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CHAPTER 1 

INTRODUCTION 



This chapter provides a preamble of various insoluble complex polysaccharides (ICPs), 

their distribution in marine ecosystem and biodegradation of ICPs by bacteria. 

Polysaccharides are linear or branched polymeric molecules consisting of 

repeating units of sugars linked by glycosidic linkage. The polysaccharides consist of 

single type of monosaccharides (homoglycans) or different type of monosaccharides 

(heteroglycans). Further the sugar units may be substituted with pyruvate, acetate or 

sulphate groups. The polysaccharides function as structural components and energy 

reservoirs in biological systems. The polysaccharides act as major sink for carbon in 

nature which is primarily fixed by photosynthesis (Shively et al, 2001). Agar and other 

polysaccharides such as cellulose, alginate, xylan, carrageenan and chitin are referred 

as recalcitrant insoluble complex polysaccharides (ICPs). In marine ecosystems, ICPs 

are present in a wide variety of organism such as seaweeds, fungi, zooplankton and 

crustaceans (Kloareg and Quatrano, 1988; Pakuski and Benner, 1994; Kurita, 2006). 

Numerous natural polysaccharides are either water soluble, water insoluble or present 

in quasi-crystalline form. At physiological conditions, polysaccharides are recalcitrant. 

Marine microorganisms are considered as major role players in global nutrient. 

recycling (Arrigo, 2005). In a marine environment where powerful water movements 

exist, the matrix ICPs imparts elasticity and rigidity to the organisms and maintains 

ionic regulation. Differences in both cation binding selectivity and localization of 

polysaccharides in cell wall result in formation of ion gradient (Kloareg and Quatrano, 

1988). 
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Cellulose is one of the major polysaccharide component found in the plant cell 

walls and is primarily fixed during photosynthesis and is a linear homopolymer of r3 

(1-4) linked-D-glucose units. The other major component of plant cell wall is 

hemicelluloses, which is chemically complex and contains numerous 

heteropolysaccharides such as arabinan, galactan, glucan, mannan and xylan 

(O'Sullivan, 1997). Xylan, the second most abundant polysaccharide is a major 

component of the hemicellulose part of the cell walls. Xylan chains are left handed 

helix with six 13 (1-4) linked xylanopyranosyl residues per helix turn. Xylan is a 

heteropolysaccharide containing substituent groups such as acetyl, 4-O-methyl-D-

glucopyranosyl and a-arabinofuranosyl residues linked to the backbone. Xylan and 

cellulose account for more than 50% of plant biomass (Subramaniyan and Prema, 

2002). 

Alginic acid or alginate is a co-polymer of a-L-guluronate and its C5 epimer f3-

D-mannuronate and is arranged as homopolymeric G blocks, homopolymeric M 

blocks, alternating GM blocks or random heteropolymeric G/M stretches (Wong et al, 

2000). Alginate is found in cell walls and intracellular spaces in brown seaweeds. 

Commercially used alginate is generally obtained from Laminaria, Ascophyllum and 

Macrocystis (Skjak-Barek et al, 1991). Two families of heterotrophic bacteria 

Pseudomonadaceae and Azotobacteriaceae also produce alginate. Bacterial alginate 

differs from algal alginate by having 0-acetyl groups on 2 and/or 3 positions of D-

mannuronate (Skjak-Barek et al, 1985). The arrangement of monomers within the 
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block structure and the size of alginate formed affect the gel forming ability and 

viscosity of the polymer. 

Carrageenan is a generic name for water soluble sulfated galactans extractable 

from certain red seaweeds. This polysaccharide consists of D-galactose units bound by 

a-1-43 and 13-1-4 linkages. Three different types of carrageenans, namely I.- 

carrageenan or carrageenose-2,4-disulfate, x-carrageenan or carrageenose-4-sulfate and 

X-carrageenan or carrageenose-2,6,2-trisulfate exists in nature (Van de Velde et al, 

2002). Carrageenan differ from agar wherein a-1--44-linked galactose units are in D-

configuration, whereas in latter they are present in L-configuration (Rees, 1969). 

Agar is another cell wall polysaccharide present commonly in red seaweed and is 

made of agarose and agaropectin. Agarose consists of linear chains of 3-0-linked-13-D-

galactopyranose and 4-O-linked-3,6-anhydro-a-L-galactose with low degree of 

sulphation (2%) whereas agaropectin is highly substituted agarose containing sulfoxy, 

methoxy or pyruvate groups. In red seaweeds, carrageenan and agar occur in pseudo 

crystalline form along with cellulose in cell wall matrix (Kloareg and Quatrano, 1988). 

Chitin, a natural component of crustacean exoskeletons, diatoms, fungi and squid 

pens in marine environments is a polymer of 0-(1—+4)-linked 2-acetoamido-2-deoxy-

D-glucopyranose. X-ray diffraction studies have shown that chitin occurs in three 

polymeric forms namely a-, 0- and y- chitin. a-chitin which is the most abundant 
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chitin in nature, the polypeptide chains are ant parallel whereas in 13-chitin, they are 

parallel. In y-chitin, the chains are present in mixed form (Peberdy, 1985). 

Marine bacteria participate in carbon recycling by utilizing/degrading these 

ICPs. Enzymatic degradation of such crystalline polysaccharides is the most 

challenging task for the microorganisms. In order to achieve this task, microorganisms 

produce various extra and intracellular polysaccharide hydrolyzing enzymes. These 

enzymes can depolymerize the long chains of polysaccharides by hydrolyzing the 

glycosidic linkages. Various mechanisms involved in ICPs degradation by bacterial 

systems was reviewed (Salyers et al, 1996). 

Bacteria decaying ICPs have evolved in many different phylogenetic groups and 

are responsible for recycling of organic carbon (Weiner et al, 1998). Most of the 

earlier reports focused predominantly on bacteria degrading individual 

polysaccharides. Bacterial strains degrading these ICPs and their enzyme systems 

were reviewed (Beguin and Aubert 1994; Wong et al, 2000; Howard et al, 2003; 

Michel et al, 2006). However, in natural systems ICPs are usually a part of complex 

systems and are present in varying proportional. Biodegradation of these ICPs would 

require microbial consortia degrading different polysaccharides. However, isolation of 

multiple polysaccharide degrading bacteria from marine systems such as decaying 

seaweeds has shifted to focus towards characterization of these enzymatic systems 

which could be used to degrade ICPs from algal and aquaculture wastes (Andrykovich 

and Marx, 1988; Barbeyron et al, 2001; Ryu et al, 2001). 
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Marine organisms are reported to exist in extreme environmental conditions such 

as low nutrients, high temperatures, salinity, hydrostatic pressure and radiation. The 

unique niches from these marine habitat harbor variety of unexplored bacterial species 

which are known to form divergent association with biotic and abiotic factors. These 

bacteria produce diverse enzymes with unique catalytic functions and stability whose 

potential are still not amply explored. Studying polysaccharide degrading marine 

bacteria and their polysaccharase will provide a valuable insight about the role of these 

bacteria in ecosystem. Further, since the polysaccharases actively participate in carbon 

recycling of the ICPs, studying the biochemical properties of polysaccharase enzyme 

will help biologist to design novel applications in bioremediation of ICPs as well as 

explore uncharted potential applications. 
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CHAPTER 2 

LITERATURE REVIEW 



This chapter describes the chemistry, properties and applications of agar 

polysaccharides. Further a detailed survey of agarolytic bacteria, their occurrence, agar 

hydrolyzing enzymes (agarases), classification and the mechanisms involved in 

degradation of agar polysaccharide is presented. This chapter also introduces various 

methodologies adopted for purification of agarase enzyme, biochemical properties of 

the purified agarases and molecular structures unraveled so far. Further, the chapter 

also provides an insight into cloning of different agarase genes from various 

organisms. Finally this chapter ends with a detailed review on various applications of 

agarase enzyme. 

2. AGAR: 

Agar is one of the most economically important phycocolloids obtained from red algae 

belonging to the family Rhodophyceae. Agar-agar, a Malayan word is generally 

referred as jellies made from certain seaweeds. Agar polysaccharide was identified 

and widely known as Kanten in Japanese, Dongfen in Chinese and Gelosa in French 

and Portuguese. Agar was discovered by Minoya Tarazacmon in 1658 (Tseng CK, 

1944). Agar containing seaweeds were imported by migrant Chinese workers in East 

Indies which later spread to European countries and were widely utilized by them. In 

1882, Robert Koch used agar as gelling agent for the culture of Mycobacterium in 

laboratory conditions (Hitchens et al, 1939). 
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2.1 DEFINITIONS OF AGAR: 

Tseng (1944) defined agar as a "dried amorphous gelatin like non-nitrogenous extract 

from Gelidium and other agarophytes". Araki (1966), who pioneered the structure and 

chemical nature of agar, referred to it as "a gel forming substance obtainable from 

certain species of red seaweeds called agarophytes and composed of neutral gelling 

molecule, agarose and to a lesser extent acidic non-gelling molecule referred as 

agaropectin". Rees (1969) defined agar as "the polymer sharing a common backbone 

structure: 1,4-linked-3,6-anhydro-a-L-galactopyranose alternating with 1,3-linked-13- 

D-galactopyranose which may be masked to a varying extent by different sugar 

residues". Duckworth and Yaphe (1971a & b) defined agarose as "a mixture of agar 

molecules having lowest charge content, greatest gelling ability and could be 

fractionated from a whole complex molecules called agar. United States 

Pharmacopoeia (1980) referred agar as "the dried hydrophilic colloid extract obtained 

from Gelidium cartilagineum, Gracilaria confervoides and related algae of the class 

Rhodophyceae". American Society for Microbiology described agar in Manual of 

Methods for General Bacteriology (1981) as "an extract from certain red marine algae 

consisting of two polysaccharides, agarose and agaropectin, with the former 

comprising about 70% of the mixture". 

2.2 CHEMISTRY OF AGAR AND AGAROSE: 

Agar is highly heterogenous in nature. It is one of the major structural components in 

the cell wall of red seaweeds. It forms highly viscous solution and strong gels 
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depending on concentration. Chemical investigation of water soluble extracts from red 

seaweeds by size exclusion chromatography and low angle light scattering experiments 

revealed that molecular weight of agar polysaccharide ranges from 80,000 to 140,000 

daltons with polydispersity lower than 1.7. Agar is mainly composed of D-galactose, 

and its anhydride 3,6-anhydro-L-galactose (Rees, 1972). Chemical structure of agar 

was solved by Araki and Percival in 1938. Later, Araki (1956) showed that, agar is 

composed of neutral agarose and highly sulfated agaropectin. Being a sulfuric acid 

ester of a linear galactan, agar is insoluble in cold but soluble in hot water. One 

percent of agar solution forms a firm gel at 35 to 50°C which melts at 85 to 100°C. 

Chromatographic studies revealed that agar polysaccharide is composed of neutral 

polysaccharide (agarose), charged polysaccharide (agaropectin) and highly sulfated 

galactans (Duckworth and Yaphe, 1971 a). Enzymatic degradation and acid hydrolysis 

of the neutral polysaccharide, agarose, yields agarobiose containing 1,3-linked-I3-D-

galactopyranose and 1,4-linked-3,6-anhydro-a-L-galactopyranose (Matsuhashi, 1998). 

Chemical analysis and 13C-NMR spectroscopy of agarose showed that it contains 

nearly 0.1-0.5% sulfates and 0.02% pyruvic acid. NMR spectroscopy of agar 

polysaccharide shows characteristic peaks at 805, 820, 830, 845 and 1250 cm -1 

 (sulfate specific), 890 cm-1  (a-galactose specific) and 936 cm -1  (3,6-anhydrogalactose 

specific) (Stanley, 1995). Agaropectin contains alternating D and L-galactose units in 

its backbone. D-galactose is generally substituted with D-galactose-4-sulfate or 4,6-0- 

(1-carboxyethyldiene)-D-galactose or D-galactose 2,6-disulfate. L-galactose can be 

replaced by 3,6-anhydro-L-glactose. The chemical nature of agar is largely dependent 
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on the physiological parameters of seaweeds. Commercially important agarose 

contains less than 0.35 % sulphates along with low pyruvate content. According to 

Armisen (1991) agarose from Gelidium is more stable for enzymatic hydrolysis than 

agarose from Gracilaria. 

2.3 GELLING AND MELTING PROPERTIES OF AGAR: 

Agar and agarose forms thermo-reversible gels. Gel forming ability and solubility of 

agar polysaccharides rely on relative hydrophobicity of basic repeating unit and 

substitutions of the repeating units (Lahaye and Rochas, 1991). Gelling and melting 

temperatures are varied with chemical nature. Agar from Gelidium has melting 

temperature between 80-90°C and gelling temperatures between 28-31°C whereas agar 

extracted from Gracilaria has gelling and melting temperatures between 29-42°C and 

76-92°C respectively. Agar ordered conformation was considered to be made of two 

intertwined left handed helices with a three-fold symmetry of pitch 1.90 nm, axial 

advance of 0.634 nm, translation between strands of 0.95 nm and internal cavity of 

0.45 nm. X-ray diffraction studies showed that extended single helices of axial 

advances of 0.888-0.973 nm are formed. Hydrogen bonds between water molecules 

and 02 of galactose and 0 5  of anhydrogalactose stabilize the structure. Hydrogen 

bonding allows forming aggregates up to 10,000 helices resulting in formation of super 

fibers. Gelling temperature of agarose depends on extent of methoxyl content. Melting 

and agitation can overcome the formation super fibers and keeps aggregates in solution 

form (Cf. Lahaye and Rochas, 1991). 
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2.4 APPLICATIONS OF AGAR: 

On an average, 7.5-8 million tons of wet seaweeds are being harvested worldwide per 

year. The annual agar and agarose polysaccharides production is about 110,000 tons, 

worth a total $100-200 million. Japan, Spain, Chile, Mexico, China and Korea are the 

major agar producing countries in the world. Agar production industry in India started 

in 1940's as cottage industry using G. edulis as raw material. The annual agar 

requirement by India is about 400 tons with an annual increase of 2% per year, 30% of 

annual requirement is produced indigenously. Phycocolloids have less nutrition value 

with less than 10% annual production assimilated by humans and 1% being used in 

food preparations (Armisen, 1991). 5% of the annual production is utilized in 

microbiological and biotechnological applications. Agar and agarose polymers have 

highest demand as thickening agent in food industry and an increasing market demand 

of 5 to 10% per annum (Siddantha AK, 2005). 

Transparency in sol and gel forms, consistent gel strength, gelling and melting 

temperatures, inability to degrade by most of the microorganisms and low content of 

charged groups makes agar as an ideal solidifying agent in microbiological studies 

(Armisen, 1991). Besides, the Food and Drug Administration (FDA) of United States 

have approved agar as "safe for consumption as food material". Agar is resistant to 

high temperatures, can form brittle gels and can hold large amounts of soluble solids. 

It is widely used as gelling, thickening, stabilizing and viscosity controlling agent for 

jellies, candies and jams. In food industry, it is used as additive rather than as nutrient 
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and as a covering agent to prevent dehydration while baking the food material. In 

dairy industry it is used to prepare less acid products from yoghurt and soft boiled 

sausages as well as to reduce the fat content in meat industry. It is widely used as 

laxative and anti-rheumatic agent in ancient herbal medicines. In modern medicine, 

solid agar blocks have been used to make dental impressions. 

Agarose, the neutral polysaccharide from agar, is widely used as matrix for 

purifying proteins and nucleic acids. Chemical cross linking of agarose developed by 

Hjerten (1952), as well as by Bengston and Philipson (1964) lead to matrix with 

precise pore size and could be used efficiently to separate various biologically active 

molecules. Chemically cross linked agarose matrices are inert, highly stable and 

commonly used as matrix in gel filtration, ion exchange or affinity chromatography 

methods (Renn, 1984). Agar and agarose are widely used as supporting matrices in 

animal cell culture, immobilizing agent for enzymes and microorganisms in various 

biochemical and fermentation industries (Beruto et al, 1999; Dessouki and Atia, 2002). 

Agarose is also widely used as medium for antibody clone typing of various bacterial 

virulence antigens (Nagao et al, 1998). 

2.5 GLYCOSIDE HYDROLASES: 

The major structural linkage in polysaccharides is glycosidic bond. It is considered to 

be one of the most stable bonds observed in natural polymers. It is 100 times stronger 

than phosphodiester linkage in DNA and 100-1,000 times stable than peptide and 

phosphodiester linkage in RNA. The estimated half life of for spontaneous hydrolysis 
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of glycosidic bond of polysaccharide such as cellulose is —5 million years (Vivian et al, 

2004). 

The most common way that nature has evolved to cleave the glycosidic bond is 

through hydrolysis by glycosidase enzymes. Glycosyl hydrolases have endo- or exo-

mode of action depending on where the enzyme cleaves the polymer. Elimination is 

another mechanism evolved to cleave the uronic acid containing polysaccharides like 

alginic acid. Glycoside hydrolase (GH) (E.C. 3.2.1. - 3.2.3.), hydrolyzes the glycoside 

bond between two or more carbohydrates or between a carbohydrate and non-

carbohydrate moiety. Due to direct relationship between sequence and folding 

similarities these are classified on the basis of amino acid sequences. This 

classification reflects the structural features of these enzymes, substrate specificity, 

evolutionary relationships and mechanistic information. Along with sequence based 

classification, kinetic isotope effects, crystal structure analysis of wild type and 

mutated glycosidases and their complexes with ligands and the structure and kinetics 

of transition state (TST) mimics have contributed for refinement of mechanism details. 

Hydrolysis of glycoside bond is performed by two catalytic residues in the 

enzyme, a general acid (proton donor) and a nucleophilic base. Depending on spatial 

positions of these catalytic residues, hydrolysis occurs via overall retention or overall 

inversion of the anomeric configuration. GHs hydrolyze the glycosidic bond either by 

retaining or inverting mechanism. Retaining glycosides are endo- acting enzymes, 

using two step double displacement mechanisms as proposed by Koshland (which led 
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to the lock and key concept in enzymology in 1953) leading to formation of covalent 

glycosyl-enzyme intermediate through oxo-carbenium ion like transition state. 

Retaining mechanism involves the following steps. 

• Binding of enzyme to the polysaccharide substrate 

• Cleaving the glycosidic bond in the substrate and forming a covalently linked 

glycosyl-enzyme intermediate with the inversion of anomeric C-1 atom 

configuration (glycosylation). 

• Cleaving the enzyme glycosyl bond involving water molecule with the 

assistance of the deprotonated carboxylate residue leading to the second 

inversion of the configuration of Cl (deglycosylation). 

The proton balance of glutamic acid residues for this reaction is also likely to 

proceed through an exchange with the water microenvironment. The anomeric 

configuration of the Cl atom of the substrate is inverted twice during the catalysis. The 

formation of oxocarbenium ion transition state has been implicated in this process 

(Jedrzejas et al, 2000). Polysaccharide lyases, the other class of polysaccharide 

degrading enzymes, works by elimination mechanism and the presence of an elongated 

cleft for the binding of the polysaccharide substrate is a common feature shared with 

hydro] ases. 

In another mechanism, out of two active carboxylic acids one function as 

nucleophile attacking at the sugar anomeric centre to form the glycosyl enzyme 

species. The other carboxylic acid group functions as acid/base catalyst, protonating 
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the glycoside oxygen in the first step (general acid catalysis) and deprotonating the 

water in the second step (general base catalysis). The general acid catalysis cleavage of 

glycosidic bond in the natural substrate is much more important than general base 

catalysis of the hydrolysis of the glycosyl enzyme. General base catalysis contributes 

—15-19 KJ/mol (300 to 2,000 fold) to transition state stabilization and general acid 

catalysis depends on substrate and contribute —38 KJ/mol to transition state 

stabilization (Lay and Withers, 1999). 

The exo-acting enzymes release the sugar residue with the C-1 configuration 

inverted. The different between the exo- and endo- polysaccharases is that exo-

enzymes attack the free end and endo- enzymes bind to the internal regions of 

polysaccharide molecule. There are likely to be various forces at work holding the 

chain in close proximity to other parts of the molecular structure and thus providing 

limited opportunities for enzyme substrate interactions. So, the stereochemistry of the 

binding site at the active site ultimately determines the course of catalysis and is an 

important factor for the activity of endo- acting enzymes (Bacon, 1979). 

2.6 CLASSIFICATION OF POLYSACCHARIDE DEGRADING ENZYMES: 

Enzymes are generally classified based on mode of action, substrate specificity and 

reaction products. With the well developed genome and protein sequencing techniques 

the carbohydrases are classified based on sequence and the available 3-D structure. The 

sequence based classification is available in the Carbohydrate Active enZYme server 
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(CAZY) at www.cazy.org . Nearly 6,500 carbohydrate active enzymes are known in 

public domain and classified into 106 families. 

On the basis of type of reaction performed, this server identifies these enzymes 

into four different classes; Glycosyl Transferases (GT's), Polysaccharide Lyases 

(PL's), Carbohydrate Esterase (CE's) and Glycosyl Hydrolases (GH's). GT's act in 

polysaccharide synthesis by forming new glycosidic bond by transferring sugar 

molecule from an activated carrier molecule such as uridine diphosphate to acceptor 

molecule. They also function in phosphorolytic cleavage of cellobiose and 

cellodextrins. PL's acts through [3-elimination mechanism in alginate and pectin 

depolymerization. CE's deacetylates the 0- or N-substituted polysaccharides in chitin 

and xylan deacetylation. GH's hydrolase the glycosidic bonds in cellulose, agar etc. 

The sequence based classified carbohydrate active enzyme families are further 

classified into "superfamilies" or "clans" based on 3-D structural data analysis. 

Enzymes within the same clan share a common catalytic domain structure or fold even 

though they may appear unrelated by sequence and function. 

2.7 AGAROLYTIC ORGANISMS: 

Agar degrading organisms are wide spread among diverse ecosystems. Agar 

hydrolyzing activity by bacteria is used a phenotypic character for bacterial 

identification. Majority of the listed agarolytic bacteria are from aquatic, particularly 

marine environment. The efficiency of agar hydrolysis depends on the properties and 

15 



relative concentrations of agarase enzymes produced by agar hydrolyzing bacteria. 

Leon et al, (1992) classified agarolytic bacteria into two groups based on the effect of 

agarase enzyme on solidified agar. Group I bacteria soften and form depression on 

solid agar whereas Group II causes extensive liquefaction of agar polymer. The degree 

of agar hydrolysis can be easily visualized by the failure to form the brown color after 

staining with lugol's iodine solution. The failure is thought to depend on loss of double 

helical structure of agar polysaccharide (Hodgson and Chater, 1981). 

Agar degrading marine Bacillus gelaticus was first isolated from Norwegian 

coast by Gran in 1902. Considering the ecological role of agar degrading bacteria in 

recycling of carbon in marine ecosystem, Waksman and Bavendamm (1931) forwarded 

the theory that agar degrading bacteria, nitrogen fixing bacteria and algae exist in close 

asociation with each other. They suggested that, monosaccharides released by agar and 

other polysaccharides are used as energy source by nitrogen fixing bacteria. The 

nitrogen fixed by these nitrogen fixing bacteria was used by agar degrading bacteria 

and algae. In support to the above theory, Bavendamm (1932) reported 50,000 to 

200,000 agar degraders from one gram of sediment in Bahamas Island. Similarly in 

1941, Stanier (1941) reported agar degrading bacterial flora along the North Pacific 

Coast. Studying agar hydrolyzing bacteria and agarase was initiated by isolation and 

characterization of Cytophaga flevensis in 1974. Production of agarase, 

neoagarotetrase, neoagarobiase from this strain was also studied (Van Der Meulen and 

Harder, 1976). 
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Many agar hydrolyzing bacteria were isolated and characterized from different 

marine environments. These bacteria are wide spread in various niches of ocean 

ranging from sea water to sediments to sea animals. Vibrio FLB-17, Vibrio sp JT0107, 

Bacillus cereus ASK 202, Pseudoalteromonas agarivorans, Agarivorans JA-1, 

Pseudoalteromonas CY-24, Thalassomonas agarivorans, Pseudomonas aeuroginosa 

AG LSL-11, Vibrio sp. V134 and Simiduia agarivorans strain SA1 were isolated from 

sea water samples by essentially enrichment method (Fukasawa et al, 1987; Sugano et 

al, 1993; Kim et al, 1999; Romanenko et al, 2003; Lee et al, 2006; Jean et al, 2006; 

Lakshmikanth et al, 2006a; Zhang and Sun, 2007; Sheih et al, 2008). Five halophilic 

and thermophilic bacteria, which can degrade agar was isolated from hot springs of 

intertidal zone of Lutao, Taiwan and were identified as Alterococcus agarolytics. 

These strains have the growth temperature and salt requirement in the range of 36-

60°C and 3-15% respectively (Shieh and Jean, 1998). A number of bacterial isolates 

with agar hydrolyzing activity were identified from marine sediments. 

Pseudoalteromonas sp strain CKT-1, Microscillia sp, Microbulbifer thermotolerans 

strain JAMB-A94, Agarivornas sp JAMB-All, Thalassomonas sp strain JAMB-A33 

and Microbulbifer agarilyticus strain JAMB-A3 were isolated from marine sediments 

(Chiura and Kita-Tsukamoto 2000; Zhong et al, 2001; Ohta et al, 2004; Ohta et al, 

2005; Hatada et al, 2006; Miyazaki et al, 2008) whereas Vibrio sp P0-303 was 

isolated from sea mud samples (Dong et al, 2003). 
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Since red algae contains agar as major matrix polysaccharide and other 

biologically active molecules, it is obvious that agar degrading saprophytic bacteria 

may colonize on red algae surface and its surroundings. Utilization of algae derived 

mucilage and fragmented particles are shown largely to depend on bacterial action 

(Davis et al, 1983). Many of the red algae pathogenic bacteria possess the agarolytic 

activity. Yamura et al, (1991) reported the isolation of an agarase producing bacterial 

strain from "green spot rotting" diseased frond of cultured Porphyra tenera. "Rotten 

thallus syndrome" causing bacteria were also shown to cause by agarolytic bacteria 

which later was characterized as Vibrio sp. (Lavilla-Pitogo CR, 1992). "White-tip 

disease" of Gracilaria conferta was also proposed to be caused by agarolytic 

Pseudoalteromonas gracilis B9. Agarase enzyme produced by Pseudoalteromonas 

gracilis B9 is responsible for thallus bleaching and disruption of fibrilliar component 

of Gracilaria gracilis (Schroeder et al, 2003). Similarly, lysis of red alga Rhodella 

retriculata, was found to be caused by Cytophaga sp LR2. This pathogen adheres and 

colonizes on polysaccharide envelope of algae leading to aggregation of bacteria and 

algae in colony spherules. This further results in flocculation, sedimentation and 

disruption of algae cells (Toncheva-Panova and Ivanova, 1997). 

Earlier studies showed that, both fungi and bacteria are key components in algae 

decomposition. Bacteria belong to diverse genera such as Proteobacteria, Cytophaga, 

Flavobacterium as well as some Gram-positive bacteria have also been reported from 

such environments (Gonzalez et al, 1996). Bacterial strain Alteromonas SY37-12 was 
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isolated from rotted red algae surface. It was also observed that Vibrio and Cytophaga 

species were also present in these samples (Wang et al, 2006). Similarly, 

Pseudoalteromonas strain Ni and Saccharophagus degradans 2-40 were isolated from 

decomposing algae. S. degradans 2-40 was isolated from decaying salt marsh Spartina 

alterniflora and this strain has been shown to utilize more than 10 different complex 

polysaccharides causing complete degradation of S. alterniflora thalli in in vitro 

conditions (Vera et al, 1998; Ensor et al, 1999). Vibrio sp AP-2, Pseudomonas sp W7 

and Zobellia galactivornas Dsij, which belongs to Flavobacteriaceae was isolated 

from the red algae surface. Z. galactivorans, which was isolated from decomposing 

red algae Delesseria sanguinea, can degrade lc- and t-carrageenan along with agar 

(Aoki et al, 1990; Lee et al, 2000; Barbeyron et al, 2001). 

In marine environments, algae are surrounded by variety of organisms such as 

microorganisms to sea animals, which graze on seaweeds for nutrition. These animals 

generally decompose/digest the seaweeds into small pieces and internalize them. These 

pieces are further digested by the enzymes secreted by microbial flora in the gut region 

along with the digestive enzymes of these animals. Agarivorans albus YKW-34 

isolated from gut of tuban shell Turbinidae batillus cornutus, can disrupt the 

Laminaria japonica thalli to single cells (Yi and Shin, 2006). Shwanella japonica was 

isolated from mussel Prototheca jedoensis whereas Pseudoalteromonas agarivorans 

was isolated from ascidian specimens (Ivanova et al, 2001; Romanenko et al, 2003). 

Salegentibacter agarivorans strain KMM 7019, an agar decomposing bacteria was 
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isolated from sponge Artemisina sp from a depth of 150 m (Nedashkovskaya et al, 

2007). 

Agar hydrolyzing bacteria have also reported from non marine environments. 

The ecological role of agar degrading bacteria in non marine environments is not 

understood, but wide occurrence of these bacteria was reported. Soil inhabiting 

agarolytic Streptomyces coelicolor, Agarbacterium pastinator strain AC 2 and Bacillus 

sp. strain MK03 were isolated and studied (Stainer, 1941; Sampietro and Sampietro, 

1971; Suzuki et al, 2002). a- and 13-agarase enzymes from Bacillus sp. strain MK03 

are purified and characterized. Agar hydrolyzing Paenibacillus spp M-2b, O-3b, 0-4c 

and St-4 were isolated and characterized from rhizosphere of Spinach. These isolates 

can degrade various complex polysaccharides along with agar (Hosoda et al, 2003). 

Similarly, agar hydrolyzing Paenibacillus sp. H1 and H9 strains were isolated from 

soil samples by serial dilution method (Meskiene et al, 2003). Similarly, agar 

degrading Asticcacaulis sp. SA7, which is an Alphaproteobacterium, was isolated from 

roots of Spinach plant cultivated in soil (Hosoda and Sakai, 2006). In 2006, agar 

liquefying soil bacterium Acinetobacter sp. AG LSL-1 was isolated from laboratory 

waste dumping soil (Lakshmikanth et al, 2006b). Rees et al, (1976) reported an 

obligate anaerobic Clostridium sp strain 16AV, isolated from sediment of effluent 

waste pond and can ferment agar to acetate and ethanol. Hunger and Claus (1978) 

isolated and characterized the Bacillus palustris var. gelaticus, and B. gelaticus which 

were reported earlier by Wiering (1941). These strains are regrouped as Paenibacillus 
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agarexedens and P. agaridevornas based on DNA:DNA hydrbidization and 16S rDNA 

studies (Uetanabaro et al, 2003). Naganuma et al, (1994) reported the presence of four 

agarolytic bacterial strains SB-1 to SB-4, from tar-balls and were identified as 

Microscillia. Agar hydrolyzing Cytophaga saccharophila and Alteromonas sp were 

reported from fresh water samples. They also reported that agarase enzymes from these 

species are not only induced by agar but also by other plant polysaccharides (Van Der 

Meulen and Harder 1976). In addition, agar pitting bacteria were reported from 

medical blood agar plate and sub gingival flora of dogs (Swartz and Gordon, 1958; 

Forsblom et al, 2000). 

2.8 AGARASE ENZYME: 

Agarase enzymes are classified on the basis of mechanism of depolymerization of the 

agar: 

• a-agarase (3.2.1.158) cleaves 	a (1,3)-linkages and 	release agar 

oligosaccharides as degradation products. This type of hydrolysis is similar to 

the acid hydrolysis of agar polysaccharide. Alteromonas agaralyticus GJ1B, 

Bacillus sp. MK03 and Thalassomonas sp, produced a-agarase (Potin et al, 

1993; Suzuki et al, 2002; Ohta et al, 2005). 

• J3-agarase (3.2.1.81) cleaves 13 (1,4)-linkages in agarose and release 

neoagarooligosaccharides as end products. Majority of reported agarase 

enzymes are 13-agarases and are well characterized. 
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The agar hydrolysis pathway for P. atlantica was proposed by Belas et al, 

(1988). They hypothesized that 13-agarase I cleaves the agar at [3(1,4) linkage and 

releases neoagarotetraose. This is further cleaved to release neoagarobiose as major 

product by neoagarotetraose hydrolase or 13-agarase II. f3 -agarase I and II enzymes are 

found to be secreted into culture supernatant. The dimeric oligosaccharide is further 

hydrolyzed by membrane bound a-neoagarobiose hydrolase to galactose and 3, 6- 

anhydro-L-galactose. 

A: a-agarase; E: 13- agarase 

Figure 2.1 Schematic representation of agarose hydrolysis by a and 13- agarase 

enzymes. 

2.9 PURIFICATION OF AGARASE ENZYME: 

Properties of crude extracellular agarase enzyme of Pseudomonas kyotensis was 

studied by Araki and Arai (1956). Swartz and Gordon (1958) studied the partially 

purified (ammonium sulphate precipitated) agarase enzyme. Later Yaphe (1969) 
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reported the release of agar oligosaccharides by agarase enzyme from Pseudomonas 

atlantica. Day and Yaphe (1975) reported the complete purification and 

characterization of agarase enzyme. Later, Van Der Meulen and Harder (1975) 

reported preliminary studies on extracellular crude agarase enzyme from C. flevensis. 

Groleasu and Yaphe (1977) reported the purification of neoagarotetrose hydrolase 

from P. atalantica by hydroxyapaptite and affinity chromatography using sepharose 

CL-6B. Affinity purification of two agarase enzymes using sepharose 4B and sephadex 

G-200 from Pseudomonas like bacterium was also reported by Malmqvist (1978). 

Complete purification and characterization of agarase enzymes, (3-agarase I from 

Pseudomonas atalantica was achieved by Morrice et al, (1983b) by gel filtration 

chromatography on Sephadex G-100 whereas 13-agarase II was purified with 

combination of gel filtration, ion exchange and affinity chromatography. Agarase 

enzyme from B. cereus ASK202 was purified to 32 fold using affinity chromatography 

and gel filtration methods (Kim et al, 1999). Agarase enzyme from Vibrio sp JT0107 

was purified to 45 fold with QAE-Toyopearl and Mono-Q chromatography methods 

(Sugano et al, 1993). Agarase enzyme from Pseudoalteromonas sp. strain CKT1 was 

purified to 39.8 fold by ion exchange using DEAE-Sephacel and gel filtration with 

Sephacryl S-300 chromatography columns (Chiura and Kita-Tsukamoto, 2000). Ohta 

et al, (2004) purified agarase enzyme to 220-fold from Microbulbifer JAMB-A94 by 

using DEAE-Toyopearl 650M and Hiprep26/60 Sephacryl S-100HR chromatographic 

methods. Aoki et al, (1990) achieved 328-fold purification of agarase enzyme from 
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Vibrio sp AP-2 using CM-Sephadex C-50, Fractogel HW-55 and DEAE-Fractogel 

650M columns with a recovery of 23.5%. Similarly, a-agarase from Alteromonas 

agarlyticus strain GJ1B was purified to 23.6 fold with a recovery of 24.4% by affinity 

and ion exchange chromatography methods (Potin et al, 1993). Large scale production 

and recovery of a-agarase by fermentation technology from this strain was also 

reported (Toussaint et al, 2000). 

2.10 CHARACTERSTIC FEATURES OF AGARASE ENZYMES: 

Reported agarase enzymes work in a wide range of pH, with minimum working pH 3 

to maximum pH 11 with optimum working pH range between pH 5.5 to 9. Molecular 

weights of purified enzymes are reported between 20 to 180 kDa. Agarase enzyme 

AgaV from Vibrio sp. strain V134, is active in the pH range 3 to 11 with an optimum 

pH of 7 and optimum working temperature of 40°C. AgaV has the working 

temperature range from 10° to 70°C (Zhang and Sun, 2007). Agarase AgaA34, from 

Agarivornas albus YKW-34 is active in the pH range of 4 to 12 with maximum 

activity at pH 8. This enzyme is active between temperatures 20°C to 80°C with 

maximum activity at 40°C and retains 95% activity after incubation at 1 h at 50°C (Fu 

et al, 2008). a-agarase from A. agaralyticus strain GJ1B has the working pH range 

from 6 to 9 with maximum activity at 7.2. This enzyme looses activity on prolonged 

incubation below pH 6.5 or at 45°C by removal of calcium. The isoelectric point of this 

enzyme is estimated as 5.3 (Potin et al, 1993). Agarase enzyme (0072) from Vibrio sp 

JT0107 and agarase enzyme from Pseudomonas sp. PT-5 have the optimum working 

24 



pH of 8 and 8.5 respectively, whereas other reported agarase enzymes have pH around 

7 to 8 (Yamura et al, 1991; Sugano et al, 1995). 

f3-agarases are classified into three groups according to their molecular weight. 

Group I includes agarase having small molecular weight of —30 kDa. Group II includes 

agarase of —50 kDa whereas Group III includes agarase with —100 kDa molecular 

weight (Vera et al, 1998). 

Agarase enzymes from P. atlantica (32 kDa), Vibrio sp AP-2 (20 kDa), 

Pseudomonas sp. PT-5 (31 kDa), AgaB of Zobellia galactivorans Dsij (40 kDa), 

Alteromonas sp SY37-12 (39.5 kDa) and agarase from Bacillus megaterium (15 kDa) 

belongs to Group-I (Morrice et al, 1983b; Aoki et al, 1990; Yamura et al, 1991; Jam et 

al, 2005; Wang et al, 2006; Khambaty et al, 2008). 

Agarase enzymes from agarase 0072 from Vibrio sp. JT0107 (72 kDa), 

Pseudoalteromonas sp. strain CKT-1 (56 kDa), Microbulbifer sp JAMB A94 (48.2 

kDa), AgaA of Zobellia galactivorans Dsij (89 kDa), P. aeruginosa AG LSL-11 (76, 

64, 46 kDa), Aga 50A, Aga 16B, Aga 86C and Aga 50D of S. degradans 2-40 (87 

kDa, 64 kDa, 86 kDa and 89 kDa), AgaD of Vibrio sp. P0-303 (50.8 kDa), AgaV of 

Vibrio sp. V134 (51.7 kDa) (Sugano et al, 1993; Chiura and Kita-Tsukamato 2000; 

Ohta et al, 2004; Jam et al, 2005; Lakshmikanth et al, 2006; Ekborg et al, 2006; Dong 

et al, 2007; Zhang and Sun 2007) and a —agarase from Thalassamonas (85 kDa) 

belongs to Group-II (Hatada et al, 2006). 
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(3-agarase of Vibrio sp JT0107 (107 kDa), Bacillus cereus ASK 202 (90 kDa), 

Pseudomonas sp. W7 (89 kDa), Bacillus sp. MK03 (92 kDa), Microbulbifer sp. (126 

kDa), Agarivorans sp. JAMB All (105 kDa), Acenetobacter AG LSL-1 (100kDa), 

AgaA of Vibrio sp. strain P0-303 (106.6 kDa), Aga86E of S. degradans 2-40 (146 

kDa), belongs to Group-III (Sugano et al, 1993; Kim et al, 1993; Lee et al, 2000; 

Suzuki et al, 2003; Ohta et al, 2004; Ohta et al, 2005; Lakshmikanth et al, 2006b; Dong 

et al, 2007; Ekborg et al, 2006). 

a-agarase from A. agaralyticus strain GJ1B has a native molecular mass of 360 

kDa and is found to be a dimer (Potin et al, 1993). a-neoagarooligosaccharide 

hydrolase from Bacillus sp. MK03 has a native molecular weight of 320 kDa as 

observed by gel filtration and shows a single band at 42 kDa in SDS-PAGE, indicating 

that this enzyme is an octamer (Suzuki et al, 2002). Similarly, a-NAOS Hydrolase 

from Vibrio sp. JT0107 is also a dimeric protein with native molecular weight of 84 

kDa (Sugano et al, 1995). 

