococcus
Ornithinimicrobium
Rothia
Serinkoccus
Formosa
Bacillus
Exiguobacterium
Staphylococcus
Kiloniella
Auranthnonas
Labrenzia
Alautella
Pseutlovihrio
Ruegeria
Sulfitobacter
Thalassohius
Erythrobacter

Oceanospirillales

HahcNa

Vibrionales

Halomones
Kangiella
Photobacterium
Vibrio
Marinicella

Actinomycetales

Bacteroidetes

Flavobacteria

Flavobacteriales

Firmicutes

Bacilli

Bacillales

Prot eobacteria

Alphaproteobacteria

Kiloniellales
Rhizobiales
Rhodobacterales

Gammaproteobacteria

L1601

Unclassified

10% NA'

x<ss 2594i NA e t450%NA

NA AM A.
✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓

✓
✓

✓

✓

✓

✓

A/
✓
✓

Table S3 : Culturable bacterial genera isolated from S. fibulata in different media

✓
✓

✓ ✓

s/

✓

✓
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DGGE Analysis
Optimization of denaturation gradient

The optimization gradient of the denaturant concentration for
amplified product was determined by performing a perpendicular DGGE. The
amplified product was run in which the denaturant gradient was
perpendicular to the direction of electrophoresis. A sigmoid curve was
obtained from a perpendicular gel (Fig). At low concentration of denaturants
(ie from 0% to approximately 20% Urea/Formamide), the fragment ran as
double stranded molecule with no denaturation of different melting domains.
At a concentration higher than 50% urea/formamide concentration the
fragment undergoes direct melting and is held together only by the GC
clamp. At a denaturant concentration 30 to 60%, the fragment displayed a
reduced mobility with transitional denaturation of the melting domain with a
melting temperature corresponding to 40% denaturants. From the
perpendicular gradient analysis, a denaturant concentration gradient of 20 to
80% defined to resolve different sequence variants in parallel denaturing
gradient.

a
cn

0

% Denaturants

Figure. Perpendicular gel image of 16S rRNA gene

ippendir

Optimization of electrophoresis time

Time travel experiment 16S rRNA gene fragments obtained from
Stenotrophomonas maltophila (MTCC 434) and Escherichia coil (MTCC
443). To determine the optimal electrophoresis time (Figure). PCR products
were loaded at 2 hour interval for upto 28 hours on polyacrylamide gel
containing 20-80% linear gradient of denaturants. After about 10 hours the
individual fragments from two pure cultures started to separate and were
clearly distinguished after 20 hours. Even after 20 hours of electrophoresis
the fragments were still migrating through the gel although at a considerable
reduced mobility. In order obtain an optimum electrophoresis time, another
experiment was carried out in the narrow range 5 — 20 hours at 100V
(Figure). The resultant gel picture showed that an electrophoresis time of 17
hours at a constant voltage of 100V obtained a good separation between
16SrRNA fragment from different bacteria and was used further.
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2

Figure. Time Travel experiment of PCR amplification of two bacterial strains from
2-28 hours

66penctir
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Figure. Time Travel experiment of PCR amplification of two bacterial strains
from 5-20 hours
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ABSTRACT
Sponges (Phylum: Porifera) is one of the major
groups in the Lakshadweep coral reefs. These
sponges harbor diverse bacteria with metabolic
potentiality. From biodiversity to biotechnological
prospecting, scientific investigations related to sponge
associated microorganisms have expanded, but
remain rather limited to few geographic locations. In
this study, culturable bacteria associated with two
demosponges viz Dysidea granulosa, Sigmadocia
fibulata and the ambient water were screened for
commercially important enzymes such as amylase,
protease, gelatinase, lipase, deoxyribonucleic, phosphatase and urease. Amylase and phosphatase were
the predominant enzymes produced by >80% of
sponge-associated bacteria compared to the ambient
water. Nearly 50% of the sponge-associated bacteria
expressed multiple enzymatic activities 4) with
variation in the percentage of expression of individual enzymes. More than 65% of the culturable heterotrophic bacteria associated with sponges were
Gammaproteobacteria. The order Vibrionales was
the main source for multiple enzyme production.
Sponge associated bacteria formed more closely related clusters than the water isolates based upon their
activity pattern. High recovery of sponge-associated
bacteria with multiple enzymatic activities suggest
that these versatile bacteria are yet unexploited potential for bioprospecting.
Keywords: Sponge-Associated Bacteria; Extracellular