Agar oligosaccharides are released by the action of agarase enzyme on agar 

polysaccharide. As detailed above, p-agarases releases neoagarooligosaccharides 

whereas a-agarases release agarooligosaccharides as end products in agar hydrolysis. 

AgaB of Pseudoalteromonas sp. CY24 releases neoagarooctose and neoagarodecose as 

end products (Ma et al, 2007), whereas (3-agarase C from Vibrio sp. strain P0-303 

releases neoagarooctose and neoagarohexose (Dong et al, 2006). Agarase enzyme from 

a Microbulbifer like isolate, which has the molecular weight of 126 kDa, releases 
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neoagarohexaose as major end products (Ohta et al, 2004). Majority of the P-agarase 

enzymes are known to release neoagarohexose and neoagarotetrose as end products. 

Agarase enzymes 0072 and 0107 from Vibrio sp. JT0107, AgaA from Vibrio sp. strain 

P0-303 and Bacillus sp MK03 releases neoagarotetrose and neoagarobiose as released 

end products in agarose degradation (Sugano et al, 1993; Suzuki et al, 2003). Agarase 

enzyme from B. cereus ASK202 releases neoagarohexose, neoagarotetrose and 

neoagarobiose as end products (Kim et al, 1999). Agarase enzymes from Vibrio sp. 

AP-2, Agarivorans sp. JAMB-A 1 1, Acinetobacter AG LSL-1 and Aga86E of S. 

degradans 2-40 releases neoagarobiose as end product (Aoki et al, 1990; Ohta et al, 

2005; Lakshmikanth et al, 2006b; Ekborg et al, 2006). a-agarase enzyme from Vibrio 

JT0107 releases agaropentose, agarotriose, agarobiose 3,6-anhydro-L-galactose and D-

galactose (Sugano et al, 1994) whereas a-neoagarooligosaccharide hydrolase of 

Bacillus sp. MK03 cleaves the a-(1-3) linkage at non reducing end of neoagarotetrose 

or neoagarohexose to release 3,6-anhydro-L-galactose and agarotriose or agaropentose 

(Suzuki et al, 2002). a-agarase enzyme from Thalassomonas sp. strain JAMB-A33 

releases agarotetrose as the major end product along with agarohexose, agarobiose and 

other oligosaccharides with a degree of polymerization of 5% by the action on agarose 

(Hatada et al, 2006). a-agarase enzyme from A. agarlyticus (Cataldi) strain GJ1B 

degrades agarose and releases mixture of agarotetrose and agarotriose oligosaccharides 

(Potin et al, 1993). 
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Effect of various metal ions and chemical agents on enzyme activity was studied 

in detail for majority of the purified agarase enzymes. Since many of the agarase 

enzymes are reported from marine sources, it is obvious that these enzymes will work 

effectively in the presence of metal ions, which are most common in marine 

environments. Agarase enzymes AgaV of Vibrio V134 showed increase in activity in 

the presence of Na+ at a concentration up to 100mM, whereas Ca +, K+, Co+, mg+ also 

increase the activity at concentration of 1mM (Zhang and Sun et al, 2007). Agarase 

enzymes from Pseudoalteromonas N-1 and Pseudomonas sp. W7 showed maximum 

activities in the presence of 0.5 M and 0.9 M NaCI concentrations respectively (Kong 

et al, 1997). Agarase enzymes from Pseudomonas sp. PT-5 and Bacillus sp. MK03 

showed increase in activity in the presence of p-chloromercuribenzoic acid. SDS 

increased the activity by 122 % for agarase enzyme from Pseudomonas PT-5 (Yamura 

et al, 1991; Suzuki et al, 2002). Agarase enzymes reported from genus Microbulbifer 

are strongly inhibited by N-bromosuccinamide, indicating that tryptophan residues are 

important for catalysis (Ohta et al, 2004). Agarase AgaA34 from Agarivorans albus 

YKW-34, showed increase in activity in the presence of 2-mercaptoethanol, DTT and 

urea up to a concentrations of 10mM. Na +, K+, mg+ ions did not alter activity whereas 

other ions decrease the activity (Fu et al, 2008b). a-agarase from P. agarlyticus GJ1B 

showed two fold decrease in activity in presence of Ca +  ions (Potin et al, 1993). A 

decrease in agarase activity in S. coelicolor A3(2) was reported in presence of Ca +, 

mg+ and Mn+  ions at 10-20 mM concentration (Bibb et al, 1987). 
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2.11 MOLECULAR BIOLOGY OF AGARASE GENE: 

Agarase gene from various agarolytic microorganisms have been isolated, 

characterized, cloned and expressed in different heterologous hosts. Genetic 

mechanisms involved in agar utilization were studied in detail for some agarolytic 

organisms. Wild type S. coelicolor A3 (2) carries agarase gene at 9 O'clock region of 

the genetic map. SCP1, a highly transmissible plasmid from wild type S. coelicolor 

A3(2) has been use for recombination experiments and was found to integrate at 9 0' 

clock region in the chromosome resulting in complete inactivation of agarase 

production leading to occurrence of dagAl mutant (Hodgson and Chater, 1981). The 

agarase gene has been characterized and is found to be 1.77 kb long which includes the 

coding and regulatory regions. Four promoters at 32, 77, 125 and 220 nucleotides 

upstream of the coding region have been identified. It translates a 30 amino acid signal 

peptide containing lysine in its central hydrophobic core. The gene product is of 309 

amino acids and molecular weight is 35,132 Daltons (Buttner et al, 1987). The agarase 

gene from this strain was cloned into a plasmid vector pIJ6l and transformed into S. 

lividans 66 host. Sub cloning and localization of agarase gene studies have identified 

the regulatory region in agarase production (Bibb et al, 1987). In Pseudomonas 

atlantica, restriction mapping, transposon mutagenesis and molecular cloning 

experiments have showed that agr A gene is of 1.5 kbp in size and gives a protein of 

—55 kDa. The agr A belongs to glycoside hydrolase family 86 (GH-86) (Belas et al, 

1989). Similarly, agarase Aga 0 from a Microbulbifer like isolate also belongs to 

family GH-86, but shares only 31% sequence similarity with agr A of P. atlantica 
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(Ohta et al, 2004). Sequence analysis and homology search of agr A gene of P. 

atlanctica T6c showed that it shares six domains common with S. coelicolor A3 (2) 

agarase gene (Belas, 1989). Kong et al, (1997) reported the cloning of two 

intracellular agarase genes pSW1 (3.7 kbp) and pSW3 (3.0 kbp) from Pseudomonas sp. 

w7. It was observed that activity of agarase pSW1 is localized in periplasmic region 

whereas agarase pSW3 was in cytoplasm region (Kong et al, 1997). Sequence analysis 

of (3-agarase pja A gene of Pseudomonas sp. W7 depicted that Arg, Asn and Lys at 

212, 302 and 339 positions are responsible for chloride ions binding whereas Asp at 

214 and 304 acts as catalytic sites. An increase in activity by 140% was observed when 

NaCl was added to the enzyme (Lee et al, 2000). Truncation of C-terminus at 127 and 

182 amino acid residues of agarase PjaA from Pseudomonas sp. W7, resulted in 

mutant Pja AI which differ in thermal stability and catalytic efficiency with native 

agarase enzyme PjaA (Soo-Cheol et al, 2003). 

Five different agar degrading enzymes encoding by Microscillia sp was found to 

be localized on a 101 kbp plasmid pSD15. These genes spread over an area of 32.5 kbp 

region in the plasmid. Three putative agarase genes (MS 109, MS 115, MS 130) have 

been identified (Zhong et al, 2001). MS 109 is similar with agr A gene of P. atlantica, 

MS 115 is similar to 13-agarase B gene precursor of C. drobachiensis whereas MS 130 is 

homologous to 13-agarase of S. coelicolor. Cloning, localization and sequence 

comparison of 13-agarase pagA of Pseudomonas sp. SK38 showed that this enzyme is 

cytoplasmic and shares 98% similarity with 13-agarase of Pseudomonas sp. ND137. 
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Agarase enzymes from Microbulbifer sp. JAMB-A7 and Microbulbifer sp. 

JAMB-A94 belongs to GH-16. AgaA7 enzyme has 55.3%, whereas agarase AgaA 

from JAMB-A94 shares 66% homology with of Pseudomonas sp. ND 137. C-terminus 

of AgaA7 of Microbulbifer sp. JAMB-A94 shares 41% sequence homology with a-

agarase of A. agarolyticus GJ1B, whereas other p-agarases does not (Ohta et al, 2004, 

Ohta et al, 2004; Ohta et al, 2005). Similarly, AgaA33 of Thalassomonas sp. JAMB-

A33 shows 64% sequence homology with A. agarolyticus GJ1B (Hatada et al, 2006). 

Agarase enzymes AgaAll from Agarivorans sp. JAMB-Al 1 and 0-agarase from 

Agarivorans sp. JA-1 belongs to GH-50 family and shares 98.6% and 98.8% sequence 

homology with 13-agarase AgaA from Vibrio sp. JT0107 (Ohta et al, 2004d; Lee et al, 

2006). AgaV of Vibrio sp. strain V134 and AgaD of Vibrio sp. strain P0-303 belongs 

to GH-16 and shares 98 % and 74% homology with Aga B from Pseudoalteromonas 

sp. CY24 whereas AgaV and AgaD shares only 72% identity with each other. They 

contain Gly-90 and Asp-291 residues and are considered to be involved in calcium 

binding (Dong et al, 2007; Zhang and Sun, 2007). Interestingly, Aga B, a globular 

protein, was reported from Pseudoalteromonas sp. CY24 and this enzyme does not 

share any sequence similarity with any known glycoside hydrolase (Ma et al, 2007). 

The agarase enzyme AgaB was cloned, expressed and purified as inclusion bodies in 

E.coli (Li et al, 2007). 
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Metagenomic approach has also been used for screening novel biocatalysts from 

soil. 12 putative agarase genes along with genes for other commercially important 

enzymes have been obtained. Amino acid sequence similarity studies have revealed 

that these agarase share homology with agarases from Vibrio and Microscillia which 

are reported from marine environments (Voget et al, 2003). Molecular structures of 

agarase enzymes were also reported from Zobellia galactinivorans recently (Allouch et 

al, 2003; Allouch et al, 2004; Jam et al, 2005). 

2.12 CLASSIFICATION OF AGARASE ENZYME: 

Based on amino acid sequence similarities, agarase enzyme are classified into three 

different glycosyl hydrolase families namely GH-16, GH-50 and GH-86. Glycoside 

hydrolase family 16 (GH-16) contains wide variety of enzymes which are retaining 

enzymes with glutamic acid at the active site. This family shares a common ancestor 

and has diverged significantly in their primary sequence (www.cazy.org ). This family 

includes xyloglucan xyloglucosyl transferase (E.C.2.4.1.207), keratin sulfate, endo-1,4- 

P-galactosidase (EC3.2.1.103), glucan endo-1,3-P-D-galactosidase (EC 3.2.1.39), 

endo-1,3(4)- (3-glucanase (EC 3.2.1.6), lichenase (EC3.2.1.73), K-carrageenase (EC 

3.2.1.83), xyloglucanase (EC 3.2.1.151) and agarase (EC 3.2.1.81). These enzymes 

share a common catalytic motif (E[ILV]D[IVAF] [VILM9(0,0E). Enzymes classified 

in GH-16 belong to GH-B clan or super family with folded 13-jelly roll 3-D structure. 

Clan B enzymes have two glutamic acid residues conserved in the active site and one 

aspartic acid to maintain the relative position of catalytic amino acids. Clan B 
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enzymes have evolved convergently and are classified into two groups. The first 

includes GH-16 ic-carrageenases, laminarases, agarases and GH-7 which include 

cellulases with 0-bulged catalytic site and the second includes lichenases and 

xyloglucan endotransglycosylases having 0-stranded catalytic centre with amino acid 

deletion (Michen et al, 2001). 

Pair-wise comparisons of the sequences of family GH-16 reveals existence of 

several subfamilies namely 0-agarases, endo-1, 3- 0-glucanase (laminarinases), endo-

0-1,31 ,4-glucanases (lichenases), x-carrageenases and xyloglucan endo transferases. 

Overall sequence identity between members of subfamily is —30-35% and interfamily 

sequence similarity is —10-25%. Agarase enzyme from P. atlantica, P. gracilis B9, 

Pseudoalteromonas sp CY 24, P. KJ 2-4, Pseudomonas sp BK 1/ SK 38, Pseudomonas 

ND-137, S. coelicolor A3(2) and 0-agarase A and B from Z galactivorans Dsij 

belongs to this family (www.cazy.org ). 

Glycosyl Hydrolase family 50 (GH-50) is classified with most agarase enzymes 

and some other unknown functional proteins, whose mechanism is not fully 

understood. This family belongs to clan (superfamily) GH- A. Agarase enzyme from 

Agarivorans sp JAMB-All, Alteromonas sp E-1, Aga 50D and 50A of S. degradans 2-

40, Aga A and B of Vibrio JT0107 and some uncultured bacteria belongs to this 

family. Family 86 (GH-86) shows retaining mode activity and glutamic acid at the 

active site. This family also contains agarase with some unknown enzymes. This 

family enzyme also belongs to superfamily or clan GH-A. Agarase enzyme from 
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Microbulbifer sp. JAMB-A94, Agr A of P. atlantica T6C, Aga 86E and 86C of S. 

degradens 2-40 and Agr A of Rhodopirellula baltica SH-1 belongs to this family. 

2.13 CARBOHYDRATE BINDING MODULES IN AGARASE ENZYME: 

Carbohydrate binding module (CBM) is contiguous amino acid sequence from a 

'carbohydrate active enzyme with a discrete fold having carbohydrate binding activity. 

Agarase enzyme was grouped in CBM 6 and CBM13 families. CBM6 family or CBD 

VI has —120 amino acid residues in its module. 3-D structure of the module reveals that 

is has the lectin like fold. Agarase enzymes Aga A3 from Microbulbifer sp JAMB-A3, 

Aga A7 from Microbulbifer sp JAMB-A7, Aga A and Aga 0 from Microbulbifer sp 

JAMB-A94, Pseudomonas ND 137, Aga 86E and Aga 16B from Saccharophagus 

degradans 2-40, Agu H, Agu B, Agu D and Agu K from uncultured bacteria, a-agarase 

from Alteromonas agarlyticus GJ1B and two unknown bacteria (US Patent No: 

6599729) belong to this family. 

CBM 13 or CBD XIII module is of —150 amino acids and normally appears as 

three fold internal repeat. This module is identified in plant lectins which binds 

galactose and mannose. 3-D structural analysis showed that it contains 13-fold trefoil. 

This module contains the agarase enzymes Aga A from Pseudoalteromonas sp CY 24, 

Aga A of Pseudomonas ND 137, Pag A from Pseudomonas SK 38/ BK 1 and agarase-

D from Vibrio sp PO 303 (www.cazy.org ). 
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2.14 APPLICATIONS OF AGARASE ENZYME: 

Agar oligosaccharides released by digestion of agar or agarose with agarase enzyme 

have antioxidative, antibacterial, anti-mutagenic and immuno modulating activities 

(Kong et al, 2001). Agar oligosaccharides released by agarase enzyme hydrolysis were 

reported for their ability to inhibit lipid peroxidation, to scavenge super oxide and 

hydroxyl radicals in vitro. It is assumed that agar oligosaccharides scavenge by 

participating in oxidation reaction to remove reactive oxygen species. Higher 

molecular weight and high content of sulfate group containing oligosaccharides shows 

high anti oxidation property. Oligosaccharides with the degree of sulfation (D.S) —1.5 

to 2.0 show high antiviral activity whereas DS of —<0.5 shows higher anti oxidation 

activity (Wang et al, 2004). Algal oligosaccharide lysates obtained by agarase enzyme 

treatment from algal polysaccharide extracts of Porphyra dentate and Monostroma 

nitidum by Pseudomonas vesicularis MA 103 and Aeromonas salmonicida MAEF 108 

respectively showed increase in antioxidative properties in the following order: ferrous 

ion chelating capacity> a,a-diphenyl-P-picrylhydrazyl DPPH radical scavenging 

capacity>H202 scavenging capacity>reducing power (Wu et al, 2004). 

Polysaccharide fractions prepared by 0-agarase digestion from Porphyra 

yezoensis and Gracilaria verrucosa have macrophage stimulating activity. It is 

believed that 3, 6-anhydrogalactose play critical role in macrophage stimulation by 

inducing IL-1 secretion and tumor necrosis factor (TNF) production by unknown 

mechanisms. The water soluble fraction from Porphyra increase the glucose 
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consumption and nitrate production of macrophages in vitro and have high carbon 

clearance activity. Sulfate group at C-6 of an L-galactose unit has a macrophage 

stimulating activity. These fractions have the properties of increased solubility and 

lower viscosity than the undigested polysaccharide fraction in vitro (Yoshizawa et al, 

1995; Yoshizawa et al, 1996). Intra peritoneal and oral administration of water soluble 

fraction of agar oligosaccharides prepared by agarase enzyme digestion of Gracilaria 

verrucosa polysaccharides in mice increase the phagocytic activity by increasing the 

splenic macrophages and oxygen radical scavenging activity in vivo. This study 

indicates the application of seaweeds as immunoprotecting food (Yoshizawa et al, 

1996). 

Neoagarobiose, at a concentration of 100µg/ml have been reported to have 

inhibitory effect on melanin formation on B16 murine melanoma cells. It also had 

higher hygroscopic ability than glycerol or hyaluronic acid (Kobayashi et al, 1997). 

Neoagarooligosaccharides at a concentration, 0.1 µg/ml proved to have whitening 

effect. It is also observed that the concentration of neoagarohexose and neoagarobiose 

has a major role in whitening effect on B 16F l 0 cells. These oligosaccharides do not 

show any cytotoxicity on B16F10 cells as other chemical whitening agents (Lee et al, 

2008). Similarly oligosaccharides like neoagarotetrose, sulfated oligosaccharide, 

sulfated oligotetrasaccharide and sulfated disaccharide have the capability to decrease 

the total serum cholesterol (Osumi et al, 1998). 
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Agarase is well known for its application in DNA extraction from low melting 

agarose gels. DNA molecules can be easily purified by agarase treatment from agarose 

gels and the recovered DNA can be directly used for further genetic manipulations. 

Agarase enzyme 0107 from Vibrio sp. strain JT0107 was used efficiently to recover 

restriction digested pUC19 fragments from agarose gel (Sugano et al, 1993). Agarase 

enzymes from different commercial vendors (New England Biolabs, Sigma Chemicals, 

Promega Inc., etc.,) are available for recovery of DNA molecules from agarose gel. As 

per the company's claim the agarase enzymes can be used efficiently to recover 500bp-

10 kb of DNA. However nothing has been mentioned of high molecular weight DNA 

recovery. 

Agarose gels treated with agarase enzyme can be used to trap circular DNA. 

Loading experiments with the agarase treated gels showed higher capacity to trap 

circular DNA. Electrophoretic measurements in pulsed fields and linear dichorism 

results suggested that higher density of DNA in the traps and impalement occurred by 

a fast and a slow process that had characteristic time constants in one and tens of 

seconds ranges respectively. The open circular DNA is efficiently impaled in treated 

agarose gels (Cole and Akerman, 2000). 

Agarase is well known for its ability to degrade the red algae cell walls for the 

release of protoplasts. Generation of viable protoplasts is one of the critical aspects in 

cell fusion and genetic manipulation experiments with red seaweeds. Protoplasts can 

be grown in lab conditions as axenic culture and they can be used for mass cultivation 
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of commercially important red algae. Agarase enzyme is widely used as one of the key 

components to release the protoplasts from red algae (Yukihisa and Yuto 2006; 

Dipakkore et al, 2005; Yeong et al, 2007). Commercially important valuable products 

from red algae like vitamins, carotenoids, fatty acids and other labile compounds can 

be easily obtained from the protoplasts released by agarase treatment (Fleurence, 

1999). 

Agarase enzymes are also used in structural analysis of different components in 

algae cell walls and agar polysaccharides. Agarase enzyme from Cytophaga was used 

by Turvey to elucidate the porphyran structure with released neoagarotetrose units 

whereas agarase enzyme from P. atlantica released neoagarobiose as major end 

products from the same substrate. 'Since the agarase enzymes differ largely in their 

mode of action and end products, they will be ideal tools to understand the subunit 

structure and degree of sulphation in seaweed matrix polysaccharides such as agar, 

carrageenan and porphyran (Morrice et al, 1983a; Rochas et al, 1994). 

Tellez and Cole (2000) reported that agarase enzyme treated agarase beads which 

are generally used for separation of proteins, show increased pore size distribution in 

comparison to untreated beads. The agarase treated beads efficiently resolved a- and p-

lactoglobulin, bovine serum albumin and immunoglobulins from an acid whey 

preparation. 
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Agarase enzyme is predominantly an extracellular enzyme. Considering this as an 

added advantage, agarase enzyme expression system can be used to express the 

recombinant proteins efficiently. E.coli TEM P-lactamase was cloned into pAGAs20 

and pAGA2002 vectors which contain agarase regulatory and signal peptide regions. 

These vectors expressed 13-lactamase efficiently in S. lividans host (Isiegas et al, 2002). 

Similarly, Mycobacterium tuberculosis apa gene was cloned in pRAGA1 vector, 

which contains S. coelicolor agarase (dag) promoter and signal sequence regions. The 

APA gene product was recovered after successful glycosylation from S. lividans host at 

a concentration of 80mg/L from culture supernatant (Vallin et al, 2006). 

Seaweeds are rich sources of nutrients for human kind and marine organisms. 

They serve as excellent sources of feeding material in aquaculture since they are 

relative rich in vitamins, carotenoids and minerals. Dried red and brown seaweeds are 

commercially available as fish food for aquariums. Providing the seaweeds without 

any treatment poses the problems like algal blooms in the aquaculture ponds, where 

nitrogen content will be high due to chemical treatments. Other possible sources are 

yeast cells, microencapsules and cereal flours (Epifanio 1979; Chu et al, 1987). Acid 

hydrolysis process of dried seaweeds for the feed preparation is already in practice. 

Acid hydrolysis transforms the seaweeds by hydrating and softening their hard cell 

wall texture. Another approach is sequential hydrolysis of the seaweeds by 

polysaccharide degrading enzymes. It was already observed that microorganisms 

associated with abalone play vital role in the digestion of seaweeds (Polne-Fuller and 

Gibor 1987; Erasmus et al, 1988). Enzymatic hydrolysis of seaweed cell wall has been 

39 



reported as gentle method to increase the extract proteins, DNA and other major 

compounds such as phycoerythrin (Fleurence 1999; Jouberty Y and Fleurence J 2005). 

Hence, the sequential digestion of various red and brown seaweeds by microbial 

consortia will render the release of bioavailable material for use as feed in aquaculture 

ponds. 
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STATEMENT 

OF 

PURPOSE 



India has a large coast line with rocky and sandy beaches. India hosts nearly 50 

different varieties of red seaweeds. Commercial production of agar is well established 

in the states of Tamil Nadu and Gujarat. Majority of the harvested seaweeds are used 

in commercial production of agar and other polysaccharides production. However, 

utilization of polysaccharide as food material is not widely practice in India. Since red 

seaweeds are widely distributed along the coast of India, polysaccharide degrading 

bacteria well survive in the Indian marine ecosystem. But, very few reports are 

available on the occurrence of agar hydrolyzing bacteria, agarase enzyme and its 

characterization from Indian waters. 

Earlier investigations from India mainly reported the occurrence of agar 

degrading bacteria from different parts of India. Venkateswaran and Natarajan (1980) 

reported a high incidence of bacterial population in sediments. Few published reports 

are available with characterization of agar degrading bacterial isolates. Two bacterial 

isolates, LK2 and 10A were biochemically characterized and a novel method for easy 

detection of agarase activity in SDS-PAGE was reported (Ghadi et al, 1997). Later 

Lakshmikanth et al, (2006) reported the characterization of agar degrading 

Acenitobacter sp., AG LSL-1 isolate from soil samples. The same group reported 

Pseudomonas aeruginosa AG LSL-11from seawater samples (Lakshmikanth et al, 

2006a&b). Agarase producing Alteromonas and Vibrio are isolated from west coast 

waters and the application of enzyme for seaweed protoplast isolation was also studied 

(Resmi, 1993). However, no detail studies with respect to purification of agarase 

enzymes are reported from India. Similarly, no reports on applications of agarases have 
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been reported. Until recently a gram positive, spore forming Bacillus megaterium was 

isolated from marine water samples and the 12 kDa agarase enzyme was characterized 

(Khambhaty et al, 2008). 

The main objective would be to screen for agarolytic bacteria using a 

combination of primary and secondary screening, followed by purification and 

characterization of agarase enzyme and demonstration of its potential for the 

biotechnology applications. 

With the above background, the present work was carried out with following 

objectives: 

1. Screening and isolation of agarase producing bacteria from different marine 

niches. 

2. Biochemical characterization of selected bacterial isolate. 

3. Phylogenetic analysis of selected isolated with 16S rDNA universal primers. 

4. Purification and characterization of agarase enzyme. 

5. Exploitation of its applications in Biotechnology. 
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CHAPTER 3 

SCREENING, ISOLATION AND 
IDENTIFICATION OF ONE OF THE  

SELECTED AGAROLYM 
BACTERIAL STRAIN 



This chapter elucidates the various studies undertaken to fulfill the first three 

objectives defined in the thesis. 

The foremost objective was to isolate an agarolytic bacterium producing an 

agarase enzyme which could be utilized in diverse industrial applications in the field of 

Biotechnology. In order to fulfill the motives as proposed in the "Statement of 

Purpose", primary screening involved a search for agar degrading bacteria on ASW 

medium containing different combinations of polysaccharides as carbon source/s. 

Primary screening involved collecting water/sediment samples from various 

niches and elementary screening for agarolytic bacterial strains on ASW agar or ASW 

agar + carboxymethyl cellulose (CMC) or ASW agar + alginate plates. The agarolytic 

bacterial isolates were further subjected to secondary screening to ascertain the 

versatility of these isolates to degrade multiple polysaccharides. Later, the 

polysaccharase activity of these isolates was quantified followed by checking for their 

in vitro capability to degrade seaweed thalli. One of the agarolytic strains referred to as 

strain CMC-5, which showed multiple polysaccharide degrading activity and superior 

polysaccharase activities over other isolates as well as depicted extensive degradation 

of seaweed thalli was selected for further studies. The strain was characterized using a 

polyphasic approach for taxonomic identification. Morphological, biochemical and 

fatty acid methyl ester analysis followed by 16S rDNA sequencing studies were used 

for bacterial identification. 
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The methodologies adopted to study the first three objectives and the results 

obtained therein are elaborated in this chapter. 

MATERIALS: 

Agar (bacteriological, purified), carboxymethyl cellulose (low viscosity, sodium salt), 

alginate (mixture of guluronic and mannuronic acid, sodium salt), carrageenan 

(mixture, from Irish moss), chitin (from crab shells), xylan (from Oat Spelt), Congo 

red, cetylpyridinum chloride, 3,5-dinitrosalicylic acid (DNSA), ZoBell marine broth, 

Simmon's citrate broth, Triple sugar iron agar, buffered glucose broth, Mullter-Hinton 

agar, antibiotics were from Himedia Labs, Mumbai, India. All other chemicals and 

reagents used in experiments were of analytical grade and obtained from SD Fine 

chemicals, Qualigens and SRL, India. Double glass distilled water was used 

throughout the experiments. 16S rDNA universal bacterial primers were obtained from 

Genei Ltd, Bangalore, India. QIAquick PCR purification kit was obtained from 

Qiagen Inc, Hilden, Germany. BigDye Terminator kit was purchased from Applied 

Biosystems, Foster City, USA. BIOLOG GN2 plates used for substrate utilization test 

were acquired from Biolog Inc, Hayward, USA. 

3.1 SAMPLE COLLECTION: 

Samples for screening polysaccharide degrading bacteria were collected from several 

niches along the coast of Goa and from several other niches. Coastal water samples 

along with sediments were collected from various locations along the Coast of the Goa 

44 



in the month of August'03, November'03 and January'04. Seaweeds such as 

Gracilaria corticata, Sargassum tenerriurn and others were collected from the 

intertidal region of the Anjuna coast in January'04. Water samples from mangrove area 

around Ribandar were collected in November'03 and January'04 respectively. The 

water samples were collected in sterile 250 ml polypropylene bottles whereas seaweeds 

were collected in a sterile disposable plastic bag. Water/sediment samples were used 

within 24 h for screening of polysaccharide degrading bacteria. The geographical 

locations of sampling sites were determined using Garmin GPS 12 (Garmin Inc., 

Kansas City, USA). The sampling locations are depicted in Table 3.1 and Figure 3.1, 

respectively. 

Sampling Sites Latitude Longitude 
Anjuna N15°.35'.065" E73°.49'.182" 
Kakra N15°.27'.057" E73°.50'.182" 
Naushi N15°.27'.048" E73°.50'.594" 
Odxel N15°.27'.215" E73°.49'.642" 

Arambol N15°.41'.545" E73°.41'.978" 
Cabo-de-Rama N15°.05'.395" E73°.55'.274" 

Betul N15°.08'.404" E73°.57'.109" 
Benaulim N15°.14'.663" E73°.55'.351" 

Colva N15°.16'.499" E73°.54'.815" 
Betalbatim N15°.17'.545" E73°.54'.494" 
Ribandar* N15°.29'.561" E73°.50'.220" 

Table 3.1 Geographical locations of sampling sites of coastal areas and 

mangrove* area in Goa, India. 
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Figure 3.1 Map of Goa showing the location of sampling sites. 

3.2 PRIMARY SCREENING FOR POLYSACCHARIDE DEGRADING 

BACTERIA: 

Artificial sea water (ASW) medium was used for screening of polysaccharide 

degrading bacteria. The composition of ASW medium is mentioned in Appendix 1.1. 

The coastal water samples collected along with sediments were used within 24 h for 

bacterial screening. Bacterial growth experiments were conducted at 30°C unless 

mentioned otherwise. 

Direct plating and broth enrichment culture were used during preliminary 

screening for agarolytic bacteria. Agar was added to ASW medium at a final 

concentration of 2% for preparation of ASW agar plates. Alternatively, polysaccharide 

such as carboxymethyl cellulose (CMC) or alginate was added as supplementary 
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substrate at a final concentration of 0.2% to ASW agar to prepare ASW agar + CMC or 

ASW agar + alginate plates. The ASW agar/ASW agar + CMC/ASW agar + alginate 

plates were used for screening agarolytic bacterial isolates during direct plating. ASW 

medium broth containing either agar or CMC or alginate added at a final concentration 

of 0.2% was used for broth enrichment culture. 

3.2.1 DIRECT PLATING: 

0.1 ml of collected water sample from various sites were serially diluted in ASW and 

spread plated on ASW agar (Appendix 1.2) or ASW agar with CMC (Appendix 1.3) or 

ASW agar with alginic acid (Appendix 1.4) plates. The plates were incubated at 30°C 

for 72 h. 

3.2.2 ENRICHMENT METHOD: 

3.2.2.1 0.1 ml of water sample collected from various sites was added to 100 ml of 

ASW broth supplemented with agar or CMC or alginate. The flasks were incubated on 

orbitary shaker at 130 rpm at 30°C for 48 h. The enriched sample was freshly sub 

cultured in ASW broth containing the respective polysaccharide and incubated under 

similar conditions as mentioned above. 

3.2.2.2 Alternatively, the collected seaweeds (Padina, Dictyota, Enteromorpha, 

Spathoglossum, Gracilaria and Sargassum) were washed under aseptic conditions with 

sterile ASW to remove the attached epiphytes. 50 mg of washed seaweed thalli were 

added aseptically to ASW broth containing 0.2% of either agar or CMC or alginate as 
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sole carbon and energy source. The flasks were incubated on orbital shaker at 130 rpm 

at 30°C for 48 h to enrich the population of bacteria degrading polysaccharides. The 

bacterial isolates from the above enrichment broth were streaked on ASW agar or 

ASW agar + CMC or ASW agar + alginate plates and incubated for 48 h at 30°C. 

Alternatively, the bacterial isolate were also serially diluted and spread plated on ASW 

agar or ASW agar + CMC or ASW agar + alginate plates as described in section 3.2.1. 

3.2.2.3 Seaweeds such as Gracilaria corticata and Sargassum tenerrimum which were 

collected from the intertidal zone of Anjuna coast in January'04 were incubated in a 

plastic vessel in the presence of sea water which was collected at the same time from 

the sampling site. The seaweeds were kept for decomposition at 30°C for 40 days. The 

seaweeds were occasionally stirred every day. 

The microbial flora from the decomposing seaweeds was serially diluted and plated on 

ASW agar or ASW agar + CMC or ASW agar + alginate plates (as described in section 

3.2.1). The plates were incubated at 30°C for 48 h. Bacterial isolates growing on above 

plates and specifically showing clearance zone or pit formation were picked and sub 

cultured on individual respective media plates. The purity of the cultures was further 

confirmed by streaking the bacterial colonies on ZoBell marine agar plates and 

incubating at30°C for 48 h. Alternatively the microbial flora from decomposing 

seaweed (1m1) was inoculated in to ASW broth containing 0.2% of agar, CMC or 

alginate and kept on orbital shaker at 130 rpm for 48 h. The bacterial isolates from the 

above enrichment broth were streaked on ASW agar or ASW agar with CMC or ASW 

48 



agar with alginate plates and incubated for 48 h at 30°C. Alternatively, the bacterial 

isolate were also serially diluted and spread plated on ASW agar or ASW agar + CMC 

or ASW agar + alginate plates as described in section 3.2.1. 

3.3 MULTIPLE POLYSACCHARASE ACTIVITIES OF SELECTED 

BACTERIAL ISOLATES: 

All the bacterial isolates which were obtained during primary screening from different 

polysaccharide plates were subjected to secondary screening to evaluate the potential 

of these isolates to degrade multiple polysaccharides by plate screening method using 

dye/precipitating agent (Ruijssenaars and Hartmans, 2001). The bacterial isolates were 

grown for 72 h on ASW agar, ASW agar + CMC or ASW agar + alginate. CMC, 

chitin and xylan degradation were detected on ASW agar plates containing CMC, 

chitin or xylan respectively by flooding with 0.1% congo red (Ruijssenaars and 

Hartmans, 2001). After 5 min, the congo red solution was decanted and the plate was 

washed with 5 M NaCI followed by 1% acetic acid to increase the contrast of the 

clearance zone around the colonies. Degradation of alginate and carrageenan was 

detected by flooding the ASW agar plates containing alginate or carrageenan with 10% 

cetylpyridinum chloride (Gacesa and Wustman, 1990; Ohta and Hatada, 2006). 

Clearance zone around the colonies was observed after 5 min of incubation. 

Degradation of agar was confirmed on ASW agar plates by spreading lugol's iodine 

solution (Appendix 1.5) which revealed clearance zone around agarolytic colonies 

(Hodgson and Chater, 1981). 
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3.4 POLYSACCHARASE ASSAYS: 

The bacterial isolates which degraded maximum number of polysaccharides as 

detected by plate screening assay using dyes/precipitating agent were selected for 

tertiary screening. 22 selected bacterial isolates were grown for 48 h at 30°C in ASW 

broth containing 0.2% of CMC, agar or alginate supplemented with 0.05% yeast 

extract. Crude culture supernatant was obtained after centrifugation at 10,000 rpm at 

4°C for 10 min and stored at -20°C till further use. 

3.4.1 AGARASE ACTIVITY: 

Agarase activity was measured by the 3, 5-dinitrosalicyclic acid method (Appendix 

1.6) (Miller, 1960). 500 p.1 of the culture supernatant was added to 2.5 ml of 0.1% 

agarose (low melting) in 20 mM (pH 7.0) (Appendix 1.7). 500m1 of 20 mM 

Tris-CI (pH 7.0) added to 2.5 ml of substrate and 500 µl of culture supernatant added to 

2.5 ml of 20 mM Tris-C1 (pH 7.0) were included as substrate and enzyme control 

respectively. The reaction tubes were incubated for 90 min at 30°C. After incubation, 1 

ml of DNSA reagent was added to the reaction mixture and boiled for 10 min in a 

boiling water bath. The tubes were cooled to 30°C and O.D. was determined at A540 

using a spectrophotometer (Shimadzu Co, Kyoto, Japan). The final O.D. was 

calculated after subtracting the O.D. of substrate and enzyme controls. The reducing 

sugars released were compared with galactose standard (1 µg/µl) prepared in 20 mM 

Tris-Cl (pH 7.0). The agarase activity was expressed as units/ml. One unit of agarase 
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enzyme activity was expressed as the amount of enzyme required to release 11.IM of 

galactose equivalents per minute at 30°C. 

3.4.2 CM CELLULASE ACTIVITY: 

CMCase activity was measured using 50 mM sodium citrate buffer (pH 5.0) (Appendix 

1.8). CMC was dissolved in sodium citrate buffer by boiling and mixing thoroughly. 

2.5 ml of substrate was incubated with 500111 of culture supernatant for 90 min at 45°C 

and reducing sugars released due to CMCase were measured with DNSA at A540. 

Substrate and enzyme controls were prepared as described before. Reducing sugars 

released were estimated against glucose standard (1 i.tg/g1). CMCase activity was 

expressed as units/ml. One unit of enzyme was expressed as the amount of enzyme 

required to release 11.1M of glucose equivalents per minute at 30°C (Kluepfer, 1988). 

3.4.3 ALGINATE LYASE ACTIVITY: 

5001.11 of culture supernatant was added to 2.5 ml of 0.1% sodium alginate prepared in 

20 mM Tris-CI (pH 7.0). Increase in absorbance at A230 was recorded for 30 min at an 

interval of 2 min. Alginate lyase activity was expressed as units/ml. One unit of 

enzyme was calculated as the amount of enzyme required to increase 1 O.D. at 230 nm 

(Estesvag et al, 1998). 
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3.5 IN VITRO ALGAL THALLI DECOMPOSITION BY SELECTED 

BACTERIAL ISOLATES: 

3.5.1 AXENIC CULTURE OF SEAWEEDS: 

Gracilaria corticata collected into sterile disposable bags from the Anjuna coast, Goa, 

was immediately brought to the laboratory. Seaweeds were washed thoroughly with 

sterile sea water to remove epiphytes. The washed thalli were transferred to sterile sea 

water containing Ge02 (5 mg/L) and incubated at 22±2°C for 5 days at 50 rpm. The 

sea water was changed after every 24 h. During the incubation, a photoperiodism of 6 h 

light and 18 h dark period was maintained (Chen and McCracken, 1993). The Ge02 

treated algal thalli were washed thrice with sterile sea water and transferred to 

Enriched Seawater medium by Provosoli (ESP) (Provosoli, 1971) (Appendix 1.9) 

containing cocktail of antibiotics (tetracycline, penicillin G, ampicillin, kanamycin, 

streptomycin and nystatin). Antibiotics were dissolved in appropriate solvents and 

filter sterilized with 0.22 gm filter. The antibiotics were added to ESP medium at a 

final concentration of 2gg/m1 (Chen and McCracken, 1993). The culture flasks were 

incubated at above mentioned conditions for 48 h. Later, axenic seaweeds were washed 

with sterile sea water under sterile conditions and transferred to sterile ESP medium. 