Hydrolytic Enzyme; Coral Reef; Lakshadweep

1. INTRODUCTION
Coral reefs are highly productive natural ecosystem and
provide an excellent habitat for a vast array of marine
organisms due to their structure, efficient biological
recycling and high retention of nutrients [1]. Class

Demospongiae comprises about 85% of the living
sponges and is a major component of benthic community
in the coral reef ecosystem [2]. Sponges filter 24,000 L
of sea water kg'' day', resulting in colonization of large
number of extracellular bacteria on the surface and
internal mesohyl matrix. In addition, these unique
ecological niches have copious amount of particulate
organic matter [3,4]. A single sponge host can be inhabited by diverse bacteria. Bacteria which constitute 40%
of the sponge volume [5] produce extracellular hydrolytic enzymes that facilitate the metabolism of complex
organic matter thereby assisting the host in nutrition and
various metabolic processes. Bacterial enzymes provide
a greater diversity of catalytic activity and can be produced economically. Currently bacteria from terrestrial
sources are employed for industrial production of enzymes. Sponges are considered as microbial fermenters
that provide exciting new avenues in marine microbiology and biotechnology [6]. Although, the potentialities
of hydrolytic enzymes from marine bacteria have been
recognized, studies on enzymes from bacteria associated within the microhabitats of sponge for biotechnological application are rare [7]. We hypothesize that
sponge associated bacteria are excellent source of not
only enzymes but also multiple extracellular hydrolytic
enzymes than seawater bacteria due their characteristic
nutrient rich microhabitat provided by the host organism.
The present study is the first of its kind which focuses on
bioprospecting on various degrading enzymes from culturable heterotrophic marine bacteria associated with
two sponges viz. Dysidea granulosa and Sigmadocia
fibulata and ambient seawater in the Lakshadweep Islands. These bacteria can be effectively cultivated in
culture media for production of enzymes.

2. MATERIALS AND METHODS
2.1. Sample Collection
In this study, we examined the bacterial composition of

Published Online October 2010 in SciRes. htto://www.scirp.orci/loumal/abb
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two sponges, Dysidea granulosa Bergquist, 1965 and
Sigmadocia (Haliclona) fibulata Schmidt, 1862 (here
after mentioned in this article as Sigmadocia fibulata)
belongs to Phylum: Porifera; class: Demospongiae; subclass: Ceractinomorpha. D. granulosa belongs to the
order Dictyoceratida and S. fibulata belongs to the order
Haplosclerida. Sponges and ambient seawater were collected from two locations, one outside the lagoon (10°
34' 25.64" N; 72° 38' 57.48" E) and the other inside the
lagoon (10° 34' 44.51" N; 72° 38' 24.11" E) of Kavaratti

Island, Lakshadweep, west coast of India (Figure 1) by
SCUBA diving. These two species of sponges are very
distinctive in gross morphology and microhabitat.
Sponges were transferred immediately to Whirlpak sterile
sampling bags (Nasco) and sealed underwater to prevent
contact with air and possible oxidation and contamination.
Ambient seawater was collected using 1.8L Niskin water
sampler within lm of the sponge colony and transferred to
Whirlpak sterile sampling bags. Samples were processed
within 2-3 hours of collection.

N

72°3T

72°38E

72°39'

Figure 1. Map of Kavaratti Island, India showing sampling site 1 (inside the lagoon) and 2 (out side the lagoon).
Copyright © 2010 SciRes.
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2.2. Bacterial Isolation
Sponges were washed thoroughly with autoclaved; filter
sterilized (0.22 µm-pore size filter) seawater until visibly
free of debris and sediments. They were then homogenized using sterile mortar and pestle. Serially diluted
sponge homogenate and direct sub samples of ambient
water were spread plated onto various media differing in
composition and concentration. Zobell marine agar was
prepared in distilled water, nutrient broth of varying
strength (100%, 50%, 25%, 10%) supplemented with
1.5% agar, OLIGO media (0.005% yeast extract, 0.05%
tryptone, 0.01% sodium glycerophosphate, 1.2% Noble
agar) prepared in seawater [8] were the different media
employed for bacterial isolation. All plates were incubated at 28°C for 7 days. Random selection allowed a
comprehensive collection of culturable heterotrophic
bacteria found in this ecosystem. Pure cultures were
cryopreserved in glycerol broth at —80°C. Bacterial isolates were identified using standard methods described
[9,10].