A piece of axenic thalli was spread on ZoBell marine agar to confirm any bacterial 

growth. The seaweeds were maintained under the above mentioned conditions till 

further use. The ESP medium was changed after every 7 days. 
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3.5.2 EFFECT OF SELECTED BACTERIAL ISOLATES ON SEAWEEDS 

DECOMPOSITION: 

150 Id of sterile ASW was added to each well of pre-sterilized 96 wells microtitre 

plate. Axenic Gracilaria thalli were aseptically cut into small pieces (3-4 mm) with a 

sterile surgical blade. Thalli pieces (3-4 pieces) were transferred aseptically to each 

well. Loopful of individual bacterial isolates from ASW agar plate were inoculated into 

each well of micro titer plate aseptically. The plate was covered with pre-sterilized 

aluminum foil and sealed with a cover plate. Plate was incubated at 30°C on an orbital 

shaker at 40 rpm. After 7 days of incubation, the plate was observed under inverted 

microscope. Alternatively, bacterial samples showing positive degradation of seaweed 

thalli were observed on a clean glass slide under microscope to confirm the seaweed 

decomposition. 

3.6 BIOCHEMICAL CHARACTERIZATION OF SELECTED MULTIPLE 

POLYSACCHARIDE DEGRADING BACTERIAL STRAIN CMC-5: 

On the basis of above studies, strain CMC-5 was selected for further studies. 

Morphological and biochemical characterization of bacterial strain CMC-5 was done 

according to Simbert and Kreig (1994) with a minor modification that includes 

replacing distilled water with ASW medium. E. coli (wt) was used as a control while 

conducting gram staining and biochemical tests. 
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3.6.1 COLONY MORPHOLOGY: 

Bacterial strain CMC-5 colony morphology was checked by growing it on ZoBell 

marine agar plates (ZMA) and ASW agar plates. Colony morphology was monitored 

after 24 and 48 h. 

3.6.2 GRAM STAINING: 

Bacterial strain CMC-5 was grown for 36 h on ZMA plate at 30°C. Single colony was 

picked with a sterile inoculation loop and a smear was prepared on a clean glass slide 

with a drop of ASW and air dried. The air dried smear was flooded with crystal violet 

solution (Appendix 1.10), left at 30°C for 30 sec and later rinsed with sterile water for 

another 30 sec. The smear was flooded with gram's iodine solution (Appendix 1.11) 

for 1 min. Gram iodine solution was discarded and the smear was rinsed with water for 

30 sec. The smear was then flooded with decolorizing agent (Appendix 1.12) for 30 

sec. Again, the smear was washed with water for 30 sec. Smear was counter-stained 

with safranin (Appendix 1.13) for 60 sec smear was washed with water for 10 sec and 

allowed to air dry. The slide was observed under compound microscope at 40X 

resolution. 

3.6.3 ELECTRON MICROSCOPY: 

Bacterial strain CMC-5 morphology was studied by scanning electron microscopy. 

Strain CMC-5 was grown for 36 h in ASW broth containing 0.2% glucose at 30°C at 

130 rpm. The bacterial cell pellet was obtained after centrifugation at 8,000 rpm for 10 

min at 4°C. The pellet was washed thrice with ASW. 10 ill of this culture suspension 
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was mixed with 90 Ill of ASW. 10 µl of culture suspension was spread on a clean stub 

and the sample was allowed to air dry. The dried stub was placed in gold particle 

spotter and the stubs were coated with fine gold particles according to manufacturer's 

instructions (SPI Instruments, India). The spotted culture was observed by electron 

microscope (Joel, model JSM-5800LV) at 7,000 mV and 10,000 X resolution. 

3.6.4 PREPARATION OF BACTERIAL STRAIN CMC-5 CULTURE FOR 

BIOCHEMICAL TESTS: 

Bacterial strain CMC-5 was grown at 30°C for 24 h at 130 rpm in 25 ml of ZoBell 

marine broth. The culture was aseptically centrifuged at 10,000 rpm for 10 min. The 

bacterial cell pellet was washed with 25 ml of sterile ASW for three times. After 

washing, cells were suspended in 25 ml of sterile ASW and stored at 4°C until further 

use. 

3.6.5 CASEIN HYDROLYSIS TEST: 

Double strength A,SW containing 1.8% agar was sterilized by autoclaving for 15 min at 

121°C and 0.75% skimmed milk powder in water was sterilized by autoclaving at 

121°C for 10 min. Both solutions were cooled to 45°C and later mixed to make a 

homogenous solution. Strain CMC-5 was grown on these plates at 30°C for 7 days. 

The clearance zone around the colonies was visualized by flooding the plates with 10% 

HC1. 
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3.6.6 CATALASE TEST: 

Bacterial strain CMC-5 suspension (0.1m1) was added to 0.5 ml of 3% hydrogen 

peroxide (freshly prepared) in a sterile test tube and observed for formation of air 

bubbles on the sides of the tube as well as on top of the solution. Alternatively the 

experiment was also repeated on a clean glass slide to confirm the catalase activity. 

3.6.7 GELATIN HYDROLYSIS: 

Gelatin plates were prepared by adding 0.4% gelatin to ASW agar and sterilized by 

autoclaving at 121°C for 15 min. Bacterial strain CMC-5 was cultured on above plates 

at 30°C for 48 h. Gelatin hydrolysis was observed as clearance zones around the 

colonies after flooding with gelatin precipitating reagent (Appendix 1.14). 

3.6.8 UREASE TEST: 

ASW containing 0.01% yeast extract and 0.01% phenol red was prepared and sterilized 

by autoclaving and cooled to 50°C. Urea (2g/100m1) was dissolved separately 

dissolved in distilled water and filter sterilized with a 0.22 p.m filter membrane. Both 

were mixed thoroughly to form a homogenous solution. 0.1% inoculum was added and 

the tubes were incubated at 30°C for 48 h. A positive urease activity was observed as a 

change in the media colour from red to purple colour. 

3.6.9 INDOLE PRODUCTION: 

10 ml of ASW containing 1% tryptone (free of carbohydrate, nitrate and nitrite) was 

prepared and filter sterilized with 0.22 pm syringe filter membrane. 0.1% of inoculum 
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was added and tubes were incubated at 30°C at 100 rpm for 48 h. 0.5 ml of Kovac's 

reagent (Appendix 1.15) was added and observed for development of red colour. 

3.6.10 MALONATE UTILIZATION: 

ASW Broth containing 0.1% yeast extract, 0.3% sodium malonate, 0.025% glucose 

and 0.002% bromothymol blue in ASW was prepared and bacterial strain CMC-5 was 

inoculated. The tubes were incubated for 48 h at 100 rpm at 30°C. A change in colour 

from green to deep blue indicates malonate utilization. 

3.6.11 DNASE TEST: 

ASW agar plate containing 0.2% DNA (from Herring sperm; Sigma Chemicals) was 

prepared. Bacterial strain CMC-5 culture was patched in the centre of ASW agar-DNA 

plate and incubated at 30°C for 48 h. Clearance zone around the colonies observed 

after flooding the plate with 1N HC1 indicates the production of DNase enzyme. 

3.6.12 OXIDASE TEST: 

1 ml of oxidase reagent was added to sterile Whatman filter paper no-1 and allowed to 

air dry. Loopful of bacterial culture was spread on the filter paper where oxidase 

reagent (Appendix 1.16) was spotted. Development of purple blue colour within 10 

seconds indicated a positive test for oxidase. 

3.6.13 UTILIZATION OF AMINO ACIDS: 

0.2% of individual amino acids (L-glutamic acid, L-leucine, L-tryptophan, DL-aspartic 

acid, L-hydroxyproline, L-lysine, L-methionine, L-arginine, L-valine, L-threonine, L- 

57 



phenylalanine, L-alanine, L-histidine, DL-isoleucine, L-serine and glycine) were 

dissolved in ASW and filter sterilized through 0.22 gm syringe filter. 0.1% inoculum 

was added and the tubes were incubated at 130 rpm for 48 h at 30°C. Appearance of 

turbidity in the medium indicates bacterial growth. Medium with amino acid without 

inoculated bacterial culture was used as control during the experiment. 

3.6.14 GROWTH ON TCBS AND CETRIMIDE AGAR: 

TCBS (Thiosulphate Citrate Bile salts Sucrose Agar) and cetrimide agar plates were 

prepared using commercial medium, according to manufacturer's instructions. 

Bacterial strain CMC-5 was cultured on the above medium plates and incubated at 

30°C. Growth on the plates was observed after 48 h. 

3.6.15 MR-VP TEST: 

Buffered glucose broth medium supplemented with glucose was prepared in ASW and 

sterilized by autoclaving at 121°C for 15 min. The tubes were inoculated with strain 

CMC-5 and incubated at 30°C. 5 to 6 drops of methyl red reagent (Appendix 1.17) was 

added to the tubes and development of bright pink to red color at the top of the medium 

was recorded as positive for MR test. VP positive reaction was confirmed by adding of 

few drops of Barritt's reagent (Appendix 1.18). 

3.6.16 ARGININE AND LYSINE DECARBOXYLASE ACTIVITY: 

Decarboxylase activity of strain CMC-5 was checked by growing in decarboxylase 

broth based medium supplemented with 3 g/L arginine and lysine. Decarboxylase 
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broth base was sterilized by filtering through 0.22 gm syringe filter into pre-sterilized 

glass tubes. Strain CMC-5 was inoculated and the medium was overlaid with sterile 

mineral oil. Tubes were incubated without disturbance for 48 h at 30°C. The tubes 

were checked for development of purple colour in the medium. 

3.6.17 TRIPLE SUGAR IRON (TSI) AGAR TEST: 

TSI medium was prepared in ASW and sterilized by autoclaving at 121°C for 15 min. 

It was allowed to cool and slants were prepared in pre-sterilized glass tubes with a 

minimum of 2 cm butt at the bottom of the slant. Strain CMC-5 was inoculated on the 

surface of the slant and the tubes were incubated at 30°C. Change in colour of the 

medium and formation of bubble in the medium after 48 h was taken as a positive 

control. 

3.6.18 CITRATE UTILIZATION: 

Citrate utilization was checked with Simmon's Citrate Agar which was prepared 

according to manufacturer's instructions in ASW. Strain CMC-5 was inoculated and 

the tubes were incubated at 30°C for 48 h. The appearance of blue colour was taken as 

positive control. 

3.6.19 ANTIBIOTIC SENSITIVITY OF STRAIN CMC-5: 

Sensitivity of strain CMC-5 towards various antibiotics was tested by agar diffusion 

method on Muller-Hinton (MH) agar. Strain CMC-5 was grown in 25 ml of ZoBell 

marine broth for 24 h at 30°C at 130 rpm. Bacterial cell pellet was obtained by 
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centrifugation at 8,000 rpm at 30°C for 5 min. The cell pellet was washed thrice with 

sterile ASW and resuspended in fresh ASW medium. MH agar plates were prepared 

according to the manufacturer's instructions with a partial modification wherein NaCl 

was added to the medium at a final concentration of 2%. The bacterial culture 

suspension was spread plated on MH agar surface and allowed to dry for 30 min at 

30°C. Antibiotic discs were aseptically placed on the MH agar plate and the plates 

were incubated for 48 hrs at 30°C. Diameter of the clearance zone around the antibiotic 

discs was measured and compared with standard reference values from Himedia Labs, 

Mumbai, India. 

3.6.20 EFFECT OF NaCI ON GROWTH OF STRAIN CMC-5: 

Growth of bacterial strain CMC-5 at various NaCI concentrations was checked by 

growing the culture in modified ASW broth (without NaCl) containing 0.2% of 

glucose as substrate and amended with 0, 2, 4, 6, 8 and 10% NaCl. Culture was 

incubated on a shaker at 130 rpm at 30°C. Growth was assessed by measuring the A600 

at an interval of 12 h. 

3.6.21 EFFECT OF YEAST EXTRACT ON GROWTH OF STRAIN CMC-5: 

Strain CMC-5 was inoculated in ASW broth containing 0.2% agarose with and without 

0.05% yeast extract. 1m1 of sample was withdrawn for every 24 h and sample was 

serially diluted in sterile ASW and spread on ASW agar (2%) plates. The plates were 

incubated at 30°C for 60 h. 
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3.6.21 SUBSTRATE UTILIZATION BY STRAIN CMC-5: 

Bacterial strain CMC-5 was tested for its ability to utilize various substrates as sole 

carbon and energy source using BIOLOG GN2 plate. These plates contain 95 different 

carbon substrates. 

Bacterial strain CMC-5 was grown on ZoBell marine agar plate for 24 hours at 

30°C. The culture was swabbed from ZMA plate and suspended aseptically into sterile 

GN/GP inoculating fluid, supplied by the manufacturer but was modified by 

supplementing it with NaCI to a final concentration of 2%. 150 ttl of cell suspension 

was added to each well of the plate and the plate was incubated at 30°C for 24 h. 

Appearance of purple colour was recorded as utilization of substrate and no change in 

colour indicates non utilization of substrate. 

3.6.22 FATTY ACID METHYL ESTER (FAME) ANALYSIS: 

Characterization of fatty acid types and their relative proportions in bacterial cell 

membrane is one of the popular methods for identification of bacteria. Fatty acids with 

9 to 20 carbon chains in length are commonly used to characterize the genera and 

species of gram negative bacteria using commercially available Microbial 

Identification System (MIDI Inc., Newark, USA). 

Bacterial strain CMC-5 was grown on ZoBell marine agar plate at 30°C for 36 h 

with quadrant streaking method. Sample for cellular fatty acid analysis was prepared 

according to manufacturer's instructions (Mayor, 2006). Approximately 40 mg of 
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bacterial cells (wet weight), was harvested with a sterile loop into a sterile glass tube 

containing teflon lined caps. 1.0 ml of saponification reagent was added to the cells 

and vigorously vortexed for 10 sec. These tubes were incubated in a boiling water bath 

for 30 min. Occasionally, tubes were vortexed for 10 sec. Tubes were allowed to cool 

to 30°C. 2 ml of methylation reagent was added and mixed briefly by vortexing. The 

tubes were incubated for exactly 10 min at 80±1°C. The tubes were later allowed to 

cool to 30°C and 1.25 ml of extraction reagent was added and mixed gently. These 

tubes were centrifuged briefly for 10 min to separate the aqueous and organic phases. 

The organic phase was separated from aqueous phase. To the organic phase, 3 ml of 

sample clean up reagent was added and mixed for 5 min. 2/3 of organic phase was 

collected into a clean glass vial and used for gas chromatographic analysis. 

Gas chromatographic analysis of fatty acids was carried out using Agilent 6850 

gas chromatography system (Agilent Technologies, Santa Clara, USA). Phenyl methyl 

silicone fused silica capillary column (25 m x 0.2 m) was used. Hydrogen and nitrogen 

were used as carrier and makeup gases. Air was used as the flame supporter gas. 10 RI 

of sample was injected with micro syringe at the injection port maintained at 

temperature of 50°C. After 1 min, temperature was raised to 170°C and gradually 

increased to 270°C at a rate of 5°C/min. Eluted samples were detected with flame 

ionization detector (FID). Fatty acid standards prepared by Microbial ID Inc. were 

used for calibration of the column. The computer generated chromatogram was 

compared with internal library of Sherlock Microbial Identification System Ver 4.0. 
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3.6.23.1 GENOMIC DNA ISOLATION: 

Genomic DNA from strain CMC-5 was isolated according to Maloy (1990). Strain 

CMC-5 was grown for 24 h in 50 ml of ZoBell marine broth at 30°C at 130 rpm. 

Bacterial cell pellet was obtained by centrifugation at 8,000 rpm for 10 min at 4°C. The 

cell pellet was resuspended in 1.5 ml of TE buffer (pH 8.0) (Appendix 1.19). 0.9 ml of 

10% SDS and 99.9u] of Proteinase-K (20mg/m1 stock) was added to cell suspension 

and incubated at 37°C for 60 min. After incubation, equal volume of Tris-saturated 

phenol (pH 8.0) (Appendix 1.20) containing equal volume of chloroform (1:1) was 

added and mixed gently. The clear aqueous layer was collected after centrifugation at 

10,000 rpm for 10 min at 4°C and again extracted with phenol: chloroform as 

described above. The clear aqueous phase was collected into a separate tube and one-

tenth volume of 5M sodium acetate (pH 5.2) (Appendix 1.21) was added followed by 

addition of two volumes of chilled ethanol. The tube was kept at -20°C for 60 min. The 

DNA precipitate was collected after centrifugation at 10,000 rpm for 10 min at 4°C. 

The pellet was quickly washed with lml of 70% ethanol. The ethanol was removed by 

centrifugation at 10,000 rpm for 10 min at 25°C. The DNA pellet was air dried to 

remove traces of ethanol and was dissolved in 2 ml of TE buffer. Further, RNase at a 

final concentration of 20 µg/ml (from 2mg/m1 stock) was added and incubated for 30 

min at 30°C to remove the RNA contamination. The aqueous phase was again 

extracted with phenol:chloroform. The DNA was precipitated again as described 

above, washed, dried and dissolved in TE buffer. The DNA concentration was 
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estimated at A260 using TE buffer as blank. The DNA profile was analyzed by agarose 

gel electrophoresis. 

3.6.23.2 AGAROSE GEL ELECTROPHORESIS: 

Agarose gel electrophoresis of genomic DNA was performed using horizontal slab gel 

electrophoresis apparatus. 0.8 g of agarose (low EEO) was dissolved in 100 ml of 1X 

TBE electrophoresis buffer (Appendix 1.22) by boiling. The agarose solution was 

cooled to 45°C and ethidium bromide (EtBr) was added to a final concentration of 0.5 

µg/ml. The agarose solution was poured into a gel casting tray. The gel was allowed to 

solidify for 30 min at 30°C. 10 µl of genomic DNA sample was mixed with 6X gel 

loading dye (Appendix 1.23) and was loaded into the well. The electrophoresis was 

performed at 80 V till the dye reached the end of the gel. After electrophoresis, the 

DNA was visualized under UV. 

3.6.23.3 DETERMINATION OF %G+C CONTENT OF GENOMIC DNA: 

G+C mol % content of genomic DNA from strain CMC-5 was determined in standard 

saline citrate (SSC) buffer (pH 7.0) (Appendix 1.24). DNA was diluted to 2011,g/m1 for 

the determination. Quartz cuvette (1 cm path length) with glass stopper was cleaned by 

soaking in mild detergent followed by washing with distilled water for several times. 

Cuvette was drained and allowed to dry. Thermal denaturation profile was measured 

with Lambda 35 spectrophotometer (Perkin Elmer, Massachusetts, USA) with 

temperature control unit. 
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Spectrophotometer was initialized at 260 nm for 20 min. Absorbance of the DNA 

sample (1m1) was recorded from 25°C and temperature was quickly raised to 50°C. 

Temperature of the holder was increased at a rate 1 °C/min for 10 min until no further 

increase in the absorbance was observed. The corrected absorbance was plotted against 

the temperature and the T, was measured according to Mandel and Marmur (1961). 

3.6.24 PHYLOGENETIC ANALYSIS OF BACTERIAL STRAIN CMC-5: 

3.6.24.1 AMPLIFICATION OF 16S rDNA BY POLYMERASE CHAIN 

REACTION (PCR): 

16S rDNA from chromosomal DNA of strain CMC-5 was amplified using universal 

eubacterial primers 27F and 1525R. These primers correspond to 27 and 1525 of 16S 

rDNA of E.coli (Brosius et al, 1978). PCR reaction was carried out in a volume of 25 

pl containing 100 ng of genomic DNA, 1X Taq buffer containing 15mM MgC12, 200 

p.M of each of dATP, dCTP, dGTP and dTTP, 10 pM of forward and reverse primers 

and 1.25 units of Taq DNA Polymerase enzyme. Amplification was carried out using 

thermal cycler (Gene Amp PCR System 9700, Applied Biosystems, Foster City, CA, 

USA). The amplification was carried out using following parameters: Initial 

denaturation at 95°C for 5 min followed by 35 cycles of denaturation at 95°C for lmin, 

annealing at 55°C for 1 min and extension at 72°C for 1 min followed by a final cycle 

of extension of 72°C for 10 min. 
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3.6.24.2 PURIFICATION OF PCR PRODUCTS: 

The amplified PCR product from the sample was purified using QIAquick PCR 

Purification Kit (Qiagen Inc, Hilden, Germany) according to the manufacturer's 

protocol. The concentration of purified DNA was measured using spectrophotometer at 

260 nm and the quality was checked on a 0.8% agarose gel as described in section 

3.6.23.2. The purified DNA was used for sequencing reaction. 

3.6.24.3 SEQUENCING REACTION: 

Sequencing reaction was carried out in a 96 well PCR plate using Big Dye Terminator 

Cycle Sequencing Kit, Ver 3.1 (Applied Biosystems, Foster City, CA, USA). The 

sequencing reaction was carried out in a 5 ul volume containing 30 ng of purified PCR 

product, 3pM primer, 2.5X Ready Reaction Premix (final concentration lx), 5X 

sequencing buffer (final concentration 1X). The reaction was carried out in Gene Amp 

PCR System 9700 (Applied Biosystems, Foster City, CA, USA). The parameters for 

the sequencing reaction consists of an initial denaturation at 96°C for 1 min followed 

by 25 cycles of denaturation at 96°C for 10 sec, annealing at 50°C for 5 sec and 

extension at 60°C for 4 min. 

3.6.24.4 PURIFICATION OF SEQUENCING REACTION PRODUCTS: 

After sequencing reaction was completed, 500 ill of 3M sodium acetate (pH 5.2) and 

12.5 gl of ethanol were added to the each well of 96 well PCR plate. The components 

were mixed using plate vortex. The plate was incubated at 30°C for 15 min. After 
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incubation, the plate was centrifuged at 4000 rpm for 25 min at 30°C. The plates were 

inverted on to a tissue paper and the ethanol was allowed to drain completely. The 

plate was again centrifuged at 300 rpm for 15 min at 30°C. 75 ill of 70% ethanol was 

added to each well of the plate and kept for 5 min at 30°C and centrifuged at 4000 rpm 

for 20 min at 25°C. The step was repeated again and the plate was allowed to dry in 

vacuum dryer for 2 min. lOtil of Hi-Di formamide (Applied Biosystems, Foster City, 

CA, USA) was added to the each of the plate and incubated at 30°C for 3 min. The 

plate was centrifuged at 30°C at 3000 rpm for 2 min. The plate was heat denatured for 

3 min at 95°C and rapidly cooled by incubating in ice for 10 min. 

3.6.24.5 SEQUENCING REACTION: 

In order to obtain the complete 16s rDNA 7 different internal primers 27F, 121F, 

343R, 536F, 704F, 1488R and 1525R were used to obtain overlapping sequences. The 

sequencing reaction was carried out with above mentioned parameters using DNA 

Analyzer 3730 (Applied Biosystems, Foster City, CA, USA) according to 

manufacturer's operating protocol. 

3.6.24.6 PHYLOGENETIC ANALYSIS: 

The 7 different overlapping DNA sequences obtained after sequencing by using above 

mentioned primers were compiled using Chromaspro, Ver 1.34., to remove the overlap 

regions in the sequence. The final resulted sequence is of 1517 bases. Ribosomal 

database project (RDP II) (http//:rdp.cme.msu.edu) was searched for DNA sequences 
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homologous to 16S rDNA sequence of strain CMC-5 using seqmatch program. The 

16S rDNA sequences, which showed close match to the query sequence, were obtained 

in FASTA format from National Centre for Biotechnology Information (NCBI) 

database (www.ncbi.nlm.nih.gov.in ). The sequences were aligned using Clustal W, 

Ver 1.83., (Thompson et al, 1997). E.coli (ATCC U00096) was used as out-group 

sequence. The aligned sequences were saved in FASTA format. The gaps from 5' and 

3' end of the aligned sequences were removed using MEGA program, Ver 3.1., 

(Kumar et al, 2004). The sequences were aligned to remove the internal gaps and the 

final sequence was saved in PHYLIP format. 

Phylogenetic tree construction was done using the PHYLIP, Ver 3.67., 

(Felsenstein J, 2006). The sequences were analyzed for stability using SEQBOOT 

program of PHYLIP. Bootstrapping was performed for 1000 replicates. DNA distances 

were analyzed by the program DNADIST, with Kimura-2 parameter for 1000 data sets. 

The transition and transversion rate was kept at 2.0. Phylogenetic trees were 

constructed using DNAML, DNAPARS and NEIGHBOR algorithms. Phylogenetic 

trees using parsimony and maximum likelihood were constructed using DNAPARS 

and DNAML with 100 data sets with constant variation among sites from SEQBOOT 

output data. The transition and transversion rate was given as 2.0. Phylogenetic tree 

constructed using NJ was done with out file from DNADIST data. The consensus 

phylogenetic tree was saved to out tree and tree was viewed with Tree View, Ver 1.6.6. 
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3.7 BATCH CULTURE OF STRAIN CMC-5: 

Growth of bacterial strain CMC-5 was studied in ASW medium containing either 0.2% 

agarose or 0.2% agarose supplemented 0.05% yeast extract. Strain CMC-5 pre grown 

in respective homogenous medium for 24 h was used as inoculum. 0.1% of above 

inoculum was added to above media and incubated at 30°C at 130 rpm. Samples were 

withdrawn aseptically at different time intervals. Viable bacterial count was obtained 

by serial dilution and plating them on ASW medium containing 2% agarose and 

incubating at 30°C for 48 h. Culture supernatant from the withdrawn samples was 

obtained by centrifugation at 10,000 rpm at 4°C for 15 min. The culture supernatant 

was checked for the agarase activity by DNSA method as mentioned in section 3.4.1. 

The generation time of the strain CMC-5 was calculated. 

3.8 IN VITRO ALGAL THALLI DEGRADATION BY STRAIN CMC-5: 

Bacterial strain CMC-5 was checked for its ability to degrade Gracilaria thalli in in 

vitro conditions. The growth of strain CMC-5 was studied by providing seaweed thalli 

as sole carbon and energy source. 

Bacterial strain CMC-5 was grown in ASW medium containing 0.2% glucose for 

24 h at 30°C at 130 rpm. The bacterial cell pellet was obtained by centrifugation and 

washed thoroughly with sterile ASW. Axenic Gracilaria thalli was cut into small 

pieces (3-4 mm) aseptically and transferred to flasks containing sterile ASW. 0.1% of 

inoculum was added to the ASW medium containing Gracilaria thalli and the flask 
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was incubated at 30°C at 130 rpm for 8 days. Growth of strain CMC-5 was measured 

by observing O.D. at 600 nm and reducing sugars released during the degradation of 

algal thalli by strain CMC-5 were estimated by DNSA method. Samples were 

withdrawn at different time intervals and checked for the presence of agarase and 

CMCase activities as mentioned in 3.4.1 and 3.4.2. 

3.9 	MULTIPLE POLYSACCHARASE ENZYMES ACTIVITY BY 

BACTERIAL STRAIN CMC-5 IN PRESENCE OF VARIOUS 

POLYSACCHARIDES AND POLYSACCHARIDE COMBINATIONS: 

Bacterial strain CMC-5 was grown in ASW broth containing 0.05% yeast extract and 

0.2% of one of the following polysaccharides: agarose, CM cellulose, alginate, xylan, 

and carrageenan at 130 rpm for 24 h at 30°C. 0.1% of inoculum (prepared in respective 

medium) was transferred aseptically to freshly prepared ASW broth containing 0.05% 

yeast extract with one of the above polysaccharides and grown for 48 h at 30°C on 

orbital shaker at 130 rpm. Culture supernatant was obtained after centrifugation at 

10,000 rpm for 15 min at 4°C and stored at -20°C. 

Similarly, bacterial strain CMC-5 was grown in ASW medium containing one of 

the following combinations of polysaccharides viz., agarose + CMC, agarose + 

carrageenan, agarose + xylan, agarose + alginate, CMC + carrageenan, CMC + xylan, 

CMC + alginate, carrageenan + xylan, carrageenan + alginate, xylan + alginate and 
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mixture of agarose, CMC, xylan, alginate and carrageenan. The polysaccharides were 

provided at a concentration 0.2% along with 0.05% yeast extract. Inoculum was 

cultured for 24 h in respective ASW broth containing homogenous polysaccharide 

combination and 0.1% inoculum was added. Bacterial strain CMC-5 was grown for 48 

h at 30°C on orbital shaker at 130 rpm. Culture supernatant was obtained as mentioned 

above and stored at -20°C till further use. 

0.5 ml of culture supernatant was tested for the presence of agarase, CMCase, 

alginase, carrageenase and xylanase activities. Agarase, alginase, carrageenase, 

xylanase enzyme activities were tested in 20 mM Tris-Cl (pH 7.0), whereas CMCase 

activity was tested in 20 mM sodium citrate buffer (pH 6.5). Xylanase and CMCase 

activities were tested at 45°C whereas other enzyme activities were tested at 30°C. 

Reducing sugars released were measured with DNSA at 540 nm. Concentration of 

reducing sugars released by agarase and carrageenase enzymes was compared with 

galactose standard. Reducing sugars released by CMCase and alginase were compared 

with glucose whereas by xylanase were compared with xylose standards. The 

polysaccharase activities have been expressed as reducing sugars released in µg/ml. 
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3.10 RESULTS: 

3.10.1 SCREENING FOR AGAROLYTIC BACTERIA: 

The primary objective in screening process was to isolate agarolytic bacteria from 

various niches on different ASW medium containing individual or combinations of 

different polysaccharides as selective substrate. Location of different sampling sites 

along the Coast of Goa is shown in Table 3.1. Water samples along with sediments 

and seaweeds collected from different sites along the coast as well as mangrove areas 

were used as a source for screening for agarolytic bacteria by either direct plating or by 

enrichment method as described in methodology. A total of 65 bacterial isolates were 

obtained on different polysaccharide/s plates during screening from water samples 

collected in August and November 2003 either by direct plating or enrichment method. 

Most of these bacterial isolates were not promising as they did not show any clearance 

zone or crater/pit formation on medium containing any polysaccharide/s. Most of 

these bacterial colonies were light cream to white in colour. Table 3.2. shows the 

various bacterial isolates obtained from different coastal water samples on ASW plates 

containing polysaccharide/s. Majority of these isolates failed to grow after 2 to 3 

subcultures on ASW medium plates containing respective polysaccharide/s. 

Screening of a bacterial isolates from samples collected from mangrove area did 

not yield any positive agar degrading isolate either by direct plating or enrichment 

method. 
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Seaweeds which were collected from the Anjuna coast of Goa (Table 3.1) were 

also screened for presence of agarolytic bacteria. A white colour bacterial matt growth 

was observed on all ASW plates containing polysaccharide/s and as a result no 

conspicuous bacterial isolate could be obtained by direct plating or enrichment method. 

Isolate Sampling sites Isolated from Direct 
plating/Enrichment 

ANJ-1 Anjuna ASW agar plate Direct plating 
ANJ -2 Anjuna ASW agar plate Direct plating 
ANJ -3 Anjuna ASW agar plate Direct plating 
ANJ -4 Anjuna ASW agar plate  

ASW agar plate 
Direct plating 
Direct plating ANJ -5 Anjuna 

ANJ -6 Anjuna ASW agar plate Direct plating 
ARB-1 Arambol ASW agar plate Direct plating 
ARB-2 Arambol ASW agar plate Direct plating 
CDR-1 Cabo-de-Rama ASW agar plate Direct plating 
CDR-2 Cabo-de-Rama ASW agar plate Direct plating 
CDR-4 Cabo-de-Rama ASW agar plate Direct plating 
CDR-5 Cabo-de-Rama ASW agar plate Enrichment 
COL-1 Colva ASW agar plate Direct plating 
COL-2 Colva ASW agar plate Direct plating 
OXL-1 Odxel ASW agar plate Enrichment 
OXL-2 Odxel ASW agar plate Enrichment 
OXL-3 Odxel ASW agar plate Enrichment 
OXL-4 Odxel ASW agar plate Direct plating 
OXL-5 Odxel ASW agar plate Direct plating 
NSH-1 Naushi ASW agar plate Enrichment 
NSH-2 Naushi ASW agar plate Enrichment 
KAK-1 Kakara ASW agar plate Enrichment 
KAK-2 Kakara ASW agar plate Direct plating 
KAK-3 Kakara ASW agar plate Direct plating 

KAK-101 Kakra ASW agar plate Direct plating 
ANJ-50 Anjuna ASW agar alginate plate Enrichment 
CDR-50 Cabo-de-Rama ASW agar alginate plate Direct plating 
CDR-51 Cabo-de-Rama ASW agar alginate plate Enrichment 
BTL-50 Betul ASW agar alginate plate Enrichment 
COL-50 Colva ASW agar alginate plate Enrichment 
OXL-50 Odxel ASW agar alginate plate Enrichment 
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NSH-50 Naushi ASW agar alginate plate Enrichment 
KAK-50 Kakra ASW agar alginate plate Enrichment 
BAE-50 Beta! batim ASW agar alginate plate Enrichment 

OXL-101 Odxel ASW agar+CMC plate Enrichment 
CDR-102 Cabo-de-Rama ASW agar+CMC plate Direct plating 
NSH-105 Naushi ASW agar +CMC plate Enrichment 
ANJ -104 Anjuna ASW agar+CMC plate Direct plating 
RBR-107 Ribandar ASW agar+CMC plate Enrichment 
BAE-101 Betalbatim ASW agar+CMC plate Direct plating 
KAK-107 Kakra ASW agar+CMC plate Direct plating 
KAK-110 Kakra ASW agar+CMC plate Direct plating 
ANJ-106 Anjuna ASW agar+CMC plate Enrichment 

AA-1 Decaying seaweeds ASW agar plate Direct plating 
AA-2 Decaying seaweeds ASW agar plate Direct plating 
AA-3 Decaying seaweeds ASW agar plate  

ASW agar plate 
Direct plating 
Direct plating AA-4 Decaying seaweeds 

AA-5 Decaying seaweeds ASW agar plate Direct plating 
AA-6 Decaying seaweeds ASW agar plate Direct plating 
AA-7 Decaying seaweeds ASW agar plate Direct plating 

AgA-1 Decaying seaweeds ASW agar alginate plate Direct plating 
AgA-2 Decaying seaweeds ASW agar alginate plate Direct plating 
AgA-3.  Decaying seaweeds ASW agar alginate plate Direct plating 
AgA-4 Decaying seaweeds ASW agar alginate plate Direct plating 
AgA-5 Decaying seaweeds ASW agar alginate plate Direct plating 
AgA-6 Decaying seaweeds ASW agar alginate plate Enrichment 
AgA-7 Decaying seaweeds ASW agar alginate plate Enrichment 
CMC-1 Decaying seaweeds ASW agar+CMC plate Direct plating 
CMC-2 Decaying seaweeds ASW agar+CMC plate Direct plating 
CMC-3 Decaying seaweeds ASW agar+CMC plate Direct plating 
CMC-4 Decaying seaweeds ASW agar+CMC plate Direct plating 
CMC-5 Decaying seaweeds ASW agar+CMC plate Direct plating 
CMC-6 Decaying seaweeds  

Decaying seaweeds 
ASW agar+CMC plate 
ASW agar+CMC plate 

Direct plating 
Direct plating CMC-7 

CMC-8 Decaying seaweeds ASW agar+CMC plate Direct plating 

Table 3.2 Bacterial isolates obtained from various niches along the coast of 
Goa. 

Serial dilution and plating of water sample collected from decomposing 

seaweeds sample was done. 400 bacterial isolates with or without depressions around 
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the colonies were obtained when a ten-fold dilution was plated on ASW agar plates. 

Majority of these bacterial colonies were small and white in colour with round or 

irregular margins. 50 individual bacterial colonies with prominent depressions were 

obtained in 100 fold serial dilution. Few white colour colonies without clearance zones 

were also observed. A 1000 fold dilution yielded 6 bacterial colonies which showed 

prominent crater/pit formation around the colonies whereas few other colonies were 

small and white in colour with no clearance zone. 

Similarly, bacterial flora was also screened on ASW agar + CMC plates as well 

as on ASW agar + alginate plates. A 10 fold dilution yielded 280 colonies with 

prominent clearance zone around them on ASW agar + CMC plates. 100 fold dilution 

on ASW agar + CMC yielded 50 colonies out of which depressions were observed 

around 10 colonies. A 1000 fold dilution yielded only 7 colonies on ASW agar + 

CMC. Three colonies showed distinct depressions whereas other bacterial isolates were 

small and white in colour. Similarly, a 10 fold dilution on ASW agar + alginate yielded 

400 bacterial colonies whereas 100 fold dilution on ASW agar + alginate resulted in 

only 30 colonies. The bacterial isolates obtained on ASW agar + alginate plates were 

small and white in colour, however 7 isolates showed clearance zone or depressions on 

the plates. Bacterial colonies which are showing prominent clearance zone or 

depressions were sub cultured on to ASW agar medium or ASW agar + CMC or ASW 

agar + alginate. 
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Similarly, water sample collected from decomposing seaweeds was used for 

enrichment of polysaccharide degrading bacterial population in ASW broth containing 

either agar, CMC or alginate. After 48 h incubation at 30°C, loopful of culture was 

streaked on ASW agar, ASW agar + alginate or ASW agar + CMC plates. These plates 

were incubated for 48 h at 30°C. The colonies obtained on ASW agar/CMC/alginate 

plates did not show either clearance zone or crater/pit formation. Majority of the 

bacterial isolates were small and white in colour and appeared to have similar colony 

morphology to the bacterial isolates which were obtained by direct plating method and 

did not show any clearance zone. 

Thus a total of 22 isolates designated as AA-1 to AA-7 were obtained on ASW 

agar plate, CMC-1 to CMC-8 were obtained on ASW agar + CMC and Aga-1 to Aga-7 

were obtained on ASW agar + alginate (Table 3.4). 

Since the 65 bacterial isolates obtained from coastal water did not show any 

clearance zone nor pit formation, they were not selected for secondary screening. 

However the 22 bacterial isolates obtained from decomposing seaweeds showed very 

distinct clearance zone as well as craters/pits on polysaccharide/s plates, hence they 

were selected for secondary screening. 

Out of 22 bacterial isolates, 6 were agarolytic bacteria as they were obtained 

from ASW agar plates. In order to reveal the exact nature of polysaccharide degrading 

ability of remaining 16 isolates obtained from ASW agar +CMC and ASW agar + 
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alginate plates, plate assay method was used. Degradation of the polysaccharides was 

determined using dye/precipitating agents by plate method as described earlier. All the 

22 bacterial isolates were further tested for their ability to degrade polysaccharides 

such as alginate, CMC, carrageenan, xylan and agar. Out of these 22 isolates, 15 

bacterial isolates were shown to utilize agar, CMC, carrageenan, xylan and alginate 

polysaccharides (Table 3.3) Bacterial strains AA-1 to AA-7 and CMC-1 to CMC-8 

were able to degrade five individual polysaccharides as visualized by clearance zones 

around the colonies with dye/precipitating agents based screening method. Bacterial 

isolates showing multiple polysaccharide degradation activity to all five tested 

polysaccharides were selected for tertiary screening. 15 bacterial strains which 

degraded all the tested polysaccharides (AA 1 to AA7 and CMC-1 to CMC-8) were 

selected and the respective polysaccharase activities were determined from crude 

culture supernatant. Results of their polysaccharase activities are shown in Table 3.4. 

As observed from Table 3.4, out of 15 bacterial isolates, isolate CMC-6 showed 

lowest agarase activity whereas isolate CMC-7 and CMC-8 showed highest agarase 

activity. Isolates CMC-8 and AA-4 showed highest and CMCase and alginate lyase 

activities respectively. However all three polysaccharase activities were observed in 

isolates AA-1 to AA-7, CMC-2, CMC-5, CMC-7 and CMC-8 and the values were 

higher when compared to other bacterial isolates. 
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Isolates 
Polysaccharide degradation as detected by dye/precipitating agent 

Agar Alginate CMC Carrageenan Xylan 
AA-1 + + + + + 
AA-2 + + + - + 
AA-3 + + + + + 
AA-4 + + + + + 
AA-5 + + + + + 
AA-6 + + + + + 
AA-7 + + + + + 

AgA-1 + + - - - 
AgA-2 + - - - - 
AgA-3 + - - + - 
AgA-4 + + - + - 
AgA-5 + + - + - 
AgA-6 + + - - - 
AgA-7 + - + - - 
CMC-1 + + + + + 
CMC-2 + + + + + 
CMC-3 + + + + + 
CMC-4 + + + - + 
CMC-5 + + + + + 
CMC-6 + + - + 
CMC-7 + + + + + 
CMC-8 + + + + + 

(+: Degradation; -: No Degradation) 

Table 3.3 Multiple polysaccharide degrading capability of various bacterial 

isolates. 
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Bacterial strains 
Enzyme activities (mU/m1) 

Alginate lyase Agarase CMCase 

AA-1 0.66 39.5 1.05 
AA-2 0.56 43.3 0.50 
AA-3 0.56 42.6 0.50 
AA-4 0.76 41.5 0.50 
AA-5 0.60 44.2 0.90 
AA-6 0.46 39.1 1.11 
AA-7 0.56 42.4 1.55 

CMC-1 0.60 28.2 1.55 
CMC-2 0.56 42.2 1.11 
CMC-3 0.60 19.3 1.30 
CMC-4 0.70 21.7 0.65 
CMC-5 0.60 34.8 0.98 
CMC-6 0.46 7.8 1.55 
CMC-7 0.56 52.7 1.11 
CMC-8 0.50 52.3 1.66 

(ND: Not Detected) 

Table 3.4 Polysaccharase enzyme activities from crude culture supernatant of 

various bacterial isolates. 

In vitro axenic culture of Gracilaria corticata was established in enriched 

seawater medium by Provosoli (ESP Medium). The axenic nature of seaweeds was 

confirmed by the absence of associated bacterial growth on seaweeds by spreading 

them on ZMA plates and incubating them at 30°C for 48 h. During the incubation in 

ESP medium, the algal thalli samples did not show any de-pigmentation. 3-4 mm 

pieces of axenic Gracilaria thalli (5 mg) along with 100 µl of ASW were incubated 

with above 15 individual bacterial isolates in 96 well plate. Growth was observed in 

majority of the wells as evident by turbidity appearance in the wells. However, growth 

of bacterial isolates CMC-2, CMC-3, CMC-5 and CMC-6 was associated with 
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degradation of Gracilaria thalli resulting in release of clumps of cells which were 

observed under microscope (Fig. 3.2). Bacterial isolate CMC-5 showed severe 

degradation of seaweed thalli and few individual spheroplasts derived from seaweed 

thalli were also observed (Fig. 3.3). 

On the basis of polysaccharide degradation plate assay methods using 

dyes/precipitating agent, quantification of polysaccharase activities and in vitro algal 

thalli degradation, strain CMC-5 showed the best properties with respect to above three 

parameters and hence strain CMC-5 was selected for further characterization and study 

of agarase enzyme. 

3.10.2 BIOCHEMICAL CHARACTERIZATION OF SELECTED BACTERIAL 

STRAIN CMC-5: 

Out of fifteen bacterial isolates, an isolate designated as strain CMC-5 was selected for 

further characterization on the basis of its capability to degrade multiple 

polysaccharides polysaccharase assay and its ability to decompose seaweed thalli 

producing single cell detritus. The strain was studied using various morphological and 

biochemical tests as per Simbert and Krieg (1994), Fatty acid methyl ester (FAME) 

analysis to understand uniqueness of the strain in terms of fatty acids profile followed 

by 16S rDNA sequence analysis to identify the strain. 
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Figure 3.2 Clumps of cells released from axenic Gracilaria thalli due to action of 

bacterial isolate CMC-5. 

Figure 3.3 Spheroplasts released from Gracilaria thalli by bacterial isolate 

CMC-5. 
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3.10.3 STORAGE OF STRAIN CMC-5: 

Bacterial strain CMC-5 was routinely cultured and maintained on ASW agar plates and 

used as working stock. For long term storage, the culture was stored in ASW agar 

(0.8%) stabs at 4°C. The strain CMC-5 was viable up to 2 years in ASW agar stabs and 

was successfully revived from ASW agar stabs after two years. However, when the 

culture was stored in ZoBell medium containing 0.8% agar, the strain could be revived 

after one year after which a loss of bacterial viability was observed. 

3.10.4 BIOCHEMICAL CHARACTERIZATION: 

When grown on ZoBell marine agar plate for 24 h at 30°C, colonies are 3-4 mm in 

diameter, cream in colour, regular with undulate margin and depicted convex 

elevation. Strain CMC-5 showed dark brown to black colour pigmentation on ASW 

agar peptone plates. When grown on ASW agar, initially only pits/craters with a 

clearance zone were visible in the medium. On prolonged incubation, cream coloured 

colonies appeared followed by increase in clearance zone. After 48 h incubation at 

30°C, staining of the ASW agar plate with lugol's iodine showed clearance zones 

around the colonies with non-degraded agar stained as deep brown (Fig. 3.3). It was 

observed that the agar polysaccharide around the colonies was soft in nature and failed 

to form firm gel, whereas 2% agar forms a very strong gel. 
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Figure 3.4 Clearance zones around the colonies of strain CMC-5 grown on ASW 

agar plate after flooding with lugol's iodine. 

Gram staining of the strain CMC-5 showed that it is negative to the reaction, 

which was evident with purple blue colour bacterial cells under microscope. The cells 

are short rods. Fig. 3.4 shows bacterial cells as observed under electron microscope. 

Cells measured on an average 0.18-0.22 pm in width and 0.9-1.2 pm in length. 

83 



	

„,,.... 	 r  1 ---,.. 	• r
.,  	 4- . Frfi i  , ‘). ', 	,,,f 	-„, 	, ' .,„..7!' 

d.,.' 7 	, 	,, -)41 	,.. -0 a .  . -D• • . . Si  
,), 	i . ... 	7, 	 . i-s, _All . 	.4  > J 

. 1  • 	
' 1

, 

./  ... 	• 

	

t 	, , 	i 	1;, , ,-. -f,1 

	

; . 	, 	. , 	-, 	, ...,.. 	....., . /- ., 	:1 _,, 	• 	4,5,1 	a t 

.47 	
. , 	, a .) 	1 ? , los ,, 

1, ,  , 	01 .14. lc 	..', rd 	, 1 , 
r 	. ,1 -- 	. 1 '1  1 4  ( * N‘ ''' . . 4 4=-' , 1:  

* 	NT 

	

.0' ‘ 	♦ 	 ._, 	..,ej   
' 	I 	 • 

- I.*  . ) 	• ) 	;11' 	1 ....' 	• i ".. . 

	

J 	0 
' 

Figure 3.5 SEM images of bacterial straiin CMC-5. 



The bacterial strain CMC-5 is positive for gelatin hydrolysis which was 

evident by clearance zone around the colonies after flooding with gelatin 

precipitating reagent. Similarly, the strain CMC-5 is positive for esculin 

hydrolysis, Tween 20 and 80 hydrolysis, oxidase test, MR-VP reaction, arginine 

and lysine decarboxylase activities. The strain CMC-5 is negative for the following 

activities: casein hydrolysis, nitrate reduction, urease, sodium malonate utilization, 

DNase, growth on cetrimide agar, TCBS agar, TSI agar and McConkey agar, indole 

production, NH3 production from arginine, citrate utilization and growth at 10% 

glucose. The strain CMC-5 does not grow at 4, 10, 40 and 42°C whereas it could 

grow at 30°C, at 37°C it showed growth only after incubation for 72 h. The strain 

CMC-5 does not require any vitamins or other growth factors for the growth in 

ASW medium containing agar. Acid production was observed from arabinose, 

cellobiose, maltose and xylose. Gas production was not observed with any of tested 

carbohydrates. Sensitivity/resistance towards various commonly used antibiotics by 

strain CMC-5 was tested by Baur-Kirby method on Muller-Hinton agar plate 

supplemented with 2% NaCl. The strain CMC-5 showed resistance to antibiotics 

such as penicillin G (10 Units/nil), streptomycin, kanamycin and tetracycline (10 

µg/ml) (Table 3.5.). 

To test the utilization of various carbon substrates as sole carbon and energy 

source, the strain was grown in BIOLOG GN2 plate as per manufacturer's 

guidelines. This chemistry behind identification of utilization of carbon substrate 

depends on reduction of tetrazolium dye by metabolic activities. This system is 

widely adapted for screening and identification of variety of bacterial isolates based 
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on differences in their metabolism towards various carbon compounds. The 

BIOLOG GN2 plate contains 95 different substrates which are coated on to the 

wells along with tetrazolium dye. The culture strain CMC-5 was essentially added 

to the plate at a prescribed concentration suspended in inoculating fluid supplied 

with the kit. When the strain CMC-5 was grown for 48 h in the BIOLOG GN2 

plate, strain CMC-5 was observed to utilize majority of sugar substrates as sole 

carbon and energy source along with the sugar alcohols as listed in Table 3.6. 

Biochemical test Reaction 

Gram reaction - 

Motility - 

Colony colour on ZMA cream 

Pigment on peptone agar plate + 

Arginine decarboxylase + 

Casein hydrolysis - 

Tween 20 hydrolysis + 

Tween 80 hydrolysis + 

Growth on TCBS, McConkey and Cetrimide agar - 

Catalase + 

Growth at 10% glucose - 

Citrate utilization - 

Acid production from arabinose, cellobiose, maltose and xylose - 

DNase - 

H2S production - 

Esculin hydrolysis + 

Gelatin hydrolysis + 

Lysine decarboxylase + 

MR-VP test + 

Oxidase + 

86 



Sodium malonate utilization - 

Urease - 

Amino acid utilization: L-Leucine, L-Tryptophan, L-Hydroxyproline, L- 
Lysine, L-Alanine, L-Histidine, L-Isoleucine 

+ 

Antibiotics 

Penicillin G, co-trimaxazole, erythromycin, tetracycline, ampicillin, 
gentamycin, kanamycin, tetracycline, streptomycin, nitrofurantoin 

resistant 

Chloramphenicol sensitive 

Table 3.5 Biochemical properties of bacterial strain CMC-5 

Utilized substrates (positive to reaction) 

Tween 40, Tween 80, adonitol, L-arabinose, D-arabitol, cellobiose, D- galactose, 
gentiobiose, a -D-glucose, m-inositol, D-lactose, a —D-Lactulose, maltose, 
D-Mannitol, D-mannose, D-melibose, xylitol, N-acetyl-D-glucosamine, acetic acid, 
D-Glucuronic 	acid, 	a-ketoglutaric 	acid, 	D,L-lactic 	acid, 	hydroxyl-L-proline, 
propionic acid, L-alanine, L-alaninamide, L-leucine , L-serine, L-histidine, 
L-theronine, 2-aminoethanol, glycerol, D,L- a -glycerol phosphate, a -D-glucose 
phosphate, D-Glucose-6-phosphate 

Unutilized substrates (negative to reaction) 

a —cyclodextrin, dextrin, glycogen, N-acetyl-D-galactosamine, i-erythritol, 
D-Saccharic acid, D-fructose, D-fucose, P-methyl-D-glucoside, D-psicose, 
D-raffinose, L-rhamnose, D-sorbitol, sucrose, D-trehalose, Turanose, pyruvic acid 
methyl ester, succinic acid mono-methyl ester, Malonic acid, cis-aconitic acid, citric 
acid, formic acid, D-galactonic acid lactone, Glycyl-L-glutamic acid, 
D-galacturonic acid, D-glucuronic acid, D-glucosamine acid, D-serine, 
a -hydroxybutyric acid, P-hydroxybutyric acid, y-hydroxybutyric acid, 
p-hydroxybutyric acid, itaconic acid, a-ketobutyric acid, a-ketovaleric acid, sebacic 
acid, succinic acid, bromosuccinic acid, quinic acid, glucuronamide, D-alanine, 
L-alanylglycine, L-aspargine, L-aspartic acid, L-glutamic acid, 	L-ornithine, 
L-phenylalanine, L-proline, L-pyroglutamic acid, D,L-carnitine, y-aminobutyric 
acid, uronic acid, inosine, uridine, thymidine, phenylethyamine, putrescine, 
2,3-butanediol, a-D-glucose phosphate 

Table 3.6 Substrate utilization profile by strain CMC-5 as determined using 

BIOLOG GN2 plate. 

87 



Strain CMC-5 was cultivated on ASW medium containing respective 

polysaccharide/s for 48 h and the activity was detected by various 

dyes/precipitating agents. Alginate and carrageenan degradation was detected by 

flooding with 10% cetylpyridinum chloride and other polysaccharides degradation 

was detected by 0.1% congo red staining Degradation of the tested polysaccharides 

was evident by formation of clearance zone around the colonies (Fig. 3.6). Since 

agar was always used as solidying agent in preparation of plates containing other 

polysaccharides, culture grown on ASW agar plate was used as control. When 

cetylpyridinum chloride or congo red was spread on this plate, no clearance zone 

was observed around the colonies. Bacterial strain CMC-5 was grown in ASW 

broth containing 0.2% of agar, alginic acid, chitin, xylan, CMC or carrageenan for 

48 h at 30°C at 130 rpm. Growth of strain CMC-5 in the above polysaccharides was 

measured at 600 nm. 

Polysaccharides 
After 48 h 

Degradation Utilization 
Agar + yC 

Alginic acid + ye 

Xylan + ij  b 

Carrageenan + ¶b 
 

CMC + • a 

Chitin + *a 

+ Positive to Degradation (detected by plate screening method); 
0.D. at 600 nm 0.1 — 0.19; 0.D. at 600 nm 0.2 — 0.29; *O.D. at 600 nm 0.3 — 

0.39. 

Table 3.7 Polysaccharides degradation and utilization by Bacterial strain 
CMC-5. 
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Figure 3.6 Multiple polysaccharide degrading activities of strain CMC-5 on 

various polysaccharide plates. 

The growth of strain CMC-5 was tested at different concentration (1, 2, 4, 6, 

8 and 10%) of NaCI in modified ASW medium (without NaCI) supplemented with 

0.2% glucose. No growth was observed in modified ASW medium up to 48 h, even 
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after supplementing with 0.5% NaCl. Strain CMC-5 able to grow in modified ASW 

medium when NaCI concentration in the medium was between 1 to 8%. Optimum 

NaCI concentration for growth was observed to be in the range of 2 - 4%. Growth 

was observed in ASW medium containing 8% NaCI however, the growth was less 

when compared to growth in 1% NaCI (Fig. 3.7). No growth was observed when 

medium was supplemented with 10% NaCl. 

Figure 3.7 Growth of strain CMC-5 in modified ASW (without NaCI) medium 

supplemented with different NaCI concentrations. 

3.10.5 FAME ANALYSIS OF STRAIN CMC-5: 

Cellular fatty acid methyl ester profile of strain CMC-5 was studied by Gas 

chromatography method. The cellular fatty acids were analyzed by Microbial 
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Identification System (MIS), MIDI Inc., as described in chapter 3.6.22. Analysis of 

cellular fatty acid methyl esters revealed the presence of isoCis o (20.88%), 

isoCinco9c (20.22%) and Cis ico7c (14.07%) as major fatty acids. The 

concentration of other resolved fatty acid concentrations are given in Table 3.8. The 

gas chromatography profile is shown in Fig. 3.8. 
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Figure 3.8 Gas chromatograph profile of cellular fatty acids of strain CMC-5. 
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Fatty Acids % 

Straight Chain 

Cmo 1.0 

C14:0 0.51 

C15 : 0 1.06 

C16:0 5.07 

C17:0 1.51 

C18:0 0.66 

Branched 

IsoCii:o 5.78 

IsoC15:0 20.88 

IsoC15:1 1.31 

IsoCi6:o 0.24 

IsoC17:0 9.30 

Anteiso-C1 7 . 0  0.36 

ISOC17:1w9c 20.22 

Unsaturated 

C17:1 w8C 1.79 

C18:1 w7C 14.07 

Hydroxy 

C10 : 03-0H 0.64 

Iso-C11,03-0H 6.61 

Summed Feature # 

Summer feature-3 (C16:1 w7C, 

isoC15:0 2-0H) # 
6.60 

Summed feature-7 (C19:1 w6c, 

C19:0cyclo) # 
0.24 

# summed feature represent groups of fatty acids that could not be resolved by gas chromtograph 

with the MIDI system. 

Table 3.8 Cellular fatty acid profile of strain CMC-5. 
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3.10.6 %G+C ANALYSIS OF STRAIN CMC-5: 

Chromosomal DNA was purified according to Maloy S. R. (1990) as described in 

chapter 3.6.23.1. The genomic DNA was observed as a single band after agarose 

gel electrophoresis. The DNA concentration was measured spectrophotometrically 

at 260 nm. The G+C mol% content of strain CMC-5 was determined 

spectrophotometrically in duplicates by thermal denaturation method (Mandel and 

Marmur, 1961). The G+C mol % content was estimated by formula: 

(Tni=81.5+28.3854) X 2.44 (Mandel and Marmur, 1961). The DNA sample was 

placed in the cuvette holder and the temperature of the chamber was increased 

gradually. The increase in O.D. was recorded continuously. Initial O.D. at 30°C 

was about 0.3 (in SSC Buffer) and was stable up to 65°C. After 69 ° C, a gradual 

increase in O.D. was observed and was reached maximum at 83 ° C. After 85 ° C, the 

O.D. values remained constant. The temperature which was required to denature 

50% of DNA (T„7) was determined from the graph obtained (Fig. 3.10). The G+C 

mol % content of strain CMC-5 was estimated as 65.6% by thermal denaturation 

method. 
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Figure 3.9 Thermal denaturation profile of DNA from strain CMC-5. 

3.10.7 PHYLOGENETIC ANALYSIS OF STRAIN CMC-5: 

16S rDNA of strain CMC-5 was amplified by polymerase chain reaction. The 

amplification was carried out with 27F and 1525R primers (Brosius et al, 1978). 

51.t1 of amplified product was checked by agarose gel electrophoresis. After 

confirming the molecular weight of amplified DNA, the PCR product was purified 

by QIAquick PCR purification kit as described by manufacturer. The purified 

product was checked on agarose gel and was estimated to be —1600 by (Fig. 3.11). 

The purified amplified product was sequenced by Big Dye Terminator Cycle 

Sequencing Kit using 27F, 121F, 343R, 536F, 704F, 1488R and 1525R as internal 

primers. The obtained sequences were aligned by removing overlapping regions 
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using Chromaspro, Ver1.34. The final 16S rDNA sequence which was obtained 

after aligning was of 1517 bases. The obtained sequence of 16S rDNA of strain 

CMC-5 is as shown in Fig. 3.11. The 16S rDNA of strain CMC-5 has been 

submitted to NCBI GenBank and the accession number allotted is EU121671. 

 

1650 by 

 

1. Amplified PCR product purified using QIA quick PCR purification kit. 
2. Amplified PCR product of 16S rDNA of strain CMC-5. 3.100 hp plus DNA ladder. 

Figure 3.10 Amplified 16S rDNA sequence of strain CMC-5 by PCR. 
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>CMC-5 

3'GATCATGGCTCAGATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAGCGCGAACGGTCCT 

TCGGGACTTATTAGAGCGGCGGACGGGTGAGTAATGCATAGGAATCTGCCCAGTAGTGGGGGATAGC 

CCGGGGAAACCCGGATTAATACCGCATACGTCCTACGGGAGAAAGCAGGGGATCTTCGGACCTTGCG 

CTATTGGATGAGCCTATGTCGGATTAGCTTGTTGGTGGGGTAACGGCCCACCAAGGCAACGATCCGT 

AGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAG 

CAGTGGGGAATATTGCACAATGGGGGAAACCCTGATGCAGCCATGCCGCGTGTGTGAAGAAGGCCTT 

CGGGTTGTAAAGCACTTTCAGTAGGGAGGAAGGCCCTAAAGTTAATACCTTTAGGGATTGACGTTAC 

CTACAGAAGAAGCACCGGCTAACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGTGCAAGCGTTAAT 

CGGAATTACTGGGCGTAAAGCGCGCGTAGGCGGTTAGTTAAGCTGGATGTGAAAGCCCTGGGCTCAA 

CCTGGGAACTGCATTCAGAACTGGCTGGCTAGAGTACGAGAGAGGGTAGTGGAATTTCCTGTGTAGC 

GGTGAAATGCGTAGATATAGGAAGGAACATCAGTGGCGAAGGCGACTGCCTGGCTCGATACTGACGC 

TGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTC 

TACTAGTCGTAGGGTTCCTTGAGGACTTTGTGACGCAGCTAACGCAATAAGTAGACCGCCTGGGGAG 

TACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTT 

AATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATCCAGAGAACTTTCCAGAGATGGATTGG 

TGCCTTCGGGAACTCTGTGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT 

AAGTCCCGTAACGAGCGCAACCCTTGTCCTTTGTTGCCAGCGAGTAATGTCGGGAACTCAAAGGAGA 

CTGCCGGTGACAAACCGGAGGAAGGTGGGGACGACGTCAAGTCATCATGGCCCTTACGACCTGGGCT 

ACACACGTGCTACAATGGCAGGTACAGACGGTTGCGAATCCGCGAGGTGGAGCTAATCCGAGAAAAC 

CTGTCGTAGTCCGGATCGGAGTCTGCAACTCGACTCCGTGAAGTCGGAATCGCTAGTAATCGTGAAT 

CAGAATGTCACGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTGGGTT 

GCTCCAGAAGTGGCTAGTCTAACCTTCGGGGGGACGGTCACCACGGAGTGATTCATGACTGGGGTGA 

AGTCGTAACAAGGTAGCCCTAGGGGAACCTGGGGCTGGAACACCT'5 

Figure 3.11 16s rDNA sequence of strain CMC-5. 

The 16S rDNA sequence of strain CMC-5 was compared with 16S rDNA 

sequences present in the Ribosomal Database Project to obtain matching sequences. 

The homology search at RDP indicated that the sequence of strain CMC-5 was 

homologous to the members of gamma subclass of Proteobacteria and in particular 

to the genus Microbulbifer (Fig. 3.9). It shared a similarity of 99% with M 

elongatus DSM 6810 (AF500006), 98% with M salipaludis (AF479688), 97% with 
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Figure 3.12 Maximum likelihood tree showing phylogenetic position of 

Microbulbifer strain CMC-5 and the representatives of y-subclass of 

Proteobacteria based on 16S rDNA. % of bootstrap values from 

1000 replications is shown at branch points. 
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Figure 3.13 Maximum parsimony tree showing phylogenetic position of 

Microbulbifer strain CMC-5 and the representatives of y-

subclass of Proteobacteria based on 16S rDNA. % of bootstrap 

values from 1000 replications is shown at branch points. 
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Figure 3.14 Neighbor-Joining tree showing phylogenetic position of 

Microbulbifer strain CMC-5 and the representatives of y-

subclass of Proteobacteria based on 16S rDNA. % of bootstrap 

values from 1000 replications is shown at branch points. 
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3.11 BATCH CULTURE OF MICROBULBIFER STRAIN CMC-5: 

Microbulbifer strain CMC-5 was grown in ASW based medium containing either 

0.2% agarose or 0.2% agarose with 0.05% yeast extract. The culture was grown at 

30°C at 130 rpm and viable cell count was determined on ASW agar plate after 48 

h incubation at 30°C. Simultaneously agarase activity was also checked at different 

time intervals. Figure 3.15 shows a semi-log plot of colony forming units (CFU/ml) 

and agarase activity at different time intervals. Figure 3.15 depicts the growth curve 

and agarase production by strain CMC-5. The maximum growth was observed at 36 

h. Maximum agarase production was observed at 36 and 48 h in presence of 

agarose and agarose plus yeast extract respectively. The doubling time for strain 

CMC-5 was calculated as 1.7 and 1.8 h. for growth in agarose and agarose plus 

yeast extract respectively. 

(.) agarose; (o) agarose with yeast extract; (•) agarase activity in agarose, (0) agarase activity in 

agarose and yeast extract. 

Figure 3.15 Batch culture of strain CMC-5 showing growth and agarase 

activity in ASW media containing 0.2% agarose and 0.2% 

agarose with 0.05% yeast extract. 
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2.12 IN VITRO THALLI DEGRADATION OF MICROBULBIFER 

STRAIN CMC-5: 

The Microbulbifer bacterial strain CMC-5 was checked for its capability to degrade 

Gracilaria thalli during in vitro studies. After inoculation of CMC-5 into the flasks 

containing axenic Gracilaria thalli, samples were withdrawn at 62, 120 and 192 h 

to determine the agarase and CMCase activities in the crude culture supernatant as 

mentioned earlier. Only agarase enzyme activity was observed in the culture 

supernatant after 3 days of incubation, whereas CMCase activity was not detected. 

Agarase activity was reached maximum on fifth day (7.7 mU/m1) and declined to 

3.3 mU/m1 by eight day. The results are as shown in figure 3.16. Microbulbifer 

strain CMC-5 could grow in the presence of Gracilaria thalli as evident by increase 

in O.D. at 600 nm by degrading the seaweed thalli which resulted in release of 

reducing sugars from thalli (Fig. 3.17). Flask containing ASW with axenic 

seaweeds (without bacterial culture) was used as control. No change in O.D. at 600 

mu was observed as well as no reducing sugars were detected in the culture 

supernatant even up to eighth day. 

After 8 days of incubation of Gracilaria thalli with Microbulbifer strain 

CMC-5, samples were observed under microscope to verify the degradation of 

Gracilaria thalli. When observed under microscope, clumps of individual cells 

were observed. The thalli surface integrity was disturbed by the action of 

Microbulbifer strain CMC-5 as observed in comparison to the control, which was 
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incubated at similar conditions without strain CMC-5. Single cell detritus as well as 

speroplasts were observed (Fig. 3.18). 

Figure 3.16 Time course detection of agarase activity detection in the culture 

supernatant when Gracilaria was incubated with Microbulbifer 

strain CMC-5. 

Figure 3.17 Measurement of reducing sugars and growth of Microbulbifer 

strain CMC-5 (0D600)  when grown in the presence of axenic 

Gracilaria thalli. 
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C 

A: Control (Gracilaria thalli incubated in ASW for 8 days without strain CMC-5). 
B: Degradation of Gracilaria thalli by the action of Microbulbifer strain CMC-5. 
C: Released single cells from Gracilaria thalli by the action of Microbulbifer strain CMC-5. 

(*Arrow marks indicates cell clumps/single cells) 

Figure 3.18 Microphotographs showing the degradation of Gracilaria thalli 

during growth of Microbulbifer strain CMC-5. 
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3.13 MULTIPLE POLYSACCHARASE ACTIVITIES OF STRAIN CMC-5: 

The objective of this experiment was to study the various polysaccharase activities 

when Microbulbifer strain CMC-5 was provided with dual/mix of polysaccharide 

substrates. The bacterium was grown in 0.2% of carbon source and 0.05% of yeast 

extract as standard growth conditions. The supernatant was checked for the 

presence of agarase, CMCase, alginase, xylanase and carrageenase enzymes. The 

polysaccharide degrading activity of an enzyme observed in mixed polysaccharide 

substrate was compared with the control (Microbulbifer strain CMC-5 grown in 

corresponding homologous polysaccharide). 

When checked for agarase activity in various combinations of dual 

polysaccharides mixtures and mixture of five polysaccharides (polysaccharide 

mix). Agarase activity was found in all polysaccharide combinations including the 

polysaccharide mix. Agarase activity when grown in ASW with 0.2% agarose with 

0.05% yeast extract was taken as control. CMC + agarose and agarose + xylan 

combinations produce agarase activity equal to that observed in control whereas 

agarase activity was 50 and 30% respectively when agarose + alginate and agarose 

+ carrageenan was used. Polysaccharide mix produced —60% of agarase activity 

(Fig. 3.19). CMC + xylan and CMC + carrageenan induced only —30% of agarase 

activity whereas, in other tested combinations, agarase activity was <30% in 

comparison to the control. 
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Figure 3.19 Induction of agarase enzyme activity in Microbulbifer strain 

CMC-5 in presence of various polysaccharide combinations 

CMCase activity was observed to be 52 and 57% respectively in comparison to 

the control when CMC + agarose and CMC + xylan were used, whereas CMC + 

alginate and CMC + carrageenan produce CMCase whose activity was <50%. 

CMCase activity in polysaccharide mix was observed to be —33% in comparison 

to control. CMCase activity was not detected in other tested polysaccharide 

combinations (Fig. 3.20). 
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Figure 3.20 Induction of CMCase enzyme activity in Microbulbifer strain 

CMC-5 in presence of various polysaccharide combinations 

Similarly, alginase activity was not detected in following combinations of 

polysaccharides: agarose + carrageenan, agarose + xylan and xylan + carrageenan. 

Combinations of CMC + alginate, agarose + alginate and alginate + xylan exhibited 

55, 50 and 48.5% of alginase activity respectively when compared to the alginase 

activity of Microbulbifer strain CMC-5 was grown in ASW containing 0.2% 

alginate and 0.05% yeast extract (control). When the strain was grown in alginate 

+ carrageenan, alginase activity was —36% activity, whereas polysaccharide mix 

could generate 31% alginase activity with respect to control. Other combinations 

showed less than 30% alginase activity (Fig. 3.21). 
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Figure 3.21 Induction of alginase activity of Microbulbifer strain CMC-5 in 

various polysaccharide combinations. 

When Microbulbifer strain CMC-5 was grown in agarose + xylan, xylanase 

activity was 90% in comparison to the control whereas alginate + xylan as substrate 

showed 85% activity. CMC + agarose, CMC + alginate and xylan + carrageenan 

generated —30% of the activity, whereas no xylanase activity was detected in 

agarose + alginate and agarose + carrageenan combinations. Other combinations 

produce —20% of xylanase activity in comparison to the control (Fig. 3.22). 
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Figure 3.22 Induction of xylanase activity in Microbulbifer strain CMC-5 in 

presence of various polysaccharide combinations. 

The Microbulbifer strain CMC - 5 was checked for carrageenase activity in the 

different combinations of polysaccharides. Combination of five different 

polysaccharides could induce 63% of carrageenase activity in comparison to the 

control. CMC + carrageenan induced 58% of activity and agarose + carrageenan 

induced 49% of activity. Carrageenase activity was not detected in agarose + xylan 

and alginate + xylan combinations, whereas other combinations showed —20% of 

carrageenase activity in comparison to the control (Fig. 3.23). 
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Figure 3.23 Induction of carrageenase activity in Microbulbifer strain CMC-5 

in presence of various polysaccharide combinations. 
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CHAPTER 4 

PURIFICATION AND 
CHARACTERIZATION OF 

AGARASE ENZYME FROM 
MICROBULBIFER STRAIN CMC-5 



This chapter mentions the methodology and results obtained during purification and 

characterization of an agarase enzyme from Microbulbifer strain CMC-5. The 

various parameters for growth and culture conditions of Microbulbifer strain CMC-

5 were optimized for maximum production of agarase. Further, biochemical 

characterization of the purified agarase enzyme has been achieved in the present 

study. 

MATERIALS: 

Agarose (low melting point) was obtained from Himedia Labs, Mumbai, India. 

Sephacryl S-300 HR was from Amersham Bioscience, Upsala, Sweden. Silica gel-

60 sheets were obtained from Merck & Co, New Jersey, USA. DEAE-Sepharose 

(Fast Flow) and agar oligosaccharide standards were obtained from Sigma 

Chemicals, St. Louis, USA. All other chemicals were AR (analytical reagent) grade 

and double glass distilled water was used. 

METHODOLOGY: 

4.1 OPTIMIZATION OF CULTURE CONDITIONS FOR THE 

PRODUCTION OF AGARASE ENZYME FROM MICROBULBIFER 

STRAIN CMC-5 

4.1.1 SELECTION OF IDEAL NITROGEN SOURCE FOR AGARASE 

ENZYME PRODUCTION: 

Effect of various nitrogen sources on agarase production from strain CMC-5 was 

studied. Strain CMC-5 was grown in ASW broth containing 0.2% agarose 
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supplemented with 0.05% of yeast extract, peptone, casamino acids or NH 4C1. The 

inoculum was prepared by growing the strain CMC-5 in ASW broth containing 

0.2% agar supplemented with either yeast extract, peptone, casamino acids or 

NH4C1 for 24 h. 0.1% of above inoculum was added and the inoculated flasks were 

incubated at 30°C at 110 rpm on orbital shaker. Culture supernatant was taken 

aseptically every 12 h and bacterial growth was measured at A600 whereas agarase 

enzyme activity was determined as described earlier. Microbulbifer strain CMC-5 

growing in ASW broth containing 0.2% agarose was kept as control. 

4.1.2 SELECTION OF IDEAL CARBON SOURCE FOR AGARASE 

ENZYME PRODUCTION: 

Agarase enzyme production was studied in ASW medium containing 0.2% of one 

of the carbon substrates: glycerol, succinate, cellobiose, maltose, glucose, 

galactose and melibiose. Further, the effect of individual sugars such as sucrose, 

galactose, xylose, cellobiose, maltose and melibiose on agarase production when 

co-supplemented with agarose was also studied. Microbulbifer strain CMC-5 was 

grown for 24 hrs at 30°C at 110 rpm in ASW containing 0.05% yeast extract and 

0.2% of respective carbon source. 0.1% inoculums from above culture was added 

aseptically to freshly prepared ASW broth containing respective carbon compound 

supplemented with 0.05% yeast extract. Flasks were incubated for 48 h at 130 rpm 

at 30°C. Alternatively Microbulbifer strain CMC-5 was also grown in Zobell 

marine broth under similar growth conditions as mentioned above. After 48 h, 

bacterial growth was assessed at A600. Culture supernatant was obtained by 
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centrifugation at 4°C for 15 min at 10,000 rpm. Agarase activity was checked in 

the supernatant by DNSA method as described in section 3.4.1. 

4.2 PRODUCTION OF AGARASE FROM Microbulbifer STRAIN CMC-5: 

4.2.1 GROWTH PARAMETERS OF STRAIN CMC-5 FOR LARGE SCALE 

PRODUCTION OF AGARASE ENZYME: 

Bacterial strain CMC-5 was routinely grown on ASW agar (Appendix 1.2) plates at 

30°C. A loopful of bacterial strain CMC-5 from these plates was inoculated into 50 

ml of ASW medium containing 0.2% yeast extract and 0.2% agarose. The flask was 

incubated on an orbital shaker for 24 h at 30±2°C at 110 rpm. This was used as 

inoculum for large scale cultivation of bacterial strain CMC-5. 

0.1% of prepared inoculum was added to 3.5 L of ASW medium containing 

0.2% agarose and 0.2% yeast extract. The culture was incubated on orbital shaker 

(110 rpm) at 30±2°C for 36 h. The culture supernatant was obtained by 

centrifugation at 12,000 rpm for 15 min at 4°C. The crude culture supernatant was 

later stored at -20°C for further processing. A fraction of supernatant was used for 

measurement of protein concentration and agarase activity. 

The reducing sugars released by agarase activity were measured by DNSA 

assay as described earlier (Chapter 3.4.1). Protein concentration in the crude culture 

supernatant was measured by Folin-Lowry method. Bovine serum albumin 

(1pig/R1) was used as standard to calculate the amount of protein present (Appendix 

2.1). 
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4.2.2 CONCENTRATION OF CULTURE SUPERNATANT BY 

ULTRAFILTRATION: 

The culture supernatant was filtered through a 0.22 gm polysulphonate filter 

(Advanced Microdevices Pvt. Ltd. Ambala, India) at 4°C by applying gentle 

vacuum suction. The culture supernatant was later concentrated to 10-fold with 10 

kDa ultrafiltration unit (Pellicon XL, Biomax 10, Millipore Inc., Billerica, MA, 

USA). The unit was washed with 1 L of 0.1 M of warm NaOH. The 0.22 pm 

membrane was washed with filtered distilled water till the pH of permeate and 

retentate was 7.0. The filtration unit was equilibrated by passing 250 ml of 20 mm 

Tris-Cl (pH 7.0) (Appendix 1.7). The ultrafiltration unit inlet tube was later 

connected to a peristaltic pump from sample container. Permeate was collected 

separately. Retentate was collected to sample container. During the ultrafiltration 

process, the temperature of culture supernatant was maintained at 4°C with the help 

of an ice bath. When the sample was 10 fold concentrated, two volumes of 20 mM 

Tris-Cl (pH 7.0) was added to the sample and the ultrafiltration was further 

continued till clear culture supernatant was obtained. Agarase activity in permeate 

and retentate samples were measured as described earlier. Protein concentration 

was determined by Folin-Lowry method (Lowry et al, 1951). 

A fraction of ultrafiltered sample was electrophoresed on a native and SDS 

composite polyacrylamide gel containing 0.02% agarose to detect in situ agarase 

activity (Ghadi et al, 1997; Hosoda et al, 2003). 
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4.3 POLYACRYLAMIDE GEL ELECTROPHORESIS AND ZYMOGRAM 

STUDIES: 

Native and SDS-polyacrylamide (12.5%) gels were prepared according to the 

methodology mentioned (Protein Electrophoresis Technical Manual, Amersham 

Biosciences, Uppsala, Sweden). 0.02% agarose (low melting point) was dissolved 

by heating in double distilled water and added to separating gel during 

polyacrylamide gel preparation. Protein samples were mixed with 6X SDS-PAGE 

loading dye (Appendix 2.3) and heat treated at 60°C for 5 min before loading on to 

the SDS-Polyacrylamide gel. For native PAGE, protein samples were mixed with 

6X native PAGE buffer (Appendix 2.4) and loaded on to the gel. The gel was 

electrophoresed at 50 V till the dye front reaches the resolving gel and then after 

which the voltage was increased to 100 V and electrophorese till the dye reaches 

the end of the gel. After the end of electrophoresis, the gel was washed three times 

with 20mM Tris-Cl (pH 7.0) for 20 min with gentle shaking. The gel was incubated 

for 90 min at 30°C. Agarase activity band in polyacrylamide gel was visualized by 

spreading lugol's iodine. 

115 



4.4 PURIFICATION OF AGARASE FROM Microbulbifer STRAIN CMC-5: 

4.4.1 PARTIAL PURIFICATION OF AGARASE FROM STRAIN CMC-5 

BY DEAE-SEPHAROSE FF ION EXCHANGE 

CHROMATOGRAPHY: 

All purification experiments were carried out at 4°C unless stated. DEAE-

Sepharose FF (Fast Flow) (Amersham Biosciences, Uppsala, Sweden) in 20% 

alcohol was poured and allowed to settle into Pharmacia XK 16/40 column with a 

lower adaptor. After the matrix was settled, the upper adaptor was connected to the 

column. The column was connected to AKTA PRIME PLUS Ver. 4.0 (GE 

Healthcare, Amersham Biosciences, Uppsala, Sweden). Five column volumes of 

20 mM Tris-CI (pH 7.0) was passed through the matrix at a flow rate of 1.0 ml/min. 