2.3. Detection of Enzymatic Activity
Bacteria were screened for various hydrolytic enzymes
such as amylase, protease, deoxyribonuclease, gelatinase,
lipase, phosphatase and urease. Pure cultures were inoculated on plates supplemented with respective substrates and incubated at 28°C for 3 days and presence or
absence of enzymatic activity were detected using the
methods described below.

2.3.1. Amylase
Nutrient agar supplemented with 0.2% soluble starch
were used to screen for amylase production. After incubation the plate was flooded with lugol's iodine solution.
Presence of clear zone around the culture was taken as
positive result and formation of blue color in the medium surrounding the colony was the negative reaction.
2.3.2. Protease
Skim milk (5%, final concentration) incorporated in nutrient agar was used as the screening medium. Clear zone
around the bacterial colony after incubation indicated hydrolysis of casein, which is the positive reaction. No zone
around the colony indicates negative reaction.
2.3.3. Deoxyribonuclease
DNase test agar base (Himedia, India) contains 0.2%
DNA in final concentration (wt/wt). After incubation,
DNase plate was flooded with 0.1% toluidine blue solution. Blue characteristic precipitate formed on bacterial
colony is the positive reaction.
2.3.4. Gelatinase
Incorporated 0.4% gelatin (wt/wt) in nutrient agar and
flooded with 15% mercuric chloride (wt/v) in concenCopyright © 2010 SciRes.

trated hydrochloric acid (v/v) after incubation. Gelatinase positive isolates exhibits a clear zone around the
colony.

2.3.5. Lipase
Nutrient agar was supplemented with 0.01% (w/v) of calcium chloride and 1% of Tween 80 (v/v) (polyoxyethylene
sorbitan monooleate). After incubation presence of halo
around the colony is regarded as positive reaction by the
formation of calcium soaps with oleic acid. Absence of
halo demarcates negative reaction.
2.3.6. Phosphatase
Phenolphthalein phosphate agar containing phenolphthalein
diphosphate as phosphate source were inoculated and exposed to ammonia vapor after incubation period. Positive isolates turns into pink colored colonies after exposure.
2.3.7. Urease
Christensen agar base were supplemented with 40%
(w/v) urea solution were inoculated and incubated. A
change in the colour of the yellowish medium to a pink
coloration around the bacterial colony is regarded as
positive reaction.
23.8. API ZYM Micro Method
Selected candidate isolates with promising enzymatic
activity were semi quantitatively determined with API
ZYM (API bioMerieux Ltd) micro method [11]. The
procedure was as per the manufactures instruction and
expressed in nm of hydrolyzed substrates.
2.4. Statistical Analysis
Presence or absence data were square root transformed
prior to analysis. Bray-Curtis similarities were used to
produce a similarity matrix based on presence of enzyme
(indicated by 1) or absence (indicated by 0). For the construction of a dendrogram demarcating the similarity of
activity pattern of the bacterial isolates, group average
linkage in the hierarchical clustering algorithm was
performed using the PRIMER v6.1 program [12].

3. RESULTS
3.1. Identification of Heterotrophic Culturable
Bacteria
Culturable bacteria associated with S. fibulata and D.
granulosa mostly belonged to Gammaproteobacteria
followed by Firmicutes, Actinobacteria and Betaproteobacteria. Ambient water isolates were dominated by Actinobacteria followed by Gammaproteobacteria, Firmicutes and Betaproteobacteria. Betaproteobacteria were
absent in D. granulosa (Table 1). Although the two
sponges vary considerably in ecological distribution and
ABB
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Table 1. Percentage of culturable heterotrophic bacterial groups
of D. granulosa and S. fibulata and ambient seawater.

Urease

D.granulosa (%) S.fibulata (%) Water (%)

Dnase

Group
Actinobacteria

12.6

10.9

39.1

Firmicutes

19.6

21.7

19.6

El

Lipase

Gammaproteobacteria

67.8

65.2

34.8

r.17

Gelatinase

0

2.2

6.5

Betaproteobacteria

conditions, bacterial isolates reflected a striking similarity at the phylum level in their microbial communities.
Majority of the sponge-associated Gammaproteobacteria
belonged to the order Vibrionales.

3.2. Extra Cellular Enzymatic Activity
Bacterial isolates showed activity for at least one enzyme screened irrespective of their location and source.
Amylase and phosphatase were the dominant enzymes in
this system. Urease was the least expressed enzyme.
Sponge associated bacteria exhibited higher percentage
of hydrolytic enzymatic activity compared to the bacteria from ambient water (Figure 2). Though all the enzymes were expressed by both species, there was considerable variation in the percentage of positive isolates.
Occurrence of hydrolytic enzymes such as amylase, lipase and protease was higher in. D. granulosa isolates
than in S. fibulata (Figure 3). However, phosphatase and
Deoxyribonuclease activity were higher in the case of S.
fibulata (89.1% & 47.8%) than in D. granulosa (85% &
29.9%). Manifestation of multiple enzymatic activities
was observed in bacteria associated with sponge (Figure
4). Nearly 50% of the sponge associated culturable bacteria expressed > 4 hydrolytic enzymes, where as only
33% of the ambient water isolates could produce at least 2
enzymes. Selected candidate isolates showed promising
enzymatic activity using API ZYM. The activity of the
extra cellular hydrolytic enzymes of the bacteria is
shown in Figure 5. All the isolates showed higher
phosphatase activity. Ambient water isolates showed
relatively lower lipase activity. The bacteria associated
with the sponge D. granulosa showed the highest activity
for all enzymes tested.

Phosphatase

Protease
Amylase
0

20

40

60

80

100

Percentage
Figure 2. Comparison of percentages of heterotrophic bacterial
isolates of ambient seawater and onges with extracellular
Water,
Sponge.
hydrolytic enzymes.

Figure 3. Comparison of percentage of culturable heterotrophic bacteria with extracellular hydrolytic enzymatic activity in

D. granulosa and S. fibulata.II D. granulosa; ;i:;:i:i S. fibulata.

3.3. Statistical Analysis
Based upon the enzymatic activity pattern bacterial isolates were grouped into clusters using Bray—Curtis similarity matrix. Bacterial isolates from both sponges show
a high similarity. They form 26 clusters (Figure 6) and
the lowest similarity among the bacterial isolates from
sponges were 40.3% whereas the water isolates formed

Copyright © 2010 SciRes.

Figure 4. Frequency of incidence of multiple extracellular
hydrolytic enzymes in bacteria associated with sponges and
ambient seawater. IIII D. granulosa;
S fibulata; VA Water.

ABB

A. Feb), et al. I Advances in Bioscience and Biotechnology 1 (2010) 330-337

334

Figure 5. Semi quantification oUotential isolates with multiple enzymatic activities from different sources using API ZYM.
Protease; I Gelatinase.
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Figure 6. Cluster analysis showing the similarity (%) of activity pattern among sponge isolates. Dysidea granulosa indicated
as S-DG and Sigmadocia fibulata as S SF. Total isolates showing the same activity pattern is given in parentheses.
-
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34 clusters and the lowest similarity of 16.5% was recorded among water isolates (Figure 7).

4. DISCUSSION
Microorganisms play a central role in sponge biology, as
they are associated with many sponges either extracellularly, intracellularly or both. They also serve as food
source for the host. Isolation is a mandatory approach to
obtain novel microbes and also for evaluating their biochemical characteristics to understand the ecophysiological and environmental functions vis a vis their potential applications [13]. The discovery of enormous
microbial diversity in marine sponges provides unprecedented research opportunities. Increased metabolic
capabilities of sponge-associated bacteria were directly
correlated with increased levels of potentially available
nutrients in the sponge. Sponges filter seawater and accumulate copious amount of organic matter within the
choanocytic chambers along with bacteria [8,14]. Transfer of photosynthate by the cyanobacterial symbionts to
the sponge was proven [15], likewise the abundant bacterial population within the mesohyl, choanocytes and