Later, the upper adaptor was adjusted such that the end piece touched the matrix. 

The matrix was washed with 20 mM Tris-Cl (pH 7.0) till the pH and conductivity 

values of buffer from the outlet are similar to that of inlet buffer. 

37 ml of ultra-filtrate (25mg of concentrated enzyme) was centrifuged at 4°C 

at 12,000 rpm for 10 min to remove any possible particulate material from the 

sample. The sample was loaded on to the column with help of inlet pump at a flow 

rate of 1.0 ml/min. Two ml fractions were collected with the help of fraction 

collector attached to the instrument. The matrix was washed with three column 

volumes of 20 mM Tris-Cl (pH 7.0). The bound proteins were eluted with a linear 

gradient using 20 mM Tris-Cl (pH 7.0) containing 0-0.5M NaCl. The collected 

fractions were checked for the presence of protein by taking the absorbance at 280 
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nm. 100111 of protein fractions were later assayed individually for the presence of 

agarase activity as described earlier. The fractions showing agarase activity were 

pooled and concentrated to 0.5 ml with a 10 kDa cut-off centrifugal concentrator 

(Pall life sciences, NY, USA) at 4°C, 4000 rpm. The sample was stored at -20°C for 

further processing. 

4.4.2 PURIFICATION OF AGARASE ENZYME BY GEL FILTRATION 

WITH SEPHACRYL 5300 HR: 

Sephacryl 5300 HR in 20% alcohol was poured into the XK16/70 column and 

allowed to settle. Matrix was washed and equilibrated with five column volumes of 

20 mM Tris-Cl (pH 7.0) at a flow rate of 0.5 ml/min adjusted with the help of 

peristaltic pump. Upper adaptor of the column was adjusted such that the end piece 

touches the matrix. The concentrated partially purified enzyme preparation 

obtained from DEAE-Sepharose was loaded on to the matrix. 2 ml fractions were 

collected. The absorbance of each fraction was measured at 280 nm and fractions 

showing the presence of protein were assayed for agarase activity. The fractions 

showing agarase activity were pooled and stored in aliquots at -20°C. 

4.5 TLC ANALYSIS OF AGAROSE HYDROLYSIS PRODUCTS: 

Neoagarohexose (NA6), neoagarotetrose (NA4) and Neoagarobiose (NA2) (Sigma 

chemicals, St. Louis, USA) were dissolved in 50 Ill of absolute ethanol and were 

used as standards. 

100 pi of purified agarase enzyme (4.5n) was added to 900 [11 of 0.5% 

agarose (LMP grade) in 20 mM Tris-Cl (pH 7.0). The reaction mixture was 
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incubated at 40°C for 24 h. The reaction was terminated by heating the reaction 

mixture tubes in boiling water bath for 5 min. The tubes were cooled to 4°C and 

two volumes of chilled absolute ethanol was added. The samples were centrifuged 

at 12,000 rpm for 10 min at 4°C to remove the precipitate of polysaccharide. The 

supernatant was collected and subjected to vacuum concentration. The dried 

samples were reconstituted by adding 50 I.11 of absolute ethanol and analyzed by 

thin layer chromatography. 

Silica gel 60 sheets (Merck & Co Inc., NJ, USA) were activated at 85°C for 

30 min. TLC chamber was saturated with the solvent system n-butanol: acetic acid: 

water in the ratio of 2:1:1. The digested oligosaccharides which were concentrated 

earlier were spotted with the help of capillary tubes and allowed to air dry. The 

samples were resolved on TLC sheet, till the solvent front reaches the end of the 

sheet. The TLC sheet was removed from the chamber and allowed to dry in hot air 

oven for 15 min. The spots were then visualized by spraying 10% H2504 followed 

by heating at 85°C for 15 min. 

4.6 BIOCHEMICAL CHARACTERIZATION OF PURIFIED AGARASE 

ENZYME FROM Microbulbifer STRAIN CMC-5: 

4.6.1 DETERMINATION OF MOLECULAR WEIGHT: 

Fractions from gel filtration chromatography which showed agarase activity were 

pooled and further concentrated with a 10 kDa molecular weight cut off centrifugal 

concentrator (Pall life sciences, NY, USA). The samples were electrophoresed in 
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duplicates, on a 12.5% SDS-polyacrylamide composite gel containing 0.02% 

agarose in separating gel. After the electrophoresis, the gel was cut into two 

halves; one half of the gel was stained with coomassie brilliant blue R-250 

(Appendix 2.5) under gentle shaking to visualize the protein bands. The other 

portion was used to detect the agarase enzyme activity bands as mentioned before 

(section 4.2). Medium range protein molecular weight marker (6.5 kDa to 97 kDa) 

(Genie Ltd, Bangalore) was used as standard protein marker during electrophoresis. 

4.6.2 OPTIMUM CONCENTRATION OF PURIFIED AGARASE ENZYME 

FOR DETERMINING AGARASE ACTIVITY: 

2.5 ml of 0.1% agarose (LMP grade) in 20 mM Tris-Cl (pH 7.0) was incubated 

with different volumes of purified agarase enzyme (2, 5, 10, 25, 50, 75, 100, 150 

and 250g1) for 90 min at 30°C. Total reaction volume was made to 3 ml with 20 

mM Tris-Cl (pH 7.0). After 90 min, 1.0 ml of 3, 5-dinitrosalicyclic acid (DNSA) 

was added to the reaction tubes and heated in a boiling water bath for 10 min. The 

tubes were cooled to 30°C and A540 was estimated. The reducing sugars released 

were estimated against galactose standard (11.1g4t1) prepared in 20 mM Tris-Cl (pH 

7.0). 

4.63 DETERMINATION OF OPTIMUM TIME FOR AGARASE ENZYME 

ASSAY: 

15 IA (0.67 gg) of agarase enzyme was added to 2.5 ml of 0.1% agarose (LMP 

grade) in 20 mM Tris-Cl (pH 7.0) at 30°C in 10 individual test tubes and incubated 
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at different time intervals (15, 30, 45, 60, 75, 90, 105, 120, 150 and 300 minutes). 

Total reaction volume was made to 3 ml with 20 mM Tris-Cl (pH 7.0) buffer. 

Reducing sugars released were measured by DNSA method as described above. 

4.6.4 OPTIMUM pH FOR AGARASE ACTIVITY: 

Agarase activity was measured at different pH using various buffers. 50 mM 

sodium acetate buffer (pH 4.0 and 5.0) (Appendix 2.6), 50 mM sodium phosphate 

(pH 6.0 and 7.0) (Appendix 2.7), 50 mM Tris-Cl (pH 8.0 and 9.0) (Appendix 2.8) 

and 50 mM Glycine-NaOH (pH 10.0) (Appendix 2.9) buffers were used for agarase 

assay. Agarase activity was estimated in triplicates in a 3.0 ml of reaction volume 

containing 15p1 of purified enzyme (0.671.1g) and 2.5 ml of 0.1% agarose, prepared 

in respective buffer. The reaction mixture was incubated for 90 minutes at 30°C. 

Reducing sugars released were measured by DNSA method as described above 

4.6.5 OPTIMUM TEMPERATURE FOR AGARASE ACTIVITY: 

Agarase activity was measured in triplicates by incubating 15 [11 of enzyme with 

2.5 ml of 0.1% agarose in 20 mM Tris-Cl (pH 7.0) for 90 mM at different 

temperatures (10 20, 30, 40, 50, 60, 65 and 70°C). Total reaction volume was made 

to 3.0 ml with 20 mM Tris-CI (pH 7.0) buffer. The reaction mixture was incubated 

for 90 min at various temperatures. Reducing sugars released were measured by 

DNSA method as described earlier. 
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4.6.7 EFFECT OF NaC1 CONCENTRATION ON AGARASE ACTIVITY: 

Agarase activity in the presence of various concentrations of NaC1 was measured in 

triplicates. Agarase enzyme was incubated with 2.5 ml of 0.1% agarose in 20 mM 

Tris-C1 (pH 7.0) containing 1, 10, 100, 250, 500, 750, 1000, 2000 and 3000 mM 

NaC1 for 90 min at 30°C. Agarose substrate without NaC1 was taken as control. 

Reducing sugars released by agarase activity were measured by DNSA method as 

described earlier. 

4.6.8 THERMAL STABILITY OF AGARASE ENZYME: 

15 pl of agarase enzyme was incubated for 30 min. at 20, 30, 40, 50 and 60°C in 

triplicates. After the incubation, reaction tubes containing the enzyme were kept in 

ice for 10 min. 2.5m1 of 0.1% agarose (LMP grade) in 20 mM Tris-CI (pH 7.0) was 

added to the enzyme and the volume was made to 3.0 ml with the same buffer. The 

reaction mixture was incubated at 30°C for 90 min. The reducing sugars released 

were measured by DNSA method as described before. Agarase enzyme kept at 4°C 

was taken as control. 

4.6.9 EFFECT OF METAL IONS AND CHEMICAL REAGENTS ON 

AGARASE ACTIVITY: 

The purified enzyme was incubated with 1 mM EDTA at 4°C for 1 h. The enzyme 

was later dialyzed against 20 mM Tris-C1 (pH 7.0) for 24 h at 4°C and was used in 

the present study to check the effect of different metal ions. Agarase activity was 

measured with 0.1% agarose (LMP grade) in 20 mM Tris-C1 (pH 7.0) containing 1 
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mM of following metal/reagents: CoCl2, CaC1 2 , MgC12, FeC13, ZnC12, BaCl2, 

HgC12, CuC12 and MnC12. N-Bromosuccinamide was used at a concentration of 

0.1mM. SDS was used at a concentration of 0.1 and 1%. 2.5 ml of agarose 

substrate amended with respective metal ions or chemical agents was incubated 

with 15 pl of enzyme solution. The tubes were incubated at 30°C for 90 min. The 

reducing sugars released were measured by DNSA assay as mentioned earlier. 

Agarase activity observed with untreated agarase enzyme was taken as 100% and 

relative activity of treated agarase enzyme was calculated from the above 

experiments. 

4.6.10 KINETIC STUDIES OF AgaA AGARASE ENZYME OF 

MICROBULBIFER STRAIN CMC-5. 

Km  and Vmax  values for the agarase enzyme acting on agarose (final concentration 

of 166 -916 pg/m1) were determined from Lineweaver-Burke plot. Results were 

shown in Fig. 4.15. 
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4.7 RESULTS 

Microbulbifer strain CMC-5 was grown in ASW medium containing 0.2% agarose 

and 0.2% yeast extract with an objective to purify the extracellular agarase enzyme. 

Studies were carried out to determine the ideal nitrogen and carbon sources. Results 

indicated that 0.2% agarose with yeast extract was ideal for maximum production 

of agarase into the extracellular medium from strain CMC-5. The results are 

described below. 

4.7.1 EFFECT OF CARBON SUBSTRATES ON AGARASE ENZYME 

PRODUCTION FROM Microbulbifer STRAIN CMC-5: 

The effect of different carbon substrates on agarase activity in bacterial strain 

CMC-5 was checked. For this study, strain CMC-5 was grown in ASW medium 

containing 0.2% of one of the carbon substrates: cellobiose, maltose, succinate and 

glycerol. Alternatively, strain CMC-5 was also grown in Zobell marine broth 

(ZMB). Strain CMC-5 grown in ASW medium containing 0.2% agarose was taken 

as positive control. Although, glucose and galactose served as growth substance 

for strain CMC-5, agarase activity was not detected in the culture supernatant even 

after 48 h of incubation. Strain CMC-5 showed highest production of agarase when 

grown in 0.2% agarose with 0.05% yeast extract. Agarase activity was detected 

when cellobiose, maltose, succinate and glycerol were used as carbon substrates. 

However the level of agarase activity was low ranging from 10 to 64% in 

comparison to agarase activity induced when agarose was used as sole substrate 

(Table 4.1). 
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4.7.2 EFFECT OF NITROGEN SOURCES ON PRODUCTION OF 

AGARASE ENZYME FROM STRAIN CMC-5: 

Microbulbifer strain CMC-5 was grown in various nitrogen sources such as yeast 

extract, peptone, casamino acids and ammonium chloride. The results are depicted 

in Fig 4.2. The effect of nitrogen sources on the production of agarase enzyme was 

compared with control (strain CMC-5 grown in ASW containing 0.2% agarose 

without any nitrogen source). As observed from Fig. 4.2., yeast extract resulted in 

induction of agarase enzyme which was maximum in comparison to other tested 

nitrogen sources. With yeast extract, agarase activity was maximum at 48 h, 

whereas control showed the highest agarase activity by 36. When compared to 

control, presence of peptone, casamino acids and ammonium chloride as nitrogen 

sources showed lower production of agarase enzyme at 36 h. 

0.05 

0.04 - 

0.03 

0.02 - 

0.01 - 

0 

  

   

   

Glycerol ZMB Cellobiose Maltose Succinate Agarose 

Carbon Source (0.2%) 

Figure 4.1 Effect of various carbon sources on agarase enzyme activity from 

Microbulbifer strain CMC-5. 
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Figure 4.2 Agarase production when Microbulbifer strain CMC-5, was grown 

in ASW medium containing 0.2% agarose supplemented with 0.05% of 

various nitrogen sources. 

4.7.3 EFFECT ON AGARASE PRODUCTION WHEN AGAROSE IS CO-

SUPPLEMENTED WITH SIMPLE SUGARS: 

Microbulbijer strain CMC-5 was grown in ASW medium containing agarose 

(0.2%) co-supplemented with one of the simple sugars. Based on earlier study 

resulted to production of agarase enzyme in presence of different carbon sources, 

this study was intended to compare the capability of strain CMC-5 to produce 

agarase when agarose was co-supplemented with easily metabolizable simple 

sugars such as glucose, galactose and xylose, cellobiose, melibiose and maltose. 

The production of agarase enzyme was compared with the agarase production when 

strain CMC-5 was grown in ASW medium containing agarose only (positive 

control). 0.05% yeast extract was used as nitrogen sources in all tested 
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combinations. As observed from Fig 4.3., the strain showed agarase enzyme 

activity in all tested combinations. Agarase activity was highest at 48 h irrespective 

of substrate being used. However, when agarose was co-supplemented with simple 

sugar, production of agarase was always lower when compared to positive control. 

Figure 4.3 Agarase activity when strain CMC-5 was cultured in ASW 

medium co-supplemented with simple sugars. 

4.7.4 ZYMOGRAM ANALYSIS OF AGARASE ENZYME: 

When the Microbu/bifer strain CMC-5 was grown for 36 h with 0.2% yeast extract 

and 0.2% agarose, agarase activity band was observed in the culture supernatant 

indicating the extracellular nature of agarase enzyme (Figure 4.4 A and B). 

Although the presence of yeast extract in the media induced the agarase enzyme 
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activity in comparison to the control (without yeast extract). The overall yield of 

agarase enzyme in the culture supernatant was very low. No protein band could be 

detected in comparison to the activity bands when the gel was stained with 

coomassie brilliant blue or silver staining. 

To purify the agarase enzyme, the strain CMC-5 was grown in 3.5 L of ASW 

medium containing 0.2% agarose and 0.2% yeast extract for 36 h at 110 rpm at 

30°C. Culture supernatant was obtained by centrifugation and tested for agarase 

enzyme activity as described in section 4.2.2. Reduction in viscosity of the agarose 

solution was observed when the enzyme was incubated with substrate. Activity was 

measured by DNSA method and reducing sugars released were calculated using 

galactose standard. The agarase activity in the culture supernatant was found to be 

0.02 U/ml. Protein concentration in culture supernatant was estimated by Folin-

Lowry's method and found to be 417 µg/ml. 100 gg of protein sample was loaded 

in 12.5% SDS-Polyacrylamide gel agarose composite gel and one agarase activity 

band was observed after lugol's iodine staining. After the culture supernatant was 

separated from bacterial cells by centrifugation, it was stored at -20°C to protect 

from possible loss in activity by protease degradation. The 3.5 L sample was 

brought to 30°C and concentrated with a 10 kDa cut off ultrafiltration unit at 4°C to 

35 ml. Agarase enzyme activity and the protein concentration was estimated as 0.24 

U/ml and 0.67 mg/ml. 
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M 	1 

4.4A-1: zymogram of concentrated culture supernatant on native PAGE 

2: Silver staining of concentrated culture supernatant on native PAGE 

4.4B-M: Molecular weight marker, medium range (6.5 to 97 kDa) 

1: zymogram of concentrated culture supernatant on SDS-PAGE 

Figure 4.4 A: Native PAGE zymogram of agarase enzyme (Aga A) 

B: SDS-PAGE zymogram profile of agarase enzyme from 

Microbulbifer strain CMC-5. 

4.7.5 PURIFICATION OF AGARASE ENZYME FROM STRAIN CMC-5: 

The concentrated agarase enzyme sample was loaded and resolved on a 

DEAE-Sepharose FF matrix at 4°C. Elution was carried out at a flow rate of 1 

ml/min and bound proteins were eluted with 20mM Tris-CI (pH 7.0) containing 0-

0.5M NaCI linear gradient. 2 ml fractions were collected. Elution profile of agarase 

enzyme from DEAE-Sepharose FF matrix is shown in figure 4.5. 
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As observed from Fig 4.5., the first three peaks denote the proteins which 

failed to bind to the column and were eluted in the flow through. The bound 

proteins were eluted in six different peaks. Majority of the bound proteins were 

eluted at the end of the elution when salt concentration was 0.5M. Individual 

protein fractions were assayed for agarase activity. Agarase activity was detected in 

one of the peak which amounted to 13 individual fractions. These fractions were 

pooled and the volume amounted to 26 ml. Protein concentration of the pooled 

fractions was 0.11 mg/ml. This elute was concentrated to 0.5 ml with a centrifugal 

concentrator. This concentrated sample was loaded on to Sephacryl S-300 HR gel 

filtration matrix and eluted at 0.5 ml/min in 20 mM Tris-Cl (pH 7.0). 2 ml fractions 

were collected from the Sephacryl S-300 HR matrix. Elution profile is shown in 

Figure 4.6. 
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Figure 4.5 Agarase enzyme elution profile from DEAE-Sepharose FF matrix. 
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Figure 4.6 Elution profile of agarase enzyme from Sephacryl 5300 HR matrix in 20 mM Tris-CI (pH 7.0). 
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As observed from fig 4.6., four individual prOtein peaks were observed after 

measuring O.D. at A280. These protein fractions were assayed for agarase activity. 

The agarase enzyme activity was observed in the second peak. These fractions of 

second peak were pooled and stored at -20°C for further characterization. The pooled 

concentrate was used to check the purity and to determine the molecular weight by 

SDS-PAGE. Medium range molecular weight marker (6.5 to 97 kDa) (Genei Ltd, 

Bangalore) and activity was checked by zymogram as described in section 4.3. The 

SDS-PAGE and Zymogram profile was showed in figure 4.7. 

M: Molecular Weight Marker (6.5 to 97 KDa) 
A: Agarase enzyme AgaA from Microbulbifer strain CMC-5 
B: Clearance zone on zymogram by AgaA from Microbulbifer strain CMC-5. 

Figure 4.7 SDS-PAGE and zymogram profile of purified agarase enzyme AgaA 

from Microbulbifer strain CMC-5. 
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STEP Volume 
(ml) 

TOTAL 
ACTIVITY 

(U) *  

TOTAL 
PROTEIN 

(mg) 

SPECIFIC 
ACTIVITY 

(Uimg)*  

PURIFICATION 
FOLD 

YIELD 
(%) 

Culture 
supernatant 

3500 10694 (59.5)# 1460 7.32 (0.04)# 1.0 100 

10 KDa 
Ultrafiltrate 

37 1607 (8.93)# 25 64.23 (0.35)# 8.7 15 

Ion 
Exchange 

26 899.6(5.0)# 3.1 290.1 (1.6)# 40 8.4 

Gel 
Filtration 

22 682 (3.8)# 0.9 757.7 (4.3)# 103.5 6.5 

*One unit of agarase activity was defined as 1 µg of galactose released at 30°C per min. 
#One unit of agarase activity was defined as the amount of enzyme required to release 1 µM of galactose at 30°C per min. 

Table 4.1 Purification of agarase enzyme AgaA from Microbulbifer strain CMC-5. 
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The purification details of agarase enzyme are as shown in Table 4.1. Agarase 

enzyme was purified 103.5 fold from culture supernatant with a yield of 6.5%. The 

final specific activity was observed to be 757.7 U/mg. 

4.7.7 BIOCHEMICAL CHARACTERIZATION OF PURIFIED AgaA ENZYME 

FROM Microbulbifer STRAIN CMC-5: 

The homogeneity of purified agarase enzyme was confirmed by SDS-Polyacrylamide 

gel electrophoresis and zymogram analysis. 100 pg of purified protein sample was 

loaded onto SDS-composite polyacrylamide gel containing 0.02% agarose. A single 

agarase activity band was detected after lugol's iodine staining and a corresponding 

single protein band was detected after coomassie brilliant blue staining. Molecular 

weight of protein was compared with standard protein molecular weight markers 

loaded in adjacent well. Protein molecular weight was estimated as —59 kDa by SDS-

PAGE. The purified enzyme was designated as AgaA from Microbulbifer strain CMC-

5. 

The hydrolysis products obtained after agarose hydrolysis by purified agarase 

enzyme AgaA was resolved by TLC on silica gel 60 matrix. This enzyme essentially 

released neoagarohexose and neoagarotetraose as major end products during agarose 

hydrolysis as observed from figure 4.8. The Rf value of released end products 

corresponds to the neoagarohexose and neoagarotetraose standards, which were 

chromatographed adjacent to the hydrolyzed products. Along with these two major end 
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products, high molecular weight neoagarooligosaccharides were also observed during 

TLC. 

1 	2 	3 	4 

1. 24 h agarose degraded products 2. Neoagarohexose 3. Neoagarotetrose 4. Neoagarobiose. 

Figure 4.8 TLC profile of agar oligosaccharides released during hydrolysis by 

agarase (AgaA) enzyme from Microbulbifer strain CMC-5. 

The agarolytic activity of purified AgaA enzyme was further characterized to 

determine the optimum concentration required to conduct activity studies for 

biochemical characterization. As seen from Fig 4.9., the AgaA enzyme activity graph 

showed linearity up to 100 [t1 volume which is equal to 4.5 n  of protein concentration. 

At higher concentrations the agarase activity was observed to be saturated (Figure 4.9). 
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Figure 4.9 Determination of optimum concentration of purified agarase AgaA 

enzyme from Microbulbifer strain CMC-5. 

675 ng of agarase enzyme AgaA was incubated with substrate at different time 

intervals and reducing sugars released were estimated. The enzyme activity was 

observed to be linear up to 120 min of reaction time (Figure 4.10) After 120 min 

agarase activity was observed to reach a plateau. 90 min of reaction time was taken as 

optimum time for further measurement of agarase activity. 
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Figure 4.10 Determination of optimum incubation time for AgaA agarase enzyme 

activity from Microbulbifer strain CMC-5. 

Figure 4.11 Agarase enzyme AgaA from Microbulbifer strain CMC-5 activity at 

different pH under standard assay conditions. 
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Optimum pH for agarase activity was determined using different buffer systems 

as described above. The enzyme activity at different pH is shown in Figure 4.11. 

Agarase enzyme AgaA activity was observed between pH 5 to 9 and the enzyme 

showed no activity at pH 4 and 10. The optimum agarase activity was observed at pH 

7.0. Optimum temperature for agarase enzyme activity was measured at different 

temperatures. As observed from figure 4.12 agarase AgaA from Microbulbifer strain 

CMC-5, did not showed any activity at 10 20 and 80°C whereas the enzyme was active 

in the temperature range 30 to 70°C. The optimum temperature for activity was 

observed at 50°C. The enzyme AgaA from Microbulbifer strain CMC-5 was found to 

stable at different temperatures. The enzyme stability was measured at various 

temperatures for 90 min. It could retain >95% of activity after incubation for 90 min at 

20, 30 and 40°C. AgaA enzyme lost its activity completely at 70°C (Figure 4.13). 

Figure 4.12 Optimum temperature of AgaA of Microbulbifer strain CMC-5. 

138 



100 - 

20 	30 	40 	50 	60 
Temperature °C 

50 

ti 

25 

0 

Figure 4.13 Thermal stability of agarase enzyme AgaA from Microbulbjfer 

strain CMC-5. 

Results of studies on effect of various metal ions and chemical reagents on 

agarase enzyme activity were as shown in Table 4.2. A loss of activity by 60% 

was observed in EDTA treated AgaA enzyme in comparison to the control 

(EDTA untreated). All metal ions were tested at a concentration of 1mM. The 

agarase activity increased in order of Ca>Mg>Mn>Co, whereas inhibition of 

agarase activity was observed with BaC12. The agarase enzyme activity was 

completely lost in presence of Zn, Hg, Cu and Fe ions. 0.1% SDS resulted in 

increase in activity by 10% whereas 1% SDS led to complete loss of agarase 

activity. N-bromosuccinamide (0.1 M) inactivated the enzyme completely. 
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Reagents % residual activity 

(at 30±2°C) 

(n=3) 

Control 100 

EDTA (1mM) 41 (±0.22) 

CoC12 (1mM) 110 (±0.32) 

BaC12 (1mM) 90 (±0.24) 

ZnC12 (1mM) 0 

MgC12 (1mM) 131 (±0.32) 

HgC12 (1mM) 0 

CuC12 (1mM) 0 

FeC13 (1mM) 0 

MnCl2 (1mM) 120 (±0.28) 

CaC12 (1mM) 154 (±0.41) 

0.1% SDS 114 (±0.38) 

1% SDS 0 

N-Bromosuccinamide 

(0.1mM) 

0 

Table 4.2 Effect of various metal ions and chemical agents on AgaA agarase 

activity of Microbulbifer strain CMC-5. 

As seen in Figure 4.14 agarase enzyme was active in the range of 1mM to 2000 

mM concentration. It showed highest activity in the presence of 500 mM NaC1 

concentration. This enzyme is completely inactivated in presence of 3000 mM NaC1 

concentration. Increases in agarase enzyme activity was observed from 1mM to 500 

mM of NaCI and thereafter a decrease in activity was seen (Fig 4.14). 
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Figure 4.14 Effect of various concentrations of NaC1 on activity of agarase 

enzyme from Microbulbifer strain CMC-5. 

Kinetic studies on purified agarase enzyme revealed that the K. of agarase enzyme was 

determined as 0.2 mg/ml whereas Vmax was calculated as 142.85 U/mg. 

Figure 4.15 Lineweaver-Burke plot to determine kinetics of agarase enzyme 

AgaA acting on agarose. 
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CHAPTER 5 

APPLICATIONS OF AGARASE 

ENZYME 



Polysaccharase enzymes from bacterial sources have been exploited in diverse 

applications related to molecular biology, tissue culture and medical fields. This 

chapter deals with application studies conducted with agarase enzyme from 

Microbulbifer strain CMC-5. In the present application studies, concentrated culture 

supernatant of agarase enzyme from Microbulbifer strain CMC-5 grown for 36 h 

which during purification studies revealed the presence of 59 kDa protein was used. 

The present work attempts to focus on potential of AgaA agarase enzyme in 

production of agar oligosaccharides and determine their role as antioxidants. Similarly 

the application of agarase enzyme in recovery of high molecular weight DNA is 

presented. Finally preliminary work on use of agarase in preparation of single cell 

detritus is also reported 

MATERIALS: 

Agarose (LMP grade), agar (purified, bacteriological), potassium Ferricyanide 

(K3Fe(CN)6), trichloroacetic acid (TCA), ferric chloride (FeC1 3), Thiobarbituric acid, 

Ferrous sulphate, heptahydrate (FeSO4.7H20), sodium salicylate (NaC7H 5O3), 

Cellulase Onozuka R10, Papain etc., were obtained from Himedia Labs, India. PMSF 

and Mannitol were procured from Sigma chemicals. 
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METHODOLOGY 

5.1 PREPARATION OF AGARASE ENZYME EXTRACT FROM 

MICROBULBIFER STRAIN CMC-5 FOR USE IN APPLICATION 

STUDIES: 

Microbulbifer strain CMC-5 was grown on ASW agar plates at 30°C for 48 h. A 

loopful of bacterial strain CMC-5 was inoculated into 50 ml of ASW medium 

containing 0.2% agarose and 0.2% yeast extract. The flask was incubated on an orbital 

shaker for 24 h at 30°C at 130 rpm. 0.1% of inoculum from the above flask was added 

to 500 ml of ASW medium containing 0.2% agarose and 0.2% yeast extract. The 

culture was incubated on an orbital shaker at 30°C at 130 rpm for 36 h. The bacterial 

cells were pelleted by centrifugation at 12,000 rpm for 15 min at 4°C. The culture 

supernatant was stored at -20°C until further processing. A small fraction of the culture 

supernatant was used for determining agarase activity by DNSA method (section 3.4.1) 

and the concentration of protein was estimated by Folin-Lowry method (Section 4.2.1). 

The culture supernatant was concentrated by 10 kDa ultrafiltration unit and dialyzed 

against 20 mM Tris-C1 (pH 7.0) to 50 ml as described in section 4.1.2. 

5.2 PREPARATION OF AGAR OLIGOSACCHARIDES: 

A stock of 0.5% commercial bacteriological agar in 20 mM Tris-CI (pH 7.0) was 

boiled and used as substrate for agarase enzyme. 5.5 U/ml of concentrated agarase 

preparation was added to 50 ml of agarose stock solution and incubated at 40°C either 

for 6 or 12 h with occasional mixing. The digestion was stopped by boiling the reaction 
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mixture for 5 min. The sample was cooled to 4°C. The agar precipitate was removed 

by centrifuging at 4°C for 15 min at 12,000 rpm. The supernatant was collected and 

stored at 4°C till further use. The concentration of reducing agar oligosaccharides was 

estimated by DNSA method with galactose as reference sugar as described in section 

3.4.1. 250 and 500 gg of oligosaccharides obtained from agar digestion by bacterial 

agarase during 6 and 12 h treatment were used for checking the antioxidant activity. 

5.3 REDUCING POWER OF AGAR-OLIGOSACCHARIDES: 

The reducing power of agar oligosaccharides obtained by digestion of agar by agarase 

from Microbulbifer strain CMC-5 enzyme was determined according to Wu et al, 

(2004). Agar oligosaccharides were added to 1 ml of 200 mM sodium phosphate buffer 

(pH 6.6) (Appendix 3.1) at a final concentration of 250 and 500 lag separately. 1 ml of 

1% potassium ferricyanide was added. The reaction mixture was incubated at 50°C for 

20 min in water bath. 1 ml of 10% trichloroacetic acid (TCA) (Appendix 3.2) was 

added to the above reaction mixture and mixed gently. These samples were centrifuged 

at 3000 rpm for 10 min at 30°C. The upper aqueous layer was collected into glass 

tubes. 1 ml of distilled water and lml of 0.1% FeCl3 were added. The samples were 

mixed gently and O.D. was measured at A700. Ascorbic acid (1gg/1.11) was taken as 

positive control. The reducing power of agar oligosaccharides was expressed as µg/ml 

ascorbic acid equivalents. 
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5.4 INHIBITION OF LIPID PEROXIDATION BY AGAR 
OLIGOSACCHARIDES: 

Inhibition of lipid peroxidation by agar oligosaccharides was measured according to 

Wu et al, (2004). Diluted egg yolk was used as the lipid substrate. Lipid peroxidation 

was measured by thiobarbituric acid reagent according to Stewart and Bewley (1980). 

The yellow egg yolk was separated manually from egg white and collected into a 

clean glass beaker and mixed to make a homogenous solution. The yolk solution was 

diluted to 1/32 fold and used for the assay. Agar oligosaccharides were added to 0.2 ml 

of 1/32 diluted egg solution at a final concentration of 250 and 500 lig separately. 0.5 

ml of 25 mM FeSO4.7H20 and 1.5 ml of PBS (pH 7.4) (Appendix 3.3) were added to 

the above mixture. Appropriate tubes containing all the above ingredients except the 

agar oligosaccharides were included separately as controls. The reaction mixture was 

incubated at 37°C for 15 min in a water bath. To this equal volume of freshly prepared 

0.5% thiobarbituric acid in 20% TCA was added. The reaction tubes were incubated at 

95°C for 30 min in a water bath. The reaction was terminated by immediately keeping 

the tubes in ice for 5 min. The samples were centrifuged for 30 min at 10,000 rpm at 

30°C. Supernatant was collected and O.D. was measured at A532 and A600 respectively. 

Final corrected O.D. was obtained after subtracting the A600 from A532. Inhibition % 

was calculated as: 

Inhibition rate (%) = (O.D. of control group — O.D of test group) / O.D. of control group x 100. 
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5.5 HYDROXY RADICAL SCAVENGING ACTIVITY: 

Hydroxy radical scavenging activity was measured according to Wang et al, (2004). 

Agar oligosaccharides were added separately to 3 ml of hydroxy radical generation 

buffer (Appendix 3.4) at a final concentration of 250 and 500 lig separately followed 

by addition of 200 pl of H202. The reaction mixture was incubated at 37°C for 10 min 

and O.D. was observed at A510. Negative control was prepared by replacing H202 with 

sodium phosphate buffer. Positive control was prepared by replacing oligosaccharides 

with buffer (control group). The antioxidant activities of the samples were calculated 

according to the inhibition percentage of free radical production as: 

Inhibition rate (%) = (O.D. of control group — O.D of test group) / O.D. of control group x 100 

5.6 HIGH MOLECULAR WEIGHT DNA RECOVERY FROM AGAROSE 

GEL: 

5.6.1. DETERMINATION OF OPTIMUM CONCENTRATION OF AGARASE 

. ENZYME FOR SOLUBILIZATION OF AGAROSE GEL: 

Concentrated agarase enzyme was used for recovery of genomic DNA from agarose 

gel after electrophoresis. The optimum concentration of agarase enzyme required for 

complete solubilization of approximately 100 mg of 0.8% agarose (LMP grade), 

prepared in 1X TAE (Appendix 3.5) or TBE (Appendix 1.25) electrophoresis buffers 

was determined. 50, 75, 100 and 125 units of agarase enzyme was added to molten 

agarose solution and incubated at 50°C for 30 min. The agarase digested agarose 

samples were centrifuged for 10 min at 10,000 x g at 25°C. The concentration of 
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agarase enzyme which completely depolymerizes agarose (failure to form gel at 30°C 

or at 4°C) was considered as optimum concentration of agarase enzyme required for 

gel hydrolysis and was used for DNA recovery experiments as mentioned in section 

5.6.3. 

5.6.2 ISOLATION OF GENOMIC DNA FROM wild type E.coli: 

E.coli (wt) was grown in LB broth for 18 h at 30°C at 130 rpm. Genomic DNA from 

E.coli was isolated according to Maloy (1990). The DNA was resuspended in TE 

buffer (pH 8.0) (Appendix 1.22). The concentration of DNA was determined 

spectrophotometrically at A260. 

5.6.3 RECOVERY OF HIGH MOLECULAR WEIGHT DNA FROM AGAROSE 

GEL USING AGARASE (AgaA) ENZYME FROM MICROBULBIFER 

STRAIN CMC-5: 

2 .tg of genomic DNA was electrophoresed on 0.7% agarose in 1X TAE or TBE at 50 

V/cm for 1 h. The DNA was visualized under UV light and the gel piece containing the 

chromosomal DNA band was cut with a sterile blade. The agarose gel pieces were 

weighed and transferred to a sterile 1.5 ml micro centrifuge tubes. 2 volumes of 20 

mM Tris-Cl (pH 7.0) was added to the samples and incubated at 4°C for 10 min. This 

step was repeated twice. The tubes were later transferred to 65°C water bath and 

incubated for 15 min. The melted agarose solution was mixed occasionally with a blunt 

end micro tip for complete liquefaction of agarose. 2.2 U/ml of agarase enzyme was 

added and the tubes were incubated for 30 min at 50°C with occasional mixing. The 

sample was later centrifuged for 10 min at 10,000 x g at 25°C and the supernatant was 
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transferred to fresh tubes. 1/10 volume of sodium acetate (pH 5.2) and two volumes of 

chilled ethanol was added and the sample was kept at -20°C for 30 min. The tube was 

later centrifuged at 10,000 x g for 10 min at 4°C. The DNA pellet was air dried at 37°C 

to remove the residual ethanol. 10 ill of 10 mM Tris-CI (pH 8.0) was added to DNA 

pellet and incubated for 15 min at 37°C. A fraction of recovered DNA sample was 

used for measuring the absorbance at A260. The remaining DNA samples were 

electrophoresed on 0.8% agarose gel in lx TAE as electrophoresis buffer (Appendix 

1.25). 

5.7 PREPARATION OF SINGLE CELL DETRITUS FROM GRACILARIA 

USING AGARASE ENZYME FROM MICROBULBIFER STRAIN CMC-5: 

This study was intended to check the potential of AgaA enzyme from Microbulbifer 

strain CMC-5 for preparation of single cell detritus from Gracilaria corticata. 

Commercial cellulase enzyme was added to assist the degradation for release of single 

cells. 

Axenic Gracilaria corticata thalli were maintained as described in section 3.5.1. 

Gracilaria thalli (1g) were cut into small pieces (3-4 mm) aseptically. Thalli pieces 

were transferred to sterile 60% natural seawater containing 1.0 M mannitol. The flasks 

were kept on rocker at 50 rpm in dark for 30 min at 24 ± 2°C. Later the thalli pieces 

were transferred to 2% papain prepared in 60% seawater medium supplemented with 

0.8 M mannitol (filter sterilized through 0.22 µm filter). The sample was kept on 

rocker at 50 rpm in dark for 60 min at 24 ± 2°C. Later, the thalli pieces were washed 
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with 0.8 M mannitol in 60% seawater containing 1mM PMSF (freshly prepared and 

filter sterilized). The thalli pieces were then transferred to 60% seawater medium 

containing 1.1 U/ml of agarase and 4% cellulase (Onazuka R10) (freshly prepared in 

60% sea water and filter sterilized). The thalli pieces were shaken at 50 rpm in dark for 

3 h at 24±2°C. After 3 h of incubation cells released from thalli were observed under 

compound microscope at 20X resolution. 
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5.7 RESULTS: 

5.7.1 ANTIOXIDANT PROPERTIES OF AGAR OLIGOSACCHARIDES: 

5.7.1.1 REDUCING POWER OF AGAR OLIGOSACCHARIDES OBTAINED 

BY DIGESTION OF AGAR BY AGARASE ENZYME: 

The agar oligosaccharides were tested for reducing power by the method of Wu et al, 

(2004). Addition of 250 and 500 pig of agar oligosaccharides obtained by 6 h digestion 

of agar showed increase in reducing power by 2.6 and 2.9 folds respectively when 

compared to the control However, agar oligosaccharides obtained by 12 h digestion of 

agar at the concentrations 250 and 500 pig showed only 1.7 and 1.9 folds reducing 

power respectively when compared to control (Table 5.1.). 

Samples Concentration 

010 

Reducing power expressed as 

µg/ml of ascorbic acid equivalents 

(n=3) 

6 h digested agar 

oligosaccharides 

250 0.40 (±0.07) 

500 0.44 (±0.01) 

12 h digested agar 

oligosaccharides 

250 0.24 (±0.05) 

500 0.30 (±0.03) 

Table 5.1 Reducing power of agar oligosaccharides prepared by digestion of 

commercial agar for 6 and 12 h using agarase Aga A from 

Microbulbifer sp. strain CMC-5. 
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5.7.1.2 HYDROXY RADICAL SCAVENGING ACTIVITY OF AGAR 

OLIGOSACCHARIDES: 

Hydroxy radical scavenging activity of agar oligosaccharides was determined 

according to Wang et al, (2004). Addition of 500 µg of agar oligosaccharides obtained 

by 6 and 12 h digestion of agar showed hydroxy radical scavenging activity of 43.3% 

and 21.88% respectively when compared to the control. However, 250 11,g of agar 

oligosaccharides at obtained by 6 and 12 h digestion of agar by agarase enzyme had 

hydroxy radical scavenging activity of 14.4% and 10.3 % respectively (Table 5.2.). 

Samples Concentration 

(PO 

% Inhibition 

(n=3) 

6 h digested agar 

oligosaccharides 

250 14.4 (±1.56) 

500 43.3 (±2.84) 

12 h digested agar 

oligosaccharides 

250 10.3 (±1.33) 

500 21.8 (±1.33) 

Table 5.2 Hydroxy radical scavenging activity of agar oligosaccharides prepared 

by agarase AgaA digestion from agar. 

5.7.1.3 INHIBITION OF LIPID PEROXIDATION BY AGAR 

OLIGOSACCHARIDES: 

Lipid peroxidation inhibition by agar oligosaccharides prepared by digestion of agar by 

agarase enzyme from Microbulbifer strain CMC-5 was examined. Agar 

oligosaccharides at a concentration of 500 vg obtained by 6 h digestion of agar showed 

highest % of lipid peroxidation inhibition (32.6%) whereas agar oligosaccharides at a 
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concentration of 500 t.tg prepared after 12 h digestion showed 26.3 % inhibition. Agar 

oligosaccharides at concentration of 250 ptg prepared by 6 h and 12 h digestion showed 

only 10 % inhibition. Thus, agar oligosaccharides at 500 µg prepared from 6 and 12 h 

digestion of agar showed highest lipid peroxidation inhibition compared with other test 

samples (Table 5.3.). 

Samples Concentration 

(.1g) 

% Inhibition 

(n=3) 

6 h digested agar 

oligosaccharides 

250 10.7 (±2.42) 

500 32.6 (±4.16) 

12 h digested agar 

oligosaccharides 

250 10.3 (±1.50) 

500 26.3 (±1.45) 

Table 5.3 Lipid peroxidation inhibition activity of agar oligosaccharides prepared 

by agar hydrolysis with agarase AgaA from Microbulbifer sp. strain 

CMC-5. 

5.7.2 DNA RECOVERY FROM AGAROSE GEL: 

Agarase enzyme AgaA from Microbulbifer sp. strain CMC-5 was investigated for its 

ability to recover high molecular weight DNA from agarose gel. The optimum 

concentration of agarase enzyme preparation of strain CMC-5 required to hydrolyze 

1% LMP agarose prepared in 1X TAE or TBE buffer was determined before 

proceeding for DNA recovery from agarose gel. 1.1 U/ml of agarase enzyme was 
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optimum for efficient digestion of LMP agarose which was evident by the failure of 

agarose gel to polymerize at 30°C or at 4°C. 

E.coli genomic DNA isolated in our laboratory was used for DNA recovery 

experiments. The concentration of DNA was estimated at ratio at A260. 2 lig of 

genomic DNA loaded was electrophoresed in (triplicates) on agarose gel. The agarose 

piece containing the DNA bands were excised and recovered using agarase. A small 

fraction of the recovered DNA was used for determining the absorbance at A260 and the 

remaining fraction was electrophoresed along with control genomic DNA (21.1g). The 

concentration of recovered genomic DNA as estimated at A260 (in trip licates) is 

mentioned in Table5.4. The yield was in the range of 56 to 70% with an average of 

62% (S.D. 7.09, n=3). Figure 5.1 depicts the electrophoresis profile of recovered 

E.coli genomic DNA from agarose gel using agarase from strain CMC-5 as compared 

to control E.coli genomic DNA which was loaded in adjacent wells. 

5.7.3 PREPARATION OF SINGLE CELL DETRITUS FROM GRACILARIA 

CORTICATA THALLI BY AGARASE AgaA TREATMENT: 

The Gracilaria thalli were treated by commercial cellulase and Microbulbifer agarase 

for 3 h. When observed under microscope, degradation of thalli was evident as the 

algal cells were observed to be released. It was also observed that released cells 

appeared as clumps around the thalli surface. Few single cells detritus were also 

observed (Fig. 5.2B-E). When the control thalli sample was observed incubated under 
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similar conditions without any enzymes, the surface of the thalli surface was intact 

without release of any single cell detritus (Fig. 5.2.A). 

9 ?2 g3 a 

r 

C: Control (E.coli genomic DNA) - 2 ug 
1, 2 & 3: E.coli genomic DNA eluted from agarose gel by agarase treatment. 

Figure 5.1 Agarose gel profile showing the recovered E.coli genomic DNA by 

treatment with agarase AgaA from Microbulbifer strain CMC-5. 

Description Concentration of 
genomic DNA 

loaded 

Concentration of 
recovered DNA 

% recovery 

Experiment-1 2 	,L,g 1.40 ug 70 

Experiment-2 2 ug 1.22 1..tg 61 

Experiment-3 2 pg 1.12 µg 56 

Table 5.4 Percentage recovery of genomic DNA from agarose gel (in TAE buffer) 

by the treatment with AgaA from Microbulbifer strain CMC-5. 
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A: Gracilaria thalli without any enzyme treatment (control). 
B, C, D & E: sequential release of single cell detritus from Gracilaria thalli by action of agarase and 
cellulase enzy mes. 
Figure 5.2 Degradation of Gracilaria thalli by the action of agarase enzyme in 

combination with Onozuka R-10 Cellulase enzyme. 
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CHAPTER 6 

DISCUSSION 



This chapter deals with the discussions related to results of experimental work 

undertaken during studies on screening and identification of agarolytic bacteria. The 

selection of strain CMC-5 for further studies was based on its property of multiple 

polysaccharide degradation as well as its capacity to degrade thalli of seaweeds. On the 

basis of polyphasic studies strain CMC-5 found to be closely related to Microbulbifer. 

Optimization of culture conditions was achieved which were later used for large scale 

culture of strain CMC-5. The purification of agarase enzyme was achieved by 

combination of ion exchange and gel filtration. The biochemical properties of 59 kDa 

purified agarase were studied. Finally, potential of agarase enzyme as producer of 

oligosaccharides with antioxidant property, high molecular weight DNA recovery from 

agarose gel and its role in preparation of single cell detritus were investigated. 

6.1 SCREENING FOR AGAR DEGRADING BACTERIA: 

The marine ecosystems with diverse niches are rather unexplored sources of bacterial 

enzymes which can be exploited for novel catalytic and therapeutic activities. A 

focused attention must be paid to biochemical properties of enzymes if they have to be 

used on an industrial scale. 

Two different methodologies for screening agarolytic bacteria were adopted. 

Direct plating of the water samples resulted in isolation of the total bacteria which is an 

exact reflection of bacterial isolates present in the environment. Enrichment technique 

generally results in the isolation of dominant bacterial isolates which might over grow 

other possible slow growing potential strains and thus during subsequent enrichment 

process would result in elimination of that potential bacterial strains (Jannasch, 1967). 
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During the current investigation, ASW medium was used for isolation of agarolytic 

bacteria. In marine ecosystems, seaweed cell walls and other potential sources of 

polysaccharides, which are target for microbial action are naturally present as a 

complex consortia or mixture of polysaccharides. Thus, in order to investigate whether 

any other polysaccharide degrading property can be co-associated with agarolytic 

property, ASW agar plates supplemented with other polysaccharides were used during 

primary screening. Thus, ASW agar, ASW agar+CMC and ASW agar+alginate plates 

were used for screening purpose. 

As observed from the screening results, many bacterial isolates obtained from 

direct plating of coastal water/sediments resulted in isolation of many bacterial 

isolates. The colony morphology of these isolate were different to those obtained by 

enrichment technique. Although the bacterial isolates obtained by direct plating and 

enrichment method could grow on their respective polysaccharide/s plates, none of 

these isolates showed any clearance zone/pits around the colonies. After 2-3 

subcultures, few of these isolates failed to grow on respective polysaccharide/s plates. 

The other bacterial isolates which showed growth on polysaccharide/s plates after 

repeated subcultures did not show clearance zone or pit formation and presumably 

degraded polysaccharides by the exo-mechanism. This was proven by the fact that 

clearance was visible only when lugol's iodine specific for detection of agar 

degradation was spread, a clearance zone was observed (Hodgson and Chater, 1981). 

An exo-acting polysaccharase have limited ecological significance in comparison to 

endo-acting polysaccharases and are needed at the end of the degradation cycle. Hence, 
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these bacterial isolates were not selected for further screening. Similarly no promising 

agarolytic bacteria were isolated from water samples collected from mangrove area. 

The cell walls of seaweeds offer a unique micro-niche in the form of 

polysaccharides for carbon mineralization. The cell walls of brown seaweeds contain 

predominantly alginic acid whereas agar and carrageenan are predominant in cell wall 

of red seaweeds (Kloareg and Quatrano, 1988). Complex bacterial communities have 

been found to be associated with seaweeds. Bacteria belonging to different genera such 

as Sulfitobacter, Halomonas, Cinetobacter, Planococcus, Arthobacter etc., existed in 

abundance on the surface of brown and red seaweeds. Further microflora compositions 

of two species of brown algae were observed to be different (Beleneva and Zhukova, 

2006). 

In our present study, when fresh seaweeds were used as a resource for bacterial 

screening by direct plating or enrichment, a white matt growth of bacteria was 

observed on all polysaccharide/s plates. Direct plating of water sample from 

decomposing seaweeds resulted in isolation of many bacteria colonies on ASW agar, 

ASW agar+CMC and ASW agar+alginate plates. A total of 22 bacterial isolates were 

picked from the above polysaccharide/s plates as these isolates showed clearance zones 

as well as deep craters. However enrichment of bacterial population from 

decomposing seaweeds resulted in bacterial isolates which formed small, white colour 

colonies and did not depict craters or clearance zone. Thus, polysaccharide degrading 

isolates which were prevalent in decomposing seaweeds (as observed in direct plating) 
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probably have been overgrown and eliminated by the small white colored colonies 

which were the predominating isolate obtained during enrichment. 

Although polysaccharide degrading bacteria have been isolated from diverse 

niches such as coastal water, sediments, rhizosphere, the present study indicates that 

polysaccharide degrading bacteria predominantly associated with decomposing 

seaweeds could be successfully isolated. Thus the polymer aggregates of the seaweed 

cell wall are hotspots for bacterial associations. Utilization of these polysaccharides 

through carbon mineralization is largely dependent on bacterial action leading to 

recycling of organic matter in marine environments. 

6.2. STRATEGY FOR DETECTION OF MULTIPLE POLYSACCHARIDE 

DEGRADATION: 

Polysaccharide degradation can be easily monitored by observing the growth of 

bacteria on solid medium plates containing homologous polysaccharides. However, 

presence of organic impurities such as proteins and other carbon compounds are very 

common in polysaccharide preparations and growth on polysaccharide plates would 

enable non-polysaccharide degraders to grow utilizing this contaminating proteins or 

impurities as carbon source, resulting in false positive results. During preliminary 

screening for agar degrading bacteria, ASW agar, ASW agar+CMC and ASW 

agar+alginate plates were used for screening agarolytic bacteria. The assumption was 

that presence of additional polysaccharides in plates besides agar would promote 

selection of other polysaccharide degrading trait along with agarolytic property. CMC 
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and alginate were chosen as polysaccharides of choice as they are prevalent dominantly 

in red and brown seaweeds. 

Agar is the common solidifying agent used in all three selective plates. Therefore 

a reliable method for the detection of individual polysaccharide degradation was 

required to enable the identification of exact polysaccharide degrader. A number of 

chemical assays have been described in literature. Dye based plate screening methods 

are essentially based on the principle that polysaccharides interact non covalently with 

dye in the area where polysaccharide degradation occurs resulting in clearance zone in 

contrast to the dark polysaccharide-dye complex formation where no degradation is 

evident. Plate assay using chromogenic substrates are also often used to screen 

potential polysaccharide degrading strains (Barasan et al, 2001). However, due to the 

exorbitant cost of chromogenic substrates, dye based identification is more economical 

and commonly used. 

Congo red interacts with polysaccharides containing (1,4)-13-D-glucans, (1,3)13- 

D-glucans, (1,4)(1,3)-P-D-glucans and (1,4)-P-D-xylans. Congo red has been 

commonly used for the identification of cellulolytic bacteria from rumen and soil 

samples as well as for zymogram studies of xylanases (Teather and Wood, 1982; 

Hendricks et al, 1995; Breccia et al, 1995). In the present study, congo red was used 

for identification of CMCase, xylanase and chitinase activities of the strains by 

growing them in ASW agar, ASW agar+CMC, ASW agar+xylan and ASW agar+chitin 

plates respectively. As a consequence of polysaccharide degradation by the strains, 

light coloured clearance zone was generated around the colonies after spreading congo 
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red. The clearance zone around the colonies could be intensified after flooding with 1 

M NaC1 solution. The clarity of the clearance zone was further enhanced by washing 

with 1M acetic acid (Hendricks et al, 1995). Congo red did not show any clearance 

zone when ASW agar alone was used, indicating the clearance zone observed on ASW 

agar+CMC, ASW agar+chitin and ASW agar+xylan were specific to degradation of 

cellulose, chitinase and xylanase respectively. 

Agar degrading bacteria were routinely detected on ASW agar plates by 

flooding lugol's iodine solution as reported by Gran in 1902. Since then, this method is 

widely used for the detection of agarase producing and agarase mutant strains 

Development of light yellow colour next to the agarolytic bacterial colony indicates 

complete loss of integrity in agar polysaccharide structure and partial degradation of 

agar polysaccharide. The undegraded agar stains dark brown. It is believed that the 

failure to form the deep brown colour is due to loss of double helical structure of agar 

polysaccharide due to action of agarase enzyme (Hodgson and Charter, 1981). 

Cetylpyridinium chloride (CPC) is a cationic polymer known to react with 

highly sulphated galactans resulting in precipitation of polysaccharide. Gacesa and 

Wustman (1990) detected alginase activity on media plate containing alginate by 

spreading the cetylpyridinum chloride. Staining with ruthenium red followed by 

treatment with 95% alcohol, diluted HC1 and CaC12 have been also been reported in 

literature for detection of alginate lyase activity on media plates containing alginate 

(Wong et al, 2000). Similarly, CPC has been used for detection of carrageenase 

activity on media plates as well as for zymogram studies of carrageenase as 
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carrageenan contains highly sulphated galactans in its structure (Ohta and Hatada, 

2006). Alginolytic and carrageenolytic nature of polysaccharide degrading bacteria 

were detected by growing on ASW agar+alginate and ASW agar+carrageenan plates 

after which CPC was added. CPC did not precipitate ASW agar plates, indicating it is 

specifically detects alginolytic and carrageenolytic activity. 

During the present investigation, agar has been proved to be suitable for 

detecting the multiple polysaccharase activities on plates containing any other 

polysaccharides. Gelrite, another solidifying agent is widely used as it is resistant to 

microbial decomposition (Shungu et al, 1983). Gelrite is a linear polysaccharide 

containing repeat unit of tetrasaccharide -(3-13-D-Glcp-(1,4)- -13-D-GlcpA-(1,4)- (3-D-

Glcp-(1,4)-a-L-Rhap-1)- containing glucuronic acid, glucose, rhamnose and 0-acetyl 

moieties. It forms a firm gel in the presence of divalent cations such as Mg +2  or Ca+2  at 

a concentration of 2mM. Similarly, 100 mM Na +  and K.±  form firm gel with gelrite 

(Kelco application bulletin). In the present study, ASW was used as basal medium and 

contain high molar concentration of Mg +2  and Nal-  ions. Addition of gelrite to ASW 

results in instantaneous solidification which cannot be controlled even at high 

temperatures. Hence gelrite was not preferred for preparations of polysaccharide/s 

plates. Screening for CMCase, xylanse, chitinase, alginase and carrageenase activities 

with various chromogenic/precipitating agents in the presence of agar showed that agar 

polysaccharide is not interfering with the staining capability of the respective 

chromogenic/precipitating agents as mentioned. 
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6.3 POLYSACCHARASE ACTIVITIES OF BACTERIAL ISOLATES: 

Based on secondary screening (as mentioned in section 6.2) 15 bacterial isolates were 

found to be multiple polysaccharide degraders and degraded more than three 

polysaccharides (Table 3.3). Further, 15 bacterial isolates (AA-1 to AA-7 and CMC-1 

to CMC-8) obtained were tested for production of polysaccharases by growing in ASW 

broth containing 0.2% of agar, alginate or CMC. Isolates CMC-3, CMC-4, CMC-5 

and CMC-8 were observed to show high polysaccharase (CMCase, agarase and 

alginase) activities compared to other bacterial strains. Further, in vitro thalli 

degradation studies with respect to 15 isolates, indicated that strain CMC-2, CMC-3, 

CMC-5 and CMC-6 degraded seaweed thalli and released single cells. On the basis of 

multiple polysaccharide degradation studies, polysaccharase activity in culture 

supernatant and in vitro thalli degradation, bacterial isolate CMC-5 was found to be 

superior in all the three criteria and hence selected for further study. 

Strain CMC-5 was isolated from decomposing seaweeds and degraded 6 

different polysaccharides, namely agar, CMcellulose, alginate, carrageenan, xylan and 

chitin. Polysaccharide utilization test also revealed that strain CMC-5 not only 

degraded polysaccharides but also was capable of utilizing these six different 

polysaccharides as evident by bacterial growth estimated at A600. The ability to degrade 

multiple polysaccharides has been reported in Saccharophagus degradans 2-40 and 

Microbulbifer elongatus. Saccharophagus degradans 2-40 was isolated from decaying 

salt marsh and found to degrade 10 different polysaccharides (Ensor et al, 1999). An 

unknown unique bacterium degrading seven different polysaccharides was obtained 
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from Fucus disticus (Quatrano and Cladwell, 1978). Thus microbial community 

associated with different biota especially decomposing seaweeds seems to be a 

potential niche for isolating multiple polysaccharide degrading bacteria. 

However, besides the marine sources as mentioned above, even non-marine 

sources such as terrestrial rhizosphere have served as source for isolating several 

strains of Paenibacillus sp which showed multiple polysaccharide degrading activity 

(Hosoda et al, 2003; Li et al, 2003). Similarly, several strains of Microbulbifer 

degrading multiple polysaccharides have been reported from various niches (Gonzalez 

et al, 1997; Tanaka et al, 2003; Yoon et al; 2003b; Yoon et al, 2004; Wang et al, 2009). 

6.4 IDENTIFICATION OF STRAIN CMC-5: 

Strain CMC-5 was gram negative, non motile, aerobic, grew optimally at 30°C and 

required growth medium to be amended with 2-3% NaCI for optimum growth. Since 

strain CMC-5 is non-motile. Requirement of NaCI in the medium for growth suggest 

strain CMC-5 is a marine bacteria. Biochemical studies of strain CMC-5 did not offer 

any possible clue for identification of bacteria. The biochemical features of strain 

CMC-5 was compared with other known bacteria by using the software for 

Probabilistic Identification of Bacteria for Windows (PIB Win) Ver 1.9.2. 

(http://www.som.soton.ac.uk/staffitnb/pib.htm) . The strain CMC-5 was observed to 

show similarity with the genus Pseudomonas. 

Strain CMC-5 was observed to utilize large number of substrates, majority of 

which are either simple soluble sugars or intermediates of various biochemical cycles. 
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that few of the carbon compounds which are utilized by strain CMC-5 such as 

glucosamine, cellobiose, galactose etc are structural components of polysaccharides. 

The antibiotic profile of strain CMC-5 as reported in table 3.5., indicates resistance to 

most commonly used antibiotics. Chemotaxonomic approach was undertaken to 

identify the strain CMC-5 on the basis of FAME analysis. Cellular fatty acid methyl 

esters analyzed by gas chromatography is commonly used for bacterial identification 

(Able et al, 1963; Eder, 1995). Application of this method is well adopted for the 

identification and classification of bacterial species (Welch, 1991). The FAME profile 

of strain CMC-5 was compared with internal reference library, which was available 

with the chromatography system. The FAME profile of strain CMC-5 failed to match 

with any of the bacterial species listed in the internal reference library. It was observed 

that strain CMC-5 has relatively high concentrations of following fatty acids: iso-C15 :0, 

iso-C17:10,9c, iso-C17:0, iSO-Cji:03 -0H, Cig:j &C,  iSO-Cii:o and C16:0. Concentrations of 

other fatty acids observed in FAME profile of strain CMC-5 were less than 5%. In 

addition, levels of C16 : 1 co7c, iso-C15:o, 2-0H, C19:10)6c and C19 :ocyclo fatty acids were 

not determined due to poor resolution of the chromatography system (Table 3.5.). 

FAME profile of strain CMC-5 was compared with other bacterial species. The 

FAME profile of strain CMC-5 showed similarity with Microbulbifer genus. 

Microbulbifer which was proposed by Gonzalez et al, for rod shaped, strictly aerobic 

marine bacteria belong to Proteobacteria (Gonzalez et al, 1997). Iso-C 15:0  is reported 

as major fatty acid in strain CMC-5. The bacterial species which are included into 

Microbulbifer genus also contains iso-C15:o as major fatty acid (Yoon et al, 2003a&b). 
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The other major genus Pseudomonas which also belongs to Proteobacteria contains 

C16:0 as major fatty acid. The genus Alcanivorax contains C18:1 &c and C16:0 as major 

fatty acids (Fernandez-Martinez et al, 2003). Thus, the strain CMC-5 is reasonably 

closer to the genus Microbulbifer based on FAME analysis of cellular fatty acids. 

On the basis of PIBwin software, strain CMC-5 was observed to be similar to 

Pseudomonas on basis of biochemical tests. However, FAME analysis of strain CMC-

5 indicates a possible affiliation to the genus Microbulbifer. It is important to note that, 

the genus Microbulbifer was reclassified from the genus Pseudomonas based on the 

presence of iso-C15 :0 as major fatty acid and predominant respiratory ubininone-8 (Q-

8). The authentic Pseudomonads contain C16:0 as major fatty acid and ubiquinone-9 (Q-

9) (Oyaizu and Komaguta, 1983; Yoon et al, 2003a&b). Reclassification of 

Pseudomonads based on 16S rDNA sequence also differentiates the genus 

Microbulbifer from Pseudomonas (Anzai et al, 2000). Thus, on the basis of isoCi5:0 as 

major fatty acid in strain CMC-5 and low levels of C16:0 fatty acid clearly indicates that 

strain CMC-5 is more closely related to Microbulbifer genus than the Pseudomonas 

genus. 

A total of 1517 bases of 16S rDNA sequence of strain CMC-5 were determined. 

The sequences homologous to 16S rDNA sequence of strain CMC-5 were retrieved 

from RDP database (Ribosomal Database Project, http://rdp.cme.msu.edu ). The 

homology search at RDP indicated that the sequence of strain CMC-5 was homologous 

to the members of gamma subclass of Proteobacteria and in particular to the genus 

Microbulbifer. Multiple sequence alignment of 16S rDNA sequence was achieved 
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using Clustal W program (Thompson et al, 1994). Phylogenetic trees were constructed 

by tree making algorithms such as the neighbour-joining, maximum-likelihood and 

maximum-parsimony (Felestein, 2006). 

The phylogenetic tree constructed using maximum-likelihood algorithm 

indicated that this strain formed a coherent cluster with the Glade that comprises type 

strains of Microbulbifer genus by a bootstrap confidence level of 100%. It shared a 

similarity of 99% with M elongates DSM 6810 (AF500006), 98% with M salipaludis 

(AF479688), 97% with M hydrolyticus IRE-31 (U58338) and 95% with M maritamus 

(AY377986). Similar tree topology was observed when trees were constructed using 

neighbour joining and maximum parsimony algorithms. As apparent from 

phylogenetic tree, strain CMC-5 closely resembles Microbulbifer elongatus DSM 

6810T . 

Although, the strain CMC-5, shares 99% similarity with M elongatus 

DSM6810T  (AF500006) and close similarity with other species of Microbulbifer, there 

are note-worthy differences in biochemical properties. The differences in the 

biochemical characteristic features between strain CMC-5 and M elongatus 

DSM6810T  are shown below (Table 6.1.). 
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Characteristics M. elongatus DSM 
6810T  

Microbulbifer strain CMC- 
5 

Size Long rods, 3-6 pm Short rods, 0.9-1.2 gm 

Motility + — 

H2S Production + - 
Colony colour on ZMA 

plate 
Cream Yellowish Brown 

Utilization of 
Glucose + 

Galactose - + 

Fructose + - 

Succinate + + 

Inositol + 
Acid production from 

sucrose 
+ - 

Polysaccharide utilization 
Agar + + 

Chitin + + 

Xylan + 

Cellulose + + 

Fatty acids (%) 

iso-C15:o 20.7 20.8 

iso-C17:1(o9c 11.3 20.2 

iso-C11:03-0H 7.7 6.6 

C16:0 7.1 0.2 

C18:1 co7c 16.3 14.0 
+, positive to the reaction; -, negative to the reaction. 

Table 6.1 Morphological and biochemical differences between strain CMC-5 and 

Microbulbifer elongatus DSM6810T . 

The strain CMC-5 is non motile and did not show H2S production when 

compared to M elongatus DSM6810T. Strain CMC-5 was isolated from decomposing 
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seaweeds and forms cream colour colonies on Zobell marine agar plates whereas M 

elongatus DSMA6810T  has been isolated from intertidal bottom sediments and forms 

yellowish orange colour colonies on Zobell marine agar (Yoon et al, 2003a). 

Similarly, the average size of strain. CMC-5 is in same range as reported for most 

Microbulbifer strains whereas the cells of M elongatus DSM 6810T  are larger (Yoon et 

al, 2003a&b., Yoon et al, 2004). Also in comparison to M elongatus DSM 6810T, 

strain CMC-5 utilize glucose, galactose and inositol and does not utilize sucrose. 

Besides variation in biochemical properties as shown in Table 6.1., the striking 

difference was degradation of xylan by strain CMC-5 whereas M elongatus DSM 

6810T  did not degrade xylan (Yoon et al, 2003a). 

The G+C mol % content of strain CMC-5 was estimated as 65.6 by thermal 

denaturation method (Fig 3.6). On an average, the G+C mol% content for 

Microbulbifer has been reported to be 59. The %G+C content for M Hydrolyticus, M 

salipaludis, M maritamus, and M. donghaiensis was 58, 59, 57.7 59.9, and 57.8% 

respectively (Gonzalez et al, 1997; Yoon et al, 2003a&b; Yoon et al, 2004; Wang et al, 

2008). However, recently G+C mol% content in Microbulbifer halophilus has been 

reported as 63.2 which is closer to the %G+C content reported for strain CMC-5 (Tang 

et al, 2008). 

All these differences clearly indicate that strain CMC-5 is morphologically and 

biochemically different from M elongatus DSM6810T  strain. Hence the strain CMC-5 

can be referred as morphovar and biovar of M elongatus DSM6810T. Based on results 
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obtained by fatty acid methyl ester analysis and 16S rDNA study, strain CMC-5 has 

been classified as 

Domain 	: Bacteria 

Phylum 	: Proteobacteria 

Class 	: Gammaproteobacteria 

Order 	: Alteromonadales 

Family 	: Incertae sedis 

Genus 	: Microbulbifer 

The strain CMC-5 will be hence referred as Microbulbifer strain CMC-5. The 

Microbulbifer strain CMC-5 has been submitted to Microbial Type Culture Collection 

(MTCC), Institute of Microbial Technology, Chandigarh and the accession is MTCC 

9889. 

6.5 EFFECT OF NITROGEN AND CARBON SOURCES ON AGARASE 

PRODUCTION: 

The effect of nitrogen and carbon source on production of agarase enzyme was studied. 

Microorganisms require soluble nitrogen source for their growth and essentially for 

protein synthesis. Few reports indicate that nitrogen sources influence agarase enzyme 

production. Lakshmikanth et al, (2006b) reported enhanced production of agarase 

enzyme by Acinetobacter sp. AG LSL-1 in the presence of various nitrogen sources. 

Sodium nitrate could induce 0.41 U/ml of agarase enzyme, whereas ammonium nitrate 

and yeast extract induced 0.31 and 0.25 U/ml of agarase enzyme respectively. 

Similarly, addition of yeast extract to culture medium led to increased production of 
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agarase enzyme from Pseudomonas aeruginosa AG LSL-11 (Lakshmikanth et al, 

2006a). Effect of various individual amino acids on agarase production in Cytophaga 

flevensis was studied. Casamino acids showed highest production of agarase enzyme 

(Van Der Meulen and Harder, 1976). It is assumed that organic nitrogen sources can 

easily replenish the existing internal pool of amino acids within the cell thus 

facilitating the availability of amino acids for -  the protein synthesis. Induction of a 

novel agarase enzyme 0072 from Vibrio sp. JT0107, was observed when grown in 

presence of agar supplemented with polypeptone (Sugano et al, 1995). Thus, the 

presence of nitrogen supplements can increase the overall yield of various agarase 

enzymes. 

Strain CMC-5 did not require any vitamins or growth factors for growth as well 

as for production of agarase enzyme. In the present study effect of various nitrogen 

sources such as yeast extract, peptone, casamino acids and ammonium chloride on 

production of agarase enzyme was undertaken. The strain CMC-5 showed highest 

production of agarase enzyme when grown in agarose with 0.05% yeast extract in 

contrast to agarase production when peptone and casamino acids were used as nitrogen 

source. This may be due to the fact that yeast extract is rich in B-complex vitamins, 

amino acids, peptides and carbohydrates. Since they are in water soluble form, they 

can be easily assimilated by strain CMC-5 resulting in rapid growth and induction of 

agarase enzyme. Peptone and casamino acids are acid hydrolysates of proteins 

generally milk protein and are rich in amino acids. Metabolic consumption of amino 
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acids is relatively energy consuming process to the bacteria and thus show low levels 

of induction in comparison to level of agarase production when yeast extract was used. 

Type of carbon sources also plays a vital role in the production of enzymes from 

bacteria. Agar is degraded by enzymatic activity into oligosaccharides. These 

oligosaccharides are further degraded to release soluble sugars, which are easily 

utilized by bacteria. Soluble simple sugars generally cause catabolite repression in 

bacteria, which is an important phenomenon in the regulation of enzyme synthesis. 

Catabolite repression is a genetic regulation mechanism in bacteria, where the 

accumulated metabolic products represses the synthesis of enzymes responsible for the 

formation of metabolic products. Catabolite repression by glucose in agarase enzyme 

production has been studied in Streptomyces coelicolor A3(2). It was found that 

enzyme responsible for glucose phosphorylation plays a major role in catabolite 

repression at transcription and inducer exclusion levels (Kwakman and Postma, 1994). 

Induction of agarase enzyme was observed in Cytophaga flevensis in the presence of 

different simple sugars. D-xylose induced highest levels of agarase enzyme compared 

to D-galactose, which is a major structural unit of agar polysaccharide (Van Der 

Meulen and Harder, 1976). Similarly, in Saccharophagus degradans, a multiple 

polysaccharide degrading bacteria, polysaccharide degrading enzymes were repressed 

in the presence of glucose whereas xylose and galactose were able to induce low levels 

of agarase enzyme (Ensor et al, 1999). In the present study, no agarase production was 

observed when strain CMC-5 was grown in glucose or galactose as sole carbon 

sources. However levels of agarase production in the presence of cellobiose, ZMB, 
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maltose, glycerol and succinate were 63, 40, 40, 12 and 10.6% respectively. Induction 

of polysaccharase synthesis by monomeric and dimeric substrate is commonly 

observed in bacteria (Miyazaki et al, 2005). Besides agar, cellobiose and maltose was 

also observed to produce agarase in strain CMC-5. This might be due to structural 

similarity of cellobiose and maltose with neoagarobiose, which is a known inducer for 

agarase enzyme (Whiteland et al, 2001). The failure to produce agarase enzyme by 

strain CMC-5 especially by glucose is due to catabolite repression as reported for other 

agarase enzymes. The inability to produce agarase enzyme in presence of glucose due 

to catabolite repression is well documented for S. coelicolor (Kwakman and Postma 

1994). Similarly other agarolytic bacterial strains such as Cytophaga flevensis, 

Alteromonas strain 049/1, Pseudoalteromonas antarctica N-1, Saccharophagus 

degradans 2-40, Pseudomonas aeruginosa AG LSL-11 and Acinetobacter AG LSL-1 

showed inhibition of agarase expression due to catabolite repression (Van Der Meulen 

and Harder, 1976; Agbo and Moss, 1979; Vera et al, 1998; Ensor et al, 1999; 

Lakshmikanth et al, 2006a; Lakshmikanth et al, 2006b). When the bacteria were 

grown in glucose or other simple sugars, the cAMP levels are known to be low. A high 

level of cAMP appears when glucose is depleted or absent in the medium. Binding of 

cAMP to the catabolite activator protein (CAP) releases the catabolite repression and 

induces the production of proteins or enzymes responsible for the metabolism (Ensor et 

al, 1999). 

The inhibitory effect on agarase production due to above simple sugar was 

overcome when the above sugars were co-supplemented with agarose in strain CMC-5. 
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Similar observations were reported from Acinetobacter AG LSL-1 and P. aeruginosa 

AG LSL-11. These strains could produce high levels of agarase enzyme when agar was 

co-supplemented with other sugars such as fructose, xylose and mannitol 

(Lakshmikanth et al, 2006a&b, 2006). Similarly, induction of agarase enzyme was 

observed in Cytophaga saccharophila (024) and Alteromonas sp. (049/1) when grown 

in the presence of agar supplemented with glucose (Van Der Meulen and Harder, 1976; 

Agbo and Moss, 1979). 

Since catabolite repression of glucose was over come on addition of agarose in 

Microbulbifer strain CMC-5, it is believed that although the catabolite repression could 

inhibit the enzyme synthesis, basal level of agarase enzyme production would lead to 

the slow degradation of agar resulting in accumulation of oligosaccharides as 

degradation products. The accumulated oligosaccharides would then act as inducers 

leading to the increased production of agarase and thus overcoming the catabolite 

repression. Chitin degradation by Vibrio furnisii involved the recognition of chitin 

oligosaccharides, possibly disaccharide released (GlcNAc)2 which acts as an inducer 

during chitin degradation (Li and Roseman, 2004). Induction of cellulase was observed 

in Hypocrea jecorina when galactose was provided as sole carbon source. It is believed 

that D-galactose or galactose bound to galactokinase or D-galactose-l-phosphate is 

important molecules for the cellulase induction (Karaffa et al, 2006). Similarly, lactose 

also can induce the cellulase activity in Hypocrea jecorina (Seiboth et al, 2005). 

Sophorose, is known to induce cellulase in many microorganisms such as Trichoderma 

(Loewenberg JR and Chapman CM 2004; Nisizawa et al, 1971). Similarly, 
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gentiobiose, which is a by-product produced from the cellobiose by the action of 13- 

galactosidase can also induce the cellulase (Kurasawa et al, 1992). Thus simple sugars 

can be considered as easy and economically feasible sources for the induction and 

large scale production of polysaccharide degrading enzymes. 

In natural environments, microorganisms are generally exposed to various 

polysaccharides in different combinations. A polysaccharide degrading bacterial 

consortia would be ideal choice for biodegradation of all these polysaccharides. 

However, bacteria have evolved to utilize various polysaccharides. Microorganisms 

like Saccharophagus degradans 2-40 and Clostridium cellulovorans have developed 

enzyme systems to degrade different polysaccharides (Ensor et al, 1999; Kosugi et al, 

2001). When microorganisms degrade different polysaccharides to respective 

oligosaccharides, they enter into the cell and induce the expression of enzymes 

responsible for respective polysaccharide degradation. However, these heterologous 

oligosaccharides might be structurally related and may cause cross induction of 

unrelated polysaccharide degrading enzymes. To understand the induction of different 

polysaccharide degrading enzymes in strain CMC-5, it was grown in various 

polysaccharide combinations. Agarase enzyme induction was observed in all tested 

combinations whereas production of other polysaccharase was not observed in all 

tested combinations. Polysaccharide mix could induce all the five tested 

polysaccharase activities in the culture supernatant. The induction of agarase in all 

possible combination of polysaccharides has not been reported anywhere in the 

literature. As reported previously, cellobiose, a disaccharide has been shown to induce 
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agarase enzyme in strain CMC-5. It is known that hydrolysis of CMC by CMCase 

releases cellobiose. The cellobiose released during CMC degradation thus would act as 

the inducer for the agarase enzyme. Similar reports are available for the induction of 

CMCase of enzyme from Penicillium purpurogenum (Kurasawa et al, 1992). It is 

obvious that the degradation of complex polysaccharides releases small, medium and 

large sized oligosaccharides by the action of enzymes based on mode of activity. The 

release large sized oligosaccharides generally act as signal inducers for the enzymes. It 

was observed that xylan degrading enzymes can be induced by medium and large sized 

oligosaccharides than small sized oligosaccharides (Miyazaki et al, 2005). Induction of 

different xylanase enzymes from Cellulomonas cellulovorans was observed in different 

substrates such as cellulose, avicel, oat spelt xylan and birchwood xylan (Kosugi et al, 

2001). Similarly, induction of xylanase enzyme by CMC and CMCase enzymes by 

xylan substrates are reported widely. This may be due the multiplicity of the enzymes, 

which was widely reported for xylanase and CMCase enzymes (Wong et al, 1988). 

Multiplicity of polysaccharide degrading enzymes is a common phenomenon, where 

the structurally related substrates can be degraded by heterologous enzymes and the 

degraded products acting as inducers for the production of enzymes. In this present 

study also, it was observed that xylanase was induced when the strain CMC-5 was 

grown in CMC along with any other polysaccharide combinations. However CMCase 

activity was not found when xylan combined with agarose, alginate and carrageenan 

were provided as substrate. Saccharophagus degradans 2-40 has also been studied for 
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the induction of various polysaccharase enzymes in the presence of heterologous 

substrates (Ensor et al, 1999). 

6.6 AGARASE ENZYME PURIFICATION: 

In this present study agarase enzyme was purified from Microbulbifer sp strain CMC-

5. The purification was achieved by ultrafiltration, followed by ion exchange and gel 

filtration chromatography methods. The strain CMC-5 was grown in artificial seawater 

medium with yeast extract as nitrogen supplement and agarose as carbon substrate. 

Standardization of various nitrogen sources showed that yeast extract in the presence 

of agarose produce maximum agarase enzyme activity in the culture supernatant. 

Hence, artificial seawater based media with 0.2% agarose and 0.2% yeast extract was 

used. When the culture was grown at RT for 36 h, culture supernatant revealed the 

presence of one agarase activity band on SDS-Polyacrylamide gel. 