aquiferous chambers were also actively participating in
the sponge nutrition by secreting extracellular enzymes
and it acts upon the particulate organic matter accumulated within the sponge body. Although some dissolved
inorganic and organic components of small size can be
more or less directly absorbed by the organisms, many
of the vital carbon- and/or nitrogen-containing compounds are in the form of macromolecular structures in
the natural environment. To access these substrates, microorganisms must secrete enzymes capable of hydrolyzing these compounds [16]. In the presence of vast
amount of substrates, bacteria are induced to produce
extra cellular enzymes and release them into immediate
surroundings leading to the degradation of various complex molecules accumulated. Consequently, the released
nutrients can be taken up by the sponge [17,18]. Seawater isolates were limited in their ability to utilize different nutritional sources and appeared to be metabolically restricted due to the reduced concentration of nutrients in the water column [19]. Amylase was the most
prominent enzyme in the study region. High amylase
activity has also been reported from bacteria associated
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W 199(3)
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W-40(1)
W-160(1)
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Figure 7. Cluster analysis showing the similarity (%) of activity pattern among water isolates. Total isolates showing the

same activity pattern is given in parentheses.
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with marine sponge Fasciospongia cavernosa, collected
from the eastern peninsular coast of India [20]. Hydrolytic enzymes such as lipases still belong to the most
important biocatalysts, because they accept a broad
range of substrates, and are usually very stable in organic solvents [21]. The ability of sponge-associated
bacteria to produce other hydrolytic enzymes such as
phosphatase, lipase and gelatinase suggests that they
play an important role in the degradation of organic
matter and help in regeneration of nutrients. Most of the
bacteria associated with the Caribbean demosponge
Ceratoporella nicholsoni were able to utilize substrates
like DNA, gelatin and a range of fatty acids like Tween
40 to Tween 80 [19]. Between the two species presently
studied, differences were observed in the number of isolates and their enzyme activity. This could be due to the
differences in their physiological requirement and the
ambient variation in the quality and quantity of the organic matter. Associated bacteria of the marine sponge
Ircinia dendroides from the Mediterranean Sea, multiple
enzyme expression of gelatinase and lipase were observed [22].
In the present study the highest percentage (89%) of
sponge-associated bacteria showed phosphatase activity.
Hauksson [23] have described phosphatase producing
marine vibrio sp. Bacteria associated with the marine
sponge Haliclona sp have also been reported producing
phosphatase enzyme [24]. Zaccone [25] opinioned that
bacteria play a key role in the P cycle and that phosphatase was widespread in marine bacteria. Some bacteria associated with D. granulosa were found to produce
urease enzyme in our study. Based on this study and
earlier studies [19,20,24,26,27], it can be deduced that
sponge-associated bacteria represent excellent sources
for extracellular enzymes like amylase, protease, gelatinase, lipase, deoxyribonuclease and phosphatase. Enzymes from these bacteria can be obtained by mass fermentation followed by extraction and subsequent purification [20]. Further our results re-affirm that spongeassociated bacteria differ largely from the surrounding
population of ambient seawater, both quantitatively and
qualitatively.
Even though different media of varying compositions
and concentrations have been used for isolation of heterotrophic bacteria, approximately 78% of the culturable
bacteria associated with the sponge C. nicholsoni demonstrated phenotypic characteristics most closely related
to species belonging to the orders Vibrionales and
Aeromonadales [8]. From our study, Vibrionales emerged
as the influential group inhabiting in both the sponges;
they were abundant among the culturable bacteria as
well as functionally dynamic with multiple enzymatic
activities.
Copyright 2010 Sc i Res .

The present study has revealed the presence of high
numbers of diverse culturable heterotrophic bacteria in
association with sponges producing extracellular enzymes responsible for biopolymer degradation. D.
granulosa is an excellent source of bacteria that can
produce amylase, protease, lipase and urease, whereas S.
fibulata associated bacteria produce phosphatase and
deoxyribonuclease. The data obtained through the study
reveals the crucial role played by culturable heterotrophic bacteria associated with sponge and seawater in the
degradation of biopolymers. These kind of broad
screening investigations indicate that the production of
certain enzymes is not restricted to isolates belong to
single source. It also improves our understanding of the
functional role of bacteria in coral reef ecosystem.
However, future studies with radio labeled and/or genetic probes are warranted to elucidate the action of
bacterial enzymes in sponge nutrition. In particular, the
development of new and innovative cultivation strategies
holds great potential for accessing the microbial lineages
that are so far under represented in culture. Mass fermentation of sponge—associated bacteria can provide a
renewable resource of enzymes and harnessing these
microbes for other metabolites as well as conserving the
natural population of sponges.
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