Affinity purification of agarase enzymes using cross-linked agarose Sepharose 

CL-6B has been reported. This single step procedure is simple and elution of bound 

agarase generally carried out with agar oligosaccharides which bind competitively with 

agarase enzyme on Sepharose matrix (Groleau and Yaphe 1977; Morrice et al, 1983; 

Jam et al, 2005). However, when affinity purification using Sepharose CL-6B was 

attempted during the present study no activity could be detected in the column flow 

through nor in the eluted fractions (data not shown). Hence, DEAE based ion exchange 

chromatography was attempted for enzyme purification. 10 kDa ultrafiltration removes 

small proteins, peptides, amino acids and other low molecular weight products from 
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the culture supernatant, which are generally by products of the metabolism. This step 

also helps in buffer exchange and aids in concentrating the culture supernatant from 

large scale to lab scale for easy handling. In this present study, the culture supernatant 

was concentrated 10 fold and dialyzed against 20 mM Tris-Cl (pH 7.0) buffer for 

further chromatographic steps. 

Ion exchange chromatography is generally used as first step in the protein 

purification process as unwanted contaminated proteins can be easily removed. The 

bound proteins can be eluted easily with buffer containing NaC1 gradient. The bound 

proteins are eluted from the matrix at varying salt concentration and relatively pure 

protein of interest can be eluted. In this present study, the agarase enzyme was 

successfully bound to the DEAE-Sepharose matrix and eluted with NaC1 gradient. The 

agarase activity peak was correlated with one of the protein peak. The agarase enzyme 

was eluted from the column when the concentration of NaC1 in the buffer was around 

0.2 M NaCl. Majority of bound proteins were eluted at high salt concentration and no 

agarase activity was observed in these fractions. Agarase enzyme purification in 

Bacillus cereus ASK 202, Alteromonas sp. SY37-12, Agarivorans albus YKW 34 has 

been achieved using DEAE Sepharose (Kim et al, 1999; Wang et al, 2006; Fu et al, 

2008). Similarly, strong anionic chromatography matrices have also been used for the 

purification of agarase enzyme (Sugano et al, 1993). 

Gel filtration chromatography is often used as final step for the protein 

purification, where proteins move through the matrix based on their native molecular 

weight. Purification of agarase enzyme from Microbulbifer strain CMC-5 was 
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achieved after DEAE ion exchange chromatography with Sephacryl 5300 HR. The 

partially purified fraction was fractionated on Sephacryl S300 HR and proteins were 

identified in the eluted fractions after gel filtration. One of the protein peaks showed 

agarase activity. Agarase purification in Pseudoalteromonas CKT1, Alteromonas 

SY37-12, Agarivorans albus YKW 34 and Vibrio sp F6 has been achieved using gel 

filtration (Chiura and Kita-Tsukamoto 2000; Fu et al, 2008a&b). 

The agarase enzyme from Microbulbifer strain CMC-5 was purified to 103.5 

fold with a specific activity of 757.7 U/mg. Only 6.5% recovery was obtained for the 

purification of agarase enzyme from this strain. Agarase enzyme from Microbulbifer 

JAMB A94 was purified to 220 fold with a specific activity of 517.3 U/mg (Ohta et al, 

2004) whereas agarase enzyme from Vibrio sp PO 303 was purified to 18.8 fold with 

specific activity of 16.4 U/mg (Dong et al, 2007). The purified agarase enzyme from 

Microbulbifer strain CMC-5 was referred as agarase enzyme AgaA. The purified 

agarase enzyme was used for further biochemical characterization. 

6.7 BIOCHEMICAL CHARACTERIZATION OF AGARASE ENZYME: 

(3-agarase enzyme releases neoagarooligosaccharides as degradation products by 

hydrolyzing 041,4) linkages in agar, whereas a-agarase releases agaro-

oligosaccharides by hydrolyzing the a-(1,3) linkage (Potin et al, 1993). Neoagaro-

oligosaccharides have been routinely separated by TLC and detected with 10% H2SO4 

(Duckworth and Yaphe, 1970; Ohta et al, 2005). After incubation for 24 h, the main 

products were neoagarohexose and neoagarotetrose as judged by their Rf values which 
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were identical to authentic standards of neoagarohexose and neoagarotetrose used 

during TLC. Thus the agarase enzyme AgaA from Microbulbifer strain CMC-5 is 

endo-type 13-agarase. In the present study the oligosaccharides produced by AgaA 

hydrolysis of agarose produced neoagaro-oligosaccharides belong to various degree of 

polymerization. Agarases from several bacteria such as Vibrio strain JT0107, Vibrio 

P0-303, Bacillus MK03, deep sea Microbulbifer strain, Microbulbifer JAMB A94, 

Pseudoalteromonas N1 and Alteromonas sp SY37-12 have been reported to produce 

neoagarohexose and neoagarotetrose as by-products during agarose hydrolysis and 

were detected by TLC (Sugano et al, 1995; Vera et al, 1998; Suzuki et al, 2003; Ohta 

et al, 2004; Wang et al, 2006; Dong et al, 2007). The agarase enzyme AgaA from 

Microbulbifer strain CMC-5 is not showing any activity, when carrageenan is provided 

as substrate, which is structurally similar to agarose. The inability to show the activity 

towards carrageenan showed that the agarase AgaA is agar/agarose specific. 

In the present study in situ activity of agarase enzyme was detected by SDS-

PAGE by incorporating 0.02% LMP grade agarose into the polyacrylamide gel. After 

the electrophoresis the agarase enzyme activity bands were visualized by lugol's iodine 

staining. Ghadi et al, (1997) had reported retardation of agarase in composite 

polyacrylamide gel. Hosoda et al, (2003) reported that incorporation of low 

concentrations of agarose in the polyacrylamide gel did not interfere with the 

migration. In this present study, 0.02% of agarose was incorporated and used for the 

detection of agarase activity in SDS-polyacrylamide gel. The single activity band 

180 



detected by lugol's iodine staining correlated with the single purified protein band 

detected by coomassie brilliant blue staining. 

The molecular weight of AgaA was determined as —59 kDa from SDS-PAGE. 

Agarase enzyme reported from genus Microbulbifer varies from 49 kDa to 126 kDa 

(Ohta et al, 2004). 16S rDNA of Microbulbifer strain CMC-5 is 99% similarity with M 

elongatus DSM 6810. Although M elongatus DSM 6810T  grows on agar, agarase 

enzyme from this type strain has not been characterized. The agarase AgaA from 

Microbulbifer strain CMC-5 is closer in molecular weight to agarase of Microbulbifer 

JAMB A-94, which was reported as — 49 kDa agarase enzyme (Ohta et al, 2004). The 

other agarase enzymes from agarolytic strains molecular weight lies in close vicinity of 

Microbulbifer strain CMC-5 are Alteromonas strain CKT1 (52 kDa), 

Pseudoalteromonas sp CY24 (50 kDa), Vibrio sp V134 (50 kDa), Agarivorans albus 

YKW 34 kDa, Vibrio sp PO 303 (52 kDa) and Vibrio sp. F6 (50 kDa) (Leon et al, 

1992; Ma et al, 2007; Zhang et al, 2007; Fu et al, 2008a&b; Dong et al, 2007). Based 

on molecular weight, agarase enzymes have been classified into three groups. Group I 

includes agarase with molecular weight of —30 kDa, Group II includes —50 kDa 

whereas Group III includes agarase with —100 kDa (Vera et al, 1998). The agarase 

enzymes from Microbulbifer strain CMC-5 belongs to Group II which is characteristic 

of low molecular weight agarases and are capable of diffusing through gel pores 

resulting in formation of clearance zone around colonies of Microbulbifer strain CMC-

5 during its growth on ASW agar plate. The molecular weight of various agarase 

enzymes are given in Table 6.2. 

181 



AgaA from Microbulbifer strain CMC-5 has an optimum pH of 7.0 and can 

retain 80% activity at pH 8.0. Majority of the agarase enzyme such as from 

Pseudomonas atlantica Pseudomonas sp W7, Bacillus cereus, ASK 202 Microbulbifer, 

Alteromonas SY37-12 Vibrio sp V134 and Vibrio sp F6 have an optimum pH of 7.0 

(Morrice et al, 1988; Ha et al, 1997; Kim et al, 1999; Ohta et al, 2004; Wang et al, 

2007; Zhang and Sun 2007; Fu et al, 2008a). The optimum temperature of AgaA from 

strain CMC-5 is 50°C. Agarase enzyme AgaA from Microbubifer strain CMC-5 retains 

74% activity at 60°C. The agarase from closely related Microbulbifer sp strain 

JAMB-A94 and Microbulbifer strain JAMB-A7 were observed to have optimum 

temperature of 50 and 55°C respectively (Ohta et al, 2004; Ohta et al, 2005). Further 

majority of the purified agarase enzymes have an optimum temperature of 40°C. 

(Kirimura et al, 1999; Suzuki et al, 2003; Zhang et al, 2007; Fu et al, 2008). Few of 

the agarase enzymes have also been reported with an optimum temperature of 30°C 

(Morrice et al, 1983; Yamura et al, 1991; Leon et al, 1992; Sugano et al, 1993; Ha et 

al, 1997; Vera et al, 1998; Kong et al, 2003). It is interesting to note that most of the a-

agarase reported so far has optimum temperature of 30°C (Potin et al, 1993; Sugano et 

at 1994; Suzuki et al, 2002). Recently, agarase enzyme from thermophillic agarolytic 

bacterium Thermoanaerobacter wiegelii B5 having an optimum temperature of 70°C 

has been characterized (Bannikova et al, 2008). 

The agarase enzyme AgaA from Microbulbifer strain CMC-5 was found to be 

thermostable at 60°C, whereas it completely lost the activity at 70°C. Agarase enzymes 

reported form Saccharophagus degradans 2-40 and Microbulbifer bacterial species 
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also show thermal stability upto 60°C (Whiteland et al, 2001; Ohta et al, 2004). Studies 

of thermal stability of agarase enzymes from Microbulbifer strain CMC-5 indicated 

that it retains 51% of its activity at 60°C after 30 min of incubation. When compared 

with its closest relative, agarase from Microbulbifer strain JAMB A94 retains 80% of 

its activity at 65°C for 15 min (Ohta et al, 2004). The agarase enzyme from 

Microbulbifer strain JAMB A7 retains 40% of activity at 80°C after 15 min, whereas 

agarase from Microbulbifer strain CMC-5 loses its activity completely at 70°C (Ohta et 

al, 2005). Agarase from Vibrio sp JT0107 and Vibrio V134 were inactive after 20 min 

of incubation at 60°C and 50°C respectively (Sugano et al, 1997; Zhang and Sun 

2007). 

The kinetic studies of agarase enzyme AgaA from Microbulbifer strain CMC-5 

with agarose as substrate indicated that K m  of agarase enzyme is 1.1 mM whereas Vmax 

was found to be 142 U/mg. Similarly agarase enzymes reported from Zobellia 

galactinivorans have Km of 2 mM in the presence of liquid agarose (Jam et al, 2005). 

The agarase enzyme from Alteromonas strain Cl was reported to has 1.7 mM in the 

presence of neoagarohexose (Leon et al, 1992) whereas Km for agarase enzyme from 

Vibrio sp PO 303 was reported as 2.33 mg/ml for agarose (Dong et al, 2007). 

Name of the Organism 
Mol. Wt 
(KDa) 

Optimum 
pH 

Optimum 
Temp 

End 
products 

Reference 

Microbulbifer strain CMC-5 59 7.0 50 NA6, NA4 Present study 

11-agarase enzymes 
Bacillus sp MK03 92 7.6 40 NA4, NA2 Suzuki et al, 2003 
Pseudomonas sp PT-5 31 8.5 30 -- Yamura et al, 1991 
Vibrio sp JT0107 107 8.0 30 NA4, NA2 Sugano et al, 1993 
Saccharophagus degradans 2- 
40 

87, 64, 86, 
89 & 146 

NA NA 
NA4

, 
NA2, G 

Ekborg eg al., 2006 

Vibrio sp AP-2 20 5.5 45 NA2 Aoki et al, 1990 
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Pseudoalteromonas sp CY24 47 6.0 40 NA10, 
NA8 Ma et al, 2007 

Pseudomonas sp W7 59 7.8 30 NA Ha et al, 1997 
Pseudomonas aeruginosa AG
LSL-11 76, 64 & 46 -- -- -- Lakshmikanth et al, 

2006 

Acinetobacter sp., AG LSL-1 100 -- -- NA2 Lakshmikanth et al, 
2006 

Agarivorans JA1 109 8.0 40 NA6, NA4 Lee et al, 2006 
Pseudomonas atlantica 32 7.0 30 NA2 Morrice et al, 1983 
Alteromonas sp SY37-12 48 7.0 35 NA6, NA4 Wang et al, 2005 

Vibrio sp V134 50 7.0 40 NA6, NA4 Zhang and Sun  2007 

Bacillus cereus ASK202 90 7.0 40 NA6 
NA2 

 NA4, , 
Kim et al, 2004 

Microbulbifer JAMB A7 105 7.0 50 NA4 Ohta et al, 2004 
Microbulbifer JAMB A94 49 7.0 55 NA4 Ohta et al, 2004 
Microbulbifer sp 126 7.0 45 NA6 Ohta et al, 2004 
Microbulbifer sp JAMB All 105 7.5 40 NA2 Ohta et al, 2005 

Bacillus megaterium 12 6.6 40 -- Khambatty et al, 
2008 

Pseudoalteromonas CKT1 56 6.5-7.5 30 NA6GNA2, , Chiura et al, 2000 

Pseudoalteromonas strain N1 33 7.0 30 NA6,NA2 Vera et al, 1998 
Agarivorans sp JAMB All 105 7.5-8.0 40 NA2 Ohta et al, 2005 
Alteromonas sp strain CI 52 6.5 30 NA4 Leon et al, 1992 

Vibrio sp PO 303 52 7.5 40 
NA14, 
NAI 0, 
NA8 

Dong et al, 2007 

Pseudomonas SK38 37 9.0 30 -- Kong et al, 2003 

Pseudomonas D210er im 6.7. 38 A6,NA N 
NA2 

 4, Malmqvist 1978 

Agarivorans albus YKW-34 50 8 40 NA2 Fu et al, 2008 
Vibrio sp F6 50 7 40 NA8, NA6 Fu et al, 2008 
Janthinobacterium sp. SY12 50.2 7.0 40 NA4, NA2 Shi et al, 2008 

a-agarase enzymes 
Alteromonas agarilyticus 
GJ1B 

180 
Dimer 7.2 30 AG4, AG3 Potin et al, 1993 

Bacillus sp MK03 
320 

Octamer 6.1 30 
AG5, 

AG3,3,6- 
AG 

Suzuki et al, 2002 

Vibrio sp JT0107 84 7.7 30 3,6-AG , G Sugano et al, 1994 
Thalassomonas JAMB-A33 85 8.5 45 AG4 Ohta et al, 2005 

NA14: Neoagarotetradecose; NA10: Neoagarodecose; NA8: Neoagarooctose; NA6: Neoagarohexose; 
NA4: Neoagarotetrose; NA2: Neoagarobiose; G: Galactose; AG5: Agaropentose; AG3: Agarotriose; 
3,6-AG: 3 ,6-anhydrogalactose. 

Table 6.2 Salient features of agarase enzymes reported from different 

microorganisms in comparison to Microbulbifer strain CMC-5. 
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The EDTA treated and dialyzed enzyme of strain CMC-5 lost 59% of activity 

indicating an essential requirement of metal ions. Agarase enzymes from Agarivorans 

albus YKW 34 was not affected by EDTA treatment (Fu et al, 2008). Agarase activity 

from Vibrio sp F6 and Pseudoalteromonas sp CY24 were inhibited by EDTA 

treatment whereas the activity was enhanced in Bacillus sp MK03 (Suzuki et al, 2003; 

Ma et al, 2007; Fu et al, 2008a). The dialyzed agarase enzyme was further checked for 

the activity in the presence of various metal ions and chemical agents. Increase in 

activity was observed with Ca 2+, Mg2+, CO2+  and Mn2+, which are commonly observed 

in marine environment. Agarase enzyme from Microbulbifer strain CMC-5 showed 

enhanced activity up to 0.5M NaCl. Thus activity of AgaA of Microbulbifer was 

enhanced in the presence of metals and salts which are commonly present in seawater. 

Na2+, K2+, Ca2+  and Mg2+ are known to activate other agarase enzymes (Groleau and 

Yaphe 1977; Wong et al, 2006, Ha et al, 1997; Lee et al, 2006). However presence of 

Zn2+, Hg2+, Cu2+, and Fe2+  inhibited AgaA from Microbulbifer from strain CMC-5 

predominantly by binding to SH, CO and NH moieties of amino acids at active site. 

Similar inhibitory effect has been reported for other agarase (Aoki et al, 1996; Suzuki 

et al, 2003, Ma et al, 2007; Fu et al, 2008). Agarase enzyme from Microbulbifer strain 

CMC-5 was totally inactivated by P-mercaptoethanol indicating an active role of 

disulphide bond in protein stability. AgaA from strain CMC-5 was inactivated by N-

bromosuccinamide indicating that typtophan play an important role in catalysis (Ohta 

et al, 2005). Activity of AgaA from Microbulbifer strain CMC-5 was observed to 

increase in presence of 0.1% SDS but was completely inactivated at 1% concentration 
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inactivated by SDS (Suzuki et al, 2003). However, agarase from Agarivorans albus 

YKW 34 was observed to be resistant to SDS (Fu et al, 2008). 

6.8 ANTIOXIDATIVE PROPERTIES OF OLIGOSACCHARIDES PREPARED 

BY AGARASE AgaA ENZYME: 

Antioxidants can interfere with the oxidation process by scavenging free radicals, 

chelating catalytic metals and by acting as oxygen scavengers. In addition, antioxidants 

effectively retard the onset of lipid oxidation in food products. Oligosaccharides are 

made of 2-20 sugar units with low degree of polymerization (DP). Increasing 

awareness of the polysaccharases from marine bacteria has lead to potential 

applications in various biological fields such as food technology, molecular biology 

and aquaculture (Weiner et al, 1998; Roberfroid and Slavin 2000; Buddington 2001). 

Reactive oxygen species (ROS) such as hydroxyl radicals, superoxide anions and 

hydrogen peroxide are essentially produced in all aerobic organisms and excess load of 

these free radicals result in oxidative stress which cause cumulative damage to 

biomolecules within the cell (Lesser 2006). Protection against oxidative stress can be 

provided by antioxidants as food additives. Search for non toxic antioxidative 

substances from natural sources is under extensive study. Marine algae have been 

recently been exploited as source of antioxidants (Wang et al, 2007). Biologically, 

antioxidants are defined as synthetic or natural substances added to prevent or delay 

the deterioration of biological molecules by action of oxygen in air. The antioxidative 

properties of seaweeds are mainly due to carotenoids and sulphated polysaccharides. 

These polysaccharides consist mainly of xylose, glucose and galactose units (Geresh 
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These polysaccharides consist mainly of xylose, glucose and galactose units (Geresh 

and Arad, 1991). It is believed that the sulphate group attached to the polysaccharides 

shows strong antioxidative effect over polysaccharides devoid of sulphate group 

(Wang J et al, 2004). Antioxidative properties of red, brown and green seaweed 

extracts have been extensively studied (Rocha de Souza et al, 2007; Wang et al, 2007). 

Agar oligosaccharides prepared by water extraction, methanol extraction, acid 

hydrolysis and enzyme hydrolysis produce different types of oligosaccharides with 

different biological activities. 

In the present study, AgaA agarase enzyme from Microbulbifer strain CMC-5 

was used for application studies. During the present study, water soluble 

oligosaccharide were prepared from commercial agar by agarase enzyme treatment. 

The oligosaccharides obtained function as antioxidants showing reducing activity, 

hydroxyl radical scavenging activity and lipid peroxidation inhibition. Agarase enzyme 

release agar oligosaccharides from agar in processive manner where in agar is 

degraded initially into high molecular weight oligosaccharides (with high DP) which 

on prolonged incubation leads to formation of hexa-, penta- or tetra- oligosaccharides 

(low DP). 

The reducing activities of agar oligosaccharides serve as an indicator of potential 

anti-oxidant. The reducing activity was mainly due to transformation of Fe 3+  to Fe2+  by 

oligosaccharides. Oligosaccharides act by preventing chain initiation and binding to 

transition-metal ion catalysts. In the present study, oligosaccharides showed dose 

dependent reducing power. Agar oligosaccharides obtained by digestion for 6 h 
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showed 0.44 µg/m1 equivalents of ascorbic acid whereas 12 h oligosaccharides only 

0.30 gg/m1 equivalents of ascorbic acid. Wang et al, (2004) and Karawita et al, (2005) 

have also demonstrated dose dependent reducing power of oligosaccharides which 

were obtained from agar and brown seaweed Hijikialu.siformis. 

Hydroxy radicals have very short life span but when they are generated, they 

hydroxylate DNA, proteins and lipids. Transition metals are involved in generation of 

hydroxy radicals by Fenton reaction (Fe 2++H202--*Fe 3++0H-+OH*) (Wang et al, 

2007). Hydroxy radicals attack biological molecules in a diffusion controlled manner 

with a life time of 10 -7  seconds and mean diffusion distance 4.5 nm (Lesser 2006). 

Wang et al, (2004) reported the dose dependent inhibitory effect of hydroxy radical 

inhibition activity of agar oligosaccharides. The agar oligosaccharides with a degree of 

polymerization (DP) of 16-24 with one sulphate group on each oligosaccharide showed 

76% of hydroxy radical inhibition at 100mg/L in comparison to agar oligosaccharides 

with low degree of polymerization. Thus agar oligosaccharides play a major role as 

inhibitors for hydroxy radicals by scavenging them directly. Similarly, alginate 

oligosaccharides have showed —60% of inhibition whereas chitooligosaccharides and 

fucoidin oligosaccharides have showed —30% and —20% of hydroxyradical inhibition 

respectively (Wang et al, 2007). 

In present study, agar oligosaccharides prepared from commercial agar by 

agarase treatment for 6 h, when used at a concentration of 800 mg/L showed 43% 

inhibition of hydroxy radical formation whereas oligosaccharides obtained by 12 h 

agar digestion demonstated 22 % inhibition. Augmentation of hydroxy radical 
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inhibition by 6 h oligosaccharides is probably due to production of oligosaccharides 

with high DP in comparison to oligosaccharides with low DP obtained during 12 h 

digestion. 

The reactive oxygen species causes the peroxidation of lipids, by acting on 

linoleic acid of cellular membranes to form malonaldehyde (MDA), a difunctional 

aldehyde, which act as cross linking agent for DNA and proteins. It also acts as catalyst 

for the formation of N-nitrosamines in nitrite containing foods. Therefore, it is very 

important to reduce the lipid peroxidation in the cells (Eriksson, 1987). Lipid 

peroxidation of mitochondria can lead to multiple damages to cellular functions and 

ATP production which further leads to apoptosis (Green and Reed, 1998). Hence, it is 

very important to reduce the damage caused to the membrane lipids. Agar 

oligosaccharides obtained from agar during 6 h digest by AgaA, at a concentration of 

800 mg/L exhibited 32.6% inhibition of lipid peroxidation whereas oligosaccharides 

from 12 h digest depicted 26.3% inhibition. Chitin oligosaccharides have been 

observed to show —80% of inhibition in lipid peroxidation whereas agar 

oligosaccharides with a DP of 6-22, without sulphate group, could inhibit —15% of 

lipid peroxidation (Wang et al, 2007). . 

Earlier reports suggested that oligosaccharides from Laminaria japonica, 

Porphyra haitanesis and Fucus vesiculosus showed antioxidative properties. It is 

believed that these polysaccharides scavenge the metal ions by chelation (Zhao et al, 

2002). Oligosaccharides with different degree of sulphation and high molecular mass 

(<2000 Da) contribute differently to the antioxidative properties. It is possible that 
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these agar oligosaccharides may be high molecular mass with high degree of 

sulphation. However, low molecular mass polysaccharide preparations from 

Laminarina japonica have shown antioxidative properties (Xue et al, 2001). Sulphated 

polysaccharides from Porphyridium sp. have also shown anti viral activity against 

Herpes simplex virus 1 and 2 and Varicella zoster (Huleihel et al, 2001). Agar 

oligosaccharides have been reported to perform as moisturizing and whitening agents 

(Kobayashi et al, 1997). Thus the oligosaccharides obtained by agar digest by agarase 

AgaA from Microbulbifer strain CMC-5 could be exploited as reducing agent, 

hydroxyl radical scavenger and inhibitor of lipid peroxidation. 

Agar and agarose polysaccharides have highest demand as thickening agents in 

food industry. They are widely used in gelling, thickening and stabilizing agents for 

candies and jam. Thus agar has been widely accepted as food additive without any side 

effects. The agar oligosaccharides which are prepared by hydrolysis of agar by agarase 

digestion could be added as additives during preparation of jellies, candies and jam 

which in turn will increase the nutraceutical quality of food in which they are 

incorporated. 

Agarase from Microbulbzfer strain CMC-5 showed promising result in 

production of oligosaccharides which depict reducing power, inhibition of hydroxy 

radical and lipid peroxidation. In present study, commercial bacterial agar has been 

used as a source of substrate. Different grades of agar and use of seaweeds as a source 

for agarase digestion would release oligosaccharides which might have better 

antioxidative activity due to presence of sulphate groups. 
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Thus the agarase enzyme from Microbulbifer strain CMC-5 would have 

potential application in preparation of oligosaccharides from seaweeds and their used 

as antioxidants as well as possible potential use as moistening and whitening agent 

which could be analyzed to increase the exploitation of this agarase AgaA enzyme in 

the future. 

6.9 HIGH MOLECULAR WEIGHT DNA RECOVERY FROM AGAROSE 

GEL: 

Recovery of high molecular weight genomic DNA from agarose gel in intact form is 

essential in various molecular biology applications. A number of methods have been 

described in literature for isolation of DNA from gel. DNA isolation by freeze thawing 

of agarose gel, hydroxyapatite chromatography, salt extraction from agarose gel, 

electrophoretic elution into dialysis bag, continuous elution of DNA from agarose gel 

by preparative gel electrophoresis, recovery using Sephadex matrix by centrifugation 

or use of microwave have been reported (Thuring et al, 1975; Tabak and Flavell, 1978; 

Vogelstein and Gillespie 1979; Dretzen et al, 1981; Fan and Mei, 2005; Chen and Yun 

2006; Ouyang et al, 2006). Most of these methods are time consuming or need special 

equipment and are usually suitable for low molecular weight DNA. Recovery of high 

molecular weight DNA by any of these method results in poor recovery and shearing. 

DNA preparations obtained by these methods are also contaminated with traces of 

agarose. Treatment of agarose gel with agarase enzyme for the recovery of DNA from 

agarose gel is one of the widely accepted and commercially exploited techniques. 

Agarase enzyme can easily hydrolyze the agarose and release the DNA from it. The 
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eluted DNA can be ethanol precipitated for efficient recovery. Normal agarose or low 

melting agarose are generally used for the analysis of DNA. Agarase enzymes isolated 

from Flavobacterium and Pseudomonas atlantica have already been commercially 

exploited (Tech Bulletin, NEB and Sigma Chemicals). However, many of these 

commercial agarases have been widely used for low molecular weight recovery and no 

literature is available regarding recovery of high molecular weight DNA. 

In the present study, agarase enzyme AgaA was tested for its ability to recover 

high molecular weight DNA from agarose gel. E.coli genomic DNA was eluted from 

agarose gel. The agarase AgaA enzyme could efficiently recover the DNA from low 

melting agarose gel. The recovery efficiency was checked in both TAE and TBE 

buffer, which are standard buffers for agarose gel electrophoresis. Agarase enzyme 

AgaA was used as a concentration of 1 U/ml (one unit is the amount of enzyme 

required to release 1 i_tM of galactose at 30±2°C per min) Incubation at 50°C for 30 

min helps in solubilising the agarose matrix. Since the agarase AgaA has optimum 

temperature at 50°C, addition of enzyme to the pre heated agarose matrix does not 

affect AgaA activity. The high molecular weight DNA recovery from agarose gel 

efficiency is approximately 60% after the treatment with agarase enzyme AgaA. This 

indicates that AgaA enzyme could efficiently penetrate the agarose matrix and 

hydrolyze the agarose gel. Complete solubilization of agarose gel is very important for 

the recovery of nucleic acids. Although chaotropic salts such as Nal or KI are used to 

reduce the solidification of agarose gels (Vogelstecn and Gillespie, 1979), none of them 
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were used during the present study. No undigested agarose pieces were observed 

during the present study. 

Most of the commercial available agarase enzyme have optimum working 

condition at pH <7.0. At acidic conditions, agarase enzyme hydrolyzes agarose when it 

is in complete soluble form. However, in alkaline conditions, they partially hydrolyze 

the agarose polymer as a result of which DNA molecules remain trapped inside the 

agarose matrix and leading to reduction in DNA recovery. Agarase enzyme 0107 from 

Vibrio sp. JT0107 which has a pH optimum 8.0 was checked for the recovery of 2.7 

Kbp DNA molecules from agarose gel. It was observed the enzyme 0107 could 

recover 60% of the plasmid DNA, whereas tested commercial agarase could recover 

only 7% of DNA (Sugano et al, 1993). Fan and Mei (2005) reported 95% recovery of 

DNA with continuous agarose gel electrophoresis. But these particular methodology 

required specific operating instruments. Chen and Yun (2006) reported 40-50% 

recovery of DNA using Sephadex based spin columns. Similarly, 70% of DNA 

recovery was obtained by freeze-squeeze method and 60-80% recovery by 

electrophoretic elution into dialysis bag (Thuring et al, 1975; Dretzen et al, 1981). 

However, recovery of high molecular weight DNA from agarose gel has been always a 

critical issue to be solved which has not been addressed in any of the above methods. 

There are few reports available where agarase enzyme has been used for high 

molecular weight DNA recovery (Albertsen et al, 1990; Osoegawa et al, 1998). 

Albertsen et al, (1990) reported the successful recovery of high molecular weight DNA 

from agarose gels and construction of yeast artificial chromosomes using commercially 
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available agarase enzyme from Calbiochem Ltd., (Albertsen et al, 1990). However 

commercially available agarase enzymes have been recommended for recovery of 

DNA molecules shorter than 500 by (NEB Technical bulletin). 

Although available methods for the recovery of DNA from agarose gels are 

efficient, they need little more expertise for handling and can perform well with low 

molecular weight DNA samples such as plasmids or PCR products. Treatment with 

agarase enzyme is relatively a simple procedure, which involves solubilisation of 

agarose gel, treatment with agarase enzyme and precipitation with ethanol. Hence, this 

procedure can be efficiently implemented to recover the high molecular DNA from 

agarose gels using AgaA enzyme from Microbulbifer strain CMC-5. 

6.9 PREPARATION OF ALGAL DETRITUS: 

Seaweeds are primary food source for herbivorous fish and they are rich in dietary 

fibres, minerals, proteins, vitamins and carotenoids. They serve as nutritional sources 

for aquaculture (Burtin et al, 2003). Algal diets have been extensively used for the 

cultivation and their effect on yield of aquaculture has been reviewed (Viera et al, 

2005). Although seaweeds are rich in nutrients their utilization of seaweed grazing fish 

species is relatively a difficult task due to high content of indigestible fibre. Both fungi 

and bacteria play a vital role in utilization of this material from seaweeds since many 

of them have the ability to digest cellulosic material. In nature, the dead seaweeds tend 

to settle down at the bottom of the sea bed and these microorganism attacks them to 

release and utilize the carbon sources. As the degradation of seaweeds by these 
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easily taken by the surrounding marine animals. Reports suggest that marine animals 

can easily absorb the nitrogen content available from seaweeds. Detritus prepared with 

microbial consortia showed ready absorption of nitrogen content in marine animals 

(Mann et al, 1988). Rice (1982) showed that nitrogen material available during the 

decomposition of Spartina could form condensation products with available amino 

acids and makes precursors for complex biological processes. Hence provision of 

seaweed detritus to the artificial aquaculture ponds will certainly enhance the 

production and yield of commercially important marine organisms. 

Microorganisms with decomposing activity of seaweeds have been used in 

preparation of protoplasmatic detritus from Laminaria japonica. Treatments with 

microbial enzymes render the seaweeds to release cell clumps/single cells. Other 

nutrients released into the medium during decomposition were also made available to 

the feeding organisms (Uchida, 1996). 

In the present study, agarase enzyme from Microbulbifer strain CMC-5 and 

commercial cellulase have been successfully used to release single cell detritus from 

seaweeds. The results clearly indicated that the agarase enzyme form Microbulbifer 

strain CMC-5 along with commercially available cellulase enzyme sequentially release 

algal cell clumps into the surrounding. Such digestion of the seaweed cell wall would 

increase the bioavailability to the marine organisms. This preliminary study on the 

preparation of algal cell detritus from Gracilaria corticata, showed that agarase 

enzyme from Microbulbifer strain CMC-5 could be efficiently used for the preparation 

of algal cell detritus, which can be used as feeding material. Single cell detritus can be 
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used as feed in aquaculture farms especially related to prawn hatcheries. These single 

cell detritus are natural food and would provide all the essential nutritional 

requirements for the growth of animals unlike artificial food which could cause 

proliferation and bacterial contamination leading loss of water quality. 

Microbulbifer strain CMC-5 is a multiple polysaccharide degrading bacteria 

which degrades CMC, agar, carrageenan, alginate and other polysaccharides (Section 

3.10.4 and 3.13). Also as reported growth of strain CMC-5 results in production of 

agarase and CMCase (Section 3.13). In the future, enzyme preparation from strain 

CMC-5 grown in presence of CMC and agar could be obtained and possibly used for 

preparation of single cell detritus eliminating the adition of commercial cellulases. 
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SUMMARY 

AND 

CONCLUSIONS 



❖ The primary objective was to screen for agarolytic bacteria producing agarase 

with novel properties which could be use for diverse applications in 

Biotechnology. 

❖ Marine ecosystem offers unique niches. Hence, besides screening agarolytic 

bacteria from coastal water/sediments and mangroves, microbial community 

associated with fresh and decomposing seaweeds were also used as a resource 

for screening potential bacteria. 

❖ Seaweed cell walls offer a complex consortia or a mixture of polysaccharides. 

Thus, in order to investigate whether any other polysaccharide degrading 

property can be co-associated with agarolytic property, ASW agar plates 

supplemented with other polysaccharides were used during primary screening. 

Thus, ASW agar, ASW agar+CMC and ASW agar+alginate plates were used 

for screening purpose. 

❖ No promising agarolytic/polysaccharide degrading bacteria were isolated from 

water samples collected from coastal areas or from mangrove area or from fresh 

seaweeds. 

❖ 22 bacterial isolates showing clearance zone and craters on polysaccharide/s 

plates were obtained from decomposing seaweeds. 

❖ 15 bacterial isolates were found to be degrading more than 3 polysaccharides. 
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❖ Thus decomposing seaweeds can be considered as a hotspot for isolating 

multiple polysaccharide degrading bacteria. 

❖ Further selection of the potential bacterial isolate was based on estimating 

polysaccharase activities and examining capability of these bacterial isolates for 

in vitro seaweed thalli degradation. 

❖ On the basis of multiple polysaccharide degradation studies, polysaccharase 

activity in culture supernatant and in vitro thalli degradation, bacterial isolate 

CMC-5 was found to be superior in all the three criteria and hence selected for 

further study. 

❖ Bacterial strain CMC-5 was shown to degrade and utilize six different 

polysaccharides i.e., agar, alginate, carrageenan, xylan, CM-cellulose and 

chitin. 

❖ Polyphasic identification of strain CMC-5 was carried out using biochemical 

characterization, %G+C analysis, fatty acid methyl ester analysis and 16S 

rDNA analysis. 

❖ The strain CMC-5 is gram negative, non motile and can utilize different carbon 

sources. It had G+C content of 65.6 mol%. 

❖ Fatty acid methyl ester analysis of strain CMC-5 indicates that this strain has a 

high % of iso-C15:o  fatty acid. 
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❖ Phylogenetic tree based on 16S rDNA sequence of strain CMC-5 indicate that 

it is closely related to Microbulbifer elongatus DSM 6810T . 

❖ Thus 16S rDNA sequence and FAME analysis suggest that the strain CMC-5 is 

closely related to Microbulbifer elongatus DSM 6810T . 

❖ There are notable variations in morphology and biochemical properties of strain.  

CMC-5 when compared to Microbulbifer elongatus DSM 68101 . 

❖ Strain strain CMC-5 was isolated from decomposing seaweeds and forms 

cream colour colonies on Zobell marine agar plates whereas M elongatus 

DSMA6810T  has been isolated from intertidal bottom sediments and forms 

yellowish orange colour colonies on Zobell marine agar. Similarly, the average 

size of strain CMC-5 is in same range as reported for most Microbulbifer 

strains whereas the cells of M elongatus DSM 6810T  are larger. Also in 

comparison to M elongatus DSM 68101, strain CMC-5 utilize glucose, 

galactose and inositol and does not utilize sucrose. The striking difference was 

degradation of xylan by strain CMC-5 whereas M elongatus DSM 68101  did 

not degrade xylan. 

❖ Thus strain CMC-5 is a "morphovar" and "biovar" of Microbulbifer elongatus 

DSM 6810T . 

❖ The accession number of 16S rDNA sequence deposited in NCBI GenBank is 

EU121671. The Microbulbifer strain CMC-5 has been also deposited to 
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Microbial Type Culture Collection (MTCC), Chandigarh and the Accession No 

is 9889. 

❖ Multiple polysaccharase production was checked in Microbulbifer strain CMC-

5 in various polysaccharide combinations. The strain produces agarase enzyme 

in all possible combinations of polysaccharides. 

❖ In vitro studies indicate that Microbulbifer strain CMC-5 decomposes seaweed 

thalli. Agarase activity as well as production of reducing sugars was detected in 

the culture supernatant. 

❖ A requirement of NaC1 in the medium suggests that strain CMC-5 is a marine 

culture. 

❖ For large scale production of agarase enzyme from Microbulbifer strain CMC-

5, various carbon substrates and nitrogen sources were tested. ASW medium 

containing agarose and supplemented with yeast extract was found to be the 

suitable for maximum production of agarase enzyme. 

❖ Agarase enzyme from Microbulbifer strain CMC-5 was purified from culture 

supernatant using a combination of 10 kDa ultrafiltration, ion exchange and gel 

filtration. Agarase enzyme was purified to 103 fold with yield of 6.5%. The 

specific activity of purified agarase was 757.7unit/mg 
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❖ Analysis of agarose hydrolysis pattern on TLC indicates that the purified 

agarase enzyme is endo-type (3-agarase. The purified agarase enzyme was 

designated as AgaA. 

❖ The Km  and Vmax  of AgaA was found to be 0.2 mg/ml (1.1 mM) and 142.85 

U/mg. 

❖ The molecular weight of purified agarase was 59 kDa. 

❖ The optimum pH and temperature of AgaA is 7.0 and 50°C respectively. The 

enzyme was heat stable at 60°C for 30 mM. 

❖ Na2+' Ca2+, Mg2+, CO2+, 1\4112+  and 0.1% SDS increased the activity of AgaA. 

Augmentation of agarase activity by these ions, indicate that this enzyme is 

well adapted to marine environment. 

❖ Inactivation of AgaA by N- bromosuccinamide indicates that tryptophan 

residue play an important role in catalytic activity. 

❖ Agar oligosaccharides released from agar by the action of AgaA enzyme show 

promising antioxidative properties. The oligosaccharides produced exhibited 

reducing activity, inhibited hydroxyl radical formation and peroxidation of 

lipid. The oligosaccharides prepared by 6 h hydrolysis demonstrated better 

antioxidant activity over 12 h hydrolysis products. 

❖ High molecular weight DNA was recovered from agarose gel at 60% efficiency 

using AgaA of Microbulbifer strain CMC-5. 
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• AgaA agarase enzyme along with commercial cellulase enzyme was 

successfully used for the preparation of algal cell detritus from Gracilaria 

corticata. 

❖ The agar oligosaccharides which are prepared by hydrolysis of agar by agarase 

digestion could be added as additives during preparation of jellies, candies and 

jam which in turn will increase the nutraceutical quality of food. 

• Single cell detritus can be used as feed in aquaculture farms especially related 

to prawn hatcheries. Unlike artificial food, the single cell detritus are natural 

food and would provide all the essential nutritional requirements for the growth 

of animals. 
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FUTURE PROSPECTS 



1. Microbulbifer strain CMC-5 is a multiple polysaccharide degrading bacteria. 

Although, presently degradation of only six polysaccharides has been 

demonstrated, other polysaccharides could be tested to check the versatility of this 

bacterium to degrade aquacultural wastes. 

2. Cloning of the agarase gene and deciphering the protein structure will help in 

classifying the agarase to appropriate Glycosyl hydrolase family as well as its 

genetic relatedness to other agarase gene could be studied. 

3. The oligosaccharides which are obtained by agarase treatment have immense and 

diverse applications. Oligosaccharides can be obtained from seaweeds and their 

antioxidant activities could be examined. Further the use of agarase enzyme to 

extract vitamins and bioactive compounds from seaweed could also be explored. 

4. The use of AgaA agarase enzyme for preparation of protoplast from seaweed 

would be an additional application worth pursuing. 

5. Polysaccharase enzymes such as CMCases, alginases, and others could be purified 

and their biochemical properties as well as their possible applications could also be 

examined. 

6. Since, AgaA is an extracellular enzyme, the regulatory regions of AgaA gene as 

well as signal peptide can be used for the expression and secretion of heterologous 

proteins. 
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APPENDIX 



APPENDIX-1 

1.1. Artificial Seawater (ASW) (g/L) 

Tris base 	: 6.05 

MgSO4 	: 12.32 

KCl 	: 0.74 

(N11)2HPO4 	: 0.13 

NaC1 	: 17.52 

CaC1 2 	: 0.14 

Dissolve in 900 ml of double distilled water and adjust the pH to 7.0 with con HCI immediately. 
Make up the volume to 1000m1 with double distilled water before autoclaving. 

1.2. ASW agar medium (g/100m1) 

Agar 	: 2.0 

Add to 100 ml of ASW and dissolve by boiling. Sterilize by autoclaving at 121°C for 15 min. 

1.3. ASW agar CMC medium (g/100m1) 

CMC 	: 1.0 

Agar 	: 1.8 

Add to 100 ml of ASW and dissolve by boiling. Sterilize by autoclaving at 121°C for 15 min. 

1.4. ASW agar alginate medium (g/100m1) 

Alginic acid (sodium salt) 	: 1.0 

Agar 	 : 1.8 

Add to 100 ml of ASW and dissolve by boiling. Sterilize by autoclaving at 121°C for 15 min. 

1.5. Lugoll's Iodine (g/100m1) 

Potassium Iodide 	: 1.66 (0.1M) 

Iodine (crystals) 
	

: 1.26 (0.05M) 

Add to 100 ml of distilled water in a amber bottle and stir at RT vigorously till Iodine 

crystals dissolves. Store in an amber colour bottle. 

A 



1.7. 3,5-dinitrosalicylic acid (DNSA reagent) (100m1) 

Solution-A: 

Sodium Potassium Tartarate 	: 30 g in 50 ml of distilled water 

Solution-B: 

3, 5-dinitrosalicyclic acid 	 : 1 g in 20 ml of 2M NaOH 

Gently heat the DNSA solution to dissolve. Mix Solution A and B and make volume to 100 
ml with distilled water. Store in a amber colour bottle. 

1.8. Tris-CI Buffer (pH 7.0) (20mM) (g/L) 

Tris-Cl : 3.15 

Dissolve in 900 ml of water and adjust the pH to 7.0 with 1M NaOH. Make up the volume to 
1000 ml. Sterilize by autoclaving at 121°C for 15 min. 

1.9. Sodium Citrate buffer (pH 5.0) (50mM) (g/L) 

Citric acid, Monohydrate 	: 10.5 

Dissolve in 900 ml of water and adjust the pH to 4.5 with 1 M NaOH. Make up the volume to 
1000 ml. Sterilize by autoclaving at 121°C for 15 min. 

1.10. Enriched Seawater medium by Provosoli (ESP medium) (mg/100m1) 

NaNO3 : 350 

Na-glycerophosphate : 50 

Fe-EDTA : 2.5 

Vitamin B12 : 0.010 

Thiamine HC1 : 0.005 

Biotin : 0.005 

Tris Buffer : 500 mg 

P-II metal solution ': 25 ml 

P-11 Metal solution (mg/100m1) 

H3B03 	 : 20 

FeC1 2 	 : 1 



MnSO4/MnC12 : 40 

ZnC12/ZnS 04 : 0.5 

CoC1 2  : 0.1 

Nat  EDTA : 100 

Dissolve in 60 ml of water and add 25 ml of P-II solution. Adjust the pH to 7.8. Sterilize by 

autoclaving at 121°C for 15 min and store at 4°C till further use. 

1.11. Crystal Voilet (for Gram staining) 

Crystal violet : 2 g in 20 ml of Ethyl alcohol (95%) 

Ammonium Oxalate: 0.8 g in 80 ml of water 

Mix both solutions to make homogenous solution and filter through Whatman no.1 filter. 

1.12. Gram's Iodine (for Gram staining) 

Iodine 	 : 1 g 

Potassium Iodide 	: 2 g 

Dissolve in 300 ml of water by stirring at RT and stored at RT in amber colour bottle. 

1.13. Decolurizing Agent (for Gram staining) 

Absolute alcohol 	: 95 ml 

Water 	 : 5 ml 

1.14. Saffranin solution (for Gram staining) 

Saffranin 0 	: 2.5 g 

Ethyl alcohol (95%) : 100 ml 

Dissolve and filter through Whatman no.1 filter. Dilute 10 ml of stock solution with 100 ml 
of water. 

1.14. Gelatin Precipitating Agent 

HgC12 	: 15 g 

Dissolve in 100 ml of 20% Con HC1(v/v). 

1.15. Kovac's Reagent 

p- Dimethylaminobenzaldehyde 	: 3 g 



Butanol 	 : 75 ml 

Con HCl 	 : 25 ml 

Dissolve p- Dimethylaminobenzaldehyde in butanol at 50°C. Cool to RT and add Con HCI. 
Store in amber colour bottle at 4°C. 

1.16. Oxidase Reagent 

Tetramethyl-p-phenylenediamine 	: 1 g 

Dissolve in DMSO and store at 4°C. 

1.17. Methyl Red Reagent 

Methyl Red 	: 0.1 g 

Prepare by dissolving in 300 ml of 95% ethanol (v/v). Make up the volume to 500 ml with 
water. 

1.18. Barritt's Reagent 

Napthol 	 5.0 g 

Ethanol 	 100 ml 

1.19. TE Buffer (pH 8.0) 

Tris-C1 (10mM) 
	

0.157 g 

EDTA (1mM) 
	

0.028 g 

Dissolve in 90 ml of water and adjust the pH to 8.0. Make up the volume to 100 ml. 

1.20. Saturated Phenol (pH 8.0) 

Phenol, which was stored at -20°C was thawed to room temperature and melted at 65°C in a 

water bath. To this 0.1% 8-hydroxyquinoline was added. To this, equal volume of 0.5M Iris-

Cl (pH 8.0) was added and stirred for 15 min at RT. After stirring, the solution was allowed 

to settle and aqueous layer was removed as much as possible. To this 0.1M Iris-CI (pH 8.0) 

was added and repeated as above till the pH of phenol solution reaches 8.0. After pH was 

reached to 8.0, 0.1 volume of 0.1M Tris-Cl added and stored at 4°C. 

1.21. 3M Sodium Acetate Buffer (pH 5.2) 



Sodium acetate 	40.81 g 

Water 	 80 ml 

Adjust the pH to 5.2 with acetic acid and make up the volume to 100 ml. Sterilize by 
autoclaving. 

1.22. 5X TBE buffer 

Tris Base 	 : 54 g 

Boric Acid 	: 27.5 g 

EDTA (0.5M) : 20 ml 

(Dissolve 186.1 g of di sodium EDTA in 800 ml of water and adjust the pH to 8.0 with 1M 
NaOH) Dissolve in 800 ml of water and make up the volume to 1000 ml. 

1.23. 50X TAE 

Tris base 	 : 242 g 

Acetic acid (glacial) 	: 57.1 ml 

0.5 M EDTA 	 : 10 ml 

Dissolve and mix the components in 800m1 of water and make up the volume to 1000 ml 

1.24. 6X loading dye 

Sucrose 	 40 g 

Bromophenol Blue 	0.25 g 

Dissolve in 80 ml of water and make up to 100 ml with water. 

1.25. Saline Citrate Buffer (20X) 

NaCl 	 175.3 g 

Sodium Citrate 	 88.2 g 

Dissolve in 800 ml of water and adjust the pH to 7.0 with 1M NaOH. Sterilize by 
autoclaving. 



APPENDIX-2 

2.1. Folin-Lowry Reagents: 

Solution -A: Na2CO3  : 2 g 

NaOH : 0.4 g 

Dissolve in 100 ml of water. 

Solution -B: CuSO4 . 51-120 	: 0.5 g 

Na-K Tartarate 	 : 1 g 

Dissolve in 100 ml of water. 

Alkaline-Copper sulphate reagent: Mix 50 ml of Solution A and 1 ml of Solution B. 

Folin-Cioclateau Reagent: Commercially available 

Working solution as 1:1 dilution of the reagent. 

2.2. 12.5% SDS-PAGE Composition 

Resolving gel (12.5%): 20 ml 

Acrylamide Mix (30%) 	: 8.35 ml 

4X Resolving gel buffer 	: 5 ml 

10% SDS 	 : 0.2 ml 

10% Ammonium persulphate : 0.1 ml 

TEMED 	 : 6.65 

Water 	 : 6.4 ml 

Add TEMED before pouring into the glass plates with glass pipette. 

Stacking gel (4%): 10 ml 

Acryalamide 	 : 1.33 ml 

4X stacking gel buffer 	: 2.5 ml 



10% SDS 	 : 0.1 ml 

10% APS 	 : 0.05 ml 

TEMED 	 : 5 ill 

Water 	 : 6.0 ml 

2.3. 6X SDS-PAGE Treatment Buffer 

4X Tris-CI (pH 6.8) 	: 7 ml 

Glycerol 	 : 3 ml 

SDS 	 : 1 g 

DTT 	 : 0.93 g 

BPB 	 : 1.2 g 

2.4. 6X Native PAGE Treatment Buffer 

4X Tris-Cl(pH 6.8) 	: 7 ml 

Glycerol 	 :3 ml 

BPB 	 : 1.2 g 

2.5. Coomassie Brilliant Blue stain 

Coomassie Brilliant Blue R-250 	: 0.25 g 

Methanol 	 : 50 ml 

Acetic acid (glacial) 	 : 10 ml 

Water 	 : 40 ml 

Dissolve in 50 ml of Methanol and filter through Whatman no. 1 . 

Volume was made tol 00 ml with 10 ml of acetic acid and 40 ml water. 



APPENDIX 3 

3.1. Sodium Phosphate Buffer (200mM) (pH 6.6) 

NaH2PO4 	 : 2.78 g 

Dissolve in 80 ml of water and make up the volume to 100 ml to make 200 mM stock. 

Na2HPO4 	 : 5.36 g 

Dissolve in 80 ml of water and make up the volume to 100 ml to make 200 mM stock. 

Mix 39 ml of NaH 2PO4  and 61 ml of Na2 HPO4  to make 100 ml of 200mM of working stock. 

3.2. 10% Trichloroacetic acid (TCA) 

Trichloroacetic acid 	: 500 g 

Water 	 : 227 ml to make 100% TCA. 

10 ml of 100 % TCA and dilute to 100 ml with water. 

3.3. PBS 

NaC1 (137mM) 	: 8 g 

KCl 	 : 0.2 g 

Na2HPO4 	 1.44 g 

KH2PO4 	 : 0.24 g 

Dissolve in 800 ml of water and adjust the pH to 7.4 and make up the volume to 1000 ml. 

3.4. Hydroxy radical generation buffer 

Sodium Phosphate Buffer (150 mM) : Made from 200 mM phosphate buffer 

FeSO4 . 7H20 	 : 10 mM 

EDTA disodi um 	 : 10 mM 

Sodium Salicylate 	 : 2 mM 
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Abstract A Gram-negative, rod-shaped, non-spore 
forming, non-motile and moderate halophilic bacteria 
designated as strain CMC-5 was isolated from decompos-
ing seaweeds by enrichment culture. The growth of strain 
CMC-5 was assessed in synthetic seawater-based medium 
containing polysaccharide. The bacterium degraded and 
utilized agar, alginate, carrageenan, xylan, carboxymethyl 
cellulose and chitin. The strain was characterized using a 
polyphasic approach for taxonomic identification. Cellular 
fatty acid analysis showed the presence of iso-C15.0  as 
major fatty acid and significant amounts of iso-C1 7;1 ,09, and 

C18: I ogc• Phylogenetic analysis based on I6S rDNA 
sequence indicated that strain CMC-5 is phylogenetically 
related. to Microbulbifer genus and 99% similar to type 
strain Microbulbifer elongatus DSM6810T. However in 
contrast to Microbulbifer elongatus DSM6810T, strain 
CMC-5 is non-motile, utilizes glucose, galactose, inositol 
and xylan, does not utilize fructose and succinate nor does 
it produce H2S. Further growth of bacterial strain CMC-5 
was observed when inoculated in seawater-based medium 
containing sterile pieces of Gracilaria corticata thalli. The 
bacterial growth was associated with release of reducing 
sugar in the broth suggesting its role in carbon recycling of 
polysaccharides from seaweeds in marine ecosystem. 
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Introduction 

Recalcitrant polysaccharides such as cellulose, agar, 
alginate, xylan, carrageenan and chitin are commonly 
referred to as insoluble complex polysaccharides (ICPs). 
In marine ecosystems, ICPs are represented in a variety of 
organisms such as seaweeds, fungi, zooplankton and 
crustaceans [15, 16]. In order to escape oligotrophic 
conditions in oceans, marine bacteria often tend to evolve 
association with surrounding biota containing ICPs. The 
cell walls of seaweeds constitute wide varieties of poly-
saccharides and hence extend a unique micro-niche sus-
taining growth of diverse bacterial communities [14]. 
Bacteria degrading ICPs are one of the most unique 
groups amongst these bacterial communities and are pri-
marily responsible for recycling of organic carbon from 
the recalcitrant ICPs [31]. 

In 1997, the genus Microbulbifer was first proposed by 
Gonzalez et al., for rod-shaped, strictly aerobic marine 
bacteria showing the presence of iso-C 15,0 as one of the 
major cellular fatty acid [11]. On the basis of chemotaxo-
nomic and 16S rDNA studies, Pseudomonas elongatus 
DSM 6810T  was reclassified as Microbulbifer elongatus 
DSM 6810T  [32]. Although Microbulbifer genus falls into 
y-subclass of Proteobacteria, phylogenetic analysis based 
on 16S rDNA sequence studies revealed that it has less 
than 91% sequence identity to all previously described 
members of y -Proteobacteria [2]. Several new species 
have been isolated from diverse niches such as lignin-rich 
pulp wastes, red sand stone, intertidal sediments, salt 
marshes and marine solar saltern [11, 27, 32-35]. One of 
the prominent features of these bacteria is their ability to 
degrade more than one ICPs, as determined in strains of 
M. hydrolyticus, M. arenaceous, M. elongatus, M. salip-

aludis and M. celer [11, 27, 32, 33, 35]. Microbulbifer 
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degradans 2-40, the only strain reported to degrade 10 
ICPs has been reclassified as Saccharophagus degradans 

During routine screening for agarolytic bacteria from 
decomposing seaweeds, a multiple polysaccharide 
degrading bacterial strain CMC-5 was isolated. This strain 
was subjected to polyphasic taxonomy study including 
16S rDNA gene sequence analysis. The results based on 
phylogenetic tree conclusively suggest that the strain is 
closely related to Microbulbifer elongatus. However strain 
CMC-5 differed with respect to morphological and bio-
chemical characteristics when compared to Microbulbifer 
elongatus type strain DSM6810T. Further in vitro study on 
growth of bacterial strain CMC-5 in seawater-based 
medium containing sterile seaweed thalli of Gracilaria 
corticata demonstrate its capability to decompose seaweed 
thalli. The reducing sugars released during decomposition 
of seaweed were accompanied by growth of bacterial 
strain CMC-5. 

Materials and Methods 

Isolation of Multiple Polysaccharide Degrading 
Bacteria 

Seaweeds (Gracilaria corticata and Sargassum tenneri-
mum) collected from Anjuna coast of Goa, India 
(15°35'65"N, 73°49'182"E), in January 2004 were kept 
for decomposition at room temperature (30 ± 2°C) for 
40 days in natural sea water collected from the vicinity 
of seaweeds. The bacterial flora from decomposing sea-
weeds was serially diluted and screened on artificial sea 
water medium (ASW) containing (g/1) Tris base: 6.05; 
MgSO4 : 12.32; KC1: 0.74; (NH4)2HPO4: 0.13; NaCI: 
17.52; CaC1 2: 0.14; agar 2.0%; pH 7 [10]. The plates 
were incubated at room temperature for 72 h. The bac-
terial isolates obtained were purified further by streaking 
the colonies on the same medium. One of the bacterial 
isolate designated as strain CMC-5 showed extensive pit 
formation on ASW agar plates and degraded multiple 
polysaccharides. Hence bacterial strain CMC-5 was 
chosen for further studies. 

Culture of Bacterial Strain CMC-5 

The strain CMC-5 was routinely grown in ASW medium 
at 30 ± 2°C for 48 h. When grown in liquid broth, ASW 
medium was supplemented with 0.2% agarose and 
incubated on orbital shaker at 130 rpm whereas for 
growth on solid medium 2% agar was added to ASW 
medium. All subsequent growth conditions were same as 
above. 

Phenotypic Characterization 

Phenotypic characterization was performed as mentioned 
by Smibert and Krieg [26]. Cell morphology was studied 
by scanning electron microscopy with bacterial cells grown 
in ASW broth for 48 h. Motility was examined in ZoBell 
marine broth medium by hanging drop method [26]. 
Growth at different temperatures was tested by streaking 
cultures on ASW agar plates and incubating the plates at 4, 
10, 20, 37 and 42°C, respectively. Requirement of NaCl for 
bacterial growth was tested using modified ASW medium 
(without NaCI). NaCl was added in the range of 0-10% to 
modified ASW medium and bacterial growth was spec-
trophotometrically determined (0D 500) for 48 h. Utiliza-
tion of different carbon compounds were tested using 
BIOLOG GN2 plate (Biolog Inc., Hayward, CA) as per 
manufacturer's instructions with slight modification which 
included addition of 1.5% NaCI to the inoculating fluid. 
Sensitivity of strain CMC-5 to various antibiotics was 
tested by disc diffusion method on Muller—Hinton agar 
plates. Quantitative analysis of cellular fatty acids was 
carried out according to the instructions of Microbial 
Identification system (MIDI Inc., Newark, USA). The 
G + C content of genomic DNA was determined spec-
trophotometrically (Lambda 35, Perkin-Elmer) using the 
thermal denaturation method [18]. 

Degradation and Utilization Studies of Various 
Polysaccharides 

Degradation of agar (bacteriological, purified), carboxy-
methyl cellulose (low viscosity, sodium salt), chitin (from 
Crab shells), xylan (from Oat spelt), alginate (sodium salt, 
polyguluronic and polymannuronic acid mixture) and car-
rageenan (from Irish moss) were tested. Individual poly-
saccharide (1%) was added to ASW agar medium and 
strain CMC-5 was streaked on the culture plate and incu-
bated for 72 h. The degradation of individual polysaccha-
ride was detected by the various plates screening method 
using dyes or precipitating agents specific for detection of 
respective polysaccharides [9, 12, 24]. Utilization of 
polysaccharide as carbon substrate was determined by 
inoculating the strain in ASW medium supplemented with 
one of the above polysaccharides (agar replaced by low 
melting agarose) at a final concentration of 0.2% and 
incubated on orbital shaker. The growth was assessed 
spectrophotometrically at 600 nm after 48 h. 

In Vitro study on Decomposition of Algal Thalli 
by Bacterial Strain CMC-5 

The ability of bacterial strain CMC-5 to degrade Gracilaria 
corticata thalli was studied. Bacterial strain CMC-5 was 
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grown in 25 ml of ASW medium containing 0.2% glucose 
for 24 h at room temperature at 130 rpm. The bacterial 
inoculums for the experiment were prepared by centrifug-
ing the culture, washing the cell pellet twice with sterile 
ASW medium and resuspending in 25 ml of sterile ASW 
medium. Axenic culture of Gracilaria corticata was pre-
pared and maintained as mentioned by Chen and McC-
racken [5]. Fifty milligrams (wet weight) of axenic thalli 
were cut into small pieces (3-4 mm) and aseptically 
transferred to conical flasks containing sterile ASW med-
ium. 0.1% of the above bacterial inoculum was added to 
ASW medium containing sterile pieces of Gracilaria thalli 
and incubated at room temperature at 130 rpm for 8 days. 
ASW medium containing axenic seaweed or bacterial 
inoculum were kept as control for 8 days. Samples were 
collected from the above flask at regular intervals. Growth 
of bacterial strain CMC-5 was determined by measuring 
optical density at 600 nm whereas reducing sugars released 
by algal thalli degradation were estimated from culture 
supernatant by the dinitrosalicylic acid (DNSA) method 
using o-galactose as standard [19]. 

Phylogenetic Analysis of 16S rDNA 

Chromosomal DNA was isolated according to Maloy [17]. 
16S rDNA sequence was amplified using two universal 
primers 27F and 1525R [22]. The amplified PCR product 
was purified using QIAquick PCR purification kit (QIA-
GEN Inc., Calif, USA) according to the supplier's 
instructions. Sequencing of purified PCR product was 
performed using Big Dye Terminator Kit according to 
manufacturer's instructions. The sequence was determined 
by using an ABI-PRISM 3730 automated sequencer 
(Applied Biosystems Inc., Foster City, USA). Homologous 
sequences most similar to that of strain CMC-5 were 
retrieved from Ribosomal Database Project (RDP). Multi-
ple sequence alignment of 16S rDNA sequence was carried 
out using Clustal W program [30]. Phylogenetic tree was 
constructed by the maximum likelihood method using 
PHYLIP package [8]. Evolutionary distance matrices were 
calculated according to Kimura-2 parameter using DNA-
DIST program in PHYLIP package. Bootstrap analysis was 
done with 1000 resamplings using SEQBOOT program of 
PHYLIP package. 

Culture Collection and Nucleotide Sequence Accession 
Number 

The bacterial strain CMC-5 after identification has been 
deposited in MTCC, Chandigarh, as MTCC 9889 whereas 
the 16S rRNA gene sequence of strain CMC-5 determined 
in this study is accessible from GenBank database under 
accession no. EU121671. 

Results and Discussion 

Isolation and Characteristics of Strain CMC-5 

During preliminary screening for agarolytic bacteria from 
decomposing seaweeds, several bacterial isolates were 
obtained on ASW agar plates. Most of the bacterial isolates 
obtained during present study were observed to degrade 
more than one polysaccharide. The microbial community 
associated with different biota has already been exploited for 
isolating multiple polysaccharide degrading bacteria [3, 25]. 
An unknown unique bacterium degrading seven different 
polysaccharides was obtained from reproductive tissue of 
fronds of Fucus distichus [23]. Similarly, Saccharophagus 
degradans strain 2-40 isolated from degrading salt marsh 
grass Spartiana alterniflora was found to degrade 10 dif-
ferent polysaccharides [1, 7]. Even non-marine sources such 
as terrestrial rhizosphere have served as a source for isolating 
several strains of Paenibacillus sp. which showed multiple 
polysaccharide degrading activity [13]. Several strains of 
Microbulbifer degrading more than one polysaccharides 
have been reported from various niches [11, 27, 32-35]. 

One of the bacterial isolate designated as strain CMC-5 
obtained during present study was chosen for further char-
acterization as it was observed to degrade multiple poly-
saccharides. Cells of strain CMC-5 are short rods, Gram-
negative and non-motile. The cells measured 0.18-0.22 ttm 
in width and 0.9-1.2 ttm in length. The bacterial colonies are 
3-4 mm in diameter, cream coloured, regular with undulate 
margin and depicted convex elevation when grown on Zo-
Bell marine agar. Diffusible brown pigment was observed 
on peptone agar plate. The bacterial strain formed deep 
craters on ASW agar medium with a clearance zone around 
the colonies and did not require any growth factors or any 
other nitrogen sources for its growth. The bacterium did not 
grow on nutrient agar plates unless it was amended with 2% 
NaCl. The strain grew optimally in the range of 2-4% NaCl. 
Growth was observed up to 8% NaCI; however, no growth 
was observed at 10% NaCl. No growth was observed at 4, 
10, 20 and 42°C. Growth was observed at 30°C within 48 h 
whereas growth was ascertained at 37°C only after 72 h. The 
phenotypic characteristics of strain CMC-5 are as described 
in Table 1. The DNA G C content was estimated to be 
65.6 mol% (done in duplicate). An average value of 
59 mol% has been reported for most Microbulbifer strain 
whereas a value of 63.2 mol% has been reported for Mi-
crobulbifer halophilus [11, 27, 28, 32, 34]. 

Degradation and Utilization of Polysaccharides 

Various dyes and precipitating agents have been widely 
used to determine polysaccharide degradation using med- 
ium-based agar plate containing individual polysaccharides 
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Table 1 Biochemical properties of Microbulbifer strain CMC-5 

Biochemical tests 
	

Reaction 

Arginine decarboxylase 

Casein hydrolysis 

Catalase 

DNase 

Esculin hydrolysis 

Gelatin hydrolysis 

Lysine decarboxylase 

MR-VP test 

Oxidase 

Sodium malonate utilization 

Urease 

Antibiotics 

Penicillin G, co-trimaxazole, erythromycin, tetracycline, ampicillin, gentamycin, kanamycin, tetracycline, 
streptomycin, nitrofurantoin 

Chloramphenicol 

Substrate utilization 

Tween 40, tween 80, adonitol, L-arabinose, n-arabitol, cellobiose, n-galactose, gentiobiose, a-n-glucose, m-inositol, 
n-lactose, a-n-lactulose, maltose, n-mannitol, 0-mannose, n-melibose, xylitol, N-acetyl-o-glucosamine, acetic acid, 
D-glucuronic acid, a-ketoglutaric acid, D,L-lactic acid, hydroxyl-L-proline, propionic acid, L-alanine, L-alaninamide, 
L-leucine, L-serine, L-histidine, L-threonine, 2-aminoethanol, glycerol, o,L-a-glycerol phosphate, -n-glucose phosphate, 
D-glucose-6-phosphate. 

a-cyclodextrin, dextrin, glycogen, N-acetyl-D-galactosamine, i-erythritol, o-Saccharic acid, o-fructose, n-fucose, 
fl-methyl-n-glucoside, o-psicose, n-raffinose, L-rhamnose, n-sorbitol, sucrose, n-trehalose, turanose, pyruvic acid 
methyl ester, succinic acid mono-methyl ester, malonic acid, cis-aconitic acid, citric acid, formic acid, o-galactonic 
acid lactose, glycyl-L-glutamic acid, o-galacturonic acid, n-glucoronic acid, n-glucosamine acid, n-serine, 
a-hydroxybutyric acid, fl-hydroxybutyric acid, y-hydroxybutyric acid, p-hydroxybutyric acid, itaconic acid, 
a-ketobutyric acid, a-ketovaleric acid, sebacic acid, succinic acid, bromosuccinic acid, quinic acid, glucuronamide, 
n-alanine, L-alanylglycine, L-aspergine, L-aspartic acid, L-glutamic acid, L-ornithine, L-phenylalanine, L-proline, 
L-pyroglutamic acid, D,L-carnitine, y-aminobutyric acid, urocanic acid, inosine, uridine, thymidine, phenylethyamine, 
putrescine, 2,3-butanediol, a-n-glucose phosphate. 

+ 

Resistant 

Sensitive 

[24]. Based on above studies, strain CMC-5 was observed 
to degrade six different polysaccharides such as agar, 
CMC, carrageenan, chitin, alginate and xylan (Table 2). 
An increase in cell mass as evident by increase in M oo 
substantiated that strain CMC-5 utilized the above poly-
saccharides as a source of carbon and energy (Table 2). 
Simultaneously a reduction in broth viscosities in all tested 
polysaccharides after 48 h indicated degradation of 
polysaccharide. 

16S rDNA Gene Sequence and Phylogenetic Tree 

The almost complete 16S rDNA sequence of 1517 bases of 
strain CMC-5 was obtained. The sequence has highest 
similarity with 7-subclass of Proteobacteria, in particular 
to the genus Microbulbifer. It shares a similarity of 99% 
with M. elongatus DSM 6810T  (AF500006), 98% with M. 
salipaludis SM- 1 T  (AF479688), 96% with M. arenaceous 
RSBr-1 T  (AJ510266) and M. celer ISL-39T  (EF486352), 
97% with M. hydrolyticus IRE-31 T  (U58338) and 95% 

Table 2 Polysaccharides degradation and utilization by bacterial 
strain CMC-5 

Polysaccharides 	 After 48 h 

Degradation 
	

Utilization 

Agar 
	

* te  
Alginic acid 
	

tb  
Xylan 
	

tb  
Carrageenan 
	 tb 

CMC 
	

to  
Chitin 

+, Degraded (detected by plate screening method); to  0.19 > 
0.D60,3  > 0.1; tb  0.29 > 0.D600 > 0.2; f 0.39 > 0.D600 > 0.3 
(t utilization correlated with bacterial growth as determined by 
measuring optical density at 600 nm). * Agarose used as carbon 
substrate 

with M. maritamus TF-17T  (AY377986). Phylogenetic tree 
was constructed using sequences of closely related genera. 
The phylogenetic tree constructed using maximum-likeli-
hood algorithm showed that this strain formed a coherent 
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cluster with the Glade that comprises type strains of Mi-
crobulbifer genus supported by bootstrap confidence level 
of 99% (Fig. 1). Similar tree topology was observed when 
trees were constructed using neighbour joining and maxi-
mum parsimony algorithms. As evident from phylogenetic 
tree, strain CMC-5 was observed to be closely related to 
Microbulbifer elongatus DSM 6810T . 

Comparison of Characteristics of Strain CMC-5 
with Other Microbulbifer Species 

Biochemical studies of strain CMC-5 did not suggest any 
possible leads towards identification hence chemotaxo-
nomic approach to identify bacterial strain was undertaken. 
During FAME analysis, iso-C 1 5, 0, C I& i „,7, and iso-C17, 1 09, 
were detected as major fatty acids (Table 3). Although the 
fatty acid profile did not match with any known bacterial 
genera in the database, presence of iso-C 15:0  as one of the 
major fatty acid has been reported to be a characteristic 
feature of all Microbulbifer strains [32]. The fatty acid 
profile of strain CMC-5 is similar to those reported for type 
strains of M. hydrolyticus, M. elongatus, M. maritamus, M. 
salipalidus and M. celer except for variations in the pro-
portion of C16,0 fatty acid [11, 32-35]. Thus on the basis of 
chemotaxonomic analysis and phylogenetic analysis, it can 
be concluded that strain CMC-5 should be placed in the 
genus Microbulbifer. 

Although Microbulbifer strain CMC-5 showed 99% 
sequence similarity with M. elongatus type strain DSM 
6810T, there are some differences. Strain CMC-5 was 
isolated from decomposing seaweeds and forms cream 
coloured colonies on Zobell marine agar plates whereas M. 
elongatus DSM 6810T  isolated from intertidal sand and 
bottom sediment forms yellowish orange colour colonies 

Fig. 1 Maximum likelihood tree showing phylogenetic position of 
Microbulbifer strain CMC-5 and the type strains of Microbulbifer 
based on 16S rDNA. % of bootstrap values from 1000 replications are 
shown at branch points 

Table 3 Percentage cellular fatty acid composition of strain CMC-5 

Fatty acid Percentage 

Straight chain 

Cloo 1.0 

C14:0 0.51 

C15:0 1.06 

C16:0 5.07 

C17:o 1.51 

C160 0.66 

Branched 

iso-C11 :0 5.78 

iso-Cis:o 20.88 

iso -C15.1 1.31 

iso-C16.0 0.24 

iso-Cmo 9.30 

anteiso-C17:o 0.36 

iso-C 17:1 ,00  20.22 

Unsaturated 

C17:1,,,sc 1.79 

C18:10o7C 14.07 

Hydroxy 

C10:03-0H 0.64 

iso-C 11:03-0H 6.61 

Summed feature-3 (C16:1ac, iso -Cis:o 2-OH)" 6.60 

Summed feature-7 (C 19:10,6,, C 19:0cyclo)#  0.24 

# Summed feature represent groups of fatty acids that could not be 
resolved by GC with the MIDI system 

[21]. Further like most Microbulbifer strains, strain CMC-5 
is non-motile whereas type strain DSM 6810 T  is motile [11, 
27, 32-35]. Also in contrast to Microbulbifer elongatus 
DSM6810T, strain CMC-5 utilizes glucose, galactose, 
inositol and xylan but does not utilize fructose and succi-
nate nor does it produce H2S [6, 32]. The proportion of 
C16:0 fatty acid in strain CMC-5 was very low when 
compared to type strain DSM 6810 T  [32]. Thus Micro-
bulbifer strain CMC-5 is morphologically and biochemi-
cally different from Microbulbifer elongatus type strain 
DSM6810T. Table 4 depicts an overall comparison of 
Microbulbifer strain CMC-5 with other reported Micro-
bulbifer strains. 

Microbulbifer strains have been previously reported 
from intertidal sediments, salt marshes, lignin rich pulp 
wastes, red sand stone and marine solar saltern [11, 27, 32-
35]. Recently Microbulbifer variabilis and Microbulbifer 
epialgicus strains have been isolated from marine algae and 
sea grass [20]. However the present report on isolation of 
Microbulbifer strain CMC-5 is atypical as it has been 
isolated from decomposing seaweeds after 40 days. Unlike 
other reported Microbulbifer strains, Microbulbifer strain 
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Table 4 Different characteristic of Microbulbifer strain CMC-5 as compared to other known Microbulbifer species. Strain species: 1. Micro-
bulbifer hydrolyticus; 2. Microbulbifer arenaceous; 3. Microbulbifer maritimus; 4. Microbulbifer salipaludis.; 5. Microbulbifer celer; 6. 
Microbulbifer elongatus; 7. Microbulbifer strain CMC-5 

Characteristics l a  21' 3' 4d  5` 6f  7 8  

Source Lignin-rich pulp Red sand Intertidal Salt marsh Marine solar Intertidal sand/ Decomposing 
waste stone sediment saltern seawater seaweeds 

Cell morphology (length/ 1.1-1.7 pm Rods 3-7 pm 3-6 pm Rods 1.2-3 pm 0.8-3.5 pm 3-6 pm Cocci or 0.9-1.2 pin Rods 
shape) Rods Rods Rods rods 

Motility - 

Colour of colonies on 
marine agar 

Cream Brown Yellowish 
brown 

Greyish 
yellow 

Greyish yellow Yellowish brown Cream 

H2S production ND ND ND ND ND 

Utilization of 

Glucose 

Galactose - 

Hydrolysis of 

Agar - w 

Chitin ND 

Gelatin 

Fatty acids (%) 

iso-C15:0 24.4 ND 25.9 19.4 21.7 20.7 20.8 

C16:0 11.4 ND 8.7 16.3 12.6 7.1 0.2 

ND Not described, w weakly positive, + positive to the reaction, - negative to the reaction. a 'b 'c'd '' ' f  Described in [11, 27, 32-35], respectively; 
8  present study 

CMC-5 has been observed to degrade and utilize carra-
geenan (Table 2). 

In Vitro Algal Thalli Decomposition by Microbulbifer 
Strain CMC-5 

The present study intended to study the possible role of 
association of Microbulbifer strain CMC-5 with decom-
posing seaweeds. The degradation of Gracilaria thalli by 
strain CMC-5 was evident by influx of reducing sugars in 
the culture broth which were utilized by strain CMC-5 to 
promote its growth (Fig. 2). Control ASW medium with 
axenic seaweed thalli (without bacterial inoculum) and 
ASW medium (lacking seaweed thalli) with bacterial 
inoculum did not show any increase in OD at 600 nm nor 
any reducing sugars were detected in the culture broth up to 
8 days. Thus release of reducing sugar and growth of strain 
CMC-5 in the presence of Gracilaria thalli suggest that 
strain CMC-5 decomposes seaweed thalli by hydrolysing 
the cell wall polysaccharides leading to production of 
reducing sugars and other nutrients. 

The presence of heterogeneous polysaccharides with 
diversified structures in the cell wall of seaweeds offer 
unique niche for supporting growth of microbial commu-
nity. Pseudoalteromonas sp. and Halomonas were isolated 
as dominant strains during degradation of brown algae 
Fucus evanescens. It was proposed that Pseudoalteromonas 

Fig. 2 Growth of Microbulbifer strain CMC-5 and reducing sugars 
released during in vitro decomposition of seaweed 

species play a major role in initial stages of algal degra-
dation as it produced various polysaccharases and protein-
ases whereas Halomonas which produce caesinase and 
DNase utilized the degradation products of polysaccharides 
[14]. Similarly Gracilibacillus strain A7 isolated from 
wakame seaweed compost has been reported to be widely 
used for disposal of seaweed waste and production of 
valuable products from seaweed wastes [29]. Further single 
cell detritus (SCD) have been prepared from Laminaria 
saccharina with the help of two bacterial strains having 
high cellobiosic, proteolytic and alginolytic activities and 
are being used as feed material for clam Ruditapes decus-
sates [4]. Thus Microbulbifer strain CMC-5 seems to be a 

4Z) Springer 



606 
	

R. Jonnadula et al.: Characterization of Microbulbifer Strain CMC-S 

promising strain having the potential to be exploited for 
degradation of algal cultural wastes as well as production of 
SCD. 

The isolation of multiple polysaccharide degrading 
bacteria from decomposing seaweeds indicates a major role 
in carbon recycling of ICPs from seaweeds. Since Micro-
bulbifer species have been isolated from sediments and 
intertidal region, bacteria such as strain CMC-5 could be 
opportunistic bacteria from sea which might inhabit or 
invade the nutrient-rich seaweed environment and degra-
dation of polysaccharides from seaweed cell wall would 
result in leaking of nutrients on which bacteria such as 
strain CMC-5 would proliferate. The antibiotic profile of 
strain CMC-5 as reported in Table 1 indicates resistance to 
most commonly used antibiotics which can be a cause of 
concern especially in seaweed culture as the role of this 
bacteria as seaweed pathogen is yet unknown. 
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